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(ABSTRACT)

When dot-matrix characters are rotated, as might be the case in a moving map display, their dot-

matrix patterns are distorted and their legibility is thus affected. In this experiment, 16 subjects

performed a random search task, in which they were asked to look for a target in a random char-

acter pattem. The independent variables were the direction (clockwise or counterclockwise) and

the angle of stirnulus image rotation, and the target character’s distance from the center of screen,

which was also the center of rotation; the dependent variables were response time and response

correctness.

Significant effects were found ir1 the angle of rotation, the target character’s distance from the center,

and the target character. The results indicate that (1) no angle-dependent mechanism is involved

in performing this task and the angle of rotation influences recognition mainly through the dis-

tortion of dot·matrix patterns, (2) the target character’s (radial) distance from the center of screen

is the determining factor for search time, while the x and y coordinates of the target contributed to

dot~matrix pattern distortion, and (3) the target characters interacted differently with the angle and

distance factors to determine the extent of distortion and their legibility.

Means to quantify the extent of distortion were discussed and the direction for future research is

offered.
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INTRODUCTION

Recent developments in digital electronics have made possible numerous applications which had
previously been products of the designers’ wildest irnaginations. Traditional media of cornmuni—
cation, for instance, are fast being changed or replaced by various offspring of digital technologies.
Digital storage media, such as magnetic disks/tapes and laser disks, provide far more efficient and
reliable storage of information than do traditional printed materials and photographs. Along with
superior storage media come more applications that had not even been considered before.

A moving map display is one such application that is enjoying newly found interest and has a po-

tential for widespread use. Normally, an image of a conventional map, printed on paper, is digitized

and stored in a digital form. This approach will allow not only re—creation of the whole map
through another medium, e.g., a visual display, a printer, a plotter, etc., but also selective re-creation
of the map in any way one desires. One can thus design a digital map display system that will show

an area of interest, with features of importance, and in an orientation that will allow the users to
visualize their locations most easily.

Moving map display systems are currently found in aircraft, both military and commercial, and in
automobiles, to provide the operators with pertinent vehicle information superimposed on the map
background. Moving map displays are also used in military command and control systems, in

which various tactical information is presented over a map to provide operators an integrated pic-

ture of the situation. The main factor that is currently keeping moving map displays from wider
use is their cost; costs of digital electronics, however, seem to go only downward, and as the price
of systems is reduced moving map displays are likely to be encountered more often.

Whenever a continuous entity is represented as a collection of discrete elements, there arises a

problem of resolution: the larger the number of elements used to describe the continuum, the frner

the resolution, and thus the more accurate the description of the entity., There are always trade-offs

that must be made between the level of accuracy and the number of elements required to provide
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1
it. In digitizing a continuous image, such as a map or a photograph, the issue of resolution remains

nontrivial. The frner resolution one desires, the more bits its storage will require. This issue of

resolution is rather complex, as it exists in both spatial and temporal domains. The problem begins

with the resolution of alphanumeric characters. N

Characters in typeface are drawn in strokes; however, when they are digitized, they are represented N

by a collection of dots positioned to simulate the strokes best. As digital technologies developed, N
dot matrices were developed to sirnulate various typefaces. In these fonts, compromises were made

Nbetween how closely they resemble the stroke characters and the size of the matrix (i.e., the number I

of dots available and thus its spatial resolution), and to simplify the patterns further, each dot in the

matrix consists of one bit (i.e., the least possible temporal resolution, simply on or off).

These fonts are quite suitable for presenting characters upright, as their dot-matrix patterns were

created for that particular orientation. Unfortunately, when their dot-matrix patterns are rotated,

as they are likely to be in a moving map display, relative positions of dots are altered and thus the

character pattern is distorted. The performance of human operators using such displays would then

be affected by the degradation of the dot-matrix patterns.

One way to counteract the distortion of dot-matrix patterns is offered by Crow (1978). He discusses

algorithms which provide gray scale for rotated dot-matrix characters. By controlling the grayscale

and thus the luminance of each dot, this approach simulates a spatial bell-shaped curve of which

luminance peaks at the position where the optimal stroke of a character should be. The result is

the smoothing of artificial features that might be created by the rearrangement of dots. Another

means to correct the distortion might involve the use of spatial and temporal dithering, neither of

which is easier to irnplement than gray scale. Spatial dithering is not practical for fonts with a

smaller matrix, while temporal dithering requires a higher sampling frequency (refresh rate).

Introduction 2

11i r



These ”exotic" means to compensate for the distortion of dot-matrix patterns caused by image ro-
tation can be effective but are only attainable at substantial cost, both in terms of hardware and

software. Furthermore, the question axises as to whether they are even necessary.

Because applications that must contend with potential problems with rotated dot-matrix characters
are still few and not widely used, there has been very little research which has investigated the effects
of rotated dot-matrix characters on human performance. Clearly, a systematic effort is needed to

define the problems, and to assess their severity and consequences. Once the issues involved in
rotation of digitized characters on human performance are identilied and understood, corrective
means can be developed and tested.

I
I
I
I

Introduction 3



I

BACKGROUNDThere

are two issues that must be considered in investigating the effect of rotated dot-matrix char-

acters on human performance. The first question deals with how human performance is influenced
by rotation in tasks requiring recognition of (non-dot·matrix, stroke) characters. The second

question involves the distortion or degradation of dot-matrix character pattems and how those
might affect human performance.

Rotation of Characters

The effects of rotation in shape recognition tasks have been extensively investigated. By under-
standing the way humans look at and recognize visual patterns, underlying cognitive processes

might be revealed. Studies have focused on recognition of shapes/pattems, both two-dimensional

and three-dirnensional, and characters. Issues involved with pattem recognition are many and

complex; however, an issue central and most critical in the case of rotated patterns is the process

through which identification and discrimination are carried out.

In 1971, Shepard and Metzler reported a study in which the idea of mental rotation was introduced.

Their task involved inspections of pairs of perspective line drawings of three-dirnensional shapes,

and subjects were to determine whether the shapes were the same or different. They found that the

subjects’ reaction time was a linear function of the angular difference between the shapes, and this

result was interpreted to suggest the existence of a mental rotation process in which one mentally

rotated an image of one shape and compared it with the other.

Shepard and Klun (as reported by Cooper and Shepard, 1973) performed two experirnents in which

they investigated mental rotation with alphanumeric characters. Subjects were presented with one

of 12 characters --- F, G, J, R, e, j, k, m, 2, 4, 5, and 7 --- in various rotations, and they were asked

to determine whether the presented character was normal or the mirror image of normal. The main
difference between this study and the previous study by Shepard and Metzler was that this study
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required comparison of a mentally rotated image with a familiar pattern stored in long-term mem-

ory, instead of with another sirnultaneously presented image. It should also be noted that the task

was to discriminate between normal and mirror images rather than to simply identify a character,

which might be performed on some orientation-free features of the character and without mental

rotation. Shepard and Klun found that (1) reaction time was a monotonically (although not line-

arly) increasing function of angular deviation from the upright, (2) the normal orientation resulted

in faster response than the mirror image, and (3) if both the identity and orientation of the up-

coming character were provided, the reaction time function became flat, while either pieces of in-

formation alone did not affect the reaction time. The last result indicated that matching of arotatedstimulus

character with the internal representation was made constant by prior mental rotation of 1

the character and that discrimination between normal and mirror images required mental rotation. l

Cooper and Shepard (1973) further examined this issue of mental rotation in discrirnination of

al-phanumericcharacters. Of the two experirrrents reported, the first one addressed issues of interest

to this thesis. The task was to discriminate between norrnal and mirror images of six characters --· p
G, J, R, 2, 5, and 7 --- rotated multiples of 60 degrees. There were eight levels of advance infor- 1

mation, regarding the identity and the orientation of the stimulus, which influenced the subjects’

reaction time (Figure 1).

The results were in agreement with the earlier Shepard and Klun study in that (1) the reaction time

with no advance information increased monotonically but not linearly with the angular deviation

from the upright, (2) with either identity or orientation information alone, the reaction tirrre was

essentially parallel to that without advance information, and approxirnately 100 milliseconds less,

which the authors attributed to the time needed to determine the identity or orientation, (3) when

both types of advance information were provided separately and for an adequate amount of time

to integrate them, the resulting mentally rotated image of a character was as effective as the memory

image of a physically rotated character in producing the constant reaction time irrespective of ro-

tation, and (4) there appeared to be two types of mental rotation: pre-stimulus and post-stimulus.

'
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Figure 1. Schematic illustration of the advance information conditions: (ln Condition B, there werefour levels of orientation cue duration --· 100, 400, 700, and 1000 ms.) From Cooper and
Shepard (1973).
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When the subjects were given enough time to integrate the advance information with regard to
theidentityand orientation of the upcoming character, the authors postulated that the resultant mental I

image was created by rotating the normal upright image to the specific orientation and matched
against the stirnulus. When the mental rotation was initiated after the stirnulus was presented, as

in the case of no advance infonnation, the resulting mental image was created by rotating the .

stirnulus image to the normal upright and matching it against the image in long-term memory. I

I
Both types of mental rotation were said to occur at the same rate. In the second experiment, it I
was found that when the mentally rotated image did not match the stimulus, the reaction time in- I

creased monotonically and lirrearly with the angular difference, which agreed with the results of I
Shepard and Metzler’s (1971) study of unfamiliar three-dimensionalshapes.I

It is important to note that Cooper and Shepard (1973) intended to prevent subjects from re- 1
sponding to a stirnulus character on the basis of its features and to force them to carry out mental 1
rotation by discriminating between the normal and mirror images. As the results indicated, iden- 1
tification of the stimulus character and its orientation was a prerequisite for mental rotation. The

1
task required mental rotation to compare the stimulus image with the intemal image stored in

subjects’ long terrnmemory.I

Issues related to the types of mental rotation addressed by Cooper and Shepard (1973) were ex-

amined by Koriat and Norman (1984). They defined the terrn image rotation to be "a strategy in

which the image of the stirnulus is rotated until it attains its normal, upright orientation," and under

this strategy, response time depends on the angular deviation from the upright. Under the frame

rotation strategy, on the other hand, "the perceiver’s system of coordinates (or frame of reference)

is rotated until it matches the orientation of the stimulus," and response time is a function of the

angular deviation between two images, e.g., an intemal image and the stirnulus image. In their

second experiment, Cooper and Shepard utilized the latter strategy to explain the linear relationship

between reaction time and the angular deviation between the mentally rotated image and the stim-

ulus. Koriat and Norman performed several experiments following the Cooper and Shepard
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paradigm, except that Hebrew letters and strings of five Hebrew letters were used in discrimination
i

tasks (Hebrew was the primary language of the subjects who participated in their study). Their I

results strongly favored the image rotation strategy and raised a question about the nonlinear nature
I

of mental rotation found in the Cooper and Shepardstudy.I

Koriat and Norman (1985) then investigated the idea of broad orientation tuning as an explanation I
for the nonlinearity, which they called "a quadratic trend." A discrimination task between the I

normal and the mirror image using four Hebrew letters presented ir1 orientations in multiples of 60
I

degrees was repeated for their first experiment. They found that for the mirror image characters,
I

the response time increased linearly with the angular deviation from the upright, whereas the

re-sponsetime was signilicantly quadratic with the normal letters, which might indicate that the sen- I
sitivity to the deviation (from the upright) is lower near the upright. The second experiment was

I

repeated with four artificial characters replacing Hebrew letters and showed a systematic increase in

the quadratic component with practice, i.e., the functions for both the normal and the mirror image

started out to be linear. These results suggest that the broad orientation tuning developed as the

result of extensive practice or exposure, and was responsible for the nonlinearity in discrimination

of the normal character.

The sequence of cognitive operations in identification and discrimination of a rotated character,

which appeared to involve mental rotation, was also investigated by Corballis, Zbrodoff, Shetzer,

and Butler (1978). In the first of their three experirnents, they asked subjects to identify the stirn—

ulus characters —-- G, J, R, 2, 5, or 7 --- presented nomially or backward (mirror image) for one

second in orientation multiples of 60 degrees. Although this task was not expected to require

mental rotation, the results showed that the reaction time did depend on angular deviation from the

upright. The authors added, however, that the significant effect was confined to the backward

characters and decreased as the subjects gained experience. They explained that the subjects occa-

sionally performed mental rotation to check their decision.

Background 8
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In their second and third experirnents, subjects were assigned one of the six characters or one of the I

six orientations as the target and responded whenever the target was presented. Their aim was to

look at the sequence of identification of the character and the orientation, and they found thatittook
longer to determine orientation than characters. Thus, identification of a character did not

require information about 1ts orientation and was lrkely to take place prior to determmatron of

orientation. The results of these experirnents were somewhat contradictory and did not clarify I
whether identification of a character did not require mental rotation and was thus completely
in-dependentof orientation; they appear, at least, to support the concept that identification oforien-tation

precedes mental rotation. I

White (1980) reported an experiment that supported the idea that mental rotation was not necessary
I

for identification of characters. He followed the general paradigrn of Cooper and Shepard, using

G, J, R, 2, 5, and 7 presented at orientations in multiples of 60 degrees, but eachfour—secondpresentation

of the character was preceded by target information. Under the ”version" condition,

the target information advised the subjects to look for either the normal or the mirror image of a I
character, and they responded only when the stimulus matched the information. Their reaction ,

times for correct responses were measured. Trials were repeated for the "name" condition in which I
the target character was specified and for the "category" (letter or number) condition. The results

I

clearly showed the absence of an orientation effect in the latter two conditions, whereas the version

condition was affected in a fashion similar to that reported by Cooper and Shepard (1973) and

Corballis et al. (1978). White thus concluded that mental rotation to the upright was necessary only

when discriminating between the normal and mirror images of characters, and that the information

needed to create an internal image with which to compare the stimulus was "invariant with respect

to angular orientation."

It seems clear from the results of the studies discussed thus far that mental rotation, which is a

function of orientation, is involved in the normal vs. mirror~image discrimination of characters and

other visual forms, but that identification alone does not require mental rotation. Yet, is it safe to

assume that identification is completely independent of orientation'? The studies summarized thus

I Background 9
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far used reaction time as the dependent variable to examine the effect of orientation. Jolicoeur and ILandau (1984) argued that the reaction time was not sensitive enough to measure the effect of on- i

entation on identification and thus it had appeared that identification was independent oforien-tation. I
In Jolicoeur and Landau’s experiment, the task was to identify alphanumeric characters --- A, B,

E, F, G, K, R, T, 2, 3, 4, and 5 —-- rotated in multiples of 30 degrees. In this study, the identifi-
I

cation error rate was measured instead of the response time. They found that the error rate was a
I

linearly increasing function of the angular deviation from the upright, and based on the mean

stimulus exposure duration measured, they estimated that approxirnately 15 milliseconds would be
I

sufficient to compensate for a 180-degree rotation (or a rate of 12 degrees per millisecond). This .
1

low rate of rotation in identification was then attributed to the lack of a significant effect of rotation
I

in identification tasks. Jolicoeur and Landau further stated that features detected in pattern recog· I
nition might not be "onentation invariant."

It should also be noted that identification of some rotated characters might indeed require mental

rotation, as discrimination is involved in the process of identification. For example, the orientation I
of letters b, d, p, and q and numerals 6 and 9 must be known in order to identify them (Corballis,

1988; Corballis and Cullen, 1986); these characters are, however, an exception.

In summary, in the task requinng recognition (identification) of (non-dot—matrix, stroke) characters,

the effect of rotation on human performance is of such small magnitude that it might be negligible

if the task is composed of other components, e.g., searching for the target character.

Distoition of Dot-Matrix Characters

The research on recognition of rotated characters, sumrnarized in the preceding section, utilized

stroke characters which were tachistoscopically presented to subjects. Most other research that

deals with characters has also been done using stroke characters; however, as Maddox, Bumette,
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and Gutmann (1977) pointed out, "it has not been satisfactorily demonstrated that the conclusions
from stroke font research are directly transferable to dot-matrix fonts." Issues involved in the ro-

' tation of dot-matrix characters and, in particular, the resultant distortion of dot-matrix patterns thus

need to be examined separately.

Research on dot-matrix characters has focused on such characteristics as their matrix and physical
sizes; element shape, size, and spacing; and font (Decker, Pigion, and Snyder, 1987). The American

National Standard (Human Factors Society, 1988) has been developed to define recommended

values for certain characteristics of visual display terminals. There has been little research, however,

studying the effects of dot-matrix pattem degradation on legibility of the characters. Abramson and

Snyder (1984) investigated the effects of dot and line failures on dot-matrix displays. Three 7 x 9

matrix fonts were used in a reading task with various display failures, and the effect of font on
performance was found to be not significant. One type of dot-pattern degradation was represented 1

in this study, i.e., the dot-matrix patterns of characters remained constant, while certain dots in the

pattern were omitted or extraneous dots added as the result of display failures. The results of their

study showed the complex effects and interactions of display failure type, mode, and rate and that

below a certain failure rate this type of dot-matrix pattern degradation does not affect performance

in a contextual reading task.

Varrderkolk (1976) reported a study in which an attempt was made to investigate several parameters

relevant to dot-matrix displays and legibility. The variables in this study were percent active area,

contrast, display background luminance, matrix size, character/symbol orientation, and "motion

parameters," each of which had two levels. (Character/symbols used were I, N, Q, U, V, 1, 3, 8,

[jl, and A.) The task was to identify a character/symbol, and the reaction time and accuracy were

measured. The fractional factorial experimental design assumed all three—way and higher-order

interactions to be negligible. Of interest were the effects of matrix size (5 x 7 and 8 x ll) and ori-

entation (0 and 15 degrees). The results showed that neither had a significant effect, but that the

interaction between matrix size and orientation was significant (15 degree rotated 8 x ll font

produced the shorter reaction time; however, the 5 x 7 font did better upright). Apart from noting

Background ll
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I

that the effect of rotation on dot-matrix characters was considered, this study did not offer useful

information. Its shortcoming lies in that only two levels of each variable were examined and that

the experimental design confounded most of the interactions, which are at least as important as the

main effects.

The main difference between stroke and dot—matrix characters lies in the way the shape andcontourof

characters are created. While stroke characters are composed of continuous "strokes," dot-

matrix characters are made up of discrete dots which approximate the strokes, as closely as the

"resolution" of the matrix allows. For instance, consider a line the length of which is five units

(could be centirneters, inches, etc.). In the stroke representation, a continuous line five units long
I

is drawn. In the dot representation, the line would be a series of dots: the density of dots, or the I

number of dots per length unit, to represent the five unit long line makes little difference in thiscase(Figure

2a).
I

\Vhen a circle of some radius is to be drawn, the difference between the stroke and dot-matrix I
representations becomes more obvious. In order to represent the curvature, each dot is drawn in

a matrix position nearest to the curvature. How close the dot can be to the actual curvature is I

determined by the density or the resolution of the dot-matrix. Keeping the overall size constant,
I

the larger (the more elements) the dot matrix, the finer the spatial resolution (for the sake of sim-
”

I

plicity, interelernent spacing is held constant), and the matrix would allow a closer approximation

to the actual curvature (Figure 2b). The point to be emphasized is that dot·matrix pattems are

approximations of the actual pattems, except for the horizontal, vertical, and 45·degree diagonallines. _
Characters in most fonts consist of lines and curves, and their dot-matrix pattems are thus "ap-

proximations," the extent of approximation depending on the character’s curvilinear characteristics.

W'hen such dot-matrix patterns are rotated, each dot is transformed to a new matrix position which

can, once again, be an approximation (the closest available dot). The new position is not neces-

sarily located where the actual stroke drawing would be when rotated, but rather is an approxi-
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mation of the original dot position which was itself an approximation of the stroke drawing. The

resulting dot-matrix patterns can thus be quite distorted, as the relative positions of dots can be

exaggerated through the series of transformations.

Research Objective

How such distortions of dot-matrix characters affect the user’s ability to recognize them is the

question central to this thesis. As indicated earlier, although potential problems in applications

requiring the rotation and the consequent distortion of dot-matrix characters are anticipated, the

nature of the problems and factors involved are not identified and understood.

Recognition of dot-matrix characters is made complex because it is affected not only by the rotation

of characters themselves but also by the distortion of their pattems. This investigation manipulates

the direction (i.e., clockwise or counterclockwise) and the angle of stimulus image rotation, and the i

target character’s distance from the center of rotation, all of which were thought to influence char-

acter recognition performance. The experiment was intended to obserye and measure these factors’

effects on human performance in the generic task environment and to gairr better understanding of

the problems.

Once the problems associated with the rotation of dot-matrix characters are firmly defined and

understood, effective means to counter and correct them can be developed. Ultimately, this effort

will lead to the larger and more complex issues involving digitized discrete element images.

l
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METHOD

Experimental Desig

A 37 x 2 x 4 full factorial within—subjects design, using 16 subjects and 4 repeated measures per cell, {

was utilized for this study (Figure 3). Three pararneters —-- angle of image rotation, direction of
I

image rotation (clockwise and counterclockwise), and target character distance from the center

ofrotation--- were varied (Figure 4).
I

Experimental subjects were screened for their visual acuity (correctable to a minimum of 20/30) and

phoria (both horizontal and vertical). Their ages varied from 18 to 27 years with a median age of I

20 years. There were ll male and 5 female participants, and all of them were university students.
I

Factors held constant throughout the experiment were: alphanumeric characters in the 7 x 9 ele-

ment Lincoln/MITRE font, all screens were presented in positive contrast ("on" characters on {

"off" background), and the display luminance output was measured and adjusted to the standard

value at the beginning of each session. The lurninance of "on" pixels was approximately 49.4 cd/mz
{

and the "off" pixels at 4.8 cd/mz resulting lll a lurninance modulation of 0.823. The primary de- I

pendent measure was response time, although response accuracy was also recorded.

Each combination of the three independent variables was repeated four times using different

targetcharactersfor each subject. A random pattern was created for each trial by selecting 71 sets of
I

random coordinates, and no pattern was repeated for any trial or subject.

{
Apparatus

The experimental stimuli, random character pattems each of which consisted of 26 uppercase letters II
of the alphabet and 10 numerals, were presented on a high·resolution (1024 by 1024 picture ele- I

ment) cathode ray tube (CRT) display. The display imagexy was generated by a high-resolution I

I Method15II
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graphics processor interfaced with a microcomputer (Figure 5). Experimental sessions were con- I

trolled by the microcomputer, with interactive links to the experimenter through the keyboard and
I

the experimenter display and to the experimental subjects through the optical mouse input

device.Experimentalsubjects were seated approxirnately 40 centimeters away from the display such that {
the vertical angular subtense of a displayed character was 20 arcminutes at the subject’s eye. In

{order to prevent subjects from moving their heads during the experimental sessions, restraints were {
provided for the forehead and back of the head of subjects.

The data collected during experimental sessions were stored by the microcomputer, and when a

subject completed all the sessions, the data files from each session were combined and transferred

to the mainframe computer, where all statistical analyses were perforrned using the Statistical I
Analysis System (SAS Institute,1982).I

Task and Procedure ;

The subject’s task was to search for a specific character in a random character pattern. The three I

independent variables determined how much and in which direction the stimulus patterns were ro-

tated and the position of the target character in the stirnuli. While the stimulus condition and thus

the legibility of the target character were varied, the task required subjects to search for and identify

the target character. The objective was to measure the effects of these variables and their inter-

actions in a task where difficulty was influenced solely by the factors being manipulated; in a reading

task, on the other hand, subjects might recognize a character or a word based on the context.

Each experimental session started as the experimenter entered the numbers identifying the subject

and the session (day). Each stimulus was preceded by a screen indicating the next trial target

character. The information was presented at the center of the screen in the upright orientation, and

it also served to guide the subjects’ eyes to be fixated at the center of the screen prior to the onset

of the stimulus. As the subject pressed the right button on the mouse input device, a stimulus

I Method 18I
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pattern was presented. The task was then to locate the target character in the random pattern as 1

quickly and accurately as possible. The random pattern contained one of the target character, and I

two each of the remajning alphanumeric characters (i.e., the pattem contained 71 characters). I
Wlien the subject located the target character, s/he pressed the left mouse button and the target I
pattern was removed. A blocking pattern, intended to remove any afterimage, was then shown for '
approximately 800 milliseconds, followed by a 3 x 3 numbered grid which covered the entire screen. I

u
The subjects identified the sector of the giid in which they located the target and verbally responded I
with the number corresponding to the sector, which was entered by the experimenter. Their re- |

sponse times, i.e., the time between pressing the right and left mouse buttons (or the time the I

stimulus was presented), and the responses which deterrnined whether subjects correctly identified I
the location of the target character were recorded. I

¤
Each subject participated in three experimental sessions scheduled over three consecutive days at ‘

about the same time of day. During the first session, subjects familiarized themselves with the task I

during 20 practice trials, and 480 recorded trials followed. During the second and third sessions, I
subjects completed 500 trials, Trials were presented in blocks of four: the direction and angle of ¤

rotation were held constant for these four trials, but the target characters and their distances from I

the center were vaned. Breaks, about five minutes in duration, were given after every 125 trials,
I

or at the subject’s request. The sessions typically lasted from 2-1/2 to 3 hours, and subjects were I
paid by the hour for the average total of 7-l /2 hours.

I

Random Character Pattem Generation ‘

In creating a rotated random character pattem, two distinct ways were considered. One approach

is, given a set of coordinates for a character, to rotate the character at the coordinates. A reference

point in the character’s dot-matrix pattern, e.g., the lower left corner of the matrix, remains fixed

at the coordinates, while the other dots in the pattern rotate the specified angle around the reference

point. New coordinates for each dot are deterrnined by its relative coordinates from the internal

Method 20l
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reference point and the angle of rotation. One might refer to this approach as individual character I
rotation.

The other approach, which was used for this study, is to rotate a whole screen image around some
Icommon point of rotation, e.g., the center of screen. As each character rotates around some ref- I

erence point, which is now unlikely to be within its dot-matrix, all dots in the pattern mustreceivenew

coordinates to perform the rotation. Each dot’s coordinates are determined by its relative co- I
ordinates or distance from the center of image rotation and the angle ofrotation.I

The difference in these two approaches lies not in the extent of each character’s distortion but in I
the number of factors deterrnining the distortion. Given that the same size characters of the same I
font were used, in the former approach, the (rearranged, distorted) dot-matrix pattern resulting from I
character rotation is determined only by the angle of rotation. So long as the rotation reference I
point remains constant, the distorted pattern is identical regardless of its position in the random I
character pattern. In the latter approach, the resulting dot-matrix pattern is determined notonlyby

the angle of rotation but also by the coordinates of the character pattern relative to the rotation '
point.I

The rotated images created through the latter approach are more representative of rotated images IIin actual applications such as moving map displays. In moving map displays, for example, an ori-

ginal image (e.g., a map, including alphanumeric characters in its Iegends) is digitized upright, and

in their heading-aligned mode, the image is rotated around some reference point. The characters

would obviously not rotate individually around their own reference points. The stimulus patterns

used in this study were thus rotated at the center of screen, and the coordinates of the target char-

acter were randomly selected for each pattern, as to provide a broad sample of dot-matrix distortion.

Angle of Image Rotation
I

Although the angle of rotation is a continuous variable, only angles in increments of five degrees I

Method 21 I
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I
between 0 and 180 degrees were investigated in this study, for a total of 37 levels. \Vhen combined

I

with the direction of screen rotation variable, all angles in five degree increment around 360 degrees I
were covered. Two important assumptions were made with regard to the nature of this independent

variable. As summarized earlier, research concerning non-dot-matrix characters concluded that
I

mental rotation was not involved in recognition of familiar shapes, such as alphanumeric characters, I
and that the effect of rotation on the time to identify a character is negligible. These conclusions I
were assumed to be correct and transferable to this study, which involved dot-matrix characters in I

a random search task. The only effect that the angle of rotation would therefore exert on the re-
I

sponse time measure was then assumed to be through the distortion and degradation of the dot- I

matrix character pattems, and not through the process of character identification. I
I

Distortion of dot-matrix characters was considered to be a function of the angle of rotation, as well I
as of distance from the center of rotation. Dot-matrix pattems remained intact at 0, 90, and 180

I
degrees from the vertical. At 45 and 135 degrees from the vertical, some distortions would be en-

countered. While vertical, horizontal, and 45-degree diagonal lines in the original upright pattern I
would remain straight, other dots in the pattern would be displaced from the optimal positions.

At angles between (vertical, horizontal, and 45-degree diagonal), all dots would be positioned

attheirnearest available matrix positions, likely away from the optimal, and varying distortions were
I

expected. Hence, the extent of distortion, measured in terms of displacement (or deviation) from

the optimal (i.e., the distance between the actual dot position and the ideal position where the dot

would be if not constrained by available matrix positions) should be zero at 0, 90, and 180 degrees,

local rninima at 45 and 135 degrees, and peaks between these minirna (Figure 6).

Assurning that the response time would be influenced only by the distortion of dot-matrix charac-

ters, images rotated between 0 and 90 degrees (right side up) and between 90 and 180 degrees (up-

side down) were expected to produce similar results, as the extent of distortion would be identical
I

(mirrored along the horizontal). If, however, the resultant function was monotonically increasing

toward a peak at 180 degrees, that would suggest the involvement of mental rotation or someotherprocess

which was dependent on the angular departure from the upright. I

Method 22II.
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I

Direction of Image Rotation 1
I

This variable compared a clockwise rotation from a counterclockwise one. There has been no re- I

port in the literature that a clockwise rotation resulted in either superior or inferior performance.
I

There remained a question concerning the symmetry of characters. Based on their symmetry, I

characters in the 7 x 9 element Lincoln/MITRE font can be categorized as follows: I

1
l. Symmetrical along the vertical axis (8) --- A, M, T, U, V, W, Y, and 8. I

I 2. Syrrrrnetrical along the horizontal axis (5) ·-- B, C, D, E, and K. I
3. Symmetrical along both vertical and horizontal (5) ·-- H, I, O, X, and 1. I

4. Rotatable (5) --· N, Z, 0, 6, and 9. I

5. Asymmetrical (13) -—- F, G, J, L, P, Q, R, S, 2, 3, 4, 5, and 7. I

Characters in Categories l and 3, for example, are not affected at all by the direction ofrotation,as

their dot-matrix patterns would be distorted identically whether rotated clockwise or counter- I
clockwise from the vertical (sirnilarly, the distortion of characters in Categories 2 and 3 would be I

identical along the horizontal). In these cases, if a character is rotated a certain number of degrees I

from the axis of symmetry, the sum of dot deviations from the optimal would be the same in

eitherdirection.Asymmetrical characters, on the other hand, would result in different amounts of
dotdeviationswhen rotated in different directions.

In this experiment, each stirnulus pattern used all 36 alphanumeric characters, regardless of their

symmetry, and the effect of asymrnetry was expected to be marginal such that, overall, the effect

of direction of image rotation was predicted to be nonsignificant. If a statistical analysis of

exper-irnentaldata later showed this variable to be nonsignificant, the data would be collapsed across the I

variable, doubling the number of observations in each condition (for each subject) from 4 to

8.Thiswould allow the data to be reanalyzed including the target character as another independent I
variable, and it would provide insights to how dot—matrix distortion affected individual characters. I
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Distance from Center of Rotation

As stated earlier, all coordinates for the characters in random search patterns were randomly se-

lected, and the characters’ distances from the center of rotation, which was the center of the screen,

varied continuously. This variable, however, was analyzed as a discrete variable by categorizing the

distance in terms of four equally spaced intervals. Four concentric circles, with their centers at the

center of the rotation and their radii in increments of 100 dots (pixels) defined the distance zones:

targets falling in radial distance between 0 and 100 pixels were assigned in zone 1, and so forth.

No characters were located more than 400 pixels away from the center of screen (beyond zone 4).
I

This variable might influence the response time in at least two ways. First, subjects’ searchstrate-.
. . . . 1gres could be potentially srgmficant. As their eyes were fixated to the center of the screen when the

1
target stirnulus was presented, if their strategy to search for the target were to start from the center 1
and to gradually move outward, the time to find the target might depend on its distance from the I
center. If, on the other hand, the search strategy were to scan across the screen from the top to the I
bottom, for example, the response time would then be independent of this variable. I

Issues involving search strategies are many and beyond the scope of this thesis. Hence, two issues

potentially critical to this experiment were considered.

1. Interindividual differences in search strategy were assumed to be negligible. Significant differ-

ences among subjects could contribute to a larger subject variance, causing a loss of power; the ef-

fects of independent variables were, however, expected to be robust enough even in such a case. I

2. Intraindividual differences (change over time, e.g., learning and fatigue) could also be signilicant.
I, Standardization trials, discussed later, were included and placed randomly among the "condition"
I

trials to monitor the subject’s ’base" performance; this factor was not expected to be significant.
I

I
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The target character’s distance from the center of rotation was expected to affect response time

mainly through its effect on distortion of dot-matrix patterns. The equations for a rotated set of

coordinates are _

Xrotated = rOu¤d(Xorigina.l COS 6 - Yoriginal Sm mr

and

Yrotated = rOl·md(Xoriginal Sin 8 + Yoriginal COS 6)»

where X„„g,„„, and are the original x and y coordinates of a point, and X,„„,„ and Ymmd are

the x and y coordinates of a new, transformed position, while round is defined as a function to

round the real number value inside the parenthesis to the nearest integer.

As can be seen in these equations, both the new x and y coordinates are determined by the original i

x and y coordinates and the angle of rotation. In order to determine a new x coordinate the

dif—ferencebetween the product of the original x coordinate and the cosine of the angle to be rotated,

9, and the product of the original y coordinate and the sine of the angle is calculated and rounded

to the nearest integer. Similarly, a new y coordinate is determined by combining the original x and

y coordinate components weighted by the sine and cosine functions. The weights vary from -l to

l and act to "pull" the dot position differentially to a new rotated position. When rounding the

product of the weight and the coordinate component, keeping the weight constant, the larger

number the coordinate component is, the closer the rounded value of the product will be to the

actual product. In other words, the larger value of a coordinate component provides better "re—

solution." The greater distance from the center of rotation, i.e., the larger valued x and/or y coor-

dinates, therefore would provide the dot position closer to the ideal position and the less distortion

of a dot-matrix pattern.

Both the angle of rotation and the target character’s distance from the center of rotation determined

the distortion of the dot-matrix patterns of characters and were thus expected to affect the response ,
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time. Each variable was expected to have a signiticant effect; their interaction, however, was not

well understood, although predicted.

Font and Matrix Size
A 7 x 9 element Linco1n/MITRE font was used in this study. Smaller size fonts, composed of fewer

elements, are more susceptible to distortion, resulting in poorer performance, as shown by

Vanderkolk (1976). In larger matrix sizes, as each dot’s contribution in forrning the character shape
I
is less, the dots’ deviations from their ideal positions affect the character shape less drastically; thus,

there should be less distortion. As this study attempts to investigate the effect of suchdistortion,a

smaller matrix size was considered more appropriate. In addition, given the spot size of the

CRTdisplayto be used and general recommendations made on character size and viewingdistance(Decker

et al., 1987; Human Factors Society, 1988), the 7 x 9 element size was considered most
I

appropriate for use 1.11 this study. Furtherrnore, as this matrix size is used by most "good" quality I
video display terminals, it might better represent the matrix size currently used in relevant applica- Itions. 1

1
The Lincoln/MITRE font is one of the more commonly used fonts in computer display

applica-tions,since it is closer to the regular typeface seen in printed materials than many other fonts. The l

latter point is desirable in that characters will better simulate the digitized image of printedcharac·ters.

In this font, shapes of characters are so designed to make them more unique and distinct from

each other, thus rninimizing the likelihood of confusion among characters. Studies comparing dif-

ferent fonts have consistently shown that the Lincoln/MITRE font resulted in higher performance

(Decker et al., 1987).

A Tar et Character
1

Only upper case alphabet characters and numerals were used in this study; lower case characters I
were not desirable as their sizes, mostly in height, were not constant across characters and the issue I

1Method 27 I
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of resultant visual angles would have been complex. This study also treated characters as a •

random-effect variable. Characters are distinct from each other, as their geometriccompositions,i.e.,

the ways in which they are made up of lines and arcs, are extremely complex. There exists no i

means to quantify their characteristicssystematically.Geyer

and DeWald (1973) reviewed three sets of "feature lists" of uppercase (stroke) alphabet :

characters and compared them in their attempt to explain the underlying human information l

processes in character recognition. They correlated the information processing models based on l

these sets with confusion matrix data from another study. In Gibson feature lists (Table 1), for
E

example, characters are represented based on the presence or absence of 12 common features. In l

Geyer’s lists, on the other hand, characters are described by the number of 16 features present :
(Table 2). Based on their results, such lists provide some insights as to how one recognizes a :
(stroke) character; however, they are neither predictive orquantitative.A

similar list of dot-matrix characters may be constructed in an attempt to categorize their features. I
The task is, however, considerably more difficult than with stroke characters. As noted earlier, with :
the exception of vertical, horizontal and 45·degree diagonal lines, the dot·matrix pattems are only :
approximations of the character’s shape. These approximations result ir1 irregularities in the

posi-tioningof dots which are difficult to be seen as a (regular) feature. i

Considering the absence of a convenient list to categorize the dot-matrix characters based on their

features, an alternative would be to treat the characters as a fixed-effect variable. Unfortunately, if

. characters were to be treated as a fixed-effect variable, every character would have to be included

in order to investigate the effect of dot-matrix pattem distortion. Such a comprehensive effort

would mean adding another variable with 36 levels, which would make the size of a factorial matrix

enorrnous and infeasible.

As a compromise, a sample of characters which represent the others in certain characteristics (e.g.,

their symmetricity, curvilinearity, the number of dots in their patterns) was selected. While the
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experiment was kept at a manageable size, it was hoped that meaningful generalizations would be I

made with regard to the interpretability and applicability of results.

Eight "sarnple" characters were selected for use as target characters, based on two criteria. The first

criterion was the confusion matrix for the 7 x 9 element Lincoln/MITRE font (Figure 7), deter-

mined by Snyder and Maddox (1978). In their study, single character legibility of four fonts in three

matrix sizes was compared. The confusion matrix was constructed from their data on subjects’

response errors and it shows, for instance, that 1 was most likely to be confused with another

character, or that numeral 2 was often mistaken for the character Z. By selection of characters likely

to be confused with another, it was hoped that subjects would be forced to examine the character

carefully before responding and also to identify dot-matrix patterns which might be so distorted to q
be urrdistinguishable when rotated. A summary of the confusion matrix is shown in Table3.I

The second criterion used in target character selection was to avoid character pairs likely to be
l

confused when rotated, as constructed from the visual inspection of 7 x 9 Lincoln/MITRE dot-

~matrix pattems. For example, the matrix pattems of numerals 6 and 9 are identical, except

thatoneis rotated 180 degrees from the other: in the absence of any context, there is no way to distirr·

guish an upside down 6 from right side up 9, and vice versa. As stated earlier, the use of such

confusing characters would likely require mental rotation in identification, which was to be avoidud

as it would confound the effect of dot·matrix pattern distortion. Other character pairs which were

similar to a lesser degree were also ruled out on this basis.

Based on these criteria, eight characters were used as the target characters in this study (Figure 8).

Each of the eight characters had at least one other character with which it was likely to be confused.
li

These eight characters were intended to be representative samples of the 7 x 9 Lir1coln/MITRE font

"population.” I 4
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Figure 7. Confusion matrix for 7 x 9 Lincoln/MITRE font (Maddox, 1979; Suydcr amd Maddox,
1978).
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Table 3. Summary of Target Character Selection.

Distinct Characters, Le., no identification error according to the confusion
matrix (Snyder and Maddox, 1978).

B, E, H, S, and 3

Characters Iikely to be confused with another, according to the confusion
matrix (Snyder and Maddox, 1978).

1>>>2>>V>>O>I>7>C,J,Q,>G,L>T,Z 1

Character Pairs Iikely to be confused when rotated

6 - 9
A - V y
C - U 1
K - X 1

„ L — 7
N - Z - 2
B · 8
D — O _
M — W
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Standardization Trials

As this study was to require a substantial amount of data collection from each experimental subject

(average running time of 7-l/2 hours), the task performance was likely to fluctuate during the sub-

ject’s participation. Of the various extemal factors that might affect the subject’s performance, fa-

tigue and learning were of greatest concem. While efforts were made to keep each session as short

as possible and to allow subjects breaks at various intervals, some effect of fatigue was considered

inevitable. Also, as the experiment was to be conducted over three days, the level of vigilance might

vary (it was to be rninimized by scheduling subjects for the same or close time of the day). In ad-

dition, increased familiarity with the task and targets (learning) and changes in search strategy were

expected. Measures were therefore taken to minimize and to monitor changes in the performance.

This experiment was organized to minimize the practice effect in two ways: (1) practice trials were ,

given on the first day, familiarizing subjects with the task, before the actual data were collected,

and(2)the four observations in the same condition were not administered consecutively, i.e., they were
I

randornly placed among the other trials. The assumption was that the practice effect over the

fourobservationsin the same condition was negligible. In addition, as a way to monitor such possible I

changes in subjects"’base" performance, and as a way to address these issues in the event that there

existed a significant difference both intra- and inter-individual, one of the five trials in each block

(there were 96 blocks on the first day and 100 on the second and third days) was designated a

"standardization trial."

The standardization trial was placed randornly among the other four "condition" trials in each

block and involved the identical random character search task, except that the pattern was always

presented in the upright orientation and the target character was drawn from the complete pool of

36 alphanumeric characters appearing in the pattern, instead of the eight for the condition trials.

The response time from these standardization trials was expected to provide the subject’s base

performance throughout the sessions. Regression of these data by trial would indicate any changeI

i
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in subject’s performance over time, while other statistical analyses could be performed for theeffectsof
target character and its distance from the center of screen.

Data Analysis

Each condition was repeated four times, using a different target character, for each of the 16 sub-

jects. All eight target characters selected for this study were assigned to every angle/distance com-

bination (four were rotated clockwise and the other four counterclockwise). In the initial analysis ,
of vanance, a mean response time from these four observations in each condition was used. By

using the means, the issue of target character’s effect on performance could be conveniently avoided,

for the time being, and the data could be tested for the main effects and interactions of the three p
independent variables.

A

If the effect of and interactions involving the direction of rotation were shown to be nonsignificant,

as predicted, the data could then be reanalyzed as a 37 x 4 x 8 full factorial within—subjects design

with a single observation per condition and tested for the effect of the target characters. A

II

I
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RESULTS AND DISCUSSION

A three-way repeated measure design analysis of variance using the mean response times was per-

formed using SAS and its results are summarized in Table 4. Significant main effects in the angle

of rotation and in the target character’s distance from the center of rotation were found, as pre-

dicted; the angle by distance interaction, which was also predicted to affect the extent of target

character’s distortion, was found to be not significant, while the three-way interaction among the

direction and angle of rotation and the distance variable was unexpectedly found significant.

The effect of the direction of rotation and the interactions involving this variable were expected to

be nonsignificant, and the prediction was proven correct except in the three-way interaction. As

can be seen in Table 4, the main effect and the two-way interactions are nonsignificant. It thus

appears that, overall, rotation of the dot·matrix characters clockwise or counterclockwise makes

no difference in the extent of their distortion as reflected in response time for the randomsearchtask.

Angle of Rotation

The angle of rotation was assumed to affect the extent of dot-matrix pattern distortion and thus the

response time. It was also hypothesized that the extent of distortion, in terms of dot deviations

from the optimal, formed a regular function (Figure 6 on page 23), zero at 0, 90, and 180 degrees;

local minima at 45 and 135 degrees and peaks between these angles; and that the response time,

influenced by the distortion, would closely follow this function in shape. The actual mean response

time at each angle, as plotted in Figure 9, shows that the hypothesis was incorrect. Although the

minimum mean response time was recorded at 0 degrees, the response times at 90 and 180 degrees
i

were not quite as short as at 0 degrees, as predicted. Curve fitting of the function was attempted,

and the best fit, in terms of a correlation value, was achieved with a quadratic function.
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I

I

Table 4. Summary of Analysis of Variance on Mean Response Times.
I

I
I

Source df MS F

pSubject(S) 15253.732Direction
(D) 1 14.991 0.68 0.4220

S x o 15 21.994 I
Angle (A) 36 28.476 1.77 0.0046 (
S X A 540 16.123
Distance (L) 3 2512.591 47.36 0.0001 I
S X L 45 53.058 (
DXA 36 24.811 1.08 0.3537
S x D x A 540 23.054 I

D X L 3 10.949 0.96 0.4197 (
S X D X L 45 11.401
AXL 108 15.671 1.13 0.1693 I

SXAXL 1620 13.810
DXAXL 108 17.653 1.26 0.0431
SxDxAxL 1620 14.058

TOTAL 4735

(
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1
The irregular shape of this function, at least, supports the assumption that the angle of rotation does 1
not contribute through some angle—dependent cognitive mechanism, such as mental rotation, but

1

likely through the distortion of dot—matrix patterns. The lack of monotonicity in the function and

the fact that it hardly increased as the angle moved toward 180 degrees are strong evidence against

mental rotation, although it is an interesting coincidence that the best fitting curve was quadratic,

as Koriat and Norman (1985) defined the mental rotation function to be (their function peaked at

180 degrees, however).

The irregular shape of the mean response time curve suggests several points: (1) If the response time

is solely affected by distortion, the angle of rotation is certainly not the only factor indeterminingthe

distortion of dot-matrix characters (the character’s distance from the center of rotation was also

expected to be a factor). (2) There might be other factors, not necessaiily through distortion,

in-fluencingthe task performance. The mean response times at 90 and 180 degrees, where there was V
no distortion of dot—matrix patterns, were not close to the response time minimum at 0 degrees.

1

The Student-Neuman-Keuls test of the mean response times at each angle (Table 5) indicates that V
there is no apparent pattern or grouping of angles. No significant difference in mean response time,

which set certain angles apart from the rest, was found. For instance, the mean response times at

90 and 180 degrees were almost one second longer than the rninirnum at 0 degrees, If the difference

were shown significant, it would raise a serious concem about the factors affecting the task per-

formance. Also, the fact that the difference between 90 and 180 degrees is quite small further sup-

ports the absence of some angle dependent mechanism. The reasons for this particular ordering

~ of angles, however, are not clear.

Distance from Center of Rotation

This variable was expected to influence the response time in two ways: through the subject’ssearchstrategy

and the distortion of dot-matrix pattems. This effect was found to be very significant,andthe

mean response time at each distance zone is shown in Figure 10 and Table 6. The target
1
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Table 5. Student~Neuman-Keuls Results across Angles of Rotation (p50.05).

Angle Mean Response Times (s)

[ 115 8.172
[ [ 105 7.941
[ [ [ 140 7.714
[ [ [ 40 7.691
[ [ [ 160 7.687
[ [ [ 80 7.662
[ [ [ 60 7.615
[ [ [ 125 7.533
[ [ [ 145 7.516
[ [ [ 120 7.472
[ [ [ 100 7.411
[ [ [ 65 7.373
[ [ [ 170 7.363
[ [ [ 110 7.342 [
[ [ [ 55 7.270 1
[ [ [ 757.261[

[ [ 20 7.253 [
[ | [ 165 7.239

E
[ [ [ 150 7.196
[ [ [ 85 7.140
[ [ [ 10 7.132

‘

[ [ [ 70 7.124
[ [ [ 130 7.067
[ [ [ 35 7.022
[ [ [ 135 7.015
[ [ [ 175 7.001
[ [ [ 95 6.980
[ [ [ 155 6.939
[ [ [ 180 6.862
[ [ [ 90 6.835
[ [ [ 5 6.811
[ [ [ 30 6.747
[ [ [ 45 6.714
[ [ [ 50 6.564
[ [ [ 15 6.447

[ [ 25 6.113
[ 0 5.870

I
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character’s distance from the center of rotation was predicted to influence task performance through

distortion and search strategy. The hypothesis that the greater the distance from the center the less

_ distortion and thus the faster recognition was proven obviously wrong. The x and y coordinates

of a dot-matrix character pattern relative to the center of rotation unquestionably aü”ect the char-

acter’s distortion (as discussed later), and distortion influences the task performance. The poor

prior understanding of this distance variable is thus responsible for the false prediction concerning

the extent of distortion.

In the view of search strategy, the data suggest that the subjects took longer to find a targetfartheraway

from the center. The results support a search strategy that starts from the center, where the j
subject’s eyes are fixated, and search outward. Curve fitting of the mean response time data

wasperformed,and a quadratic function resulted in a better fit than a linear one (a cubic functionwouldhave

been a perfect fit because there are only four points in this case). This result might indicate J

that the search time was a function more of the area to be searched than the target’s distance from J

the center (as subjects did not know in which direction to look for a target). In order to test this J

hypothesis, regressions using the actual (continuous) radial distances from the center were per- :
forrned and are discussed later. J

J
Direction by Angle by Distance Interaction

Both the angle of rotation and the target character’s distance from the center of rotation distort

dot-matrix patterns by displacing dots from their optimal positions, and their effects are not inde-

pendent of each other. Hence, the interaction between these two variables was also expected to

influence distortion and thus the task performance. It was, however, found to be nonsignificant,

whereas a significant three-way interaction among these two variables and the direction of rotation ;
was found.

i
Jr J

Intuitively, it is easier to explain the three-way interaction than the two-way interaction. As

dis-cussedearlier, some of the target characters were symmetrical while the others were not, and dot :

j Results and Discussion42iJ
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Table 6. Student-Neuman-Keuls Results across Distance Zones

(p50.0S).DistanceZone Mean Response ”Rmes(s)4

8.432
3 7.604 L
2 7.559 L
1 5.064
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deviations in an asymmetrical dot-matrix pattern are different depending on the direction of rota-
1

tion. lt therefore seems plausible that in some conditions the interactions among the three variables 1

exerted a strong enough effect to bring it into significance.

1Analyses of variance at each direction (Table 7) and each angle of rotation (Appendix C) were then 1

performed in order to clarify the three-way interaction. At the clockwise rotation, the angle by 1

distance interaction was found to be marginally significant (p = 0.0346), while at counterclockwise

rotation, it did not approach significance. The mean response times at each angle and distance

combination at the clockwise rotation (Figure ll) were then tested using the Student-Neuman— 1

Keuls test, and the combinations at which the response times were signiiicantly different from the 1
rest were identified. Six angle/distance combinations with the longest mean response times were

1

noted: in decreasing order, 100 degrees at distance zone 3, 20 degrees at zone 4, 80 degrees at zone 1

4, 105 degrees at zone 4, 85 degrees at zone 2 and 155 degrees at zone 4. The angle and distance

combinations which resulted in the 24 shortest response times were all located in distance zone 1,
1

and the 10 shortest combinations were, in increasing order, at 150, 95, 180, 35, 25, 70, 0, 170, 5,

and 65 degrees. lt is clear that most of the angle by distance combinations which resulted in the

shortest and longest mean response times were located at distance zones 1 and 4, respectively,asthe

test of the distance effect indicated. 1

Analyses of variance at each angle of rotation (Appendix C) revealed that significant interactions

between the direction of rotation and the target character’s distance from the center of rotation were

found at 85 (p = 0.0131) and 160 (p = 0.0324) degrees (Figure 12), while there were no signilicant

interactions at other angles. At 85 degrees, significant differences in the mean response times were

noted at distance zones 2 through 4, but the reason is not immediately clear. ,

Based on these tests, significantly different mean response times were recorded at certain 1

direction/angle/distance combinations, which resulted in the significant three·way interaction.
1

These combinations were, however, not grouped in such a way to show significance in the lower 1

1 Results and Discussion 45 111
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Table 7. Summary of Analysis of Variance for Each Direction ofRotation.At

ClockwiseRotationSource

dt MS F p 1

Subject (S) 15173.071Angle
(A) 36 18.999 0.99 0.4823S x A 540 19.124 · 1

Distance (L) 3 1425.780 43.28 0.0001
S x L 45 32.941 _ 1A x L 108 17.402 1.27 0.0358
SxAxL 1620 13.702 1
TOTAL 2367 1
At Counterclockwise Rotation 1

° 1
Source df MS F p

Subject (S) 15 102.466
Angle (A) 36 34.728 1.73 0.0060
S x A 540 20.068
Distance (L) 3 1102.090 34.84 0.0001
S x L 45 31.635
AxL 108 15.982 1.12 0.1885
SxAxL 1620 14.224 . 1

TOTAL

2367Resultsand Discussion 46
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order effects and interactions. That is, these observations did not appear in an orderly, predictable
manner.

Effect of Target Character

As the effect of the direction of rotation was found to be nonsignificant as expected, the data were

collapsed across the direction of rotation and reanalyzed (Table 8). At each angle by distance

combination, four target characters were presented at clockwise rotation, while the other four

characters appeared in counterclockwise rotation. By removing the direction of rotation variable, I
the data were restructured as a 37 x 4 x 8 design without repeated measures and allowed the effect I

of target characters and its interactions with the angle and distance variables to be exarnined. This I
analysis of variance revealed the significant effect of target character and the significant interaction I
between the target character and distance from the center of rotation, in addition to the significant I

effects of the angle of rotation anddistance.The

significant effect of target character is not at all surprising. The dot-matrix patterns of char- L

acters are composed of different numbers of dots, and their curvilinear characteristics vary. As I

stated earlier, the eight target characters were selected on basis of their greater likelihood to be I
confused with other characters (the dot-matrix pattems of the target characters and their

"distrac-tors"are shown in Figure 8 on page 34), and mental rotation should not be required for

theiridentificationas subjects were familiar with these alphabets and numerals. The number of dots in
I

each target character pattern varied frorn 15 in character I and numeral 7, 16 in character V, 17 in

character C, 19 in character K and numeral 0, 21 in numeral 2, and 29 ir1 character B. In terms
of the geometry of character dot-matrix patterns, character 1 consisted only of vertical and hori-

zontal lines, numeral 0 of diagonal lines and a circle, while character B contained vertical and hor- Iizontal lines andarcs.I
L

The Student-Neuman-Keuls test of characters reveals the differences among the eight target char- I
acters on basis of their mean response times. Numeral 2 differed significantly from the rest, with I

I
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Table 8. Summary of Analysis of Variance across the Direction of Rotation.

Source df MS F p _

Subject (S) 15 1014.926
Angle (A) 36 113.905 1.77 0.0046S x A 540 64.494
Distance (L) 3 10050.365 47.36 0.0001S x L 45 212.231 .
Character (C) 7 8985.851 48.80 0.0001S x C 105 184.136 jA x L 108 62.684 1.13 0.1693
S x A x L 1620 55.238

iAxC 252 66.179 1.07 0.2319 j
S x A x C 3780 62.054 jL x C 21 242.190 3.97 0.0001Sx LxC 315 60.984Ax LxC 756 59.930 1.07 0.1041SxAxLxC 11340 56.135TOTAL 18943

j Results and Discussion $0
l
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1

the longest mean response time (Table 9). One likely explanation for this difference might be the

character’s dot-matrix pattern. Subjects often spoke of its peculiar shape as unusual, and they ev-

idently felt that their ability to identify it was affected: narnely, the pattem’s lack of curvature and

the "step" in the bottom horizontal line made it different from the more farniliar, rounded shape

of numeral 2. Its number of dots (21) was only the second highest, after character B (29) for which

mean response time was signiflcantly less. Character I, which was composed of the least number

of dots (15) and only of vertical and horizontal lines, resulted in a slow mean response time. The

number of dots in a matrix pattern is evidently not a good measure of the character’s geometry by

itself. That is, even if two characters with the same number of dots are compared under the iden-

tical condition, their distortion and the subject’s ability to recogr1ize them are likely different.l

Another factor which might influence the distortion of dot-matrix patterns was reflected in subjects’ 1

apparent dislike of numeral 0. Although the height of its pattern was 9 dots, as the other characters E
were, the dots in numeral 0 were concentrated in the center of the dot matrix (Figure 8 on page 34). :
The close proximity of dots probably made the central circular feature, which distinguishes numeral 1
O, to degrade and become an indistinguishable and meaningless cluster of dots. There are the same1

number of dots in character K as in numeral 0, but the dots are well spread out over the dot matrix. l

This difference in the arrangement of dots must be one of the factors that is responsible for the

shorter response time for character K.

Distance by Character Interaction ~

As the target character’s distance from the center of rotation affects the extent of its dot-matrix

pattern distortion, the interaction between it and the target character was expected to be significant.

Similarly, the interaction between the angle of rotation, which also affects the extent of dot-matrix ,

pattern distortion, and the target character was predicted to be significant. The distance bychar-acter

interaction, however, turned out to be the only significant interaction. l
1
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Tahie 9. Student·Ncuman-Kculs Results rer Characters (PS.0.05). I

I
I
I

I

Character Mean Response Times (s) V

I
2 10.679
B 8.888 V

I O 8.1 34 I
V 6.885 I

I 6.469
I K 5.981 I

I 7 5.416I C4.866I
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I
An analysis of variance for each target character (Appendix B) showed that the effect of the

char-acter’sdistance from the center of rotation was significant (p < 0.0001) for all eight target charac- I

- ters; the characters were, however, affected differently by the variable (Figure 13). For instance, the

mean response time for numeral 2 peaked at distance zone 2 (this was also true with character I,

although in a less dramatic way), while most other characters showed a gradual increase in response

time as the distance from the center increased.

The effect of the angle of rotation was found to be significant only in character V and numeral 0.

The mean response time varied considerably in magnitude and an irregular manner forcharacterV

(Figure 14), while character K showed more moderate fluctuation. I
I

Based on the comparisons of the analyses of variance, the distance variable appears to haveexerteda

stronger and more Iconsistent effect on recognition of a target character. Assuming that the

dis-tortingeffects of the angle and distance variables are comparable in magnitude, this difference in the I
strength of effect might indicate that the target character’s distance from the center influences the I

task performance in additional ways, other than through distortion of dot-matrix patterns,e.g.,search

strategy, and that the combined effects may have contributed to the more pronounced
I

change in performance. The angle of rotation, on the other hand, affected the response time (only)

through distortion and thus produced a significant effect only in some dot-matrix pattems, perhaps

the ones more sensitive to distortion.

The ways in which the effects of the angle of rotation, the target character, and distance from the

center of rotation influence the performance in a random search task are evidently more complex

than originally anticipated. Not only was the distortion of the character’s dot-matrix patterns af-

fected by these variables, but there were also other factors involved in determining the outcome.

Results and DiscussionS4II
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II
StandardizationTrialsI

The concept of standardization trials, although its rationale appeared sound, tumed out to be dis·

appointing in reality. In many trial blocks, the response time for a standardization trial was not

faster than the response times for rotated (condition) trials. Subjects were apparently distracted by

the standardization trials which were presented randomly in any part of a trial block. The
responsetimesfor the standardization trial and the condition trial immediately following it tended to be

I
longer than the others, as subjects were forced to search in different orientations from the

precedingtrialsin the same block. Neither did the standardization trials prevent subjects from discovering I

that only eight characters were used as targets in the condition trials. I
I

The data from the standardization trials were analyzed separately, and regressions were performed I

for two continuous variables, the trial block number and the (radial) distance from the center of the I

screen. The trial block number varied from 1 to 296: l to 96 from the first session (day), 97 to 196
I

from the second, and 197 to 296 form the third. The radial distance (in pixels) from the center of I
screen was calculated from the coordinates of the left lower comer of the target character’s dot I
matrix and varied from 0 to 400. The response speed, the reciprocal of response time, was regressed Iagainst these variables. I
The trial block number variable was to reflect the practice effect, while the radial distance variable

might provide information about the subject’s search strategy. For instance, if a subject searched

systematically outward from the center of the screen where his eyes were fixated when the stimulus

was presented, the response time would be a monotonically increasing function of radial distance

Iand the shape of the function might reflect some underlying strategy.
I

The data from each subject were analyzed separately, and the results were that neither variable

wassignificantand the fit was very poor for all subjects (R-square for the best fitting subject

was0.0383).There were evidently no systematic shifts in the subject’s performance over time in the I

standardization trials and no consistent search strategy. The data from all subjects were then pooled
I
IResults and Discussion 56I
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and regression against these two variables was repeated. A first-order linear model resulted in the
R-square (0.1846, Table 10) that was better than individually but still poor (a second-order model,

adding the squared distance, was no better). The effect of trial block was nonsigniiicant (p =

0.1052), while the effect of radial distance was found to be significant (p < 0.0001).

ln standardization trials, the stimulus pattems were always presented upright, and thus there was

never any distortion to the characters’ matrix patterns. The data from these trials reflect the sub-

jects’ "base" performances, and if there was a fluctuation in the performance, whatever factors that

caused it werelalso present in the condition trials. The significant effect of the target character’s

radial distance from the center adds strong support to the relative importance of search strategy in

the task performance. The nonsignificance of the trial block, on the other hand, indicates that there

was a little change in subjects’ performance over time, and thus such external factors as fatigue and

learning had negligible effects on the performance. Hence, the results of the standardization trials
i

were useful, at least, in showing the consistency of subjects} performance over time.

Simulation of Dot-Matrix Pattern Distortion 1

In order to understand the issue of dot-matrix pattern distortion better, specifically how the angle

of rotation, the target character, and its distance from the center of rotation influenced the level of

distortion, a simulation of dot-matrix pattems under various conditions and attempts to quantify

the dot-matrix patterns of characters were made, and additional statistical analyses were performed.

The simulation program was developed to investigate separately the effects of the angle of rotation

and the character’s distance from the center of rotation, First, character B was rotated in increments

of 5 degrees from 5 to 85 degrees around the lower left comer of its dot matrix (Figure 15a). The

distance between the actual dot position, after rotation, and the ideal position where the dot would

be, if not constrained by available matrix positions, was calculated for each dot, summed for each

angle and plotted (Figure 16a). A close examination of the rotated pattems indicated that the extent

of distortion, judged visually, was not monotonic and did not appear to vary systematically. The l

Results and Discussion 57
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1

Table l0. Regression Analysis Summary for Standardization Trials.

Source df MS F p
1

Model 2 32.101 535.907 0.0001 1Error 4733 0.0599 1
TOTAL 4735 1

Parameter
Variable df Estimate t p

Ä
lntercept 1 0.6084 51.692 0.0001
Radial Distance (pixel) 1 -0.001214 -32.720 0.0001Trial Block 1 0.000178 1.620 0.1052 1R-square = 0.1846 Ä
Results and Discussion58Ä1
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plot clearly demonstrated that in terms of the sum of dot deviations the effect of angle of rotation

did not vary systematically. (Its similarity with the expected distortion function (Figure 6 on page

23) is limited to the points at 0 and 90 degrees.)

A simulation was repeated for the effect of the character’s distance from the center of rotation.

Shown in Figure l5b, the x coordinate of the lower left comer of character B’s dot-matrix was

varied from 0 to 16, while keeping the y coordinate at 0, and the dot-matrix pattern was then rotated

45 degrees. The sum of dot deviations was also calculated and plotted for each distance (Figure

16b). Once again, the patterns did not appear to change systematically.

Several points need to be noted about these simulations. In order to look separately at the effects

of the angle of rotation and the character’s distance from the center of rotation, one variable was

held constant while the other was varied. For instance, in the angle of rotation simulation, the

character’s dot-matrix pattern was always rotated at its lower left corner and at distance 0 (this

convention is used hereafter when defining the character’s distance from the center of rotation).

This was not the case during the experiment, where the whole screen was rotated about the center

of the screen; thus, each character’s distance from the center of rotation varied. That is, if two

dot—matrix patterns of the same character rotated the same number of degrees were compared, they

would likely be distorted differently, as their distances from the center might be different. The

patterns which were presented to the subjects under the same combinations of variables were most

probably different, and thus their task performance would necessarily vary. The effect of angle of

. rotation became much clearer ir1 this simulation, as a character was rotated at the same distance
from the center of rotation.

The distorting effect of a character’s distance from the center of rotation was further simplified as

only one coordinate component was varied while the other was held constant. As discussed earlier,

a new coordinate is determined by both the original x and y coordinates weighted by the sine and

cosine functions. Therefore, even at the same radial distance away from the center of rotation andResults and Discussion 59
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the same angle of rotation, different combinations of the x and y coordinate components result in

different dot-matrix pattern distortions, and an equal increase or decrease in the x and y coordinates

produces no change in dot deviation, although the radial distance from the center changes. The

target character’s distance from the center does not determine the amount of dot deviations; the xand y coordinates do. ·
Lastly, these distorting effects of angle and coordinate components act differently on characters, as

characters are composed of different numbers of dots, to be moved about, and different curvilinear

characteristics. Figure 17 shows all eight target characters rotated 25 degrees at distance 0. Ap-

parently, some characters are more readily recognizable than others. Curvilinear characteristics of

dot-matrix patterns of characters are difficult to quantify, as demonstrated in the earlier discussion

of the effect of target character.

In a comparison of the two figures on sirnulated distortion (Figure 16), the size of changes in the l
dot deviation appear to be greater under the varying angles of rotation, even if the points at 0and90

degrees are excluded, than under the varying x coordinate. This suggests that the angle of rota· [

tion variable contributed to the greater amount of dot-matrix distortion than did the distance vari-

able. Yet, the distance variable exerted the stronger effect on the task performance. This apparent

contradiction reiterates the relative importance of the search component of the distance variable.

Regressions of Response Speed Data —

A revised list of factors that might have influenced the task performance was considered. The angle

of rotation was still considered to affect the character pattern distortion. The x and y coordinates

of the target character are now understood to also affect the distortion, while the character’s (radial)

distance from the center seems to determine the search time (i.e., the time spent to locate a target 4
whether or not distorted). The number of dots in the character pattem is one of the measures,

certainly the sirnplest one, to quantify the geometry of a character. The sum of actual dot deviation

was calculated for each target character pattern used in this experiment (the x and y coordinates of
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1

each target had been recorded along with the trial condition information). The mean dot deviation 1

was also calculated by dividing the sum by the number of dots. Taking these factors into account,
1

the data were then reanalyzed.

Regression analyses using various combinations of regressors were performed. The best fit (R- 1

square of 0.2184) was achieved when the response speed, the reciprocal of response time, was re- 1
gressed against the angle of rotation, the x and y coordinates, the radial distance, the number ofdotsin

the matrix pattern, the average dot deviation, the sum of dot deviations, and the trial block
1

number (Table 11). A comparable fit (R-square of 0.2136) was achieved when the response speed
1was regressed against the angle of rotation, the radial distance, the sum of dot deviations and the

trial block number. In this latter model, all regressors were found significant (p < 0.0001). The 1

poor fit of this model was another reminder that there are other measures, yet to prevail upon this 1
author, that more accurately quantify the character’s geometry and the extent of its distortion, and 1that the mechanism of random search must be better understood. 1
Regression analyses were then repeated for each character separately, as having failed to quantify 1

the character's pattem adequately it now seemed more appropriate to treat character as a fixed effect

variable. The results were disappointing: the R-square values varied among characters, with even

the best fitting character failing to provide a significantly better R-square value. Evidently, the is-

sues involved in the search and recognition of rotated dot-matrix characters are extremely complex.

Accuracy R

An analysis of variance was repeated using the response accuracy as the dependent measure, instead

of response time (Table 12). The response accuracy was defined as the mean number of correct

responses in each condition. That is, the sector of the 3 x 3 numbered grid in which subjects located

the target character was checked, and whether or not they correctly identified the target was re-

corded for each trial. The target character's distance from the center of rotatiorr was the only sig-

nificant effect (p < 0.0001), and the Student-Neumarr-Keuls test of the distance variable (Table 13)
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Table ll. Regression Analysis Summary using Response Speed. I

I

Source df MS F p I
Model 4 110.160 1285.991 0.0001
Error

l§9_3_9 0.0857
TOTAL 18943

I

Parameter
Variable df Estimate t p

l
Intercept 1 0.6814 78.5810.0001Angle

of Rotation 1 -0.000159 -4.000 0.0001
. Radial Distance (pixel) 1 -0.001410 -70.459 0.0001 I

Sum of Dot Deviation 1 -0.009554 -11.715 0.0001 I
R-square = 0.2136 I

I
Source df MS F p I
Model 8 56.311 661.246 0.0001 I
Error L89_3_9 0.0852 I
TOTAL 18943 I

Parameter
Variable df Estimate t p

. Intercept 1 0.76441 22.571 0.0001
Angle of Rotation 1 -0.000160 -4.019 0.0001
x coordinate 1 -0.000001 44 -0.110 0.9122
y coordinate 1 -0.00000554 -0.427 0.6696
Radial Distance (pixel) 1 -0.001409 -70.403 0.0001
Number of Dots 1 -0.006407 -3.871 0.0001
Mean Dot Deviation 1 0.004436 0.051 0.9591
Sum of Dot Deviation 1 -0.003546 -0.790 0.4298
Trial Blggk 1 Q.QQQ417 6.350 QQQQ1

R-square = 0.2184
I
I
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showed that the response was most accurate at distance zone 1, followed by zones 4 and 3 which

were not significantly different from each other, and the least accurate response was found at zone

2. The effect of angle of rotation was close to significance at p = 0.0661, and the mean response

accuracy ranged from 0.9082 at 40 degrees to 0.9609 at 70 degrees (the second most accurate re-

sponses, 0.9570, were found at 0, 15, 90, and 180 degrees). Subjects’ responses were highly accurate,

indicating that subjects carefully searched for and made a close examination of the target character

before responding (subjects were told that speed and accuracy were equally important).

Most subjects also mentioned that they sometimes identified the target close to the lines in the

identification grid and thus were uncertain ir1 which sector the target was located. Most of

the"errors"were of this type from the experimenters’ observations during the sessions, rather tha.n due

to subjects identifying a wrong character. The design of this experiment did not allow a way to

identify what character the subjects mistook in case of such errors.
N

. N
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Table iz. Analysis of Variance Summary on Mean Response Aeemeey.
i

...——-————-—— j
Source df MS F

pSubject(S) 15 0.45357 i
Direction (D) 1 0.0063872 0.41 0.5296
S x D 150.015424Angle

(A) 36 0.019437 1.40 0.0661 }
S x A 540 0.013929
Distance (L) 3 1.12552 36.16 0.0001 j
S x L 45 0.031130
D x A 36 0.018459 1.30 0.1182 i
S x D x A 540 0.014215
D x L 3 0.0054371 0.44 0.7240
S x D x L 45 0.012297
A x L 108 0.010520 0.84 0.8744
SxAx L 1620 0.012486
DxAx L 108 0.012228 0.95 0.6169
SxDxAxL . 1620 0.012828

TOTAL 4735 .
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Table I3. Student·Neuman·Keuls Results for the ElTect of Distance.

Distance Zone Mean Response Accuracy (%)

10.98214
0.04401

3
_

0.9329
2 0.9079

1

1
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CONCLUSIONS

The performance of this random search task, as measured by response time, is influenced by three

categories of variables. The first variable which affects the response time through the distortion of

dot-matrix patterns of characters is the angle of rotation. The mean response times varied from

5.870 seconds at 0 degrees to 8.172 seconds at 115 degrees (39% difference). The extent of dis-

tortion, in terms of the sum of dot deviations from the ideal positions, is not a monotonic function

of the angle; rather, it varies unsystematically.

The second variable category is the target character’s distance from the center of rotation. The

(radial) distance from where subjects’ eyes were fixated at the stirnulus onset, which was the center
Vof rotation in this experiment, is the main factor in determining the time to search for the target V

character and thus affects the response time. The x and y coordinates of the target character relative l

to the center of rotation also determine the extent of dot-matrix pattern distortion. The results of
V

this experiment indicated that the combined effects of these components are stronger than the effect

of the angle of rotation (the mean response times varied by over60%).The

third variable category is the dot-matrix characters themselves which are the determining factor

in distortion by their interactions with the other factors affecting the extent of distortion. The mean

response times varied from 4.866 seconds for character C to 10.679 in numeral 2 (more than two-

fold difference).

As stated earlier, these factors interact to determine the extent of dot-matrix distortion. The simu-
lation of the dot-matrix pattern distortion clearly demonstrated that the angle of rotation and the

x and y coordinates of the dot-matrix pattern relative to the center of rotation determined the extent

of distortion of a particular character and that their effects are not orthogonal. The lack of

orthogonality among these factors provides the best explanation to the seemingly random ordering

of the mean response times at different angles, the nonmonotonic effect of the target’s distance from

the center of rotation, and the three-way interaction including the direction of rotation. It seems
VConclusions 69
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I
appropriate to conclude that the extent of character distortion for each trial was not accurately re-

presented by the levels of independentvariables.I

Mechanism of randomsearchA

possible mechanism for this random search task was considered based on the irnproved under-
Istanding of the pertinent variables and the subjects’ comments about their task strategy. Some

subjects spoke of their task strategy as one in which, after they were shown the next target character, I
they mentally rotated the image of the character, and when they signaled for the stimulus, they

I

looked for the rotated image in the random search pattern. This task strategy is in agreement with

Ithe experimenters’ observations that the first trial of each block resulted in longer response times,

that the standardization trial distracted subjects and often resulted in longer response times, and that
I

the condition trial immediately following the standardization trial also took longer. That the sub-

jects needed to know the angle of rotation before the stimulus was presented, in order to create an I
internal image of the rotated target character, can explain the longer response times in these in-

I

stances.

How the subjects deterrnined the angle of rotation remains to be answered. One possible strategy

is to search initially characters with "linear" characteristics, i.e., such characters composed of vertical

and horizontal lines as E, F, H, I, L, T, and l, and estirnate the angle of rotation from these lines’

orientation. Another possibility is to rotate the internal image until the match was found. The

amount of time spent in figuring out the angle of rotation varied among trials, as subjects felt in-

creasingly certain of the angle of rotation over the trials in the block. The magnitudei of the re-

sulting intra-block variance is not known. In the event that such mental rotation of the target
‘ character image took place, once the angle of rotation was known the response time was not af-

fected by the time required for mental rotation. The task allowed the subjects to inspect the next

target character as long as they desired, and only when they felt ready for the next trial did they press

the mouse button for the stimulus.
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Mental Compensation forDistortionThe
intemal image of a character simply rotated, as reported in the studies of mental rotation
usingstrokecharacters, would not be sufficient to perform this random search task, as the target character

i

was also distorted. The major component in a possible mechanism for this task involves what

might be most appropriately termed mental compensation for the distorted dot-matrix pattems.
‘ This component, along with the search strategy, is probably most responsible for determining the

i

, task performance.

The mechanism of mental compensation proposes the smoothing of a dot—matrix pattern on the
stimulus field, in an attempt to match the undistorted intemal image of the target character. As the

distortion of dot—matrix patterns is unpredictable, the smoothing of an actual image is undoubtedly

easier to perform than rotating and distorting the upright pattern. As can be seen in Figure 17 on j
page 63, the distortion of dot-matrix patterns is such that most features which makes theparticularcharacter

distinct are lost and even creates an extraneous feature, e.g., a gap or a protrusion, which

makes the pattem more confusing. The compensation for distortion is undoubtedly an essential

step in the identification of dot-matrix characters.

Another step that most of the subjects took in performingi this random search task was to check

their selection by inspecting the rest of stirnulus screen, after the initial identification of the target.

As stated earlier, the target character was presented only once, while the other characters were

presented twice in the stimulus field. Therefore, if a dot-matrix pattem that was sirnilarly distorted

_ were found, the pattern which was identified as the target would not be the correct target. As the

two dot-matrix patterns of a character were necessarily positioned at different sets of coordinates,

the distorted dot-matrix pattems would not be identical, unless one set of coordinates was the

horizontal and/or vertical mirror-irnage of the other. This step also slowed the response.

This thesis has thus far focused on how the dot-matrix pattems of characters (i.e., their external
features) were distorted in rotation and how the distortion affected recognition from the feature

Conclusions 7l
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detection theory point of view. How might this problem be approached in terms of the spatial

frequency analysis model? Maddox (1979, 1980) investigated the confusions among dot-matrix

characters by correlating the empirical probabilities of confusions between two characters and two

physical measures of their "simi1arity." One sirnilarity measure was derived from the correlation

between the Fourier coefficients of the two-dimensional luminance scans of the two dot-matrix

characters on the CRT display. The other measure was a Phi coefficient calculated from the two

characters’ dot-matrix patterns. The results were disappointing in that no strong correlations were

found between the probability of confusion and the Fourier coefficient measure; the Phi coeflicient

measure fared better.

A similar study using stroke characters and pictures was reported by Harvey, Roberts, andGervais(1983).

Three models of internal representations, one of which was the spatial frequencyanalysismodel,

were compared by correlating the probability of confusion between two characters (a dif-

ferent set from Maddox (1979, 1980)) with the "inter-letter distance" (their measure of the difference i

in internal representations of the two characters) calculated under each model. They reported that

the model based on the two-dimensional Fourier transforms of (stroke) characters, adjusted for the

human contrast sensitivity, provided the best fit (R-square of 0.70).

This spatial frequency approach can be applied to the present study, although substantial efforts

would be required. Fourier coefficients of dot-matrix characters under different conditions are de-

rived from their two-dimensional luminance profiles. The difference between the Fourier coeffi-

cients of the undistorted and distorted pattems might be used as a measure of distortion, while

comparisons of character patterns distorted under the same condition would reveal which character

is likely to suffer more from the distortion. This is indeed an exciting concept, as it offers a means

to quantify the level of distortion and thus to help design dot-matrix characters less susceptible to

distortion. Considering the modest success achieved by Maddox (1979, 1980) and Harvey et al.

(1983), however, the necessary efforts may not be justilied.
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I
Direction for Future Research I
This investigation of the effect of dot-matrix distortion, due to rotation, in a random search task I

setting provided valuable information to understand the processes involved and identified the issues

that warrant further research. The strength of the three categories of variables investigated in this

study clearly demonstrated that the effect of dot matrix distortion on the legibility of characters is

substantial. Factors which reflect the dot-matrix characters’ geometry and thus influence their

I

sensitivity to distortion were discussed, and a measure to quantify the extent of dot pattern dis-

tortion was introduced.

An experiment to follow and extend the scope of this study should consider the following.

l. The distorting effects of the angle of rotation and of the x and y coordinates of the target char-

acter relative to the center of rotation should be separated. While the only effect of the angle of

rotation revealed in this study is through the distortion of dot-matrix patterns, the target’s x and y

coordinates and radial distance from the center of rotation evidently affect the response time

through distortion and search strategy. Hence, by rotating dot-matrix patterns of all characters at

a cornrnon center of rotation and thus keeping the x and y coordinates constant, the distorting effect
I of the distance variable could be completely eliminated. The position of a target character would

then only influence the response time through search strategy, and the distortion of dot-matrix

patterns would be a function solely of the angle of rotation and not of the distance. Maintainihg

the effects of variables orthogonal to each other is essential to an increased understanding.

2. The way(s) in which the angle of rotation influences the task performance should be verified.

In this study, the distortion of dot-matrix patterns was the only effect identified, and a possibility

of any angle dependent mechanism was ruled out. This issue can be further clarified by eliminating

the distortion caused by the angle of rotation (e.g., by physically rotating the display with an un-

distorted upright stimulus field) and repeating this study. As with the distance variable, identifying

any other pertinent issues is crucial.
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3. An effective means to quantify the extent of dot—matrix distortion is needed to understand how :
it is determined by such factors as the angle of rotation and coordinates and how it, in turn,affectsthe

recognition of dot-matrix characters. Exhaustive research employing more characters, of dif- 3

ferent size and font, would provide readily applicable results and provide the empirical data bank
tagainst which to test the effectiveness of various objective measures of visual characteristicsz ;

The development of an effective model would not only help design fonts less susceptible to dis- 3
tortion but also advance the understanding of the underlying cognitive mechanism. Ultirnately, a 3
means to predict human performance with dot·matrix characters can be developed andexpandedto

a more generalized theory for digitized discrete element images. ;
33
33

33
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APPENDIX A. SUMMARY OF ANALYSIS OF VARIANCES AT EACH DISTANCE ZONE i

A-1.

N
Summary of Analysis of Variance, Distance Zone 1.

Nl

Source df MS F p T
E

Direction (D) 1 23.517 0.47 0.4940
Angle (A) 36 69.565 1.38 0.0637
Character (C) 7 2270.452 45.16 0.0001
D X A 36 82.386 1.64 0.0095
D X C 7 46.135 0.92 0.4913 ·
A X C 252 50.834 1.00 0.4794
DXAXC 252 51.725 1.03 0.3672
Pooled Error 4144 50.270

TOTAL 4735

NOTE: For these analyses of vaxiance, the between-subject terms were pooled and used as the error
term to test all main effects and interactions. This allowed evaluation of certain main effects and

interactions which could otherwise not be tested simultaneously; the tests were consequently more

N conservative.
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Table A-2.

,
Summary of Analysis of Variance, Distance Zone 2.

Source df MS F p

Direction (D) 1 14.246 0.21 0.6461
Angle (A) 36 106.094 1.57 0.0165
Character (C) 7 3698.565 54.75 0.0001
D x A 36 83.411 1.23 0.1591
D x C 7 42.027 0.62 0.7381
A x C 252 72.683 1.08 0.2027
D x A x C 252 72.639 1.08 0.2046
Pooled Error 4144 67.560

TOTAL 4735
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I Table A-3.

I

Summary of Analysis of Variance, Distance Zone 3.

Source df MS F p

Direction (D) 1 29.322 0.58 0.4464
Angle (A) 36 65.026 1.29 0.1181
Character (C) 7 2066.496 40.87 0.0001D x A 36 88.433 1.75 0.0038D x C 7 109.813 2.17 0.0337A x C 252 55.572 1.10 0.1419D x A x C 252 49.888 0.99 0.5470Pooled Error 4144 50.558

I

TOTAL 4735

I
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Table A-4.

Summary of Analysis ot Variance, Distance Zone 4.

I
Source df MS F p

Direction (D) 1 124.265 1.80 0.1797
Angle (A) 36 61.274 0.89 0.6608
Character (C) 7 1676.908 24.30 0.0001
D x A 36 56.849 0.82 0.7627
D x C 7 76.368 1.11 0.3558
A x C 252 67.330 0.98 0.5954
D x A x C 252 70.394 1.02 0.4040
Pooled Error 4144 69.017

I

TOTAL 4735

I
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APPENDIX B. SUMMARY OF ANALYSIS OF VARIANCES FOR BACH CHARACTER

Table B-1.

Summary of Analysis of Variance, Character B.

Source df MS F p

Direction (D) 1 11.165 0.13 0.7224
Angle (A) 36 » 85.768 0.97 0.5201
Distance (L) 3 2446.343 27.67 0.0001
D x A 36 97.785 1.11 0.3062
D x L 3 51.152 0.58 0.6291
A x L 108 92.271 1.04 0.3634
DxAx L 108 90.688 1.03 0.4113
Pooled Error 2072 88.416

TOTAL 2367 4

NOTE: For these analyses of variance, the between-subject tenns were pooled and used as the error

term to test all main effects and interactions. This allowed evaluation of certain main effects and

interactions which could otherwise not be tested simultaneously; the tests were consequently more

conservative.
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I

Table B-2.
Summary of Analysis of Variance, Character C.

Source df MS F p

Direction (D) 1 33.857 1.38 0.2406
Angle (A) 36 34.836 1.42 0.0516
Distance (L) 3 1029.477 41.90 0.0001D x A 36 43.707 1.78 0.0031D x L 3 108.845 4.43 0.0041A x L 108 25.674 1.04 0.3600D x A x L 108 30.067 1.22 0.0627Pooled Error 2072 24.570
TOTAL 2367

Ä
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Table B-3. (

Summary of Analysis of Variance, Character I.

Source df MS F p

Direction (D) 1 9.078 0.19 0.6622
Angle (A) 36 66.372 1.40 0.0598
Distance (L) 3 746.991 15.71 0.0001
D x A 36 60.360 1.27 0.1317
D x L 3 54.990 1.16 0.3250
A x L 108 42.707 0.90 0.7626
DxAx L 108 38.501 0.81 0.9225
Pooled Error 2072 47.547

TOTAL 2367
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Table B-4.

Summary of Analysis of Variance, Character K.

Source df MS F p

Direction (D) 1 0.0000517 0.00 0.9990
Angle (A) 36 32.009 0.97 0.5162
Distance (L) 3 1793.621 54.48 0.0001
D X A 36 30.668 0.93 0.5861
D X L 3 16.549 0.50 0.6823
A X L 108 32.780 1.00 0.4954
DXAX L 108 29.133 0.88 0.7931
Pooled Error 2072 32.920

TOTAL 2367
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Table B-5.
C

Summary of Analysis of Variance, Character V.

Source df MS F p

Direction (D) 1 132.385 2.14 0.1432
Angle (A) 36 99.061 1.60 0.0130
Distance (L) 3 2270.330 36.78 0.0001
D x A 36 49.364 0.80 0.7965
D x L 3 39.110 0.63 0.5933
A x L 108 66.261 1.07 0.2895
D x A x L 108 57.283 0.93 0.6869
Pooled Error 2072 61.728

TOTAL 2367
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Table B-6. i

L

Summary of Analysis of Variance, Character 0.

Source df MS F p

Direction (D) 1 162.965 1.89 0.1698
Angle (A) 36 129.775 1.50 0.0285
Distance (L) 3 906.592 10.49 0.0001DxA 36 114.122 1.32 0.0968D x L 3 32.726 0.38 0.7683A x L 108 86.472 1.00 0.4809D x A x L 108 79.947 0.93 0.6940Pooled Error 2072 86.399
TOTAL 2367
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Table B-7.

Summary of Analysis of Variance, Character 2.

Source df MS F p

Direction (D) 1 527.556 4.86 0.0275
1

Angle (A) 36 104.558 0.96 0.5306
Distance (L) 3 1140.196 10.51 0.0001
D x A 36 203.484 1.88 0.0013
D x L 3 35.426 0.33 0.8062
A x L 108 114.657 1.06 0.3292
DxAxL 108 117.311 1.08 0.2712
Pooled Error 2072 88.416

TOTAL 2367
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Table B-8.

Summary of Analysis of Variance, Character 7.

Source df MS F p

Direction (D) 1 0.122 0.00 0.9441
Angle (A) 36 24.775 1.00 0.4679
Distance (L) 3 1412.344 57.06 0.0001
DXA 36 25.473 1.03 0.4217
D X L 3 72.833 2.94 0.0319
A X L 108 21.375 0.86 0.8379
D X A X L 108 23.283 0.94 0.6526
Pooled Error 2072 24.753

TOTAL 2367
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APPENDIX C. SUMMARY OF ANALYSIS OF VARIANCES AT EACH ANGLE

Table C·1.

Summary of Analysis of Variance, Angle 0.

Source df MS F p

Direction (D) 1 19.559 0.46 0.4976
Distance (L) 3 229.692 5.41 0.0012
Character (C) 7 164.695 3.88 0.0004
D x L 3 10.521 0.25 0.8629
D x C 7 42.076 0.99 0.4368
L x C 21 46.209 1.09 0.3565
DxLxC 21 58.707 1.38 0.1205
Pooled Error 448 42.446
TOTAL 51 1

NOTE: For these analyses of variance, the between-subject terms were pooled and used as the error

term to test all main effects and interactions. This allowed evaluation of certain main effects and

interactions which could otherwise not be tested simultaneously; the tests were consequently more

conservative.
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Table C-2.

'

Summary of Analysis of Variance, Angle 5.

Source df MS F p

Direction (D) 1 29.659 0.66 0.4155
Distance (L) 3 273.856 6.13 0.0004
Character (C) 7 343.565 7.70 0.0001D x L 3 61.491 1.38 0.2940D x C 7 18.709 0.42 0.8905LxC 21 22.809 0.51 0.9661D x LxC 21 47.887 1.07 0.3746

} Pooled Error 448 44.645
TOTAL 51 1
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Table C·3.

Summary of Analysis of Variance, Angle 10

Source df MS F p

Direction (D) 1 228.031 3.85 0.0503
Distance (L) 4 3 301.217 5.09 0.0018
Character (C) 7 283.242 4.79 0.0001
D x L 3 66.582 1.13 0.3385
D x C 7 111.756 1.89 0.0697
L x C 21 53.269 0.90 0.5911
D x LxC 21 50.559 0.85 0.6513
Pooled Error 448 59.172

TOTAL 511
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Table C-4.

Summary of Analysis of Variance, Angle 15.

Source df MS F p

DirGCtI0n (D) 1 35.638 0.86 0.3554
Distance (L) 3 74.797 1.80 0.1470
Character (C) 7 280.304 6.73 0.0001
D X L 3 44.259 1.06 0.3645
D X C 7 60.164 1.45 0.1853
L X C 21 48.658 1.17 0.2743
D X L X C 21 14.370 0.35 0.9974
Pooled Error 448 41.634

TOTAL 51 1
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Table C-5.

Summary of Analysis of Variance, Angle 20.

Source df MS F p

Direction (D) 1 126.654 1.58 0.2100
Distance (L) 3 284.388 3.54 0.0147
Character (C) 7 421.439 5.24 0.0001
D x L 3 188.839 2.35 0.0718
D x C 7 44.052 0.55 0.7978
L x C 21 52.862 0.66 0.8742
D x LxC 21 44.725 0.56 0.9453
Pooled Error 448 80.359

TOTAL 511
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Table C-6.

Summary of Analysis of Variance, Angle 25.

Source df MS F p

Direction (D) 1 140.826 3.67 0.0561
Distance (L) 3 491.912 12.81 0.0001
Character (C) 7 205.094 5.34 0.0001
D x L 3 42.840 1.12 0.3423
D x C 7 38.618 1.01 0.4263
L x C 21 18.857 0.49 0.9731
Dx LxC 21 47.524 1.24 0.2143
Pooled Error 448 38.396

TOTAL 511
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Table C-7.
Summary of Analysis of Variance, Angle 30.

Source df MS F p

Direction (D) 1 552.889 10.62 0.0012
DiStanC9 (L) 3 377.836 7.53 0.0001
Character (C) 7 279.324 5.57 0.0001
D X L 3 19.945 0.40 0.7548
D X C 7 156.237 3.11 0.0032
L X C 21 25.751 0.51 0.9651
D X LXC 21 39.872 0.79 0.7272
Pooled Error 448 50.168

TOTAL 511
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Table C-8.
Summary of Analysis of Variance, Angle 35.

Source df MS F p

Direction (D) 1 4.594 0.09 0.7700
Distance (L) 3 616.358 11.49 0.0001
Character (C) 7 296.127 5.52 0.0001D x L 3 35.150 0.66 0.5801D x C 7 72.374 1.35 0.2255L x C 21 44.892 0.84 0.6744Dx LxC 21 96.249 1.79 0.0172Pooled Error 448 53.657
TOTAL 511
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Table C-9.

Summary of Analysis of Variance, Angle 40.

Source df MS F p

Direction (D) 1 136.631 2.37 0.1247
Distance (L) 3 126.576 2.19 0.0883
Character (C) 7 508.347 8.80 0.0001
D x L 3 81.531 1.41 0.2386
D x C 7 171.058 2.96 0.0048
L x C 21 107.081 1.85 0.0125
Dx LxC 21 71.598 1.24 0.2126
Pooled Error 448 57.749

TOTAL 511
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Table,
Summary of Analysis of Variance, Angle 45.

Source ‘ df MS F p

Direction (D) 1 33.892 0.79 0.3744
Distance (L) 3 254.600 5.94 0.0006
Character (C) 7 224.304 5.23 0.0001
D x L 3 81.887 1.91 0.1271
D x C 7 55.207 1.29 0.2544
LxC 21 37.795 0.88 0.6155
D x LxC 21 43.267 1.01 0.4500
Pooled Error 448 42.865

TOTAL 51 1
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Table C-11.

Summary of Analysis of Variance, Angle 50.

Source df MS F p

Direction (D) 1 130.482 3.42 0.0650
Distance (L) 3 126.192 3.31 0.0201
Character (C) 7 150.445 3.95 0.0003
D x L 3 7.659 0.20 0.8958
D x C 7 46.255 1.21 0.2939
L x C 21 30.532 0.80 0.7200
Dx LxC 21 52.709 1.38 0.1210
Pooled Error 448 38.134

TOTAL 51 1
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Table C-12.

Summary of Analysis of Variance, Angle 55.

Source df MS F p

Direction (D) 1 32.633 0.62 0.4314
Distance (L) 3 198.408 3.77 0.0108
Character (C) 7 430.504 8.18 0.0001
D x L 3 77.026 1.46 0.2238
D x C 7 22.771 0.43 0.8817
L x C 21 41.035 0.78 0.7455
D x LxC 21 33.553 0.64 0.8912
Pooled Error 448 52.624

TOTAL 511
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Table C-13. 1
Summary of Analysis of Variance, Angle 60.

Source df MS F p

Direction (D) 1 2.761 0.04 0.8334
Distance (L) 3 299.529 E 4.80 0.0026
Character (C) 7 363.425 5.83 0.0001D x L 3 133.672 2.14 0.0940D x C 7 126.590 2.03 0.0500L x C 21 75.281 1.21 0.2395D x L x C 21 34.715 0.56 0.9453Pooled Error 448 62.359
TOTAL 51 1
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Table C-14.

Summary of Analysis of Variance, Angle 65

Source df MS F p

Direction (D) 1 140.585 2.63 0.1054
Distance (L) 3 200.777 3.76 0.0109
Character (C) 7 327.399 6.13 0.0001
D x L 3 180.172 3.37 0.0184
D x C 7 20.216 0.38 0.9148
L x C 21 63.458 1.19 0.2562
DxLxC E 21 47.155 0.88 0.6138
Pooled Error 448 53.402

TOTAL 511
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Table C-15.
Summary of Analysis of Variance, Angle 70.

Source df MS F p

Direction (D) 1 19.637
U

0.37 0.5430
Distance (L) 3 483.983 9.13 0.0001
Character (C) 7 104.694 1.98 0.0568
D x L 3 26.024 0.49 0.6886
D x C 7 90.738 1.71 0.1041
Lx C 21 46.137 0.87 0.6301
D x L x C 21 58.038 1.10 0.3492
Pooled Error 448 52.989

TOTAL 511
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Table C-16.

Summary of Analysis of Variance, Angle 75.

Source df MS F p

Direction (D) 1 9.738 0.17 0.6800
Distance (L) 3 390.441 6.83 0.0002
Character (C) 7 327.946 5.74 0.0001
D x L 3 47.172 0.83 0.4805
D x C 7 44.297 0.77 0.6087
L x C 21 74.998 1.31 0.1612
DxLxC 21 40.134 0.70 0.8323
Pooled Error 448 57.166

TOTAL 511
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Table C-17.
’

Summary of Analysis of Variance, Angle 80.

Source df MS F p

Direction (D) 1 250.866 3.63 0.0575
Distance (L) 3 209.345 3.03 0.0294
Character (C) 7 396.369 5.73 0.0001
D x L 3 46.174 0.67 0.5725
D x C 7 106.055 1.53 0.1541
L x C 21 38.298 0.55 0.9470
D x L x C 21 60.590 0.88 0.6236

„ Pooled Error 448 69.199

TOTAL 511
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Table C-18.

Summary of Analysis of Variance, Angle 85.

Source df MS F p

Dil'&Cti0n (D) 1 0.00661 0.00 0.9910
Distance (L) 3 261.017 5.08 0.0018
Character (C) 7 403.873 7.86 0.0001
D X L 3 186.324 3.63 0.0131
D X C ( 7 91.879 1.79 0.0877
L X C 21 37.063 0.72 0.8120
D X L X C 21 38.998 0.76 0.7699
Pooled Error 448 51.370

TOTAL 511
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Table C-19.

Summary of Analysis of Variance, Angle 90.

Source df MS F p

Direction (D) 1 120.396 2.51 0.1136
Distance (L) 3 238.716 4.98 0.0021
Character (C) 7 296.157 6.18 0.0001
D x L 3 41.013 0.86 0.4638
D x C 7 97.697 2.04 0.0489
L x C 21 45.357 0.95 0.5298
Dx LxC 21 91.288 1.91 0.0095
Pooled Error 448 47.903

TOTAL 511
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I Table C-20.

I

Summary of Analysis of Variance, Angle 95.

Source df MS F p

Direction (D) 1 146.954 2.69 0.1014
Distance (L) 3 562.991 10.32 0.0001
Character (C) 7 252.352 4.63 0.0001
D x L 3 28.103 0.52 0.6719
Dxc 7 91.345 1.67 0.1131
L x O 21 58.398 1.07 0.3767
O x L x O 21 45.357 0.83 0.6808
Pooled Error 448 54.536

TOTAL 511
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Table C-21.

Summary of Analysis of Variance, Angle 100.

Source df MS F p

Direction (D) 1 7.005 0.09 0.7619
Distance (L) 3 448.867 5.89 0.0006
Character (C) 7 364.070 4.78 0.0001
D x L 3 169.849 2.23 0.0842
D x C 7 31.003 0.41 0.8982
L x C 21 49.733 0.65 0.8788
D x L x C 21 97.053 1.27 0.1873
Pooled Error 448 76.216

TOTAL 511
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h Table C-22.
i’

Summary of Analysis of Variance, Angle 105.

Source df MS F p

Direction (D) 1 11.604 0.17 0.6761
Distance (L) 3 381.332 5.74 0.0007
Character (C) 7 458.781 6.91 0.0001
D x L 3 35.859 0.54 0.6551
D x C 7 60.744 0.91 0.4946
LxC 21 91.501 1.38 0.1231
D x L x C 21 52.326 0.79 0.7355
Pooled Error 448 66.401

TOTAL 511
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Table C-23.
Summary of Analysis of Variance, Angle 110.

Source df MS F p

Direction (D) 1 31.940 0.54 0.4634
Distance (L) 3 402.657 6.79 0.0002
Character (C) 7 247.665 4.18 0.0002D x L 3 26.982 0.45 0.7139D x C 7 67.946 1.15 0.3333L x C 21 120.568 2.03 0.0047D x L x C 21 37.133 0.63 0.9003Pooled Error 448 59.311
TOTAL 51 1
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Table C-24.
i

Summary of Analysis of Variance, Angle 115.

Source df MS F p

Direction (D) 1 338.585 3.89 0.0493
Distance (L) 3 436.927 5.01 0.0020
Character (C) 7 179.256 2.06 0.0469
D X L 3 65.941 0.76 0.5189
D X C 7 109.899 1.26 0.2680
L X C 21 138.532 1.59 0.0476
D X L X C 21 24.980 0.29 0.9993
Pooled Error 448 87.144

TOTAL 511
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Table C—25.
1

l

Summary of Analysis of Variance, Angle 120.

Source df MS F p

Direction (D) 1 0.836 0.01 0.9135
Distance (L) 3 725.282 10.26 0.0001
Character (C) 7 485.989 6.87 0.0001
D x L 3 81.893 1.16 0.3254
D x C 7 51.817 0.73 0.6443
L x C 21 97.759 1.38 0.1209
D x LxC 7 21 88.500 1.25 0.2036
Pooled Error 448 70.716

TOTAL 511
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Table C-26.l
>

Summary of Analysis of Variance, Angle 125.

Source df MS F p

Direction (D) 1 163.014 1.68 0.1962
Distance (L) 3 84.288 0.87 0.4584
Character (C) 7 347.306 3.57 0.0009D x L 3 55.748 0.57 0.6330D x C 7 233.645 2.40 0.0202L x C 21 176.865 1.82 0.0151DxLxC 21 138.352 1.42 0.1021Pooled Error 448 97.283
TOTAL 511
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Table C—27.

Summary of Analysis of Variance, Angle 130.

Source df MS F p

Direction (D) 1 9.979 0.24 0.6277
Distance (L) 3 340.971 8.05 0.0001
Character (C) 7 303.539 7.16 0.0001
D x L 3 52.697 1.24 0.2934
D x C 7 - 102.980 2.43 0.0188
L x C 21 48.201 1.14 0.3047
DxLxC 21 34.546 0.82 0.7017
Pooled Error 448 42.375

TOTAL 511

Appendix 115

l_ _ _,



I

E Table C-28.

I

Summary of Analysis of Variance, Angle 135.

Source df MS F p

Direction (D) 1 6.521 0.16 0.6934
Distance (L) 3 458.988 10.95 0.0001
Character (C) 7 239.286 5.71 0.0001
D x L 3 10.200 0.24 0.8660
D x C 7 4.453 0.11 0.9979
L x C 21 30.404 0.73 0.8076
Dx LxC 21 36.715 0.88 0.6229
Pooled Error 448 41.904

TOTAL 511
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Table C—29.

'

Summary of Analysis of Vanance, Angle 140.

Source df MS F p

Direction 1 266.170 2.73 0.0990
Distance (L) 3 260.627 E 2.68 0.0468
Character (C) 7 327.426 3.36 0.0017
D x L 3 64.548 0.66 0.5754
D x C 7 84.476 0.87 0.5234
L x C 21 105.676 1.08 0.3608
D x L x C 21 64.559 0.66 0.8698

V Pooled Error 448 97.411

TOTAL 511
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Table C-30.

, Summary of Analysis of Variance, Angle 145.

Source df MS F p

Direction (D) 1 28.336 0.47 0.4952
Distance (L) 3 353.952 5.82 0.0007
Character (C) 7 167.252 2.75 0.0083
D x L 3 1.845 0.03 0.9929
D x C 7 111.388 1.83 0.0795
L x C 21 95.035 1.56 0.0541
Dx LxC 21 70.242 1.16 0.2874

· Pooled Error 448 97.411

TOTAL 511
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Table C-31.

Summary of Analysis of Variance, Angle 150.

Source df MS F p

Direction (D) 1 3.528 0.07 0.7919
Distance (L) 3 387.022 7.64 0.0001
Character (C) 7 482.006 9.52 0.0001
D x L 3 102.028 2.02 0.1110
D x C 7 43.988 0.87 0.5310
L x C 21 55.907 1.10 0.3394
DxLxC 21 53.134 1.05 0.4013
Pooled Error 448 50.624

TOTAL 511
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Table C-32.
’

Summary of Analysis of Variance, Angle 155.

Source df MS F p

Direction (D) 1 188.144 3.26 0.0716
Distance (L) 3 398.805 6.91 0.0001
Character (C) 7 122.751 2.13 0.0395D x L 3 16.531 0.29 0.8351D x C 7 56.296 0.98 0.4480L x C 21 44.316 0.77 0.7591D x L x C 21 42.242 0.73 0.8002· Pooled Error 448 57.676
TOTAL 511
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Table C-33.

Summary of Analysis of Variance, Angle 160.

Source df MS F p

Direction (D) 1 22.714 0.19 0.6597
Distance (L). 3 458.067 3.91 0.0080
Character (C) 7 345.507 2.95 0.0049
D x L 3 345.314 2.95 0.0324
D x C 7 189.419 1.62 0.1280
L x C 21 98.940 0.85 0.6630
D x L x C 21 104.869 0.90 0.5966
Pooled Error 448 117.029

TOTAL 511
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I Table C-34.
, Summary of Analysis of Variance, Angle 165.

Source df MS F p

Direction (D) 1 36.969 0.72 0.3957
Distance (L) 3 206.535 4.04 0.0075
Character (C) 7 290.603 5.68 0.0001
D x L 3 3.411 0.07 0.9776
D x C 7 28.307 0.55 0.7937
L x C 21 55.597 1.09 0.3587
DxLxC 21 55.161 1.08 0.3683
Pooled Error 448 51.161

TOTAL 511
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Table C-35.

Summary of Analysis of Variance, Angle 170.

Source df MS F p

Direction (D) 1 179.741 2.92 0.0883
Distance (L) 3 395.566 6.42 0.0003
Character (C) 7 276.861 4.50 0.0001
D x L 3 50.610 0.82 0.4823
D x C 7 59.041 0.96 0.4609
L x C 21 75.349 1.22 0.2258
DxLxC 21 71.912 1.17 0.2752
Pooled Error 448 61.583

TOTAL 511
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Table C-36.’

Summary of Analysis of Vanance, Angle 175.

Source df MS F p

Direction (D) 1 35.180 0.81 0.3693
Distance (L) 3 233.980 5.37 0.0012
Character (C) 7 246.506 5.66 0.0001
D x L 3 72.039 1.65 0.1762
D x C 7 27.438 0.63 0.7312
L x C 21 63.626 1.44 0.0954
D x L x C 21 30.590 0.70 0.8320
Pooled Error 448 43.555

TOTAL 511
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Table C-37.
, Summary of Analysis of Variance, Angle 180.

Source df MS F p

Direction (D) 1 160.048 2.50 0.1145
Distance (L) 3 330.511 5.16 0.0016
Character (C) 7 423.873 6.62 0.0001D x L 3 23.940 0.37 0.7718D x C 7 49.503 0.77 0.6100L x C 21 83.926 1.31 0.1618D x L x C 21 67.445 1.05 0.3966Pooled Error 448 64.015
TOTAL 511
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APPENDIX D. SUBJECT INSTRUCTION

Random Search Task Instruction

In this experiment, you will be asked to search for an alphanumeric character (letter or number)
from among other alphanumeric characters on the screen. The placement of your target character

will be at random. At the beginning of each trial you will see the words, "Ready, the target char-
acter is This will be your target character for that trial. It will appear in only one position

j on the screen.

When you are ready to begin searching, press the right button on the mouse input device. The
screen will then fill with a random pattern of letters and numbers. When you locate the target, press

the left button on the mouse. You will be asked to identify within which of nine areas the target
character fell. After you press the left button on the mouse, a "tic-tac-toe" pattern will appear.
Each of the areas in the pattern is numbered. You then tell the experimenter the number corre-
sponding to the area in which the target appeared. You should keep your eyes fixated where the

target appeared on the screen so that when the grid appears, you will be able to remember its exact

location. If you allow your eyes to drift, you might lose the position and not be able to identify

the area on the grid in which it appeared. If you wish, you may use your finger to help you re-

member the location of target on the screen, after you press the left mouse button and the random

pattern is removed. Please be sure not to start moving your hand to point before you press the left

button.

The screen will then be erased so that you can initiate a new trial. During the experiment, we want

you to respond as quickly and as accurately as possible --- both are irnportar1t. Please keep your

head in a straight and upright position while searching, as it would move your eyes from the in-

tended position. We will begin the session on the first day with 20 practice trials. If you have any

questions, please ask. If you are comfortable with the procedure, we will begin the experiment.

Each session will last approximately two and half hours. You will be offered the opportunity to
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take short breaks at various intervals during each session. If your eyes are tired, please take ad-

vantage of the breaks so that our data will be as accurate as possible.

You will participate in three experimental sessions. As you know, you will be receive $37.50 upon

completion of the three sessions. We require that each of your sessions be scheduled at approxi-
_ mately the same time of day on three consecutive days.

>

Do you have any questions?
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