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(ABSTRACT) 

Lenticular-sheet (LS) images induce the sensation of object depth through motion 

parallax and stereopsis, which is based on retinal disparity. To achieve the three- 

dimensional effect, some sacrifice of image quality must be made. A study is described 

which investigated the tradeoff between depth and image quality that is inherent in LS 

imaging by asking subjects to evaluate stimuli that varied on these attributes. Four 

different scenes were generated as experimental stimuli to encompass a range of typical 

LS images. The length of camera travel in taking the 20 photographs necessary to 

produce a single image determined the overall amount of depth in the image, while 

varying the pivot point allowed the degree of foreground and background disparity to be 

altered. Preference evaluations were conducted using the method of free-modulus 

magnitude estimation. 

Generally, subjects preferred images which had smaller amounts of camera travel, 

and they tended to dislike excessive amounts of foreground disparity. However, 

differences were scene-dependent, so post-hoc analyses were performed to determine 

sources of significance in main effects and interactions. The most preferred image was 

also determined for each scene by selecting the image with the highest mean rating. 

In a second experiment, these most preferred LS images for each scene were shown to 

subjects along with their analogous two-dimensional (2D) photographic versions. Results



indicate that observers from the general population looked at the LS images longer than 

they did at the 2D versions and rated them higher on the attributes of quality of depth and 

attention-getting ability, although the LS images were rated lower on sharpness. No 

difference was found in overall quality or likeability. When paired comparisons were 

made, preference results were scene-dependent. Finally, a recall task showed no 

difference in the ability to remember details based on the type of image. 

These results show that consumers prefer LS images when they satisfy the viewer’s 

image quality requirements and that these images can be beneficial in attracting and 

maintaining consumer attention. Recommendations, in the form of design implications, 

are made which can help the LS image developer meet these image quality requirements.
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INTRODUCTION 

Background 

To have visual depth, an object or scene must appear to have regions that differ in 

their distance from the viewer. Most visual displays involving two-dimensional media, 

such as painting, photography, and television, have largely represented the depth of our 

three-dimensional world through cues that require only one eye, which are labeled 

monocular cues. These media, by nature, cannot take advantage of all the characteristics 

of the human visual system. Specifically, because human eyes overlap their viewing 

fields, objects can be viewed simultaneously by both eyes, resulting in binocular vision. 

A single two-dimensional picture, however, presents the same image to both eyes and 

does not exploit this binocular capability. 

Retinal disparity is the difference in image reception due to the horizontal separation 

of the eyes. When one fixates a three-dimensional object, this disparity gives the 

impression of solidity and depth, which is called stereoscopic vision or stereopsis. The 

first recorded observation that two similar, but slightly disparate, two-dimensional images 

could produce a comparable effect when presented to the eyes independently was made 

by Wheatstone (1838). 

Since then, various methods have been devised to produce the stereoscopic effect 

from two-dimensional images and can be described in terms of whether they require the 

use of special glasses. Most familiar forms of stereoscopic displays require users viewing 

a stereo pair of images to don colored (anaglyph) or polarized glasses, typically in 

conjunction with a CRT. Each eye sees only one of the stereo pair images. The literature 

does not reveal a global term for these displays, so they will be called bistereoscopic 

displays in this dissertation. Those displays not requiring glasses are called 

autostereoscopic and typically provide a changing view with the horizontal movement of



the viewer because they are not limited to one stereo pair as bistereoscopic displays 

generally are. 

Displays can also be categorized by whether the two images are viewed 

simultaneously or alternately. The former are called time-parallel; the latter, time- 

sequential. Most video bistereoscopic displays are time-sequential, although some video 

time-parallel displays have been developed (Eichenlaub, 1992). 

This dissertation deals primarily with autostereoscopic print images, which are 

necessarily time-parallel, although research using dynamic and/or bistereoscopic displays 

is cited where appropriate. Autostereoscopic imaging techniques include barrier-strip 

imaging, holography, and lenticular-sheet imaging. 

Lenticular-Sheet Imaging 

The attractions of autostereoscopic images are that they do not require glasses to be 

seen and that they provide a “look around” effect when more than two views are used 

(i.e., one can see behind objects to an extent). Although all three of the previously 

mentioned techniques have these features, lenticular-sheet (LS) imaging has several 

advantages. Barrier-strip imaging employs opaque strips to separate the images that the 

eyes see, thereby reducing the amount of light that reaches the eye, and is currently 

inappropriate for reflection displays. LS imaging uses lenses instead of barriers and 

provides much more light to the eye, which means it can be mounted on either reflective 

or transmissive backings. A major drawback of holography, the inability to display true 

colors, is not a limitation of LS imaging because the LS images are assembled from the 

actual color negatives. In addition, the viewing position is not as restrictive for LS 

images as it is for holography. 

To make an LS image, photographs must be taken at a number of different angles 

which afford the viewer of the final image the ability to “look around” the image subject



matter. Cylindrical lenses called lenticules, which are on the front of the lenticular sheet, 

collimate the light from the different photographic images so that any horizontal 

separation of the eyes or head movement will allow the viewer to see the image from 

slightly different angles. Because there is a finite number of photographs taken, this 

necessarily means that there will be some jump from image to image or “image stutter,” 

and this stutter is inversely related to the amount of retinal disparity available to the 

viewer. 

Little, if any, human factors research has been conducted on autostereoscopic image 

perception. Most depth research has concentrated on human performance using 

bistereoscopic displays. Therefore, much is unknown about the factors which influence 

perceived quality of autostereoscopic images. 

Research Issues 

The intent of this study was to determine how perception of image quality in LS 

images depends on the amount of stutter and depth in the image. Furthermore, viewer 

preference of lenticular-sheet images with respect to two-dimensional photographs was 

investigated. Of interest were the relative time of viewing, ratings of the images on 

various scales, and recall accuracy for image details.



HUMAN DEPTH PERCEPTION 

Since humans live in a three-dimensional world, they are accustomed to using 

information from the depth dimension (i.e., the dimension in which the distance from the 

eye to an object is not constant) to accurately interact with it. The cues that provide this 

information can be effectively partitioned by human physical constraints: those cues that 

depend on only one eye for perception (monocular cues), and those that depend on two 

eyes (binocular cues). 

Monocular Depth Cues 

Monocular depth cues allow observers to perceive depth in figures that are two- 

dimensional through the physical nature of the images and through physiological and 

psychological adjustment to the visual stimuli. All depth cues provide, to some degree, 

information about an object’s distance from the observer, and the effect is generally a 

weighted additive model which is assumed to be a linear function of the depth cues 

available (Wickens, 1990). The following is a summary of the most salient monocular 

depth cues, with some of the cues illustrated in Figure 1 and referred to by number in the 

text. 

Interposition. Interposition results when one object appears to partially obscure 

another. The perception is that the object being concealed is farther from the observer 

than the object obscuring it, as with the aircraft in the upper right of the figure (1). 

Motion parallax. As the position of the observer with respect to the objects being 

viewed changes, the relative motion of near and distant objects produces motion parallax, 

which affords the observer different views of the same object. Both the speed and 

direction of movement of near objects differ from those of objects farther from the 

observer; near objects tend to move faster than and in the opposite direction from far 

objects, with the magnitude dependent on the observer’s fixation point.



  

  

(3)   
  

        
Figure 1. Some examples of monocular depth cues (adapted from Wickens, 1990).



Aerial perspective. The presence of dust, water vapor, and other airborne particles 

will produce a haze, making farther objects appear less distinct than those close by. This 

would occur with distant mountains (2) and other large, far away phenomena. 

Lighting and shading. The way an object is lit will enhance concavities and 

convexities through shadows, as with the control towers (3). Shadows projected on 

adjacent surfaces can also invoke a depth effect (4). 

Elevation. When an object which is below the horizon appears higher in the visual 

field, it will seem to be farther away than objects below it. This effect of elevation can be 

seen with the aircraft in the lower right (5) and results from past experience with the 

horizon generally being higher than the foreground. Conversely, when an object which is 

above the horizon appears lower in the visual field, it will seem farther away than objects 

above it (Rock, 1975). 

Linear perspective. As the size of objects and the distance separating them decreases, 

the perception is that the objects appear farther from the observer. This cue is called 

linear perspective. The runway receding into the distance is an example (6). 

Texture gradients. This is a variant of linear perspective that involves the grain or 

spatial frequency of objects decreasing as they recede in the distance, such as the runway 

centerline (7). 

Relative size. If an observer believes that two similarly or identically shaped objects 

would be the same size when seen side by side, the object that projects the smaller retinal 

image will appear to be farther away. The aircraft in the upper left of the figure are 

examples (8). 

Accommodation. As an observer moves closer to an object, the oculomotor reflex 

causes the lens in the eye to adjust so that the object remains in focus. The nerve impulse 

signals for this accommodation may provide some depth information to the observer, but



even within the region of space immediately in front of the viewer, distance judgments 

based on accommodation are inaccurate (Ktinnapas, 1968). 

Binocular Depth Cues 

Although the monocular cues can be important in the perception of depth, humans 

have a binocular visual system that delivers depth information not available to only one 

eye. The binocular cues are not only dependent on the light stimuli reaching the eye, but 

also on the visual system itself. Since both eyes face the same direction, they can fixate 

simultaneously on the same object. This feature, in conjunction with the horizontal 

separation of the eyes, results in the binocular visual field as illustrated in Figure 2 and 

accounts for the two primary binocular depth cues. 

  
180° 

Figure 2. The approximate achromatic visual field ( The white area is the binocular 
viewing area. The shaded area on the right is the monocular visual field for the right 
eye; the shaded area on the left is the monocular visual field for the left eye.) (adapted 
from Harrington, 1964, and Borish, 1970).



Convergence. When fixating on nearby objects, observers’ eyes tend to turn towards 

each other in an unconscious reflex to focus the same spot on the fovea of each eye. The 

nerve impulses involved in using the associated muscles may furnish the brain with some 

depth information. The effect is limited to objects under approximately 6 meters from the 

observer because objects beyond that are viewed with the eyes essentially parallel (Grant, 

1942). 

Retinal disparity. Also called binocular parallax, this depth cue arises when each eye 

receives a slightly different image due to the horizontal separation of the eyes and is most 

apparent when viewing nearby three-dimensional objects. The result is stereopsis, the 

appearance of depth with solidity. The effect can be simulated with two-dimensional 

images if the image shown to one eye is slightly different from the image shown to the 

other eye. The higher brain functions fuse the images together to form a single three- 

dimensional image. Julesz (1971) found that, even if the stimuli images are 

unrecognizable as coherent objects when viewed by either eye alone, the pairing of the 

images could produce the stereoscopic effect. He did this by using offset random dot 

stereogram patterns viewed through a stereograph, showing that disparity in the absence 

of other depth cues was sufficient to produce a depth effect. 

Another cue to depth arising from disparity is the concept of corresponding retinal 

points and is illustrated in Figure 3. When the eyes are fixated on point M, the images 

from point P or any other point on the arc called the horopter correspond to the same 

point in each retina. However, any point not on the horopter or within Panum’s Fusion 

Area, such as point Q, will appear to be a double image because the two retinal images 

fall on noncorresponding points. The double images supply information about the 

object’s distance relative to the observer.



P 

0 

a . 

Pad r ‘ 

io af . 
¢ ao “. . 

rd . 

' . 
a 

é 
4 

a 
’ . 

t . 
' : 

( 

1 . \ 

t 

i 

‘ 
' ' 
1 : 
\ ( 

A i 

A ‘ 

‘ , ; 

\ ’ Panum's Fusion Area m | ’ 

X Pod 

XxX s 

. & 
~*~ ? 

0 
a 

' 

Po, 
. Horopter 

  

Pliny 41 p2 m2" 

The determination of the horopter from corresponding retinal points Figure 3. 
(adapted from Okoshi, 1976).
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LENTICULAR-SHEET IMAGES 

Background 

The origin of lenticular-sheet (LS) three-dimensional images dates back to Lippman 

(1908), who invented a process called integral photography. Lippman’s concept used a 

glass or plastic sheet covered with tiny convex lenses (also called a fly’s-eye lens sheet) 

to focus the light from an object onto a photographic plate. This process recorded the 

image from a large number of slightly different directions. The resultant image would 

then be viewed through the lens sheet to give the impression of depth. 

There were two major problems that hindered the development of integral 

photography into a commercial method of rendering stereoscopic images. The first was 

that the resultant image was pseudoscopic; that is, the object appeared inverted in depth 

and the parts of the object that were supposed to be in the foreground seemed to be in the 

background and vice versa. This problem was solved by Ives (1931), who proposed 

taking a second photograph of the resultant image through another lens sheet. Although 

this second image was somewhat degraded in resolution, it had the proper stereoscopic 

orientation. 

The second major hurdle to integral photography’s commercialization was the 

expense of producing the fly’s-eye lens sheet. Because each lens in the sheet was 

circular, spatial information was rendered in both the horizontal and vertical directions. 

However, the eyes are separated in only the horizontal direction; therefore, stereopsis 

does not occur in the vertical dimension and motion parallax is the only cue to depth. A 

simplification was introduced that eliminated the vertical depth information while leaving 

the horizontal depth intact. Replacing the fly’s-eye lens sheet was a more easily 

manufactured linear array of lenses with cylindrical cross-sections as shown in Figure 4. 

Each lens in a lenticular sheet is called a lenticule.
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                No 
Figure 4. A lenticular sheet. 

Principles of LS Imaging 

Basic concepts. The first step in making an LS image is to photograph a scene from 

M different viewing angles, with the camera typically guided on a track as in Figure 5. 

The spacing between the pictures is usually constant and influences the amount of depth 

in the final image. After these photographs are developed, they are interleaved in vertical 

stripes and placed under a lenticular sheet which collimates the light from each image 

stripe and projects it at a different angle. When each eye is able to pick up separate 

image stripes, which correspond to different viewing angles of the original image, the 

effect is stereoscopic. Although these photographs can be interleaved optically, Kodak 

has recently developed a computerized method of digitally interleaving the photographs 

and then printing the result on a high-resolution printer, thereby making it possible to 

alter images and add other features.
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Figure 5. A camera traversing left to right to take photographs for an LS image. 
Camera travel has been exaggerated for illustration.
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The effect when viewing an LS image is illustrated in Figure 6. The refraction of the 

lenticules lets the right eye see points A, while the left sees points B. The image is 

printed so that it is on the rear surface of the lenticular sheet, which is the focal plane of 

the lenses. Because the image stripes at points A were interleaved from a single 

photograph, the right eye will see only that photograph. Similarly, the left eye will see a 

different photograph from points B, and the two images together will produce stereopsis. 

Since it is purely a function of the lenticular image, the effect is autostereoscopic. 

  

  

    
Figure 6. Representation of the separation of images on a lenticular sheet (adapted 
from Okoshi, 1976).
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Viewing angle. Figure 7 shows the cross-sectional geometry of a lenticular image, 

which determines the projection angle for a particular image stripe. The lenticular sheet 

used by Kodak has a fixed geometry with a lenticule width, or pitch, of p = 0.5 mm, an 

index of refraction of nj = 1.5, a thickness of t = 1.25 mm, and a lenticule radius of 

curvature of r=0.4 mm. Kodak generally uses 20 or more photographs per LS image, so 

M = 20 and Ax = 0.025 mm. 
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Figure 7. Dimensions of a lenticular-sheet image (from Spaulding, 1992). 

The range of angles from which the observer sees the image stripes projected from the 

proper lenticule is called the primary viewing angle and is denoted by @y. As the 

observer moves out of the primary viewing angle, the image stripes under adjacent 

lenticules become visible. This boundary is called a “jump” because the image seems to 

jump back and start over. When both the observers eyes are outside the primary viewing 

angle, he or she will see a satellite image, which is essentially the same as the primary 

image. Although the jump is virtually instantaneous for each lenticule, the jumps do not
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occur simultaneously for both eyes, and a wave of transition seems to flow across the 

image in the same direction as the observer’s movement until the transition is complete. 

For a particular image stripe, the angle of projection can be found with the 

approximation of Snell’s law for small angles 

On,0 =n Omni =n tan7! (*) . (1) 

To find the primary viewing angle, xm is set equal to p/2. Because all of these parameters 

are fixed by the geometry of the lenticular sheet, the primary viewing angle is also fixed. 

In this case, 67 ~ 34 deg or +17 deg from the line normal to the image. 

Image disparity. In stereoscopic displays, disparity of an image is usually described 

in terms of visual angle subtended at the eye between the left and right eye images. This 

angle is dependent on the distance between the two images and the distance from the 

observer’s eye to the display. That angle can be determined by simple geometry using 

the approximation 

y= tan (5) (2) 

where v is disparity in degrees of visual angle, S is the separation distance between the 

left and right eye images, and D is the distance between the observer’s eye and the 

display. 

An important distinction when discussing disparity is whether the object appears to be 

in front of or behind the plane of the image. When an object appears to be closer to the 

observer than the display surface, the disparity is said to be crossed or negative. In this 

case, the image presented to the right eye physically exists to the left of the image 

presented to the left eye. When the object appears to be farther from the observer than 

the display surface, the disparity is uncrossed or positive, and the image presented to the 

right eye is located to the right of the image presented to the left eye. Objects appearing
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at the surface of the display have zero disparity, and the same image is presented to both 

eyes. 

Since LS images are autostereoscopic, another factor in determining disparity is 

necessarily introduced. The separation distance depends not only on the physical 

properties of the display, but also on the observer’s distance from the display. As the 

observer moves farther from the display, the angular separation of objects decreases 

because the image stripes the observer sees with each eye become closer, until finally 

each eye can see the same stripe. At this distance and beyond, two possibilities exist: 

either each eye sees an image stripe which is adjacent to the one seen by the other eye and 

the observer maintains stereopsis, or binocular disparity is lost because both eyes see the 

same image stripe. For LS images with the lenticular and photographic properties used 

by Kodak, this distance is 2.2 m. This is also the farthest distance at which observers 

would be able to see image stripes that were not adjacent. To see the most widely 

separated image stripes simultaneously without crossing an image jump boundary, the 

observer would have to be 10.6 cm from the image, an impractical distance for viewing 

the image. 

The geometric nature of stereopsis also leads to a quantitative estimation of the depth 

an observer will perceive in an object (Cormack and Fox, 1985), which can be calculated 

with the equations 

d= as for crossed disparity , (3) 

d= a for uncrossed disparity , (4) 

where d is the predicted depth interval of the apparent object from the display and / is the 

interpupillary distance (average distance is 6.5 cm). However, the actual depth perceived



\7 

may not correspond to the predicted depth, and this discrepancy is discussed in a later 

section. 

Image flip. Motion parallax is a depth cue which shows an object moving relative to 

the observer. In the observation of real objects, a lateral movement will produce a 

smooth change in the view. However, LS images necessarily have a finite number of 

views the observer can see; therefore, the observer will see discrete shifts in apparent 

observation angle due to the image stripes. This effect is termed “flipping” and is directly 

related to the depth of the object being viewed. The greater the depth of an object, the 

greater the movement in the object between adjacent viewing angles. If the object has 

zero depth (i.e., it appears to be at the plane of the image), there will be no movement of 

the object and, hence, no flipping. If the amount of flip between image stripes is large 

enough for an object, the image will appear to be in two or more places simultaneously, 

which is called “stutter.” This stutter results because of apparent image stripe overlap 

due to the imperfect focal properties of the lenticules. For objects with a high degree of 

disparity, stutter may become objectionable. 

The magnitude of the image flip can be manipulated in a number of ways. Although 

reducing the primary viewing angle will decrease the extent of the flipping, this method 

has several drawbacks. First, it requires altering the lenticular material, which may be 

impractical. Second, the depth attainable in the image will necessarily be reduced as 

well. Finally, the distance between image jumps will be smaller and the number of 

satellite images will be increased. 

Another method for reducing flip magnitude is to reduce the distance the camera 

travels during the photographic process. This will also reduce the amount of depth in the 

final image, but it is easily changed from image to image and is therefore relatively 

practical. The number of photographs used can also be increased to reduce flipping, but
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this number is limited by the resolution of the printing hardware and the lenticular 

material used. 

Pivot point. The previously mentioned methods alter the entire image’s flip 

magnitude in the same way, but the flip for individual objects in an image can also be 

manipulated. For example, the object with the greatest depth in the image will also have 

the greatest flip magnitude. The pivot point (the object in the image which has zero 

disparity and is the reference) used in the interleaving of the image stripes can be changed 

so that the depth is reduced for this object. When this is done, all objects in the image 

will move forward or backward in depth, depending on whether the object has crossed or 

uncrossed disparity. Therefore, when the flip for an object with crossed disparity has 

been reduced, the flip for objects with uncrossed disparity will be increased and vice 

versa. Although this method’s drawback is that stutter in some objects will be decreased 

at the expense of more stutter in other objects, its advantage is that it can be done after the 

image has already been photographed. 

Depth resolution. A metric that has been espoused as a way to measure LS image 

quality is depth resolution, which determines the display’s ability to represent depth 

information (Okoshi, 1971). It can be defined as the smallest depth difference detectable 

between two objects in a scene in the absence of all other depth cues (Spaulding, 1992). 

Because depth resolution depends to some extent on lateral resolution, both are taken into 

account when trying to optimize image quality. 

Two main factors determine depth resolution in an LS image. The first is the 

sampling effect of the lenticules, which is illustrated in Figure 8. From any spot on the 

emulsion, the light rays projected by the lenticules will be parallel. Since the lenticules 

are of finite size and since the observer can never distinguish two spots within a particular 

lenticule, there will be an uncertainty in ray position. Therefore, horizontal addressability
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of the display is constrained by the lenticular pitch, which is equivalent to a horizontal 

pixel. Accordingly, depth resolution can be represented by the approximation 

_ 2p(D+z)2 
Ads ™ DPo ’ (5) 

where p is the pitch of the lenticules, D is the viewing distance, z is the object’s apparent 

depth, and Po is the distance between the observer’s eyes (Spaulding, 1992). 
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Figure 8. Uncertainty in depth due to the sampling effect (from Spaulding, 1992). 

The other factor determining depth resolution is the finite directivity of the lenticules, 

which is illustrated in Figure 9. Ideally, the light from a point on the lenticule is 

collimated in parallel rays toward the observer. In practice, however, the light will have 

an angular spread that is influenced by diffraction, resolution of the emulsion, the 

aberration of the lenticules, the finite width of the image stripes, and scattering of the
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optical materials. Together, they give a depth uncertainty as approximated by the 

equation 

Adg = =O TD 6 
where f is the divergence of the collimated beam. 
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Figure 9. Uncertainty in depth due to finite directivity (from Spaulding, 1992). 

These two equations provide a good estimation of the resolution at a particular depth, 

but a more useful parameter would be a metric which could be used for the entire range 

of depths. Such a metric has been developed and is called the total number of resolvable 

depths (Spaulding, 1992). This can be calculated from the depth resolution using the 

integral
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£max 

Na= { a (7) 
Vi Ads?+Ad,2 

<min 

where Znax and Zmjn are the maximum and minimum object depths, respectively. The 

more total number of depths in the image, the greater the depth resolution. 

Although the sampling effect and finite directivity are important in determining 

resolution of the image, the overall image quality represented in the last equation is 

dependent on either the material properties of the lenticular sheet and the emulsion or the 

viewing distance. These are variables that are set by either the lenticular sheet 

manufacturer or the observer. Given equal overall object depth, the depth resolution as 

determined from these factors should not change from image to image. Therefore, it is 

important to note these influences on image quality, but since the production process that 

Kodak now uses cannot manipulate these factors, their value in optimizing the images 

produced is limited. 

Camera travel. Although the number of photographs that are used in the construction 

of the LS images is fixed so as to maximize resolution, the distance that the camera 

travels in taking the 20 or more pictures can be altered rather easily. When the camera 

moves farther on the track, the resulting depth in the image is increased because there will 

be more “‘look-around” in the LS image. However, as discussed before, the change in the 

flips will also be increased and will lead to increased stutter. Therefore, there must some 

point at which the increase in depth effect is outweighed by objectionable stutter. 

Recent LS Image Display Applications 

The interest in applying LS imaging has increased dramatically in the past several 

years. Love and McAllister (1989) reported that image quality with static LS images was 

“quite good,” but provided no empirical evidence to support their statement. Most likely,
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the assessment was made solely by the investigators. In addition, they used only four 

views in the display, which is far fewer than the 20 Kodak now uses, and printed only 

black and white images. 

Meyers, Sandin, Cunnally, Sandor, and DeFanti (1990) also used a small number of 

views when making color LS images. They implied that five views were “sufficient” for 

acceptable image quality, but no information was given about empirical data. Their main 

intent was exploring the manufacture of lenticular material. 

Efforts have also been made to produce projection LS displays. Bérner (1987) 

described a system where six cameras projected images onto a large lenticular display 

screen having a pitch of 0.3 mm. The “panoramagrams” thus seen were reported to be of 

“good quality,” but again no data to support this were given. 

Recently, several authors have reported progress in the development of dynamic 

autostereoscopic images using either LCD or CRT technology. Sheat, Chamberlin, 

Gentry, Leggatt, and McCartney (1992) described the production of a two-view 

lenticular-sheet LCD display, but did not include their results regarding demonstrations to 

audiences. Isono, Yasuda, Takemori, Kanayama, Yamada, and Chiba (1992) reported the 

development of a 50-in. full-color LS TV making use of high-resolution technology, but 

their design employed only four cameras. Other authors have also cited new 

developments in dynamic LS images (Lipton, 1992; Starks, 1992), but there was no 

discussion regarding their quality.
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DEPTH IMAGE RESEARCH 

Background 

As noted previously, three-dimensional images can generally be divided into 

bistereoscopic and autostereoscopic displays; that is, displays that require the use of 

glasses and those that do not, respectively. While the development of commercially 

available autostereoscopic displays is relatively recent, the technology involving 

bistereoscopic displays is more mature and has engendered a large body of human factors 

research. | 

Although not entirely applicable to autostereoscopic displays in general and LS 

images in particular, the literature concerning bistereoscopic displays is nonetheless an 

important source in understanding what factors may contribute to the observer’s depth 

experience. This literature includes the effect of different monocular and binocular depth 

cues on perception and performance, the interactions among depth cues, and the limits of 

stereoacuity and binocular fusion. The intent of the following discussion is to relate the 

available research on stereoscopic depth to the effects that may be present when viewing 

LS images. 

Monocular and Binocular Depth Effects 

A number of studies have investigated the impact of various depth cues on perceived 

depth. A series of experiments was conducted to examine the effects of the monocular 

cues of luminance, relative size, and interposition, along with the binocular cue of 

disparity (Beaton, 1990; Reinhart, Beaton, and Snyder, 1990). Response times and error 

rates in a relative depth judgment task were collected in the first experiment. Error rates 

were quite low in all cases (< 1.5%) and were therefore not analyzed statistically. 

Response times were significantly smaller with the addition of any of the monocular
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depth cues, with interposition the dominant cue. However, disparity was not a significant 

factor in response time, suggesting that the utility of stereopsis in depth judgments is 

limited because the other depth cues are more than sufficient. 

Another important finding is the nonadditivity between monocular and binocular 

depth cues. Wickens, Todd, and Seidler (1989) held that a linear weighted additive 

model of depth perception, with high weights for stereopsis, motion parallax, and 

interposition, generally represented the function for depth cue contribution. This result 

would seem to be contradicted by the lack of response time significance for disparity, but 

the disagreement may be due in part to the differences in the tasks involved. 

In a second experiment, Reinhart, Beaton, and Snyder (1990) evaluated the subjective 

depth quality of the same cues with a nine-point rating scale. In this case, disparity was a 

significant factor, with a nearly 2:1 increase in the rating in the presence of binocular 

disparity, implying that disparity is important to the subjective depth experience of the 

observer even if it does not increase performance. 

Patterson, Moe, and Hewitt (1992) investigated several factors affecting perceived 

depth, including separation distance of the half-images, crossed vs. uncrossed disparity, 

stimulus size, viewing distance, and exposure duration. Perceived depth was found to be 

closer to predicted depth for crossed disparities; uncrossed disparities tended to produce 

perceived depths much less than predicted. Larger half-image separations produced 

larger perceived depths, as would be expected. At larger separations, increases in 

stimulus size produced greater perceived depth, but were not a factor with smaller 

disparities. Perceived depth tended to decrease with decreased exposure duration. 

Although not a depth cue, a factor which significantly affects perceived depth is the 

observer’s viewing distance from the image. Gooding, Miller, Moore, and Kim (1991) 

had participants rate images as to the amount of subjective depth and found that the 

perceived depth of objects increased as the viewing distance increased and that this effect
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occurred with both crossed and uncrossed disparities. Although subjects always judged 

depth to be less than that predicted by stereopsis geometry, they were able to judge 

relative depth more accurately at farther viewing distances. These findings have been 

confirmed by several other studies (Patterson et al., 1992; Williams and Parrish, 1990). 

Tittle, Rouse, and Braunstein (1988) compared the performance of a group of subjects 

classified as stereo deficient to that of a group of subjects with normal stereoscopic vision 

on a task involving displays with binocular disparities in the presence of motion parallax. 

When disparity and motion cues were in conflict, normal subjects used the disparity cue 

to judge depth, while the deficient subjects could not judge depth at better than chance 

levels. However, when dynamic occlusion (i.e., interposition) was added as a cue, even 

stereo deficient subjects were fairly accurate in determining direction of motion. 

It must be emphasized that the studies mentioned in this section involved 

bistereoscopic CRT displays. The generalization of these data to the performance that 

would be obtained with LS imaging must be made with caution. 

Limits of Stereoacuity and Fusion 

Threshold discrimination of very small disparities is called stereoacuity. Under 

photopic levels of illumination, Graham (1965) found threshold disparities as low as eight 

arcseconds. Blakemore (1970) reported that, with thin targets, stereoacuity was 

approximately 10 arcseconds near the fovea, but rose to 1.5 to 2 arcminutes at 10 degrees 

eccentricity. In another experiment, stereoacuity was 2.2 arcminutes, the error in judging 

disparities of crossed and uncrossed objects found by Yeh and Silverstein (1990). 

Yeh and Silverstein (1990) also investigated the limits of binocular fusion, which is 

the largest disparity an object can have and still be seen as a single depth image. At 

larger disparities, fusion is lost and a double image is seen. For short duration stimuli 

(200 ms), the limits of fusion were found to be 27 arcminutes for crossed disparities and
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24 arcminutes for uncrossed disparities. For long duration stimuli (2 s), the limits were 

much larger, approximately 4.9 degrees for crossed disparity and 1.5 degrees for 

uncrossed disparities. However, these limits are the result of deliberate attempts by the 

observer to fuse objects that would otherwise not appear to be a singular image, thereby 

making the predicted depth in these cases greater than the perceived depth. 

Multi-Viewpoint Image Research 

A human factors study was conducted using a “multi-viewpoint’ display to 

investigate various aspects of image quality when “look-around” capability was present 

(Pastoor and Schenke, 1989). This system was not fully described, but glasses were used 

to view up to 16 stereo pairs, which changed as the observer’s head moved to simulate 

motion parallax. Therefore, although certain aspects analogous to LS imaging were 

evaluated, the display was not autostereoscopic. 

In the study, four different scenes were viewed under six levels of aspect density, 

which was defined as the number of different views within a specified horizontal 

distance. As the number of views increased, the flip between views decreased. The 

disparity in the scenes ranged from 20 arcminutes of uncrossed disparity between the 

image plane and the farthest contour to 13 arcminutes of crossed disparity between the 

image plane and the nearest contour. The effect of image cross-talk was eliminated by 

allowing only stereo pairs to be seen. 

Subjects were asked to rate the images on three 5-point scales: quality, assessment of 

flip, and assessment of false rotation, which was an artifact of the presentation system. 

The main effect of picture content was significant on all scales, but the effect was 

confounded with a measure called maximum parallax shift, defined as the angular degree 

of shift of the deepest object in the scene at the highest aspect density as one moved from 

view to view. This ranged from 0.6 to 2.0 arcminutes across scenes. It appears from the
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results that the scenes with the lower maximum parallax shift were rated higher on each 

of the scales. Therefore, it is not known whether actual scene content was a source of 

significance. 

The effect of aspect density was also significant, with subjective quality increasing as 

the aspect density increased, but interactions were not significant. This result seems to 

indicate that the number of views necessary to produce acceptable quality does not 

depend on scene content. 

Their are several reasons why the Pastoor and Schenke (1989) study is not entirely 

applicable to LS images. First, observers saw stereo pairs only, so that flip was an 

instantaneous experience. Second, no information was given as to the viewing distance 

of the observer and subjects were only allowed small lateral movements of the head (on 

the order of 6.5 cm). Finally, depth was not a factor in the experiment, thereby leaving an 

important parameter of image quality uninvestigated.
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SUBJECTIVE IMAGE QUALITY MEASUREMENT 

Because the evaluation of image quality is subjective by nature, it is important to 

consider not only the dependent measures to be used, but also the scene content of the 

image. All may influence, to some extent, the results of the measurement. 

Influence of Scene Content 

When evaluating images for quality, it is normally expected that the content of the 

scene the observer is viewing will impact to some degree the rating that is given. Scenes 

may have widely disparate subject matter, lighting, subject-to-camera distance, and other 

parameters which do not result from the photographic or printing process. These 

parameters may affect the perceived image quality irrespective of efforts to control the 

quality of the output process. 

In a study investigating image quality differences based on scene content, subject-to- 

camera distance, and background content, Corey (1980) found subject-to-camera distance 

to be the only significant main effect. As this distance increased, the subjective image 

quality decreased. Although scene content was not significant, the scenes were black- 

and-white photographs, and so color was not a factor. 

As mentioned earlier, the scene content in the study involving the multi-viewpoint 

system significantly affected image quality ratings (Pastoor and Schenke, 1989), but 

because the scene content was confounded with maximum parallax shift, conclusions 

were difficult to draw. In addition, the scenes as shown in the article were rather similar, 

and so even conjecture about the results is difficult. 

Studies within Kodak have consistently shown that image quality is normally affected 

by scene content. Mitropolous-Rundus and Muszak (1992), in a study using 52 different
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scenes to compare optical and thermal print quality, reported that scene content 

significantly affected the ratings given. 

Scene content effects have been found in the evaluation of image sharpness for both 

hard-copy (Sayer, 1993) and soft-copy (Jorna, 1993) images. No studies could be found 

which evaluated the quality of LS images, but there is no reason to believe that scene 

content would not affect ratings. 

Rating Scales 

When subjects are asked to evaluate images on a number of different parameters, the 

use of rating scales is an effective method of collecting data. In general, rating scales are 

composed of integers that are separated by evenly spaced intervals and are anchored in 

some way to establish reference points for the rater. 

The number of intervals and the anchor descriptions used may be important in the 

sensitivity and accuracy of the scale. If there are not enough intervals for the parameter 

being measured, the range of ratings given may be much smaller than that from a scale 

with more intervals. Therefore, most scales have at least 5 intervals, with some up to 20. 

Several scales have been used to assess depth and image quality. McLaurin, Jones, 

and Cathey (1987) used a five-point scale to evaluate the image quality and depth illusion 

of a newly developed 3D system. Although no statistical analyses were conducted on the 

results, the authors reported that substantial differences were indicated by the scales. 

Pastoor and Schenke (1989) also used five-point scales to assess quality of their multi- 

viewpoint images and found significant effects, demonstrating their possible utility. 

Reinhart, Beaton, and Snyder (1990) used a nine-point adjective scale (Figure 10) to 

evaluate depth quality. This scale has the advantage of being defined by an adjective at 

every point, which may reduce rater uncertainty. This scale has been validated in a 

variety of different image quality studies, making it applicable not only to depth ratings
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but also to image quality ratings (Gould, 1964; Hunter, Pigion, Bowers, and Snyder, 

1986). 

  

Best Imaginable 

Excellent 

Good 
OK 

Passable 

Marginal 

Poor 

Awful 

Worst Imaginable     
  

Figure 10. Subjective rating scale for quality of depth. 

Recall 

Consumers generally use as little effort at remembering details as possible to 

accomplish a task (Wyer and Srull, 1986). Therefore, images that are more easily 

recalled would provide an advantage in advertising displays. Because one of the 

applications of LS images is in product advertising, knowledge about the images’ effect 

on recall would be useful. 

The latency period between viewing the image and recall has varied from study to 

study. Costley and Brucks (1992) used a two-day latency period in comparing the effects 

of picture and textual messages on brand recall and preference. The subjects had a 

relatively long period of time to inspect the images (approximately 10 minutes), which 

may explain their ability to recall details after a two-day latency period. Latency periods 

of one week or longer have been used to recall brand preferences and information about 

subjective responses to advertisements (Shavitt and Brock, 1990).
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Magnitude Estimation 

A fairly new class of measurements which allows direct evaluation of sensory 

magnitudes through the use of ratio scales was largely developed and championed by 

Stevens (1975). These measures have been applied with success to a wide range of 

stimuli and encompass the methods of ratio production (also known as fractionation), 

ratio estimation, magnitude production, and magnitude estimation. 

In ratio production procedures, observers are required to adjust a stimulus until it is a 

certain ratio of a standard stimulus. Magnitude production procedures are similar, except 

observers are given a number and are required to adjust the stimulus until its sensory 

magnitude matches the number given. These procedures work best with stimuli that can 

be adjusted in a continuous manner, such as sound or light intensity. 

Ratio estimation requires the observer to respond to two stimuli by giving the ratio of 

the perceived sensations. However, this method has been shown to be highly sensitive to 

the context of the stimulus, such as the stimulus range, and is therefore not widely used 

(Gescheider, 1985). 

Magnitude estimation does not have the aforementioned limitations. It can be used 

with stimuli that are separated into discrete levels and should not be sensitive to context 

because the range of the magnitudes that can be used is generally only limited to positive 

numbers. 

There are two options in administering this method. The first, called the modulus 

method, involves presenting the observer with a standard stimulus and telling him or her 

that the value of the modulus for that stimulus is a number such as 50. The observer then 

relates successive magnitude estimates to the reference standard. If the next stimulus 

seemed to be twice the perceived magnitude of the standard, the observer would give it a 

value of 100.
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The second option is to do away with a reference standard modulus altogether. In this 

method, called the free modulus method, the observer assigns a value to the first stimulus 

presented and then relates successive magnitudes to it. The free modulus method may be 

less limiting than the modulus method because it allows the observer to use numbers with 

which he or she is comfortable. With both types, at least two estimates of the same 

stimulus are usually made during the experimental session. 

Advantages. Magnitude estimation is easy to administer because little training of the 

observer is necessary (Stevens, 1975), and data collection is quick compared to paired 

comparisons. It is also open-ended, thereby minimizing the biases of constant error 

found with rating scales. The results are ratio scale, which lets the experimenter make 

more powerful statistical analyses than with the other tests, and the assumption of 

normality of the data is well established. 

Disadvantages. When there are a large number of attributes to be rated, it may be 

difficult, if not impossible, for the observer to remember the value of the standard 

modulus and the stimulus to which it refers. In addition, the experiment must be 

completely within-subject, otherwise it would be difficult to relate one observer’s set of 

estimates to another’s. This method may also not be as discriminating of fine differences 

as paired comparisons. Finally, because of unfamiliarity with the procedure, some 

subjects may initially be uncomfortable with the procedure, especially the free modulus 

method, and may require more practice than they would with rating scales. 

Statistical treatment. In both types of magnitude estimation, the median or geometric 

mean of the values is used to minimize the effects of unrepresentative high values, which 

would otherwise skew an arithmetic mean. The data must be rescaled in this way so that 

the data from each subject can be compared. Since the data are ratio scale, they can be 

subjected to an ANOVA or another parametric analysis.
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Applicability. In the past 20 years, magnitude estimation has become an accepted and 

valuable metric in the evaluation of subjective image quality. As early as 1953 (Wolfe 

and Eisen), magnitude estimation was found to provide reliable values for perceived 

sharpness of images. Hunter et al. (1987), Pigion (1989), and Hunt and Sera (1978) have 

all used magnitude estimation for image quality preferences. In one study of image 

quality (Jones and Marks, 1985), magnitude estimation was found to have a much smaller 

context effect than a 5-point rating scale. 

Magnitude estimation has also been used to study depth perception. Godek (1972: as 

cited by Gulick and Lawson, 1976) found it to be a useful tool in the estimation of 

perceived size and distance judgments of squares presented stereoscopically.
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RESEARCH OBJECTIVES 

Given the preceding discussion, it is apparent that relatively little is known about the 

perception of lenticular-sheet images. While review of the literature concerning 

bistereoscopic images may be useful in predicting depth judgments of objects seen in LS 

images, the available research is inadequate for evaluating the depth/quality tradeoff 

important to consumer acceptance of the images. An attempt (Pastoor and Schenke, 

1989) was made to investigate this tradeoff, but the system evaluated was not truly 

autostereoscopic. Furthermore, although some consideration has been given to the 

optimization of LS images, those studies have concentrated on the material aspects of the 

lenticular sheets, which cannot be changed easily. 

The first objective of the proposed study was to optimize parameters that can be 

controlled in either the photographic or computational stages by focusing on two aspects 

of the LS image production process. The first variable was the length of camera travel 

occurring during the photographic process, which varied the amount of information 

obtained for display to the observer. The second variable was the location of the pivot 

point within the image. The manipulation of both of these variables altered not only the 

apparent degree of depth in the image, but also varied the stutter that may be 

objectionable to the observer. 

To understand how these conditions may change when applied to images with 

different scene content, four scenes that are representative of the types of pictures used in 

LS imaging were included. 

A major application of LS images involves their use in advertising displays, which 

would compete for consumer attention with other advertisements using traditional two- 

dimensional pictures. Applying the results of the first experiment, the second objective 

of the study was to evaluate consumers’ impressions of the “optimized” LS images as
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compared to two-dimensional pictures. To help determine consumers’ preferences, 

several procedures were performed using both LS images and two-dimensional images. 

Measurements involved were the viewing time, the rating of various aspects of image 

quality through a questionnaire, a paired-comparison preference task, and the ability to 

recall information about the images.
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EXPERIMENTAL METHOD AND DESIGN 

Pilot Studies 

Two pilot studies were conducted to allow preliminary analysis of the factors of 

interest and to validate some of the testing procedures for the second experiment. The 

first pilot study was conducted using Kodak employees and a between-subjects design so 

that gross recall of the images could be tested. Time data were collected and the same 

questions used in the second experiment of this dissertation were given in a 

questionnaire. Few significant effects were found, leading to the conclusion that the 

between-subjects format was not powerful enough to focus on significant differences. In 

addition, an effect of image type on gross recall was not found. 

The second pilot study was similar to the first, except that the subjects were not 

Kodak employees and no recall was tested. Participants were recruited in a shopping 

mall, and they were blocked for age (18 to 35 and 36 to 55) and gender. No age or 

gender differences were found, and again the effects of interest were not significant, 

indicating that there was no difference between the Kodak and non-Kodak participants. 

Facilities and Apparatus 

Test site. Testing was conducted at the Displays and Controls Laboratory at Virginia 

Tech. The testing facility had fluorescent lighting to simulate the conditions which 

would typically be found when viewing LS images. The illuminance perpendicular to the 

surface of the image was 739 Ix and parallel to the image surface was 691 Ix, as measured 

with a Minolta T-1 illuminance meter. The room was 4.37 m long and 3.25 m wide to 

allow a wide range of subject viewing positions and distances.
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Support instrumentation. For vision testing, a Bausch and Lomb Master Ortho-rater 

was used. It has slides for testing far visual acuity, far lateral and vertical phoria, and far 

stereoaculty. 

Because the images used in the experiment were transmissive, which is the most 

common method for displaying LS images, light boxes were supplied by the Kodak depth 

imaging group for testing. The LS images were inserted into a frame surrounding the 

front of the light box and were thereby backlit. The luminance of each light box was 

1600 cd/m2, with chromaticity values of 0.355 for x and 0.371 for y. Both the luminance 

and chromaticity values were measured using a Minolta CS-100 Chroma Meter The 

lighted surface covered an area 39.4 cm by 49.5 cm. 

For some parts of the experiment, the on/off functioning of the light box was 

controlled by the subject using a hand-held remote control. For other parts, the light box 

was not controlled by the subject and was on all the time. When the button on the remote 

was pressed, the light box turned on and stayed on as long as the button was pressed; 

when the button was released, the light box turned off. In series between the remote and 

the light box was an electronic timer which recorded the amount of time that the light box 

was on. The timer was reset before each new image was viewed. 

Depth image stimuli. The stimuli for the experiments were provided by the Kodak 

Depth Imaging Group. The lenticular sheet used by Kodak was made of plastic and has a 

fixed geometry with a lenticule pitch of p = 0.5 mm, an index of refraction of nj = 1.5, a 

thickness of t = 1.25 mm, and a lenticule radius of curvature of r= 0.4 mm. There were 

20 photographs per LS image. The lenticular image print was laminated to the back of 

the lenticular sheet so that the image stripes were aligned with the lenticules. The 

viewing area of each LS image was 39.4 cm by 49.5 cm, with the long axis vertical.
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The photographic equipment consisted of Nikon F-3 35 mm cameras, with 55 mm 

lenses in the Veranda and Workout scenes (scenes to be described later) and a 35 mm 

lens for the Golf Shoes scene. In each case, 100 ASA film was used. 

Design of Experiment I 

The design of the first experiment was a three-way, within-subjects layout. The 

experiment collected preference data through a free-modulus magnitude estimation 

procedure for each of four different scenes. This design layout allowed comparison of all 

combinations of variables for each scene viewed. A graphic layout of the experimental 

design is illustrated in Figure 11. 
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Figure 11. Design for Experiment I. 

Scene variable. Although it would have been desirable to use as many different 

scenes as possible in the study to reduce the effects of scene content, the production of LS
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images is extremely expensive. Therefore, four scenes were designed which were 

intended to be representative of the types of LS images generally produced. Three of the 

scenes were photographs, and the other scene was computer-generated. The following 

descriptions include the names of each scene, which are contained within parentheses. 

The first scene (Earthscape), shown in Figure 12, is a computer-generated scene of 

the Earth suspended over a checkerboard pattern between two vertical columns. The 

second scene (Golf Shoes), Figure 13, contains an array of golf equipment, simulating a 

product advertisement. The third scene (Veranda), Figure 14, is a dinner table with two 

place settings and a flower arrangement, which represents a decorative or scenic image. 

The fourth scene (Workout), Figure 15, was of a male in a gymnasium lifting a dumbbell 

and is representative of scenes using live models. 

Camera travel variable. The track used to translate the camera laterally during 

photography has a feature which allows the photographer to change the distance the 

camera travels. This distance is based on the film-plane-to-subject distance that is chosen 

by the photographer and influences the amount of “look-around” that is visible in the 

final LS image. As the camera travel is increased, the total depth in the image is 

increased, but so is the amount of image flip and the associated visible stutter. Total 

camera travel is determined by dividing the film-plane-to-subject distance by a constant, 

resulting in a total viewing angle of the camera that is independent of the scene. 

Therefore, the camera travel can be specified in terms of the constant used as the divisor. 

To produce hyperstereo, or exaggerated depth, a constant of 8 was used, which 

corresponds to a total viewing angle of 14.25 deg. For normal stereo, a constant of 13 

was used, and the total viewing angle was 8.80 deg. A constant of 19 was used for 

hypostereo, or minimal depth, and the total viewing angle was 6.03 deg. These numbers 

are normally used in the production of depth images. The camera travel for the 

computer-generated scene was simulated by capturing the image at viewpoints analogous



  
Figure 12. Computer-generated scene with Earth over a checkerboard (Earthscape). 
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Figure 13. Scene with various golf equipment (Golf Shoes). 
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Figure 14. Scene with dinner table and place settings (Veranda). 
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Figure 15. Scene with weightlifter holding dumbbell (Workout). 
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to those used in an actual photographic scene. In this process, the viewpoint also rotates 

to point toward the focal position, which is held constant in every image. Table 1 shows 

the film-plane-to-subject distances and total camera travel lengths for each scene. 

Pivot point variable. When the LS image is computationally manipulated for 

printing, a pivot point must be selected which determines the extent to which all other 

points in the image will move. The farther back in the image the pivot point is located, 

the greater the depth of the foremost object. Three different pivot points were selected 

for each scene and camera travel combination. The distant, median, and near pivot points 

varied the amount of depth and stutter of different objects in each scene, with the 

foremost object having high, medium, and low amounts of disparity, respectively. Table 

2 shows the disparities, in millimeters of travel at the image surface, of the foremost and 

backmost objects in each scene and pivot point/camera travel combination, as well as the 

total disparity for each image (computed by subtracting the backmost disparity from the 

foremost disparity). With greater disparity there is more depth at that location, but the 

Stutter is also increased. Total disparities were slightly different for each combination 

because of measurement inaccuracies. For the foremost and backmost disparities, 

positive numbers indicate that the object appears to move in the same direction as the 

observer and negative numbers indicate apparent movement in the direction opposite the 

observer’s. 

The foremost object for the Earthscape scene was the front of the checkerboard, while 

the backmost object was any of the stars in the background. For the Golf Shoes scene, 

the foremost object was the tip of the shoe on the right, and the backmost object was the 

horizontal golf club. The foremost object for the Veranda scene was the left end of the 

front chair, and the backmost object was any of the berries on the back wall. For the 

Workout scene, the front of the dumbbell was the foremost object, while the corner of the 

two walls was the backmost object.



45 

TABLE 1 

Film-Plane-to-Subject Distances and Resulting Camera Travel Lengths for Each Scene 
and Each Viewing Angle (VA) 

  

Total Camera Travel (cm 

Scene Film-Plane-to- Hyperstereo Normal Hypostereo 
Subject Distance (m) (VA = 14.25 deg) (VA = 8.80 deg) (VA = 6.03 deg) 

  

Earthscape * * * * 
Golf Shoes 1.016 12.7 7.8 5.3 

Veranda 2.311 28.9 17.8 12.2 

Workout 3.353 41.9 25.8 17.6 

  

*Not meaningful because camera travel was simulated



TABLE 2 

Disparities for the Earthscape and Golf Shoes Scenes 
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Disparities (mm 

Scene Camera Type of Distant Median Near 
Travel Disparity Pivot Point Pivot Point Pivot Point 

Earthscape Hyperstereo Foremost -35 -24 -8 
Backmost 52 60 78 
Total 87 84 86 

Normal Foremost -23 -11 0 
Backmost 30 37 52 
Total 53 48 52 

Hypostereo Foremost -16 -8 8 
Backmost 20 30 43 

Total 36 38 35 

Golf Shoes §_Hyperstereo Foremost -35 -18 -10 
Backmost 20 35 45 

Total 55 53 55 

Normal Foremost -36 -21 -10 
Backmost 3 12 20 

Total 39 32 30 

Hypostereo Foremost -33 -22 -13 
Backmost -12 0 10 
Total 21 22 23 

 



TABLE 2 (Continued) 

Disparities for the Veranda and Workout Scenes 
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Disparities (mm 

Scene Camera Type of Distant Median Near 
Travel Disparity Pivot Point Pivot Point Pivot Point 

Veranda Hyperstereo Foremost -35 -21 -13 
Backmost 65 86 90 

Total 100 107 103 

Normal Foremost -37 -22 -13 
Backmost 27 43 52 

Total 64 65 65 

Hypostereo Foremost -35 -24 -13 
Backmost 6 20 30 

Total Al 44 43 

Workout Hyperstereo Foremost -39 -24 -15 
Backmost 70 82 90 

Total 109 106 105 

Normal Foremost -34 -22 -17 
Backmost 30 40 50 

Total 64 62 67 

Hypostereo Foremost -36 -23 -14 
Backmost 5 19 26 

Total Al 42 40 
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Dependent variable. Subjects were asked to rate each image, based on how pleasing 

it was, using a free-modulus magnitude estimation task. This procedure allowed subjects 

to assign a number to each image with the restriction that each rating had to be a number 

greater than zero. For each scene, the subjects saw each image twice, and with nine 

treatment combinations, each subject saw a total of 18 images for each scene. The 

repetition of each image added a measure of stability to the ratings. Subjects were 

instructed to give ratings within each scene such that the ratings for all the images of that 

scene were proportional. The experiment was totally within-subject to allow 

standardization of each subject’s means. 

Subjects. Twenty subjects were each paid $5 per hour, plus a bonus of $5 to complete 

the experiment. Participants were screened for far visual acuity (20/25), corrected or 

uncorrected, as well as far vertical and lateral phoria, which were within the 66th 

percentile. Near vision was not tested because the subjects viewed the images from a 

distance and close reading was not part of the task. Participants were also required to 

pass the stereopsis portion of the Ortho-Rater test with a 43 arcminute or better 

stereoacuity. Screening for normal color vision was conducted. These visual screenings 

ensured that subjects would be able to see the small differences in sharpness and depth 

that may have been present among the images. 

Subjects were recruited from the Blacksburg area, but no demographic restrictions 

were placed on them as visual ability was the most important selection criterion. Subjects 

were 13 males and 7 females between the ages of 18 and 32, with a mean age of 21.9. 

Counterbalancing. To minimize the effect of image presentation order, the order of 

the images within each scene was randomized, with the exception that subjects could not 

view the same image twice in a row. The order of the scenes viewed was also 

randomized.
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Apparatus layout. The light box was affixed to the wall so that it faced the long 

dimension of the room. It was placed at a height of 1.52 m and centered between the side 

walls. The light box was kept at that location for the duration of the experiment to more 

accurately simulate how subjects would view a typical display. Figure 16 shows the light 

box affixed to the wall. 

Experimental session. The length of the magnitude estimation task (approximately 20 

to 30 minutes per scene) necessitated that the experiment be divided into two separate 

sessions, with subjects viewing two scenes during each session. 

After reading and signing the informed consent form (Appendix A), participants were 

first screened for the aforementioned visual criteria. If all the criteria were not met, the 

subject was excused. Otherwise, the subject then immediately began the first 

experimental session. 

First, the subject read the experiment description (Appendix B), after which he or she 

performed a practice trial with eight scenes not used in the experiment. The intent of the 

practice was to give each subject an idea of how to do the rating task. The subject was 

asked to stand with his or her back to the image while the experimenter inserted the first 

image into the light box. When the experimenter was finished, the subject turned around 

and stood at a distance of 1.5 m from the light box. A piece of opaque cardboard was 

held in front of the light box so that the subject could not see the image. The cardboard 

was then removed, and the subject was allowed to walk around the room while looking at 

the image, which would be the way images would typically be viewed. Although this 

procedure does not control for viewing distance, which will affect disparity, a restricted 

viewing distance would unduly constrain the image quality that would be perceived of 

different treatment combinations. The overall image quality is better represented in this 

case, and the procedure is more realistic than a fixed viewing location.



Figure 16. Light box affixed to wall. 
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When the subject was finished viewing the image, he or she was asked to verbally 

assign a rating based on how pleasing each image was. He or she then turned to face 

away from the light box, and the above sequence was repeated. 

When all eight practice images had been viewed, the subject was asked if he or she 

had any questions. When all questions were answered, the subject then began the 

experimental trials. The experimental trials were identical to the practice trial, except 18 

images of each scene (nine treatment combinations seen two times each) were viewed. 

After the subject saw all 18 images for each of the first two scenes, the next session 

was scheduled. When the subject returned, the last two scenes were evaluated. After the 

second session, the subject was paid, including the bonus of $5 for completion, and 

thanked for his or her participation. 

Design of Experiment II 

Experiment II was comprised of three segments. The first segment was a two-way, 

within-subjects layout and is illustrated in Figure 17. A complete factorial design was 

used to allow the evaluation of all main effects and interactions in an analysis of variance 

(ANOVA). 

A within-subjects design was used because a between-subjects pilot test was not 

sensitive enough to find significant differences. In the pilot test, substantial differences 

were found in many of the variables, but these differences were not significant because of 

extensive variability in the data. Given the large number of subjects that would have 

been needed to provide reasonable power, a between-subjects design was deemed 

impractical. The second segment was a paired comparison of the 2D and 3D versions of 

the scenes used in the first segment. The second segment allowed investigation of 

preferences between image types. The third segment was an assessment of image recall 

using a different set of scenes.
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S1-$32 | S1-S32 

S1- $321 S1-S32 

$1 - $32 | $1- S832 

S1- $32 | S1-S32 

3D 2D 

Image Type 

Figure 17. Design for the first segment of Experiment II. 

Subjects. Thirty-two subjects were recruited from the general population of 

Blacksburg with the stipulation that they not be Virginia Tech students. This avoided the 

possibility that all or a substantial portion of the subjects would be students. Therefore, a 

sample more representative of a typical viewing population was investigated. 

The subjects were not screened for visual criteria because no such screening would 

take place in a typical viewing situation. Although this may have allowed some 

participants with color or stereo deficiencies, it was more realistic with regard to the 

target population. Each of the 19 males and 13 females who participated was 

compensated at $6 per hour. Their ages ranged from 18 to 64, with a mean age of 33.7. 

First segment. The four scenes described in the first experiment were used in this 

segment. Subjects saw the LS version and a two-dimensional (2D) photograph of each 

scene, one ata time. The LS image for each scene was that designated as the preferred 

choice from Experiment I. The two-dimensional photograph was one of the two center
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frames from the original set of 20 frames used in the LS image. Both image types were 

transmissive and viewed through a light box. 

Subjects were asked to rate each image on seven separate nine-point rating scales as 

shown on the questionnaire in Appendix C. Rather than using adjective scales, the rating 

scales were anchored on each end and in the center to indicate interval scaling. It was 

thought that the adjectives may not have applied equally well to each question and that 

the adjectives may have been misinterpreted by subjects. Nine-point scales were chosen 

because of their sensitivity and proven validity in image quality experiments, as well as 

their ease of use as found in the pilot studies. Subjects were also timed as to how long 

they viewed each scene. 

Image presentation were randomized to minimize the effect of scene and image type 

order. Treatment combinations were assigned randomly. 

Second segment. The same four scenes were used in the second segment. Two light 

boxes were used for viewing the two image types of each scene side-by-side. Paired 

comparison judgments regarding preference were made by the subjects. The order of 

scene presentation and the light box used for each image type were counterbalanced 

according to a balanced Latin square design. 

Third segment. A separate set of four scenes was taken from the library of images 

available from the depth imaging group. Since the purpose of this segment was to 

investigate recall of image details, using the same four images from the first two 

segments would bias the results. The four scenes consisted of the following, with the 

image title and figure number in parentheses: an image of a Batman action figure posed 

in front of a urban scene (Batman, Figure 18); a woman sitting on a beach (Tony SG, 

Figure 19); a bartender holding a beer can (Bartender, Figure 20); and a car with a 

woman sitting in it and two men standing next to it (Dealer, Figure 21).



  
Figure 18. Scene with the Batman action figure (Batman). 
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Figure 19. Scene with the woman on the beach ( Tony SG). 
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Figure 20. Scene with the man holding a beer can (Bartender). 
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Figure 21. Scene with two men , a woman and a car (Dealer). 
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The objective of this segment was to learn whether image details that have differing 

depths in the images were better remembered when presented in 3D rather than 2D. 

From the completed pilot study for the dissertation, subjects who saw images for long 

periods of time (more than 30 seconds) and were then asked to recall them two days later 

showed no difference in overall recall between 2D and 3D images. Therefore, the images 

in this segment were seen for 5 seconds each to simulate the time a viewer would see an 

image while walking past it, and subjects were asked to recall image details immediately 

after all four images were seen. The scenes were ordered according to a balanced Latin 

square. The 24 questions asked of each subject are listed in Appendix D. 

Apparatus layout. The light boxes were affixed to the wall side-by-side so that they 

faced the long dimension of the room. They were placed at a height of 1.52 m, 

equidistant from each side wall, and light box centers separated by a distance of 61 cm. 

The right light box was used for the segments involving a single light box and was the 

same light box used in the first experiment. 

Experimental session. After reading and signing the informed consent form and the 

first page of the experiment description (Appendices E and F, respectively), the subject 

read the questionnaire so that he or she knew what questions would be asked. Next, the 

subject was able to practice with the remote control to make sure he or she was familiar 

with its operation. The subject was then asked to face away from the light box while the 

experimenter inserted the first image. After the subject was positioned 1.52 m in front of 

the light box, which was covered by an opaque piece of cardboard held by the 

experimenter, he or she was instructed to press the button on the remote control to begin 

viewing after the cardboard was removed. After viewing began, the subject was allowed 

to move around the room, and the viewing continued as long as the subject wished, with 

the task of looking at each image long enough to be able to answer the questionnaire 

fully. This procedure allowed the subject to control the amount of time to view each
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image. When he or she was finished viewing, the remote control button was released, 

and the subject was asked to fill out the questionnaire. 

This sequence was repeated for all eight scene and image type combinations. After 

the subject was finished viewing all eight combinations, the second segment of the 

experiment began with the subject reading the experiment description for this segment. 

Both light boxes were turned on for this segment, and the remote control was taken from 

the subject. Again, the subject faced away from the light boxes while the experimenter 

inserted the two images. The experimenter covered both light boxes with an opaque 

piece of cardboard and asked the subject to stand 1.52 m in front of the center of the two 

light boxes. The cardboard was removed, and the subject took as much time as he or she 

needed to make his or her preference choice. This sequence was repeated for the next 

three scenes. 

The third segment immediately followed with the subject reading the last page of the 

experiment description. Again, the subject did not have control of the light box in this 

segment, and the left light box was turned off. After the experimenter had inserted the 

image and covered it with the cardboard, the subject was asked to turn and stand 1.52 m 

in front of the light box. The experimenter then removed the cardboard for five seconds 

and replaced it when the interval was complete. After all four images were seen 

according to this procedure, the subject was asked questions about the details in the 

images. This procedure reduced the chance for memory rehearsal by the subject. When 

the questions were answered, the subject was paid and thanked for his or her 

participation.
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EXPERIMENT I RESULTS AND DISCUSSION 

Data Standardization 

Because the magnitude estimation task allowed subjects to choose their own scales in 

rating the images, the means of the raw data were different for each subject. Therefore, 

the means among the subjects had to be standardized across each scene, which is the 

reason the experiment was totally within-subjects. 

The same procedure for standardization was followed for each of the four scenes, and 

this procedure was described by Engen (1971). The Earthscape scene is used to illustrate 

the standardization method, which is described in a step-by-step fashion. The Earthscape 

data and subsequent reduced data are shown in Table 3. 

1. Collect magnitude estimation ratings (Table 3a), with two responses for each 

subject/image cell because each subject rated each image twice. 

Determine the geometric mean for each cell to provide a measure of intra-subject 

stability (Table 3b). This value is the mean rating for each subject for each image. 

Determine the logarithm of each rating obtained in step 2 (Table 3c). 

Determine the overall grand mean for all scores obtained in step 3 (1.143 in this 

case; see Table 3c). This value is the arithmetic mean of all logarithmic mean 

ratings for all observers to all stimuli. 

Using the values obtained in step 3, determine the mean for each subject across all 

images (Table 3c). 

Subtract the value obtained in step 4, the overall grand mean, from each of the 

subject mean responses determined in step 5 (Table 3c). 

Subtract the values obtained in step 6 from each logarithmic mean rating 

determined in step 3 (Table 3d). 

Determine the antilog of each value obtained in step 7 (Table 3e).



TABLE 3 

Original and Reduced Data for Example of Data Standardization 
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Table 3a 

Image Subject 1 Subject2 Subject3 Subject 20 
1 10 14 7.5 100 

9 19 7 105 

2 8 17 8 105 
6 20 8 100 

3 5 15 9 95 
7 21 6 95 

9 8 6 8 105 Grand 
6 14 6.5 95 Mean 

Geo. Mean 8.28 13.16 7.58 103.81 13.885 

Table 3b 

Image Subject] Subject2  Subject3 Subject 20 
1 9.49 16.31 7.25 102.47 
2 6.93 18.44 8.00 102.47 
3 5.91 17.75 7.35 95 

9. 6.93 “9.17 “721 99.88 Grand 
Mean 

Geo. Mean 8.28 13.16 7.58 103.81 13.885 

 



TABLE 3 (Continued) 

Original and Reduced Data for Example of Data Standardization 
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Table 3c 

Image Subject] Subject2  Subject3 Subject 20 
1 0.977 1.212 0.860 2.011 
2 0.841 1.266 0.903 2.011 
3 0.772 1.249 0.866 1.978 

9 0.840 “0.962 0.858 “1.999 Grand 
Mean 

Geo. Mean 0.918 1.119 0.879 2.016 1.143 

Geo. Mean — 
Grand Mean -0.224 -0.023 -0.263 0.874 

Table 3d 

Image Subjectl Subject2 Subject 3 eee Subject 20 
1 1.201 1.236 1.123 bee 1.137 
2 1.065 1.289 1.166 1.137 
3 0.996 1.272 1.129 1.104 

9 1.065 "0.985 “1.121 1.126 Grand 
Mean 

Geo. Mean 1.143 1.143 1.143 1.143 1.143 

Table 3e 

Image Subject] Subject2 Subject3 Subject 20 
1 15.900 17.207 13.279 13.705 
2 11.612 19.454 14.662 13.705 
3 9.915 18.725 13.467 12.706 

9 11.612 9.669 13.216 13.358 Grand 
Mean 

Geo. Mean 13.885 13.885 13.885 13.885 13.885 
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At this point, the geometric means of subjects’ ratings across images are identical, but 

the variability in the scores across images is still unique to each subject, as were the 

ratings given to individual images. The subsequent data analyses were performed on 

these standardized ratings (i.e., the ratings obtained in step 8). 

Data Analysis 

The data for each of the four scenes were analyzed using a 3 x 3 (Camera Travel x 

Pivot Point) within-subjects analysis of variance (ANOVA). Because the design was 

totally within-subjects, it was possible that the assumption of sphericity was violated. 

Therefore, the Greenhouse-Geisser procedure (Winer, 1971) was used to correct for 

degrees of freedom in the probability calculation, and the value of epsilon (€) is reported. 

The ANOVAs were calculated using the Macintosh application SuperAnova. The 

significance level selected was p < 0.05. 

Post-hoc analyses on the Camera Travel and Pivot Point main effects were conducted 

using the Newman-Keuls procedure at the p < 0.05 significance level. Since the primary 

purpose of this experiment was to find a preferred image for each scene, the treatment 

combinations for the Camera Travel-by-Pivot Point interaction were ordered from highest 

to lowest mean rating, and a Newman-Keuls analysis at the p < 0.05 significance level 

was performed without using the simple-effect F test. The highest rated treatment 

combination was considered the most preferred, regardless of whether it was significantly 

different from other treatment combinations. This procedure gave an overall optimal 

image for each scene out of the nine treatment combinations. 

For each of the four scenes, the Camera Travel and the Pivot Point main effects, as 

well as the Camera Travel-by-Pivot Point interaction, were significant at the p < 0.05 

level. Therefore, the following sections concentrate on the sources of significance for 

each scene and variable, and the most preferred image for each scene is identified.
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Earthscape 

The ANOVA summary table for the Earthscape scene is shown in Table 4, and 

Table 5 shows the results of the Newman-Keuls analyses. The normal and hypostereo 

levels of camera travel were not given significantly different ratings, but the hyperstereo 

level was rated significantly worse by subjects. The median pivot point was rated 

significantly higher than the near or distant pivot points. 

The camera travel/pivot point combinations given the highest ratings were the 

hypostereo and normal amounts of camera travel, both at the median pivot point. They 

were rated significantly higher than the other treatment combinations, but not 

significantly different from each other. Figure 22, a graphical representation of the 

interaction, shows that the ratings decline to either side of the median pivot point, except 

for hyperstereo, in which the ratings increase from the distant to near pivot points. 

However, the hypostereo/median combination had a slightly higher rating; therefore, it 

was selected as the most preferred image. 

Golf Shoes 

Table 6 shows the ANOVA summary table for the Golf Shoes scene, and the 

Newman-Keuls results are shown in Table 7. Again, the mean ratings for the hypostereo 

and normal amounts of camera travel were not significantly different from each other, but 

were significantly higher than the rating for hyperstereo. However, in this scene, the near 

pivot point was the one with the significantly highest rating, while the median was 

second, and the distant pivot point had the worst ratings. 

The hypostereo/near combination produced the highest subject ratings, and the 

difference was significant. From Figure 23, which shows the interaction, it is obvious 

that the rating increases substantially for hypostereo in the near pivot point condition, but



TABLE 4 

ANOVA Summary Table for Earthscape 
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Source df MS F G-Ge G-Gp 

Between-Subjects 

Subjects (S) 19 0.48 

Within-Subjects 

Camera Travel (CT) 2 33.33 5.00 0.64 0.0349 

CTxS 38 6.67 

Pivot Point (PP) 2 75.30 12.76 0.88 0.0011 

PPxS 38 5.90 

CT x PP 4 26.17 10.60 0.83 <0.0001 

CT x PPxS 76 2.47 

Total 179 

 



TABLE 5 

Newman-Keuls Results for Earthscape Main Effects and Interaction 

  

Camera Travel Mean Rating 

  

  

Normal 14.55 A 
Hypostereo 14.48 A 
Hyperstereo 13.22 B 

Pivot Point Mean Rating 

Median 15.37 A 

Near 13.56 B 

Distant 13.32 B 

  

  

Camera Travel Pivot Point Mean Rating 

Hypostereo Median 16.58 A 
Normal Median 16.26 A 
Hypostereo Distant 13.99 B 
Hyperstereo Near 13.93 B 

Normal Near 13.87 B 
Normal Distant 13.51 BC 
Hyperstereo Median 13.27 BC 
Hypostereo Near 12.87 BC 
Hyperstereo Distant 12.47 C 

  

Note: Means with the same letter are not significantly different at p < 0.05 
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W@ Hyperstereo Normal Hypostereo 
      

18 + 

12 + 

_ 10 5 
Mean Rating 

  Vi
i
 

        
Distant Median Near 

Pivot Point 

Figure 22. The Camera Travel-by-Pivot Point interaction for the Earthscape scene. 
(Means with the same letter are not significantly different at p $0.05).



TABLE 6 

ANOVA Summary Table for Golf Shoes 
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Source df MS F G-Ge G-Gp 

Between-Subjects 

Subjects (S) 19 0.71 

Within-Subjects 

Camera Travel (CT) 2 91.03 11.75 0.78 0.0018 
CTxS 38 7.74 

Pivot Point (PP) 2 98.79 25.14 0.73 <0.0001 

PPxS 38 3.93 

CT x PP 4 16.82 5.95 0.63 0.0050 
CT x PPxS 76 2.83 

Total 179 

 



TABLE 7 

Newman-Keuls Results for Golf Shoes Main Effects and Interaction 

  

Camera Travel Mean Rating 

  

  

Hypostereo 11.98 A 
Normal 11.66 A 
Hyperstereo 9.70 B 

Pivot Point Mean Rating 

Near 12.38 A 
Median 11.15 B 
Distant 9.82 C 

  

  

Camera Travel Pivot Point Mean Rating 

Hypostereo Near 14.43 A 
Normal Near 12.51 B 
Normal Median 11.92 B 
Hypostereo Median 11.57 BC 
Normal Distant 10.56 CD 
Hyperstereo Near 10.21 DE 
Hyperstereo Median 9.95 DE 
Hypostereo Distant 9.93 DE 
Hyperstereo Distant 8.96 E 

  

Note: Means with the same letter are not significantly different at p < 0.05 
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Figure 23. The Camera Travel-by-Pivot Point interaction for the Golf Shoes scene. 
(Means with the same letter are not significantly different at p S$ 0.05).
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little increase is seen for the other degrees of camera travel. Therefore, the most 

preferred image was the image with hypostereo camera travel and a near pivot point; that 

is, the least amount of camera travel and the least amount of foreground disparity. 

Veranda 

Tables 8 and 9 show the ANOVA summary table and Newman-Keuls results, 

respectively. No significant difference in the hypostereo and normal camera travel levels 

was found, but they were both rated significantly higher than the hyperstereo condition. 

The median and distant pivot points were both rated significantly higher than the near 

pivot point, but there was no significant difference between them. 

For Veranda, there were four camera travel/pivot point combinations clustered at the 

top of the ratings: the hypostereo with the median and distant pivot points, and the normal 

with the near and median pivot points. Figure 24 shows a crossover between the 

hypostereo and normal camera travel lengths, which occurs between the distant and 

median pivot points. The hypostereo with the median pivot point was the combination 

with the highest rating, however, and therefore was the most preferred image. This 

treatment combination had the lowest amount of camera travel and a relatively balanced 

amount of foreground and background disparity. 

Workout 

The ANOVA summary table for Workout is shown in Table 10, and the Newman- 

Keuls results are in Table 11. The hypostereo and normal amounts of camera travel were 

again the highest rated, without a significant difference between them. However, the 

normal and hyperstereo conditions were also not significantly different. The only 

significant difference was between the hypostereo and the hyperstereo conditions. The



TABLE 8 

ANOVA Summary Table for Veranda 
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Source df MS F G-Ge G-Gp 

Between-Subjects 

Subjects (S) 19 2.58 

Within-Subjects 

Camera Travel (CT) 2 483.67 67.99 0.68 <0.0001 

CTxS 38 7.11 

Pivot Point (PP) 2 42.80 14.21 0.85 0.0007 
PPxS 38 3.01 

CT x PP 4 50.53 12.24 0.70 <0.0001 

CT x PPxS 76 4.13 

Total 179 

 



TABLE 9 

Newman-Keuls Results for Veranda Main Effects and Interaction 

  

Camera Travel Mean Rating 

  

  

Hypostereo 13.58 A 
Normal 12.66 A 

Hyperstereo 8.26 B 

Pivot Point Mean Rating 

Median 12.09 A 

Distant 11.88 A 

Near 10.53 B 

  

  

Camera Travel Pivot Point Mean Rating 

Hypostereo Median 14.74 A 
Hypostereo Near 14.08 A 
Normal Distant 13.93 A 
Normal Median 13.13 AB 

Hypostereo Distant 11.91 BC 
Normal Near 10.91 CD 
Hyperstereo Distant 9.79 DE 
Hyperstereo Median 8.40 F 
Hyperstereo Near 6.60 G 

  

Note: Means with the same letter are not significantly different at p < 0.05 

73



16 

14 

12 

10 

Mean Rating 8 

6 

4 

74 

  

i Hyperstereo Normal Hypostereo 

    
  

          
Distant Median Near 

Pivot Point 

Figure 24. The Camera Travel-by-Pivot Point interaction for the Veranda scene. 
(Means with the same letter are not significantly different at p S 0.05).
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ANOVA Summary Table for Workout 
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Source df MS F G-Ge  G-Gp 

Between-Subjects 

Subjects (S) 19 1.12 

Within-Subjects 

Camera Travel (CT) 2 54.54 4.90 0.55 0.0386 
CTxS 38 11.14 

Pivot Point (PP) 2 118.72 33.36 0.75 <0.0001 

PPxS 38 3.56 

CT x PP 4 7.07 3.43 0.64 0.0405 

CT x PPxS 76 2.06 

Total 179 

 



TABLE 11 

Newman-Keuls Results for Workout Main Effects and Interaction 

  

Camera Travel Mean Rating 

  

  

Hypostereo 11.81 A 
Normal 10.85 AB 

Hyperstereo 9.91 B 

Pivot Point Mean Rating 

Median 11.78 A 

Near 11.55 A 

Distant 9.24 B 

  

  

Camera Travel Pivot Point Mean Rating 

Hypostereo Median 13.08 A 
Hypostereo Near 12.85 A 
Normal Median 11.91 B 
Normal Near 11.34 BC 

Hyperstereo Near 10.46 CD 
Hyperstereo Median 10.35 CD 
Hypostereo Distant 9.50 DE 
Normal Distant 9.30 DE 
Hyperstereo Distant 8.91 E 

  

Note: Means with the same letter are not significantly different at p < 0.05
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median and near pivot points were both rated significantly higher than the distant pivot 

point and not significantly different from each other. 

The hypostereo camera travel at both the median and near pivot points were rated 

significantly higher than the other combinations, but not significantly different from each 

other. As seen in Figure 25, the interaction shows an increase in the rating differences as 

the graph moves from the distant to the near pivot points. In this case, the 

hypostereo/median combination was slightly higher and was the most preferred image. 

Discussion 

Although the primary purpose of this experiment was to find an optimal or most 

preferred image for each scene to use in Experiment II, the results also provided general 

trends which can be useful to LS image developers. Overall interpretations can be drawn 

in some cases, but many of the results were highly dependent on the scene, as was 

expected due to previous evaluations of image quality and scene content (Jorna, 1993; 

Sayer, 1993). Therefore, design implications can sometimes only be applied to a 

particular type of image. 

The significance of all of the main effects and interactions was anticipated because of 

the wide range of depth and stutter that was included in the experiment. However, the 

post-hoc analyses detailed results that were somewhat less predictable because no 

literature was found to suggest a direction for the depth/clarity interaction. 

Camera Travel. There was no significant difference between the normal and 

hypostereo camera travel settings for any of the scenes, and in every case but Workout, 

hyperstereo was significantly worse than the other two. For Workout, hyperstereo had 

the lowest mean ratings, but it was not significantly lower than the normal setting. 

Therefore, it seems that the hyperstereo setting would be preferred by few, if any, viewers 

because of the resulting image stutter. That is, the increase in depth would not
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Mi Hyperstereo EA Normal ES Hypostereo 
      

Mean Rating 

          
Distant Median Near 

Pivot Point 

Figure 25. The Camera Travel-by-Pivot Point interaction for the Workout scene. 
(Means with the same letter are not significantly different at p S$ 0.05).
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compensate for the large degree of stutter, which negatively influences observe 

preference. 

This influence does not seem to be as great for the lower amounts of camera travel, 

but if the data trends continued, the hypostereo condition would become the most 

preferred. This trend, as well as the hyperstereo results, indicates that subjects prefer to 

have a high degree of sharpness in the image and will only accept increased total depth 

when it does not reduce the sharpness excessively. 

Although no literature was found on the quality of LS images, the multi-viewpoint 

research performed by Pastoor and Schenke (1989) is somewhat comparable. Their study 

involved stereo pairs that flipped when the observer’s head moved, approximating the 

effect of viewing LS images. They found that subjective quality of the images increased 

with decreasing amounts of image flip, which is analogous to decreasing camera travel in 

LS images. Therefore, the results of the present study agree with those of Pastoor and 

Schenke (1989). 

Pivot Point. The negative influence of excessive stutter can also be seen in the results 

of the pivot point variable post-hoc analyses, but the direction of this influence was 

highly scene-dependent. For Earthscape, subjects preferred the median pivot point to a 

much greater degree than they did the near or distant pivot points, indicating a preference 

for balance between foreground and background depth in this scene. This may be an 

important consideration in computer-generated imagery because depth of field is infinite 

and does not compound the sharpness degradation produced by the stutter. Another 

explanation might be that the rotation of the viewpoint during the process of capturing 

computer-generated images may have some influence on foreground and background 

stutter not found in photographic images. It can also been seen in Figure 22 that the 

median pivot point does not have the samc etlect at the hyperstereo condition, suggesting 

that no pivot point location is acceptable at this degree of camera travel.
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Alternatively, the near pivot yielded significantly higher ratings for the Golf Shoes 

scene (which represented a close-up product shot) than the other two pivot points, which 

meant that subjects preferred to have minimal amounts of foreground depth. The ratings 

grew progressively worse as the foreground depth increased, especially in the hypostereo 

condition (see Figure 23). One reason may be that the primary subject matter in the 

image was the shoes, and drawing attention to them through increased depth was 

unnecessary and even distracting from the entire scene. Golf Shoes also had the least 

total amount of depth because of the small focal length during photography, resulting in a 

high ratio between foreground and background depth at the median and distant pivot 

points. This characteristic may have made those depths seem out of balance to the 

observer. 

In Workout, the distant pivot point was also rated the worst by subjects, but the 

median and near pivot points were judged to be equal. As seen in Figure 25, the mean 

rating decreases much more for the normal and hypostereo conditions than the 

hyperstereo condition as the pivot point moves from median to distant. Again, the 

primary subject of the image, the weightlifter, seemed out of focus to the observer in the 

distant pivot point condition, producing an unacceptable amount of stutter in the 

weightlifter compared to the other conditions. However, there was a substantial number 

of objects in the background (e.g., the clock and the poster), which may account for the 

lack of a difference in the median and near pivot points; as the weightlifter became less 

blurry, the blurriness of the background objects became objectionable. This camera 

travel equivalence may also be due to a floor effect in which ratings tend to cluster 

together when the disparity of the subject matter grows large. 

For Veranda, on the other hand, the near pivot point had the worst mean rating, 

meaning that subjects preferred objects toward the back of the image to be sharper. This 

result may be because many objects in the background were affected by the increased
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stutter, such as the berries hanging on the wall and the back portion of the table. It may 

also be because there was no specific primary subject in the image, and therefore the 

overall image was more important. Since the median and distant pivot points did not 

produce different mean ratings, the explanation could be due to the interaction (Figure 

24); at hyperstereo and normal, the distant pivot point had a rather high rating compared 

to the median, while it had the lowest mean rating at hypostereo. It is not obvious why 

this occurred, but the lack of background disparity in the hypostereo/distant image might 

have made the foreground disparity much more obvious than in other treatment 

combinations. 

Preferred image. Although the only preferred image that was rated significantly 

higher than the other images was for the Golf Shoes scene, one interesting observation 

can be made about the overall trend of the selection. For the Golf Shoes scene, the 

hypostereo/near condition was chosen as the most preferred, while for the other scenes it 

was the hypostereo/median condition. From Table 2, it is apparent that, for the Workout 

and Veranda most preferred images, the images with the smallest and most balanced 

foreground and background disparities were chosen. However, one can also note the 

same observation about Golf Shoes. Even though it is called hypostereo/near, its small 

total disparity makes that condition the most balanced. Finally, at first glance at Table 2, 

Earthscape may not seem to fit into this pattern, but the background disparity is given for 

the stars, which were not very noticeable. If one uses the back of the checkerboard for 

the background disparity, which was 11 mm at the hypostereo/median condition, the 

foreground and background disparity are well balanced in the most preferred image. 

Therefore, it seems that the images that will be the most preferred will have the lowest 

amount of total depth and will have the foreground and background disparity balanced, 

given the current optical conditions of the lenuicular-sheet process.
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EXPERIMENT II RESULTS AND DISCUSSION 

First Segment 

Data analysis. There were eight dependent variables for this segment of Experiment 

II: the amount of time subjects viewed each image, and the ratings given in the seven 

questions listed on the questionnaire. The data for each dependent variable were 

analyzed separately using a 4 x 2 (Scene x Dimension) within-subjects analysis of 

variance (ANOVA). Again, Greenhouse-Geisser corrections were made as appropriate. 

The ANOVAs were calculated using the Macintosh application SuperAnova, and the 

level of significance selected was p < 0.05. 

Post-hoc analysis on the Scene main effect was conducted using the Newman-Keuls 

procedure at the p < 0.05 significance level. Simple-effect F tests were performed on 

significant Scene-by-Dimension interactions and were corrected for sphericity violations 

using the interaction Greenhouse-Geisser € where appropriate. Newman-Keuls analyses 

were then performed on the significant simple effects, where appropriate, to further 

investigate the sources of the interactions. 

For reference purposes, the dependent variable means for the Scene and Dimension 

main effects and the Scene-by-Dimension interaction are shown in Table 12. Since the 

Scene main effect was significant for each dependent variable, the sources of significance 

for each dependent variable as found by the Newman-Keuls analyses are included on the 

same page as the corresponding ANOVA summary table. Below each of these tables, 

where appropriate, the corresponding questionnaire question is written for easier 

reference. 

Time. As can be seen in Table 13, the main effects of Scene and Dimension are 

significant for the time dependent variable, but the Scene-by-Dimension interaction is not 

significant. For the time variable, the means for the Earthscape and Veranda scenes were
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TABLE 12 

Experiment IIT Dependent Variable Means for the Scene and Dimension Main Effects and 
the Scene-by-Dimension Interaction 

  

    Scene Time(s) Ques. 1 Ques. 2 Ques. 3 
Earthscape 37.25 7.00 6.81 6.56 
Golf Shoes 32.91 6.72 6.80 6.14 
Veranda 37.39 7.06 7.20 6.58 

Workout 33.95 5.95 5.86 5.94 

Dimension 

2D 32.66 6.93 6.57 5.45 
3D 38.09 6.44 6.77 7.16 

Scene-by-Dimension 
Earthscape 2D 33.53 7.00 6.69 5.81 
Earthscape 3D 40.97 7.00 6.94 7.31 
Golf Shoes 2D 32.84 6.75 6.34 5.00 

Golf Shoes 3D 32.97 6.69 7.25 7.28 
Veranda 2D 33.50 7.47 7.16 5.69 
Veranda 3D 41.28 6.66 7.25 TAT 
Workout 2D 30.78 6.50 6.09 5.28 
Workout 3D 37.12 5.41 5.62 6.59 

 



TABLE 12 (Continued) 

Experiment II Means for the Dependent Variables for the Scene and Dimension Main 
Effects and the Scene-by-Dimension Interaction 

  

  

  

Scene Ques. 4 ues. 5 Ques. 6 Ques. 7 
Earthscape 6.91 7.23 7.05 7.08 
Golf Shoes 6.95 6.30 6.62 6.19 
Veranda 6.56 7.00 7.00 6.88 
Workout 5.97 5.69 5.70 5.16 

Dimension 

2D 7.11 6.22 6.72 6.27 
3D 6.09 6.89 6.47 6.38 

Scene-by-Dimension 

Earthscape 2D 7.16 7.06 7.12 6.94 
Earthscape 3D 6.66 7.41 6.97 7.22 

Golf Shoes 2D 7.16 5.78 6.47 5.81 
Golf Shoes 3D 6.75 6.81 6.78 6.56 
Veranda 2D 7.12 6.59 7.03 6.78 

Veranda 3D 6.00 7.41 6.97 6.97 

Workout 2D 7.00 5.44 6.25 5.53 
Workout 3D 4.94 5.94 5.16 4.78 
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TABLE 13 

ANOVA Summary Table and Scene Main Effect Newman-Keuls Results for the Time 
Dependent Variable 

  

Source df MS F Pp G-Ge G-Gp 

  

Between-Subjects 

  

  

  

Subjects (S) 31 2347.73 

Within-Subjects 

Scene (Sc) 3 334.82 4.12 0.75 0.0204 

ScxS 93 81.34 

Dimension (D) 1 1881.39 15.73 0.0004 

DxS 31 119.59 

Scx D 3 205.53 1.43 0.70 0.2467 

ScxDxS 93 144.00 

Total 255 

Scene Mean Rating 

Veranda 37.39 A 

Earthscape 37.25 A 
Workout 33.95 AB 
Golf Shoes 32.91 B 

  

*Note: Means with the same letter are not significantly different at p < 0.05
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significantly higher than the mean for the Golf Shoes scene but not the mean for the 

Workout scene. Subjects viewed the 3D images for a longer time (38.09 s) than they 

viewed the 2D images (32.66 s). 

Question 1. Table 14 shows the ANOVA summary table for the question 1 dependent 

variable. The question was, “(How comfortable was the image to look at?’ Both the 

Scene and Dimension main effects were significant. The Workout scene was rated 

significantly less comfortable to view than the other scenes. Overall, the 2D images were 

more comfortable (6.93) to view than the 3D images (6.44). 

According to the simple-effect F tests, the 2D versions of Workout 

(F (1, 93) = 19.14, p < 0.001) and Veranda (F (1, 93) = 10.56, p = 0.001) were 

significantly more comfortable to view than the 3D versions. However, there was no 

difference in comfort for the Earthscape or Golf Shoes scenes. 

The effect of Scene was significant across both 2D (F (3, 93) = 5.47, p = 0.004) and 

3D (F (3, 93) = 15.90, p < 0.001); therefore, Newman-Keuls analyses were performed on 

Scene for each level of Dimension, the results of which are shown in Table 15. For the 

2D dimension, Veranda was significantly more comfortable to view than the Golf Shoes 

and Workout scenes, but no other significant differences were found. For the 3D 

dimension, the Workout scene was rated significantly less comfortable to view than the 

other three scenes. 

Question 2. For the question of “As part of a product advertisement, how acceptable 

would this image be?,” Table 16 shows that the Scene main effect and Scene-by- 

Dimension interaction were significant, but Dimension was not significant. The Workout 

scene was significantly less acceptable than the other three scenes. 

The only scene which was significant across dimension was Golf Shoes 

(F (1, 93) = 13.14, p < 0.001), which was rated significantly more acceptable in the 3D 

version (7.25) than in the 2D version (6.34).
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TABLE 14 

ANOVA Summary Table for the Question 1 Rating Dependent Variable 

  

Source df MS F p G-Ge G-Gp 

  

Between-Subjects 

Subjects (S) 31 5.43 

Within-Subjects 

  

  

Scene (Sc) 3 16.61 9.73 0.86 0.0002 

ScxS 93 1.71 

Dimension (D) 1 15.50 6.06 0.0196 
DxS 31 2.56 

Scx D 3 4.75 5.06 0.84 0.0085 

ScxDxS 93 0.94 

Total 255 

Scene Mean Rating 

Veranda 7.06 A 

Earthscape 7.00 A 
Golf Shoes 6.72 A 

Workout 5.95 B 

  

*Note: Means with the same letter are not significantly different at p < 0.05 

Question 1: How comfortable was the image to look at?
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TABLE 15 

Scene Differences for Question 1 across the 2D and 3D Dimensions (Computed by 
Newman-Keuls Analysis of the Simple Effects) 

  

  

  

Mean 
Scene (2D) Values 

Veranda 747 7 
Earthscape 7.00 AB 
Golf Shoes 6.75 B 

Workout 6.50 B 

Mean 

Scene (3D) Values 

Earthscape 7.00 A 
Golf Shoes 6.69 A 

Veranda 6.66 A 

Workout 5.41 B 

  

*Note: Means with the same letter are not significantly different at p < 0.05 

Question 1: How comfortable was the image to look at?
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ANOVA Summary Table for the Question 2 Rating Dependent Variable 

  

  

  

  

Source df MS F Pp G-Ge G-Gp 

Between-Subjects 

Subjects (S) 31 5.97 

Within-Subjects 

Scene (Sc) 3 20.86 8.76 0.97 0.0003 

ScxS 93 2.38 

Dimension (D) 1 2.44 1.30 0.2638 

DxS 31 1.88 

Sc x D 3 5.12 4.80 0.88 0.0107 

Scx DxS 93 1.07 

Total 255 

Scene Mean Rating 

Veranda 7.20 A 
Earthscape 6.81 A 

Golf Shoes 6.80 A 

Workout 5.86 B 

  

*Note: Means with the same letter are not significantly different at p < 0.05 

Question 2: As part of a product advertisement, how acceptable would this image be?



90 

The effect of Scene was significant across both 2D (F (3, 93) = 6.78, p = 0.002) and 

3D (F GB, 93) = 19.2, p < 0.001), and Newman-Keuls results can be found in Table 17. 

For the 2D dimension, Veranda was significantly more acceptable to view than the Golf 

Shoes and Workout scenes, but no other significant differences were found. For the 3D 

dimension, the Workout scene was rated significantly less acceptable to view than the 

other three scenes. 

Question 3. Question 3 was, “How would you rate the quality of depth in this 

image?” Table 18 shows that Scene and Dimension were significant, while the 

interaction was not. Workout was rated as having significantly lower quality of depth 

than the Veranda and Earthscape scenes. The quality of depth for the 3D dimension 

(7.16) was significantly higher than for the 2D dimension (5.45). 

Question 4. Table 19 is the ANOVA summary table for the responses to the question, 

“How would you rate the sharpness of this image?” Both main effects and the interaction 

were significant. Workout was rated significantly less sharp than the other three scenes. 

Overall, the 2D images were rated sharper (7.11) than the 3D images (6.09). 

The simple-effects tests show that for Workout (F (1, 93) = 68.06, p < 0.001) and 

Veranda (F (1, 93) = 20.25, p < 0.001), the 2D version was significantly sharper (7.00 

and 7.12, respectively) than the 3D version (4.94 and 6.00, respectively), but no 

significant difference in sharpness was perceived for Earthscape or Golf Shoes. 

Scene was only significant across the 3D dimension (F (3, 93) = 22.32, p < 0.001), 

and the Newman-Keuls analysis is shown in Table 20. Workout was rated significantly 

less sharp than the other three scenes, and Veranda was rated significantly less sharp than 

Earthscape and Golf Shoes, which did not significantly differ in perceived sharpness. 

Question 5. For question 5, which was “How good would this image be at getting 

your attention?’’, both main effects were significant, but the interaction was not
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TABLE 17 

Scene Differences for Question 2 across the 2D and 3D Dimensions (Computed by 
Newman-Keuls Analysis of the Simple Effects) 

  

  

  

Mean 
Scene (2D) Values 

Veranda 7.16 A 

Earthscape 6.69 AB 
Golf Shoes 6.34 B 

Workout 6.09 B 

Mean 
Scene (3D) Values 

Golf Shoes 7.25 2A 

Veranda 7.25 2 

Earthscape 6.94 A 
Workout 5.62 B 

  

*Note: Means with the same letter are not significantly different at p < 0.05 

Question 2: As part of a product advertisement, how acceptable would this image be?



92 

TABLE 18 

ANOVA Summary Table for the Question 3 Rating Dependent Variable 

  

Source df MS F Pp G-Ge G-Gp 

  

Between-Subjects 

Subjects (S) 31 7.63 

Within-Subjects 

  

  

Scene (Sc) 3 6.46 4.80 0.94 0.0105 

Scx S 93 1.35 

Dimension (D) 1 189.06 46.63 <0.0001 

DxS 31 4.05 

ScxD 3 2.84 2.04 0.80 0.1373 

ScxDxS 93 1.39 

Total 255 

Scene Mean Rating 

Veranda 6.58 A 
Earthscape 6.56 A 
Golf Shoes 6.14 AB 
Workout 5.94 B 

  

*Note: Means with the same letter are not significantly different at p < 0.05 

Question 3: How would you rate the quality of depth in this image?
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TABLE 19 

ANOVA Summary Table for the Question 4 Rating Dependent Variable 

  

Source df MS F Pp G-G Ee G-G p 

  

Between-Subjects 

  

  

Subjects (S) 31 8.14 

Within-Subjects 

Scene (Sc) 3 13.19 8.76 0.85 0.0003 
ScxS 93 1.51 

Dimension (D) 1 67.04 24.94 <0.0001 

DxS 31 2.69 

Sc x D 3 9.31 6.70 0.93 0.0020 

ScxDxS 93 1.39 

Total 255 

Scene Mean Rating 

Golf Shoes 6.95 A 
Earthscape 6.91 A 
Veranda 6.56 A 

Workout 5.97 B 

  

*Note: Means with the same letter are not significantly different at p < 0.05 

Question 4: How would you rate the sharpness of this image?



TABLE 20 

Scene Differences for Question 4 across the 3D Dimension (Computed by Newman- 
Keuls Analysis of the Simple Effects) 

  

Mean 
Scene (3D) Values 

Golf Shoes 6.75 A 

Earthscape 6.66 A 
Veranda 6.00 B 
Workout 4.94 C 

  

*Note: Means with the same letter are not significantly different at p < 0.05 

Question 4: How would you rate the sharpness of this image?
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(Table 21). Earthscape and Veranda were rated significantly more attention- getting than 

the other two scenes, while Workout was rated significantly lower than Golf Shoes. The 

3D dimension was rated significantly more attention-getting (6.89) than the 2D 

dimension (6.22). 

Question 6. Table 22 shows the ANOVA summary table for question 6, “Overall, 

how would you rate the quality of this image?” Scene and the Scene-by-Dimension 

interaction were significant, but dimension was not. Workout was rated as having a 

lower overall quality than the other three scenes. 

According to the simple-effects tests, Workout (F (1, 93) = 19.14, p < 0.001) was the 

only significant scene across dimension, with the 3D version rated significantly lower 

(5.16) in overall quality than the 2D version (6.25). Both the 2D (F (3, 93) = 5.81, 

p = 0.013) and the 3D (F (3, 93) = 24.75, p < 0.001) dimensions were significant across 

scene. As shown in Table 23, in the 2D version Workout was rated significantly lower in 

overall quality than Earthscape and Veranda. In the 3D version, Workout was rated 

significantly lower than the other three scenes in overall quality. 

Question 7. Question 7 was, “Overall, how did you like this image?” Again, Scene 

and the Scene-by-Dimension interaction were significant, and Dimension was not (Table 

24). Workout was the lowest rated in likeability, while Golf Shoes was rated the next 

lowest. Earthscape and Veranda did not significantly differ in likeability. 

The simple-effects tests show that the 3D version of Golf Shoes (F (1, 93) = 9.00 

p = 0.005) was rated significantly higher than the 2D version (6.56 vs. 5.81), while the 

2D version of Workout (F (1, 93) = 9.00, p = 0.005) was rated significantly higher than 

the 3D version (5.53 vs. 4.78). 

Both the 2D (F (3, 93) = 15.59, p < 0.001) and 3D (F (3, 93) = 38.82, p < 0.001) 

dimensions were significant across scene. As shown in Table 25, the 2D versions of 

Earthscape and Veranda were both liked significantly better than the 2D versions of Golf
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TABLE 21 

ANOVA Summary Table for the Question 5 Rating Dependent Variable 

  

Source df MS F P G-Ge G-Gp 

  

Between-Subjects 

Subjects (S) 31 5.68 

Within-Subjects 

  

  

Scene (Sc) 3 31.55 12.79 0.89 <0.0001 

ScxS 93 2.47 

Dimension (D) 1 28.89 17.52 0.0002 

DxS 31 1.65 

Sc xD 3 1.53 1.64 0.91 0.2001 

ScxDxS 93 0.93 

Total 255 

Scene Mean Rating 

Earthscape 7.23 A 
Veranda 7.00 A 

Golf Shoes 6.30 B 

Workout 5.69 Cc 

  

*Note: Means with the same letter are not significantly different at p < 0.05 

Question 5: How good would this image be at getting your attention?
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TABLE 22 

ANOVA Summary Table for the Question 6 Rating Dependent Variable 

  

Source df MS F P G-Ge G-Gp 

  

Between-Subjects 

Subjects (S) 31 5.01 

Within-Subjects 

  

  

Scene (Sc) 3 24.84 12.91 0.92 <0.0001 

ScxS 93 1.92 

Dimension (D) 1 4.00 1.78 0.1914 

DxS 31 2.24 

Sc xD 3 5.72 4.57 0.81 0.0134 

ScxDxS 93 1.25 

Total 255 

Scene Mean Rating 

Earthscape 7.05 A 
Veranda 7.00 A 

Golf Shoes 6.62 A 
Workout 5.70 B 

  

*Note: Means with the same letter are not significantly different at p < 0.05 

Question 6: Overall, how would you rate the quality of this image?
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TABLE 23 

Scene Differences for Question 6 across the 2D and 3D Dimensions (Computed by 
Newman-Keuls Analysis of the Simple Effects) 

  

  

  

Mean 

Scene (2D) Values 

Earthscape 7.12 $A 
Veranda 703 A 

Golf Shoes 6.47 AB 
Workout 6.25 B 

Mean 
Scene (3D) Values 

Earthscape 6.97 2A 
Veranda 6.97 A 
Golf Shoes 6.78 A 

Workout 5.16 B 

  

*Note: Means with the same letter are not significantly different at p < 0.05 

Question 6: Overall, how would you rate the quality of this image?
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TABLE 24 

ANOVA Summary Table for the Question 7 Rating Dependent Variable 

  

Source df MS F Pp G-Ge G-Gp 

  

Between-Subjects 

Subjects (S) 31 4.91 

Within-Subjects 

  

  

Scene (Sc) 3 48.10 16.50 0.91 <0.0001 

ScxS 93 2.91 

Dimension (D) 1 0.88 0.80 0.3793 

DxS 31 1.10 

Scx D 3 6.32 5.74 0.98 0.0045 

ScxDxS 93 1.10 

Total 255 

Scene Mean Rating 

Earthscape 7.08 A 
Veranda 6.88 A 

Golf Shoes 6.19 B 
Workout 5.16 Cc 

  

*Note: Means with the same letter are not significantly different at p < 0.05 

Question 7: Overall, how did you like this image?
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TABLE 25 

Scene Differences for Question 7 across the 2D and 3D Dimensions (Computed by 
Newman-Keuls Analysis of the Simple Effects) 

  

  

  

Mean 
Scene (2D) Values 

Earthscape 6.94 A 
Veranda 6.78 <A 

Golf Shoes 5.81 B 

Workout 5.53 B 

Mean 
Scene (3D) Values 

Earthscape 7.22 A 
Veranda 6.97 AB 

Golf Shoes 6.56 B 
Workout 4.78 Cc 

  

*Note: Means with the same letter are not significantly different at p < 0.05 

Question 7: Overall, how did you like this image?
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Shoes and Workout. Subjects liked the 3D version of Earthscape significantly better than 

the 3D versions of Golf Shoes and Workout, and Workout was liked significantly less 

than the other three scenes. 

Comments. On the questionnaire, subjects were allowed to comment on each image 

as he or she saw fit; that is, comments were not required, and not all subjects provided 

comments. Appendix G consolidates the comments made about each image. Each bullet 

marks a set of comments made by one subject about a particular image. 

Many subjects remarked on the clarity of the image, the brightness, the intensity of 

the colors, and the effect of depth. They also described whether the image would attract 

their attention. Although it is difficult to make generalizations, many of the comments on 

the 3D images centered on the blurriness of the image, especially compared to the 2D 

versions that they had previously seen. Some of the subjects also remarked that the 

image jumps were annoying. The 3D version of Workout had the largest number of these 

comments. Reasons for not liking an image were sometimes personal and were based on 

the scene itself rather than on the image quality. 

Discussion. Viewing time is an important factor in advertising displays, and results 

from the time dependent variable indicate that LS images may have an advantage over 

their 2D counterparts. Given that no time limit was set for the subjects while they were 

observing each image, the unusual nature (or novelty) of the LS images most likely 

accounted for the time difference. As depth images become more prevalent, this 

discrepancy in viewing time may decrease, but while they are still a novelty, 2D images 

will probably remain at a disadvantage. 

The same arguments can be made for question 5, which asked about the attention- 

getting ability of the images. The novelty effect probably influenced the responses to this 

question in favor of 3D images, and as long as they remain a novelty, LS images will 

attract more attention than similar 2D images.
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At this point, it should be noted that neither of these variables had significant 

interactions, meaning that the effect of Dimension was not influenced by the scene 

content, even though there was an overall Scene effect with both of these dependent 

variables. Therefore, a reasonable conclusion would be that the LS image advantage in 

viewing time and attention-getting ability would not depend on the scene content of 

images that were seen in the same area. 

The other question with no Scene-by-Dimension interaction was question 3, “How 

would you rate the quality of depth in this image?” Again, there was an overall Scene 

effect, but the high quality of depth rating given to the LS images was not affected by 

scene content, implying that observers can easily see the depth in these images. It is also 

interesting to note that Workout had the lowest quality of depth rating despite the large 

disparities in the foreground and background. This result indicates that quality of depth is 

not synonymous with amount of depth in the eyes of consumers. 

While there was a comfort difference in favor of 2D images (question 1), this did not 

seem to affect the overall quality or likeability of the images (questions 6 and 7, 

respectively), for which there was no preference toward 2D or 3D. In addition, both 2D 

and 3D images were judged equally acceptable in advertisements (question 2), indicating 

that the difference in apparent sharpness (question 4) which heavily favored 2D images 

did not negatively affect acceptability. 

The Scene-by-Dimension interactions yielded several noteworthy results. Comfort 

was dependent on the scene since no difference in viewing comfort was found for 

Earthscape or Golf Shoes. LS images, then, are not necessarily less comfortable to view 

than 2D images. In fact, Workout was found to be the least comfortable to view in both 

its 2D and 3D versions. 

Regarding the issue of advertisement acceptability, the only difference across 

Dimension was that Golf Shoes was thought to be more acceptable in the 3D version,
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reinforcing the argument that 3D images are at least as appropriate in advertising as 2D 

photographs. Again, Workout received the worst ratings in both dimensions, showing 

that consumers did not like the scene. 

An important result can be seen in the sharpness post-hoc tests (question 4). For both 

Earthscape and Golf Shoes, there was no perceived difference in sharpness between the 

2D and 3D images. This implies that blurriness or lack of sharpness isn’t necessarily an 

issue when producing LS images, which can also be seen in the effect of Dimension on 

perceived scene sharpness. The Workout and Veranda scenes were less sharp than the 

other two scenes, and these two scenes, in conjunction with their differences across 

Dimension, accounted for the overall interaction. 

The dislike for the Workout scene can also be seen in the overall quality interaction 

(question 6) and the likeability interaction (question 7). For both questions, it was judged 

the worst image in both dimensions, and the 3D version was rated significantly worse 

than the 2D version. However, Golf Shoes, which was not significantly different in 

overall quality from Earthscape and Veranda, was significantly worse in likeability. 

Therefore, overall quality does not guarantee that an image will be liked, but one must 

assume that poor overall quality will cause an image to be disliked. 

Second Segment 

Preferred image. Since each subject was forced to choose either the 3D or 2D 

version of each scene as his or her preferred image, a two-tailed binomial test was used to 

analyze the data. Table 26 shows the results of this analysis. The 3D version of Veranda 

was Significantly more preferred than the 2D version, while the 2D version of Workout 

was significantly more preferred than the 3D version. The other two scenes did not have
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TABLE 26 

Frequency with Which Subjects Preferred the Two-Dimensional or Three-Dimensional 
Version of Each Scene (N = 32) 

  

Preference 
Frequency 

Scene 2D 3D 

Earthscape 11 21 
Golf Shoes 15 17 

Veranda* 8 24 

Workout* 25 7 

  

* Significant at p < 0.05 (Two-tailed binomial test)
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a significant preference effect. Although the 3D Earthscape was chosen two to one as the 

more preferred version, this difference was not significant at the p < 0.05 level. 

When subjects made their preferred choice, they were asked to provide the 

experimenter with a reason for that decision. Appendix H lists the reasons for each 

decision for all subjects. In general, when subjects chose the 2D version as the more 

preferred, it was either because the 3D version was not as sharp as the 2D version or that 

the 3D effect and the image jump were disturbing or annoying. When subjects chose the 

3D version, it was usually because of the impact of the 3D effect, which made the image 

seem more realistic. However, they also frequently noted that this decision was made 

even though the 3D version was not as sharp. 

Discussion. Unfortunately, the results of this analysis are somewhat difficult to 

interpret given the results of question 7, which asked “Overall, how did you like this 

image?” The 2D version of Workout was rated significantly higher than the 3D version 

for this question, and the 2D version was significantly more preferred in the paired- 

comparison task. But the 3D version of the Golf Shoes scene was rated significantly 

better than the 2D version, while Table 26 clearly shows no preference effect for Golf 

Shoes. On the other hand, the Earthscape and Veranda scenes seemed to have relatively 

strong preference effects toward the 3D versions, yet there was no difference for those 

scenes in the question of likeability between the 2D and 3D dimensions. 

One reason for this discrepancy may be because of the different nature of each 

experiment. In the first segment, subjects saw each scene in the midst of all the other 

scenes, and scores may have been relative to those others. In the second, subjects 

compared only the two images from the same scene. When seen side-by-side, the more 

bothersome differences may have been more noticeable, as seemed to be the case from 

the comments. This would also explain why Veranda and Workout had such divergent 

preferences; for Veranda, the table objects may have seemed more realistic, while the



106 

blurriness in the weightlifter in Workout became much more noticeable. One preference 

factor for Workout might have been that a person was used in the image, while a person 

wasn’t present in the Golf Shoes scene. Blurriness may have been more objectionable in 

the person than in the golf shoes because past studies have shown different criteria are 

used in judging image quality with and without people in them (Sayer, 1993). Finally, 

overall scene content may be a factor. The scenes that were most liked overall 

(Earthscape and Veranda) were most preferred in the 3D versions, but the scenes that 

were less liked overall (Golf Shoes and Workout) showed no preference or were 

preferred in the 2D version. 

In general, it is clear that observers will much prefer LS images when they are of 

good image quality. However, a large depth effect will not make up for blurriness in the 

image probably because consumers are accustomed to seeing high-quality photographic 

images. 

Third Segment 

Recall results. The recall data were scored according to whether a question was 

answered correctly. Correct answers were given a score of one, while a zero was scored 

for incorrect answers or if subjects responded that they didn’t know the answer. Correct 

answer frequencies were summed across scene and dimension, and the frequencies of the 

correct responses are shown in Table 27. 

A chi-squared analysis of the data showed no significant effect (vy? = 3.56, df=7, p> 

0.05) for the number of correct responses based on Scene and Dimension. 

Discussion. The lack of a Dimension effect on recall in this task indicates that neither 

2D nor 3D images provide any advantage in memorization of image features. Although a 

larger number of questions could have been asked, they would have to have been about 

less salient features in the images. Any significant effects in such an experiment would
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have been impractical because most advertising focuses on getting just a few of the most 

important features across to the viewer. Of course, since this task controlled the amount 

of time viewers saw each image, it did not take into account the increased time that 

consumers may take to look at LS images. Biron and McKelvie (1986) showed that 

recall performance with advertisements increased with increased viewing time. 

Therefore, if observers look at the 3D images for a longer period of time, they may recall 

more image details than they do with 2D images.
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TABLE 27 

Frequency of correct responses in the recall task 

  

Number of Correct Responses 
Summed across 

Scene 2D 3D dimensions 
Batman 39 54 93 
Dealer 63 65 128 

Bartender 60 56 116 

Tony SG 37 46 83 
  

For all scenes 199 221 420 
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CONCLUSIONS 

Depth/Stutter Tradeoff 

Because of consumers’ previous experience with high-quality images, they have 

come to expect that degree of quality in all images. From Experiment I, one can conclude 

that the novelty of the depth effect does not distract the observer from perceiving this lack 

of clarity. In fact, it may make these problems more obvious because of the apparent 

proximity of the image objects to the viewer. In most cases, consumers would rather not 

degrade image sharpness to enhance depth. The addition of depth would be a welcome 

feature, as shown in Experiment II, but not when it is accompanied by appreciable 

increases in image blurriness. 

As advancements are made in the field of LS imaging, the preservation of image 

clarity should be a prime concern. Increases in depth should only be made when there 

will be little or no sacrifice of sharpness, since this aspect seems to most clearly influence 

viewer preference. 

LS Images vs. 2D Images 

LS images have several features which should make them an attractive alternative to 

traditional photographs in advertising. Observers tend to find LS images more attention- 

getting, and they look at the LS images longer, both very important attributes when 

advertisements are vying for consumers’ attentions. In addition, observers had no 

difficulty in seeing the depth in the images, minimizing the possibility that a substantial 

portion of the consumer population would be excluded, as some are with autostereoscopic 

random dot images. It should be noted that these results were found with the minimal 

amount of total depth in the experiment for all four scenes.
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These attributes might be less attractive if consumers did not like them or find them 

acceptable in advertisements. However, this was not the case when comparing LS 

images to 2D images, which were liked equally well and were judged equally acceptable. 

Although sharpness and comfort were found to be rated lower in LS images, it is not 

necessarily an issue since Earthscape and Golf Shoes were found to be equally 

comfortable to view and equally sharp in both their 2D and 3D versions. 

One must be careful, however, in selecting the scene to be used. Workout was last in 

almost every category, indicating that scene content is very important when designing LS 

images, as it is in traditional photography. Image quality is usually dependent to some 

extent on the scene being viewed (Jorna, 1993; Sayer, 1993), and any of the beneficial 

effects of LS imaging could easily be negated by poor scene content. 

Preference 

Preference between LS and 2D images seems to be very content specific, but the Golf 

Shoes and Workout scenes, which were rated lowest on the questionnaire, also had the 

highest preferences toward the 2D versions. Therefore, poor quality does seem to affect 

preference to some degree. If the images are judged to be of high quality, as they were 

with the Veranda and Earthscape scenes, the preferences can certainly be in favor of LS 

images. The overall conclusion is that consumers do not lean toward 2D or 3D 

unilaterally. Rather, it depends on both the scene being viewed and the perceived quality 

of that scene. 

Recall 

The lack of recall effect found in this study means that there is no inherent difference 

in remembering image details between the two image types. Recall may be affected by 

other factors, such as viewing time, which was not varied in this experiment. The longer
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viewing time found for the 3D images may increase recall, based on the results of Biron 

and McKelvie (1986), who found that advertisement recall increased with increased 

viewing time. In addition, just getting observers’ attention in the first place, which 

subjects felt the 3D images would do better, will certainly influence recall. If consumers 

do not even look at an image, they are not going to remember details about it. 

Design Implications 

Several general recommendations for the production of LS images can be gleaned 

from the data. First, the minimal amount of depth was the most preferred by subjects in 

some scenes and for the most preferred images. Therefore, using the hypostereo setting 

for camera travel will probably produce the most consistently pleasing images, and the 

depth was sufficient for consumers to easily see it. However, the normal setting was not 

significantly less pleasing than the hypostereo setting in any scene, and therefore the 

normal setting should be acceptable to viewers if careful consideration of the pivot point 

is made. In no case should the hyperstereo setting be used. It was judged the worst in 

every scene. 

Second, the most preferred images were the ones that had approximately equal 

amounts of foreground and background depth. Having a great degree of foreground 

sharpness will not offset the noticeable degradation in background sharpness. Therefore, 

images should have a relatively balanced amount of foreground and background 

disparity. 

Third, the subject of interest in the image should have little or no disparity. The depth 

effect was appealing to most subjects, but not when the primary image had the greatest 

depth. The shoes in Golf Shoes and the weightlifter in Workout were the primary subject 

matter in each scene, and observers tended to find their high degrees of disparity 

disturbing. To achieve the depth effect, small numbers of relatively uninteresting objects
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should be placed at the front and back of the image, with the primary object of interest 

located at or near the pivot point. This arrangement will give observers the required 

sense of depth without disturbing the image quality of the object on which they will be 

focusing. 

Future Research 

Since no research regarding LS images was found in the literature, this study is 

merely a starting point for investigating effects of LS variables on human perception. 

This study did not isolate the effects of binocular disparity and motion parallax, and it 

would be helpful to know how these depth cues interact in LS imaging and would 

complement the current body of research on depth cue interaction. 

In this study, it was difficult to discern which objects in the image most influenced 

the preference assessment. A more systematic placement of objects would allow 

researchers to determine how influential the primary subject matter is on overall LS 

image quality. In addition, it would be interesting to determine the effects of having 

people in the image. Future research could study the differences in subjective quality of 

images with and without people in them and how the quality is influenced by the 

sharpness of the people. 

If LS imagery becomes popular, it may be useful to develop a metric of image quality 

for predicting image quality based on the physical parameters of the system. A developer 

could then determine how to set them before going through the laborious and expensive 

method of producing many different versions of the same image. 

Finally, the images used in this experiment were static, which is currently the most 

common form of LS imaging. However, some systems are being developed (e.g., Isono 

et al., 1992) which mate this technology to television or video terminals. Another aspect 

not controlled in this study was subject movement. Subjects were allowed to move to
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any part of the room to look at the image. Viewers that are constrained to a particular 

position (e.g., viewers in a theater) may have different preferences because they do not 

see the motion in the image as easily. A wide array of research could be conducted on 

the effects of LS image motion on viewer response and preferences, which may be very 

important if this combination of technology is to be brought into the home for the general 

consumer.
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Informed Consent for Participants 
of Investigative Research 

Title of Project: Image Preference Evaluation 
Principal Investigator: Boyd Morrison 

I. THE PURPOSE OF THIS EXPERIMENT 

You are invited to participate in a study that investigates peoples’ preferences of 
three-dimensional images. The investigator is interested in your personal opinions 
regarding the images you will be shown. There are no right or wrong answers in this 
experiment, so you should feel free to express your own opinions about how you would 
like these images to appear. 

I. PROCEDURES 

The procedures to be used in this research include a visual screening, walking around 
the room while viewing the images, and then answering a questionnaire about each 
image. If your vision does not meet the experimental criteria, you will be excused from 
the experiment. The vision test will take 5 minutes. The experiment will take 
approximately 60 to 90 minutes for each session, in a total of two experimental sessions. 

You may experience slight discomfort while viewing the images because of the 3-D 
effect. 

Safeguards that will be used to minimize your risk or discomfort include allowing you 
to take breaks during the experiment should you feel tired or uncomfortable. 

Hl. BENEFITS OF THIS PROJECT 

Your participation in the project will provide the experimenter with information about 
what the most preferred image is of the choices you will see. No guarantee, other than to 
financially compensate you for your time spent in the experiment, has been made to 
encourage you to participate. 

You may receive a synopsis or summary of this experiment when completed. If you 
would like a summary of the experiment, please leave your name and address with the 
experimenter so the summary may be mailed to you. 

IV. EXTENT OF ANONYMITY AND CONFIDENTIALITY 

The results of the study will be kept strictly confidential. At no time will the 
researcher release the results of the study to anyone other than individuals working on the 
project without your written consent. The information you provide will have your name 
removed, and only a subject number will identify your responses during analyses and any 
written reports of the research.
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V. COMPENSATION 

You will be compensated at the rate of $5 for each hour spent in the laboratory 
participating in the experiment. You will not be paid for the visual screening. If you 
participate in both sessions, you will receive a bonus of $5. 

VI. FREEDOM TO WITHDRAW 

You are free to withdraw from this study at any time without penalty. If you choose 
to withdraw, you will be compensated for the portion of the time spent in the experiment. 

Vir. APPROVAL OF RESEARCH 

This research project has been approved, as required, by the Institutional Review 
Board for projects involving human subjects at Virginia Polytechnic Institute and State 
University, by the Department of Industrial and Systems Engineering. 

VIH. SUBJECT’S RESPONSIBILITIES 

I know of no reason I cannot participate in this study. I have the following 
responsibility: to arrive at the scheduled location of the experiment at the prearranged 
and agreed to time. 

  

Signature
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IX. SUBJECT’S PERMISSION 

I have read and understand the informed consent and conditions of this project. I 
have had all my questions answered. I hereby acknowledge the above and give my 
voluntary consent for participation in this project. 

If I participate, I may withdraw at any time without penalty. I agree to abide by the 
rules of this project. 

Should I have any questions about this research or its conduct, I will contact: 

  

  

  

Boyd Morrison 231-9091 
Investigator Phone 

Harry Snyder 731-0110 
Faculty Advisor Phone 

Ernest R. Stout 231-9359 
Chair, IRB Phone 
Research Division
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EXPERIMENT DESCRIPTION 

Title of Study: Image Preference Evaluation 

Principal Investigator: Boyd Morrison 

This experiment involves research that is intended to determine people’s preferences 
regarding three-dimensional images. You will be asked to participate in two 
experimental sessions that will last approximately 60 to 90 minutes each. 

During the entire experiment, you will see a total of four different scenes. You will 
see two scenes in each experimental session. You will be looking at eighteen images of 
each scene, one at a time. 

Before you look at each image, you will be asked to turn and face away from the light 
box so that I may insert the image. I will then ask you to turn around, and I will instruct 
you to begin viewing the image. Take as much time as you like to look at each image. 
Please walk around the room to see each image from a number of different angles and 
distances. You may stand anywhere in the room. When you are through looking at the 
image, tell me, and I will then ask you to rate the image. 

When you give a rating, I would like you to tell me how pleasing the image appears 
to you by assigning a number to it. Note that there will be color variations in the images, 
which are normal in the printing process. Please do not use color quality as a criterion in 
assigning your number. You may also see imperfections such as scratches, smudges, or 
other marks. Try to ignore them in your rating. 

Give the first image I present to you any number which seems appropriate. Then 
assign numbers to the remaining pictures in such a way that the numbers reflect your 
impression of how pleasing the image appears to you. Please do not use zero or negative 
numbers. Otherwise, the range of numbers you may use is not limited. You may use 
fractions, whole numbers, or decimals, but please make each number assigned to the 
image proportional to how pleasing you find the image. Because you can use only 
positive numbers, please remember to give a rating to the first image that will not unduly 
restrict future ratings (Such as assigning the number 2 to the first image). 

After you are through looking at the image, you will be asked to turn while I insert 
the next image. I will instruct you when to turn around and begin looking at the next 
image. This procedure will be followed for all images. When it is time to move to the 
next scene, you will start the ratings over. 

Before you begin, I will show you some practice images to let you get used to the 
rating procedure. These images will not be the ones you see in the experiment. 

Do you have any questions?
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QUESTIONNAIRE 

Image Subject 
  

For each question, please circle only one number 

1) Howcomfortable was the image to look at? 

1 2 3 4 5 6 7 8 9 
Worst Average Best 

Imaginable Imaginable 

Comments: 
  

  

2) As part of a product advertisement, how acceptable would this image be? 

1 2 3 4 5 6 7 8 9 
Worst Average Best 

Imaginable Imaginable 

Comments: 

  

  

3) How would you rate the quality of depth in this image? 

I 2 3 4 5 6 7 8 9 
Worst Average Best 

Imaginable Imaginable 

Comments: 
  

  

4) How would you rate the sharpness of this image? 

1 2 3 4 5 6 7 8 9 
Worst Average Best 

Imaginable Imaginable 

Comments: 
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5) How good would this image be at getting your attention? 

1 2 3 4 5 6 7 8 9 
Worst Average Best 

Imaginable Imaginable 

Comments: 

  

  

6) Overall, how would you rate the quality of this image? 

1 2 3 4 5 6 7 8 9 
Worst Average Best 

Imaginable Imaginable 

Comments: 
  

  

7) Overall, how did you like this image? 

1 2 3 4 5 6 7 8 9 
Worst Average Best 

Imaginable Imaginable 

Comments: 
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RECALL QUESTIONS FOR EXPERIMENT II 

For the Batman image: 
Which of Batman's hands was raised higher? 
Which foot was farthest in front of Batman? 
Where in the picture was the bat signal? 
Was the batmobile to the right or left of him? 
There was a vertical silver pipe in the picture. Right or left? 
What color was his belt? 

  

  

  

  

  

  

For the Tony SG image: 
Which of the woman's feet was closer to you? 
Was her right knee or left knee closer to the ground? 
What color was her blouse? 
Which of her earrings could you see? 
What was she wearing around her neck? 
Which of the woman's arms was higher? 

  

  

  

  

  

  

For the Bartender image: 
Which hand was holding the beer can? 
Where was the bartender's other hand? 
What was the name on the beer can? 
Where on the bar were the peanuts? 
What color were the buttons on his shirt? 
What object was directly in front of him? 

  

  

  

  

  

  

For the Dealer image: 
Which side of the picture was the windshield on? 
How many of the people were wearing glasses? 
Was the older man to the right or left? 
Which sun visor was up, the driver or passenger side? 
What color was the woman's hair? 
Were the seats leather or cloth? 
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Informed Consent for Participants 
of Investigative Research 

Title of Project: Image Quality Evaluation 
Principal Investigator: Boyd Morrison 

I. THE PURPOSE OF THIS EXPERIMENT 

You are invited to participate in a study that investigates peoples’ preferences for 
images based on a number of attributes. The investigator is interested in your personal 
opinions regarding the images you will be shown. There are no right or wrong answers in 
this experiment, so you should feel free to express your own opinions about how you 
think the images look. 

if. PROCEDURES 

The procedures to be used in this research include asking you to walk around the 
room while viewing the images, answering a questionnaire about the images, and 
remembering details of some of the images. The experiment will take approximately one 
hour, to be completed in this one experimental session. 

You may experience slight discomfort while viewing some of the images because of 
the 3D effect. 

Safeguards that will be used to minimize your risk or discomfort include allowing you 
to take breaks during the experiment should you feel tired or uncomfortable. 

It. BENEFITS OF THIS PROJECT 

Your participation in the project will provide the experimenter with information about 
how well people like the images you will see. No guarantee, other than to financially 
compensate you for your time spent in the experiment, has been made to encourage you 
to participate. 

You may receive a synopsis or summary of this experiment when completed. If you 
would like a summary of the expcriment, please leave your name and address with the 
experimenter so the summary can be mailed to you. 

IV. EXTENT OF ANONYMITY AND CONFIDENTIALITY 

The results of the study will be kept strictly confidential. At no time will the 
researcher release the results of the study to anyone other than individuals working on the 
project without your written consent. The information you provide will have your name 
removed, and only a subject number will identify your responses during analyses and any 
written reports of the research. 

V. COMPENSATION 

You will be compensated at the rate of $6 for each hour spent in the laboratory 
paruicipating in the experiment.
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VI. FREEDOM TO WITHDRAW 

You are free to withdraw from this study at any time without penalty. If you choose 
to withdraw, you will be compensated for the portion of the time spent in the experiment. 

VII. APPROVAL OF RESEARCH 

This research project has been approved, as required, by the Institutional Review 
Board for projects involving human subjects at Virginia Polytechnic Institute and State 
University, by the Department of Industrial and Systems Engineering. 

Vill. SUBJECT’S RESPONSIBILITIES 

I know of no reason I cannot participate in this study. I have the following 
responsibility: to participate in this experiment to the best of my ability. 

  

Signature
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IX. SUBJECT’S PERMISSION 

I have read and understand the informed consent and conditions of this project. I 
have had all my questions answered. I hereby acknowledge the above and give my 
voluntary consent for participation in this project. 

If I participate, I may withdraw at any time without penalty. I agree to abide by the 
rules of this project. 

Should I have any questions about this research or its conduct, I will contact: 

  

  

  

Boyd Morrison 231-9091 
Investigator Phone 

Harry Snyder 231-7527 
Faculty Advisor Phone 

Ernest R. Stout 231-9359 
Chair, IRB Phone 
Research Division
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EXPERIMENT DESCRIPTION PART I 

Title of Study: Image Quality Evaluation 

Principal Investigator: Boyd Morrison 

This experiment involves research that is intended to determine how people perceive 
the quality of transmissive (backlit) images. You will be asked to participate in one 
experimental session that will last approximately one hour. There will be three different 
parts to the experiment. 

Before Part I begins, you will be shown a set of questions asking you about your 
opinions of each image. During the experiment, you will be looking at eight different 
images, one ata time. Before you look at each image, you will be asked to turn and face 
away from the light box so that I may insert the image. I will then ask you to turn 
around, and I will instruct you to begin viewing the image. To look at the image, you 
will press the black button on the remote control provided. Keep pressing the button to 
keep the light on. When you release the button, the light will turn off. Please wait until I 
remove the cardboard from in front of the image before pressing the remote control 
button. After you start, take as much time as you like to look at each image so that you 
can answer the questionnaire fully. Please walk around the room to see each image from 
a number of different angles and distances. After you are through looking at the image, 
you will be asked to fill out the questionnaire. After the questionnaire is completed, you 
will look at the next image. This procedure will be followed for all eight images. 

Do you have any questions?
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EXPERIMENT DESCRIPTION PART II 

Title of Study: Image Quality Evaluation 

Principal Investigator: Boyd Morrison 

You will look at four pairs of images, one at a time. Before you look at each image, 
you will be asked to turn and face away from the light box so that I may insert the 
images. I will then ask you to turn around, and I will instruct you to begin viewing the 
images. Take as much time as you like. Please walk around the room to see both images 
from a number of different angles and distances. When you are through looking at the 
image, tell me, and I will then ask you to select your preferred image. After you are 
through looking at the image, you will be asked to turn while I insert the next image pair. 

Because color variation is inherent to the production process, please do not use color 
differences in choosing your preferred image. 

Do you have any questions?
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EXPERIMENT DESCRIPTION PART III 

Title of Study: Image Quality Evaluation 

Principal Investigator: Boyd Morrison 

You will be asked to look at four different images that I will show you one at a time 
for 5 seconds each. After you are through viewing all four images, you will be asked 
questions about details in each image. Therefore, try to concentrate on each image as it is 
shown to you. 

Do you have any questions?
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APPENDIX G 

QUESTIONNAIRE COMMENTS FROM EXPERIMENT II
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Earthscape - 2D 

Easy to sce, good hue; very clear; casy to distinguish features; good quality, liked 
the complex featurcs 
I liked the originality; professional, very imaginative 
Nice composition and good, realistic reflection on spheres; the darkness seemed 
to need something; actually, I’m impressed with the picture 
Very interesting to look at, I would definitely stop and look close 
Interesting picture; nice use of reflection; I especially like the chessboard 
reflecting on the gold ball; common objects used in a unique manner—makes you 
think about the picture 
Acceptability depends on what the product was or who the target was; once I 
started to look at it, I was drawn to it-it seemed very busy, but it had no appeal to 
me as artistic; mesmerizing 
It lost it’s previous depth effect-however, the background stars were more clear 
By marketing standards, colors aren’t conducive for grabbing attention, but I 
preferred them 
Would most definitely be consumer-friendly 
It gets your attention; I liked it—easy to look at 
This image in 2D is sharper than identical image in 3D, especially the stars, 
although the 3D image was very good in sharpness; one superior element of this 
2D image over identical 3D image was that the 2D image didn’t have focus flutter 
when you Step to view it form the side 
I liked the reflections and varying patterns/colors/images 
Acceptability depends on what you’ re trying to sell 
Pleasant to view; acceptability depends on product advertised 
No jumping; everything looked in focus 
Does not pull out the spheres, but the chess board does seem to project out 

Earthscape - 3D 

The change of background improved the image. I liked the depth more. This 
image would get my attention quickly because of its complex features, sharp 
image, color presentation, and depth. 

The reflective surfaces really brought out the image illusion; it was a great 
illusion; the reflective surfaces made it more believable 
Excellent-in focus and good depth 
Sky not very sharp 
The globe looked round and the sky seemed circular like it could wrap around 
you; it stands out, but shading is jagged and undefined; it would not only get my 
attention, but keep it for a few minutes; good quality of presentation, not art work 
Seemed that the spheres didn’t have realistic depth, found this distracting 
Appealing; troublesome blurring if not in original stance 
Like the others, it moves slightly as you walk by; cool picture, bright, cheerful; 
the top portion (sky) seemed a bit blurry, but maybe that helps accentuate the 
sharpness of the chessboard and the stuff on it; I’ ve decided that because the 
picture moves slightly when you walk by that you’d stop to look at it 
A bit blurrier than previous image; stars in background were harder to focus; 
worse image than 2D 
Sharpness didn’t fulfill initial expectations
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Not so hot in the close-up range—fuzzy; love this design! 
It just didn’t hold my attention; it just didn’t appeal to me 
I could look at this for hours 
Seems like the board is floating on a pond of water 
The image did jump as I moved side-to-side, but seemed less pronounced than 
some of the other images; the star field was out of focus as well as parts of the 
checkerboard and elements of the foreground 
Even edges appeared sharp—however, from extreme side angles, loses color and 
clarity 

Golf Shoes - 2D 
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I cannot recall what changed between these two images, but its subtlety gets my 
eye although I did not like it as much as the other image. Seems ordinary 
Blah; too sharp; none of the colors matched; too loud; very unpleasing 
Composition slightly crowded; it is colorful 
It is boring and doesn’t seem as colorful as before 
I’m not interested in golf 
Content not interesting 
I didn’t get the feeling I could reach out and touch it; didn’t appear blurry 
Not much depth; good coloring 
Seemed like same image as the first golf picture; good content 
It is hard to distinguish from previous golf image; lost some of it’s previous 
depth; doesn’t jump out at you 
Not sure if the object was shoes, golf bag, etc.; this was way too common in terms 
of advertising 
Very pleasing; very acceptable; very close-up and clear; crisp and sharp 
Too cluttered—too many bright colors—too busy; too much stuff crammed into 
frame, much of it on same plane 
Good depth, even though two-dimensional 
It doesn’t feel like it wants to jump out at you; doesn’t have the punch to make 
you want to take a second look; good color and clearness 
The image didn’t jump at all; 3D effect was less pronounced; only out of focus in 
a few places 
Not very much depth beyond what is expected; walking by, it does not leap out; 
good sharpness from all angles; colors were bright and cheerful 

Golf Shoes - 3D 

Better quality than picture with person who was weightlifting 
Eyes were drawn to the shoes; too much activity in the picture; too many colors 
which don’t go together 
The difference as I moved to look around the corners kind of blurred my vision a 
little; I immediately liked the 3D appearance; The 3D appearance instantly alerted 
me 
It was not uncomfortable, but bright and colorful; the picture itself is not 
interesting, but the colors catch the eye 
Depth didn’t seem as exaggerated as did some other images
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Moves a bit when you move; I felt like I could pick up the pair of shoes; colorful, 
nice use of cheerful colors, top portion not blurry like others; I’m not into golfing, 
so I probably would browse by this picture; clear, crisp, bright 
Seemed less sharp looking at it close 
I enjoyed looking at this; it was very comfortable; made me want to golf, but I 
like to golf anyway; much better than the guy lifting weights; could read the brand 
name on the bag, could see the wrinkles in the leather; made me smile for some 
reason 
Very inviting; you had to be standing right in front to get full depth effect; crisp; 
3D always catches my attention 
This was much more focused in terms of the product to be marketed 
Most acceptable if you’re selling shoes 
This 3D image was more comfortable than its 2D counterpart because the many 
items in the photo were on differentiated planes—still too much stuff in picture, 
however; this particular photo cries out for 3D depth—otherwise, viewer is 
overwhelmed by too much visual stimuli 
Attention-getting would depend on if I liked golf 
The shoes seem like they want to jump out and say touch me; no matter what 
angle you look at it, it seems to be moving towards you 
The image did appear to jump at certain points to either side of the center line, but 
not as bad as some other images; some out of focus areas 
Head-on, pretty good sharpness—however, angles > 45° dulled colors and made 
more blurry; I like the 3D effect, but I generally do not look at golfing 
advertisements; good colors, relatively good depth, some blurring as you move 
from side-to-side 

Veranda- 2D 

Simple two-dimensional image; good color composition and spatial arrangement 
of objects 
Very pleasing; clean and crisp image with different colors; bright and attractive; 
well-placed props; warm and inviting 
No 3D, but fair perspective; wall grapes are still out of focus; it’s a passable 
image 
Colors are striking 
The white background with grapes is soothing as is the chair, but the blue and 
yellow are not very interesting shades; the shadows add a lot of depth; it is a 
rather calm image, easy to look at, but also easily overlooked 
Worst imaginable depth compared to other version 
Eye-catching, bright; I could visualize the 3D of the table; lots of vivid colors; 
crisp; I liked the dishware 
Didn’t seem to have any depth 
Made big difference having background in focus; easier to look at than first table 
image 
Acceptability depends on product—nothing in particular jumped out; I think it was 
too bright for rendering depth-shadows help give the illusion of depth; it didn’t 
arouse my interest at first glance; quality was good, but something about the 
composition and elements of design didn’t seem right 
Very pleasing to the eye; colorful, bright, crisp, clean; very clear; it immediately 
got my attention; I liked this image very much
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2D, but placement of objects seemed to augment viewer’s perception of depth; 
sharper than 3D image, grape vines on back wall were in focus completely 
The shadows and the of the table provided the depth; very detailed 
There are lots of bright colors and variety to look at 
The image didn’t jump at all; very little out of focus 
Clear, bright colors; although not 3D effect, the angles and especially the bright 
yellow flower pots brought out depth 

Veranda - 3D 

Bring the background vines more into focus; much better at getting my attention 
because of depth; the depth seemed to bring out the bubbles in the liquid in the 
glasses 
Very nice; my eyes were drawn right to the middle of the table; eye-catching, but 
not too harsh; I loved it, could stare at it for a long time 
Banding is a problem 
The grapes on back wall and the chair in front were blurry; I’d like to eat the 
nearer grapes! 
Colors are attention-grabbing to me 
The depth was there, but it took away from the sharpness; the wine glass was 
done well; the front was very sharp, almost realistic, but the back was blurred; the 
best part was blurred, the table looked better with the grapes complementing it 
Had a depth-of-field effect, where items on table were in focus, but things before 
and after it were out of focus 
Some blurring 
Shifts a little when you move; I could see the 3D image much better than the first 
picture; excellent colors—grapes in the background a bit blurry; this looks like a 
table I could enjoy eating off of 
Made me feel like eating at that table; grapes and vines in background distracted 
me because I couldn’t really focus on them; front chair was blurry; was pleasant, 
but nothing jumped out at me 
Blurry background forces eye to table; blurry background seems purposely done; 
nice color scheme 
Would like to see more of the background (e.g., the grape vines on the wall) 
It was a little blurry, but it didn’t really bother me; I liked the effect, but a little 
was lost in the sharpness 
Excellent sharpness except for vines on back wall of scene 
Very good; makes you feel like you could reach out and grab a glass or plate; 
sharpness good on the table; background, such as holly, needs to be a sharper 
image; this could keep me watching the whole commercial 
While moving around, there were points while standing to either side of the center 
line where the image seemed to go out of focus—this was the most disturbing 
aspect; also the fact that the foremost and rearmost portions of the image were out 
of focus was disturbing 
Especially from the sides, the edges of the image were blurry; also, some 
distortion on the grapes; water glass in middle remained sharp; movement as 
walking side-to-side gets attention; very vibrant colors, good 3D
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Workout - 2D 

I like this portrayal of the subject who is weightlifting better than the other 
portrayal of the same subject 
Much sharper than 3D; just looks like an advertisement, so I would probably zip 
past; good, but not exciting 
It was sharper than the other, easier to focus on, more of the details stand out; not 
my thing, but very nicely done 
I didn’t care for the subject 
Content not interesting 
Didn’t jump around—well-lit; didn’t have as much of a 3D effect as others more 
like it; nice use of shadows 
Better than first bodybuilder, better overall picture; water bottle was blurry, poster 
in background still blurry 
Could use a darker background with bright subject; wasn’t 3D, but it worked to 
achieve illusion of depth; design not dynamic 
Still boring 
This has been done over and over 
It didn’t catch my attention; it did not appeal to me 
Liked this 2D image better than same image in 3D; this image seemed to have 
more clarity 
The convergence of the walls was a problem 
It doesn’t make you want to keep looking; the 3D image gives a feeling of 
movement; good sharpness; doesn’t keep your attention; 3D image was better 
The background wall was out of focus 
If the guy is the focus, the slight background blurring brings him more forward; 
backlighting was too strong to focus clearly on the guy in front—since he is in 
sharpest focus, he is center 

Workout - 3D 

Gives illusion of movement (subject appears to move arm) 
The picture was fuzzy in the foreground and on the body of the weightlifter; 
looked too posed; looked too much like an advertisement 

Flipping of perspective a problem 
Good 3D effect; with 3D I noticed more details 
It did look sharper from far away 
It strained my eye; the distance from the front image and its background made it 
hard to see them as one and not separate; the depth was great, but blurry; it would 
get my attention with the 3D effect, but probably would not keep it for long; it 
was not my thing, but done well 
I did not care for the subject matter 
Would stand out and get my attention; I’d hate to see roadside billboards like this, 
or whole magazine of them, a little goes a long way 
Different-takes getting used to 3D; not used to depth in photos where not abstract 
When you moved around, it seemed to jump and move-I had to readjust my 
vision; the way it shifts when you move is a bit annoying; definitely 3D; it seemed 
a bit more blurry than the others, possibly because of the readjusting of the eyes; I 
wanted to see what that white thing was over his left shoulder, but I couldn’t see it 
Very blurry
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3D was pretty good; things in the background were a bit more fuzzy than 
foreground 
Main character and focal point was blurry and too bright; flat background, colors 
too bright, should have a wider value spectrum; you really had to struggle to see 
total 3D perception 
Boring, it’s been done 
It just didn’t hold my attention; I didn’t like this image 
Annoying; it would catch someone’s attention; too much depth from straight on; 
too fuzzy 
It moves with you no matter which direction you turn or look at it 
Very little of the image appeared to be sharply defined; as I passed a point to 
either side of the center line, the image seemed to jump-this was annoying 
At angles > 45”, the guy appears to have two faces, neither one very clear; some 
sharpness in the guy is lost in the 3D effect except when viewed head-on; 3D 
catches the eye; not overly clear, totally loses clarity when viewed from the side
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APPENDIX H 

PREFERENCE RATIONALE FROM EXPERIMENT II



Subject 
1 
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PREFERENCE RATIONALE FROM EXPERIMENT II 

Scene 
Earthscape 
Workout 
Golf Shoes 
Veranda 

Golf Shoes 
Earthscape 
Veranda 
Workout 

Veranda 
Golf Shoes 
Workout 
Earthscape 

Workout 
Veranda 
Earthscape 
Golf Shoes 

Earthscape 
Workout 
Golf Shoes 
Veranda 

Golf Shoes 
Earthscape 
Veranda 
Workout 

Veranda 

Golf Shoes 
Workout 
Earthscape 

Workout 
Veranda 
Earthscape 
Golf Shoes 

Earthscape 
Workout 
Golf Shoes 
Veranda 

Preference Reason 

3D 
2D 
3D 
3D 

2D 
3D 
3D 
2D 

3D 
2D 
2D 
3D 

2D 
3D 
3D 
3D 

3D effect, but stars annoying 
3D too fuzzy 
3D effect; not too fuzzy 
3D effect, but background fuzzy 

3D distracting and irritating 
Liked depth and background 
Can make out features better 
Irritates, movement distracts 

Looks more real 
3D uncomfortable 
3D floats and jumps too much 
Background real, less like a painting 

Clearer, sharper 
Stands out better 
Like 3D effect 
Stands out better 

Sharper and more interesting; less flat 
Less fuzzy; can see things easier 
Shoes stand out 
Eyes drawn to it; center of table sharp 

Depth is compelling 
Not as sharp; stars fuzzy 
Bands distracting 
More compelling 

More lifelike; liked grapes 
More fun 
More lifelike 
Clearer 

Eyes were uncomfortable; 3D not sharp 
Not hazy; no discomfort 
3D effect; not bright 
More realistic; not flat 

Sharper 
Sharper, not fuzzy 
Looks more real 
Background fuzzy; looks unreal



Subject 
10 

11 

12 

13 

14 

15 

16 

17 

18 

Scene 
Golf Shoes 
Earthscape 
Veranda 
Workout 

Veranda 
Golf Shoes 
Workout 
Earthscape 

Workout 
Veranda 
Earthscape 
Golf Shoes 

Earthscape 
Workout 
Golf Shoes 
Veranda 

Golf Shoes 
Earthscape 
Veranda 
Workout 

Veranda 
Golf Shoes 

Workout 

Earthscape 

Workout 

Veranda 
Earthscape 
Golf Shoes 

Earthscape 
Workout 
Golf Shoes 
Veranda 

Golf Shoes 
Earthscape 
Veranda 
Workout 
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Preference Reason 

2D 
3D 
2D 
2D 

3D 
2D 
3D 
3D 

2D 
3D 
3D 
2D 

2D 
2D 
2D 
2D 

3D 
3D 

3D 

2D 
2D 
3D 
2D 

3D 
3D 

2D 

Sharper; 3D wasn’t noticeable 
Globe looks round; sky realistic 
Details better; 3D background blurred 
3D hard to look at; blurred; man was too far 
out 

Unique, but not as sharp 
3D effect was not as dramatic; clearer 
3D effect 
Unique 

Depth doesn’t add much 
More natural; subject catches eye 
3D more effective 
3D doesn’t add much; 3D artifacts annoying 

3D disturbing; familiar with 2D 
3D too blurry 
3D disturbing (e.g., shifts in perspective) 
3D not consistent 

Don’t like jumping in 3D 
Earth is realistic; not flat 
Realistic; fuzzy background was good 
Blurry, but more attention-getting and realistic 

3D effect 
Good depth; more interesting, although not as 
clear 
Clearer; 3D too blurry 

Sharper; 3D uncomfortable 

3D effect 

3D effect 
3D effect 
3D effect 

Clearer, sharper 
Clearer 
3D not as fuzzy 
Clearer 

3D effective 
Depth is dramatic 
3D disconcerting; grapes and chair blurry 
Fuzzy band; blurred



Subject 
19 

20 

21 

22 

23 

24 

25 

26 

27 

Scene 
Veranda 
Golf Shoes 
Workout 
Earthscape 

Workout 
Veranda 
Earthscape 
Golf Shoes 

Earthscape 
Workout 
Golf Shoes 
Veranda 

Golf Shoes 
Earthscape 
Veranda 
Workout 

Veranda 
Golf Shoes 
Workout 
Earthscape 

Workout 
Veranda 

Earthscape 
Golf Shoes 

Earthscape 
Workout 

Golf Shoes 
Veranda 

Golf Shoes 
Earthscape 
Veranda 
Workout 

Veranda 

Golf Shoes 
Workout 
Earthscape 
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Preference Reason 

Clearer; transition distracting 
Clearer, brighter, more real 
More like a picture; 3D harder to look at 
Clearer; 3D harder to look at 

3D jumps too much 
Jumps not as bad 
3D effective 
3D inappropriate 

More interesting 
3D too blurry 
3D makes up for blurriness 
Jumps out; not blurry straight on 

Shoes come out; 3D different 
More life; looks like it’s moving 
Looks like you’re there 
Grabs attention more 

Looks more alive 
Distortion bothersome 
3D too distorted; crisper 
More depth 

Clarity better; 3D unfocused 
3D of objects on table, but unfocused areas 
distract 
more in-focus; 3D not much depth 
3D adds differentiation among objects 

3D effect 
Sharper 
3D enhances 
3D better 

Sharper and more vibrant 
Sharper; enough depth 
3D effect 
Not as fuzzy; 3D hard to look at 

Can reach out and grab water glass, but 
background grapes distorted 
Colors brighter 
Jumps out at you 
Clearer; 3D annoying



Subject 
28 

29 

30 

31 

32 

Scene 
Workout 
Veranda 
Earthscape 
Golf Shoes 

Earthscape 
Workout 
Golf Shoes 
Veranda 

Golf Shoes 
Earthscape 
Veranda 

Workout 

Veranda 
Golf Shoes 
Workout 
Earthscape 

Workout 
Veranda 
Earthscape 
Golf Shoes 
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Preference Reason 

2D 
3D 
3D 
3D 

3D 
2D 
3D 
3D 

2D 
2D 
2D 

Clarity at every angle 
Fruit and glasses clear 
More realistic, even though not as clear 
Realistic; active; catches eye 

Attracts attention 
Clearer 
Alive; attractive 
Better effect 

Doesn’t jump; sharper 
3D jumps; 3D background fuzzy 
3D background and foreground out of focus; 
chair annoying 
3D has little in focus; man jumps too much 

More interesting, although background fuzzy 
Shoes stand out too much in 3D 
3D out of focus 
More interesting 

Clearer; 3D out of focus at some angles 
Stands out; clarity good; 3D not annoying 
Earth looks spherical 
Clearer, especially at sides
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