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The effects of physical image quality on reading and on perceived image quality

,

from CRT and hard copy were studied in this experiment. The results showed
I,.

V;
li;

that as the image quality of a display increased, indicated by an increase in the
value of the MTFA, the reading speed increased and subjective image quality
ratings increased. This change in reading speed and perceived image quality
occurred in the hard copy as well as in the soft copy condition. Image quality,
therefore, is concluded to be the major determinant of subjects' performance

with respect to displayed information. This implies that if the image quality
ofIf
the displayed text ls the same on the display techniques used, subjects will read
i

from CRT displays as fast as from hard copy displays.

l
“

‘

l

ACKOWLEDGEMENTS

I

I
I

I
I

ii

I

I

iv

‘

l

TABLE OF CONTENTS
AKNOWLEDGEMENTS
INTRODUCTION

III
1

Objective

2

BACKGROUND AND LITERATURE REVIEW
Image Quality

4

Introduction
C

4
4

Display System Parameters

9

Photometric

9

Wavelength

9

·

Luminance
9Luminance
contrast
10Shades
of gray
12

Resolution

12

Uniformity

15

Polarity

15

Modulation transfer function (MTF)

16

Modulation transfer function area (MTFA)

17

Other factors

23

Font

23

Visual angle

23

Horizontal and vertical spacing

24

Character size

25

Reading

I

26

V

l

4

vi
Relevant Studies

1

l
I

30

Creed, Dennis, and Newstead (1987)
Cushman (1981).

30

l

34

Gould and Grischkowsky (1984)
Gould, Alfaro, Barnes, Finn, Grischkowsky,

36

1
l

andMinuto
(1987)

38

1

Gould, Alfaro, Finn, Haupt, and Minuto (1987)
43Haas
and Hayes (1985)
49
Heppner, Anderson, Farstrup, and Welderman (1985)
Kak (1981)

53

Kruk and Muter (1984).

54

Lanzetta and Lubart (1988)

56

51
—

Muter, Latremoullle, and Treurniet (1982).
58Switchenko
(1984)
59
Wilkinson and Robinshaw (1987)
60
Wright and Lickorish (1983)
62Wright
and Lickorish (1984)

METHOD

of Relevant Studies

65

63Summary

68

Objective

68

Subjects

68

Materials and Apparatus

68

Dependent Measures

77

Experimental Design

77

Experimental Procedure

1

1

79l

T

Measurement System

I I

vi

{
80

RESULTS
Discussion

84
103

General

103

Reading Times

106

Perceived Image Quality

107

cowcrusiow
nEFEnENcEs
APPENDIX A
A1=>r>E1~1¤1x 6
VITA

111
113
124
132
141 °

I

I

I

I

I

1
1
1
1

LIST OF FIGURES
Figure 1.

Modulation Transfer Function for a medium resolution,
monochrome display

Figure 2.

18

MTFA, the area bounded by the MTF and the CTF of the

observer

20

Figure 3.

Photograph of the hard copy-filter#1 display condition

71

Figure 4.

Photograph of the hard copy-fiIter#2 display condition

72

Figure 5.

Photograph of the hard copy-filter#3 display condition

73

Figure 6.

Photograph of the hard copy-fiIter#4 display condition

74

Figure 7.

Experimental Design

78

Figure 8.

Microphotometric measurement system used for all spatial

Figure 9.

luminance determinations

82

Mean reading times for each display, filter combinations

86

Figure 10. Mean image quality rating for each display, filter

combinations

_

92

Figure 11. Mean reading times vs MTFA, both display types
Figure 12. Image quality rating vs MTFA for both display types

96

Figure 13. Mean reading times vs MTFA for the hard copy condition

98

Figure 14. Mean reading time vs MTFA for the soft copy condition

99

97

Figure 15. Imagequality rating vs MTFA for the hard copy condition
Figure 16. Image quality rating vs MTFA for the soft copy condition

100

Figure 17. Reading times vs image quality ratings

102

Figure 18. Schematic drawing area distribution of the MTF of the

vii

101

i

I

I

ix

HC-Filter#1, HC-FiIter#2, HC-Filter#3, and HC-Filter#4
conditions
Figure 19. General contrast sensitivity function and MTF/CTF of the
hard copy-filter#1 condition

I
105
133

Figure 20. General contrast sensitivity function and MTF/CTF of the
hard copy-filter#2 condition

134

Figure 21. General contrast sensitivity function and MTF/CTF of the
hard copy—fiIter#3 condition

_

135

Figure 22. General contrast sensitivity function and MTF/CTF of the
hard copy-fiIter#4 condition

136

Figure 23. General contrast sensitivity function and MTF/CTF of the
I
soft copy-filter#1 condition

137

·

Figure 24. General contrast sensitivity function and MTF/CTF of the
soft copy-filter#2 condition
Figure 25. General contrast sensitivity function and MTF/CTF of the
softcopy-filter#3 condition
Figure 26. General contrast sensitivity function and MTF/CTF of the
soft copy-filter#4 condition

138
139

I

140I

I

I

‘

I

I

l

l
l

l
LIST OF TABLES

Table 1.

A Partial List of Raster-Scan Imaging Parameters Affecting
Observer Performance

Table 2.

3

Table 4.

Photometric and Geometric Display Parameters
8
The Four Filter Conditions and Their Relevant Characteristics 75
MTFAs for the Display and Filter Conditions
83

Table 5.

Analysis of Variance Summary Table for Reading Time

Table 6.

MTFA, Reading Time, Image Quality Rating, Modulation at
Zero Spatial Frequency, and Peak Luminance for the Display,

Table 3.

85
-

Filter Combinations

88

Newman-Keuls Comparisons for Filter Condition vs
Reading Time

89

Table 8.

Analysis of Variance Summary Table for Quality Rating

90

Table 9.

Newman-Keuls Comparisons for Filter Condition vs Quality
Rating

91

Table 7.

Table 10. Frequency of Each Rating Assigned to each Filter Condition
for Hard Copy Display
93
Table 11. Frequency of Each Rating Assigned to each Filter Condition
for Soft Copy Display

94

Table 12. Best-Fit Regression Models for Reading Times and Image
Quality Ratings

109

Table 12. (Cont. ) Best-Fit Regression Models for Reading Times
and Image Quality Ratings

X

110

I
I
l
l

I

l
INTRODUCTION
In the last 10 years computers have become an important part of our daily

life. Today, elementary school children learn spelling, grammar, and
mathematics with the help of personal computers (Adler and Drew, 1988).
College papers are not composed on typewriters anymore; instead, they are

written with the help of word processing software on a personal computer.
Advances in software technology, along with the escalating costs of production
and distribution of text books, have made reading information from cathode ray
tubes (CRTs) as familiar to today's college students as reading from text books.
This widespread use of the CRT as a source of information has prompted
researchers to investigate differences, if there are any, between reading from

_

hard copy paper and reading from the CRT ( Creed, Dennis, and Newstead, ‘
1987; Cushman, 1981; Gould, Alfaro, Barnes, Finn, Grischkowsky, and Minuto,
1987a; Gould, Alfaro, Finn, Haupt, and Minuto, 1987b; Gould and
Grischkowsky, 1984; Heppner, Anderson, Farstrup, and Weiderman, 1985; Kak,

_

1981; Kruk and l\/luter, 1984; Lanzetta and Lubart, 1988; Muter, Latremouille,
and Treurniet, 1982; Switchenko, 1984; Wilkinson and Robinshaw, 1987;
Wright and Lickorish, 1983).
Although several researchers have reported that people read more slowly
from CRT displays than from hard copy (Gould and Grischkowsky, 1984; Gould
et al., 1987a; Heppner et al., 1985; Kak, 1981; Lanzetta and Lubart, 1988; Muter
et al., 1982; Wright and Lickorish, 1983), Cushman, (1981), and Switchenko
(1984) found gg difference in reading speed and Gould et al. (1987b) reported
that, in some situations, reading from CRT displays could be as fast as reading

1

l
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from paper. In the following review of the literature these studies will be
evaluated with respect to the dependent and the independent variables, the
control of variables, the experimental design, and human performance results.
Image quality is one of the major attributes of the CRT display and of hard
copy that was no; considered in most studies. Image quality has been
interpreted as either the physical measure of the image or the quality of the
image as perceived or measured by the human observer (Snyder, 1985).
Snyder (1973) discusses how image quality affects human performance and he
lists several system variables which had significant effects on operator
information extraction performance. Most of these variables are categorized as _
components of image quality (see Table 1) and Snyder concluded that;
...individuaI experiments have tended to examine the effects of
one, two, and sometimes three such variables. However, due to
the inherent interaction among these variables in their effect upon
obsen/er performance, quantitative combination of the results is
hazardous even in the presence of good experimental control and
measurement. ln the absence of such control any a posteriorly
attempt to combine such results has proven useless (p. 96).
Objective
The present investigation made a controlled evaluation of the variance in
human performance when receiving information from text with different levels of
image quality. A hard copy display format (photographs) and a soft copy
display format were investigated. Human performance was evaluated with
respect to the different levels of image quality for both the hard copy and soft
copy display format.

l
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Table 1. A partial list of raster-scan imaging parameters affecting
observer performance (Snyder, 1973)
Mean Luminance

Aspect Ratio

Size

Raster Direction

Viewing Distance

Contrast Enhancement

Contrast

Video Bandwidth

Scene Movement

Detector Irradiance Level

Gamma

Target and Background
Characteristics

Signal-to-noise level
Number of Active Raster Lines

Terrain Masking

-

BACKGROUND AND LITERATURE REVIEW
Image Quality
Introduction. "You need to use a lower speed film during those
circumstances; the photograph will come out better that way" and "why don't
you change the display contrast a little so you will get a better picture" are
comments dealing with the concept of image quality, the degree of likeness of
an image to its original. Image quality has been used in two different contexts;
as a term applied to the perceived quality of the image or in dealing with the

'

physical measures of the image itself (Snyder,1985). When discussing the
Iatter, one does not take into consideration the observer's ability to obtain

—

information or the observer's perception of the quality of the image. The
physical measures of image quality as well as the perceived measures are
defined or described to a baseline or ideal image. Hunter (1988) found that a 9point scale ranging from "worst imaginable" to "best imaginable," as well as
other measures of perceived image quality, can be used to define or describe
changes in measu_red display image quality. Both physical and perceived
measures, therefore, can be used to evaluate image quality. When applied
together these two measures produce a valid determination of overall image
quality. ln a very general sense, image quality describes the physical
characteristics of a picture and can be expressed in a very specific way when
discussing physical image quality measurements.

Image quality includes at least three physical parameters of a display
device: noise, sharpness and definition, and gray scale (Schade, 1975). Gray

i
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scale refers to the image's appearance being beyond black and white; the
image is projected in different shades of gray. ln other words, the image is
created with different levels of Iuminance that are all individually detectable
(Snyder, 1985). Sharpness and definition refer to the display resolution, which
is usually measured by the use of a sine-wave test signal. The photometric
evaluations in this sine-wave test produce a response curve called the
Modulation Transfer Function (MTF) which is one of the major tests used in
determining image quality (Biberman, 1973; Keller and Beaton, 1989).
Task (1979) suggested two approaches toward determining functional
image quality. The subjective approach compares analytically derived image _
quality measures with the subjective human assessment of image quality. The
second, more objective approach involves the comparison of image quality with
a performance variable associated with a specific task. While the subjective
j

approach measures image quality without consideration of the physical factors
involved in the imaging process, the objective approach analyzes the extent to
which the image quality affects human performance.
When measuring the image quality of different displays, an initial distinction
has to be made with respect to the format of the display. The image on the
display can be either continuous, discrete, or hybrid (Snyder, 1988).
Photographic films are considered to be continuous in both spatial dimensions
while electroluminescent, plasma, or liquid crystal displays are considered to be
discrete in both dimensions. The most common example of a hybrid display is a

raster-scan format on a CRT, in which case the image is continuous horizontally
but discrete vertically. The image quality (transmission or density) of a

{

l
photographic film is usually measured with a microdensitometer. This
microscope-like instrument converts a film image in both vertical and horizontal
directions across an illuminated spot after which an optical detector located
behind the film measures the amount of light transmitted through the film.
Graininess or spatial noise in photographic film is the term used to describe
measured variation in transmission or density. Transmission changes across
one dimension due to the different levels of film exposure, which may provide a
relationship between the exposure time (input) and density (output) for that
specific film. This relationship is referred to as the "gamma" of a photographic
film and has also been used in recent years to describe the relationship
‘

between an input to an electronic display (voltage) and the display output
(luminance). Sharpness, or the ability of a display to change density or
luminance in a very short distance, is measured in film by exposing it with a
clean "knife" edge lying on the film such that one side of the edge receives a

‘

high exposure level and the other side of the edge receives no exposure.
Sharpness is then related to the intensity vs. distance slope over the knife edge.
Physical measures of image quality have changed as display technology
has progressed. These changes, along with the dissimilarity in the image
quality concept among researchers, have prompted a movement among display
scientists to develop and/or validate a universal method for measuring the
quality of the display image (Helander, Billingsley, and Schurick, 1984). MTF

and modulation transfer function area (MTFA) are two of the measures that have

been found to have highly reliable correlations with corresponding subjective
assessments of image quality (Snyder and Maddox, 1980). MTF and MTFA,
together with other physical display system parameters related to perceived and

7

measured image quality, are listed in Table 2 and will be discussed in the next
section.
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Table 2. Photometric
and geometric display system parameters
(Shurtleff,1980;
Task, 1979)

ri F
Wavelength
Luminance
Luminance Contrast
Shades of Gray
Resolution
Uniformity

r

Character Font

Visual Angle
Horiz.-Vert. Spacing
Character Size

Polarity

MTF
MTFA

’
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Display System Parameters
Photometric. The photometric display system parameters to be discussed
are wavelength, Iuminance, Iuminance contrast, shades of gray, resolution,
uniformity, modulation transfer function, and modulation transfer function area.
Wavelgngthz While being only a small section of the entire radiometric
spectrum, color (the perceptual correlate of wavelength) is an important factor in
the perception of image quality. Color can be divided into three perceptual
attributes: hue, brightness (lightness), and saturation. Saturation (purity) refers
to the predominance of a narrow range of wavelengths while hue refers to the ·
I

dominant wavelength itself. Brightness is a perceptual quantity and is
determined by the amount of intensity (luminance) and the physical
combination of purity and dominant wavelength (Snyder, 1985). lt is important
to remember that these terms are perceptually driven; therefore, they cannot be

discussed strictly in physical terms. While we physically measure wavelength
and Iuminance, we perceive color and brightness. Perception of image quality
and human performance, e.g., task completion time, are generally not affected
by differences in color although Kokoschka (1981) recommended avoiding
character colors in the extreme ends of the spectrum. This recommendation
was supported by the findings of Shurtleff (1980) who suggested that white and
colored symbols (yellow and green) near the central part of the visible spectrum
promote better performance than those at the extremes.

Luminance: Luminance is defined as the amount of Iumlnous flux per unit
area, measured in candelas per square meter (cd/m2) which are emitted or
_

I

I

I
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reflected from the surface of an object. An increase in display Iuminance
generally causes constriction of an observer's pupils and the resulting increase
in retinal illuminance reduces the passage of peripheral light. Thus, the visual
acuity of the obsenzer is increased, permitting him or her to see more detail on
the display. The aforementioned increase in acuity occurs as the result of an
increase in the depth of focus (similar to that produced by an aperture on a
camera), not just because of direct decrease in illuminance at the retina.
Several studies investigating the effect of display Iuminance on human
performance have been performed within the last decade. ln 1975, Lee and
Buck found that increased screen Iuminance (e.g., 88 cd/m2 compared to 139
cd/m?) resulted in longer reading times. ln 1980, the results of a study
performed by Bolusset and Devanchelle suggested that human performance ls
sensitive to different Iuminance levels. Snyder and Taylor (1979) found that as
character Iuminance was increased for Ieglbility, task accuracy increased and
response time decreased.
Luminance contrast: The relative difference between the Iuminance of the
object and the Iuminance of its immediate background is referred to as
Iuminance contrast (Snyder, 1985). Cakir, Hart, and Stewart (1980) define
Iuminance contrast (C) as:
Luminance of the object - Background Iuminance.
C=

Background Iuminance

Other ratlos describing Iuminance contrast are contrast ratio and Iuminance
modulation. Contrast ratio (CB) is defined as:

~
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Luminance emitted by area of greatest intensity (cd/m2)
CFi=Luminance emitted by area of least intensity (cd/m2)
while Iuminance modulatlon (M) is defined as:

Lmax - Lmin

M=

.._.i_, •

Lmax + Lmin

where Lmax is the maximum Iuminance and Lmin is the minimum Iuminance
(Snyder, 1985). Luminance contrast between the letters on the screen and their
background is one of the most important parameters influencing readability
(Agesen, 1981). Self (1969), in his comments about the role of contrast in tasks
involving object recognition, mentioned that an object is not visible unless some
minimum level of contrast is present. He also stated that the high contrast of a ‘
target image facilitates the identification of targets but that contrast variation

_

appears to have little effect on tasks that use percentage of targets detected.
Kokoschka and Bodmann (1978,1980) showed that as room illumination was
increased (thus increasing the Iuminance of the screen background) the
subject’s preferred contrast ratio decreased. The preferred characterbackground Iuminance ratio ranged from 10:1 to 5:1 while the character
Iuminance varied between 75 and 150 cd/m2, and both were dependent on the
screen background Iuminance. Design guidelines for Visual Display Terminals
(VDTs) recommend that the Iuminance contrast ratio between the screen and
the surround should be no larger than 1:3 and that the character contrast (the

contrasts of luminances in the spaces between characters and the bars of

E

characters) should have a ratio of at least 1: 7 (Brauninger, Grandjean, Heiden,

j
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Nishiyama, and Gierer, 1981; Grandjean, 1987; Human Factors Society, 1988).
Kokoschka and Bodmann (1980) also reported that task completion time

l
(

decreased
when the character contrast increased to 18:1, suggesting that
themost

productive contrast ratio is not necessarily the preferred one. Researchers
have found that the display's dot Iuminance should be larger than 35 cd/m2 for
reading tasks (contextual displays) with a preferred dot modulation of 75%
(Human Factors Society, 1988; Snyder and Maddox, 1978b).
: Shades of gray refers to the number of just distinguishable
increments in Iuminance that can be detected on a display (Snyder,1980). This
has become a difficult concept to understand and discuss because of a
misconception that the just detectable increment in Iuminance is equal to an
increase by the square root of two (Snyder, 1985). Results of studies that deal
with difference thresholds indicate that the just noticeable difference (jnd) varies
with Iuminance level, size and shape of the target, the number of targets, the
adapting luminance, and other variables.
Resglutignz The term resolution is frequently misused and/or misinterpreted.
For the number of pixels per unit display distance, it is used in the context of
pixel density or addressability. More often, it is used as the number of
physically or subjectively measured resolvable elements per unit dimension
(Snyder, 1985). Biberman (1973) defines TV resolution as "the number of lines

per unit length or per picture height at some value of brightness and contrast,"
while the Standards and Definitions Committee of the Society of Information

Displays defines resolution as "the smallest discernable and measurable detail

é

l
l
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in a visual presentation." Murch and Virgin (1985) gave resolution a specific
physical measure and defined it as:
a property of the design of a CRT that is derived from the
width (line-spread function) of a line drawn on the screen.
The narrower the line, the higher the resolution. Although a
number of definitions are used, we will consider the line
width at 50% of the line's Iuminance maximum. The critical

aspect of resolution is that it is a property of the CRT design
(p. 101).

Today, the Human Factors Society (1988) defines resolution as:
a measure of the ability of a visual display to display the
smallest discernible details. That measure, accordingly, is
the means by which the quality, or sharpness, of a display is
specified. Various methods are used to quantify resolution.
The method chosen for use in the American National
Standard for Human Factors Engineering of Visual Display
Workstations is the Modulation Transfer Function Area (p.
17).

-

Confusion over the exact meaning of the term resolution is increased by the
many different techniques used to measure this attribute. Resolution can be
measured by modulation transfer function, spot diameter, and/or line width. For
a television image, the measure of resolution used most often is that of
television limiting resolution which is the spatial frequency at which the
observer cannot discriminate the light and dark bars of a video test pattern
(resolution chart). Two factors determine the resolution of a CRT when not
using a glare filter; the current-density distribution in the electron beam which

strikes the phosphor and the optical properties of the phosphor itself. An
increase in resolution will increase performance in tasks that require time
measured detection or recognition of a target but this increase will level off to

I

E-;
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the point where increased resolution does not improve performance any further
(Self, 1969).
Resolution is one of the two independent system characteristics that affect
the perceived image quality of a display; the other is addressability (Murch and
Beaton, 1987). While resolution is defined in the context of image quality as a
derivation of the width of a line or a spot, specified as lines per unit distance or
by any other of the resolution measurement techniques, addressability
represents the ability to select and address a specific point on the screen.
Addressability is a characteristic of the display controller and is usually stated in
terms of the number of lines scanned from the top to the bottom of the display —
”

and the number of points along a raster line (also physically measured by the
center-to-center or peak-to—peak distance between two adjacent pixels).
Because resolution is a property of the design of the display device and
addressability is a property of the controller, the two characteristics are
independent of each other. However, the physical measures of the two
characteristics make image quality dependent on the relationships between the
two. For example,'if the pixel width at the 50% Iuminance point is greater (lower
resolution) than the distance between the midpoint of two side·by-side pixels
(addressability), the successive lines will over-write adjacent lines and produce
information artifacts such as stripes and contours. If the resolution is much

greater than the addressability, raster lines will not merge and the pixels will
appear as separate dots (Murch and Virgin, 1985). Resolution and the

resolution-addressability relationship also affect modulation. lf the spot size is
fixed (fixed resolution), the modulation between lines will decrease as
the·

I
I
I
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addressability increases and vise versa. As the resolution-addressability ratio
increases, the modulation between the adjacent Gaussian pixels decreases
(Murch and Virgin, 1985).
Ljnifgrmity: Uniformity can be described as the constant (unwavering) level
of luminance existing from one area of a display to another. However, most of
the time uniformity is defined in its absence, or by nonuniformity (Snyder, 1985).
Three types of nonuniformity exist: large-area nonuniformity, small-area
uniformity, and edge discontinuities. A gradual change in luminance or color
occurring from one area of a display to another defines a large-area

‘

nonuniformity while small-area nonuniformity addresses pixeI—to-pixel (element-‘
to-element) changes in luminance or color. Edge discontinuities are changes in
luminance or color over an extended boundaly. A large-area nonuniformity up
to a gradient of 50% from the center to the edge is very common in TV displays
and easily noticed as darker areas become invisible when the display is set to
minimum intensity. Fourier transformations of the gradient and comparisons
with the system contrast threshold functions (CTF) can be used to detect the
degree of small-area uniformity (Snyder, 1980).
j;y: Polarity refers to whether characters are darker or Iighter than the
background. Positive image polarity (or negative contrast) refers to dark
characters on a Iighter background while negative polarity (or positive contrast)

refers to light characters on a darker background. The issue of whether
subjects geleg positive or negative polarity has not yet been determined

although recent research indicates that performance on positive polarity
displays is marginally better than on negative polarity displays (Lloyd, Decker,

16Kurokawa,
and Snyder, 1988). Also, positive polarity more closely resembles
printed paper (hard copy) (Heiander et al., 1984).
ll/lgdulatign transfer function (IVITF): The MTF of a display is a measure of the
display's resolution determined by means of a sine-wave test signal. This sinewave response test produces a curve which is defined by the International
Commission on Optics (ICO) as the modulus of the Fouriertransformation of the
line spread function (Biberman, 1973). Task (1979) describes the modulation
transfer function as the curve describing "the ratio of the modulation of the
output sine-wave pattern to the modulation of the input sine-wave pattern" as a
function of spatial frequency. In addition, he states that this concept of MTF can _
only be defined if the display system is linear, indicating that the output/input
relationship is independent of the amplitude of the input.
Snyder (1984) defines the MTF as:
...the contrast expressed as a function of the size of the bars
on a sine-wave grating, with increasing spatial frequency
denoting decreasing bar width. More modulation per unit
spatial frequency indicates greater contrast and perceived
sharpness to the displayed image (p. 299).
In general, MTF describes the display system's spatial frequency response

and has two advantages above other measurement techniques. lt provides a
graphic capability for the determination of the resolution limit of a display system
and affords the capacity to be multiplied by other component MTFs to make up
the MTF of the total system. From physics we know that any waveform can be
broken down into multiple sine component frequencies by using Fourier
analyses. Based on this principle, MTF was developed as the Fourier

l
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transformation of luminance contrast and has been used as the basis for a
number of image quality metrics (Snyder, 1985). An example of an MTF is
shown in Figure 1. Typically, as the frequency of the input signal to the display
system increases, the amplitude of the output response falls. This fall-off at high
frequencies will make the display appear less sharp (loss of high frequency
information causes a defocused image). An MTF with a low degree of
extension into the upper spatial frequencies indicates a blurry or defocused
display.
Image quality metrics based upon the MTF have been widely used by
researchers in the visual display field in the last decade. Task (1979) and
Beaton (1984) both indicated that the MTFA and other MTF—based metrics
generally have high correlations with target recognltion, target detection, and
subjective image quality.
Mooolation tranafor fonotion aroa (MTFA): The area between the modulation
transfer function of the display and the corresponding contrast threshold
function (CTF) of the human eye (the reciprocal of the visual contrast sensitivity
function, (CSF)), between zero spatial frequency and the crossover frequency
(the limiting resolution of the device) of the two curves, is the modulation
transfer function area (Snyder, 1973, 1985; Task, 1979). The CSF is the
"frequency response function" of the visual system. lt assumes an input function
of a repetitive sinusoidal waveform of a known amplitude and relates the output
function by the visual system to the input across the frequencies of interest
(Snyder, 1988). In other words, the CSF is a summary of the visual system's

_
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Figure 1. Modulation transfer function for a medium resolution, monochrome
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l
sensitivity to sine-wave modulation; it presents the threshold modulation level
for each spatial frequency within the visual passband (Beaton, 1984).

l

Mathematically, the MTFA is defined as:
MTFA =
in which

FY(Fs
(w) - T(w)) dw,
w=0
Fc = crossover frequency, or limiting resolution,
Fs (w) = value of the MTF at spatial frequency w, and
T (w) = observer's CTF at spatial frequency w (Snyder,
1988).

1

The MTFA summarizes the excess signal over the threshold requirement of the
visual system over all usable spatial frequencies. An example of MTFA is
shown in Figure 2. lt also assumes that the area is homogeneous in image
quality.
Two aspects of_the MTFA metric that relate to the CTF (CSF) are very
important (Beaton, 1984). First, the use of the CTF and its related functions is
reasonable in sine-wave patterns and simple "yes-no" detection tasks, but for

complex stimuli and for tasks which require "higher·order" processing, the CTF
may not be the most valid human observer representation. Secondly, the
volume under the MTF is considered to be "isotropic." This assumption means
that each spatial frequency component contributes equally to the perception of
quality. Gutmann, Snyder, Farley, and Evans (1979) tested this assumption and
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Figure 2. MTFA, the area bounded by the MTF and the CTF of the obsewer.
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found that MTFA is decidedly anisotropic. Beamon and Snyder (1975) and
Task and Verona (1976) suggested that the area immediately above the CTF is

of greater importance to the observer than is the area well above the CTF. A
nonlinear transform of the MTFA weighting the area near the CTF more heavily
than the area well above the CTF was proposed by Task and Verona (1976).
This Gray Shade Frequency Product (GSFP), which uses as its logical basis the
assumption that the visual system can be modeled as a Iogarithmic amplifier
which sees modulation proportional to the logarithm of the modulation,
demonstrated slightly greater correlations with obsewer performance measures
than the MTFA (Snyder, 1985). However, the differences were small and were
‘
due to MTF differences, not to differences in the noise content of the image.
With respect to the performed research, it is quite conceivable that two display
systems with different MTF shapes but equal MTFA values may be perceived as
having different image quality.
The ANSI has chosen MTFA to quantify resolution and states that the MTFA
metric of a display "shall have a value of at least 5" at the center and at the
locations that are equal to 10 percent of the diagonal length, measured from the
four corners of the active area of the display screen (Human Factors Society,
1988). The value of "5" may be obtained by microphotometric measurements or
by estimation using the formula:

MTFA =

10A

where A =

bo + b1VD + b2WD + b3AB + b4VDAB + b5WDAB+

b6Llvßs+ b7VoI-ivl^s

l

:
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where

bo = 1.48

b4 = -0.17

b1 = 0.60
b2=-1.07
bg:-1.62

b5= 0.59
b6= 0.48
b7= 0.06

and where
VD = viewing distance in meters with 0.30 m < VD < 1.02 m,
WD = width of the Gaussian spot at the half amplitude point in
mm, when 0.15 mm < WD < 0.76 mm,

AB = Iogw of the reflected luminance (cd/m2) from the display

screen, when 0 < AB < 1.7, and
LM = Iogm of the peak display luminance (cd/m2), when

_

1.3 < LM < 2.54.
High correlations have been found between MTFA and target recognition
with variables ranging from target size to display magnification. MTFA has also
proven to be a highly suitable metric of overall image quality and has the
advantage over other measures by taking to account the sensltivity of the
human eye (Beaton, 1984; Snyder, 1973, 1980; Snyder and Maddox, 1980). In

using MTFA as a predictor for particular object recognition tasks it is
recommended that such variables as target detail size and luminance, target
detail contrast, target size, and detail size be controlled. This restraint is
necessary due to the fact that people do not look for and make decisions with
regard to the overall luminance pattern of an object, but rather with regard to the
patterns and variations in luminance within the object (Snyder, 1973).

l

l

l
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I Other factors. The other display system parameters to be discussed are font,

visual angle, number of scan lines, horizontal and vertical spacing, and
character size.
Egg: The illumination of the appropriate pixels in a certain array creates a
specific character font which creates a set of print type of a particular size and
style. The shape and the size of the characters depend on the size of the array
and the number of available pixels. A 10 by 10 array, including spaces, is the
typical size used on CFlTs (Tannas, 1985a). Font and the interaction of font and
matrix size have been found to substantially affect legibility and readability
(Abramson, Mason, and Snyder, 1983; Maddox, 1980; Snyder, 1984). Maddox _
(1980) investigated the effects of five different fonts at three different dot matrix
resolutions on recognition errors and suggested that, as the design of the dot
matrix characters approximates the design of stroke characters, the subject's
performance can be expected to improve. Abramson et al. (1983) and Snyder

(1984) recommended the Huddleston font to be used on high failure-rate
displays because it produced shorter text reading times for all levels of pixel
and all types of display failures. Shurtleff (1980) recommended the Lincoln Mitre font for reading with minimum intrasymbol confusion.
Vigggl anglg: Visual angle is the last of three parameters that determine the
threshold of detectability (Iuminance and contrast were discussed in earlier

sections). lt is defined as:
Visual angle = tan

"

(object height / object distance)

I

I

I
I

I
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(Tannas, 1985b). The minimum visual angle is a measure of acuity, the ability
of the eye to resolve detail. Acuity is usually measured relative to the
performance of a "normal" person and is indicated as the
symbol-identificationdistance
of the person measured versus the normal identification distance
(20/20 indicates that the person can read at 20 feet what a "normal" person can
read at 20 feet). With 20/20 acuity, the details on a standard test chart subtend
one arcminute. With characters of constant size on the display it is important for
the experimenter to control the distance between the subject and the display to
avoid any change in visual angle which may influence the process of detection.
Recommended viewing distance of the display ls 50 to 70 cm (Grandjean,
1987).
I

Hgrizontal ang vertical spacing: Horizontal or intercharacter spacing,
together with the width of the character matrix, determines the number of the
characters which can be recognized with one single fixation of the obsen/er's
eye. Shurtleff and Alexander (1972) indicated that spacing between characters
can be as close as 10% to 15% of the symbol height without any loss in
identification accuracy or speed. Recommended VDT intercharacter distance
for general use is 25% of the character height or two dots and no more than
50% of the character width (Grandjean, 1987; Snyder, 1980). One dot was
found to be the optimum intercharacter spacing for reading effort and legibility
by the CCIR study group (1981). Proportionally spaced text resulted in more
characters per fixation, therefore fewer eye fixations and shorter reading times
(Morin and Scallio, 1981). Thus, intercharacter spacing influences the number
of characters a subject can read and should be kept constant for all text to be
read within an experiment. Large vertical or interline spacing can reduce the

l
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number of lines to be displayed on the screen at one time but also increases the
legibility of those that are displayed. Grandjean (1987) recommends that the
interline spacing on a VDT should be 4-6 mm for general use.
Qharagter size: Character size is defined as the physical height of the upper

case letter. The recommended range for character size, with suitable contrast
ratio and luminance, is 16-25 arcminutes, meaning that the character size can
range from 2.3 mm at a viewing distance of 50 cm to 5.1 mm ata viewing
distance of 70 cm. Larger sizes make text less readable unless the viewing
distance is greatly increased. Upper case and lower case characters together
are easier to read than text with only upper case characters (Grandjean, 1987). Smaller characters were found by Snyder and Maddox (1978a) to be more
suitable for reading tasks; large characters were more suitable for detection
tasks. Clauer (1977) found that a large character size (3.43 mm) produced
fewer legibility errors than a smaller character size (2.54 mm). Character width
should be between 70% and 80% of the character height (Grandjean, 1987).

I
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Reading
Grandjean (1987) describes reading as the process of moving the eye in
quick jumps, called saccades, along the line. Reading saccades, the rightward
movements covering 8 +/- 4 letters, and line saccades, moving the eye from the
end of one line to the beginning of the next, are the most important (Grandjean,
1987). Reading of text is a four-stage process that depends on the individual
character's or the character group's geometric and photometric attributes (Cakir,
Hart, and Stewart, 1980; Tinker, 1963). All four of the stages -- detection,

discrimination, transformation, and integration -- must operate simultaneously
_
and adequately for reading to be successful. The detection and discrimination
of individual characters (combined termed legibility) are the first two stages of
reading. The effectiveness and success of these two stages within the reading
process is dependent upon the characters' image quality. Detection of a
character on a visual display is influenced by the size of the character, the
resolution, perceived brightness, and contrast. When these are constant within
the text, detection is achieved by the perception of differences in the characters'
shape and construction. lf not, distinction between similar letters like "O" and
"O" will be difficult.
Transforming the detected and discriminated information into meaningful
units is the third stage, which depends Iargely on the spacing of the words.
Obviously, there is quite a difference in the meaning of the text when there is a
space between characters and when there is none. Readability is the term
used for this third stage of the reading process. While legibility is concerned
with the characteristics of individual characters, readability is concerned with

V
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recognition of groupings of characters. Factors that impact Iegibility include
character size, character shape (including generation method), intercharacter
spacing, stability (flicker, shimmer, jitter, and swim), resolution, luminance,
contrast, and chromaticity (Stewart, 1979).
The fourth stage entails integration and comprehension of the perceived
information from the previous stages. This process is described as
understandability, and is also dependent upon the layout of the text. It is also
important to remember that all four stages are influenced by the motivation and
training of the reader.
When a person becomes accustomed to reading certain characters, he or
she may identify the text by words more efficiently than when viewing nonwords or individual characters. Letters in words become predictable and
redundant information is used to identify letters within words. When a subject is
timed in a reading task, he or she will have a tendency to scan the text as fast as
possible and will be able to comprehend it dependent on his or her reading
experience. In most experimental proofreading tasks, the subject is required to
read text as fast as possible, locate mistakes within the text, and then fill out a
comprehension questionnalre upon completion. While practice and reading
experience will influence the subject's reading speed, the type of mistake
located within the text will also (Monk, 1983). Substituting letters of the same
relative height which presenze the overall shape of the word will produce less
disruption of reading performance than when substituting letters of different

heights that affect the shape of the word. Deletions of letters are less likely to be
noticed than substitutions of letters within words and misspellings that maintain
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word shape are less noticeable than those that do not. These findings indicate

that unless the degree of change in word shape of the mlstakes is controlled,
proofreading for spelling mlstakes is an unreliable human performance
variable. But how do we measure the degree of change in word shape?
Unless proofreading tasks require the subject to read for meaning, this measure
of human performance is unreliable.
ln 1979, Snyder and Taylor in their work summarized four metrics that have
been used to determine Iegibility associated with differing display
characteristics. A fifth metric was later described by DeCicco (1983). The five
metrics currently used are accuracy, response time, tachistoscopic recognition, —
threshold visibility, and reading times. While accuracy is defined as the
proportion of correct responses the subject makes, response time represents
the speed with which a subject responds to a stimulus (a single alphanumeric
character). The number or proportion of correct responses by a subject used as
a dependent measure when alphanumeric characters are displayed for a few
milllseconds is known as tachistoscopic recognition. Threshold visibility
describes the distance at which a fixed percentage of alphanumeric characters
can be displayed and are recognized by the subject. Accuracy was found by
Snyder and Taylor (1979) to be the most sensitive measure while the
otherthree
measures demonstrated significant differences only when viewing
distances exceeded 2.35 m.
ln 1955, Tinker developed a task for research on visual functions used for

measuring reading speed of relatively long periods of reading. This task hasl

l

.

l

29

been found to be a reliable measure of human performance. It is called the
Tinker Speed of Reading Test and was developed for two main uses:

1.

For carrying out research on visual functions, such as the effect of
typographical variations on the speed of perception in reading or the
effect of illuminatlon on the speed of perception in reading.

2.

For measuring the speed of sustained reading in situations where
performance over a relatively long period of time is desirable. It is also
used frequently in counseling sessions for college and high school
students (Tinker, 1955).

The Tinker Speed of Reading Test consists of passages of about 30 words each
.

which relate a certain thought, event, or happening to the reader but one word
in the passage spoils the meaning (the target word). The reader is instructed to
find the target word in the smallest amount of time and draw a line through it or
verbally acknowledge the word to the experimenter. The following is an
example of a Tinker passage:
When I was walking through the woods I saw a bear
standing on his hind legs. I ran to get my gun, but when I
returned the rabbit was gone.
What differentiatesthis task from proofreading is that the emphasis is on
reading for simple comprehenslon. The subject has to read the passage,
comprehend it, and indicate the target word. Changes in reading speed for
Tinker passages have been highly correlated with changes in image quality.

Overall, Tinker passages have been found to be reliable and valid measures in
numerous electronic display image quality evaluations (Abramson et al., 1983;
Hunter, 1988; Snyder and Maddox, 1978b).

Vl
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Relevant Studies
The following literature review carefully evaluates the methodology and
results of earlier research relevant to the proposed study.
Creed, Dennis, and Newstead (1987). Creed, Dennis, and Newstead
compared proofreading performance across three different modes of
presentation. They claimed that previous experimental comparisons between
reading from paper and reading from CRTs had been carried out in conditions
favoring the use of paper to perform the task. They also proposed the use of
different error types within the text to be proofread because random letter

_

substitutions will only provide relatively gross information concerning the factors
affecting accurate performance. Thus, the analysis of the performance of the
participant will be very difficult. In an attempt to remove the favorable paper
conditions they used dimmed light in the CRT condition (eliminating glare), and
presented all text vertically, using exact copies of the CRT screen for the paper
condition. They also introduced a delay in the presentation of each printed
page. Proofreading was used as the experimental task because:
...it can be accurately and objectively scored,
andbecause
it is a task amenable to manipulation without
becoming artificial, i.e. the experimenter can control the
types and frequency of errors in the text, yet still retain
the task's face valrdlty (p. 5).
The text to be proofread contained three different error types. They were

V
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Visually Similar letter substitutions, Visually Dissimilar letter substitutions, and

V
V

Syntactic errors. The first two error types were intended to provide data about

V

the visual discriminability of the font, while the Syntactic error type would test
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the subjects had knowledge of the grammatical correctness of the text,
·whether
and if this knowledge differed among the media. The authors believed that this
methodology allowed for greater control of the experimental variables and

provided them with a better direct comparison of the two media enabling them
to make an assessment of the extent to which the CRT is responsible for
impaired human performance. Three media were used to compare human
performance: CRT, a life-size color photograph of the CRT display, and a high
quality print·out of the CRT display. The Photo condition was used because it
had the same font and contrast characteristics of the CRT and none of the

negative points (flicker, physical bulk, and projecting incident light) associated
with it.
Thirty subjects were asked to proofread three different texts for each of the A
three display conditions. Each text contained three types of deliberate error
(VisualIy Similar, Vlsually Disslmilar, and Syntactic) evenly distributed
throughout each text with a total of 18 errors. The CRT condition consisted of a
Zenith Data Systems monochrome (high resolution) monitor with green
phosphor, driven by a BBCB microcomputer. The computer was programmed
to present the text, record the positions of each error the subject marked,
measure the time taken to complete each screen of text, and calculate the total
performance time. Positive contrast was used to display the text on the CRT. A
joystick was used by the subject to mark the errors and to advance to the next
page. Practice trials were held in order to make the subject familiar with the
joystick and the rest of the apparatus. Subjects were instructed to read the text
as fast and accurately as possible, looking for errors as they proceeded. Upon
finding an error the subject had to position the cursor on the error and mark it by
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pressing a red button on the joystick. No "backspacing" was allowed. Upon
completion of the task, the subject was instructed to press a green button on the
joystick in order to advance to the next page. The advancement of the next
page took eight seconds due to the text being first written in background color
and then suddenly being switched into the foreground. Although this process
introduced a time delay, it prevented the subject from being able to see it before
the whole page was projected onto the screen. The photo and paper conditions
were presented vertically with the help of a specially constructed wooden frame
with the same dimensions as those of the monitor (12 in. x 10 in.). A lamp,
controlled by the subject, lit the page to be read and went off whenever the
subject finished reading. When the next page was in place, the light could be lit
again. The subject marked the errors with a dry-marker pen as they were seen
and at the end of the trial the time spent per page and the total performance
time were recorded. The responses the subject made were recorded by noting
each word that had been marked with the pen.
No significant difference was found for the mean number of detections for
each error type among the CRT, photo, and paper conditions, although the raw
data suggested a slight trend towards slower performance with the photo and
CRT. The error data were significantly different for medium and error type with
the difference between CRT and paper conditions being the largest contributor.
Visually Dissimilar errors were more easily detected, being significantly different
from both Visually Similar and Syntactic errors. Display font was found to be
the likely cause of the difference in accuracy since performance was poorest
with Visually Similar errors, which required a high level of visual discriminability

for detection.

_
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Creed, Dennis, and Newstead conducted a second experiment to determine
whether performance on the CRT could be facilitated by altering the text layout.
Special attention was focused on the detection of Syntactic errors. Four
conditions were used and 24 subjects proofread text in all four conditions. The
texts were the same as in the first experiment with the addition of a fourth text
(prepared for test) used in the same way as the previous three. Errors were
indicated in the same way as in the previous experiment. The results
suggested significant effects of medium and error type but not of format.
Performance in the paper condition was better and faster than in the CRT
condition for both the fuIl—page and column format. A significant interaction was
_
found between medium and error type. Visually Dissimilar errors were again
easier to detect than Visually Similar and Syntactic errors. The font type was
found most likely to be the major factor in differences between performances in
the paper and CRT condition. The significant interaction supports the view that
problems arise through difficulty in discriminating visually similar letters and
indicates an impairment in performance on the CRT. It also underscores the
importance of the balancing and selection of errors experimenters introduce in
the texts to be proofread by the subjects. Choosing letter omission, letter
substitution, letter transposition, and letter addition as the different error types
without considering the shape of the word (visual appearance) would be bad
practice (Gould et al., 1987a). One obvious limitation of methodology in these

two experiments was the variation in annotation of errors: using a joystick in the
CRT condition and using a dry-marker pen in the paper condition. The time

difference might have been less ifa light-pen was used in the CRT condition or
if subjects had verbally announced the misspelled words. However, this

I
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limitation would not have affected accuracy which was found to be significantly
better for the paper condition.
Cushman (1981). Cushman (1981) investigated the subjective fatigue and
performance of participants who were reading text for 80 min using a
microfiche, a CRT , or a printed page as display format. Both negative and
positive contrast were used for the CRT and the microfiche conditions. The
articles the parlicipants read were of general interest and were printed in 10point Times Roman Medium type with approximately 55 characters per line and
2 columns per page. A multiple choice test measured the participant's

i

comprehension of the article. Two different projection screens were used for
the front-projection model microfiche: a metal screen with a relatively diffuse
surface and a high-reflectance screen with a matte surface. In the CRT
condition a white (P4) phosphor and a green (P31) phosphor display were
used. In the first experiment, 16 participants read articles in five different
conditions, paper copy and microfiche with positive and negative images on a
metal and high-reflectance screen. The luminance modulation was held
between 0.76 and 0.88 and the luminance of the light area of the pages (either
background or characters dependent on the type of contrast) was 125 cd/m2 for
the five conditions. The Visual Fatigue Graphic Rating Scale (VFGRS),
administered at the beginning of each session and after 15 min, 30 min, 45 min,
60 min, and 80 min, was used to assess the degree of visual fatigue of the
1
participants.

Both CRT conditions were also used in the second experiment in which 36
participants read one article for 80 min. Half the subjects read from positive

·
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contrast images (dark images on a light background) while the other half read
imaged displayed in negative contrast . The return key had to be pressed at the
end of the page to scroll to the next page. Results indicated that subjects' visual
fatigue increased while reading from the printed paper copy and while reading
from the microfiche projected on the metal screen. The increase in visual
fatigue was found to be significantly greater for subjects reading from the

negative image microfiche (light characters on dark background) than for the
subjects reading from either the paper copy or the positive microfiche. Mean
reading speed for the paper copy condition was found to be significantly faster
than the reading speed for the microfiche with a negative image condition.
~
Also, reading continuous text from a negative contrast (positive image) CRT was
found to be more fatiguing than reading the same text printed on paper. The
difference was attributed to an increase in frame repetltion rate for the negative
contrast displays necessary to eliminate visible flicker. The researchers
concluded that CRTs are suitable for reading continuous text if they are
operated in the negative image mode.

(
Although Cushman used the "non-reliable" task of proofreading as his
dependent variable, this study, out of all studies mentioned in the literature

(

review, is one of the view that presented the reader with actual measures

{

image quality. Character contrast, background illumination, as well as
usedpolarity
were measured and controlled. One of the few negative aspects of

Cushman's research is that he focused more on the issue of fatigue than on the
difference in reading between the mlcrofiche, VDT, and printed page.

l
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4Gould
and Grischkowsky (1984). Gould and Grischkowsky (1984) reported
an investigation in which they studied the fatiguing effects CRT terminals may

have on people who use them daily at work. They focused primarily on
separating the effects of CRT displays from the effects of work itself, stating that
in earlier research (before 1981) these effects had not been properly separated.
Changes in people's performance, feelings, and vision were observed.
Twenty-four clerk-typists were employed to proofread excerpts for spelling
errors. Searching for misspelled words was the performance task, chosen
because "it is visually intensive, occurs in many real-world applications, and
—

allows an objectlve and easily quantified measurement of a participant's
performance." Subjects worked for two days in six 45-min work periods each
day. On one day the text was displayed on hard copy, on the other the CRT
displayed the text. Three IBM 3277 display terminals were used in the CRT
condition while the hard copy material was created with an APS5 computercontrolled photocomposer and reproduced with IBM copiers. Participants'

performances during the work periods were measured in terms of proofreading
speed and the number of errors made. Ouestionnaires given at the beginning
of the day, after each work period, and after lunch assessed participant's
feelings. Optical tests (contrast, flicker sensitivity, visual acuity, and phoria)
were given at the beginning of the day and following each work period
measured vision. Participants were videotaped the last minute of each work
period with the intention to analyze participants' body movement and fatigue.

Proofreading speed was found to be significantly slower for the CRT
condition and performance was (although not significantly) less acggrate. No

.
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adverse effects of the CRT display on the accuracy of reporting mistakes, on
subjective or optical fatigue, or on performance decrement were found.
The study can be criticized in several areas. First of all, the major dependent
variable used, proofreading of text for spelling mistakes, cannot be Iooked upon
as a valid and reliable measure of human performance (Monk, 1983). Even the
researchers themselves mentioned this fact in their paper. This lack of reliabiiity
is due to the fact that misspellings that alter the shape of the word are easier to
find than those that preserve word shape. Gould and Grischkowsky balanced
the number of misspellings with respect to letter omissions, letter substitutions,
letter transpositions, and letter additions but did not take the shape of the word ·
in consideration. ln their experiment a computer randomly selected a word to
be misspelled within a 150-word block text. This selection of a word within a

150-word block text may have contributed to the highly significant, (p < 0.001),
improvement in proofreading speed over the number of work periods. Failure to
control for the methods of marking and reporting the spelling mistakes (pointing
with a light pen versus circling with a pencil on paper) may not have been a
critical point but could easily have been avoided by the subject saying out loud
the word in which the mistake was located. This suggestion assumes that the
subjects were tested at individual times with the experimenter in closed quarters
with the subject giving the experimenter more control over the subject's sitting
position, the angle of the subject's head, the subject's distance from the CRT or
hard copy, and the illumination of the room.

The major criticism touches upon the last point made above and in the
introduction. There was little or no control of the quality of the image on the
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display. The subject also was free to sit at any distance from the display, was
encouraged to select the level of room illumination, was allowed to adjust the
character luminance (and therefore contrast) on the CRT, and had a choice
among four adjustable chairs. The hard copy text consisted of 4-mm high
characters while the text projected on the CRT consisted of characters that were
3-mm high. Letter Gothic font was used for the hard copy versus a 3277 type (7
x 9 dot-matrix ) font on the CRT. The polarity of the text also differed; the hard
copy format displayed text that consisted of dark characters on a white
background, whereas the CRT displayed text vice versa.
The lack of control of the image quality variables and other points mentioned ‘
above make the results of this study highly questionable. lt would be wrong to
interpret that the speed of reading text displayed on a CRT is slower than the
reading speed from hard copy. Overall, the review of this study emphasizes the
importance of an adequate level of variable knowledge and control that a
researcher needs to perform a good study.
Gould, Alfaro, Barnes, Finn, Grischkowsky, and Minuto (1987). This is a
follow up to the study performed in 1984. Total emphasis was placed this time
on the investigation of variables that might have caused the difference in
reading speed between CRT and hard copy. Variables were summarized
under four headings: possible artifacts, task variables, display variables, and
personal variables. The possible artifacts category consisted of variables that
originated in the 1984 experiment, for example, difference in response mode,

order, reading material, and fatigue. The task variables category included
horizontal versus vertical paper orientation, proofreading versus

l
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comprehension, real-life reading distances, visual angle, and eye movements.
Dynamic characteristics of the CRT displays, different CRT displays, polarity,
and font made up the display variables while age and CRT reading experience
formed the category personal variables. Ten experiments were conducted of
which each one used one of the variables mentioned.
The effects of print quality on reading speed was studied in the first
experiment. A "good" font, reproduced in high-contrast, sharp characters, and a
"poor" font, reproduced to be barely readable, were compared. Eight subjects
proofread one high-quality printed article and one low-quality printed article.
Performance was evaluated through accuracy and reading speed. The results ·
a

indicated a nog-significant 21-26% difference in reading speed in favor of the
high-quality print. Also, the proofreading-speed difference between the good
and poor quality print was found to be about the same as the proofreadingspeed difference found between a good CRT display and good-quality print
(Gould and Grischkowsky, 1984). This, they said, "indicates the significance of
solving the CRT reading-speed difference."
A comparison among proofreading text from a CRT display, horizontal
paper, and vertical paper (paper was held in a copy holder to obtain difference
in orientation) was made in the second experiment. Twelve subjects proofread
three articles, one in each condition. Results indicated that there was no
difference in reading speed between the two paper conditions but a significant
faster reading speed existed for the paper conditions as compared to the CRT.
The third experiment compared proofreading versus reading for

l
l

comprehension. Subjects were instructed to read articles and to briefly
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summanze them alterwards into a tape recorder. Results indicated that reading
for comprehension from a CRT required more time than reading from hard copy.
The fourth and fifth experiments dealt with visual distance and the impact
different visual angles might have on reading speed. Participants in the CRT
condition were found to sit farther away than participants in the paper condition
and results also indicated that the speed of reading was affected by the degree
of visual angle. Visual angle was ruled out as the cause of the subjects' faster
reading because no signifi_cant difference was found among reading speeds
with subjects' visual angles ranging between 16.0 and 36.4 degrees. A
suggestion was made by the authors at the end of the fifth experiment that,
because of the large difference between the fonts used, the difference in
reading speed between the CRT display and paper in the original study could
have been due to the differences in font.
The sixth experiment investigated eye fixation. Participants made 15% more
eye fixations when reading from the CRT than when reading from paper. This
difference was equivalent to the median proofreading-speed difference that
Gould and Grischkowsky found in the 1984 experiment. The pattern of fixations
of each participant's eye was found to be the same on CRT as on paper. Mean
fixation duration was the same for the CRT and paper, therefore excluding extra
fixation or staring at the CRT display. The 15% difference, the authors argued,
was due to a difference in variables that affect the image quality of the text
characters, including polarity, line spacing, and color.
A comparison of reading speed among paper, CRT, and photographs of text
displayed on a CRT was made in the seventh experiment. Proofreading was
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found to be faster for the paper condition but no significant difference was found

between the photo and the CRT condition. No image quality measurements
were taken of either the CRT, paper, or photographs.
The purpose of the eighth experiment was to determine if a difference in
reading speed would occur if different types of "very good" CRT displays were
compared. An equal reading-speed difference was found for all of the four CRT
displays with respect to the paper condition and no difference in reading speed
was found among the CRT displays. No image quality measurements were
made of the CRTs; they were often used and were known as "good quality"
displays. Display contrast was omitted as a cause for the difference in reading- ·
speed because of the measured luminance contrast ratlos for paper and CRT
being about the same.
.
Polarity, by making photographs of the CRT screen and printing them in both
polarities, was studied in the ninth experiment. Participants proofread text from
a CRT display and from photographs that differed in size and polarity. No
differences in proofreading speed and accuracy were found between the
display conditions. No evidence of polarity affecting proofreading rate was
found either.
The tenth and last experiment dealt with font type. In this experiment the
CRT was replaced by a storage tube due to bad image quality on the CRT. For
the text displayed on both the storage tube as well as for the paper condition the
same font was used. Result indicated a 7% significant reading-speed
difference in favor of the paper condition.

l
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Upon completion of the experiments, the researchers concluded that no
single variable could account for most of the reading-speed difference. They

believed that the difference might be due to a combination of variables that
could interact in a nonlinear way and which might affect the image quality of the
characters. They ruled out personal variables, such as age and experience,
and possible inherent defects in CRT technology.
Again, control of the variables seemed to be a major problem for these
researchers. Fonts were different for the paper and CRT condition throughout
all the experiments except for the experiment that tested font in which a storage
tube replaced the CRT display. Reading distance and text position, as well as
background luminance and character luminance varied per subject who was
instructed to adjust each variable to a comfortable level. Questions dealing with
the experimental design can be raised when type of font is tested and no real
comparison is made between fonts (the researchers only used one font and
investigated if a reading speed difference still existed between the display
conditions). Replacement of the CRT due to the bad image quality can initiate
questions like; "when did the image quality go bad?", "did it affect other
experiments?" (it was the same CRT used in most experiments), and "why was
the polarity not the same for both the paper and storage tube condition when
font was tested?" The researchers themselves quoted Tinker (1963), who
reported a large interaction between font and polarity which resulted in a 20%
reading difference with another font. With these kind of questions, the results of
this study should not be used as guidelines for either system design or future
experiments.

„
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Gould, Alfaro, Finn, Haupt, and Minuto (1987). This study was aimed
at"comparing
reading from paper and from CRT displays when the display looked

F

F

similar to paper" (Gould et al., 1987). Six experiments were conducted in which
F
font, display quality, polarity, and anti-aliasing were investigated.l
F
Experiment 1 compared proofreading performance on paper and on a CRT
when the material to be proofread consisted of the same font, polarity, size, and
layout. Eighteen subjects proofread six 5-page articles that were taken from
newspapers and magazines for misspellings. Three different fonts were used:
Press, Letter Gothic, and Univers. One article in each font was proofread from
paper, and one was proofread from a CRT (a Mitsubishi 32.5 cm high-resolution ·
color monitor, Model c-3419C, with 480 x 640 addressability, 525-line raster,
and long-persistence phosphor). The size of the characters was the same for
all three fonts (12 point) while Letter Gothic was monospaced and the others
were proportionally spaced. The level of luminance of the CRT was chosen by
the participants. Participants read from the CRT significantly slower than from
paper with no difference in accuracy. The 5% difference in reading time was
smaller than those found in previous experiments (Gould and Grischkowsky,
1984: Gould et al., 1987a). This smaller difference was due to an increase in
speed of proofreading within the CRT condition; the proofreading speed for the
paper condition was the same as found previously (Gould et al., 1987a). No
significant difference in proofreading or accuracy was found among the three
different fonts. The experimenters concluded that when the characters on the
CRT displays appeared to be similar to those on paper, there was a marked
improvement in the speed of proofreading from text presented on the CRT

displays.
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The second experiment compared proofreading on paper with proofreading
on a CRT while using a higher-resolution monochrome CRT display (IBM 5080
monochrome, P-40 phosphor, 50-Hz regeneration rate, 1024 x 1024
addressability on an active screen size of 12 x 12 in.). A secondary purpose of
the experiment was to investigate whether page length might interact with the
paper / CRT comparison. Sixteen participants proofread four 1000-word
articles on misspellings. Two articles contained 22 lines per page and two
articles contained 28 lines per page. Both 22- and 28-line articles were read in
both paper and CRT conditions. Univers-65 font was used as the font for all
articles because it had received the most positive comments from participants
and because of the smaller reading speed difference found in Experiment 1.
.

The participants were again allowed to adjust the display Iuminance to their
Iiking. Participants were found to read at about the same rate from paper as
from the CRT, though most preferred proofreading the characters from paper,

the latter due to the ability to pick up the paper and to be able to read the text in
various positions. Some participants complained about the flickering of the
5080. The researchers concluded that people can proofread as fast from a CRT
display as they can from paper when the characters on the two media appear to
be similar and the CRT display has relatively high resolution.
Experiment 3 had two purposes: first of all to reduce the amount of flickering
of the display by using a 5080 display with a 60-Hz regeneration rate, and
secondly, attempting to replicate the results from the second experiment.
Twelve participants each read two articles in Univers-65 font printed on paper
and two articles, also in Univers-65 but shown in anti-aliased fashion, on the
experimental 5080 display. Participants were found to read at about the same

—
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rate from paper as from the CRT. No difference in accuracy was found between
the CRT and paper conditions and participants preferred the paper condition
over the CRT condition. Participants were able to adjust the Iuminance of the
display and the Iuminance of the background to their personal liking. During
the experiment they tended to set the background Iuminance at a relatively high
level, which seemed to have caused some glare problems during the process of
reading from the CRT. The researchers concluded that their results confirmed
that people can read as fast from a "good" CRT display as from paper.
The effect of polarity and contrast ratio on proofreading was examined in
Experiment 4. Past experiments had shown that dark characters on a light
background, similar to hard copy, are read faster than light characters on a dark
background (Tinker, 1963). On CRT displays, the experimental data with regard
to the effects of polarity are mixed. ldentical proofreading rates on high·contrast
photographs printed in two polarities were found by Gould et al. (1987a), while
Bauer and Cavonius (1980) found that dark characters on a light background
were read faster and more accurately than light characters on a dark
background. ln the fourth experiment, fifteen participants proofread five different
1000-word articles similar to those in Experiments 2 and 3 for misspellings.
Each participant read four articles displayed in anti-aliased characters on the
experimental monochrome 5080 display similar to the one used in the third
experiment. Two articles contained dark characters on a light background and
two articles displayed light characters on a dark background. Each participant
also read an article printed on paper in the usual dark (non—anti-aliased)
characters on white paper. Every article had the same format, size, and font.
The contrast ratio was 10:1 for one article in both polarities and for the other

·
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article set by the participant (participants adjusted either the luminance of the
light background or the light characters, depending on the polarity). No
significant difference was found in proofreading speed between the two

polarities or between the fixed and adjusted contrast conditions. However, of
the 15 participants, 12 read faster from the dark CRT characters than from the
light CRT characters. Proofreading from the CRT was found to be faster than
proofreading from a CRT in earlier research (Gould et al., 1987a). Most people
again (12 of 15) preferred reading from paper over reading from the CRT. "The
paper was easily moved and adjusted, it was traditional, and the font was
better" were the major reasons for this preference. The researchers concluded
_
that there was no strong evidence supporting the fact that participants read dark
CRT characters on a light background faster than light CRT characters on a dark
l
background even when the characters were anti-aliased. The trend favored
dark characters on a light background, however, which could account for part of
the differences in proofreading speed previously found between CRT displays
and paper
Experiment 5 investigated whether anti·aliasing, an increase of perceived
resolution of a display through the use of grey level, was the primary reason for
the improvement in reading speed for the CRT display condition that was found
in Experiments 2, 3, and 4. Fifteen participants proofread three different 1000word excerpts from newspapers and magazines for mlsspellings. Each
participant read one article from a CRT displayed in anti-aliased characters, one
article from a CRT displayed in non—anti-aliased characters, and one article
printed on paper. A PQD system was used to produce the anti-aliased

characters. Alterations in the generation of the aliased font were made to
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a binary font, that, just as with the anti-aliased font, was automatically

generated from a computer algorithm. Contrast was fixed at 11:1 and the
luminance of the background was set at 115 cd/m2. Proofreading speed was
found to be faster from paper than from the non anti-aliased CRT characters.
The proofreading speed from the anti-aliased characters did not differ
significantly from either of the two reading conditions. In comparing the two
display conditions, 14 participants preferred reading from the anti-aliased
characters. Overall, the experiment provided some evidence that anti-aliasing
might contribute to faster reading speeds from CRT displays because the
significant difference between proofreading speed from paper and proofreading
_
speed from the CRT was eliminated with the introduction of the anti-aliased
characters. On the other hand, no significant difference was found between
proofreading speeds from aliased CRT characters and from anti-aliased CRT

characters. The authors concluded that anti·aliasing by itself might be the
cause for @5; of the improved reading speed that was observed with respect to
the CRT condition.
Experiment 6 used five different display conditions to compare, within
participants, how reading speed on one specific display system compared with
reading speed on other more popular and commercially available display
systems. The five display systems were: the display from Experiment 5 (antialiased display), an IBM PC, an IBM 3278, paper with good-quality print, and
paper with very poor-quality print. Eighteen participants proofread one article in
each display condition. Font (Press-14) was the same for all display conditions.
Both speed of proofreading and accuracy were found to be different within the

five display conditions. Th experimenters, therefore, combined the two
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measures into one: the number of hits per minute of proofreading. The display
conditions also were found to differ significantly with this measure. Poor-quality
print was found to be the worst display condition and was followed by the IBM
3278 and the IBM PC conditions. The anti-aliased display (AAD) and the goodquality paper were found to be the best. The AAD was rated easiest to read,
was rated as being close to what paper looks like, and displayed good
resolution and contrast. Although the difference in reading speed between the
display conditions was larger than in Experiments 2, 3, and 4, no significant
difference was found between the good-quality paper condition and the AAD
condition. The experimenters concluded that "text consisting of anti-aliased
_
dark characters shown on a relatively high resolution CBT screen is read about
equally efficiently as good-quality print on paper."
With respect to the results of the six experiments listed above, no single
variable can explain most of the improved reading from the CRT display
condition. Anti—aIiasing eliminated the significant reading speed difference
found between paper and aliased CRT characters, a result which underlined
the importance of perceived resolution in both the paper and CRT conditions.
Proofreading speed was found to improve with an increase in display resolution
(calculated over three different studies: Gould et al., 1987a; Gould et al., 1987b;
and Gould and Grischkowsky, 1984). A negative polarity display (dark
characters on a light background) read faster than a positive polarity display

(light characters on a dark background) but polarity by itself can account for no
more than a small percentage of the paper/ CBT difference in reading speed. lt
appears, therefore, that negative display polarity, improved display resolution,

and anti-aliasing each contributed to the elimination of the paper / CBT reading
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speed difference but that these factors alone cannot be the cause of the reading
speed difference found in the earlier experiments performed. The unknown
interaction of image quality variables, like polarity, contrast, and resolution, on
reading speed is most likely to be the cause of the difference in reading speed
found. Major limitations of the experiments were that results were obtained from
very brief reading sessions, usually a few minutes per condition, and that
proofreading was used again as the dependent variable.
Haas and Hayes (1985). Haas and Hayes (1985a, 1985b) performed two
experimental studies designed to compare subjects' reading performance from
computer screens and from printed hard copy. The first experiment investigated the subjects' whole-text reading performance which included their ability to
'

reorganize or revise the reading text. The experiment was based on the results
of a previous study (Haas and Hayes, 1985a) which had indicated that subjects
retrieved information from a previously read text less efficiently from a standard
computer terminal than from hard copy. The experiment tested two hypotheses:
1.

Reading for meaning would, like spatial recall and information retrieval,
be adversely affected by the machine.

2.

An advanced computer display would diminish the differences between
subjects' performance in the computer and hard copy conditions.
Display variables such as screen size and methods of advancing the
reading text were hypothesized as critical variables which would make
reading for meaning on a computer screen more efficient.
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Ten subjects, each with less than 10 hours of computer experience, were
trained forthree hours on the computer system prior to the experiment. Five
non-fiction texts, approximately 1200 words long and similar in readability
(measured by the Flesh Readability Formula), were altered so that complete
lines of text were out of order. The lines of the text were numbered sequentially.
The subjects read the disordered texts in five different display conditions, one
hard copy and four soft copy conditions which varied in screen size and method
of text advance (either scroll bar or function keys). To move the text, the subject
had to point a mouse to different sections on a scroll bar contained on the text
screen. Keyboard functions could also be used to manipulate the text. The
CTR used was a Sun workstation with a 19-inch diagonal, bit-mapped, black- °
on-white display. The large screen was 10 x 10 inches and held 46 lines of text.
The small screen was 5.5 x 8 and held 22 lines of text. During the experiment

subjects verbally indicated how the lines should be reordered.
Results indicated that the five different display conditions produced
significantly different times of task completion. A Newman-Keuls test indicated
that the hard copy and large screen soft copy conditions differed significantly
from the small screen conditions. However, no significant time difference
between the large screen soft copy and hard copy conditions was found. No

significant difference was found for text advancement method either.
The second experiment investigated differences in hard copy and soft copy
with respect to proofreading. Subjects were tested in three conditions, one hard

copy condition and two soft copy conditions that differed in screen size (same
computer and screen sizes used in the first experiment). Three versions of the
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texts used in Experiment 1 were used in this experiment as well as the
same 10 subjects. However, this time texts were not disordered but contained
24 text errors. Errors consisted of missing spaces, faulty mid-word capitals,
repeated letters within words, and repeated words. Subjects were allowed to
use either the scroll bar or the function keys to move through the text.
Results showed no significant difference between proofreading from hard
copy and from advanced, high quality computer display. The experimenters
contrlbuted their results to the high image quality display of the reading text in

black on white format.
This study included some major problems that are similar to most studies.
The two experiments lacked any variable control which might have affected the
dependent variables. No information was presented to the reader about visual
angle, font size, degree of illumination, image quality, and especially the format
of the hard copy condition. The experimenters did not perform a thorough
literature review, did not report the screen variable results of the second
experiment, and did not report the conditions of the experimental setup.
Overall, these two experiments lacked any significant results that are important

to the proposed study.
Heppner, Anderson, Farstrup, and Weiderman (1985). Heppner, Anderson,
Farstrup, and Weiderman investigated the effect videotex, which presents
materials requiring reasonably intense concentration, would have on reading
performance. A reading performance comparison was made between text
displayed on a CRT and on paper. Videotex, a term used by Tydeman (1982),
is a two-way interactive system that delivers text material to a remote station,
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typically a CRT (Teletext, a similar system, is already operating in The United
Kingdom, The Netherlands, Belgium, France, and Germany). It displays on the
viewer's TV the latest local, national, and international news, TV programs,
sports, etc. (any written information useful to the viewer).
Eighty-five subjects were evaluated on their experience with CRT screens

after which they were tested with the Nelson-Denny Reading Test (Riverside,
1960), a text ending with a multiple choice test in two forms: A and B. The
subjects were allowed 20 minutes per form after which the number of
unanswered questions was used as an indicator of the rate subjects read. The
paper condition consisted of subjects sitting at opposite ends of a conference
table with the text lying horizontal in front of them. Upon command from the
administrator, the subjects turned to the first page of the test and started to read.
For the CRT condition, subjects read text on a computer screen and answered
some questions on a sheet of paper. Subjects received both the paper and the
CRT condition but only form A or B. All subjects were tested at the same time for
20 minutes in each condition. At the end of the test, subjects related their
impressions of reading speed and comprehension on the computer versus
paper by filling out a questionnaire. Reading performance was found to be
significantly better on the printed forms than on the computer forms and subjects

indicated that the printed material was easier to comprehend and faster to read.
Almost none of the image quality variables and experimental set-up
variables were controlled in this experiment. Neither contrast nor luminance

levels were ever mentioned and the method of annotation was totally different
for the CRT than for the Paper condition. Subjects were tested together and the
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timing of the reading performance was measured by counting the number of
answered questions on the multiple choice test, a measure which is not very
accurate in projecting individual differences in performance. A point to
remember is that the researchers did not use proofreading as the dependent

variable but the Nelson-Denny Reading Test, a more cognitive oriented test.
Kak (1981). Kak (1981) used a computer-displayed version of the NelsonDenny Reading Test to investigate the possibility of reading assessment and
training via CRT-displayed text. Several display parameters were compared to

understand how computer displayed text might affect the reading process and
to define the relationship between legibility criteria and reading performance.
Scanning for target letters in a random-letter noise field, reading the NelsonDenny Reading Test on a CRT, taking the paper-format version of the NelsonDenny test, and answering comprehension-testing questions were the tasks to
be performed by the subjects. In all tasks the subject's performance was timed.
By varying the viewing distance of the CRT display three levels of legibility were
created for the CRT condition: 14 inches, 29 inches, and 44 inches. This

produced visual angles of 46, 22, and 14 arcminutes. Each CRT viewing
distance condition was tested by four subjects of whom two took the paper

reading test before the CRT condition and two took it after the CRT condition.
Subjects advanced to the next page in the CRT condition by pressing a key
which caused the next page to appear (with a delay that might have put the CRT

condition at a disadvantage compared to the paper condition). Reading time,
scanning time, and the number of errors increased significantly for both the

scanning-legibility task and the CRT-display reading test with an increase in
viewing distance. Legibility measures were found to be very sensitive to
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increases in viewing distance and Iegibility data were Iabelled as being "an
overly sensitive criteria for setting display standards for reading of redundant,
connected prose." Reading speed for the text displayed on the CRT was only
4% slower than for the printed text and was not significantly different. Therefore,
the researchers concluded that the level of assessment from CRT can, when
conditions are optimized, equal those obtained with printed text.
Kruk and Muter (1984). Kruk and Muter investigated the results obtained in
a 1982 study performed by Muter, Latremouille, and Treurniet which tested if it
was feasible to read text on television screens for extended periods of time.
Results indicated that people read 28.5% slower from a television screen than
‘

fro.m a book. Possible causes were interpreted to be the lack of familiarity with
the CRT, the difference in number of characters per line or per page or both, the
time required to fill the video-screen with a new page of text, constraints in
distance between reader and reading material, a difference in contrast ratio,
and a difference in interline spacing. Therefore, Kruk and Muter wanted to
investigate the effects on reading caused by the method of filling the video
screen, the number of characters per line, the number of lines per page, the
distance between the screen and the reader, the interline spacing, and the
contrast ratio of the video image.
The effect of format and delayed information was tested in the first
experiment. Twenty-four participants read four short stories in four different
conditions: two book conditions and two CRT display conditions. One book

condition consisted of text printed with 60 characters per line and 40 lines per
page while the text in the other book condition was printed with 39 characters

-
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per line and 20 lines per page. The delayed video condition filled the
screenwithin
9 seconds while the instant video condition filled the screen with text
within 0.5 second. At the end of each 5-min period, the experimenter noted how
far the participant had read. Reading of continuous text was found to be 24.1%
slower from the CRT than from a book. No significant difference was found
between the two text format conditions or between the 9- and 0.5-second delay
conditions.
The second experiment dealt with the effect of distance between participant
and monitor on reading speed. The set-up was the same as in Experiment 1
except that display-participant distances of 40, 80, and 120 cm were used
instead of the different formats or delays. The participant had to rest his/her
head on a chin rest at the prescribed distance. Results indicated no significant
differences in reading speed among the three different display-participant
distance conditions. This result contradicted the result of Kak (1981), who
concluded that reading speed was faster for closer distances (she used a
between·subjects design with 4 subjects for each of the distance conditions:
35.6 cm, 73.7 cm, and 111.8 cm,).

The third experiment examined the effects of varying contrast ratio and
interline spacing on speed of reading from a video monitor. Reading material
was the same as in Experiment 1, and apparatus and material were the same
as in the second experiment. The participant's head was placed 80 cm away
from the display on a chin rest. The contrast ratio was varied from 4.6:1 to 8.3:1

with the Iuminance of the green phosphor text being 44.8 cd/m2 in the lowcontrast condition and 82.1 cd/m2 in the high-contrast condition. The Iuminance
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of the background was 9.7 cd/m2 in the low-contrast condition and 9.9 cd/m2in

the high-contrast condition. lnterline spacing was varied by inserting blank
lines in the double-spaced condition. Subjects read four sets of material for 5
min each in all four conditions. Results indicated that contrast ratio did not
significantly affect mean reading speed. However, mean reading speed was
slower in the single-space condition than in the double-space condition.
The experimenters concluded that there were at least two causes for the
slower reading speed in the video condition: format and vertical spacing. These
results somewhat disagree with Tinker (1963), who suggested that a reduction
—
in book reading speed should be observed with excessively short and
excessively long lines. The 60-character line is longer than the upper limit
suggested by Tinker for optimal legibility but was read faster than the 39-

.

character line which itself is within the range of optimal legibility. With respect to

the vertical spacing, the researchers suggested that single spacing should be
avoided on computer displays.
Lanzetta and Lubart (1988). User perceptions of the image quality of
supertwisted-nematic LCDs (STN LCD) were compared with the perceived
image quality of TN LCDs in two experiments that involved subjects
proofreading from the LCDs as well as from a CRT and from paper.
ln the first experiment 12 subjects proofread articles under four experimental
conditions: paper, CRT, STN LCD, and TN LCD. Each article consisted of over
1200 words of which 12 were misspelled in one of four ways: single-letter
omission, addition or substitution, or two-letter transposition. The appearance
of the text was different for each of the four display conditions due to the
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differences in media on which the text was printed or displayed. Although the
"resolution" (640 x 200 pixels) and the character matrix (8 x 8) of the two LCDs
was the same, the display surfaces were different. The TN LCD had an anti-

reflective (AR) coated surface and the STN LCD possessed an etched surface
for glare control. Subjects were instructed to adjust the viewing angle and the
contrast level to optimize readability for the display condition. They were then
instructed to read the text quickly and accurately, to state any misspelled words
aloud, and to continue reading. Subjects ranked the four conditions on
readability at the end of the experiment. Proofreading was found to be faster on
paper than in any of the display condition. A 16% difference was noted
between proofreading on the CRT and proofreading on paper while
proofreading on paper was 34% faster compared with any of the LCD

conditions.
The difference in proofreading found between CRT and paper, although less
than the difference found by Gould and Grischkowsky (1984), is consistent with

the more recent results of Gould et al. (1987a and 1987b). The researchers
attributed this difference to the visual dissimilarities between paper and CRT
and noted that the differences in proofreading rate between CRT and LCD were
probably due to differences in inter-line spacing, resolution, and matrix size. No
measures of image quality were taken and subjects again were able to adjust
contrast and viewing angle to their personal liking.

The second experiment compared the two LCDs with respect to users
perception of readability under different types and levels of illumination. No
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CRT or paper condition was used in this experiment and therefore no procedure

or results will be mentioned.
Muter, Latremouille, and Treurniet (1982). ln this experiment Muter,
Latremouille, and Treurniet tried to determine if it was feasible to read text on
television screens for extended periods of time (two hours or longer). Also, the
effects of proportional horizontal spacing of characters on reading speed and
comprehension were assessed. Proportional spacing was referred to as the
removal of empty columns prior to displaying the letter that does not take up the
complete space of the matrix allotted. Proportional spacing destroys the vertical
alignment of letters on the page but helps to maintain the appearance of words. Three different conditions were used: a book condition, a CRT display condition
with proportional spacing, and a CRT display condition with nonproportional
spacing. The conditions were between subjects and subjects read for two
hours in every condition. Subjects were tested for reading speed and
comprehension after which they gave subjective ratings of their degree of
dizziness, headache, nausea, fatigue, eyestrain, and desire to read more. The
number of words per page, the number of rows of text per page, and the number
of characters per row differed among the conditions. Moving to the next screen
in the two CRT display conditions was accomplished by the subject pressing the
lower—right key of a hand—held keypad. The delay time was approximately 0.5 s.
Subjects in the display condition were seated on a couch located 2.5 m from the
screen with an approximate viewing angle of 7 degrees below the horizontal.
Subjects in the book condition sat at the other end of the couch with the book in
their hands in any preferred position. The subjects were tested in pairs, one in
the CRT display condition either with proportional or nonproportional spacing,
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and one in the book condition. After 60 min of reading the experimenter asked
them to stop, took note of their progress, and asked them to fill out 25 multiplechoice questions on the material. The same procedure was followed for the
next hour of reading with the addition of rating the past (before the start of the
experiment) and present perceived level of nausea, dizziness, fatigue,
headache, eyestrain, and desire to continue reading. No significant differences
in subjective measures of discomfort were found between the CRT and book
display condition. Reading from the book condition was preferred by the
subjects over reading from the CRT display (based on the wrong assumption
that the display would not let the reader return to previous pages). No effect on
~
reading speed due to proportional or nonproportional spacing was observed.
y

Subjects in the CRT display condition were found to read 28.5% slower than
subjects in the book condition. Reasons for this difference may have been the
lack of familianty with the reading of text from a display, the difference in the
number of words per page, the difference in number of characters per line, the
difference in viewing distance, and the time of delay in the display condition
needed to go to the next page. The researchers concluded that it was certainly
feasible to read continuous text from a CRT display for at least two hours without
any buildup of dizziness, headache, nausea, fatigue, and eyestrain,
Switchenko (1984). Switchenko (1984) examined if the reported CRT
handicap for speed of reading existed by a designed experiment that controlled
for presentation format and reading ability. She varied the difficulty of the
subjects' reading assignments and introduced two readings of the same
material. Reading time to completion and the percentage of correct answers on
a comprehension test were the dependent measures of interest while type of

(
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display (CRT and paper), text difficulty, and trial were the independent
measures. No difference in reading speed was found between CRT and paper
but subjects read faster for the easier reading assignment compared to the
difficult one. No measures of image quality were mentioned.
l/W/kinson and Robinshaw (1987). Wilkinson and Robinshaw (1987)
compared proofreading from text displayed on a CRT versus text displayed on
paper in order to discover whether accuracy and / or speed of checking for
errors might be different between the two display conditions. A second reason
was to investigate if a decline in vigilance might occur when proofreading is
prolonged or more pronounced with one form of presentation than with the
other.
Twenty-four subjects received a 50-min proofreading test each day for four
days. The text to be proofread was marked at the left of each line by numbers in
order to assist the subject in verbally identifying the error location to
experimenter. A Teco Model CRT monitor was used as the display and it's
brightness and contrast controls were set at "comfortable" viewing positions
(Wilkinson and Robinshaw, 1987). The display screen was located 60 cm from
the subject's eye at eye level height and subjects had to press a hand-held
button to advance to the next page. The printed text was read at a viewing
distance that was preferred by the subjects and the text consisted of pages
which contained three times as much written information as the "pages" of the
CRT. This was a major mistake that was noted by the authors and a correction

was performed in the time data for the CRT condition to correct for it (it
enhanced the speed of reading on the CRT by less than 0.03 %). The errors
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inserted in the text consisted of four different kinds: missing or additional
spaces, double or triple reversions, one missing or one additional letter, and an
inappropriate or missing capital. The subjects reported the error and its location
to the experimenter by speaking out in a microphone. Results indicated that
proofreading was slower and less accurate from the CRT than from paper. A

significant decline in vigilance was noted for both conditions with the CRT
condition having a greater decline than the paper condition. The inferiority of
the CRT in proofreading speed and accuracy also continued through the days

of testing.
The vigilance effect reported contradicts the results found by Gould and
Grischkowsky (1984), who reported no vigilance decrement difference among
CRT and paper tested over a whole day period. There might be several
.
reasons for this difference. The first one is that the proofreading for errors in
Gould and Grischkowsky's experiment was limited to spelling mistakes which
probably made their proofreading task easier than the one used in Wilkinson
and Robinshaw's experiment which consisted of looking for a variety of errors,
some of them being quite obscure. Gould and Grischkowsky also compared
performance early in the day and late in the day and never examined the
decrement of performance within the actual testing periods. The method of
determining the vigilance decrement through the use of testing subjects early
and late in the day might be more affected by a difference in subjects' arousal
than a difference in actual performance (Blake, 1967). The integration of rest
pauses between the testing sessions also must have decreased the posslbility
of finding any existing performance decrement. There was one inconsistency
and one questionable term in this experiment which could have had some

—
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influence on the performance of subjects. The report states in the Test and
Material section that "the screen was placed at approximately eye level for the
seated subject and about 60 cm away from the eye," after which the authors

stated that "subjects were allowed to choose the most comfortable seating
position and viewing distance." The first statement puts each subject at the
same distance from the display and at the same visual angle, while the second
statement leaves distance and visual angle uncontrolled. Brightness and
contrast controls of the CRT also were set for comfortable viewing. Are we to
assume that the contrast level was constant and measured, or that it varied from
subject to subject, thereby introducing an uncontrolled variable that can
influence the speed of proofreading? These inconsistencies left some
questions as to the howto interpret the results, but they are the same questions
that can be asked about most research dealing with the investigation of any
differences between hard copy and soft copy display, especially when
proofreading is used as the dependent measure. What if the image quality of
both conditions was made as equal as possible? Would we find a difference?
Wright and Lickorish (1983). Wright and Lickorish (1983) examined the
speed and accuracy of proofreading a text from a CRT and compared it to
proofreading performance from printed paper. Main emphasis was placed on
the problems of annotation that might occur while reading from an electronic
medium. Three different treatment conditions were employed in this
experiment: text on screen and screen annotations (S+S), text on screen and

paper annotations (S+P), and text on paper and paper annotations (P+P). Two
groups of subjects were used. Both groups experienced the P+P condition and
one of the screen conditions, either S+P or S+S. The texts that were proofread
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consisted of published articles adjusted to a length of 134 lines. The text
included 39 errors that varied from simple spelling mistakes to text manipulation
errors that involved missing or repeated words and line interpositions. The
paper text consisted of a printout of a white-on-black, single spaced text.
Subjects indicated the errors by recording in the right-hand margin a letter S for
spelling error, a for a known text error, and a for an unknown text

manipulation error. Line numbers were located in the left-hand margin to aid in
the procedure of annotation in the S+P condition. ln this condition subjects
recorded the line number and the appropriate remark on paper while reading
the text from the screen. More errors, most of which were spelling errors, were
_
missed when the text was on the screen rather than on paper, which suggested
that some aspects of the proof-reading task were more difficult for the screen
condition. The S+S group and the S+P group proofread faster from paper than
from the screen, and for all conditions a significant practice effect was found.
Paper annotation was faster than screen annotation for the first text in the
screen condition, suggestion a trade-off between the process of learning the
skills of screen annotation and the process of moving back and forth between
the screen and paper (in order to note the errors). This decrement in time
disappeared with the second text, which indicated that subjects had mastered
the screen annotation method. The authors suggested that under·developed
screen manipulation skills and legibility problems were the cause of the greater
time taken for proofreading the text when it was presented on a screen.
Wright and Lickorish (1984). Spotting the mistake, selecting and using the
appropriate response to record the mistake, and returning to the text in order to
look for more errors are the components of the annotation task within

{
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Wright and Lickorish (1984) explored two different models of this
task of annotation in proofreading. Their experiment was based on the results
of an earlier study in which they had found reading speed to be slower for the
CRT than for the paper text. The question that remained was whether the
difference was caused by the procedures of annotating or by the visual
characteristics of the displays. One model assumed that the processes of
deleting errors, recording annotations, and resuming proofreading are a set of
serial processes. The other model assumed that the annotation processes may
overlap with the process of reading text. A proofreading speed comparison was
made between a vertically displayed text ,where the subject had to record the
errors on a separate sheet, and a horizontal text, where the subject had to

„

record annotations in the margins. Results indicated that variations in
annotation procedures could yield differences in proofreading speed of
comparable magnitude. This result suggests that the method of annotation in a
proofreading speed comparison between CRT and paper needs to be the same
for both paper and CRT condition in order to make a valid comparison. In the
evaluation of the literature that dealt with human performance comparisons
between CRT and 'paper, the verbal method of annotation (the subject calling
out the mistake) might be the most reliable method to be used in any future

research.
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Summary of Relevant Studies
In general, for most of the studies discussed in the previous section, human
performance was compared for different display conditions. Most of the time,
the dependent variable(s) consisted of a form of proofreading. Although
proofreading has been criticized by Monk (1983) for its questionable reliability
as a measure of human performance, Gould and his colleagues (Gould and
Grischkowsky, 1984; Gould et al., 1987a; Gould et al., 1987b) used

proofreading for spelllng mistakes, a form of proofreading also used by Creed et
al. (1987) and Wilkinson and Robinshaw (1987). While the misspellings in the
S
first studies consisted of letter omissions, letter substitutions, letter
transpositions, and letter additions (Gould et al., 1987a; 1987b), the
misspellings in the study performed by Creed et al. (1987) consisted of Visually
Similar letter substitutions, Visually Dlssimilar substitutions, and Syntactic
errors. Wilkinson and Robinshaw (1987) used missing and additional spaces,
double and triple reversions, missing and additional letters, and inappropriate
and missing capitals as forms of spelllng mistakes. Results by Tinker (1963)
indicate that deletions of letters are less Iikely to be noticed than substitutions of
letters within words and misspellings that maintain word shape are less
noticeable than those that do not. Also, Creed et al. (1987) found that Visually
Dlssimilar letter substitutions were more easily detected than Visually Similar

letter substitutions or Syntactic errors. The results of these experiments, the
inconsistency in misspellings used, and the difficulty in measuring degree of
change in word shape suggest that proofreading for spelllng mistakes should
not be used as a performance measure for visual display analysis. Alternatives
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to proofreading are the Nelson-Denny Reading test used by Heppner et al.

(1985) and Kak (1981) and the Tinker Speed of Reading Test which has been
proven to be a reliable and valid measure in numerous display quality
evaluations (Hunter, 1988). Scanning fortarget letters and reading for
comprehension or to completion have also been used as performance
measures (Gould et al., 1987a; Kruk and Muter, 1984; Switchenko, 1984).
Display condition was the independent variable with most studies using two
conditions, CRT and hard copy. All studies except three (Cushman, 1984;
Gould, 1987b; Switchenko, 1984) found differences in reading speed between
the CRT and the hard copy display condition. Reading speed was faster for the —
hard copy condition with differences ranging from 5% to 28.5%. Photographs
were used as a third display condition in studies by Creed et al. (1987) and
.
Gould et al. (1987a). In both studies, no significant difference was found among
the photograph, the CRT, or hard copy conditions. Although
polarity, a significant difference was found by Cushman (1981) among
microfiche, a third display condition, and hard copy.

with

Gould et al. (1987a and 1987b) studied the effects of polarity on reading
speed and found no significant difference between the two polarities. However,
they concluded that subjects favored reading from dark characters on a light
background, which is also supported by the latest results a study performed by
Lloyd, Decker, Kurokawa, and Snyder (1988). Contrast ratio did not affect
reading speed, but reading speed on the CRT was slower for single than for

double spaced text (Gould et al., 1987b; Kruk and Muter, 1984). Anti-aliasing
affected reading speed on the CRT and so did visual angle (Gould et al, 1987a;
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1987b; Kak, 1981). Creed et al. (1987) suggested that the difference in font was
most Iikely the cause of the difference in performance between CRT and hard
copy but Gould et al. (1987b) did not find any differences among the fonts that
they used. Orientation of the hard copy and text layout did not affect
performance either (Creed et al., 1987; Gould et al., 1987a; Kruk and Muter,

1984)
No physical measures of image quality were taken in any of the studies that
compared the different display conditions with respect to performance. We
know for instance that Gould et al. (1987b) used five different types of displays
but no MTF values (or any other measure of image quality) were provided with the results of the research!
The proposed study is designed to make a more controlled evaluation of any
performance differences between CRT and hard copy. Different levels of image
quality (MTF measures) are used, both for the CRT and the hard copy condition,
to evaluate any differences in performance that may exist. A Tinker Speed of
Reading Test is used to evaluate reading speed at each of the image quality
levels. Font, visual angle, orientation, polarity, display luminance, and text
layout are controlled for all of the conditions through the use of photographic
techniques and display filters which vary the image quality.

METHOD
Objective
The research consisted of an experiment designed to evaluate reading
performance and subjective image quality with respect to physical image quality
(MTFA). The image quality variable was distributed within two display
variables, hard copy (photograph) and soft copy (CBT). Each of the two display
variables contained four levels of image quality. The image quality conditions
were created on the CBT through the use of three filter conditions and a nonfilter condition and were then replicated by means of photographic techniques for the hard copy conditions.
Subjects
Slxteen college students, eight males and eight females, participated in the
research and were paid for their time. Each of the subjects was tested for near
(20/20) and far (20/22) acuity and normal near and far lateral and vertical phoria
using a Bausch & Lomb Orthorater. Near and far contrast sensitivity w‘as
measured using a test system developed by Vistech Consultants Inc. The age
of the participants ranged from 18 to 24 , with a mean age of 20.4 years. Each
subject was also required to speak English as his or her native language.

Materials and Apparatus
The information display conditions were hard copy and soft copy. The soft
copy display condition consisted of a single, 50-cm diagonal, monochrome P4

phosphor CFIT (#E-M2400-155) display manufactured by Video Monitors Inc.
68
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The monitor was run at a 1024 x 1024 pixel addressability in a 60-Hz noninterlaced mode. A high quality video signal generator, an OPIX lmager from
Quantum Data, was used to provide the images on the CRT display. An IBM-PC
served as a terminal to load images into and control the output of the OPIX. The
Tinker passages were presented in a 5 x 7 font through a 3 x 6 inch window.
The luminance of the characters in a Tinker passage test pattern in the nonfilter condition was measured at 21.2 cd/m2. The only illumination source in the
experimental room was the CRT.
The hard copy condition consisted of high quality photographs of Tinker
passages displayed on the CRT used in the soft copy condition. The
—

photographs were taken with a Nikon 501 camera, the European version of the
Nikon 20/20, using Kodak Technical Pan film. The film was shot at 50 ASA,
f/22, and exposure times ranged from 14 to 20 seconds depending on the filter
condition. It was developed using F—developer and printed on Kodak
Polycontrast gloss paper. This specific shooting and developing method was
used to obtain a resolution of around 300 lines/mm.
The photographs were presented to the subject by means of a 4-way stage
that was placed on a rotating plate. This stage was designed so that it could be
rotated to present the proper Tinker passage. The photographs were placed in
3-sided frames on the four sides of the stage and were located behind a black
matte cardboard facade that contained an aperture of 15.2 x 7.6 cm.
The photograph that was presented to the subject was illuminated through

two incandescent spotlights. The luminance for a specific spot on a test picture

was measured by a spot photometer, a Minolta Chroma Meter CS-100, and set
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between 21 and 22 cd/m2through the use of a potentiometer. The hard copy
display condition presented the same font, spacing, character size, polarity, and
filter condition as the text passages that were presented on the CRT within the
soft copy display condition. This was accomplished by surrounding the Tinker
passage presented on the CRT with a 17.8 x 22.9 cm one-pixel box and
including it in the photograph. The photograph then was enlarged to where the
box was the same size on the photograph as on the CRT. Size-reduced
photographs of the four hard copy conditions are presented in Figures 3
through 6 (photographs do not represent the exact levels of image quality
(MTFA) used in experiment).
Four filter conditions were used to provide the four different image qualities.
The filter conditions and their characteristics are shown in Table 3. The filters
were equal in neutral density transmission but differed in the harshness of the
chemical etch or gloss value and therefore their MTFs. The four filter conditions
were all applied on the single CRT used. This was accomplished through the
use of a mounting apparatus, designed by Hunter (1988), which pressed the
filter to the face of the display. The apparatus consisted of a hinged aluminum
frame, an over-center clamp, and a 10-cm by 20-cm viewing window. A threesided, 11-cm x 21-cm rubber seal with an opening at the top was applied to the
face of the CRT. When the filter was placed in the mounting frame and clamped

to the CRT, the cavity existing between the filter and the CRT face was filled with
glycerin. This eliminated the air-to-glass interface and therefore eliminated the

reflections found between materials with different refractive indices. The
glycerin was chosen because of its transparency and its refractive index of
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Table 3. The Four Filter Conditions and Their Relevant Characterlstics
Filter
Filter#1

No Filter

Filter#2

POL-62%

pollshed*

62

Filter#3

GLOSS65-62%

etched

62

FiIter#4

GLOSS25-62%

etched

62

Surface Treatment
n/a

Trenemisslon t%)
n/a

* The filter with the polished front surface has a gloss value of about 85.

I
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1.427, which closely approximates that of glass, reducing reflection to near

zero.
A shutter device was developed to provide maximum control over the timed
trials both in the soft copy and hard copy conditions. This shutter device
consisted of a 73 x 46 x 2 cm wooden frame with a 15 x 20 cm aperture which
was covered with a sheet of mylar. The sheet of mylar was connected to two
tracks of kevlar string that ran between four 1.5-V motors. The motors were
connected to a switch, a relay, a timer, and a power supply. Upon pressing the
switch, which closed the electrical circuit, the motors were supplied with a 24-V

impulse. The sheet of mylar was moved away from the aperture and a Tinker
passage was presented to the subject. With the onset of the impulse, the relay
switched the direction of the pulse and provided the circuit with a means of
reversing the direction of the sheet of mylar and stopping the timer upon
pressing the switch a second time. The shutter-frame was located on a table
between the subject and the CRT or between the subject and the photograph

stand. Black matte cardboard was used as a facade to avoid glare being
reflected onto the pictures and to provide an appropriate aperture size.

The passages of text used to test the subjects on their reading speed for the
different display and quality conditions were passages of the Tinker Speed of
Reading Test (Tinker, 1955). The subject was required to read a Tinker
passage as quickly as possible and point out the one word in the paragraph
that was clearly out of context, the target word or "spoiler." ln the Tinker
passage below, for example, the word shoes is the "spoiler."

_
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While Helen was ironing Susan's shirt,

to her surprise the iron cooled off. She

called the electrician immediately because
Susan had to wear her shoes that evening.

The Tinker passages were presented in 5 x 7 font and at a 51 cm viewing
distance. The capital upper-case characters subtended 14.9 arcminutes
vertically while the lower—case characters subtended 11.5 arcminutes.
Dependent Measures
This study used two different types of dependent measures; an objective
measure as well as a subjective measure. The objective measure was the
reading speed of the Tinker Speed of Reading Test as measured by the timing ·
device. The subjective measure was a score on a 9-point subjective rating
scale of image quality, ranging from "worst imaginable" to "best imaginable,"
used after each reading task to ascertain subjects' perception of the four levels
of image quality for each display condition (see Appendix A) .
Experimental Design
A 2 x 4 factorial design, Display Type x Image Quality, shown in Figure 7,
was used for data collection. The within-subjects independent variables were
Information Display and Image Quality. The two levels of Information Display
were Soft Copy (CRT) and Hard Copy. The levels of Image Quality consisted ot
four MTF values created by four different filter conditions. Each of the 16
subjects received all 8 conditions (2 display conditions x 4 image quality
conditions). Half of the subjects received the hard copy condition first while the

I
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other half received the soft copy first. The order of the filter conditions for each
display type was randomized.

Experimental Procedure
Before each subject was accepted to participate in the research, he or she
was presented with information about the purpose of the research and the
experimental design of the experiment (see Appendix A). When the subjects
finished reading the aforementioned material, they were asked to sign an

°

informed consent form for the visual testing procedure (each subject had to
pass the vision test before being admitted to the actual testing procedure). The subject then was instructed to read a description of the operational procedure
and signed another form of consent, this time with respect to actual process of
participating in the experiment. ln the laboratory the subject was informed
about the experimental procedure and the operational set-up and, after being
seated and adjusted to the required visual distance and height, the subject was
provided with some practice trials. These practice trials included getting familiar
with the shutter switch, the format of the Tinker passages, and the experimental
set-up. When the subject was comfortable with the experimental procedure, the
actual testing began.
The testing procedure for both types of information display began with a

familiarization exercise in which each subject pressed the shutter switch several
times. Each time the shutter switch was depressed, the shutter opened and a

Tinker passage was presented to the subject, either displayed on a photograph
or on the CBT. The subject read the passage, located the "spoiler," pressed the

so
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switch which closed the shutter, and then verbally presented the experimenter
with the "spoiler." The "spoiler" was checked by the experimenter after which he
noted the reading time and then presented the next Tinker passage.
Presentation of the next Tinker passage was accomplished in the hard copy
condition by rotation ot the photograph display stand and in the soft copy
condition by experimenter-controlled computer commands between the IBM-PC
and the OPIX.
Five Tinker passages were presented in each of the four image quality
conditions. After one image quality condition ended, the subject was asked to
relax while the experimenter changed the setup to start the next image quality
condition. Alternation of the image quality conditions was accomplished by
switching filters and glycerin in the soft copy condition. ln the hard copy
condition the experimenter changed the photographs. Subjects were
presented with the hard copy condition on one day and with the soft copy
condition on another day.
Measurement System
The measurement system was composed of a several parts (see Figure 8).
The telemicroscope (GS2110), the photomultiplier tube (PMT-D46-A) with a
photopic correction filter, and the radiometer (GS4100) were produced by
EG&G Gamma Scientific. An air—cushioned, granite optical table, made by
Technical Manufacturing Corporation (#24-6413), was used to isolate the
display and microscope from high frequency vibration. Positioning of the
microscope was provided by an x·y—z stage manufactured by Ealing
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Instruments. A 1.0 X objective lens and a 0.010-mm x 3.0-mm scanning
aperture slit were used for the spatial measurements.
With the use of the EG&G Gamma system, five line-spread function
measurements of the line that formed the box around the Tinker passage were
made for each of the eight display and filter conditions. Through the use of a
computer program, the line spread functions were then analyzed and MTF
scans were drawn (see Appendix B). The resulting MTFs were compared to the

CTF and their respective MTFAs were calculated (see Table 4).
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·TabIe 4. MTFAs for the Display and Filter Conditions.
Display

Filter

MTFA

Hard Copy

Filter#4

5.02

Soft Copy

Filter#4

6.72

Soft Copy

Filter#3

7.24

Soft Copy

FiIter#2

7.57

Soft Copy

Filter#1

8.54

Hard Copy

FiIter#2

10.39

Hard Copy

Filter#1

12.13

Hard Copy

Filter#3

12.15

e

R ES U LTS
For each of the two dependent measures, statistical analyses were employed

to test for any significant differences between the two display types and among
four filter conditions. An analysis of variance (ANOVA) was used to test for any
reading time and image quality rating differences which could be attributed to
the display and filter conditions, and any interaction thereof. Post-hoc
comparisons using a Newman-Keuls Sequential Range Test were made on
those effects found significant. Effects are considered statistically significant if
the probability of a Type-1 error is less than 0.05. Numerical presentation of the
results by dependent measure as well as graphical representations
are.

contained in the following sections.
The ANOVA used to test any differences in reading times between display
type and filter conditions revealed two significant results (Table 5). While the
main effect of display type was found to be not significant for the subjects'
reading times, subjects' reading times were significantly different for each of the
four filter conditions. Subjects read as fast in the hard copy display condition as
in the soft copy display condition with reading times appearing to be more in
favor of the hard copy display condition as image quality decreased (Figure 9)
although the interaction was not significant. Lower reading times were recorded

for the filter conditions with the higher MTFA values. In both the hard copy and
the soft copy display condition, subjects read the fastest in the Filter#1 condition,

the condition in which no filter was used to degrade the image quality (MTFA).
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Table 5. Analysis of Variance Summary Table for Fieading Time.

Source of Variance

df

MS

Order (O)

1

194.45

14

120.23

Filter (F)

3

FXO

F

p

1.62

0.2242

21.51

4.08

0.0130

3

4.67

0.88

0.4606

F X (S / O)

42

5.32

Display (D)

1

1.51

0.11

0.6811

DXO

1

84.59

9.89

0.0072

D X (S /0)

14

8.56

FXD
FXDXO

3
3

0.77
0.88

0.21
0.24

0.8889
0.8667

42

3.47

127

445.96

Subjects (S / O)

FXDX(S/O)

Total

·
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Figure 9. Mean reading times for each display, filter combination.
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Subjects read the slowest, also for both hard copy and soft copy condition, in the
Fiiter#4 condition where the largest degradation in image quality was produced.
A significant interaction between display type and order was found, which
suggested that subjects whose second display condition was the hard copy
condition read slower from hard copy than subjects who had the hard copy
display condition first. The means of the reading times for the different display
types and filter conditions as well as the results of the Newman-Keuls Tests for
the significant Filter condition are shown in Table 6 and Table 7.
With respect to the subjects' ratings of image quality, an ANOVA and
Newman-Keuls comparison showed almost the same results as those for the
subjects' reading times (Table 8 and Table 9). The subjects' rating of image
quality for the two display types was found to be not significant, while the
subjects' ratings of image quality were significantly different for the four filter
conditions. Subjects rated the Fiiter#4 conditions, the conditions with the lowest
MTFAs, as having the lowest image quality as shown in Figure 10. As the value
of the MTFA increased over the different display and filter conditions, subjects
generally increased their ratings of the image quality. The frequencies of the
image quality ratings are shown in Table 10 and Table 11.
The eight MTFA values obtained for the different display and filter conditions,
together with the corresponding reading times, image quality ratings,
modulation at zero spatial frequency, and the peak luminance are presented in
Table 6. In general, as the value of the MTFA increased, the reading time
decreased and the subjective image quality rating increased, as illustrated in
Figures 11 and 12, although the correlations are not high. Subjects rated the

M

I

88

Table 6.

MTFA, Reading Time, Image Quality Rating, Modulation at Zero
Spatial Frequency, and Peak Luminance for the Display, Filter
Combinations.
_
MTFA

R.T.

I. Q.

Mod.

Lurni

Hard Copy FiIter#4

5.02

8.02

4.38

0.53

2.88

Soft Copy

Filter#4

6.72

8.27

4.56

0.97 40.51

Soft Copy

Filter#3

7.24

7.85

5.56

0.98 43.06

Soft Copy

FiIter#2

7.57

7.52

6.31

0.98 44.43

Soft Copy

Filter#1

8.54

7.23

6.48

0.99 76.36

Hard Copy FiIter#2

10.39

7.59

6.48

0.85

Hard Copy Filter#1

12.13

7.25

5.63

0.93 32.18

Hard Copy Fi|ter#3

12.15

7.69

5.94

0.93 23.50

11.96

ae
Table 7. Newman-Keuls Comparisons for Filter Condition vs Reading Time.
Means with the same letter are not significantly different.
Filter

Time

Fi|ter#1
Filter#2
Filter#3

7.274
7.552
7.773

A
A B
A B

Filter#4

8.1 42

B

‘

l
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8. Analysis of Variance Summary Table for Quality Rating.

Source of Variance df

MS

F

p

1

1.13

1.62

0.6437

Subjects (S / Q)

14

5.04

within Subiegj
Filter (F)

3

22.15

23.25

0.0001

FxO

3

0.27

0.28

0.8364

F x (S / O)

42

0.95

Display (D)

1

0.50

0.28

0.6059

DxO

1

0.13

0.07

0.7957

14

1.80

FxD

3

2.10

2.41

0.0801

FxDxO

3

1.11

1.27

0.2983

42

0.87

127

36.05

Order (O)

D x (S / O)

FxDx(S/O)

Total

"
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Table 9. Newman·Keuls Comparisons for Filter Condition vs Quality Rating.
Means with the same letter are not significantly different.
Filter

Rating

Filter#2

6.375

A

Filter#1

6.031

A B

Filter#3

5.750

B

Filter#4

4.469

C

‘
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Figure 10. Mean image quality rating for each display, filter combination.
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Table 10. Frequency of Each Rating Assigned to each Filter Condition for Hard
Copy Display.
Display Type: Hard Copy
Quality Rating

Filter#1

FiIter#2

Worst lmaginable (1)

0

0

0

0

Terrible (2)

0

0

0

1

Bad (3)

1

0

0

2

Poor (4)

1

0

2

6

Average (5)

6

3

2

4

Good (6)

5

4

7

1

Very Good (7)

1

8

5

1

Excellent (8)

2

1

0

0

Best lmaginable (9)

0

0

0

0

Total

16

16

16

16

Filter#3 Filter#4

—.

l
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Table 11. Frequency of Each Rating Assigned to each Filter Condition for Soft
Copy Display.

Display Type: Soft Copy
Quality Rating

1

Filter#1

Filter#2

FiIter#3

Filter#4

Worst lmaginable (1)

O

O

O

O

Terrible (2)

O

O

O

1

Bad (3)

O

O

1

2

Poor (4)

O

2

3

5

Average (5)

2

2

2

2

7

3

6

4

Very Good (7)

5

8

2

1

Excellent (8)

1

1

2

1

Best lmaginable (9)

1

0

0

O

Total

16

16

16

16

V Good (6)

—

J

es
hard copy conditions at low MTFA values higher than the soft copy conditions
but as the value of the MTFA increased, the ratings of image quality for the soft

copy conditions increased at a greater rate than those of the hard copy
conditions. Graphical representation of the MTFA values and their
corresponding reading times and image quality ratings for each display type are
presented in Figures 13 through 16.
Reading times decreased with an increase in the value of the subjects'
image quality rating (Figure 17). Subjects read about half a second slower tor
an increase of 0.5 in the value of the subjective image quality rating (remember
that subjects did not numerically rate the image quality, they used a given
descriptive word).
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Figure 11. Mean reading times vs. MTFA, both display types.
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Figure 12. Image quality rating vs. MTFA for both display types.

14

98

6
Y : -0.077 X + 8.405, R2 = 0.676
9.0
8.5

G?

"
LIJ

8.0

·-CJE 7.5
E

2LIJ

Ü

7.0

II

6.5

~

6.0
4

6

8

10

12

MTFA

Figure 13. Mean reading times vs. MTFA for the hard copy condition.
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Figure 14. Mean reading times vs. MTFA for the soft copy condition.
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Figure 15. Image quality rating vs. MTFA for the hard copy condition.
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Figure 16. Image quality rating vs. MTFA forthe soft copy condition.
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DISCUSSION

General
The major objective of this research was to investigate the effect of image
quality on reading speed and to make a controlled comparison between
reading speed from hard copy (photograph) and from soft copy (CRT). Four
filter conditions were used to create the four different levels of image quality on
the CRT and these four levels were photographed to create four levels of image
quality for the hard copy condition. ldeally, the four levels of image quality
would be equal for each display type. Unfortunately, the eight combinations of —~
image quality by display type resulted in eight measured values of MTFA that
did not fall exactly in the expected filter order or in "equal" increments. As we
can see from Table 6, the display types and filter conditions are, in order of
increasing MTFA magnitude; HC—Filter#4, SC—Filter#4, SC·Filter#3, SC-FiIter#2,
SC-Filter#1, HC-Filter#2, HC-Filter#1, and HC-FiIter#.
Although the four levels of image quality for the soft copy display type are in
the expected order, the four levels of image quality for the hard copy condition
are not. The MTFA of the HC~FiIter#3, 12.15, is higherthan the MTFAs of HCFilter#2 and HC·FiIter#1. By analyzing the MTFA scans and individual
photographs it appears that the high MTFA value associated with the HC-

Filter#3 resulted from a higher level of Iuminance (and therefore modulation)
than that of HC-Filter#2. This higher level of Iuminance may be attributed to

either a higher level of illumination or a higher photographic gamma or a
combination of both. The illumination on the photographs during the
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measurement procedure was held constant except in the unlikely occurrence of
an electrical surge. Five photographs of each display condition were measured
and repeated measurements were taken during the measurement procedure to

ensure consistent MTFA values for each display type and filter condition. lf an
electrical surge or any other change in illuminance had occurred, the
experimenter would have observed a change in the MTFA scans. Therefore,
the high Iuminance level most Iikely is related to the high gamma of the
photographic images of the HC-Filter#3 condition. This difference in gamma
may have been created by a difference in exposure time, developing time, or
developing temperature. Photographs of each filter condition were taken on a
M
separate roll of film which introduced independent procedures of film
,

developing. This may have resulted in differences in negative processing.
This discussion of the high MTFA value for the HC-Filter#3 condition
introduces a critical point in today's area of display research with respect to the
MTF-MTFA measurement technique. This is, the distribution of the area under
the MTF curve for equal values of MTFA may have an impact on the subjects'
perception of image quality. Although the scans of the MTFs of the HC-Filter#3
condition do not show an obvious difference from the MTF scans of the HCFilter#2 and HC-FiIter#1 condition, analysis of the scans reveals that the scans
of HC-Filter#3 start at a lower value of modulation, then cross over the MTF of
HC-FiIter#1 to encompass a larger MTFA. In other words, the distribution of the
MTF scan of HC-Filter#3 is different from that of HC-FiIter#1 with respect to the
different spatial frequencies (see Figure 18). Because this difference is very
small we cannot accept it as the major cause for the longer reading time and
higher image quality rating. The difference in area distribution of the MTFA may

’
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affect the perceived image quality of the display as has been suggested by
others (Gutman, Snyder, Farley, and Evans, 1979; Task and Verona, 1976) but

this a topic that needs further research.
The major result of this experiment is that, as image quality of a display
increases, an increase that can be perceived and is indicated by an increase in
the value of the MTFA, the time to read a displayed text will generally decrease
whether the text is displayed on a hard copy or on a soft copy display.

Reading 77mes

~

Subjects' reading times were found to be significantly different for the
various filter conditions. From the data presented in Table 6, it is evident that

I

subjects read fastest from both displays in the FiIter#1 condition (soft copy: 7.23
s, MTFA = 8.54; hard copy: 8.02 s, MTFA = 5.02). Subjects read slowest from

the text presented in the Filter#4 condition for both the hard copy (8.02 s, MTFA
= 5.02) and soft copy situations (8.27 s, MTFA = 6.72). The difference between
the FiIter#1 and Filter#4 conditions was 11.9%, a substantial difference
considering that each passage was made up of four short lines of text. No other
comparisons between filters with respect to reading time were found to be
statistically significant. The mean time for the 62% transmission filter conditions

(7.82 s) is similar to the findings of by Hunter (1988).
A modest linear relationship exists between the MTFA values and their
respective reading times (r = -0.61, Table 12). When isolating the two display
conditions this linear trend becomes very apparent. ln the hard copy display
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l

condition, the correlation is -0.82 while for the soft copy display condition the
correlation is -0.96 (Table 12). These findings support earlier research in which
subjects' reading speed improved with improved image quality (Abramson et
al., 1983; Hunter, 1988; Snyder and Maddox, 1978b).
There was no significant difference between the reading times from the hard
copy display and the reading times of the soft copy display. This result supports
the hypothesis that no difference in reading will occur between display
conditions as long as the image quality of the text is equal.
Approximately 60% of the variance (r2 = 0.620) in reading time can be
attributed to a linear relationship with subjective image quality rating. When
isolating the two display conditions, again it becomes apparent that subjects'
image quality ratings showed a more powerful linear relationship with their
reading speeds in the soft copy display condition than in the hard copy display
condition (see Table 12).
Perceiveci Image Quality
Subjects rated the image quality of the Filter#2 condition (6.375) significantly
higher than the image quality of the Filter#3 (5.750) and Filter#4 (4.469)
conditions. The image quality of Filter#4 was rated the lowest and was rated
significantly different from the other three. These findings support the results of

Hunter (1988) whose subjects also rated the image produced by a gloss 2562% transmission as one of the lowest in image quality (4.42) and the image

produced by a polished filter as one of the highest (7.38), although there was a
difference in the subjective image quality rating procedure. While Hunter let his

M
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subjects read a long passage of text, longer than a Tinker passage, to decide

howto rate the image quality, the method used in this experiment was that of
subjects rating the image quality without having a example in front of them.
Subjects therefore had to rely on their memory in rating the image quality. The
results of this method of subjective image quality rating also seemed to be
correlated with the MTFA values, especially with respect to the soft copy display
condition (Table 12).

j
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Table 12.

Best-Fit Regression Models for Reading Times and Image Quality

Ratings
Equations with MTFA as Prediotor.
Reading Time = -0.085 MTFA + 8.414, R2 = 0.371, p = 0.1092

for MTFA Hard Copy:
Reading Time = -0.077 MTFA + 8.405, R2 = 0.676, p = 0.1778

for MTFA Soft Copy:
Reading Time = -0.56 MTFA + 11.927, R2 = 0.921, p = 0.0402

9

Image Quality Rating = 0.177 MTFA + 4.12, R2 = 0.318, p = 0.1458
for MTFA Hard Copy:
Image Quality Rating = 0.212 MTFA + 3.507, R2 = 0.642, p = 0.1987
for MTFA Soft Copy:

Image Quality Rating = 1.009 MTFA - 1.86, R2 = 0.781, p = 0.1162

ti
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Table 12. (Cont.)
Equations with Image Quality as Predictor
Reading Time = -0.347 Image Quality Rating + 9.644, R2 = 0.620, p = 0.0204

for Image Quality Rating Hard Copy
Reading Time = -0.211 Image Quality Rating + 8.821, R2 = 0.352, p = 0.0407
for Image Quality Rating Soft Copy
Reading Time = -0.5 Image Quality Rating + 10.583, R2 = 0.959, p = 0.0207

111

CONCLUSION
Several conclusions resulted from this experiment.
1).

Reading speed increased with increased physical display image
quality (MTFA).

2).

Reading speed increased with increased subjective image quality
ratings.

3). Reading speed did not significantly vary between reading from hard
copy and soft copy.
4). Subjects did not rate the image quality of the hard copy and soft copy
display as being significantly different.
5). Thus, differences in reading speed between hard copy and soft copy
displays are generally attributable to differences in image quality and
not to the display technologies per se.
6). Reading speed will increase and subjective image quality will increase
with an increase in image quality, either displayed on a hard copy or on
a soft copy display.

q

j

The purpose of this experiment was to make a controlled evaluation of the

j

effect of display image quality on reading performance for hard copy and
softcopy

displays. This purpose seemed to have been fulfilled although
thephotographic
replication process presented the experimenter with an

unexpected MTFA measurement in one of the four hard copy conditions.
Al

.

1

1 12

more extended study with a larger number of image quality levels and with
image quality measurements taken before the actual testing procedure would
be the next step in the right direction. Overall, the investigation produced
results that were expected but also results that produced a need for further
investigations into the effects of image quality (MTFA) on subjects'
performance.Questions
that arose during the analysis of the results of the experiment were

concerned with the validity of the MTFA measurements and how
of equal MTFAs would affect the perceived image quality. How
differentdistributions
would subjects perceive the image quality of a display with an MTFA of 5.00
with respect to a display with a MTFA of 5.50? ln other words, what is the just
noticeable difference in the MTFA image quality measurement technique?

Studies employing a similar methodology to this research should be conducted
to determine whether the same results are found if subjects' performance is
measured with respect to a higher number of image quality levels and over
longer periods of time.
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125IMAGE
QUALITY RATING
THE IMAQE QUALITY OF THE PASSAGE YOU ARE SEEING, YOU WOULD
RATE:

'

•

WORST IMAGINABLE

•

TERRIBLE

•

BAD

•

POOR

•

AVERAGE

•

GOOD

•

VERY GOOD

•

EXCELLENT

·

BESTUIMAGINABLE

H
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GENERAL INSTRUCTIONS
The purpose of this research project is to compare short paragraphs of text
of different image quality with respect to readability. The paragraphs will be
presented to you in hard copy format ( i.e., the paragraphs will be displayed on
an illuminated photograph) and soft copy format ( i.e. the paragraphs will be
displayed on a CRT display.
To be able to participate in the study you have to pass an eye test. The eye
test measures near and far acuity, normal near and far lateral and vertical
phoria as well as normal near and far contrast sensitivity. lt consists of looking
at some pictures and charts. It will be administered to you after you have read
these general instructions and signed the "eye test informed consent form."
Before you start the reading task you are asked to rate the image quality of
several paragraphs of text presented on a 9-point interval scale that ranges
from "very poor" to "vely good." The paragraphs of text will be presented to you
one at a time on a display in front of you and you will have ample time to rate
each passage on image quality.
For the image quality rating task and the reading task you will be seated in
an adjustable office-chair. Th experimenter will adjust you and the chair to the
desired eye height, head position, and viewing distance. You then will be
introduced to the display, the shutter, and the position of the start and stop
button which opens and closes the shutter,

—·
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The reading task consists of reading several paragraphs of text that each
contain a word that is clearly out of context. lt is up to you to find that word, the

"spoiler," in the fastest time possible. For example, in the paragraph below
"shoes" is the word out of context.
While Helen was ironing Susan's shirt, to her surprise the iron cooled off. She

called the electrician immediately because Susan had to wear her shoes that evening.

You start the reading task by pressing a button in front of you. This opens
the shutter and a paragraph of text is presented to you. Read the text, find the
word out of context, press the button (which closes the shutter), and verbally tell
the experimenter which word is the "spoiler." Wait until the experimenter notes ··
your reading time and presents you with an "okay." You will then follow the
same routine as described above for a total of about twenty passages.
There are no known risks or discomforts in this experiment. Your
participation will consist of:

-

participation in an eye test

-

watching illuminated photographs for less than one hour

-

watching a CRT display for less than one hour

-

manipulation of a button-shutter device

-

arriving and leaving the test-site

t

I

128

PARTICIPANTS INFORMED CONSENT
Title of study:

Image Quality Study

Flesearchers:

Gerard C. Jorna, Graduate Student and
Dr. H. L. Snyder, Faculty Member.

You have read the description of this experiment and understand that the
purpose of this experiment is to examine your response to information that will
be presented on a display. There are a few points that need to be emphasized.
1). As a participant in this research project you have certain rights. The
following is a listing of these rights and should be read and understood priorto
your consenting to participate in this research project.
A). You may withdraw from participation in the research project at any time.
If you decide to do so, you must notify the experimenter immediately.
Should you stop participating you will be paid only for the portion of
time that you have actually participated.
B). The researchers will answer any questions you may have
concerning the procedure of the research project. Do not sign this
consent form until you understand all the terms involved.
C). You have the right to see your data and to withdraw it from the
experiment. All data are treated anonymously; therefore, if you wish to
withdraw your data you must do so immediately after your final task has
been completed.

M
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D). You have the right to be informed of the overall results of the
experiment. lf you wish to receive information about the results,
please include your address with your signature below. A summary will
be sent to you approximately 3 months after completion of the study.
For further information you may contact the Human Factors Laboratory.

2). lf you have any questions regarding this experiment you may contact the
researcher, Gerard Jorna, at 231-9092 or 552-8895. You may also contact the
principal lnvestlgator for the project, Dr. H. L. Snyder, at 231-5358, or the
University Institutional Review Board Chairman, Dr. E. R. Stout, 301 Burruss
Hall, at 231-5281.
Your signature below indicates that you understand what is expected of you in
this experiment and that you have read the above stated rights and consent to
participate.

Print name

Signature

To receive a summary of the results:

Address

Visual Displays and Controls Lab.
IEOR Department

VPl&SU

Blacksburg, VA 24061
(703) 231-9092

Date

Telephone# _

—·
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INFORMED CONSENT FOR THE EYE TEST

Name of study:

IMAGE OUALITY STUDY

Principal lnvestigator:

H. L. Snyder. Ph. D.
IEOR Department

Experimenter:

Virginia Polytechnic Institute & State University
Gerard C. Jorna, GRA
Displays and Controls Lab
(703) 231-9092

_

The purpose of the eye test is to determine whether your vision meets the
criteria for participating in the experiment. The eye test given to you is not a
professional eye test; therefore, the results should not be considered an
accurate description of your vision. A professional eye doctor should be
consulted for an accurate examination of your vision.
This eye test consists of two parts. lf your vision meets the criteria for part 1,
you will proceed to part 2. lf you pass both tests you will be asked to participate
in our experiment. This eye test will take approximately 15 minutes to complete

both parts. You will not be paid for participating in the eye test. However, if you
participate in the experiment, you will be paid for the time you spend in the
·
experiment.

-.
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As a participant in this eye test you have certain rights. The purpose of this
document is to make you aware of your rights and to obtain your informed
consent
1). You have the right to withdraw from the eye test at anytime. If you decide
to do so, you must notify the experimenter immediately.
2). You have the right to see your results and to withdraw them from the
consideration in the experiment. All data are treated anonymously;
therefore, if you wish to withdraw your data you must do so immediately
after your participation is completed.
Your signature below indicates that you have read the above statement of
your rights and that you consent to participation.

NAME

SIGNATURE

DATE

PHONE #

AP ENDIX B
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