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EFFECTS OF FIELD OF VIEW, MTF SHAPE, AND NOISE UPON THE 

PERCEPTION OF IMAGE QUALITY AND.MOTION 

by 

Michael E. Miller 

(ABSTRACT) 

This dissertation research had three primary objectives. The first was to develop 

and evaluate a metric of image quality that incorporates a model of suprathreshold contrast 

and is based upon the perceived magnitude of suprathreshold contrast. The second 

objective was to determine the effects that common display characteristics, such as MTF 

shape, noise, and field of view, have on a display observer's ability to perceive egocentric 

motion from a display. The third and final objective was to provide a discussion of the use 

of image quality metrics for the evaluation of displays that are designed to facilitate motion 

perception. 

To meet these objectives, two experiments were conducted. The first experiment 

investigated the effects of the display Field of View, Dynamic Contrast Range, Noise 

Level, and Bandwidth on perceived image quality. The second study investigated the 

effects of these same display parameters as well as the effect of terrain type on observers’ 

sensitivity to changes in the speed of image motion. 

Existing visual psychophysical data were used to propose the two additional image 

quality metrics, the Perceived Contrast Magnitude (PCM) and the Weighted Perceived 

Contrast Magnitude (WPCM). Each of these metrics provides some additional model 

parameters to the Modulation Transfer Function Area (MTFA). However, based upon the 

studies that were conducted in this dissertation, it appears that the Integrated Contrast 

Sensitivity (ICS) and Square Root Integral (SQRI) provide significantly better estimates of 

perceived image quality than do MTFA, PCM, or WPCM. 

Results indicate that the display parameters of Bandwidth, Field of View, and 

Noise Level, plus several interactions significantly influenceed the observers’ sensitivity to 

changes in the speed of images. One interaction indicated that observers were more 

sensitive to changes in the speed of images when the scene contained a lot of contextual



information or when the scene was viewed through a display with reasonably high 

bandwidth and low noise level. However, when the bandwidth of the system was 

decreased, the noise level was increased, and the contextual information in the image was 

reduced, the observer's sensitivity to changes in motion was degraded when viewing the 

image through a small field of view display (20 deg) but it was not degraded when viewing 

the image through a larger field of view display (47 deg). Based upon the evidence 

collected in this dissertation, it appears that displays designed to support motion perception 

should have a relatively large field of view with partitions to facilitate relative motion 

perception. 

The factors of Dynamic Contrast Range and Field of View were shown to have 

different effects on the perception of image quality than they have on the perception of 

changes in the speed of an image. Therefore, the use of image quality metrics for the 

evaluation and design of displays that must support the veridical perception of motion 

should be questioned. Instead, it appears that a task specific evaluation technique should 

be developed for the evaluation of these displays.
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INTRODUCTION 

Traditionally, electro-optical imaging systems, which transduce radiant energy in 

the visible and infrared regions of the spectrum, have been used by the military to find 

targets from high altitude aircraft. In this imaging application, the human uses the system 

to detect, recognize, and/or identify targets during aerial reconnaissance or targeting. This 

task is relatively simple in that the imaging systems normally allow the detection, 

recognition, and identification of targets of known size. Therefore, when attempting to 

evaluate an imaging system, it is sufficient to evaluate the system based on the maximum 

distance that targets may be detected, recognized, or identified. Existing evaluation 

techniques often employ this simple criterion for display system evaluation (Blumenthal 

and Campana, 1983; CECOM Center for Night Vision and Electro-Optics, 1990; van 

Meeteren, 1990; van Meeteren and Mangoubi, 1981). 

Recently the U.S. Army and Air Force have begun to use electro-optical imaging 

systems to aid helicopter pilots in navigation and flight contro] during contour flights 

conducted at night and in other reduced visibility conditions. The task demands in this 

domain are more complex than simply detecting, recognizing, or identifying targets of a 

known size in the visual environment. In fact, the pilot must rely on the electro-optically 

displayed images to perform target detection, recognition, and identification of targets, as 

well as other tasks such as perceiving motion, depth, and distance. Despite this fact, 

designers continue to rely heavily on the same image system evaluation techniques when 

designing and evaluating electro-optical imaging systems that are intended to support 

helicopter pilotage. 

A review of the literature concerning the evaluation of electro-optical imaging 

systems reveals that a number of techniques have been devised for evaluating electro- 

optical systems, a large number of which are based on linear systems theory (Barten, 1987; 

Carlson and Cohen, 1980; CECOM Center for Night Vision and Electro-Optics, 1990; 

Snyder, 1973; van Meeteren, 1973). However, it is unclear if these metrics provide utility 

to the display designer when designing displays that may be used to facilitate tasks other 

than the perception of image quality or object detection. It is useful, however, to review 

these metrics and knowledge of motion perception before discussing this problem.



Overview of Linear Systems Analysis 

Linear systems theory has become a fundamental analysis tool for display system 

engineers. Linear systems analysis provides the basis for describing the response of a 

system to a complicated input by the responses of the system to known elementary inputs 

(Goodman, 1968). Also, it provides a method of describing the output of a system when 

characteristics of only the components of the system are known. The techniques of linear 

systems analysis are particularly applicable to the design and evaluation of display systems 

since these systems may be considered to be linear and invariant over a reasonably wide 

operating range, at least to a first approximation. These two properties are primary 

conditions that must be met to apply linear systems analysis. 

The fundamental tool in linear systems analysis of display systems is the 

Modulation Transfer Function (MTF). The MTF describes the performance of a display 

system based upon its capacity to transmit sine-wave patterns of different spatial 

frequencies. The sine-wave frequencies usually are characterized by the number of cycles 

per unit distance on the display screen but may also be characterized by the number of 

cycles per degree (c/deg) of visual angle of a theoretical observer. The functional 

description of a sine-wave pattern with frequency @ is: 

L(x) = y + B sinQxx@ + 8), (1) 

where L(x) denotes the luminance of the sine-wave pattern at display coordinate x, @ is the 

phase angle, y refers to the average luminance, o is the spatial frequency, and 6 refers to 

the average peak-to-peak luminance level. 

Modulation is a measure of the amplitude of the sine-wave pattern. It is expressed 

algebraically as: 

M(a) = L(X))max — L(X2) min (2) 

L(x1) max + L(x) min 

where the subscripts max and min refer to the luminance intensity at the peak and trough of 

the optical sine-wave patterns, respectively. This modulation will range between 0 and 1, 

since the value of L,,i, is always greater than or equal to zero.



When a Sine-wave pattern is transmitted through a system, the modulation of the 

output pattern may not equal the modulation of the input sine-wave pattern. The ratio of 

modulations for the output sine wave (M,(@)) and input sine wave (M;(@)) is termed the 

modulation transfer factor (M(@)). Larger modulation transfer factors indicate greater 

imaging Capacity than do small modulation transfer factors. The MTF, then, consists of the 

modulation transfer factors defined across a passband of spatial frequencies. 

The MTF can be derived from very complex waveforms or intensity distributions 

using the Fourier transform. The one-dimensional Fourier transform may be expressed as: 

F(w) = [°° L(x)e 127 dx, (3) 

where F(@) is the Fourier transform coefficient at sine wave spatial frequency (a) and x is 

the spatial position of the sample. The discrete Fourier transform may be used to 

approximate this function and is expressed as: 

N-1 - 
F(@) = YL(xye PMN Ax, (4) 

x=0 

where N represents the number of discrete elements along the x axis of an image and the 

quantity v/N is the frequency measured in cycles per sampling interval. Generally, F(@) 

is a complex-valued number consisting of a real part (R) and an imaginary part (I). This 

may be denoted as: 

F(@) = R(@)+jI(@), (5) 

where j is the square root of negative one. The amplitude of each sine-wave component is 

given by: 

A(@) =|F(@)| = YR2(@) +i) (6) 

and the MTF may be calculated from: 

M(@) = Mo(@) _ Ao(@)/Ag(0) a 
  

Mj(@) A,(w)/A;(0)



The MTF is useful for several reasons. First, the MTF can be used to compute the 

strength of a signal after it has passed through a system. This calculation may be expressed 

as: 

M,(@) = M;(@)M(@). (8) 

Another important property of the MTF is that MTFs of components of a system 

may be cascaded to produce the MTF of the total system. This property is expressed as: 

N 

Mg(@) = [ [Mp(@). (9) 
n=0 

In this expression, M,(@) denotes the MTF of the system at spatial frequency (w), M,() 

represents the MTF of each of the components of the system, and N represents the number 

of components in the system. 

Lin stems and the Human Observer 

The use of linear systems analysis and the MTF to represent the imaging capacity of 

a display system forms the basis for the image quality metrics to be discussed in the 

following sections. As will be seen, these image quality metrics normally describe the 

ability of the display system to transmit luminance modulation or contrast in terms of the 

MTF of the display system. This description of the display is coupled with a model of the 

human observer's ability to perceive luminance modulation or contrast. 

Usually the model of the human observer will include the observer's contrast 

threshold function (CTF), which relates the contrast threshold of the human observer to the 

spatial frequencies that are perceivable by the human observer (Snyder, 1985a). The 

observer's CTF depicts the minimum contrast necessary to allow the detection of a sine- 

wave pattern some percentage of the time. The observer's detection capability also may be 

described with the observer's contrast sensitivity function (CSF), where contrast sensitivity 

is defined as the reciprocal of the observer's contrast threshold. 

I Quality Mets 

Modulation Transfer Function Area (MTFA). According to Snyder (1973), the 

MTFA was discussed by Charman and Olin (1965) and subsequently was shown to be



strongly related to the performance of image interpreters when analyzing reconnaissance 

photographs. This measure was revised to allow it to be applied to real-time, raster scan 

displays, as discussed by Snyder (1973). The MTFA also has been discussed by Beaton 

(1984), Snyder (1974), Snyder (1985b), Snyder (1988), and Task, Pinkus, and Hornseth 

(1978). 

The MTFA incorporates the MTF characterization of a display system and an 

observer's CTF into a single metric of image quality. If an object is displayed with a 

contrast greater than the observer's contrast threshold at a given spatial frequency, the 

object will be perceivable by the observer. That is, an observer should be able to perceive 

the information that falls within the area between the MTF and CTF curves as shown in 

Figure 1. This area is termed the Modulation Transfer Function Area. In the development 

of the MTFA, the display MTF and the CTF are expressed in cycles per degree of visual 

angle. This allows the display MTF and the CTF to be specified in comparable units. 

Mathematically, the MTFA is expressed as: 

MTFA = [0™=*[Mq(@)-M,(@)|do = “3 [Mg(@)-M, (@)]Ao (10) 
®min 

where @ is the spatial frequency along a display dimension, @ min is the lowest spatial 

frequency that may be displayed across the same display dimension, @ max is the smaller of 

the Nyquist sampling frequency and the crossover point of the MTF and CTF curves in the 

horizontal display dimension, Mg(@) is the value of the MTF, and M,() is the value of 

the observer's CTF. Various studies, including those of Snyder (1974), Task, Pinkus, 

and Hornseth (1978), and Beaton (1984) have shown that the MTFA correlates highly with 

subjective image quality judgments and objective task performance during object detection. 

Other studies have shown that the MTFA correlates well with the legibility of text presented 

on displays (Hunter, 1988; Jorna and Snyder, 1991). 

Integrated Contrast Sensitivity ICS). The ICS was developed by van Meeteren 

(1973). Like the MTFA metric of image quality, the ICS attempts to describe an observer's 

ability to perceive information from a display based upon the observer's contrast sensitivity 

or threshold and the display's MTF.
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Figure 1. Graphical depiction of the MTFA.



According to Gaskill (1978), components of a system may be cascaded by 

multiplying the transfer functions of the two components in the frequency domain to 

acquire the transfer function of the system. As visual information must be passed through 

the human perceptual system for higher level processing to take place, it is reasonable to 

treat the human visual system as another component of the information transmission 

system. Therefore, the transfer through the display-observer system may be determined by 

cascading the components of these two systems (i.e., multiplying the two transfer 

functions). 

The ICS considers the observer's visual system as a component of the information 

transmission system whose transfer function is represented by the observer's CSF and 

multiplies the observer's CSF by the display system MTF. The resulting mathematical 

formulation of this metric is: 

ICS = [> Mg(@)M,() ' do = 5 My(@)M,(@) Ao, (11) 
0 

where Win 1S the lowest spatial frequency that may be displayed across the relevant 

display dimension, Mg(@) is the display system MTF and M;(@) is the observer's CTF. 

Comparing this equation to the equation given for the MTFA, one can see that the primary 

difference between the two equations is that the CTF is subtracted from the MTF in the 

calculation of MTFA while the inverse of the CTF is multiplied by the MTF in the ICS. 

This difference makes the ICS more sensitive to small changes in either the display MTF or 

the observer's CTF than the MTFA. 

Square Root Integral (SORD. The SQRI was originally discussed by Barten 

(1987). Early development of the SQRI was based on a metric called the Discriminable 

Difference Diagrams (DDDs) that was developed and discussed by Carlson and Cohen 

(1980). The DDDs allowed one to evaluate a display quantitatively based upon display 

parameters that include MTF, noise, sampling processes, scene content, mean luminance, 

and display size. This metric for image quality evaluation is different from both the MTFA 

and ICS metrics in that it does not describe human visual capability based upon contrast 

sensitivity or threshold measures alone. Instead, the DDDs describe human visual 

capability in terms of the human's ability to differentiate between different levels of 

luminance within specific frequency bands or channels.



To understand DDDs, it is necessary to understand that Carlson and Cohen 

assumed (based upon existing experimental evidence) that the human visual system is tuned 

to specific frequency passbands and that energy within each of these passbands is summed. 

Therefore, Carlson and Cohen's model of display image quality evaluated the display at 

seven discrete spatial frequencies that corresponded to the center frequencies of the 

assumed passbands in the human visual system. Carlson and Cohen also assumed (again 

based upon existing experimental evidence) that the human visual system only responds 

when a just noticeable or "discernable" difference exists between two stimuli. Therefore, 

the DDDs scale the usefulness of suprathreshold contrast to the perception of image quality 

in terms of Just Noticable Differences (JNDs) in contrast. 

The SQRI, which was described by Barten (1987), cascades the MTF of the 

display system and the observer's CTF, as does the ICS metric. However, the SQRI 

scales the resulting value by an exponent of 0.5 and multiplies this result by the inverse of 

the spatial frequency. The use of the exponential constant of 0.5 is used to scale the 

importance of contrast information to the observer's perception of image quality, effectively 

scaling the importance of suprathreshold contrast in a manner similar to the DDDs. 

Multiplication of the result of the integrand by the inverse of the spatial frequency is 

intended to scale the usefulness of spatial frequency information to the human observer, 

treating the importance of low spatial frequency information as greater than high spatial 

frequency information. 

According to Barten (1987), the SQRI may be expressed as: 

1 ¢®max |Mg(@) da 1 (12) in(2) “0 M,(@) © 
SQRI 

where @ is the spatial frequency at the eye of the observer, expressed in cycles per degree, 

® max is the highest frequency to be displayed (according to Barten (1988a), this is equal to 

the bandwidth of the input signal), Mg(@) is the MTF of the display, and M;() is the 

modulation threshold function of the eye. In this equation, the SQRI represents a JND in 

image quality. 

The existence of the d@/q@ factor in the SQRI is equivalent to the integration of the 

product inside the integral by the natural log of the spatial frequency. Although 

multiplication of the square root of the ratio of the MTF and CTF by the inverse of the



spatial frequency was implemented to model the spread of the spatial frequency passbands 

in the human visual system that occurs as spatial frequency is increased, the implementation 

of this scaling factor in the SQRI may be criticized for several reasons. These reasons 

include: 

1) Multiplying by the inverse of the spatial frequency does not weight all spatial 

frequency information uniformly within a passband. Instead, lower spatial 

frequency information in a passband is emphasized more than higher spatial 

frequency information in the visual passband. 

2) The integration of the inverse of the spatial frequency highly emphasizes low 

spatial frequencies. The extreme emphasis placed on low spatial frequency 

information by the SQRI reduces its sensitivity to factors that primarily influence 

the display's ability to render high spatial frequency information, including 

display resolution and luminance. 

3) The sampling process used to obtain an MTF empirically has a large effect on the 

calculated SQRI image quality metric for low spatial frequencies but not for high 

spatial frequencies (Beaton and Farley, 1991; Evans, 1990). 

4) The SQRI is not a mathematically well behaved function because the value of the 

integrand approaches infinity as the spatial frequency approaches zero. 

Barten (1987) has provided a method of computing CSFs for different luminances. 

This method is a model of the CSFs reported by van Meeteren (1973). These equations 

may be used to obtain mathematical approximations of noiseless CSFs. The CSF model is 

1 
  M,(@) = (13) 
awe a/1+c¢e® 

where a and b are empirically derived equations as follows: 

a = 440(1+0.7L) °?: (14) 

0.15 

b= 0.3014] , (15)



and c is an empirically derived constant equal to 0.06, L is the average luminance of the 

display in cd/m2 and w is the Spatial frequency expressed in cycles per degree of visual 

angle. 

The size of a displayed image has been shown to affect subjective image quality 

ratings. In an investigation in which the sizes of images were modified by effectively 

magnifying the image, Westerink (1991) showed that display resolution and size 

independently affected the subjective image quality ratings of static projected images. 

At least some of the effects of display size on perceived image quality may be 

modeled using CSFs. Several studies have shown that increasing the number of cycles of 

a sine-wave grating up to some critical number increases the observer's contrast sensitivity 

(Carlson, 1982; Hoekstra, van der Goot, Brink, and Bilssen, 1974; Howell and Hess, 

1978; McCann, Savoy, Hall, and Scarpetti, 1974; Savoy and McCann, 1975). Since the 

number of displayable cycles at any given spatial frequency is directly proportional to the 

size of the display, this relationship may be used to model some of the effects of display 

size upon perceived image quality. It should, however, be noted that increases in visual 

detection performance only occur as a function of increases in display size when the stimuli 

is periodic. 

Barten (1988a) added a lower limit to the integration in the calculation of the SQRI 

to account for the dependence of perceived image quality upon display size. This lower 

integration limit is defined as @ min = (1 1/180)/VA , where 1 is the viewing distance and A 

is the picture area in square degrees of visual angle. Barten (1988b) has suggested that the 

CTF model also may be adjusted to describe the effects of image size upon subject image 

quality ratings. In this extension of the SQRI metric, the equation used to model the low 

frequency constant a in the calculation of the CSF is expressed as: 

—0.2 

s4o( 1+ | 

aa 
1+—_—_,, 

w, (1+) 

(16) 

where , is the angular display size in degrees. In a rectangular picture, @, is the angle of 

the “average display size, equal to the square root of the picture area." This addition to the 

model was based upon data collected by Carlson (1982). 
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Barten (1991) has described a method of integrating the effects of noise into the 

SQRI image quality metric. With this addition, the SQRI may be stated as: 

1 max dw 
SQRI = —— J(@)—, 17 
Q In(2) “min (®) @ 17) 

where j(G)) is calculated from: 

Ho) = 14 0 Ma) =VMi@) (18) 
4/M,(@) 

As in earlier versions of the SQRI, Mg(@) represents the display's modulation 

transfer factor at spatial frequency @. M,() represents the observer's CTF and is 

calculated from: 

  

M, (@) = /Mjo2(@)+k{M,7(@), (19) 

while M,(@) adjusts the metric to account for the observer's response to suprathreshold 

contrast and is represented as: 

  

Mg () = {Mjo2(@)+kM,2(@). (20) 

In equations 19 and 20, M,o(@) represents the observer's CTF without visible 

noise and is calculated from Eq. 13, k; is a constant that serves as a scaling factor for the 

effect of noise upon threshold detection (assumed to have a constant value of 4), k, is a 

constant that serves as a scaling factor for the effect of noise upon suprathreshold contrast 

perception (assumed to have a constant value of 1.2), and M,(@) is defined as: 

20, —__<*n (21) 
X(@) ¥(@)T 

M,(@)= 

In this equation T represents the time that the eye is allowed to integrate the noise and is 

defined in equation 24, X(@) and Y(@) represent the x and y dimensions of the integration 

area of the eye. X(0) is defined in equation 28. 

The value ®,, is the spectral noise density and is defined as: 

®, = Ax Ay Ato’, (22) 

1]



where Ax, Ay, and At represent the dimensions of the measurement samples and o2 

represents the variance of the relative luminance defined below in Eq. 23. This equation 

assumes that the noise is two-dimensional dynamic noise. If the noise is not modulated in 

the x, y, or t dimension, the appropriate term or terms should be dropped from this 

equation. For instance, for static noise At will be dropped from this equation because the 

noise does not vary with time. 

The variance of the relative luminance is defined as: 

, 1 por Y(w)/2 ¢T(w)/2 (L-L)? 
ODay dx dy dt, 23 

X(@) ¥(@)T /-X(@)/24-Y(@)/2-T(w)/2, 2 (23)   

where L represents the luminance of a sample of the noise field and L represents the 

average display luminance. The time over which the eye integrates the noise is calculated 

from: 

1 \ —0.5 

T=|—5+—5| 24 

where T, is the presentation time of the image and T, is the integration time of the eye 

(Barten (1991) assumes a constant value of 0.1s for the integration time of the eye, 

regardless of the fact that this value is known to vary with background luminance levels). 

The useful horizontal and vertical extents of the noise field are calculated from: 

7\-0.5 
1 ] @ 

X(W) ees [Ss] | ; (25) 

where X, is the angular size of the noise field, X, is the maximum angular size of the area 

  

from which the eye can integrate information (assumed to be about 11 deg of visual angle), 

W, is the angular spatial frequency of the sine-wave target, and N, is the maximum number 

of grating bars over which the eye may integrate (assumed to be 20 cycles). An equation 

equivalent to Eq. 25 can be written for the y dimension of the noise field in which each 

occurrence of X is replaced by Y. 
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Although the SQRI metric, when complete with display size and noise models, is 

complex, it has been found to correlate highly with subjective ratings of image quality 

when MTF shape, display size, and/or noise are manipulated (Barten, 1991; Beaton and 

Farley, 1991). 

Perceived Contrast Magnitude (PCM). Reviewing the previous image quality 

metrics, both the MTFA and ICS metrics assume that the area between the CTF and MTF 

is isotropic. In fact, the ICS treats the entire area under the display's MTF as isotropic. 

The SQRI attempts to scale the importance of the available contrast to the observer. This 

metric bases its scaling of the importance of suprathreshold contrast upon JNDs. The basis 

for the use of JNDs to scale the importance of suprathreshold contrast lies in the 19th 

century psychophysical theory developed by Fechner. This theory applied an indirect 

method of scaling sensation in which it was assumed that each JND between two stimuli 

corresponded to an equal increment in sensation, regardless of the absolute level at which it 

was taken. It also is assumed that the magnitude of a sensation is the sum of all the JND 

steps that came before it. Some experimental evidence exists which indicates that, in fact, 

suprathreshold contrast perception does not obey Fechner's Law (Legge, 1981). 

Since the introduction of Fechner's Law, several psychophysical techniques have 

been introduced. A commonly used current psychophysical technique is the method of 

magnitude estimation. This method is a direct scaling method in which participants are 

asked to estimate the perceived magnitude of stimuli along some psychological continuum. 

Descriptions of this method are given by Engen (1971) and Gescheider (1985). Like the 

use of data obtained from the application of Fechner's method, data obtained using 

magnitude estimation to scale observers’ sensitivity to suprathreshold contrast may be used 

to describe the utility of suprathreshold contrast to observers of display systems. 

The method of magnitude estimation has been used in several investigations to 

describe the perception of suprathreshold contrast (Cannon, 1979; Cannon, 1984; Cannon, 

1985; Cannon and Fullenkamp, 1988; Franzen and Berkley, 1975; Ginsburg and Cannon, 

1980; Gottesman, Rubin, and Legge, 1981; Hammerly, Quick, and Reichert, 1977). In 

general, these studies indicate that perceived contrast may be described by a function of the 

form: 

S=k(M-M,)’, (26) 
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where S represents the perceived magnitude of contrast, k is a gain constant, M is the 

contrast level of the stimulus, M, is the contrast threshold, and A is an exponential 

constant. This relationship appears to hold with an exponential constant that is independent 

of spatial frequency (Cannon, 1979; Cannon, 1984; Cannon, 1985; Cannon and 

Fullenkamp, 1988; Ginsburg and Cannon, 1980; Gottesman et al., 1981). 

It would also appear that the exponential constant is independent of adapting 

luminance level. Gottesman et al. (1981) were unable to show a significant difference in 

this exponential constant when participants were asked to perform the magnitude estimation 

task for background luminances of 10 and 340 cd/m2. 

This result 1s supported by the results of contrast matching studies conducted by 

Georgeson and Sullivan (1975) and Kulikowski (1976). Georgeson and Sullivan (1975) 

asked participants to use the method of adjustment to indicate when the contrast of two 

sine-wave gratings was perceptually equivalent. In this study, participants viewed a 

standard grating freely with one eye while viewing a second grating through a neutral 

density filter that reduced the transmitted luminance by 3.8 log units. Kulikowski (1976) 

also required participants to use the method of adjustment to indicate when the contrasts of 

two sine-wave gratings were perceptually equivalent. However, in this study, the 

luminance of the display was directly adjusted to levels of 0.03, 0.1, and 1 cd/m2. Each 

of these studies supported contrast constancy (i.e., the perception of contrast is not 

influenced by the observer's adapting luminance). In each of these experiments, the 

participants were given sufficient time to dark adapt to the gratings that were displayed and 

each grating was displayed in a monocularly viewed, bipartite field. 

A recent study by Peli, Yang, Goldstein, and Reeves (1991) has disputed contrast 

constancy with respect to luminance level. This study showed that contrast constancy is 

maintained over "somewhat more than a log-unit range of luminance"; however, it is not 

maintained over larger ranges of luminance. However, a fundamental difference exists 

between the methodology of Peli et al. (1991) and that of the other investigators. Peli et al. 

(1991) allowed the participants to adapt to the luminance level of a standard luminance 

grating and asked participants to match a grating with a different luminance level. The 

grating was presented for short durations to preclude dark adaptation to the matched 

grating. 
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The prevous investigations have either used different observers to judge contrast 

(Gottesman et al., 1981) or differentially adapted each of the participants’ eyes such that the 

two gratings could be viewed monocularly with the properly adapted eye (Georgeson and 

Sullivan, 1975; Kulikowski, 1976). As one might expect, the outcomes produced by these 

two different methodologies are different. Based upon these results, it would appear that if 

participants are allowed to adapt properly to a display with a given luminance, their 

perception of contrast on that display is not influenced by adapting luminance. 

Despite the agreement on the form of the function that may be used to describe 

magnitude estimates of suprathreshold contrast, there has been little agreement on an 

exponential constant (A). Estimates of this value have ranged from 0.4 (Cannon and 

Fullenkamp, 1988) to 1.05 (Cannon, 1979). The experimental conditions of these studies 

and estimates of the exponential constant are shown in Table 1. 

Table 1 shows that experimenters have manipulated the spatial frequency of the 

sine-wave grating, the scaling of the contrast levels presented to participants, the adapting 

luminance, and the contrast range in an attempt to isolate the reason for disagreement on 

values of A. These studies have indicated that the spatial frequency of the sine-wave 

grating and the adapting luminance do not influence 4. Instead, the disagreement on a 

value of A has been attributed to the scaling of the contrast levels presented to participants 

(Gottesman and Rubin, 1981) or to the contrast range (Cannon, 1984). 

It also should be noted that studies that have used a wide range of stimulus contrast 

values generally have found lower values for the exponential constant. In general, when 

the range of contrast values is 2 log units or greater and when the stimuli are scaled 

logarithmically, A has been found to have values between 0.4 and 0.65. However, an 

exact value of A is difficult to determine. A good estimate of A may be 0.5 as found by 

Cannon (1985) since his study employed the largest range of contrast stimuli, the constant 

is based upon results obtained from several naive observers, and this value falls within the 

range of values obtained during other investigations. 

On the basis of the afore mentioned studies of suprathreshold contrast, the model of 

suprathreshold contrast obtained from magnitude estimation experiments is quite different 

from models based upon Fechner's method. That is, suprathreshold contrast 
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TABLE 1. Summary of Studies of the Magnitude of Perceived Contrast 

  

  

  

  

  

    

Spatial Adapt. 
Study No. Freq. Contrast Lum. Contrast r 

Subject | (c/deg) Pres. (cd/m2) Range 

Cannon (1979) 9 1.2 | linear 17.0 | 0.05-0.50 | 1.05 
9 6.5 | linear 17.0 | 0.05-0.50 | 0.97 
9 12.0 | linear 17.0 | 0.05-0.50 | 0.93 

Cannon and 
Ginsburg (1980) 1 2.0 linear 12.0 | 0.05-0.50 1.00 

Gottesman and Rubin 10 2.0 log 10 | 0.006-0.60 | 0.64 
(1981) 10 2.0 | linear 10 | 0.006-0.60 | 0.91 

10 2.0 | recip. 10 | 0.006-0.60 | 0.52 
10 2.0 log 10 | 0.05-0.60 | 0.65 
10 2.0 log 10 | 0.05-0.60 | 0.78 
10 2.0 log 340 | 0.006-0.60 | 0.64 
10 0.25 log 340 |0.006-0.60 | 0.76 
10 12.0 log 340 | 0.006-0.60 | 0.65 

Cannon (1984) 9 2 log 80 | 0.05-0.20 | 1.10 
9 2 log 80 | 0.10-0.40 | 0.96 
9 2 log 80 | 0.05-0.55 | 0.78 

12 2 log 80 |0.025-0.80 | 0.79 
9 2 log 80 | 0.01-0.80 | 0.61 

12 2 | linear 80 | 0.05-0.80 | 0.80 
9 2 | linear 80 | 0.01-0.80 | 0.56 
8 16 log 80 | 0.10-0.42 | 0.96 
6 16 log 80 | 0.03-0.60 | 0.74 

Cannon (1985) 9 | 2,4,8, 16 log 100 | 0.005-0.50 | 0.50 

Cannon and 7 4 log 170 |0.005-0.50 | 0.40 
Fullenkamp (1988)             
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appears to be dependent upon threshold contrast but not upon spatial frequency. As this 

scaling of suprathreshold contrast is different from scaling methods of suprathreshold 

contrast that are used in image quality metrics, a new image quality metric may be 

formulated based upon this scaling method. 

Assuming that the human visual system uses all spatial frequency information 

equally and sums the information available at each spatial frequency to determine the quality 

of an image, the afore mentioned model of suprathreshold contrast perception may be 

folded into a new metric of perceived contrast magnitude (PCM). This metric may be 

expressed as: 

max x ® max x 
PCM = J, ™ (Mg(@)-M;(@))*da= >) (Mg(@)-M,(@))" Ao, (27) 

min min 

where @ max 1S the minimum of either the Nyquist sampling frequency (one half the 

number of displayable pixels) or the crossover point of the display's MTF and observer's 

CTF, @ pin is the minimum spatial frequency that may be displayed (one half the relevant 

display dimension), Mg(@) is the display's modulation transfer factor at spatial frequency 

@ and represents the contrast that is presented to the observer at spatial frequency , 

M,(@) is the observer's contrast threshold at spatial frequency @, and A is a constant 

exponent that is assumed to be about 0.5. The constant gain (k) has been eliminated from 

this function as it is not the intention of this image quality metric to obtain an absolute value 

of perceivable contrast but to allow the comparison of the perceivable contrast presented by 

two displays. Therefore, the addition of a simple multiplication constant provides no utility 

and only adds to the number of computations required to compute the metric value. 

It should be noted that if A in this metric was set to a constant value of 1, indicating 

linear scaling of suprathreshold contrast, the PCM metric would be equivalent to the MTFA 

metric discussed earlier. It is interesting that the mathematical forms of the MTFA and the 

PCM are so similar although they were determined quite independently of one another. 

Based upon current psychophysical information, it does not appear that the visual 

system weights all spatial frequency information equally. Many models of the human 

visual detection system indicate that the human visual system contains at least seven 
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passbands and information within each of these passbands is summed. In this model the 

detection of a stimulus occurs when the signal within any one of the passbands achieves 

some threshold. Wilson (1982) has characterized these seven passbands and gives 

estimates of their center frequencies. The center frequencies of these spatial filters are 0.8, 

1.7, 2.8, 4, 8, 16, and 32 c/deg. This model would indicate that each of these filters is 

given equal weight, at least in the detection of stimuli. If this is the case, it is reasonable to 

weight the perceived contrast within each passband equally. 

Hess and Howell (1988) provide evidence that multiple spatial frequency passbands 

exist below 1 c/deg. This research indicates that the lowest center spatial frequency is near 

0.2 c/deg, rather than 0.8 c/deg. 

The width of the visual passbands remains a topic of debate in visual science 

literature. Wilson (1982) has suggested that the width of these passbands ranges from 

about 2.0 octaves for the low spatial frequency mechanisms to about 1.33 octaves for high 

spatial frequency mechanisms. Watson and Robson (1981) estimated the width of the 

passbands to be a little more than one octave wide at low spatial frequencies and a little less 

than one octave wide at high spatial frequencies. Estimates of the bandwidth of the filters 

given by Blakemore and Campbell (1969) and Stromeyer and Julesz (1972) were 1.33 

octaves. Based upon these results, the visual passbands may be assumed to have a 

bandwidth of about one octave, as a first approximation. 

Based upon the assumptions that the spatial frequency filters have a bandwidth of 

one octave and the center frequency of the lowest spatial filter is located at 0.2 c/deg, the 

spatial filters and their upper and lower cutoff spatial frequencies can be listed as in Table 

2. In Table 2, ‘¥; (i) represents the lower cutoff of each spatial frequency filter, ‘Y y() 

represents the higher cutoff of each spatial frequency filter, and ‘Y c(i) represents the center 

of each spatial frequency filter. If a one-octave wide spatial frequency filter exists at 0.2 

c/deg, another one octave wide spatial frequency filter must be added at about 0.4 c/deg if 

all spatial frequencies between 0.2 and 1 c/deg are to be sampled. Therefore, an additional 

passband centered at 0.4 c/deg has been added. 

Assuming that the visual system is composed of nine equally important, uniform passband 

filters as described above, the PCM may be modified to weight the integration of perceived 
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TABLE 2. Visual System Passband Center Frequencies (‘¥ c(i)) with One- 

Octave Wide Low (‘¥| (i)) and High (‘¥ y(i)) Cutoff Frequencies 

  

  

  

  

  

  

  

  

            

c(i) #1) P H(i) 
] 0.2 0.14 0.28 

2 0.4 0.28 0.56 

3 0.8 0.56 1.13 

4 1.7 1.20 2.40 

5 2.8 1.98 3.96 

6 4.0 2.83 5.66 

7 8.0 5.66 11.31 

8 16.0 11.31 22.63 

9 32.0 22.63 45.25 
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contrast within the bandwidths of each of these filters. The resulting weighted metric may 

be expressed as: 

    

Wy (1) 1 
M -M d 

i=] Pu@- Pr @ i=l Pu@)-¥L@ 

where ‘¥; (i) and ‘¥ y(1) represent the low and high cutoff frequencies of the visual 

passbands as given in Table 2, Mg(@) is the modulation transfer factor of the display 

system at spatial frequency @, M,(@) is the observer's contrast threshold at spatial 

frequency @, A is the exponential constant discussed above which is assumed to be about 

0.5, W () is the larger of the low cutoff frequency of visual passband i and the minimum 

displayable spatial frequency, and @ (i) is the minimum of the high cutoff frequency of 

visual passband i, the Nyquist sampling frequency, and the crossover of the MTF and CTF 

curves. As was the case with the previously discussed existing image quality metric, it is 

expected that this Weighted Perceived Contrast Magnitude (WPCM) image quality metric 

will be evaluated with the data collected during this proposed research effort. 

The WPCM metric weights the lower frequency information more heavily than the 

higher spatial frequency information. This spatial frequency weighting scheme has been 

applied despite the fact that it will reduce the model's sensitivity to changes in the amount 

of available high spatial frequency information and any improvements in display resolution 

will primarily increase this high spatial frequency information. Therefore, the application 

of this weighting scheme is likely to reduce the model's sensitivity to changes in display 

resolution, thereby reducing the correlation of the WPCM model with perceived image 

quality when display resolution is manipulated. 

However, notice that the spatial frequency weighting scheme employed in this 

metric is built upon the same theory as the spatial frequency weighting scheme employed in 

the SQRI image quality metric. The primary difference between the weighting scheme 

applied in the WPCM and the weighting scheme applied in the SQRI is the nigor to which 

the weighting scheme is held to existing psychophysical knowledge of the human visual 

passbands. The model employed in the SQRI weights the spatial frequency information on 

a logarithmic scale, giving lower spatial frequency information larger weights and 

assuming that the spacing between visual passbands approaches zero and the importance of 
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spatial frequency information approaches infinity as the spatial frequency of the stimulus 

approaches zero. It should be noted that while the SQRI integrates over all displayable 

Spatial frequencies, the WPCM integrates only the spatial frequencies included within the 

visual passbands. Therefore, the SQRI weights all displayable low spatial frequency 

information highly and the WPCM ignores all displayable spatial frequencies lower than 

0.14 c/deg. 

Although it appears that the visual filters upon which the weighting scheme in the 

WPCM metric is based do exist functionally, it is not clear that the chosen representation of 

these filters is accurate or that the outputs of these filters are weighted equally for all visual 

processes. Further, this weighting scheme may decrease the metric's sensitivity to changes 

in display resolution as discussed above. Therefore, it is not certain that the weighting of 

spatial frequency information in the WPCM is appropriate. Evaluation of the PCM and 

WPCM will allow the appropriateness of this weighting function to be discussed. For this 

reason, any evaluation of the WPCM will also include the PCM. 

Visual Noi ontrast Detection Threshold 

The presence of noise in an image degrades an observer's ability to perceive 

information from an image. The visual response to noise in an imaging system has been 

quantified with image quality metrics by including the effect of noise upon the observer's 

CTF (Barten, 1991; Beaton, 1984; Snyder, 1976). Therefore, it is important to determine 

and characterize the effect of noise upon an observer's CTF and to include this effect in the 

existing image quality metrics. 

Literature exists which discusses the effects of static noise upon the human CTF 

(Beaton, 1984; van Meeteren and Veleton, 1988). It should be noted that the human visual 

system integrates energy over some finite time which is on the order of 0.01 to 0.1s 

(Almagor, 1977). The noise signal will be present over the entire integration period of the 

eye for static noise at every spatial location. However, the noise signal may not be present 

at any given retinal location over the entire integration period for dynamic noise. This 

difference between static and dynamic noise could have different effects upon human 

perception. At least some suggestion of this difference has been presented by Legge, 

Kersten, and Burgess (1987). 
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The effects of random white dynamic noise upon threshold detection have been 

studied by a number of investigators (Coltman and Anderson, 1960; Eckhardt, 1969; 

Keesee, 1976; Nagaraja, 1964; Pelli, 1981; Pollehn and Roehrig, 1970; Stromeyer and 

Julesz, 1972). In general, it is difficult to use the results of many of these studies to 

discuss the effects of luminance noise upon an observer's threshold detection capability as 

many of these studies express noise in terms of the input voltage signal to the display rather 

than the luminance output at the display (Coltman and Anderson, 1960; Eckhardt, 1969; 

Kessee, 1976; and Pollehn and Roehrig, 1970). 

Three models of the effects of random white noise on the contrast sensitivity of an 

observer have been developed (Barten, 1991; Beaton, 1984; and Daly, 1990). However, 

the models developed by Beaton (1984) and Daly (1990) model the effects of static noise 

on the contrast sensitivity. Since this dissertation is primarily concerned with dynamic 

imagery that contains dynamic noise, the model developed by Barten (1991) will be used to 

estimate the effects of noise on the CTF. 

Motion Perception 

As mentioned earlier, one goal of this dissertation was to evaluate the use of image 

quality metrics for the evaluation of display systems that support motion perception. 

Therefore, it is necessary to review related knowledge of human perception of motion. 

In general, the existing motion perception literature is divided into two primary 

categories: self-motion perception and object-motion perception. Research in self-motion 

perception, also referred to as vection, uses stimuli in which a large portion of the 

participant's visual field undergoes motion. The observer is usually given the task of 

indicating when motion is perceived, indicating when he or she has the sensation of 

moving or judging the speed of this motion. When conducting research in object motion 

perception, the participant is usually shown a single object and asked to indicate if that 

object is moving or to judge the speed of that object. 

Research in self-motion perception often is used to promote one of two theories of 

self-motion perception. The first of these assumes that the information presented to the 

retinal periphery dominates information presented to the fovea (Brandt, Dichgans, and 

Koenig, 1973; Held, Dichgans, and Bauer, 1975). In general, this theory promotes the 

idea that the retinal periphery must be stimulated before self motion can be perceived. 
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Opponents of this theory agree that peripheral retinal stimulation is necessary for the 

perception of self motion from displays of linear motion. However, they contend that this 

occurs, not because the retinal periphery dominates the fovea, but because the information 

that facilitates motion perception is presented in the retinal periphery during linear motion. 

These researchers have shown that information sources, such as edge and global optical 

flow rates influence the perception of self motion and are necessary for the perception of 

motion (Anderson and Braunstein, 1985; Anderson and Dyre, 1987; Gibson, 1955; Larish 

and Flach, 1990; Owen, Waren, Jensen, Mangold, and Hattinger, 1981; Wolpert, 1987). 

Additionally, these authors have shown that perception of self motion may be induced by 

information presented to the fovea (Anderson and Braunstein, 1985; Anderson and Dyre, 

1987) and that participants are more accurate at judging self motion when information is 

presented foveally than when the information is presented in the retinal periphery (Wolpert, 

1987). 

Each of these theories has different implications for display design when these 

displays are to Support the perception of self motion. If the retinal periphery does dominate 

the fovea during the perception of self motion, display systems should be designed to 

provide this peripheral stimulation (i.e., large field of view, relatively low addressable 

displays should be used). However, if the perception of self motion is facilitated by the 

appropriate stimulation of the fovea more than by the retinal periphery, the display systems 

should be designed to provide optimal edge and global optical flow rates to the observer 

(i.e., smaller, slewable, and relatively highly addressable displays should be used). 

Object motion perception research has revealed some information that may provide 

some insight into the self-motion research. Tynan and Sekuler (1982) determined 

thresholds for the perception of object motion as a function of eccentricity from the fovea. 

In general, this research indicates that the human is most sensitive to object motion in the 

fovea and sensitivity decreases as the eccentricity from the fovea increases. Therefore, it 

would appear that the peripheral retina is not more sensitive to motion than the fovea. 

A number of investigators also have shown that temporal display characteristics 

influence motion perception. However, relatively little research has been conducted to 

determine if spatial display characteristics influence motion perception. Watson and 

Ahumada (1985) asked participants to detect the speed of sine-wave grating patterns. They 

found that observers were the most sensitive to sine-wave grating patterns with a spatial 

23



frequency of about 4 c/deg and that sensitivity decreased when the spatial frequency of this 

grating pattern was either decreased or increased. Orban, De Wolf, and Maes (1984) 

investigated participants’ perception of speed when they viewed targets with different 

contrast values. In general, increases in target contrast increased the perception of speed. 

The studies conducted by Watson and Ahumada (1985) and Orban et al. (1984) 

indicate that spatial characteristics of the stimulus may influence the perception of motion. 

Despite this fact, no applied research exists that has attempted to quantify the effects of 

spatial display characteristics such as MTF shape, visual noise, and display field of view 

on the observer's perception of egocentric velocity or on the observer's perception of 

visually induced self motion. Therefore, there appears to be a need to determine the effects 

of display spatial characteristics on an observer's ability to perceive sensor-centered motion 

from a display. 

jectives of R h 

This dissertation has three primary objectives. The first objective is to develop and 

evaluate an image quality metric that incorporates a model of suprathreshold contrast and is 

based upon the perceived magnitude of suprathreshold contrast. The second objective is to 

determine the effects that common display characteristics, such as MTF shape, noise, and 

field of view, have on a display observer's ability to perceive egocentric motion from a 

display. The third objective is to provide a discussion of the use of image quality metrics 

for the evaluation of displays that are designed to facilitate motion perception. 

Two new image quality metrics, PCM and WPCM, have been proposed in the 

introduction of this dissertation. Evaluation of these metrics is accomplished by correlating 

these metrics against perceived image quality ratings obtained from experimental data. The 

resulting correlations are compared to correlations that are obtained from the MTFA, ICS, 

and SQRI metrics of image quality. 

Experimental data also are presented to show the effects of MTF shape, noise, and 

field of view on the perception of egocentric motion. These results are compared to the 

results obtained from the image quality study and the results obtained from the image 

quality metrics to provide a discussion of the use of image quality metrics for the evaluation 

of displays that are designed to facilitate motion perception. 
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DESCRIPTION OF APPARATUS 

Image Collection Appar: 

To conduct this experiment, imagery was recorded using an Ikegami ITC-730A 

professional video camera and recorder. The camera was equipped with an 8 to 80 mm 

lens, providing a maximum diagonal field of view of about 50 deg. To obtain a larger field 

of view, a 0.5 Century Precision Optics Superwide angle C4656 lens was placed in front 

of the video camera-recorder lens. The wide angle adapter allowed the video camera- 

recorder's horizontal field of view to be enlarged to about 74 deg. 

During recording, the camera-recorder was placed on a rotation stage and rotated at 

a constant velocity. The video tapes were professionally edited and transferred to U-matic 

video tape. 

Image Display Apparatus 

During the two experiments conducted in this dissertation, the imagery was 

displayed to participants using the video display system presented in Figure 2. Each of the 

components in this figure has been numbered to facilitate a discussion of each of their 

roles. Looking at Figure 2, the reader should note that the different line styles that connect 

the components of the system are used to classify the type of information being transmitted 

between components. 

During the experiment, the video was supplied by an U-matic video recorder model 

VO-5600 depicted as component | in Figure 2. The video was passed through the system 

and displayed to the participant using a Pioneer wide screen projection display. This 

display is depicted as component 15 in Figure 2. Given this general description, each of 

the components and its purpose will now be described. 

The video recorder was equipped with a tape counter that was used to cue the video 

tape to the appropriate segment of imagery for each experimental condition. This video 

then was passed to both a variable low-pass filter and a synchronization stripper. 

The variable low-pass filter is depicted as component 2 in Figure 2. This 

component served two purposes. First, it allowed the low-pass filters to be applied to the 
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video signal. These low-pass filters were used to establish the bandwidth of the system at 

predetermined experimental levels. Second, the variable low-pass filter boosted the power 

of the video signal to compensate for losses within other system components. 

The synchronization stripper is depicted as component 3 in Figure 2. This 

component removed the synchronization information from the video signal and passed it to 

the display system and a blanking generator. 

The blanking generator, depicted as component 4 in Figure 2, determined the 

blanking level of the signal, as well as the timing of the blanking interval. The timing of 

the blanking interval was used to trigger the video switch, depicted as component 6 in 

Figure 2. The blanking level was passed to the contrast attenuator, component 10 in Figure 

2, and to a passive mixer, component 7 in Figure 2. 

As noted earlier, the timing of the blanking interval was used to trigger a video 

switch. This video switch was used to determine when the noise generated by component 

5 was passed into the video system and when the noise was not passed into the system. 

This system was designed to model the effects of noise generated by a detector. Noise 

generated by a detector influences the video but does not influence the black level of the 

video. Therefore, this video switch was used to remove the noise source from the video 

Chain during the blanking interval such that the black level of the display was not affected 

by the noise. The random, white noise that was inserted into the video was generated by 

the noise generator depicted as component 5 in Figure 2. 

The passive mixer, depicted as component 7 in Figure 2, was used to add the 

random white noise that was passed through the video switch to the blanking level that was 

output by the blanking generator. This allowed the mean noise voltage to be raised to the 

black level of the imagery. This signal then was passed to the noise attenuator. 

The noise attenuator is depicted as component 8 in Figure 2. This attenuator was a 

Tektronix 50-ohm step attenuator. The use of this attenuator allowed the noise power to be 

attenuated to predetermined experimental levels. 
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Once the noise level was established, it was combined with the bandwidth adjusted 

video signal after the video signal was passed through the variable low-pass filter. These 

signals were combined using the active mixer depicted as component 9 in Figure 2. 

The contrast attenuator, depicted as component 10 in Figure 2, allowed the blanking 

level to be adjusted. The contrast attenuator was a Tektronix 75 ohm step attenuator. 

Adjusting the blanking level and combining this blanking level with the video passed 

through the video chain allowed the ratio of the signal to the level of the blanking interval to 

be adjusted, thereby adjusting the contrast in the displayed images. Therefore, this contrast 

attenuator was used to select among the predetermined contrast levels. The blanking level 

was combined with the video signal using the passive mixer depicted as component 11 in 

Figure 2. 

Once the signal had passed through the passive mixer, it was passed through a 

video amplifier (component 12) to adjust the power of the signal to the levels required for 

NTSC format. 

The resulting video signa] and the original synchronization signal were then passed 

to a preview monitor. This monitor was used by the experimenter during the experiment to 

insure that the video tape recorder was, in fact, cued to the appropriate segment of video 

tape before it was presented to the participant. The video was passed through this display 

and a video switch (component 14) allowed the experimenter to control the presentation of 

the resulting video to the participant (i.e., it allowed the experimenter to either send the 

signal to the participant's display or terminate the video). 

All video was displayed to participants on a Pioneer SD-453S wide-screen, 

projection display. This display had an active area 91.4 cm wide by 68.6 cm high, giving 

the display a horizontal field of view of 74 deg when viewed from a distance of about 61 

cm. 

Black masks were placed over the display to adjust the participant's field of view, 

independent of display resolution, addressability, or apparent magnification. These masks 

were made of black matte board. The centers of the masks were cut out with a 3 to 4 aspect 

ratio such that the center of the display was always visible to the participants. 
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General Experimental Apparatus 

During the experiment, the laboratory was divided into separate participant and 

experimenter workstations by a black curtain. This curtain allowed the experimenter to 

manipulate controls on the analog imaging devices without the participants’ knowledge. 

The experimenter's workstation contained a microcomputer. Programs written in 

Think C randomized the conditions presented to the participants during the experiment and 

recorded the subject's responses, which were entered by the experimenter. These C 

routines used the microcomputer’s random number generator to randomize the conditions. 

At the end of each experimental session an extra random number was generated and stored 

in an output file. This random number served as the seed for the random number generator 

during the next experimental session. 

The participant was seated in a stationary chair. The chair was positioned such that 

the participant's eye height was the same as the height of the center of the display before 

each experimental session. A forehead rest was used to stabilize the participant at the 

required display viewing distance. 
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DESCRIPTION OF IMAGERY 

During the experiments, imagery was viewed by the participants across as many as 

six dimensions including, terrain type, field of view, camera rotation speed, and the three 

video fidelity parameters of bandwidth, dynamic contrast range, and noise level. This 

section will describe the levels of each of these six dimensions that were used within this 

research. 

Terrain Type 

Imagery was collected in two different types of terrain. These are a high 

information content terrain and a low information content terrain. 

The scenery for the high information content terrain was recorded inside a stand of 

oak trees with trunks 30 to 45 cm in diameter. This scenery provided many positional 

cues, including the trunks and limbs of the surrounding trees, as well as the texture 

provided by the leaves on the ground. This imagery was collected in Virginia in early 

December and, therefore, no leaves remained attached to the tree limbs. This terrain will be 

referred to as the "wooded" terrain throughout the remainder of this document. 

The scenery for the low information content terrain was collected by recording 

imagery in a reasonably flat open field. This terrain contained few visual cues other than 

ground texture provided by the 5 to 8 cm high grass. However, the outline of hills and 

ridge lines also was visible in the distance. This terrain will be referred to as the "open" 

terrain throughout the remainder of this document. 

ield of View 

As Stated earlier, the apparatus used when collecting the data allowed the camera to 

record imagery with a horizontal field of view of 74 deg. To assess the unconfounded 

effects of field of view, it was desirable to maintain an apparent magnification of unity. 

Therefore, the field of view was manipulated by displaying the imagery on a display such 

that the full scene captured during recording filled 74 deg of the participant's horizontal 

field of view. 
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Masks made of black matte board were placed over the front of the display system 

to reduce the participants’ field of view. Apertures were cut into the black matte board to 

give the participants horizontal fields of view of 20, 47, and 74 deg. The apertures in the 

matte board maintained the camera and display's vertical to horizontal aspect ratio of 3 to 4. 

It should be noted that only display field of view was manipulated. That is, the 

magnification, addressability, and resolution of the display remained constant when the 

field of view was manipulated. 

Rotation d 

Since the imagery collected during this experiment was to simulate the imagery 

viewed by helicopter pilots when performing an in-ground-effect hover, it was desirable 

for the camera rotation speeds to be chosen such that they corresponded closely to the rates 

of turn used by pilots when executing helicopter hover checks. Additionally, it was 

desirable for the participants to be able to perceive the difference between camera rotation 

speeds. 

Discriminable differences in velocity can be detected for Weber fractions of less 

than 0.1 when the object undergoing motion is presented foveally with high contrast and is 

moving with velocities between 2 and 32 degrees of visual angle per second (McKee and 

Nakayama, 1984; Orban, De Wolf, and Maes, 1984; Orban, Van Calenbergh, De Bruyn, 

and Maes, 1985). Therefore, it is desirable to choose camera rotation speeds which are 

separated by speed differences which corresponded to Weber fractions of at least 0.1. The 

speeds that were originally chosen included speeds of 4.19, 3.75, 3.33, 3.00, and 2.73 

deg/s. The speed of 3.75 deg/s corresponds to the speed of 15 degrees in 4 s, which is the 

maximum allowable speed for execution of a hover check. 

Due to hardware limitations, the speeds employed in this investigation were 4.26, 

3.84, 3.45, 3.11, and 2.84 deg/s. These speeds were only slightly faster than the selected 

speeds of rotation and had Weber fractions of near 0.1. 
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Bandwidth 

Three levels of horizontal image bandwidth were employed during the experiments. 

These three levels included the maximum system bandwidth of NTSC level video and two 

levels in which bandwidth filters were employed. These filters were designed to modify 

the horizontal resolution of the display but had no effect on the vertical resolution of the 

display. 

The maximum display system bandwidth was quantified by measuring the 

horizontal line spread function. Using this measurement to represent the bandwidth of the 

system assumes that the system was display limited. That is, the losses that occurred in the 

recording and editing equipment were negligible compared to the losses that occurred in the 

display. 

It should be noted that the display that was used was a color rear projection display. 

The projection screen that was used blurred the image of the original CRT projection 

sufficiently to blend the output of the red, green, and blue guns of the display into a single 

line when all three guns were active. The use of this single line spread function to 

represent imaging capacity appeared to be justified since the colorburst was removed from 

all of the imagery during the editing process, which allowed all of the images to be 

displayed in black and white. 

It also should be noted that the display used a lenticular rear projection display 

screen. Therefore, the measured line spread functions were approximately Gaussian in 

shape but contained notches as depicted in Figure 3. Since no models have been developed 

to allow the modeling of the interference noise produced by these lenticules, the effect of 

the notches in the line spread function were not modeled and a Gaussian function, which 

was fit through the local maxima in the line spread function using a least squares criterion, 

was used to represent the display's line spread function. The resulting line spread function 

had a full width at half the maximum amplitude of 1.46 mm (8.2 arcmin to the participant). 

The bandwidth filters were quantified by passing sinusoidal electronic signals with 

known frequency and amplitude through the system and measuring the amplitude of the 

signal from an oscilloscope display after the signal had passed through the system. By this 

method it was determined that the 3 dB down point of the filter with the least attenuation 
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Figure 3. A measured line spread function for the system. The local 
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projection display screen. 
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was 1500 KHz and the 3dB down point of the filter with the greatest attenuation was 516 

KHz. 

These filters were then quantified in terms of visual angle. To accomplish this, the 

frequency of the measured time-modulated sinusoidal signal was converted to units of 

cycles per unit distance at the front of the display by multiplying the inverse of the line 

frequency (15750 Hz) minus the blanking interval] (11 us) by the display width (91.4 cm). 

This conversion is applicable since the line time is the inverse of the difference between the 

horizontal frequency and blanking interval. Knowing the viewing distance, the result may 

be converted to cycles per degree of visual angle. 

The bandwidth filters employed in this investigation should theoretically be 

modeled as a single pole filter of the form: 

Vo ___R/Ri_ 09) 
V; 1+ joRC 

which may be modeled by an equation of the form: 

Vo =~, (30)   1 . 

i 1+ky@ 

Least squares fits of a curve of this form, a Gaussian curve, and a second-order 

polynomial were attempted. The second-order polynomial equations provided the largest 

coefficients of determination and were chosen to model the filters. The second-order 

polynomial equation fit to the filter of least attenuation (the moderate low-pass filter) was: 

Modulation = 1.051 —0.0593a@ —0.000784a~ , (31) 

which provided a coefficient of determination (R2) of 0.999. The second-order 

polynomial equation fit to the filter of greatest attenuation (the extreme low-pass filter) was: 

Modulation = 1.135 — 0.259 + 0.0192 , | (32) 

which provided a coefficient of determination (R2) of 0.992. The data points and the 

second-order polynomial models are depicted in Figures 4 and 5. 
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As with any empirical model, these equations do not apply outside the limits of the 

original data used to create them. These models were applied in the image quality modeling 

process such that any time the value they yielded was greater than 1.0 their output was set 

to 1.0 and any input of spatial frequency higher than 7.0 cycles per degree was prohibited. 

nami ntrast Ran 

The Dynamic Contrast Range or Modulation of the display was also manipulated 

within this dissertation. This was done by adjusting the black level of the display, reducing 

the contrast present in the displayed images. The filters that were used in this research 

included a moderate filter that had a modulation transfer factor of 0.869 and a second filter 

that had a modulation transfer factor of 0.657. By applying these filters, the contrast or 

modulation was adjusted such that the ratio of the luminance of a white region to the 

luminance of a black region was 17.2 without filtering, 7.8 when the first filter was 

applied, and 3.8 when the second filter was applied. 

The contrast was determined from measurements of the luminance of a black and a 

white target from the display screen. These black and white targets were recorded with the 

imagery that was recorded in the field. Therefore, these measures of contrast represent the 

contrast of the entire system. 

Luminance Noise 

The image noise was generated, passed through an attenuator, and then introduced 

into the video stream. The image noise was attenuated to three different levels in this 

experiment. To quantify the luminance noise, the RMS voltage output by the noise 

generator was measured using a Singer Ballantine True RMS Voltmeter, Model 323-01. 

This device indicated that the rms voltage of the noise output by the noise generator was 

L1I2V__.. 
ms 

This noise was introduced into the video system and underwent the same filtering 

as the imagery. The system also introduced some gain to the noise. This gain was 

measured by inserting a signal at the position of the noise source in the video chain of 500 

mV peak to peak and measuring the output voltage. This method indicated that the gain of 
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the noise was 2.08 and was linear with respect to voltage. To determine the noise level 

after it was passed through the noise attenuator, the rms noise voltage was calculated using: 

V _ Vin 

out ( Attenuation in Pecibels 
. 20 | (33) 

  

  

where V;p represents the voltage entering the attenuator and Vo) represents the voltage 

output from the attenuator. 

Given this analysis, it can be stated that under the high noise condition the voltage 

noise entering the display was 2.33 Vrms, the noise level entering the display for the 

middle noise level was 1.73 Vrms, and the noise level entering the display for the low 

noise condition was 0.067 Vrms. 

Despite the fact that the noise may be characterized in terms of voltage, when 

discussing the effect of noise on an observer's perception of imagery it is more meaningful 

to discuss noise in terms of the distribution of luminance at the face of the display rather 

than the distribution of voltage entering the display. 

Unfortunately, equipment was not available at the time this experiment was 

conducted to allow the direct measurement of the instantaneous luminance distribution at 

the face of the display. However, the display was characterized such that a simulation 

model could be built to approximate the luminance distribution at the face of the display. 

To accomplish this simulation, it was necessary to represent the output at the face of the 

display as a discrete array of 480 by 640 pixel elements rather than as 480 continuous lines. 

In this model, uniformly distributed random numbers were generated using a 

portable random number generator that employs three linear congruential generators (one to 

generate low order bits, one to generate high order bits, and one to select from a table of 

random numbers generated by the first two generators). This random number generator 

has been discussed by Press, Flannery, Teukolsky, and Vetterling (1988, pp. 209-211). 

The distribution of random numbers was tested for uniformity using a Chi-Square test 

(Siegel and Castellan, 1988) and for randomness using the Distance test (Graybeal and 

Pooch, 1980). It was determined that the random number sequences used in the simulation 
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did not differ significantly from a uniform distribution or a random distribution at the 0.05 

level of significance. 

The uniformly distributed random numbers were transformed to normally 

distributed random numbers using the Box-Meuller method as described by Press et al. 

(1988, pp. 216-217). These normally distributed random numbers were then transformed 

to a Gaussian distribution with the appropriate mean and standard deviation by multiplying 

the normally distributed random numbers by the standard deviation of the appropriate noise 

level and then adding the average voltage input for a noiseless image. 

The luminance at the face of the display was calculated by passing the voltage 

values through a model of the Gamma function and then convolving the square matrix of 

values with a kernel representing the luminance distribution of a single vertical line input. 

The variance of the resulting luminance distribution was then computed using a discrete 

form of Equation 23. It was then determined that the noise variance, as defined by Barten 

(1991), was 0.081 cd/m2 for the low noise condition, 1.136 cd/m2 for the medium noise 

condition, and 1.199 cd/m2 for the high noise condition. These variances were used to 

model the effect of noise on image quality using the method proposed by Barten (1991). 
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EXPERIMENT 1 

The objective of Experiment 1 was to examine the effects of MTF shape, visual 

noise, and field of view on the perceived quality of dynamic images. 

Method 

Participants. Six students (3 females; mean age of 23.5 years) from Virginia 

Polytechnic Institute and State University served as participants in this experiment. They 

were compensated at a rate of $5.00 per hour. Before participating, the participants were 

screened to assure that they had a minimum of 20/20 corrected Snellen visual acuity (near 

and far). Additionally, the participants were required to have vertical and horizontal 

phoria within one standard deviation of average human visual phoria. The participants 

also were required to have normal far and near contrast sensitivity, as measured with 

Vistech contrast sensitivity charts. 

Procedure. Before participating in the experiment, all participants were asked to 

read and sign a consent form, as well as to pass a visual screening process. Participants 

were then asked to read a set of instructions and to undergo a short practice session. 

During the practice session, the participants were asked to read the task 

instructions and to give an estimate of the magnitude of perceived image quality for five 

clips of video imagery. The task instructions were as follows: 

During this experiment you will be asked to rate the quality of the 
images on a display. When making these ratings you should think of the 
display as a window to the outside. If the image appears to duplicate the 
real world, you should assign a high number to the image. If the image is 
less appealing to you than viewing the real world, you should assign a 
lower number to the image. 

Before beginning the actual experiment I will present five practice 
images to you. These images have no particular image quality (i.e., you 
may or may not see the image with the best or the worst image quality). 
You will be asked to assign ratings to these images. After you have 
completed this task, you will be asked to leave the room for a couple of 
minutes. Do not be alarmed, you will be asked to leave the room on a few 
occasions during the experiment. Consider these periods as breaks. _ 

During this practice period and the remainder of the experiment, I 
will present a series of images to you in arandom order. These images 
will have varying levels of mage quality. Your task is to tell me how 
good the quality of the image is by assigning numbers to the images. 
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When you have viewed the first image, give its quality a number -- 
any number you think appropriate. I will then present another to which 
you will also give a number, and a third, etc. 

Try to make the ratios between the numbers you assign to the 
different images correspond to the ratios between the quality of the 
images. In other words, try to make the numbers proportional to the 
quality of the image (i.e., if the quality of the second image is twice as 
good as the quality of the first image, it should be assigned a number twice 
as high). Remember, you may assign any positive number and there is no 
limit on the number that you assign. You may use whole numbers, 
fractions, or decimals. 

There is no right or wrong answer. I want to know how you judge 
the quality of the images. Do you have any questions? 

The clips of imagery used during the practice session were unused portions of the 

originally recorded imagery. The MTF and noise levels of these images were altered at 

experimental levels. Each participant saw one clip of imagery without induced noise or 

MTF filtering and one clip of imagery that contained the greatest amount of noise and 

MTF filtering used during the experiment. During the practice session, the participants 

were not given any feedback. However, they were encouraged to ask questions 

concerning the procedure. Once each participant had successfully completed this practice 

session, he or she was given a short break and asked to complete the experimental trials 

for that day. 

During the experimental trials, the participant was seated in front of the projection 

display and asked to place his or her head against a forehead rest. This forehead rest 

positioned the participants’ eyes 60.7 cm from the display. The experimenter closed a 

curtain between the experimenter's and participant's workstations. During the 

experiment, the experimenter adjusted the analog devices to the randomized levels 

indicated by the microcomputer before each experimental trial and began the video 

presentation. A short auditory alarm sounded one second before the beginning of the 

display of the imagery to warn the participant of the upcoming display. The participant 

then viewed the imagery. After the imagery had been presented, the participant called out 

an estimate of the magnitude of perceived image quality. The estimate was recorded on 

the microcomputer by the experimenter. The experimenter then set the analog devices for 

the next condition and presented the next condition. 

Each experimental trial required about 20 s to complete. The experiment lasted 

about 1.5 hours for each participant, during which a total of 243 judgments (3 fields of 
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view x 3 modulation amplitude filter conditions x 3 bandwidth filter conditions x 3 noise 

conditions x 3 samples of the wooded terrain) of image quality were made. Participants 

were given three short 5 to 10 minute breaks during the experiment. 

The experimental trials were manipulated in a full-factorial design. The order of 

presentation of field of view was counterbalanced across participants using a pair of 3x3 

orthogonal Latin squares. The remaining experimental conditions were randomly ordered 

within each field of view such that no combination of images with the same modulation, 

bandwidth, and noise level was shown for the n+1 time before all the combinations of 

these variables had been shown for the nth time. 

Stimulus. A total of three 4-s clips of video were displayed to each participant for 

each experimental condition. These three clips of video represented three samples of 

imagery from the wooded terrain. Each clip was recorded while the camera was rotated 

at a constant velocity of 3.11 degrees per second. 

Results 

As stated earlier, free modulus magnitude estimates of the perceived image 

quality were recorded for 243 images for each of the six participants. The use of a free 

modulus magnitude estimation procedure allowed the participants to choose a set of 

numbers that were comfortable. However, different participants tend to choose different 

moduli and the use of different moduli increases the inter-subject variability. 

To reduce the inter-subject variability, a corrected version of a scaling procedure 

given on pages 77 and 78 of Engen (1971) was used to reduce this inter-subject 

variability. This scaling procedure maintains the intercepts and exponents of the 

psychophysical functions while removing the inter-subject variability that exists due to 

the selection of different moduli. This procedure may be summarized in the following 

seven steps. 

1) Calculate the logarithm of each participant's responses to each image. 

2) Calculate the logarithm of the geometric mean of each participant's response to 

each experimental condition (i.e. calculate the geometric mean, collapsing 

across the three terrain samples). 

3) Calculate the logarithm of the geometric mean of each participant's responses 

to all stimuli. 

4) Calculate the logarithmic value of the grand mean of all participants’ responses. 
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5) Subtract the logarithm of the grand mean from the geometric mean of each 

participant's response to all stimuli (i.e., subtract the values obtained in step 4 

from the values obtained in step 3). Note that the resulting values are collapsed 

across replicate. 

6) Subtract the values obtained in step 5 from the values obtained in step 2. 

7) Compute the antilog of the values obtained in step 6. 

This procedure was applied to the original data set using a small routine developed in 

Think C (Version 5.0, Macintosh). 

A full-factorial, repeated-measures Analysis of Variance (ANOVA) was 

conducted on these scaled values using Super Anova (Version 1.11, Macintosh). The 

resulting ANOVA summary for perceived image quality is shown in Table 3. Note that 

this table provides p values that are corrected for sphericity using the Greenhouse-Geisser 

correction (denoted as pc _c). 

The main effects of Dynamic Contrast Range or Modulation (F(2,10) = 5.243, 

Po.c = 0.0634), Noise Level (F(2,10) = 14.235, p¢_¢ = 0.0118) and Bandwidth (F(2,10) = 

11.089, pg _g = 0.0143) were significant at a predetermined significance level of 0.10. 

(This relatively lax significance level was chosen due to the small sample size employed 

during this study.) Neither the effect of Field of View or any of the interactions between 

or among these variables was significant (p > 0.10). 

Post-hoc, Student Newman-Keuls range tests were used to investigate each of the 

significant main effects. The results of these tests are shown in Appendix A in Tables Al 

through A4. The post-hoc tests were applied at both the 0.05 and 0.10 level of 

significance for each of the dependent variables. This two-tiered level of significance 

was Selected to allow readers the opportunity to make their own decisions regarding the 

significance of the obtained results. 

The main effect of Modulation on perceived image quality is shown in Figure 6. A 

Student Newman-Keuls range test indicated that perceived image quality is higher for a 

contrast ratio of 7.8:1 than for contrast ratios of 3.8:1 or 17.2:1 (@ < 0.05). However, the 

perceived image quality is not significantly different for the 3.8:1 and 17.2:1 contrast 

ratios (p >0.10). The data and tests indicate that perceived image quality increases when 

the Modulation is increased from a contrast ratio of 3.8:1 to a contrast ratio of 7.8:1. 
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TABLE 3. Analysis of Variance for the Scaled Magnitude of Image Quality 

um ean n 
Source df | Squares | Square | Value Factor PG-G 

0 1e¢w 

uiation 

X 

01Se ve 

wi 

> 
* 

pe
 

» 

  

xX 

an 

Xx 

X 

xX 

xX 

X 

X 

xX 

Xx 

Xx 

Xx 

X DX 

X 

X 

X 

x 

x 

X 

Xx 

Xx 

X 

Xx 

x 

x 

0



  

i 
s
a
l
.
 

a 

27 

Sc
al

ed
 
Ma

gn
it

ud
e 

of
 
Pe

rc
ei

ve
d 

Im
ag
e 

Qu
al

it
y 

      T Ff fF Pr a Thum t t 1 

5 10 15 
Contrast Ratio (White:Black) 

Figure 6. Main effect of modulation on perceived image quality. Error 
bars are +1 standard error of the mean. 
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However, perceived image quality decreases when Modulation increases from a contrast 

ratio of 7.8:1 to a contrast ratio of 17.2:1. 

A second-order polynomial equation was fit to the non-monotonic function 

relating contrast ratio to perceived image quality. The resulting function was: 

IQ = 1.028 + 0.531x - 0.026x2, (34) 

where IQ represents the perceived image quality and x represents the maximum 

contrast ratio of the display. The maximum value of this function is obtained for a 

contrast ratio of 10:1. Therefore, it might be expected that the optimal estimates of 

perceived image quality would have been obtained for a contrast ratio of about 

10:1.Figure 7 shows the main effect of visual noise on perceived image quality. A 

Student Newman-Keuls range test indicated that perceived image quality is greater for an 

RMS noise level of 0.07 volt, as compared to noise levels of 1.73 or 2.33 volts (p < 0.05). 

The perceived image quality for the 1.73 and 2.33 volt noise levels are not significantly 

different (p > 0.10). In general, these data indicate that perceived image quality decreases 

as the amount of visual noise is increased. 

Figure 8 shows the main effect of bandwidth on perceived image quality. Student 

Newman-Keuls range tests indicated that perceived image quality is greater for images 

with full and medium bandwidth than for images with low bandwidth (p < 0.05). 

However, changing the bandwidth from the full condition to the medium condition does 

not have a statistically significant effect on perceived image quality (p > 0.10). The data 

indicate that perceived image quality decreases as the bandwidth of the images 1s 

decreased from the medium to the low bandwidth condition. 

Although the effect of Field of View was not significant in this experiment, other 

experiments have shown that changes in display field of view do have an effect on 

perceived image quality (Westerink, 1991). For this reason, the effect of field of view on 

perceived image quality is shown in Figure 9. Notice that while this effect is not 

significant even with the relatively lax significance level employed in this experiment, the 

average perceived image quality estimates do appear to increase as field of view is 

increased. It is interesting to note that the main effect of field of view accounts for more 

than 3 percent of the variance in this experiment and, in fact, accounts for a larger 

percentage of variance than either the bandwidth or contrast main effect. 
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Figure 7. Main effect of Noise Level on perceived image quality. Error 
bars are +1 standard error of the mean. 

47



  

Sc
al

ed
 
Ma

gn
it

ud
e 

of
 
Pe

rc
ei

ve
d 

Sp
ee

d 

Oo
 j 

    
  0 T T r 

Low Medium Full 

Bandwidth 

Figure 8. Main effect of Bandwidth on perceived image quality. Error 
bars indicate +1 standard error of the mean. 

48



  

Sc
al

ed
 
Ma

gn
it

ud
e 

of
 
Pe

rc
ei

ve
d 

Im
ag

e 
Qu

al
it

y 

ww
 l 

  Ty? * fF     

10.0 

i i es ee ee ee ee ee 

20.0 30.0 40.0 50.0 60.0 

Field of View (degrees of visual angle) 

Figure 9. Main effect of Field of View on perceived 
image quality. Error bars are +1 standard error of the 
mean. 

49 

70.0 80.0



Di ion 

In general, the results of this experiment are not surprising. Increases in system 

bandwidth and decreases in luminance noise increase perceived image quality. Field of 

view was not found to have a statistically significant effect on perceived image quality. 

This finding indicates that if there is a field of view effect on perceived image quality this 

effect may not be as powerful as other effects such as bandwidth, image noise, and 

modulation. 

The one surprising result that was obtained was the shape of the function relating 

modulation to image quality, as shown in Figure 6. Most image quality metrics model 

the effects of contrast on image quality as a monotonically increasing function. The 

results of this study indicate that the effect of contrast on perceived image quality is not a 

monotonically increasing function. 

Similarly, Snyder, Hunter, and Downing (1989) showed that the relationship 

between perceived image quality and contrast of static textual displays asymptotes at a 

contrast ratio of about 7:1 (Michelson contrast of 0.75). Snyder et al. (1989) also used a 

similarly shaped function to describe the relationship between task performance and 

contrast of static textual displays. 

While the data presented in this dissertation appear to support Snyder et al. (1989) 

in that image quality asymptotes as contrast is increased, this conclusion should be 

approached cautiously since the dynamic, real-world imagery used in this study and the 

Static, textual images used by Snyder et al. (1989) have distinctly different characteristics. 

One of these differences is that objects in an external environment rarely have high 

contrast with their surroundings and therefore the contrast of objects with their 

background may be expected to be much less than the contrast ratios that could have been 

presented by the display. 

It is interesting to note that at least one other researcher has demonstrated an 

asymptotic relationship between dynamic contrast range and task performance. Humes 

and Bauerschmidt (1968) investigated the effect of contrast range on the ability of 

participants to detect targets in aerial reconnaissance imagery. This study indicated that 

target detection did improve with increasing contrast range to a point. However, an 

asymptote in performance was obtained. The authors also noted that beyond asymptotic 
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performance, the data trend indicated that target detection performance may decrease 

with additional increases in contrast. However, this trend was not statistically significant. 

Based upon the findings of this study and others, it appears that optimal contrast 

levels may be determined for optimal image quality and task performance. It appears that 

this optimal value may be obtained for contrast ratio values of about 10:1. It also appears 

that extant models of the effect of contrast on perceived image quality, which model the 

effect of contrast on perceived image quality as a monotonically increasing function, are 

incorrect. 
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EXPERIMENT 2 

The objective of this experiment was to investigate the effects of MTF shape (i.e., 

modulation and bandwidth), noise level, and field of view on participants’ ability to 

perceive near threshold changes in the speed of an image. 

Method 

Participants. A separate group of 18 students (9 male; mean age of 22.1 years) 

served as participants in this study. These participants were required to fulfill the same 

visual requirements as the participants in Experiment 1. 

Procedure. Before participating in the experiment, all participants were asked to 

read and sign a consent form, as well as to pass a visual screening process. Participants 

also were asked to undergo a short practice session. 

During the practice session, each participant read the task instructions and 

estimated the perceived magnitude of speed for five clips of video imagery. The task 

instructions were as follows: 

During this experiment, you will be asked to come to the laboratory on 
three different days. Each day you will perform the same task. You will 
be required to remain in the laboratory for 2 to 2.5 hours on each of the 
three different days. 

Before beginning the task on each day, you will participate in a short 
practice session. The purpose of this practice session is to familiarize you 
with the procedure which is to be followed each day. 

During the first practice period, I will present a series of five images to 
you in random order. These images have been filmed with a camera 
moving with varying speeds. As you view the images you will notice that 
the camera has been rotated from left to right and therefore, the image will 
move from your right to your left. Your task is to tell me how fast you 
think the camera is turning by assigning numbers to the images. 

When you have viewed the first image, give its speed a number -- any 
number you think appropriate. I will then present another to which you 
will also give a number, and a third, etc. 

Try to make the ratios between the numbers you assign to the different 
images correspond to the ratios between the camera's speed of rotation. In 
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other words, try to make the numbers proportional to the speed of the 
camera (i.e., if the speed of the camera used to record the second image is 
twice as fast as the speed of the camera used to record the first image, 
assign a number twice as high). Remember, you may assign any positive 
number, as long as the number is not negative or zero. You may use 
whole numbers, fractions, or decimals. 

There is no right or wrong answer. I want to know how you judge the 
speed at which the camera was rotated. 

After you give a rating of the perceived speed of the camera, please 
indicate if you had the sensation that you were moving rather than viewing 
a display on which imagery was moving. Simply state that you felt you 
were moving if you have this impression. 

Do you have any questions? 

The clips of video imagery for the practice session were chosen randomly from 

the images shown during the experiment. Thus, each participant saw one clip of imagery 

with the highest camera rotation speed and one clip of imagery with the slowest camera 

rotation speed. The bandwidth, modulation, and noise level also were randomly set at 

experimental conditions during the practice session. 

During the practice session and the experiment, participants were asked to 

estimate the rotational speed of the imagery. Once the participant completed the practice 

trials, he or she was given the opportunity to ask questions before beginning the 

experiment. The practice session was intended to give the participants a feel of the task 

and the range of stimuli to which they would be exposed. 

On return sessions, the participant was given the same instructions, shown the 

same images as they were shown during the original practice session, and asked to assign 

values to these same images. The participants were reminded of the values that were 

assigned to these images during the first practice session to help them maintain the same 

scale across sessions. 

During the experiment, the participant was seated in front of the projection 

display and asked to place his or her head on the forehead rest to maintain a constant 

viewing distance of 60.7 cm. The experimenter closed the curtain between the two 

workstations. The experimenter then read the settings for the next condition from the 
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computer, set the appropriate levels of bandwidth, modulation, and noise level on the 

analog devices, and began the video presentation. 

A short auditory signal was sounded one second before the imagery was 

displayed. The participant viewed the imagery. After the imagery was presented, the 

participant verbally indicated an estimate of the magnitude of the perceived speed of 

camera rotation and, if applicable, indicated the perception of self motion. The 

experimenter recorded this information on the microcomputer. The experimenter then 

read the next randomized set of display conditions from the computer, set the analog 

devices, and presented the next condition to the participant. 

Each experimental trial required about 30 seconds to complete. Each participant 

completed a total of two, 1 to 1.25 hr. long sessions on each of three days. The 

participants made a total of 810 judgments of camera speed (i.e., 3 Bandwidths x 3 

Modulations x 3 Noise Levels x 5 camera Turn Rates x 2 Terrains x 3 samples of each 

terrain) during each session. During each of the six sessions, participants viewed images 

with all combinations of bandwidth, modulation, noise level, and camera turn rate 

associated with a single terrain. The terrain sample was chosen randomly for each 

combination of dependent variables. 

The independent variable Field of View was manipulated as a between-subjects 

variable to reduce the number of estimates made by each participant to a reasonable 

number. All practice and experimental sessions were conducted with the same field of 

view for each participant. 

Stimulus. A total of 30 4-second clips of video were displayed to the participants 

within each of the display conditions. These 30 clips of video represented 3 samples of 

imagery from each of the 2 terrain types and 5 camera turn rates. 

Results 

As noted earlier, participants provided an estimate of the perceived speed of 

camera rotation and indicated if they had the perception of self motion. However, during 

the study only one participant indicated the perception of self motion. This participant 

viewed all images with a 74 deg field of view. However, the participant's responses were 
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uniformly distributed across the within-subjects variables. Therefore, further analysis of 

this dependent variable was not conducted. 

The experiment used a mixed-factor design in which field of view was 

manipulated as a between-subjects variable and all other variables were manipulated as 

within-subjects variables. The use of at least one between-subjects variable was 

necessary to reduce the number of experimental trials to keep the participants from losing 

interest during the experiment. 

The magnitude estimates of perceived speed were normalized using the same 

procedure discussed in the experimental design and analysis section of Experiment 1. 

This procedure was designed to scale only data that was collected in a within-subjects 

design. Therefore, the procedure was applied separately to the data collected for each 

field of view. 

It should be noted, however, that the scaling process was designed to maintain the 

original slope of the participants’ psychophysical curves. Maintenance of this slope is 

important. This experiment was designed to determine if the slope of the psychophysical 

curve relating physical camera rotation speed to perceived rotation is affected by the 

display parameters under investigation. If the slope of this psychophysical curve is not 

affected, it will be assumed that changes in the display parameters do not influence the 

observers’ ability to judge near threshold differences in camera rotation speed. However, 

decreases in the slope of the psychophysical curve will indicate that this manipulation of 

this display parameter degrades the observers’ ability to judge near threshold differences 

in camera rotation speed. In contrast, increases in the slope of the psychophysical curve 

will indicate that the display manipulation improves the observers’ ability to judge near 

threshold differences in camera rotation speed. 

It should be noted that the scaling process applied in this experiment removes the 

variability that occurs due to the choice of different moduli. The fact that the scaling 

procedure was applied separately for each field of view precludes a direct interpretation 

of the main effect of field of view, since this effect is confounded with the participants’ 

choices of moduli. However, as noted earlier, the effects of interest in this study were the 

interactions of display parameters with camera turn rate. Therefore, the fact that the main 
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effect of field of view is not interpretable does not influence the validity of this 

experimental design. 

Once the data in this experiment were scaled, an ANOVA was applied to the 

perceived speed estimates to determine the independent variables that affect an observer's 

speed estimation capability. It should be noted that the scaling procedure collapsed the 

data across replicate, reducing the available degrees of freedom. As the assumption of 

homogeneity of variance and covariance can not be supported for this within-subjects 

design, the Greenhouse-Geisser correction was applied during the analysis of variance. 

Post-hoc simple-effect F-Tests and/or Student Newman-Keuls range tests were used to 

assess any significant results of the analysis of variance. The results of these Post-hoc 

tests are shown in Appendix A in Table 5 through Table 162. As in the earlier 

experiment, the results are discussed using both the 0.05 and 0.10 levels of significance. 

The reader should assume that all statistical differences exist at the 0.05 level unless it is 

stated that the differences are significant at the 0.10 level. 

The ANOVA summary table for perceived speed is shown in Table 4. The main 

effects of Bandwidth (F(2, 4) = 7.629, pG.g = 0.0116) and Turn Rate (F(4, 8) = 62.745, 

PcG <= 9.0001) are significant. The two-factor interactions of Turn Rate by Field of View 

(F(4, 8) = 2.999, pcg = 0.0678), Modulation by Bandwidth (F(4, 8) = 4.138, pgg = 

0.0191), Bandwidth by Turn Rate (F(8, 16) = 4.642, pgg = 0.0022), Noise Level by Turn 

Rate (F(8, 16) = 6.595, pgg = 0.0017), and Bandwidth by Terrain (F(2, 4) = 3.119, pgg = 

0.0596) are significant. Significant three-factor interactions include Noise Level by Turn 

Rate by Field of View (F(16, 120) = 3.578, pgg = 0.0088), Noise Level by Terrain by 

Field of View (F(4, 30) = 2.576, pgg = 0.0939), Bandwidth by Noise Level by Turn Rate 

(F(16, 240) = 1.932, pgg = 0.0991), Modulation by Noise Level by Terrain (F(4, 60) = 

3.833, DGG = 0.0365), Bandwidth by Turn Rate by Terrain (F(8, 120) = 3.119, pgg = 

0.0299), and Noise Level by Turn Rate by Terrain (F(8, 120) = 2.459, pgg = 0.0885). 

Two four-factor interactions also are significant, Noise Level by Turn Rate by Terrain by 

Field of View (F(16, 120) = 2.498, pgg = 0.0485) and Bandwidth by Noise Level by 

Turn Rate by Terrain (F(16, 240) = 2.122, pgg = 0.0661). 

Bandwidth Main Effect. Figure 10 shows the main effect of system bandwidth on 

perceived speed of rotation. A Student-Newman-Keuls range test conducted on this main 

effect indicates that the perceived speed for the low bandwidth 
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TABLE 4. Analysis of Variance Table for the Scaled Magnitude of Speed 
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TABLE 4 (Contd.). Analysis of Variance Table for the Scaled Magnitude of Speed 
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TABLE 4 (Contd.). Analysis of Variance Table for the Scaled Magnitude of Speed 
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Figure 10. Main effect of bandwidth on perceived speed. Error bars 
indicate +1 standard error of the mean. 
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condition is significantly lower than the perceived speed for either of the remaining 

bandwidth conditions. No significant difference exist between the mean values for the 

medium and high bandwidth conditions. The data trend, shown in Figure 10, indicates 

that perceived speed increases slightly with increases in system bandwidth. 

Camera Turn Rate Main Effect. Figure 11 shows the main effect of camera turn 

rate on perceived speed. A Student-Newman-Keuls range test indicated that each pair of 

means in this effect is significantly different from all others (p < 0.05), with one 

exception. The perceived speed for the 3.45 and 3.84 deg/s turn rates are not significantly 

different from one another. The data trend, shown in Figure 11, indicates that perceived 

speed of rotation increases with increases in camera turn rate. 

Field of View x Turn Rate Interaction. Figure 12 depicts the two-factor 

interaction between field of view and camera turn rate. Simple-effect F-tests indicate that 

field of view has a significant effect at each of the five turn rates. Student-Newman- 

Keuls range tests indicate that the perceived speed for the 20 deg field of view is less than 

the perceived speed for the 74 deg field of view when the turn rate is 2.84 deg/s. 

However, the perceived speed for the 20 deg field of view is greater than the perceived 

speed for the 74 deg field of view when the turn rates are 3.45, 3.84, and 4.26 deg/s. The 

crossover between the 20 deg field of view curve and the 74 deg field of view curve, 

which is indicated by the Student Newman-Keuls range tests, supports the hypothesis that 

the slope of the curve for the 20 deg field of view is steeper than the curve for the 74 deg 

field of view. 

In general the data trends shown in Figure 12 indicate that perceived speed 

increases with increases in turn rate in all field of views. At slow turn rates the perceived 

speed for the 20 deg field of view is lower than for the 74 deg field of view. However, at 

faster turn rates the perceived speed for the 20 deg field of view is higher than for the 74 

deg field of view. This fact, coupled with the fact that psychophysical curve appears to 

have about the same slope for the 47 and 74 deg field of views, indicates that the slope of 

the psychophysical curve relating perceived speed to turn rate is steeper for the 20 deg 

field of view than for either of the larger fields of view. 

Modulation x Bandwidth Interaction. Figure 13 shows the two-factor interaction 

of modulation and bandwidth on perceived speed. Simple-effect F-tests 
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Figure 11. Main effect of turn rate on perceived speed. Error bars 
indicate +1 standard error of the mean. 
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indicate a significant effect of contrast exists at the low and medium bandwidth 

conditions. A Student-Newman-Keuls range test conducted at the medium bandwidth 

condition indicate a significant difference between perceived speed for the 3.8:1 and the 

17.2:1 contrast ratio conditions (p < 0.05). Significant differences also existed between 

the 3.8:1 and 7.8:1 contrast ratio conditions, as well as the 7.8:1 and 17.2:1 contrast ratio 

conditions (p < 0.10). 

A second Student-Newman-Keuls range test conducted for the low bandwidth 

condition indicates that perceived speed is higher for the 17.2:1 contrast ratio condition 

than for the other two contrast conditions. However, perceived speeds for the 3.8:1 and 

7.8:1 contrast ratio conditions are not statistically different when the bandwidth is low. 

These statistical tests support the idea that modulation does not affect the 

perceived speed when the system bandwidth is high. However, increases in modulation 

increase perceived speed when the bandwidth of the system is low. 

Bandwidth x Turn Rate Interaction. The two-factor interaction of system 

bandwidth and camera turn rate on perceived speed is depicted in Figure 14. Simple- 

effect F-tests indicate that a significant amount of variability exists within each of the 

camera tum rates greater than 2.84 deg/s. A Student-Newman-Keuls range test was 

conducted at each camera turn rate greater than 2.84 deg/s. These tests indicate that 

perceived speed is significantly lower for the low bandwidth condition than for either of 

the remaining bandwidth conditions for each camera turn rate greater than 2.84 deg/s (p S$ 

0.05). These tests also indicate that a significant difference exists between the perceived 

speed for the medium bandwidth condition and the perceived speed for the high 

bandwidth condition at the 4.26 deg/s turn rate (p < 0.10). 

The data indicate that no difference in perceived speed existed that can be 

attributed to bandwidth at the lowest camera turn rate. However, as turn rate increases 

significant differences in perceived speed do occur with changes in bandwidth. These 

changes indicate that the slope of the psychophysical curve relating turn rate to perceived 

speed decreases with decreases in system bandwidth. 

It was noted earlier that increases in camera turn rate produce increases in 

perceived speed. While this effect is less pronounced for the low bandwidth conditions 
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Figure 14. Two-way interaction of turn rate and bandwidth on perceived 
speed. The parameter of the graph is system bandwidth. Error bars 
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66



than the high bandwidth conditions, camera turn rate does increase perceived speed, 

regardless of bandwidth condition. 

Noise Level x Turn Rate Interaction. The two-way interaction of noise level and 

turn rate on perceived speed is shown in Figure 15. Simple-effect F-tests indicated that 

the effects of noise level are significant when the turn rate is 3.45 deg/s or higher. 

Student-Newman-Keuls range tests indicate that perceived speed is lower for the high 

noise (2.33 Vis) condition than it is for the two lower noise conditions when the 

camera turn rate was 3.45, 3.84, or 4.26 deg/s. No significant difference in perceived 

speed exists between the low and medium noise levels (0.07 and 1.73 Vrms). 

This analysis indicates that no difference in perceived speed exists that can be 

attributed to image noise at the two lowest turn rates. However, as turn rate increases, 

significant differences in speed do occur with changes in noise level. These changes 

indicate that the overall slope of the psychophysical curve relating turn rate to perceived 

speed decreases with increases in noise level. 

This interaction does not change the earlier observation that perceived speed 

increases with increases in camera turn rate. However, this effect is more pronounced for 

the low and medium noise level conditions than for the high noise level condition. 

Bandwidth x Terrain Interaction. Figure 16 shows the two-factor interaction of 

Bandwidth and Terrain on perceived speed. A simple-effect F-test indicates that the 

effect of bandwidth is significant in both the open and wooded terrains. A Student- 

Newman-Keuls range test for the open terrain indicates that perceived speed is 

significantly larger for the medium bandwidth condition than for the low bandwidth 

condition. Also, perceived speed is significantly larger for the high bandwidth condition 

than for the medium bandwidth condition. However, a Student-Newman-Keuls range test 

conducted for the wooded terrain condition indicates that only the perceived speed for the 

medium bandwidth condition is significantly larger than the low bandwidth condition 

within this terrain. 

These findings indicate that increases in perceived speed occur as system 

bandwidth is increased. However, this trend is more pronounced for the open terrain than 

the wooded terrain. 
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Noise Level x Turn Rate x Field of View Interaction. The three-factor interaction 

of Field of View, Turn Rate, and Noise Level on perceived speed is shown in Figure 17. 

To analyze this interaction, a simple-effects F-test was performed for each turn rate. 

These simple-effect F-tests indicate that the interaction of noise level and terrain is 

significant at each of the five turn rates. Simple-simple-effect F-tests were performed 

within each speed across the three levels of Field of View. Significant results were 

obtained for the 20 deg field of view within turn rates of 3.45 deg/s and greater. 

However, no significant effect of noise level was found at the 47 or 74 deg field of view, 

regardless of turn rate. 

Student-Newman-Keuls range tests then were performed to determine if the 

perceived speed is affected by noise level at turn rates greater than 3.45 deg/s in the 20 

deg field of view. Each test indicates that perceived speed is lower for the high noise 

level condition (2.33 V5) than the two other noise levels when the image was viewed 

with a 20 deg field of view and the turn rate was 3.45 deg/s or greater. It also is indicated 

that the medium noise condition (1.73 Vrms) produced a lower perceived speed than the 

low noise condition (0.07 Vims) when the person viewed the image with a 20 deg field of 

view and the camera had a turn rate of 4.26 deg/s. 

This interaction indicates that perceived speed is not affected by noise when the 

person views the image on a display with a field of view of 47 deg or larger. Likewise, 

perceived speed is not affected by noise level in the 20 deg field of view when the camera 

turn rate is low. However, when camera turn rate is increased, noise level does affect 

perceived speed. This data trend indicates that the psychophysical curve obtained for the 

high noise level has a smaller slope than the curves obtained for the medium and low 

noise conditions when the field of view is 20 deg. 

The two-factor interaction of Noise Level by Turn Rate indicates that increases in 

turn rate produce larger increases in perceived speed for low noise levels than for high 

noise levels. This three-factor interaction shows that this is true only for the small field 

of view. Noise level does not affect the perception of speed from larger field of view 

displays. It should also be noted that the two-factor interaction of field of view by turn 

rate indicates that perceived speed increases more quickly with increases in turn rate for 
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the 20 degree field of view than for the larger field of views. However, this interaction 

indicates that this effect exists only for the low and medium noise levels. 
~~ 

Noise Level x Terrain x Field of View. Figure 18 shows the three-factor 

interaction of Field of View, Noise Level, and Terrain on perceived speed. A simple- 

effect F-test was performed across each field of view in this interaction. The effects 

within the 20 and 74 deg field of views are significant (p < 0.05), as are the effects within 

the 47 deg field of view (p < 0.10). This indicates that the interaction of noise level and 

terrain is significant within each field of view. Simple-simple-effect F-tests were 

performed within each of these field of views. Only the simple-simple-effect F-test for 
the open terrain within the 20 degree field of view is significant (F(1, 30) = 23.2, pg.gs 

0.0001). A Student-Newman-Keuls range test performed on this significant effect 
indicates that perceived speed is significantly less for the 2.33 Vim. noise condition than 

for the other noise conditions when the field of view is 20 deg and the imagery is 

collected in the open terrain. 

This interaction indicates that perceived speed is decreased by high levels of noise 

when the imagery is collected in the open terrain and viewed with a 20 deg field of view 

_as is indicated by the two-factor interaction of noise level and turn rate. Noise level does 

not affect perceived speed within the other combinations of terrain and field of view. 

ndwidth x Noi vel x Turn Rate Interaction. Figure 19 shows the three- 

factor interaction of Bandwidth, Noise Level, and camera Turn Rate on perceived speed. 

A simple-effect F-test, computed for each of the five turn rates, indicates that the 

interaction of Bandwidth and Noise Level does not contribute a significant amount of 

variance when the turn rate is 2.84 deg/s. However, these two factors account for enough 

variance to be significant when the turn rates are faster than 2.84 deg/s (p < 0.05). 

Simple-simple effect F-tests were conducted for each Bandwidth, within each turn 

rate. A simple-simple effect F-test that was conducted for each bandwidth when the turn 

rate was 3.11 deg/s indicates that the Noise Level within the low and medium bandwidth 

conditions is not significant (p >0.10). However, the F-test conducted for the High 

bandwidth condition indicates that Noise Level accounted for enough variance to be 

significant (p $0.10). A Student Newman-Keuls range test conducted at the high 

bandwidth condition for the 3.11 deg/s turn rate suggests that perceived speed for the low 
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noise condition is significantly higher than it is for either the medium or high noise level 

conditions (p < 0.10). 

A simple-simple effect F-test, conducted for a turn rate of 3.45 deg/s, indicates 

that Noise Level contributed a significant amount of variance for each bandwidth 

condition (p < 0.05). A Student-Newman-Keuls range test conducted for the low 

bandwidth condition implies that perceived speed for the high noise condition is 

significantly lower than it is for the low noise condition. Additionally, this test implies 

that perceived speed for the high noise condition is significantly lower than it is for the 

medium noise condition (p < 0.10). Student-Newman-Keuls range tests conducted at the 

medium and high bandwidth conditions both indicate that the perceived speed is lower 

for the high noise condition than for either the low or medium noise conditions (p $ 0.05). 

When the turn rate was 3.84 deg/s, a simple-simple effect F-test indicates that 

noise level was significant within the low and medium bandwidth conditions (p < 0.05), 

as was the high bandwidth condition (p < 0.10). A Student-Newman-Keuls range test 

conducted at the low bandwidth condition suggests that perceived speed is significantly 

lower for the high noise condition than for either the low or medium noise conditions. 

When the bandwidth was set to the medium condition, a Student Newman-Keuls range 

test indicated that the perceived speed is lower for the medium noise level than for either 

the low or high noise level. For the high bandwidth condition, the perceived speed for 

the high noise level is significantly lower than it is for the low noise level condition. 

When the turn rate was 4.26 deg/s, a simple-simple effect F-test indicates that 

noise level is significant within all three bandwidth conditions. Student-Newman-Keuls 

range tests suggests that regardless of the bandwidth condition, perceived speed is less for 

the high noise condition than for either the low or medium noise level conditions. In 

addition, the perceived speed is lower for the medium noise condition than for the low 

noise condition in the low bandwidth condition (p < 0.10). 

There is no difference between means when the camera turn rate is low. 

However, as camera turn rate increases, the variance in perceived speed increases. High 

amounts of noise and low system bandwidth decrease perceived speed at the higher turn 

rates. The interaction appears to exist because the combination of these two factors 
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accelerates the degradation in perceived speed. Therefore, the results obtained for the 

lower order interactions are not affected by this interaction. 

Modulation x Noise Level x Terrain Interaction. The three-factor interaction of 

Noise Level, Modulation, and Terrain on perceived speed is shown in Figure 20. Simple- 

effect F-tests indicate that a significant amount of variance could be accounted for by the 

interaction of modulation and terrain type for each of the three noise levels. 

Simple-simple-effect F-tests conducted within the low noise condition (0.70 

Vrms) indicated that a significant amount of variance is accounted for by modulation 

within each terrain. A Newman-Keuls Range test, conducted for Modulation within the 

open terrain in the low noise level, suggests that the perceived speed for the high contrast 

condition (17.2:1) is lower than the perceived speed for either of the remaining 

modulation conditions. A second Newman-Keuls Range test, which was conducted for 

Modulation within the wooded terrain in the low noise level condition, indicates that the 

perceived speed for the 17.2:1 modulation condition is higher than the 3.8:1 modulation 

condition. This Student Newman-Keuls range test also indicates that the perceived speed 

for the 7.8:1 modulation condition is higher than the perceived speed for the 3.8:1 

modulation condition (p < 0.10). 

Simple-simple-effect F-tests were conducted within the 1.73 and 2.33 Vrms noise 

conditions. These F-tests indicate that a significant amount of variance is accounted for 

by modulation within the open terrain at each of the two noise levels (p < 0.05). Student 

Newman-Keuls range tests were conducted to determine the source of this variation. 

These tests indicate that the perceived speed is higher for the 3.8:1 modulation condition 

than for either of the remaining modulation conditions when the observers were judging 

the speed of open terrain images with either the 1.73 or 2.33 Vymg noise level. No 

significant differences were found in the wooded terrain. 

In general, it appears that at low noise levels, the modulation may have a 

significant effect in either terrain. Specifically, increases in modulation produce higher 

perceived speed values within the wooded terrain and lower perceived speed values in the 

open terrain. When the noise level is increased, perceived speed is not affected by 

changes in modulation in the wooded terrain. However, perceived speed is higher for the 

lower modulation levels than for the higher modulation levels in the open terrain. 
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Bandwidth x Terrain x Turn Rate Interaction. Figure 21 shows the three-factor 

interaction of Bandwidth, Terrain Type, and Turn Rate on perceived speed. To analyze 

this three-factor interaction, simple-effect F-tests were conducted at each turn rate. These 

F-tests suggest that the interaction of bandwidth and terrain is significant within each of 

the five turn rates. 

Simple-simple-effect F-tests were conducted within each turn rate. The simple- 

simple-effect F-test conducted within the 2.84 deg/s turn rate indicates that the interaction 

of bandwidth and terrain is not statistically significant. However, simple-simple-effect F- 

tests indicate that the interaction of bandwidth and terrain is significant within each of the 

four remaining turn rates. Student-Newman-Keuls tests then were used to probe the 

significance of bandwidth in each terrain within each tur rate. 

Student-Newman-Keuls range tests, conducted in both terrains at a turn rate of 

3.11 deg/s, suggest that perceived speed is significantly lower for the low bandwidth 

condition than for the medium or high bandwidth condition. 

When the turn rate was increased to 3.45 deg/s, the perceived speed decreased 

significantly with each decrease in bandwidth for the open terrain. However, in the 

wooded terrain only the perceived speed for the low bandwidth condition is statistically 

significant from the perceived speed for the medium and high bandwidth conditions. 

When the turn rate was increased to 3.84 deg/s, the perceived speed was 

significantly lower for the low bandwidth condition than the perceived speed for the 

medium or high bandwidth condition. This difference existed in both terrains. 

Finally, when the turn rate was increased to 4.26 deg/s each increase in bandwidth 

produced a statistically significant increase in perceived speed in the open terrain. 

However, only in the wooded terrain is the perceived speed for the low bandwidth 

condition significantly different from the medium and high bandwidth conditions. 

This interaction might be explained in a simplified fashion by stating that at the 

slowest turn rate bandwidth does not influence perceived speed. However, bandwidth 

does influence the perceived speed for the higher turn rates. Decreasing bandwidth 

decreases the perceived speed in both terrains when the turn rate is greater than 2.84 
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deg/s. However, a larger decrease in perceived speed occurs with decreasing bandwidth 

in the open than in the wooded terrain. 

It should be noted that the two-factor interaction of bandwidth and turn rate exists 

in each of the two terrains. However, it is more pronounced in the open terrain than in 

the wooded terrain. Therefore, the interpretation of the two-factor interaction of 

bandwidth and turn rate is not influenced by the existence of this interaction. 

vel x Turn Rate x Terrain Interaction. Figure 22 shows the effect of the 

three-factor interaction of Noise Level, Turn Rate, and Terrain on perceived speed. 

Simple-effect F-tests were conducted at each turn rate. These F-tests imply that the 

combination of terrain and noise level accounts for a significant amount of variance in the 

perceived speed at each of the five turn rates. 

A simple-simple-effect F-test was conducted to determine if there is a significant 

effect of noise within each of the terrain conditions. The results suggest that Noise Level 

does not contribute a significant amount of variance to perceived speed in either terrain 

when the turn rate is 2.84 or 3.11 deg/s. However, Noise Level does account for a 

significant amount of variance in perceived speed in both terrains when the camera turn 

rate is 3.45, 3.84, or 4.26 deg/s. 

Student-Newman-Keuls range tests indicate that in the open terrain the perceived 
speed is always lower for the high noise condition (2.33 Vrms) than for the two lower 

noise conditions when the camera turn rate was 3.45, 3.84, or 4.26 deg/s. In the wooded 

terrain, perceived speed is lower for the high noise condition than the low noise condition 

when the turn rate is 3.45 deg/s. Additionally, when the turn rate is increased to 4.26 

deg/s, the perceived speed of the wooded terrain was significantly higher for the low 

noise condition than for either the medium or high noise conditions. No significant 

differences between perceived speed was observed at the 3.84 deg/s turn rate in the 

wooded terrain. 

It can be stated that noise level has a significant effect on perceived speed when 

the camera turn rate is 3.45 deg/s or greater. In the open terrain, high levels of noise 

reduce perceived speed. While significant effects of noise on the perceived speed were 

observed for the imagery collected in the wooded terrain, these results were not as 
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consistent as the results for the open terrain. Therefore, it appears that noise level does 

affect the slope of the psychophysical function relating perceived speed to turn rate as 

indicated in the two-factor interaction of noise level and turn rate. However, this slope is 

reduced more for the open terrain than the wooded terrain. 

Noise Level x Turn Rate x Terrain x Field of View Interaction. Figure 23 depicts the 

effect of the four-factor interaction among Noise Level, Turn Rate, Terrain, and Field of 

View on perceived speed. Simple-effect F-tests were conducted to determine if the 

combined effects of Noise Level, Turn Rate, and Terrain contributed a significant amount 

of variance to perceived speed within each field of view. These tests indicated that this 

combination of factors is significant within each of the three fields of view. 

Simple-simple-effect F-tests were conducted to determine if the factors of noise 

level and terrain contributed a significant amount of variance to the perceived speed 

within each turn rate, within the 20 deg field of view. These tests show that these factors 

do account for enough variance to be significant for the 2.84, 3.45, 3.84, and 4.26 deg/s 

turn rates (p < 0.05). Simple-simple-simple-effect F-tests suggests that noise level 

accounts for a significant amount of variance within each of the four turn rates in the 

open terrain but significant contribution to variance by noise level only occurred for the 

3.84 and 4.25 deg/s turn rates in the wooded terrain. All the Student-Newman-Keuls 

range tests conducted for each of these significant effects indicate that the mean scaled 

magnitude of perceived speed is lower for the high noise level than the low noise level (p 

< 0.05). These tests also show that the perceived speed for the high noise condition is 

significantly lower than the mean for the medium noise condition in the open terrain 

when the turn rate was 3.45, 3.84, or 4.26 deg/s and in the wooded terrain when the turn 

rate was 4.26 deg/s. 

Simple-simple effect F-tests were conducted to determine if the factors of noise 

level and terrain contributed a significant amount of variance to the perceived speed 

within each turn rate, within the 47 deg field of view. These tests suggest that these 

factors do account for a significant amount of variance at the 2.84, 3.45, and 4.25 deg/s 

turn rates. Simple-simple-simple effect F-tests indicate that noise level contributes a 

significant amount of variance only in the open terrain when the turn rate is 4.25 deg/s. A 

Student-Newman-Keuls range test shows that the perceived speed is lower for the 
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medium noise level than for the low noise condition and lower for the high noise level 

than for either the low or medium noise level when the turn rate is 4.25 deg/s in the open 

terrain. 

Simple-simple-effect F-tests were then conducted to determine if the factors of 

noise level and terrain contributed a significant amount of variance to perceived speed 

within each turn rate, within the 74 deg field of view. These tests show that these factors 

are Significant at each of the five turn rates. Noise level contributes a significant amount 

of variance to the perceived speed in the wooded terrain at all turn rates above 2.84 deg/s 

and in the open terrain at turn rates of 3.45 and 4.26 deg/s. In each of these cases, the 

perceived speed is larger for the low noise level condition than for the medium or high 

noise level condition. 

Summarizing these statistical results, it appears that when the field of view was 20 

deg, the mean scaled magnitude of perceived speed was lower for the high noise 

condition in the open terrain than it was for the low or medium noise level when the turn 

rate was 3.45 deg/s or higher. For the highest turn rates in the 20 deg field of view, 

perceived speed was lower for the medium noise condition than for the low noise 

condition. Noise level had almost no significant effects at the 47 deg field of view, 

regardless of terrain or turn rate. In the 74 deg field of view, the perceived speed was 

lower for both the medium and high noise levels than for the low noise level condition for 

all turn rates above 2.84 deg/s in the wooded terrain and for the 3.45 and 4.26 deg/s turn 

rates in the open terrain. 

Therefore, it appears that the perception of motion from images viewed in the 

small field of view condition is degraded by noise, especially in terrains that contain few 

contextual cues. Noise appears to have almost no effect on motion perception from the 

midsize display (47 deg). When the display size is enlarged further, noise appears to 

affect the perception of motion regardless of terrain but appears to degrade motion 

perception from images containing a high amount of contextual information more than 

images that contain a low amount of contextual information. Interestingly, medium and 

high amounts of visual noise influence perceived speed in the large field of view 

condition while only high amounts of visual noise influence perceived speed in the small 

field of view. 
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The results of this interaction influence the results noted in lower level 

interactions. The three-factor interaction of field of view by noise level by turn rate show 

that noise level affects the perception of turn rate only when the field of view is small. 

However, this interaction indicates that noise level also has some influence on the 

perceived speed for the large field of view condition. However, the effect of noise level 

on perceived speed is not as consistent for the large field of view as for the small field of 

view. 

Bandwidth x Noise Level x Turn Rate x Terrain Interaction. The four-factor 

interaction of Bandwidth, Noise Level, Turn Rate, and Terrain on perceived speed is 

shown in Figure 24. A simple-effect F-test shows that a significant amount of variance 

within each noise level is accounted for by the effects of Turn Rate, Bandwidth, and 

Terrain. Simple-simple-effect F-tests indicate that the effects of bandwidth and terrain 

account for a significant amount of variance within each turn rate, within each noise 

level. 

A simple-simple-simple-effect F-test suggests that bandwidth accounts for a 

significant amount of variance in each of the open terrain conditions within each of the 

turn rates greater than 2.84 deg/s in the low bandwidth condition. In each case, Student- 

Newman-Keuls range tests show that the perceived speed is lower for the low bandwidth 

condition than for either the medium or high bandwidth condition. In addition, at the 

3.11 and 4.26 deg/s turn rates, a Student-Newman-Keuls test indicates that perceived 

speed is lower for the medium bandwidth condition than for the high bandwidth 

condition. 

Bandwidth also accounts for a significant amount of variance in the wooded 

terrain conditions at turn rates greater than 3.11 deg/s when the noise level is low, 

according to a simple-simple-simple-effect F-test. Student-Newman-Keuls range tests 

suggest that at the 3.45 and 3.84 deg/s turn rates the perceived speed is significantly 

different for each of the three bandwidth conditions. Additionally, for the 4.26 deg/s turn 

rate, the perceived speed is significantly lower for the low bandwidth condition than for 

the high bandwidth condition. 
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Within the medium noise level, a simple-simple-simple-effect F-test indicates that 

bandwidth accounts for a significant amount of variance in the open terrain when the turn 

rate was 3.11, 3.45, and 4.26 deg/s. Student-Newman-Keuls tests indicate that the 

perceived speed is significantly lower for the low bandwidth condition than for the 

medium or high bandwidth conditions when the bandwidth is 3.11 or 4.26 deg/s within 

the open terrain. Additionally, the perceived speed is significantly lower for the medium 

bandwidth condition than for the high bandwidth condition when the turn rate is 4.26 

deg/s. 

Within the wooded terrain in the medium noise level, bandwidth accounts for a 

significant amount of variance only in the 3.11 and 3.45 turn rate conditions. When the 

turn rate is 3.11 deg/s, the perceived speed is lower for the low bandwidth condition than 

for the medium or high bandwidth conditions. When the turn rate is 3.45 deg/s, a 

Student-Newman-Keuls test indicates that perceived speed is lower for the low 

bandwidth condition than for the high bandwidth condition. 

Within the high noise level, simple-simple-simple-effect F-tests indicated that 

bandwidth contributes a significant proportion of variance at each of the five turn rates, 

within each of the two terrains. Within the open terrain, Student-Newman-Keuls range 

tests indicated the perceived speed is different for the low bandwidth condition than for 

the high bandwidth condition at all five turn rates. These tests also indicate that the 

perceived speed iss lower for the low bandwidth than the medium bandwidth at turn rates 

of 3.11, 3.45, and 3.84 deg/s. Additionally, these tests show that the perceived speed is 

lower for the medium bandwidth condition than the high bandwidth condition when the 

turn rates are 3.45, 3.84, and 4.26 deg/s. Finally, these tests show that the perceived 

speed is higher for the medium bandwidth condition than the high bandwidth condition 

when the turn rate is 2.84 deg/s. 

Within the wooded terrain in the high noise level, Student- Newman-Keuls range 

tests demonstrate that the perceived speed is lower for the low bandwidth condition than 

for the high bandwidth condition when the turn rate is 3.11 deg/s. These tests also 

demonstrate that the perceived speed is lower for the low bandwidth condition than for 

the medium bandwidth condition when the turn rates are 3.45, 3.84, or 4.26 deg/s. 
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Finally, they indicated that the perceived speed is higher for the low bandwidth condition 

than for the medium bandwidth condition when the turn rate is 2.84 deg/s. 

Although a number of significant differences exist within this four-factor 

interaction, it is difficult to summarize the source of this interaction based upon these 

significant differences. Bandwidth has a greater effect on perceived speed in the open 

terrain than in the wooded terrain. This difference is more likely to be statistically 

significant at the higher turn rates employed in this experiment. Although it is difficult to 

show Statistically, it appears that bandwidth may have a greater effect in the high noise 

level conditions than in the lower noise level conditions. This is supported by the three- 

way interaction of bandwidth, noise, and turn rate. It should be noted that the results of 

the lower order interactions are not influenced by this interaction. 

Di ion 

When reviewing the results, the only significant main effect on perceived speed 

was system bandwidth. In this effect, perceived speed was significantly lower for the low 

bandwidth condition than for the medium or high bandwidth conditions. It is interesting 

that this difference exists as the result of a decrease in the slope of the curve relating the 

speed to the camera turn rate, as shown in Figure 14, rather than as a result of a change in 

the intercept of the curve relating the scaled magnitude of perceived speed to camera turn 

rate. Therefore, it appears that bandwidth affects an observer's ability to detect near 

threshold changes in perceived speed. 

It should be noted that the effect of bandwidth also interacts with terrain type. 

That is, perceived speed decreases with decreasing bandwidth in the open terrain. 

However, perceived speed is not affected by bandwidth in the wooded terrain. This 

might have been expected. The wooded terrain contained trees, tree limbs, and ground 

clutter the spatial content of which consists of a wide range of spatial frequency 

information. However, the open terrain contained only small blades of grass in the 

immediate foreground and outlines of hills in the distance. The open terrain images were 

composed primarily of high spatial frequency information in the short grass in the 

foreground and lower levels of low and medium spatial frequency information in the 

distant hills. Therefore, removing the high spatial frequency information from the open 
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terrain may have removed many of the cues to small changes in position. It is likely that 

the removal of these cues leads to the decreased sensitivity to changes in motion. 

One of the more interesting effects observed in this study was the interaction of 

field of view with turn rate. Reviewing this interaction, it was shown that the curve 

relating the perceived speed to the camera turn rate is steeper for the 20 deg field of view 

than the same curve for the 47 and 74 deg field of view displays. This indicates that the 

participants perceived a greater difference between speeds when viewing the 20 deg field 

of view display than when viewing the 47 and 74 deg field of view displays and, 

therefore, are more sensitive to near threshold changes in speed when viewing imagery on 

a small field of view display (20 deg) than when viewing the same imagery on a larger 

field of view display (47 or 74 deg). 

Previous research on motion detection processes by Schaffer and Wallach (1966) 

showed that two distinctly different processes can be used by participants when they are 

asked to detect the motion of an object. The first processes is a relative motion detection 

process in which the observer compares the position of the object undergoing motion to 

the position of a known object stable over time to assess if the object is moving. The 

second process is an absolute motion detection process in which the observer has no 

standard against which to compare the position of the moving object over time, except his 

or her own frame of reference. The results of the study conducted by Schaffer and 

Wallach (1966) are shown in Figure 25. Notice that the observers were able to detect the 

motion of slow moving objects much faster when a standard was available to allow the 

assessment of relative position over time. 

While participants in this study were required to judge the speed of an object 

rather than to detect the motion of an object, the results of Schaffer and Wallach (1966) 

may provide insight into the effects observed in this study. When the observers in this 

study were required to judge the speed of the images with the 20 deg field of view display 

they could have used the borders of the display as standards against which to compare the 

relative position of objects over time (either consciously or unconsciously). However, 

since the borders of the larger field of view displays appeared significantly farther in the 

peripheral visual field, the participants were less likely to fixate on these borders to use 

them as standards. This may be one explanation for participants’ increased sensitivity to 
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changes in the speed of the images on the 20 deg field of view display than to changes in 

the speed of the images on the 47 or 74 deg field of view display. 

This finding would, at first, appear to indicate that participants may find it easier to judge 

between speeds when using a smaller field of view display and therefore a small field of 

view display should be used whenever judgments of horizontal motion are to be made by 

the observer. Unfortunately, the higher order interaction depicted in Figure 17 shows that 

the perceived speed for the 20 deg field of view condition 1s significantly affected when 

image noise is added and this effect is negligible for the 47 and 74 deg field of view 

conditions. Therefore, it would appear that if the display may contain high levels of 

noise, perhaps larger field of view displays should be considered. A possible alternative 

might be to use a large field of view with a divider that could be used as a standard. 

Another interesting effect observed in this study is the effect of the interaction of 

noise level and camera turn rate on the scaled magnitude of perceived speed, depicted in 

Figure 15. It is shown that the high noise level reduced observers’ sensitivity to changes 

in camera turn rate. However, noise level interacts with a number of other factors in this 

study. 

It was stated earlier that the decrement in perceived speed is significant for the 20 

deg field of view display but is not significant for the 47 and 74 degree field of view. 

However, noise level also interacted with bandwidth and turn rate. Larger decreases in 

perceived speed were observed due to noise level when the system bandwidth was low 

than when the bandwidth was at the medium or high level. Another interesting 

interaction effect indicates that the high noise level caused significant decreases in the 

perceived speed within the open and wooded terrains. However, the magnitude of the 

effect of noise level is much larger for the open terrain than for the wooded terrain. In 

general, it appears that high noise levels may produce dramatic decreases in observers' 

sensitivity to camera turn rate, especially when the observer is using a small field of view 

with low bandwidth and viewing a terrain with little low or midrange spatial frequency 

information. 

One factor that did not affect perceived speed in this investigation was 

modulation. In fact, the only significant effect that involved modulation was in the 

interaction between bandwidth and modulation in which it appears that the perceived 
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speed is not affected as bandwidth decreases when the contrast ratio is high (17:1) but the 

perceived speed decreases as bandwidth decreases when the contrast ratio was at either of 

the lower levels (7.8:1 or 3.8:1). This effect might indicate that some of the effect of 

decreased system bandwidth may, under certain conditions, be overcome by increases in 

modulation. However, the effect of modulation on perceived speed appears to be 

minimal if adequate bandwidth is maintained. 
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IMAGE QUALITY PREDICTION 

The objective of this section is to explore the adequacy of image quality metrics 

for predicting the perceived image quality ratings obtained in Experiment 1. 

This section is divided into two subsections. The model of visible noise used in 

this evaluation was developed for the SQRI metric and may not be effective when it is 

applied to other metrics. Therefore, the first section examines the correlation between 

image quality metrics for a no noise condition with the perceived image quality estimates 

for the low noise condition in Experiment 1. The second subsection explores the 

correlation between image quality metrics and the full set of perceived image quality 

judgments obtained in Experiment 1. 

All the metrics discussed below were computed using the Mathematica software 

program (version 2.1, Macintosh). The calculated metric values then were correlated 

with the perceived image quality ratings from Experiment 1 using both the Statview 

(version 4.0, Macintosh) and Cricket Graph (version 1.3, Macintosh) software packages. 

Noiseless Image Quality Predictions 

Figure 26 shows the correlation between the image quality metric values for the 

low noise image condition and the perceived image quality judgments. From Figure 26, 

one can see that the coefficients of determination (R2) ranged from 0.008 for the WPCM 

to 0.247 for the 1991 version of the SQRI. 

Table 5 shows a comparison of the coefficients of determination to zero using a t- 

test with n-2 degrees of freedom (Neter, Wasserman, and Kutner, 1989). This 

comparison is shown in the column of probabilities labeled Zero. These probabilities 

represent the probability of incorrectly stating that the coefficients of determination are 

significantly different from zero. It can be seen that the coefficients of determination for 

the ICS, SQRI, and 1991 version of the SQRI are significantly greater than zero (p S$ 

0.10). However, the correlations obtained for the MTFA, PCM, and WPCM are not 

significantly greater than zero (p > 0.10). 

93



  

  

      
  

      
  

  

  

      

  

  

      
  

      

4.0 

  

  

  

      

10 10 
; A2 = 3 _ 93 R42 = 0.094 9; R’2 = 0.170 

=] a So] 
sii 8 O73 
v,/ 4 o 5 S| 3 

E 6 a E 63 
354 oo? a 353 
S 5 4 2 
34: ay 5 o a B43 

23; 52 a34 4 
2 ; v vo} T eee es vf T tT. F ¥ ¥ 2 i, PUrery Perry errrrrrryereverrere 

0.0 0.5 1.0 1.5 20 O 200 400 600 800 
10 MIFA 10 ICS 

3 = 3 A2Q= m9: R’2 = 0.095 bo: R*2 = 0.008 
=: 5 Zo] 8 

wy! a 2/3 a a 

35 _ a gop 
BH &G ae a Sp, a B44 a5 = 5 S43 ag a a 5 

2 3: a & 34 Bl a 

0.5 1.0 1.5 2.0 25 1.0 2.0 WPCM 3.0 

10 PCM 10 
9! R12 = 0.189 >o! R42 = 0.247 

> 73 o 7: 
ae a: 
Eo: 54 
BS Be: 
g 43 g43 

x33 a> 4 
23 Vaevived q Vevweeve I Wetvewnus T Vewrevss I VUCrmwuecr Fr Teuvurses 2 3 

20 30 40 50 60 70 80 40 50 60 70 
SQRI 1991 Version of the SQRI 
  
Figure 26. Linear models relating the calculated, no noise image quality metrics to 
perceived image quality judgments obtained in Experiment 1. The coefficients of 
determination (R“*2) are also shown. 

94



TABLE 5. Coefficients of Determination (R2) for each of the Image Quality Metrics 
where the No Noise Metrics are Correlated against Average Perceived Image Quality 
Estimates. Probabilities of Incorrectly Stating that the Coefficients of Determination are 
Significantly Different from Zero and from each other are also shown. 

  

  

| Probability Values 

| SORI 
  

  

  

  

  

  

Metric | R2 | Zero || IcS | PCM | wecM| sori | SOX 

MTFA || 0.094 || 0.107 || 0.676 | 0.997 | 0.434 | 0.606 | 0.430 

ICS 0.170 || 0.022 0.678 | 0.230 | 0.923 | 0.710 

PCM 0.095 |} 0.106 0.431 | 0.609 | 0.432 

wecm | 0.008 || 0.606 0.194 | 0.116 

SORI 0.189 | 0.014 0.783 
SORI 
1991 0.247 || 0.003                     
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Table 5 also shows a comparison among the image quality metrics. This 

comparison was performed by using the Fisher z transformation to transform the 

correlation coefficients to z values. The z values were used to determine the probability 

of incorrectly stating that the two coefficients of determination were different. This 

method is discussed by Neter et al. (1989). 

Inspecting Table 5, the obtained coefficients of determination were not 

significantly different for any image quality metric than for any other image quality 

metric (p > 0.10). This indicates that the estimates of image quality obtained by any one 

of the metrics is not statistically greater than the estimates provided by the other image 

quality metrics. 

mplete Ima ity Predictions 

Figure 27 shows the correlation between image quality metrics and the average 

perceived image quality estimates for all conditions recorded in Experiment 1. It should 

be noted that Barten's (1991) model has been used to account for the effects of visual 

noise in each of the metrics. 

Figure 27 shows that these coefficients of determination ranged from 0.018 for the 

MTFA to 0.677 for the ICS. Based upon the coefficients of determination that are given 

in Figure 26, higher correlations were obtained for the ICS and the SQRI than for the 

MTFA, PCM, or the WPCM. 

Table 6 shows a comparison of the coefficients of determination to zero using a t- 

test. This comparison is shown in the column of probabilities labeled as zero. Only the 

coefficients of determination for the ICS and the SQRI metrics are significantly greater 

than zero. 

Table 6 also shows the probability of incorrectly stating that the coefficients of 

determination for each of the metrics are different from one another. This comparison 

has been completed using the Fisher's z transformation. 

Table 6 shows that the coefficients of determination obtained for the MTFA, 

PCM, and WPCM are smaller than the coefficients for the ICS and SQRI image quality 

metrics (p < 0.05). Table 6 also shows that the coefficients of determination for the 
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TABLE 6. Coefficients of Determination (R2) for each of the Image Quality Metrics 
Correlated against Average Perceived image Quality Ratings. This Table also Contains 
Probabilities of Incorrectly Stating that the Coefficients of Determination are 
Significantly Different from Zero and from Each Other. 
  

  

  

  

  

  

    

| Probability Values 

Metric R2 Zero || Ics | PCM | WPCM]| SORI 

MTFA 0.018 0226 1 0.000 | 0898 | 0964 | 0.000 

ICS 0.677 0.000 0.000 | 0.000 | 0.441 

PCM 0.024 0.164 0.994 | 0.000 

WPCM 0.021 0.203 0.000 

SORI 0.607 0.000               
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MTFA, PCM, and WPCM are not significantly different from one another. Further, the 

coefficients of determination for the ICS and SQRI were not significantly from each 

other. 

Di ion of Im lity Prediction Techni 

The results of this investigation indicate that none of the metrics are highly 

correlated with the image quality estimates obtained in Experiment 1 for the low noise 

conditions. However, it is difficult to ascertain the reason for this finding by looking at 

Figure 26. Therefore, the data shown in Figure 26 have been replotted in Figures 28, 29, 

and 30. Figure 28 shows the data for the 20 degree field of view, Figure 29 shows the 

data for the 47 degree field of view, and Figure 30 shows the data for the 74 degree field 

of view display. The different levels of dynamic contrast are depicted by different 

symbols in each of these figures. 

Figures 28, 29, and 30 show that the metrics are all reasonably responsive to 

changes in bandwidth (1.e., all of the data points for any single contrast level fall near a 

line with a positive slope). However, the metrics are not responsive to changes in 

dynamic contrast range. Therefore, one of two conclusions may be drawn. Either the 

metrics are not sensitive enough to changes in dynamic contrast range or the participants 

in Experiment | did not find the changes in system bandwidth to be as effective in 

changing image quality as the metrics would predict. 

It should be noted that the images used in this research were dynamic images 

while the image quality metrics are based upon the observer's static contrast threshold and 

were designed to predict the image quality of static displays. The fact that these images 

are moving may have modified their perceived image quality and reduced the correlation 

between the predictions of perceived image quality and experimentally obtained image 

quality estimates. 

Since the images were moving, some blur was introduced into the images due to 

the finite integration times of the camera sensor and eye. These effects can be modeled 

by assuming that an infinitely thin luminance spike, originally positioned at position X, 

with a finite amplitude (A), is moved along the x axis at a constant velocity (v) for a finite 

period equal to the integration time of the sensor (T). The luminance distribution 
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Figure 28. Correlation plots of each of the metrics with perceived image quality for the 
low noise condition and a 20 degree field of view. The plus symbols represent low 
contrast conditions, diamonds represent medium contrast conditions, and squares 
represent high contrast conditions. 
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Figure 29. Correlation plots of each of the metrics with perceived image quality for the 
low noise condition and a 47 degree field of view. The plus symbols represent low 
contrast conditions, diamonds represent medium contrast conditions, and squares 
represent high contrast conditions. 
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Figure 30. Correlation plots of each of the metrics with perceived image quality for the 
low noise condition and a 74 degree field of view. The plus symbols represent low 
contrast conditions, diamonds represent medium contrast conditions, and squares 
represent high contrast conditions. 
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produced during this time will be uniform with a horizontal spatial extent of vT and an 

amplitude of = . That is, the smallest object that can be interpreted has a horizontal 
Vv . 

extent of vT. This function can be expressed as: 

A toy Ixl < SvT 

m(x)=4 VI (35) 
0 for Ixl > 5 vT. 

This function can be transformed into the frequency domain using the Fourier 

transform. The resulting function will be a function of the form: 

in(tvTw 
M(w) =A sin(avT@) (36) 

nmvTo 

where M(Q)) represents the value of the Fourier integral at spatial frequency o. (It should 

be noted that the spatial frequency and luminance amplitude are defined for only positive 

values.) This function represents the amplitude of the luminance profile that can be 

received by the sensor with a time constant of T. 

When this function is evaluated for a luminance spike moving with the velocity of 

the images in Experiment | and for time constants of 0.01 s and 0.1 s, the functions 

shown in Figure 31 are obtained. Note that if the eye or the sensor has an integration 

period of 0.1 s, the amplitude of all spatial frequency information higher than about 2.5 

c/deg is reduced significantly by the motion of the image. 

Since it has been shown that the integration time of the human eye is 0.01 to 0.2 

S, it is possible that the motion in the images practically eliminated all spatial frequency 

information above 2.5 c/deg. Therefore, the changes in the bandwidth of the images may 

have had a smaller than expected effect on perceived image quality than predicted by the 

image quality metrics since the bandwidth filters provided the most filtering for spatial 

frequencies above 2.5 c/deg. (It should be noted that this model is simplified in that it 

assumes a finite integration time of the human eye and it assumes that the observer does 

not make pursuit eye movements to compensate for the loss of resolution produced by 

image motion.) 
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This simplified model demonstrates that the image motion may have reduced the 

effect of bandwidth on image quality and may provide an explanation for the low 

correlations that were obtained between the image quality metrics and the perceived 

image quality estimates obtained in Experiment 1. Alternatively, it is possible that the 

image quality metrics are not sensitive enough to changes in the dynamic contrast range 

and display field of view. 

Regardless of whether the image quality metrics are sensitive enough to changes 

in dynamic contrast range, the effect of contrast on perceived image quality determined in 

Experiment | is not modeled appropriately by the image quality metrics. In the 

discussion of Experiment 1, it was noted that perceived image quality is a non-monotonic 

function of contrast. However, each of the image quality metrics models image quality as 

a monotonically increasing function of contrast. It is likely that this discrepancy reduced 

the correlation of the image quality metrics with perceived image quality. 

Reviewing the results from the complete data set obtained in Experiment 1, it 

appears that the ICS and the SQRI correlate more highly with the perceived image quality 

ratings than the other metrics. However, it should be noted that the effect of noise upon 

the CTF has been modeled using the technique provided by Barten (1991). Provided that 

this model accurately predicts the CTF in the presence of noise, it appears that the ICS 

and SQRI provide better predictions of perceived image quality than the MTFA, PCM, or 

WPCM. 

The interesting fact in these results is that the increased sensitivity provided by 

cascading the display system MTF with the observer's CSF improved the performance of 

the metrics. This effect is demonstrated by the fact that the ICS and SQRI, which have 

this characteristic, performed significantly better than the MTFA, PCM, or WPCM, 

which do not have this characteristic. However, the SQRI, which attempts to model the 

effects of suprathreshold contrast perception, did not perform better than the ICS, which 

provides no model of suprathreshold contrast perception. 

It should, however, be noted that Barten's 1991 noise model is basically an 

empirical model that has been fit to the data obtained from only a few experiments and 

that this model has not been validated for the noise conditions employed this experiment. 

Therefore, it is unknown if the low correlations that were obtained for the MTFA, PCM, 
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and WPCM occur as a result of the sensitivity of the image quality models or as a result 

of an inadequate noise model. 

Also, it should be noted that while reasonable correlations were found when the 

ICS and SQRI were correlated against the average perceived image quality ratings 

obtained for all the conditions in Experiment 1, the correlations are not as large as has 

been reported in other studies (Barten, 1991). 

Neither the PCM or WPCM, which were developed in the introduction of this 

dissertation, correlate highly with the perceived image quality data. A number of reasons 

may be given for this fact. First, neither of these metrics are sensitive to changes in 

display size. Second, these metrics, especially the PCM, is more sensitive to changes in 

parameters that affect the ability of the display to present high spatial frequency 

information than to parameters that affect the ability of the display to present low spatial 

frequency information. The fact that display field of view was manipulated in this study 

and the fact that the display was only capable of presenting the low spatial frequency 

components of the images may account for the low correlations that were obtained with 

the PCM and WPCM. It is expected that these metrics would have performed better if 

bandwidth would have been manipulated over a larger range or if the display was used to 

present high spatial frequency information. 

In summary, the results indicate that the ICS and SQRI are correlated with the 

experimentally obtained image quality estimates obtained within this dissertation. 

However, the coefficients of determination obtained for the MTFA, PCM, and WPCM 

are not significantly different from zero. It appears that the increased sensitivity of the 

ICS and SQRI to changes in the CTF that is provided by multiplying the MTF and CTF 

makes them a better predictor of perceived image quality in this study than the MTFA, 

PCM, and WPCM. However, it appears that the decrease in perceived image quality 

that was found for higher levels of contrast and the motion of the images may have 

reduced the correlation of the image quality metrics with the perceived image quality 

estimates. 

106



SUMMARY AND CONCLUSIONS 

This dissertation includes a study of the effect of display system parameters on 

perceived image quality, the development of two image quality metrics, and a study of 

the effect of display system parameters on the perception motion. Each of these three 

phases has implications and applications independently, as well as when viewed as 

portions of a comprehensive research plan. 

The results of the image quality study indicated that the four main effects of 

Bandwidth, Noise, Dynamic Contrast Range, and Field of View have a significant effect 

on the perception of image quality. Significant effects were not observed for the main 

effect of field of view or any interactions. The data trends obtained for noise and 

bandwidth were expected from prior research. 

This study also showed that the relationship between Dynamic Contrast Range 

and perceived image quality is a non-monotonic function. This effect has not been 

demonstrated previously for real-world imagery. However, it has been demonstrated that 

image quality of textual displays is asymptotic (Snyder et al., 1989) and a non-monotonic 

function has been used to describe the relationship between target detection performance 

and the contrast range of reconnaissaince imagery (Humes and Bauerschmidt, 1968). 

Based on the fit of a second-order polynomial equation to the data obtained in this study, 

it appears that optimal display image quality may be obtained when imagery is presented 

on a display with a maximum white to black contrast ratio of about 10:1. 

It should, however, be noted that the images presented to participants in this study 

had extremely low resolution. Therefore, it is recommended that additional research be 

conducted to determine the optimal contrast ratio for display systems which present 

natural imagery. This research should be conducted with display systems that are capable 

of presenting images with higher, more representative resolution. Researchers addressing 

this question must be especially wary of changes in the shape of the display gamma 

function since changes in this display parameter may also affect perceived image quality 

(Roufs, 1989). 

Two new image quality metrics (PCM and WPCM) were proposed in this 

dissertation. In effect, these metrics add additional parameters to the extant MTFA image 
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quality metric. Evaluating these metrics against the same data set allows the merits of 

each of the added parameters to be assessed. 

Conceptually the PCM is similar to a previously existing image quality metric 

called the Gray Shade Frequency Product (Task and Verona, 1976). Both the PCM and 

the Gray Shade Frequency Product scale the area between the display MTF and the 

observer's CTF using a model of the observer's suprathreshold contrast perception. 

However, the models employed by these two metrics differ in structure. The primary 

advantage afforded by the PCM is the existence of a free parameter (A ) which may be 

modified as viewing conditions change. For instance, different values of A may be used 

to model the effect of image noise on suprathreshold contrast perception. 

Unfortunately, the presence of this free parameter may also be the PCM's 

nemesis. Reviewing Table 1, various values have been reported for 1. These values 

have varied from 0.45 to greater than 1.0. Currently there appears to be little 

understanding of the mechanism that produces this variation. Therefore, additional 

research should be conducted to determine and model the effects of the parameters that 

affect A. 

Assuming that 4 has a constant value of 0.5, a comparison of the image quality 

predicted by the metrics and the perceived image quality estimates obtained in 

Experiment 1 was conducted. This comparison indicated that the PCM and WPCM did 

not perform significantly better than the MTFA for this particular data set. However, 

additional evaluation of the PCM and WPCM are needed since this data set may not be 

representative of most image quality data. Specifically, this data set was collected for 

dynamic imagery, while the image quality metrics were developed to assess display 

quality for static imagery and, as this dissertation demonstrates, the modulation spectra of 

moving imagery do not contain as much high spatial frequency information as static 

imagery. Therefore, manipulations of system bandwidth may not have had the same 

effect on image quality in this study as in studies involving static imagery. 

The ICS and SQRI correlated significantly better with the data collected in this 

investigation than did the MTFA, PCM, or WPCM when models complete with noise 

were used. It appears that this difference exists because the noise level was the main 

determinant of image quality in this study and the ICS and SQRI are more sensitive to 
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changes in the CTF that occur when noise is added than are the other metrics. Therefore, 

it appears that if one wishes to model the quality of images containing high noise levels, 

the ICS, SQRI, or another metric that multiplies the MTF by the CTF should be used in 

place of a metric that subtracts the CTF from the MTF. Additionally, the SQRI may have 

been correlated slightly higher than the other metrics since it is more sensitive to changes 

in display size than the other metrics (Beaton and Farley, 1991). 

The results of the speed perception study showed that the display parameters of 

Bandwidth, Field of View, and Noise Level significantly influence an observer's 

sensitivity to changes in the speed of images. It was shown that when the display field of 

view is increased, the slope of the psychophysical curve relating image speed to 

perceived speed decreases. Therefore, observers are more sensitive to changes in 

horizontal image motion when viewing the image on a small field of view display than on 

a large field of view display. It has been hypothesized that this effect exists since the 

edges of the small field of view display may be used to facilitate relative motion 

perception while larger field of view displays do not provided this cue. 

Unfortunately, increases in image noise decreased the slope of the psychophysical 

curve for the small field of view display, but not for the larger field of view displays. 

This is particularly true when there is little contextual information in the imagery. The 

fact that dynamic image noise influences the perception of speed from a real world image 

has never been demonstrated in a controlled experimental setting. However, this effect is 

not surprising since random white noise patterns may, themselves, produce the perception 

of motion (Almagor, Farley, and Snyder, 1979; Koenderink, van Doorn, and van de 

Grind, 1985). 

The fact that noise influences the perception of speed from a small field of view 

display more than from a large field of view display is interesting since it has 

implications for display system design. At least one explanation for this effect may be 

hypothesized. Larger field of view displays provide more contextual information and, 

therefore, contain more edge and global optical flow information than smaller field of 

view displays. It is possible that this increased information is used to diminish the effects 

of image noise. 
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Based upon this research and prior research on motion detection thresholds 

(Schaffer and Wallach, 1966), it appears that displays designed to facilitate the perception 

of horizontal image motion that may contain significant levels of luminance noise should 

provide the observer with a relatively large field of view that contains some partitions to 

facilitate relative motion perception. It would appear that such a display would allow the 

perception of relative, as opposed to absolute, motion perception while providing more 

contextual information than small field of view displays. However, this hypothesis is yet 

to be tested. 

The motion perception research discussed here may be important in the design of 

any display system used to perceive horizontal image motion. It has been shown that 

helicopter pilots have difficulty detecting helicopter drift, especially during a hover 

check, when using currently employed thermal imaging systems (Crowley, 1991). These 

systems include a slewable, 40 deg field of view sensor and display system. This system 

does not provide relative motion perception, since the pilot is unable to see any portion of 

the helicopter, and often displays images that contain significant levels of dynamic noise. 

Based upon the research conducted in this dissertation, it appears that this sensor and 

display system may be improved by using a reasonably large field of view display and 

adding symbology to support relative motion perception. 

The motion study also showed that increases in system bandwidth increased the 

slope of the psychophysical curve relating image speed to perceived speed. This 

indicates that increasing the bandwidth of the system, which increases the edge and 

global optical flow rates, improves observers’ ability to perceive near threshold 

differences in motion. This information appears to support the hypothesis that 

information provided by edge and global optical flow rates influence the perception of 

self motion and, therefore, support the theories of self motion perception put forth by 

Gibson (1950) and his followers. The fact that the observers tend to be more sensitive to 

near threshold changes in image speed for the small field of view display than for the 

larger field of view display appears to counter the hypothesis that the information 

presented to the retinal periphery dominates information presented to the fovea during 

motion perception. Therefore, very large field of view displays are not necessary for the 

perception of motion if the display system is capable of providing proper edge and global 

optical flow information. 
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It should be noted that this study only attempted to determine the effect of spatial 

display parameters on the perception of rotary motion. Operators of remotely piloted 

vehicles or vehicles employing night vision systems will operate the vehicle during linear 

motion as well as rotary motion. Additional study is required to determine how these 

spatial display parameters influence the perception of different types of motion. 

Additionally, it is important to obtain a greater understanding of the influence of temporal 

display characteristics and the interaction of temporal and spatial display characteristics 

on the perception of motion. 

A review of the two experiments indicates that the factors of Depth of Modulation 

and Field of View have different effects on the perception of image quality than they 

have on the perception of changes in the speed of an image. Therefore, the use of image 

quality metrics for the evaluation and design of displays that must support veridical 

perception of motion should be questioned. Instead, it would appear that a task-specific 

evaluation technique should be developed for the evaluation of these displays. Any such 

model should include temporal and spatial display characteristics. 
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TABLE Al. Student Newman-Keuls Range Test Results for the Effects of Contrast 
Ratio on Perceived Image Quality 

  

  

Contrast Ratio Mean Image Quality Group 

17.2:1 2.674 A 

8:1 3.584 B 

3.8:1 2.462 A 
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TABLE A2. Student Newman-Keuls Range Test Results for the Effects of Noise Level 
on Perceived Image Quality 

  

  

Noise Level (Vrms) Mean Image Quality Group 

0.07 5.467 A 

1.73 2.188 B 

2.33 1.066 B 
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TABLE A3. Student Newman-Keuls Range Test Results for the Effects of Bandwidth on 
Perceived Image Quality 

  

  

Bandwidth (MHz) Mean Image Quality Group | 

Low 2.460 A 

Medium 3.029 B 

High 3.232 B 
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TABLE A4. Student Newman-Keuls Range Test Results for the Effects of Field of View 
on Perceived Image Quality 

  

  

Field of View (deg) Mean Image Quality Group 

20 2.148 A 

47 3.100 A 

74 3.472 A 
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TABLE AS5. Student Newman-Keuls Range Test Results for the Effects of Bandwidth on 
Perceived Motion 

  

  

Bandwidth (MHz) Mean Perceived Speed Group 

Low 5.397 B 

Medium 5.693 A 

High 5.728 A 
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TABLE A6. Student Newman-Keuls Range Test Results for the Effects of Turn Rate on 
Perceived Motion 

  

  

Turn Rate (deg/s) Mean Perceived Speed Group 

2.84 4.235 A 

3.11 4.743 B 

3.45 5.807 

3.84 6.093 

4.26 7.152 D 
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TABLE A7. Simple-Effect F-test Results for the effects of Field of View on Perceived 

  

  

Speed at Each Turn Rate 

Source MS F Dp 

2.84 deg Turn Rate ae 4 65.758 3.209 = 0.0902 

3.11 deg Turn Rate 4 57.149 2.789 0.1100 

3.45 deg Turn Rate 4 100.520 4.905 0.0400 

3.84 deg Turn Rate 4 165.960 8.099 0.0108 

4.26 deg Turn Rate 4 215.780 10.530 0.0045 

R x SIF] i 60 20.492 
  

p values are calculated with df corrected with € = 0.298 
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TABLE A8. Student Newman-Keuls Range Test Results for the Effects of Field of View 
on Perceived Speed within a Turn Rate of 2.84 deg/s 

  

  

Field of View (deg) Mean Perceived Speed Group 

20 4.203 A B 

47 3.615 A 

74 4.888 B 
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TABLE A9. Student Newman-Keuls Range Test Results for the Effects of Field of View 
on Perceived Speed within a Turn Rate of 3.11 deg/s 

  

  

Field of View (deg) Mean Perceived Speed Group 

20 4.908 A 

47 4.084 B 

74 5.237 A 
  

130



TABLE A10. Student Newman-Keuls Range Test Results for the Effects of Field of 
View on Perceived Speed within a Turn Rate of 3.45 deg/s 

  

  

Field of View (deg) Mean Perceived Speed Group 

20 6.418 A 

47 4.918 B 

74 6.085 A 
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TABLE A11. Student Newman-Keuls Range Test Results for the Effects of Field of 
View on Perceived Speed within a Turn Rate of 3.84 deg/s 

  

  

Field of View (deg) Mean Perceived Speed Group 

20 7.059 A 

47 5.071 B 

74 6.113 C 
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TABLE A12. Student Newman-Keuls Range Test Results for the Effects of Field of 
View on Perceived Speed within a Turn Rate of 4.26 deg/s 

  

  

Field of View (deg) Mean Perceived Speed Group 

20 8.254 A 

47 5.952 B 

74 7.250 C 
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TABLE A13. Simple-Effect F-Test Results for the effects of Contrast on Perceived 
Speed at Each Bandwidth 

  

  

Source df MS F p 

High Bandwidth 2 0.912 0.630 0.5383 

Medium Bandwidth 2 16.463 11.377 0.0002 

Low Bandwidth 2 28.964 20.016 <0.0001 

M x Bx S[F] 60 1.447 
  

p values are calculated with df corrected with € = 0.591 
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TABLE A14. Student Newman-Keuls Range Test Results for the Effects of Contrast on 
Perceived Speed within the Medium Bandwidth Condition 

  

  

Contrast (White:Black) Mean Perceived Speed Group 

3.8:1 5.515 A 

7.8:1 5.700 B 

17.2:1 5.864 C 
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TABLE A15. Student Newman-Keuls Range Test Results for the Effects of Contrast on 
Perceived Speed within the Low Bandwidth Condition 

  

  

Contrast (White: Black) Mean Perceived Speed Group 

3.8:1 5.515 A 

7.8:1 5.700 A 

17.2:1 5.864 B 
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TABLE A16. Simple-Effect F-test Results for the effects of Bandwidth on Perceived 

  

  

Speed at Each Turn Rate 

Source df MS F _p 

2.84 deg Turn Rate 4 0.082 0.080 0.9238 

3.11 deg Turn Rate 4 4.885 4.734 0.0161 

3.45 deg Turn Rate 4 12.697 12.303 <0.0001 

3.84 deg Turn Rate 4 6.588 6.384 0.0048 

4.26 deg Turn Rate 4 12.131 11.755 0.0002 

BxRx S[F] 120 1.032 
  

p values are calculated with df corrected with e = 0.515 
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TABLE A17. Student Newman-Keuls Range Test Results for the Effects of Bandwidth 
on Perceived Speed within a Turn Rate of 3.11 deg/s 

  

  

Bandwidth Mean Perceived Speed Group 

Low 4.543 A 

Medium 4.836 B 

High 4.851 B 
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TABLE A18. Student Newman-Keuls Range Test Results for the Effects of Bandwidth 
on Perceived Speed within a Turn Rate of 3.45 deg/s 

  

  

Bandwidth Mean Perceived Speed Group 

Low 5.485 A 

Medium 5.986 B 

High 5.952 B 
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TABLE A19. Student Newman-Keuls Range Test Results for the Effects of Bandwidth 
on Perceived Speed within a Turn Rate of 3.84 deg/s 

  

  

Bandwidth Mean Perceived Speed Group 

Low 5.861 A 

Medium 6.223 

High 6.196 B 
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TABLE A20. Student Newman-Keuls Range Test Results for the Effects of Bandwidth 
on Perceived Speed within a Turn Rate of 4.26 deg/s 

  

  

Bandwidth Mean Perceived Speed Group 

Low 6.854 A 

Medium 7.210 B 

High 7.392 C 
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TABLE A21. Simple-Effect F-test Results for the effects of Noise Level on Perceived 

  

  

Speed at Each Turn Rate 

Source MS F Dp 

2.84 deg Turn Rate 4 0.046 0.022 0.9783 

3.11 deg Turn Rate 4 0.158 0.075 0.7815 

3.45 deg Turn Rate 4 10.286 4.907 0.0327 

3.84 deg Turn Rate 4 13.884 6.624 0.0140 

4.26 deg Turn Rate 4 33.354 15.913 0.0003 

N xR x S[F] 120 2.096 
  

p values are calculated with df corrected with € = 0.323 
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TABLE A22. Student Newman-Keuls Range Test Results for the Effects of Noise Level 
on Perceived Speed within a Turn Rate of 3.45 deg/s 

  

  

Noise Level (Vrms) Mean Perceived Speed Group 

0.07 5.969 A 

1.73 5.936 A 

2.33 5.517 B 
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TABLE A23. Student Newman-Keuls Range Test Results for the Effects of Noise Level 
on Perceived Speed within a Turn Rate of 3.84 deg/s 

  

  

Noise Level (Vrms) Mean Perceived Speed Group 

0.07 6.293 A 

1.73 6.229 A 

2.33 5.757 B 
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TABLE A24. Student Newman-Keuls Range Test Results for the Effects of Noise Level 
on Perceived Speed within a Turn Rate of 4.26 deg/s 

  

  

Noise Level (Vrms) Mean Perceived Speed Group 

0.07 7.494 A 

1.73 7.324 A 

2.33 6.637 B 
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TABLE A25. Simple-Effect F-test Results for the effects of Bandwidth on Perceived 
Speed in Each Terrain 

  

  

Source df MS F p 

Open Terrain 1 105.009 34.474 <0.0001 

Wooded Terrain ] 21.002 6.89 0.0135 

Bx Tx S[F] 30 3.046 
  

p values are calculated with df corrected with € = 0.987 
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TABLE A26. Student Newman-Keuls Range Test Results for the Effects of Bandwidth 
on Perceived Speed in the Open Terrain 

  

  

Bandwidth Mean Perceived Speed Group 

Low 5.617 A 

Medium 5.996 

High 6.101 
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TABLE A27. Student Newman-Keuls Range Test Results for the Effects of Bandwidth 
on Perceived Speed in the Wooded Terrain 

  

  

Bandwidth Mean Perceived Speed Group 

Low 5.178 A 

Medium 5.390 B 

High 5.356 AB 
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TABLE A28. Simple-Effect F-test Results for the Effect of Noise Level and Field of 
View on Perceived Speed at Each Turn Rate 

  

  

Source MS F p 

2.84 deg Turn Rate 4 67.376 32.145 <0.0001 

3.11 deg Turn Rate 4 58.987 28.143 <0.0001 

3.45 deg Turn Rate 4 117.070 55.854 <0.0001 

3.84 deg Turn Rate 4 191.417 91.325 0.0001 

4.26 deg Turn Rate 4 283.975 135.484 <0.0001 

NxRx S[F] 120 2.096 
  

p values are calculated with df corrected with € = 0.323 
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TABLE A29. Simple-Simple-Effect F-test Results for the Effect of Noise Level on 
Perceived Speed at Each Field of View within the 2.84 deg/s Turn Rate 

  

  

Source df MS F Pp 

20 deg 2 2.014 0.961 0.3330 

47 deg 2 0.793 0.379 0.5417 

74 deg 2 0.567 0.271 0.6056 

N x Rx S[F] 120 2.096 
  

p values are calculated with df corrected with € = 0.323 
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TABLE A30. Simple-Simple-Effect F-test Results for the Effect of Noise Level on 
Perceived Speed at Each Field of View within the 3.11 deg/s Turn Rate 

  

  

Source df MS F p 

20 deg 2 2.483 1.185 0.2931 

47 deg 2 0.785 0.374 0.5444 

74 deg 2 0.462 0.221 0.6409 

N xR x S[F] 120 2.096 
  

p values are calculated with df corrected with e = 0.323 
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TABLE A31. Simple-Simple-Effect F-test Results for the Effect of Noise Level on 
Perceived Speed at Each Field of View within the 3.45 deg/s Turn Rate 

  

  

Source df MS F p 

20 deg 2 28.907 13.791 <0.0001 

47 deg 2 0.713 0.340 0.5632 

74 deg 2 3.460 1.651 0.2062 

NxRx S[F] 120 2.096 
  

p values are calculated with df corrected with € = 0.323 
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TABLE A32. Student Newman-Keuls Range Test Results for the Effects of Noise Level 
on Perceived Speed for the 20 deg Field of View and a Turn Rate of 3.45 deg/s 

  

  

Noise Level (Vrms) Mean Perceived Speed Group 

0.07 6.704 A 

1.73 6.724 A 

2.33 5.821 B 
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TABLE A33. Simple-Simple-Effect F-test Results for the Effect of Noise Level on 
Perceived Speed at Each Field of View within the 3.84 deg/s Turn Rate 

  

  

Source df MS F p 

20 deg 2 48.054 22.926 <0.0001 

47 deg 2 0.419 0.200 0.6572 

74 deg 2 2.657 1.268 0.2671 

Nx Rx S[F] 120 2.096 
  

p values are calculated with df corrected with € = 0.323 
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TABLE A34. Student Newman-Keuls Range Test Results for the Effects of Noise Level 
on Perceived Speed for the 20 deg Field of View and a Turn Rate of 3.84 deg/s 

  

  

Noise Level (Vrms) Mean Perceived Speed Group 

0.07 7.550 A 

1.73 7.405 A 

2.33 6.329 B 
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TABLE A35. Simple-Simple-Effect F-test Results for the Effect of Noise Level on 
Perceived Speed at Each Field of View within the 4.26 deg/s Turn Rate 

  

  

Source df MS F p 

20 deg 2 129.459 61.765 <0.0001 

47 deg 2 3.242 1.547 =0.2210 

74 deg 2 3.44] 1.642 0.2077 

N x Rx S[F] 120 2.096 
  

p values are calculated with df corrected with € = 0.323 
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TABLE A36. Student Newman-Keuls Range Test Results for the Effects of Noise Level 
on Perceived Speed for the 20 deg Field of View and a Turn Rate of 4.26 deg/s 

  

  

Noise Level (Vrms) Mean Perceived Speed Group 

0.07 9.145 A 

1.73 8.586 B 

2.33 7.032 C 
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TABLE A37. Simple-Effect F-test Results for the Effect of Noise Level and Terrain on 
Perceived Speed at Each Field of View 

  

  

Source df MS F p 

20 deg 2 207.927 13.549 0.0002 

47 deg 2 44.722 2.914 0.0794 

74 deg 2 227.454 14.822 <0.0001 

N x Tx S[F] 30 15.346 
  

p values are calculated with df corrected with € = 0.617 
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TABLE A38. Simple-Simple-Effect F-test Results for the Effect of Noise Level on 
Perceived Speed at Each Terrain within the 20 deg Field of View 

  

  

Source df MS F Pp 

Open 1 356.702 23.211 <0.0001 

Wooded 1 4.505 0.293 0.5948 

N xRx S/F] 30 15.368 
  

p values are calculated with df corrected with € = 0.617 
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TABLE A39. Student Newman-Keuls Range Test Results for the Effects of Noise Level 
on Perceived Speed in the Open Terrain for the 20 deg Field of View 

  

  

Noise Level (Vrms) Mean Perceived Speed Group 

0.07 6.911 A 

1.73 6.741 A 

2.33 5.426 B 
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TABLE A40. Simple-Simple-Effect F-test Results for the Effect of Noise Level on 
Perceived Speed at Each Terrain within the 47 deg Field of View 

  

  

Source df MS F Pp 

Open ] 2.729 0.178 0.6780 

Wooded 1 8.425 0.548 0.4703 

N xRx S[F] 30 15.368 
  

p values are calculated with df corrected with € = 0.617 
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TABLE A41. Simple-Simple-Effect F-test Results for the Effect of Noise Level on 
Perceived Speed at Each Terrain within the 74 deg Field of View 

  

  

Source df MS F p 

Open 1 21.002 1.367 0.2601 

Wooded 1 42.824 2.787 0.1153 

N xR x S[F] 30 15.368 
  

p values are calculated with df corrected with € = 0.617 
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TABLE A42. Simple-Effect F-test Results for the Effect of Bandwidth and Noise Level 
on Perceived Speed at Each Turn Rate 

  

  

Source df MS F p 

2.84 deg Turn Rate 4 2.220 2.288 0.1346 

3.11 deg Turn Rate 4 6.516 6.718 <0.0155 

3.45 deg Turn Rate 4 23.541 24.269 <0.0001 

3.84 deg Turn Rate 4 27.933 28.797 s0.0001 

4.26 deg Turn Rate 4 79.312 81.766 <0.0001 

BxNxRx SIF] 240 0.970 
  

p values are calculated with df corrected with € = 0.312 
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TABLE A43. Simple-Simple-Effect F-test Results for the Effect of Noise Level on 
Perceived Speed at Each Bandwidth Condition within the 3.11 deg/s Turn Rate 

  

  

Source df MS F p 

Low Bandwidth 2 0.097 0.097 0.7572 

Medium Bandwidth 2 0.438 0.452 0.5055 

High Bandwidth 2 2.763 2.848 0.0961 

BxNxRx S[F] 120 | 0.970 
  

p values are calculated with df corrected with € = 0.312 
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TABLE A44. Student Newman-Keuls Range Test Results for the Effects of Noise Level 
on Perceived Speed for the High Bandwidth Condition and a Turn Rate of 3.11 deg/s 

  

  

Noise Level (Vrms) Mean Perceived Speed Group 

0.07 4.670 A 

1.73 4.906 B 

2.33 4.975 B 
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TABLE A45. Simple-Simple-Effect F-test Results for the Effect of Noise Level on 
Perceived Speed at Each Bandwidth Condition within the 3.45 deg/s Turn Rate 

  

  

Source df MS F p 

Low Bandwidth 2 4.173 4.302 0.0416 

Medium Bandwidth 2 10.660 10.990 0.0014 

High Bandwidth 2 6.856 7.068 0.0096 

BxNxRx S[F] 120 0.970 
  

p values are calculated with df corrected with e = 0.312 
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TABLE A46. Student Newman-Keuls Range Test Results for the Effects of Noise Level 
on Perceived Speed for the Low Bandwidth Condition and a Turn Rate of 3.45 deg/s 

  

  

Noise Level (Vrs) Mean Perceived Speed Group 

0.07 5.569 A 

1.73 5.625 A 

2.33 5.260 B 
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TABLE A47. Student Newman-Keuls Range Test Results for the Effects of Noise Level 
on Perceived Speed for the Medium Bandwidth Condition and a Turn Rate of 3.45 deg/s 

  

  

Noise Level (Vrms) Mean Perceived Speed Group 

0.07 6.191 A 

1.73 6.142 A 

2.33 5.624 B 
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TABLE A48. Student Newman-Keuls Range Test Results for the Effects of Noise Level 
on Perceived Speed for the High Bandwidth Condition and a Turn Rate of 3.45 deg/s 

  

  

Noise Level (Vrms) Mean Perceived Speed Group 

0.07 6.146 A 

1.73 6.042 A 

2.33 5.667 B 
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TABLE A49. Simple-Simple-Effect F-test Results for the Effect of Noise Level on 
Perceived Speed at Each Bandwidth Condition within the 3.84 deg/s Turn Rate 

  

  

Source df MS F p 

Low Bandwidth 2 18.601 19.176 <0.0001 

Medium Bandwidth 2 5.175 5.335 0.0237 

High Bandwidth 2 3.754 3.870 0.0529 

BxNxRx S[F] 120 0.970 
  

p values are calculated with df corrected with € = 0.312 
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TABLE AS50. Student Newman-Keuls Range Test Results for the Effects of Noise Level 
on Perceived Speed for the Low Bandwidth Condition and a Tur Rate of 3.84 deg/s 

  

  

Noise Level (Vrms) Mean Perceived Speed Group 

0.07 6.037 A 

1.73 6.159 A 

2.33 5.387 B 
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TABLE A51. Student Newman-Keuls Range Test Results for the Effects of Noise Level 
on Perceived Speed for the Medium Bandwidth Condition and a Turn Rate of 3.84 deg/s 

  

  

Noise Level (Vrms) Mean Perceived Speed Group 

0.07 6.571 A 

1.73 6.198 B 

2.33 6.583 A 
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TABLE A52. Student Newman-Keuls Range Test Results for the Effects of Noise Level 
on Perceived Speed for the High Bandwidth Condition and a Turn Rate of 3.84 deg/s 

  

  

Noise Level (Vrms) Mean Perceived Speed Group 

0.07 6.273 A 

1.73 6.331 A 

2.33 5.983 B 
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TABLE A53. Simple-Simple-Effect F-test Results for the Effect of Noise Level on 
Perceived Speed at Each Bandwidth Condition within the 4.26 deg/s Turn Rate 

  

  

Source df MS F p 

Low Bandwidth 2 26.451 27.269 <0.0001 

Medium Bandwidth 2 94.837 97.770 <0.0001 

High Bandwidth 2 11.780 12.165 0.0008 

BxNxRx S[F] 120 0.970 
  

p values are calculated with df corrected with € = 0.312 
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TABLE A54. Student Newman-Keuls Range Test Results for the Effects of Noise Level 
on Perceived Speed for the Low Bandwidth Condition and a Turn Rate of 4.26 deg/s 

  

  

Noise Level (Vrms) Mean Perceived Speed Group 

0.07 7.253 A 

1.73 7.008 B 

2.33 6.300 C 
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TABLE AS55. Student Newman-Keuls Range Test Results for the Effects of Noise Level 
on Perceived Speed for the Medium Bandwidth Condition and a Tur Rate of 4.26 deg/s 

  

  

Noise Level (Vrms) Mean Perceived Speed Group 

0.07 7.557 A 

1.73 7.489 

2.33 5.901 B 
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TABLE A56. Student Newman-Keuls Range Test Results for the Effects of Noise Level 
on Perceived Speed for the High Bandwidth Condition and a Turn Rate of 4.26 deg/s 

  

  

Noise Level (Vrms) Mean Perceived Speed Group 

0.07 7.672 A 

1.73 7.475 A 

2.33 7.027 B 
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TABLE A57. Simple-Effect F-test Results for the Effect of Modulation and Terrain on 
Perceived Speed at Each Noise Level 

  

  

Source df MS F Dp 

0.07 Vrms Noise Level 2 98.258 35.167 <0.0001 

1.73 Vims Noise Level 2 178.779 63.987 s0.0001 

2.33 Vrms Noise Level 2 58.209 20.834 <0.0001 

M xNx Tx S[F] 60 2.794 
  

p values are calculated with df corrected with € = 0.466 
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TABLE A58. Simple-Simple-Effect F-test Results for the Effect of Modulation on 
Perceived Speed at Each Terrain within the 0.07 Vims Noise Level Condition 

  

  

Source df MS F p 

Open 1 29.482 10.552 <0.0001 

Wooded 1 30.321 10.852 0.1630 

MxNxTx S[F] 60 2.794 
  

p values are calculated with df corrected with € = 0.466 
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TABLE A59. Student Newman-Keuls Range Test Results for the Effects of Modulation 
on Perceived Speed for the Open Terrain and the 0.07 V;ms5 Noise Level Condition 

  

  

Contrast (White:Black) Mean Perceived Speed Group 

3.8:1 5.758 A 

7.8:1 6.155 B 

17.2:1 6.170 | B 
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TABLE A60. Student Newman-Keuls Range Test Results for the Effects of Modulation 
on Perceived Speed for the Wooded Terrain and the 0.07 Vins Noise Level Condition 

  

  

Contrast (White: Black) Mean Perceived Speed Group — 

3.8:1 5.196 A 

7.8:1 5.477 B 

17.2:1 5.667 B 
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TABLE A61. Simple-Simple-Effect F-test Results for the Effect of Modulation on 
Perceived Speed at Each Terrain within the 1.73 Vrms Noise Level Condition 

  

  

Source df MS F p 

Open 1 55.405 19.830 <0.0001 

Wooded 1 2.383 0.853 0.3644 

MxNx Tx S[G] 60 2.794 
  

p values are calculated with df corrected with € = 0.466 
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TABLE A62. Student Newman-Keuls Range Test Results for the Effects of Modulation 
on Perceived Speed for the Open Terrain and the 1.73 Vrms Noise Level Condition 

  

  

Contrast (White:Black) Mean Perceived Speed Group | 

3.8:1 5.994 A 

7.8:1 5.894 A 

17.2:1 6.492 B 
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TABLE A63. Simple-Simple-Effect F-test Results for the Effect of Modulation on 
Perceived Speed at Each Terrain within the 2.33 Vi, Noise Level Condition 

  

  

Source df MS F D 

Open 1 61.735 22.096 0.0030 

Wooded 1 5.730 2.051 0.0027 

MxNxTx S[G] 60 2.794 
  

p values are calculated with df corrected with € = 0.466 
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TABLE A64. Student Newman-Keuls Range Test Results for the Effects of Modulation 
on Perceived Speed for the Open Terrain and the 2.33 Vrms Noise Level Condition 

  

  

Contrast (White: Black) Mean Perceived Speed Group 

3.8:1 5.426 A 

7.8:1 5.307 A 

17.2:1 6.943 B 
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TABLE A65. Simple-Effect F-test Results for the Effect of Bandwidth and Terrain on 
Perceived Speed at Each Turn Rate 

  

  

Source df MS F p 

2.84 deg Turn Rate 4 26.406 28.891 <0.0001 

3.11 deg Turn Rate 4 11.654 12.751 s<0.0001 

3.45 deg Turn Rate 4 39.236 42.928 <0.0001 

3.84 deg Turn Rate 4 21.395 23.408 <0.0001 

4.26 deg Turn Rate 4 69.185 75.694 <0.0001 

BxRx Tx S[F] 120 0.914 
  

p values are calculated with df corrected with € = 0.415 
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TABLE A66. Simple-Simple-Effect F-test Results for the Effect of Bandwidth on 
Perceived Speed in each Terrain within the 2.84 deg/s Turn Rate 

  

  

Source df MS F Pp 

Open 0.256 0.280 0.5991 

Wooded ] 1.434 1.569 0.2145 

BxRxTxS[F| 120 0.914 
  

p values are calculated with df corrected with € = 0.415 
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TABLE A67. Simple-Simple-Effect F-test Results for the Effect of Bandwidth on 
Perceived Speed in each Terrain within the 3.11 deg/s Turn Rate 

  

  

Source df MS F Pp 

Open I 10.534 11.525 <0.0001 

Wooded l 8.974 9.818 0.0002 

BxRx Tx S[F] 120 0.914 
  

p values are calculated with df corrected with € = 0.415 
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TABLE A68. Student Newman-Keuls Range Test Results for the Effects of Bandwidth 
on Perceived Speed for the Open Terrain within the 3.11 deg/s Turn Rate 

  

  

Bandwidth Mean Perceived Speed Group 

Low 4.702 A 

Medium 5.006 B 

High 5.022 B 
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TABLE A69. Student Newman-Keuls Range Test Results for the Effects of Bandwidth 
on Perceived Speed for the Wooded Terrain within the 3.11 deg/s Turn Rate 

  

  

Bandwidth Mean Perceived Speed Group 

Low 4.384 A 

Medium 4.665 B 

High 4.679 B 
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TABLE A70. Simple-Simple-Effect F-test Results for the Effect of Bandwidth on 
Perceived Speed in each Terrain within the 3.45 deg/s Turn Rate 

  

  

Source df MS F p 

Open 1 55.372 60.582 <0.0001 

Wooded 1 15.159 16.585 <0.0001 

BxRxTxS[F] 120 0.914 
  

p values are calculated with df corrected with € = 0.415 
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TABLE A71. Student Newman-Keuls Range Test Results for the Effects of Bandwidth 
on Perceived Speed for the Open Terrain within the 3.45 deg/s Turn Rate 

  

  

Bandwidth Mean Perceived Speed Group 

Low 5.646 A 

Medium 6.224 B 

High 6.447 C 
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TABLE A72. Student Newman-Keuls Range Test Results for the Effects of Bandwidth 
on Perceived Speed for the Wooded Terrain within the 3.45 deg/s Turn Rate 

  

  

Bandwidth Mean Perceived Speed Group 

Low 5.324 A 

Medium 5.747 B 

High 5.457 A 
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TABLE A73. Simple-Simple-Effect F-test Results for the Effect of Bandwidth on 
Perceived Speed in each Terrain within the 3.84 deg/s Turn Rate 

  

  

Source df MS F p 

Open It 29.296 32.053 <0.0001 

Wooded 1 6.343 6.940 0.0101 

BxRx Tx S[F] 120 0.914 
  

p values are calculated with df corrected with € = 0.415 
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TABLE A74. Student Newman-Keuls Range Test Results for the Effects of Bandwidth 
on Perceived Speed for the Open Terrain within the 3.84 deg/s Turn Rate 

  

  

Bandwidth Mean Perceived Speed Group 

Low 5.980 A 

Medium 6.429 B 

High 6.551 A 
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TABLE A75. Student Newman-Keuls Range Test Results for the Effects of Bandwidth 
on Perceived Speed for the Wooded Terrain within the 3.84 deg/s Turn Rate 

  

  

Bandwidth Mean Perceived Speed Group 

Low 5.742 A 

Medium 6.018 B 

High 5.840 B 
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TABLE A76. Simple-Simple-Effect F-test Results for the Effect of Bandwidth on 
Perceived Speed in each Terrain within the 4.26 deg/s Turn Rate 

  

  

Source df MS F Pp 

Open 1 52.634 57.586 <0.0001 

Wooded ] 7.100 7.768 0.0067 

BxRxTxS[F] 120 0.914 
  

p values are calculated with df corrected with € = 0.415 
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TABLE A77. Student Newman-Keuls Range Test Results for the Effects of Bandwidth 
on Perceived Speed for the Open Terrain within the 4.26 deg/s Turn Rate 

  

  

Bandwidth Mean Perceived Speed Group | 

Low 7.175 A 

Medium 7.744 B 

High 7.954 C 
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TABLE A78. Student Newman-Keuls Range Test Results for the Effects of Bandwidth 
on Perceived Speed for the Wooded Terrain within the 4.26 deg/s Turn Rate 

  

  

Bandwidth Mean Perceived Speed Group 

Low 6.533 A 

Medium 6.676 B 

High 6.829 B 
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TABLE A79. Simple-Effect F-test Results for the Effect of Noise Level and Terrain on 
Perceived Speed at Each Turn Rate 

  

  

Source df MS F Dp 

2.84 deg Turn Rate 4 27.866 18.118 <0.0001 

3.11 deg Turn Rate 4 7.490 4870 0.0336 

3.45 deg Turn Rate 4 34.518 22.444 <0.0001 

3.84 deg Turn Rate 4 30.597 19.894 <0.0001 

4.26 deg Turn Rate 4 99.246 64.529 <0.0001 

NxRxTx S[F] 120 1.538 
  

p values are calculated with df corrected with € = 0.309 
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TABLE A80. Simple-Simple-Effect F-test Results for the Effect of Noise Level on 
Perceived Speed in each Terrain within the 2.84 deg/s Turn Rate 

  

  

Source df MS F Pp 

Open l 3.988 2.593 0.1160 

Wooded 1 3.541 2.302 ~—-0.1379 

NxRxTx SIF] 120 1.538 
  

p values are calculated with df corrected with € = 0.309 
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TABLE A81. Simple-Simple-Effect F-test Results for the Effect of Noise Level on 
Perceived Speed in each Terrain within the 3.11 deg/s Turn Rate 

  

  

Source df MS F Pp 

Open 1 2.212 1.438 0.2378 

Wooded 1 0.748 0.486 0.4901 

NxRx Tx S[F] 120 1.538 
  

p values are calculated with df corrected with € = 0.309 
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TABLE A82. Simple-Simple-Effect F-test Results for the Effect of Noise Level on 
Perceived Speed in each Terrain within the 3.45 deg/s Turn Rate 

  

  

Source df MS F p 

Open 1 40.080 26.060 <0.0001 

Wooded ] 11.483 7.466 0.0096 

NxRxTx SIF] 120 1.538 
  

p values are calculated with df corrected with € = 0.309 
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TABLE A83. Student Newman-Keuls Range Test Results for the Effects of Noise Level 
on Perceived Speed for the Open Terrain within the 3.45 deg/s Turn Rate 

  

  

Noise Level (Vrms) Mean Perceived Speed Group 

0.07 6.235 A 

1.73 6.375 A 

2.33 5.708 B 
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TABLE A84. Student Newman-Keuls Range Test Results for the Effects of Noise Level 
on Perceived Speed for the Wooded Terrain within the 3.45 deg/s Turn Rate 

  

  

Noise Level (Vrms) Mean Perceived Speed Group 

0.07 5.703 A 

1.73 5.498 A B 

2.33 5.327 B 
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TABLE A85. Simple-Simple-Effect F-test Results for the Effect of Noise Level on 
Perceived Speed in each Terrain within the 3.84 deg/s Turn Rate 

  

  

Source df MS F p 

Open 1 65.896 42.846 <0.0001 

Wooded 1 6.624 4.307 0.0449 

NxRx Tx SIF] 120 1.538 
  

p values are calculated with df corrected with € = 0.309 
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TABLE A86. Student Newman-Keuls Range Test Results for the Effects of Noise Level 
on Perceived Speed for the Open Terrain within the 3.84 deg/s Turn Rate 

  

  

Noise Level (Vs) Mean Perceived Speed Group 

0.07 6.588 A 

1.73 6.572 A 

2.33 5.799 B 
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TABLE A87. Student Newman-Keuls Range Test Results for the Effects of Noise Level 
on Perceived Speed for the Wooded Terrain within the 3.84 deg/s Turn Rate 

  

  

Noise Level (Vrms) Mean Perceived Speed Group 

0.07 5.999 A 

1.73 5.886 A 

2.33 5.715 A 
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TABLE A88. Simple-Simple-Effect F-test Results for the Effect of Noise Level on 
Perceived Speed in each Terrain within the 4.26 deg/s Turn Rate 

  

  

Source df MS F Pp 

Open it 159.573 103.754 s<0.0001 

Wooded 1 20.404 13.267 0.0008 

NxRx Tx S[F] 120 1.538 
  

p values are calculated with df corrected with € = 0.309 
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TABLE A89. Student Newman-Keuls Range Test Results for the Effects of Noise Level 
on Perceived Speed for the Open Terrain within the 4.26 deg/s Turn Rate 

  

  

Noise Level (Vrms) Mean Perceived Speed Group 

0.07 8.035 A 

1.73 8.024 A 

2.33 6.814 B 
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TABLE A90. Student Newman-Keuls Range Test Results for the Effects of Noise Level 
on Perceived Speed for the Wooded Terrain within the 4.26 deg/s Turn Rate 

  

  

Noise Level (Vpms) Mean Perceived Speed Group 

0.07 6.953 A 

1.73 6.625 B 

2.33 6.460 B 
  

211



TABLE A91. Simple-Effect F-test Results for the Effect of Noise Level, Turn Rate, and 
Terrain on Perceived Speed within each Field of View 

  

  

Source df MS F p_ 

20 deg 2 2093.990 1361.500 <0.0001 

47 deg 2 594.939 386.826 <0.0001 

74 deg 2 820.785 533.670 <0.0001 

NxRx Tx S[F] 120 1.538 
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TABLE A92. Simple-Simple-Effect F-test Results for the Effect of Noise Level and 
Terrain on Perceived Speed for each Turn Rate within the 20 deg Field of View 

  

  

Source df MS F p 

2.84 deg Turn Rate 4 11.927 7.755 <0.0001 

3.11 deg Turn Rate 4 3.193 2.076 0.1036 

3.45 deg Turn Rate 4 24.874 16.173 <0.0001 

3.84 deg Turn Rate 4 38.859 25.266 <0.0001 

4.26 deg Turn Rate 4 99.822 64.904 <0.0001 

NxRxTx S[F] 120 1.538 
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TABLE A93. Simple-Simple-Simple-Effect F-test Results for the Effect of Noise Level 
on Perceived Speed in each Terrain within the 2.84 deg/s Turn Rate and 20 deg Field of 
View 

  

  

Source df MS F p 

Open 1 4.881 3.174 0.0828 

Wooded | 2.796 1.818 0.1858 

NxRx Tx S[F] 120 1.538 
  

214



TABLE A94. Student Newman-Keuls Range Test Results for the Effects of Noise Level 
on Perceived Speed for the Open Terrain within the 2.84 deg/s Turn Rate and 20 deg 
Field of View 

  

  

Noise Level (Vrms) Mean Perceived Speed Group 

0.07 4.378 A 

1.73 4.791 B 

2.33 4.494 A 
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TABLE A95. Simple-Simple-Simple-Effect F-test Results for the Effect of Noise Level 
on Perceived Speed in each Terrain within the 3.45 deg/s Turn Rate and 20 deg Field of 
View 

  

  

Source df MS F Pp 

Open ] 89.546 58.223 <0.0001 

Wooded 1 2.449 1.593 0.2150 

NxRxTx SIF] 120 1.538 
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TABLE A96. Student Newman-Keuls Range Test Results for the Effects of Noise Level 
on Perceived Speed for the Open Terrain within the 3.45 deg/s Turn Rate and 20 deg 
Field of View 

  

  

Noise Level (Vrms) Mean Perceived Speed Group 

0.07 7.161 A 

1.73 7.029 A 

2.33 5.522 B 
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TABLE A97. Simple-Simple-Simple-Effect F-test Results for the Effect of Noise Level 
on Perceived Speed in each Terrain within the 3.84 deg/s Turn Rate and 20 deg Field of 
View 

  

  

Source df MS F Pp 

Open ] 135.080 87.827 <0.0001 

Wooded 1 7.073 4.599 0.0386 

NxRxTx S[F] 120 1.538 
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TABLE A98. Student Newman-Keuls Range Test Results for the Effects of Noise Level 
on Perceived Speed for the Open Terrain within the 3.84 deg/s Turn Rate and 20 deg 
Field of View 

  

  

Noise Level (Vrms) Mean Perceived Speed Group 

0.07 8.172 A 

1.73 7.682 B 

2.33 6.037 C 
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TABLE A99. Student Newman-Keuls Range Test Results for the Effects of Noise Level 
on Perceived Speed for the Wooded Terrain within the 3.84 deg/s Turn Rate and 20 deg 
Field of View 

  

  

Noise Level (Vrms) Mean Perceived Speed Group 

0.07 6.928 A 

1.73 7.128 AB 

2.33 6.620 
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TABLE A100. Simple-Simple-Simple-Effect F-test Results for the Effect of Noise Level 
on Perceived Speed in each Terrain within the 4.26 deg/s Turn Rate and 20 deg Field of 
View 

  

  

Source df MS F p 

Open l 374.720 243.640 <0.0001 

Wooded 1 13.080 8.504 0.0059 

NxRxTx S[F] 120 1.538 
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TABLE A101. Student Newman-Keuls Range Test Results for the Effects of Noise 
Level on Perceived Speed for the Open Terrain within the 4.26 deg/s Turn Rate and 20 
deg Field of View 

  

  

Noise Level (Vpms) Mean Perceived Speed Group 

0.07 9.865 A 

1.73 9.128 B 

2.33 6.334 C 
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TABLE A102. Student Newman-Keuls Range Test Results for the Effects of Noise 
Level on Perceived Speed for the Wooded Terrain within the 4.26 deg/s Turn Rate and 20 
deg Field of View 

  

  

Noise Level (Vrms) Mean Perceived Speed Group 

0.07 8.424 A 

1.73 8.044 B 

2.33 7.729 C 
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TABLE A103. Simple-Simple-Effect F-test Results for the Effect of Noise Level and 
Terrain on Perceived Speed for each Turn Rate within the 47 deg Field of View 

  

  

Source df MS F Pp 

2.84 deg Turn Rate 4 7.443 4.840 0.0012 

3.11 deg Turn Rate 4 2.330 1514 0.2024 

3.45 deg Turn Rate 4 6.259 4.069 0.0040 

3.84 deg Turn Rate 4 2.443 1.589 0.1816 

4.26 deg Turn Rate 4 11.345 7.376 <0.0001 

NxRxTx S[F] 120 1.538 
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TABLE A104. Simple-Simple-Simple-Effect F-test Results for the Effect of Noise Level 
on Perceived Speed in each Terrain within the 2.84 deg/s Turn Rate and 47 deg Field of 
View 

  

  

Source df MS F p_ 

Open ] 1.628 1.059 0.3055 

Wooded 1 5.133 3.337 = 0.0702 

NxRx Tx SIF] 120 1.538 
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TABLE A105. Student Newman-Keuls Range Test Results for the Effects of Noise 
Level on Perceived Speed for the Wooded Terrain within the 2.84 deg/s Turn Rate and 47 
deg Field of View 

  

  

Noise Level (Vrms) Mean Perceived Speed Group 

0.07 3.557 A 

1.73 3.122 B 

2.33 3.986 C 
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TABLE A106. Simple-Simple-Simple-Effect F-test Results for the Effect of Noise Level 
on Perceived Speed in each Terrain within the 3.45 deg/s Turn Rate and 47 deg Field of 
View 

  

  

Source df MS F p 

Open 1 0.4356 0.283 = 0.5957 

Wooded 1 3.366 2.189 0.1416 

NxRx Tx S[F] 120 1.538 
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TABLE A107. Simple-Simple-Simple-Effect F-test Results for the Effect of Noise Level 
on Perceived Speed in each Terrain within the 4.26 deg/s Turn Rate and 47 deg Field of 
View 

  

  

Source df MS F Pp 

Open 1 11.346 7.377 0.0076 

Wooded 1 0.128 0.083 0.7738 

NxRx Tx S[F] 120 1.538 
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TABLE A108. Student Newman-Keuls Range Test Results for the Effects of Noise 
Level on Perceived Speed for the Wooded Terrain within the 4.26 deg/s Turn Rate and 47 
deg Field of View 

  

  

Noise Level (Vrms) Mean Perceived Speed Group 

0.07 6.594 A 

1.73 6.285 B 

2.33 5.946 C 
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TABLE A109. Simple-Simple-Effect F-test Results for the Effect of Noise Level and 
Terrain on Perceived Speed for each Turn Rate within the 74 deg Field of View 

  

  

Source df MS F p 

2.84 deg Turn Rate 4 11.590 7.536 <0.0001 

3.11 deg Turn Rate 4 12.125 7.883 0.0001 

3.45 deg Turn Rate 4 24.659 16.033 <0.0001 

3.84 deg Turn Rate 4 12.078 7.583 <0.0001 

4.26 deg Turn Rate 4 77.339 = 50.286 = <0.0001 

NxRx Tx SIF] 120 1.538 
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TABLE A110. Simple-Simple-Simple-Effect F-test Results for the Effect of Noise Level 
on Perceived Speed in each Terrain within the 2.84 deg/s Turn Rate and 74 deg Field of 
View 

  

  

Source df MS F Pp 

Open 1 0.1859 0.121 0.7286 

Wooded 1 3.482 2.264 0.1350 

NxRx Tx S[F] 120 1.538 
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TABLE A111. Simple-Simple-Simple-Effect F-test Results for the Effect of Noise Level 
on Perceived Speed in each Terrain within the 3.11 deg/s Turn Rate and 74 deg Field of 
View 

  

  

Source df MS F Dp 

Open 1 1.890 1.229 0.2698 

Wooded | 7.409 4817 0.0301 

NxRx Tx S[F] 120 1.538 
  

232



TABLE A112. Student-Newman-Keuls Range Test Results for the Effects of Noise 
Level on Perceived Speed for the Wooded Terrain within the 3.11 deg/s Turn Rate and 74 
deg Field of View 

  

  

Noise Level (Vrms) Mean Perceived Speed Group 

0.07 5.191 A 

1.73 4.752 B 

2.33 4.724 B 
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TABLE A113. Simple-Simple-Simple-Effect F-test Results for the Effect of Noise Level 
on Perceived Speed in each Terrain within the 3.45 deg/s Turn Rate and 74 deg Field of 
View 

  

  

Source df MS F p_ 

Open ] 6.611 4.298 0.0403 

Wooded 1 14.231 9.253 0.0029 

NxRx Tx S[F] 120 1.538 
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TABLE A114. Student-Newman-Keuls Range Test Results for the Effects of Noise 
Level on Perceived Speed for the Open Terrain within the 3.45 deg/s Turn Rate and 74 
deg Field of View 

  

  

Noise Level (Vrms) Mean Perceived Speed Group 

0.07 6.385 A 

1.73 6.855 B 

2.33 6.486 A 
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TABLE A115. Student-Newman-Keuls Range Test Results for the Effects of Noise 
Level on Perceived Speed for the Wooded Terrain within the 3.45 deg/s Turn Rate and 74 
deg Field of View 

  

  

Noise Level (Vpns) Mean Perceived Speed Group 

0.07 5.988 A 

1.73 5.526 B 

2.33 5.272 C 
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TABLE A116. Simple-Simple-Simple-Effect F-test Results for the Effect of Noise Level 
on Perceived Speed in each Terrain within the 3.84 deg/s Turn Rate and 74 deg Field of 
View 

  

  

Source df MS F Dp 

Open ] 3.235 2.104 0.1495 

Wooded 1 5.463 3.552 0.0619 

NxRxTx S[F] 120 1.538 
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TABLE A117. Student-Newman-Keuls Range Test Results for the Effects of Noise 
Level on Perceived Speed for the Wooded Terrain within the 3.84 deg/s Turn Rate and 74 
deg Field of View 

  

  

Noise Level (Vrms) Mean Perceived Speed Group 

0.07 6.018 A 

1.73 5.682 B 

2.33 5.591 B 
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TABLE A118. Simple-Simple-Simple-Effect F-test Results for the Effect of Noise Level 
on Perceived Speed in each Terrain within the 4.26 deg/s Turn Rate and 74 deg Field of 
View 

  

  

Source df MS F p 

Open ] 27.601 17.946 <0.0001 

Wooded I 15.903 10.340 0.0017 

NxRxTx S[F] 120 1.538 
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TABLE A119. Student-Newman-Keuls Range Test Results for the Effects of Noise 
Level on Perceived Speed for the Open Terrain within the 4.26 deg/s Turn Rate and 74 
deg Field of View 

  

  

Noise Level (Vrms) Mean Perceived Speed Group 

0.07 7.647 A 

1.73 8.658 B 

2.33 8.162 C 
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TABLE A120. Student-Newman-Keuls Range Test Results for the Effects of Noise 
Level on Perceived Speed for the Wooded Terrain within the 4.26 deg/s Turn Rate and 74 
deg Field of View 

  

  

Noise Level (Vis) Mean Perceived Speed Group 

0.07 6.771 A 

1.73 6.233 B 

2.33 6.028 B 
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TABLE A121. Simple-Effect F-test Results for the Effect of Bandwidth, Turn Rate, and 
Terrain on Perceived Speed within each Noise Level 

  

  

Source df MS F p 

0.07 Vrms Noise Level 2 1223.23 1332.23 <0.0001 

1.73 Vims Noise Level 2 1182.22 1287.82 <0.0001 

2.33 Vrms Noise Level 2 635.32 692.07 <0.0001 

BxNxRx Tx S[F] 240 0.918 
  

p values calculated with df corrected using € = 0.338 
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TABLE A122. Simple-Simple-Effect F-test Results for the Effect of Bandwidth and 
Terrain on Perceived Speed for each Turn Rate within the 0.07 V;m<5 Noise Condition 

  

  

Source df MS F Dp 

2.84 deg Turn Rate 4 4.677 5.094 0.0267 

3.11 deg Turn Rate 4 3.350 3.649 0.0596 

3.45 deg Turn Rate 4 13.338 14.529 0.0003 

3.84 deg Turn Rate 4 12.718 13.854 0.0004 

4.26 deg Turn Rate 4 26.284 28.631 <0.0001 

BxNxRxTx S[F] 240 0.918 
  

p values calculated with df corrected using € = 0.338 

243



TABLE A123. Simple-Simple-Simple-Effect F-test Results for the Effect of Bandwidth 
on Perceived Speed in each Terrain within the 2.84 deg/s Turn Rate and 0.07 Vrms Noise 

Condition 

  

  

Source df MS F p 

Open 1 0.255 0.278 0.5995 

Wooded 1 2.532 2.758 0.1006 

BxNxRx Tx S[F] 240 0.918 
  

p values calculated with df corrected using € = 0.338 
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TABLE A124, Simple-Simple-Simple-Effect F-test Results for the Effect of Bandwidth 
on Perceived Speed in each Terrain within the 3.11 deg/s Turn Rate and 0.07 Vrms Noise 

Condition 

  

  

Source df MS F p 

Open 1 5.844 6.366 0.0136 

Wooded 1 2.179 2.373 0.1438 

BxNxRx Tx S[F] 240 0.918 
  

p values calculated with df corrected using € = 0.338 
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TABLE A125. Student-Newman-Keuls Range Test Results for the Effects of Bandwidth 
on Perceived Speed for the Open Terrain within the 3.11 deg/s Turn Rate and 0.07 Vims 

Noise Condition 

  

  

Bandwidth Mean Perceived Speed Group _ 

Low 4.653 A 

Medium 5.098 B 

High 4.758 C 
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TABLE A126. Simple-Simple-Simple-Effect F-test Results for the Effect of Bandwidth 
on Perceived Speed in each Terrain within the 3.45 deg/s Turn Rate and 0.07 Vims Noise 
Condition 

  

  

Source df MS F P 

Open 1 15.135 16.487 <0.0001 

Wooded 1 15.293 16.659 <0.0001 

BxNxRx Tx SIF] 240 0.918 
  

p values calculated with df corrected using € = 0.338 
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TABLE A127. Student-Newman-Keuls Range Test Results for the Effects of Bandwidth 
on Perceived Speed for the Open Terrain within the 3.45 deg/s Turn Rate and 0.07 Vims 

Noise Condition 

  

  

Bandwidth Mean Perceived Speed Group | 

Low 5.826 A 

Medium 6.317 B 

High 6.561 C 
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TABLE A128. Student-Newman-Keuls Range Test Results for the Effects of Bandwidth 
on Perceived Speed for the Wooded Terrain within the 3.45 deg/s Turn Rate and 0.07 
Vrms Noise Condition 

  

  

Bandwidth Mean Perceived Speed Group _ 

Low 5.313 A 

Medium 6.064 B 

High © 5.731 C 
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TABLE A129. Simple-Simple-Simple-Effect F-test Results for the Effect of Bandwidth 
on Perceived Speed in each Terrain within the 3.84 deg/s Turn Rate and 0.07 Vrms Noise 
Condition 

  

  

Source df MS F p 

Open ] 16.397 17.861 <0.0001 

Wooded 1 6.375 6.945 0.0101 

BxNxRxTx S[F] 240 0.918 
  

p values calculated with df corrected using € = 0.338 
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TABLE A130. Student-Newman-Keuls Range Test Results for the Effects of Bandwidth 
on Perceived Speed for the Open Terrain within the 3.84 deg/s Turn Rate and 0.07 Vrms 

Noise Condition 

  

  

Bandwidth Mean Perceived Speed Group 

Low 6.144 A 

Medium 6.873 B 

High 6.747 B 
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TABLE A131. Student-Newman-Keuls Range Test Results for the Effects of Bandwidth 
on Perceived Speed for the Wooded Terrain within the 3.84 deg/s Turn Rate and 0.07 
Vrms Noise Condition 

  

  

Bandwidth Mean Perceived Speed Group 

Low 5.930 A 

Medium 6.269 B 

High 5.798 C 
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TABLE A132. Simple-Simple-Simple-Effect F-test Results for the Effect of Bandwidth 
on Perceived Speed in each Terrain within the 4.26 deg/s Turn Rate and 0.07 Vims Noise 

Condition 

  

  

Source df MS F Pp 

Open 1 5.241 5.709 0.0191 

Wooded 1 5.065 5.518 0.0213 

BxNxRx Tx S[F] 240 0.918 
  

p values calculated with df corrected using € = 0.338 
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TABLE A133. Student-Newman-Keuls Range Test Results for the Effects of Bandwidth 
on Perceived Speed for the Open Terrain within the 4.26 deg/s Turn Rate and 0.07 Vrms 
Noise Condition 

  

  

Bandwidth Mean Perceived Speed Group 

Low 7.783 A 

Medium 8.13] 

High 8.191 B 
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TABLE A134. Student-Newman-Keuls Range Test Results for the Effects of Bandwidth 
on Perceived Speed for the Wooded Terrain within the 4.26 deg/s Turn Rate and 0.07 
Vrms Noise Condition 

  

  

Bandwidth Mean Perceived Speed Group 

Low 6.723 A 

Medium 6.983 B 

High 7.153 B 
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TABLE A135. Simple-Simple-Effect F-test Results for the Effect of Bandwidth and 
Terrain on Perceived Speed for each Turn Rate within the 1.73 Vy. Noise Condition 

  

  

Source df MS F p 

2.84 deg Turn Rate 4 16.660 17.059 <0.0001 

3.11 deg Turn Rate 4 6.258 6.817 <0.0001 

3.45 deg Turn Rate 4 23.403 25.494 <0.0001 

3.84 deg Turn Rate 4 9.994 10.887 <0.0001 

4.26 deg Turn Rate 4 48.675 53.023 <0.0001 

BxNxRx Tx S[F] 240 0.918 
  

p values calculated with df corrected using € = 0.338 
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TABLE A136. Simple-Simple-Simple-Effect F-test Results for the Effect of Bandwidth 
on Perceived Speed in each Terrain within the 2.84 deg/s Turn Rate and 1.73 Vrms Noise 
Condition 

  

  

Source df MS F p_ 

Open 1 1.651 1.798 0.184 

Wooded 1 0.009 0.009 0.926 

BxNxRx Tx S[F] 240 0.918 
  

p values calculated with df corrected using € = 0.338 
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TABLE A137. Simple-Simple-Simple-Effect F-test Results for the Effect of Bandwidth 
on Perceived Speed in each Terrain within the 3.11 deg/s Turn Rate and 1.73 Vims Noise 

  

  

Condition 

Source df MS F Dp 

Open 1 2.931 3.193 0.078 

Wooded 1 4,031 4.391 0.039 

BxNxRx Tx S[F] 240 0.918 
  

p values calculated with df corrected using € = 0.338 
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TABLE A138. Student-Newman-Keuls Range Test Results for the Effects of Bandwidth 
on Perceived Speed for the Open Terrain within the 3.11 deg/s Turn Rate and 1.73 Vrms 

Noise Condition 

  

  

Bandwidth Mean Perceived Speed Group 

Low 4.840 

Medium 4.989 A B 

High 5.169 B 
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TABLE A139. Student-Newman-Keuls Range Test Results for the Effects of Bandwidth 
on Perceived Speed for the Wooded Terrain within the 3.11 deg/s Turn Rate and 1.73 
Vrms Noise Condition 

  

  

Bandwidth Mean Perceived Speed Group 

Low 4.304 A 

Medium 4.633 B 

High 4.644 B 
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TABLE A140. Simple-Simple-Simple-Effect F-test Results for the Effect of Bandwidth 
on Perceived Speed in each Terrain within the 3.45 deg/s Turn Rate and 1.73 Vrms Noise 
Condition 

  

  

Source df MS F Dp. 

Open 1 28.484 31.028 <0.0001 

Wooded 1 2.924 3.186 0.0780 

BxNxRxTxS[F] 240 0.918 
  

p values calculated with df corrected using € = 0.338 
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TABLE A141. Student-Newman-Keuls Range Test Results for the Effects of Bandwidth 
on Perceived Speed for the Open Terrain within the 3.45 deg/s Turn Rate and 1.73 Vrms 

Noise Condition 

  

  

Bandwidth Mean Perceived Speed Group 

Low 5.786 A 

Medium 6.607 B 

High 6.731 B 
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TABLE A142. Student-Newman-Keuls Range Test Results for the Effects of Bandwidth 
on Perceived Speed for the Wooded Terrain within the 3.45 deg/s Turn Rate and 1.73 
Vims Noise Condition 

  

  

Bandwidth Mean Perceived Speed Group 

Low 5.465 A 

Medium 5.677 

High 5.353 B 
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TABLE A143. Student-Newman-Keuls Range Test Results for the Effects of Bandwidth 
on Perceived Speed for the Open Terrain within the 3.45 deg/s Turn Rate and 1.73 Vrms 

Noise Condition 

  

  

Bandwidth Mean Perceived Speed Group 

Low 5.786 A 

Medium 6.607 B 

High 6.731 
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TABLE A144. Student-Newman-Keuls Range Test Results for the Effects of Bandwidth 
on Perceived Speed for the Wooded Terrain within the 3.45 deg/s Turn Rate and 1.73 
Vims Noise Condition 

  

  

Bandwidth Mean Perceived Speed Group 

Low 5.465 A 

Medium 5.677 A 

High 5.353 B 
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TABLE A145. Simple-Simple-Simple-Effect F-test Results for the Effect of Bandwidth 
on Perceived Speed in each Terrain within the 4.26 deg/s Turn Rate and 1.73 Vyms Noise 

Condition 

  

  

Source df MS F Dp 

Open 1 34.451 37.529 <0.0001 

Wooded St 1.715 1.868 0.1755 

BxNxRx Tx S[F] 240 0.918 
  

p values calculated with df corrected using € = 0.338 
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TABLE A146. Student-Newman-Keuls Range Test Results for the Effects of Bandwidth 
on Perceived Speed for the Open Terrain within the 4.26 deg/s Turn Rate and 1.73 Vrms 
Noise Condition 

  

  

Bandwidth Mean Perceived Speed Group 

Low 7.392 A 

Medium 8.480 B 

High 8.199 C 
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TABLE A147. Simple-Simple-Effect F-test Results for the Effect of Bandwidth and 
Terrain on Perceived Speed for each Turn Rate within the 2.33 Vrms Noise Condition 

  

  

Source df MS F Dp 

2.84 deg Turn Rate 4 11.141 12.136 <0.0001 

3.11 deg Turn Rate 4 4.454 4.852 0.0015 

3.45 deg Turn Rate 4 7.173 7.814 <0.0001 

3.84 deg Turn Rate 4 7.228 7.874 <0.0001 

4.26 deg Turn Rate 4 12.690 13.824 <0.0001 

BxNxRx Tx S[F] 240 0.918 
  

p values calculated with df corrected using € = 0.338 
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TABLE A148. Simple-Simple-Simple-Effect F-test Results for the Effect of Bandwidth 
on Perceived Speed in each Terrain within the 2.84 deg/s Turn Rate and 2.33 Vims Noise 

Condition 

  

  

Source df MS F Dp 

Open 1 6.887 7.502 0.0076 

Wooded ] 3.384 3.687 0.0584 

BxNxRxTxS[F] 240 0.918 
  

p values calculated with df corrected using € = 0.338 
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TABLE A149. Student-Newman-Keuls Range Test Results for the Effects of Bandwidth 
on Perceived Speed for the Open Terrain within the 2.84 deg/s Turn Rate and 2.33 Vrms 

Noise Condition 

  

  

Bandwidth Mean Perceived Speed Group 

Low 4.796 A 

Medium 4.640 B 

High 4.302 B 
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TABLE A150. Student-Newman-Keuls Range Test Results for the Effects of Bandwidth 
on Perceived Speed for the Wooded Terrain within the 2.84 deg/s Turn Rate and 2.33 
Vims Noise Condition 

  

  

Bandwidth Mean Perceived Speed Group 

Low 4.080 A 

Medium 3.734 

High 3.972 
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TABLE A151. Simple-Simple-Simple-Effect F-test Results for the Effect of Bandwidth 
on Perceived Speed in each Terrain within the 3.11 deg/s Turn Rate and 2.33 Vrms Noise 
Condition 

  

  

Source df MS F D 

Open 1 7.557 8.232 0.0052 

Wooded 1 4.312 4.967 0.0322 

BxNxRx Tx S[F] 240 0.918 
  

p values calculated with df corrected using € = 0.338 
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TABLE A152. Student-Newman-Keuls Range Test Results for the Effects of Bandwidth 
on Perceived Speed for the Open Terrain within the 3.11 deg/s Turn Rate and 2.33 Vims 

Noise Condition 

  

  

Bandwidth Mean Perceived Speed Group 

Low 4.613 A 

Medium 4.932 B 

High 5.138 B 
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TABLE A153. Student-Newman-Keuls Range Test Results for the Effects of Bandwidth 
on Perceived Speed for the Wooded Terrain within the 3.11 deg/s Turn Rate and 2.33 
Vrms Noise Condition 

  

  

Bandwidth Mean Perceived Speed Group 

Low 4.415 A 

Medium 4.644 A B 

High 4.812 B 
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TABLE A154. Simple-Simple-Simple-Effect F-test Results for the Effect of Bandwidth 
on Perceived Speed in each Terrain within the 3.45 deg/s Turn Rate and 2.33 Vis Noise 

Condition 

  

  

Source df MS F Dp 

Open 1 14.250 15.523 0.0002 

Wooded 1 2.643 2.880 0.0935 

BxNxRxTx S[F] 240 0.918 
  

p values calculated with df corrected using € = 0.338 
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TABLE A155. Student-Newman-Keuls Range Test Results for the Effects of Bandwidth 
on Perceived Speed for the Open Terrain within the 3.45 deg/s Turn Rate and 2.33 Vrms 

Noise Condition 

  

  

Bandwidth Mean Perceived Speed Group 

Low 5.326 A 

Medium 5.749 B 

High 6.049 C 
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TABLE A156. Student-Newman-Keuls Range Test Results for the Effects of Bandwidth 
on Perceived Speed for the Wooded Terrain within the 3.45 deg/s Turn Rate and 2.33 
Vrms Noise Condition 

  

  

Bandwidth Mean Perceived Speed Group 

Low 5.194 A 

Medium 5.499 B 

High 5.286 AB 
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TABLE A157. Simple-Simple-Simple-Effect F-test Results for the Effect of Bandwidth 
on Perceived Speed in each Terrain within the 3.84 deg/s Turn Rate and 2.33 Vrms Noise 
Condition 

  

  

Source df MS F p 

Open 1 22.399 24400 <0.0001 

Wooded 1 5.947 6.478 0.0128 

BxNxRxTx S[F] 240 0.918 
  

p values calculated with df corrected using € = 0.338 
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TABLE A158. Student-Newman-Keuls Range Test Results for the Effects of Bandwidth 
on Perceived Speed for the Open Terrain within the 3.84 deg/s Turn Rate and 2.33 Vims 

Noise Condition 

  

  

Bandwidth Mean Perceived Speed Group | 

Low 5.310 A 

Medium 5.876 B 

High 6.211 Cc 
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TABLE A159. Student-Newman-Keuls Range Test Results for the Effects of Bandwidth 
on Perceived Speed for the Wooded Terrain within the 3.84 deg/s Turn Rate and 2.33 
Vrms Noise Condition 

  

  

Bandwidth Mean Perceived Speed Group 

Low 5.463 A 

Medium 5.927 B 

High 5.756 AB 
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TABLE A160. Simple-Simple-Simple-Effect F-test Results for the Effect of Bandwidth 
on Perceived Speed in each Terrain within the 4.26 deg/s Turn Rate and 2.33 Vims5 Noise 

Condition 

  

  

Source df MS F Pp 

Open 1 37.068 40.379 <0.0001 

Wooded 1 3.543 3.860 0.0592 

BxNxRx Tx S[F] 240 0.918 
  

p values calculated with df corrected using € = 0.338 
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TABLE A161. Student-Newman-Keuls Range Test Results for the Effects of Bandwidth 
on Perceived Speed for the Open Terrain within the 4.26 deg/s Turn Rate and 2.33 Vims 

Noise Condition 

  

  

Bandwidth Mean Perceived Speed Group 

Low 6.349 A 

Medium 6.621 B 

High 7.472 C 
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TABLE A162. Student-Newman-Keuls Range Test Results for the Effects of Bandwidth 
on Perceived Speed for the Wooded Terrain within the 4.26 deg/s Turn Rate and 2.33 
Vrms Noise Condition 

  

  

Bandwidth Mean Perceived Speed Group 

Low 6.252 A 

Medium 6.545 B 

High 6.583 B 
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