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A Note from the Guest Editor 

In this special issue ofVisible Language I have attempted to bring together 
some integrative statements concerning visual factors in the reading process. 
It is my hope that the issue will be of interest to graphic designers, educators, 
computer scientists, and psychologists. 

An effort such as this requires el(tra efforts on the part of many people, and 
I would like to thank the authors for agreeing to prepare their contributions. 
I would particularly like to thank my colleagues, Arnold Well and Sandy 
Pollatsek. They read each of the original versions of the papers in the volume 
and provided detailed comments to the authors on ways to revise the papers. 
They then undertook the rather difficult task of providing a commentary on 
the papers in an attempt to tie together all of the different themes and ideas 
running through the contributions. I believe that they have been able to provide 
a valuable analysis of the points made by the authors. In addition to Well, 
Pollatsek, and myself, the papers were all read by at least one other reviewer. 
I would like to thank Paul Kolers (University ofToronto), George McConkie 
(University of Illinois), Rod Barron (University of Guelph), and Dick Olson 
(University of Colorado) for so willingly agreeing to serve as reviewers for the 
original versions of the manuscripts. Finally, I would like to thank Merald 
Wrolstadfor providing this opportunity for us to prepare this volume and for 
taking responsibility for the graphic design of the issue. 

Keith Rayner 
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Visual Cues in Word Recognition 
and Reading: Introduction 

Keith Rayner 

Reading is a fascinating process to investigators in a wide range of fields: from 
experimental psychology, to education, to computer science and artificial 
intelligence, to linguistics, to graphic design. The ease with which most of us 
read tends to obscure the fact that it is a very complicated skill. However, even 
casual observation of illiterate adults as they attempt to acquire the skill makes 
it very clear that mastering reading is not at all a trivial process. Learning to 
read is also a time consuming (and often difficult) activity for young children. 
Despite widely different pedagogical strategies and techniques and often in 
spite of the variability that exists in the characteristics of beginning reading 
instruction, most children in literate societies seem to have pretty well mas­
tered the skill by about the fourth or fifth year of schooling. Many children in 
our society show some retardation in reading ability. However, in many cases 
this merely represents a statistical and measurement artifact. That is, given 
the assumptions of standardized testing procedures, a certain percentage of 
children will be classified as reading one or two years below grade level. In 
many cases the poor reading will also be correlated with low intelligence 
scores. There will remain in each school system a certain percentage of 
children who have no obvious emotional or physical impairment and have 
normal intelligence scores, yet who have difficulty learning to read. Some of 
these children will eventually improve their reading performance. Some of 
them will not and will always have difficulty reading; such readers are often 
referred to as being dyslexic. 

The study of reading as a process has had a very checkered and cyclic 
history. Within the field of experimental psychology, for example, there was 
considerable activity and research on the basic processes involved in reading 
between 1880 and 1920. The list of psychologists interested in the reading 
process around this time reads like a Who 's Who in Psychology: Cattell, 
Pillsbury, Dodge, Dearborn, Huey, and Woodworth were among the most 

Visible Language, XV 2, pp. 125-128. 
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prominent psychologists of their time. Most of the work they carried out is 
summarized very nicely by Huey (1908) and Woodworth (1938). Unfortunately, 
the prevailing doctrines and theories in experimental psychology underwent 
drastic. and radical change in the early 1900's. This was due mainly to the 
emergence of the behaviorist position in American psychology. Since the basic 
tenent of the behaviorist revolution was that only observable behavior could be 
studied, basic research on reading virtually ceased because the most inter­
esting questions concerning reading are related to what's going on inside the 
head and the answers must be inferred rather than directly observed. Thus, 
it's not at all surprising that when Huey's book was republished in 1968, it was 
still vitally relevant. In the last ten years or so, researchers in experimental 
psychology have again become very interested in a number of questions con­
cerning basic processes involved in reading and learning to read. 

The rise of the behaviorist position forced many researchers who were 
interested in reading to move their laboratories from psychology departments 
to schools of education. Since education is inherently more interested in ap­
plied issues, much of the research on reading that continued after 1920 was 
very applied in focus. However, it was during this period that Buswell and 
Tinker carried out their work on the relationship between eye movements and 
reading. Kolers (1976) has reviewed some of the major findings of Buswell's 
work and in this volume Morrison and Inhoffreview many of Tinker's findings 
with regard to the effects of various print variables on eye movements and 
reading. Chall ( 1967) has summarized much of the work within the field of edu­
cation between the early part of the twentieth century and 1967 concerning 
the various types of reading programs and their effectiveness. 

One of the things that is very obvious in considering visual factors involved 
in reading is that there has often not been very much communication between 
researchers interested in reading and typographers and graphic designers who 
set text to print. Crouwel ( 1979) makes the point that it was not until the 1920s 
that the idea was accepted that a text could be made more comprehensible and 
more functional by deliberate emphasis on form. But Crouwel also clearly 
points out that changes were not the result of research findings, and he gener­
ally makes a plea for more communication between research workers inter­
ested in print and text, and graphic designers responsible for the layout 
of the text. 

Of the various disciplines mentioned here, computer science and artificial 
intelligence represents the newest entry into the general field of reading. Arti­
ficial intelligence has become a field to be reckoned with in regard to many 
human endeavors that require cognitive or perceptual processing. There has 
been considerable interest in computer analysis of scenes and of handwriting. 
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Occasionally, there have also been forays into computer recognition of words 
(Hanson, Riseman, and Fisher, 1976). Brady's paper in the present volume rep­
resents a current approach to more directly interface the fields of computer 
science and psychology with respect to reading. 

In short, the study of reading is now attracting workers from a number of 
disciplines. In the present volume we have put together a series of papers that 
we believe will be of interest to psychologists, educators, computer scientists, 
and graphic designers. Inasmuch as the topic of the volume concerns visual 
factors in word recognition and reading, there is not a contribution by a lin­
guist. Likewise, there is not a contribution by a graphic designer, but certainly 
the first two papers in the volume are directly relevant to members of that 
community. In the first paper Morrison and Inhoff have described the visual 
factors that are important in terms of the eye movements that occur during 
reading. The first half of their paper focuses on how the alignment and print­
ing of the text influence eye movements and readability. In the second half 
they look at more recent work on perceptual factors influencing eye move­
ments. Haber and Haber present an account of how certain visual cues in text, 
particularly word shape, may influence the reading process and more gen­
erally they discuss the interaction of printing conventions and the knowledge 
the readers have stored in their heads. Brady's paper represents an attempt 
to integrate psychology and artificial intelligence in understanding reading. 
Ehrlich's paper specifically addresses the issue of learning to read and how 
certain cues are utilized to recognize words. Coltheart then presents a de­
tailed overview regarding reading disability and a general model of where the 
process of reading may break down. Finally, Well and Pollatsek provide a crit­
ique of the different papers presented in the volume and they also provide a 
general integration concerning how visual factors influence reading and 
word recognition. 
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Visual Factors and Eye Movements 
in Reading 

Robert E. Morrison 

Albrecht-Werner Inhoff 

The effects on oculomotor behavior of variations of physical attributes oftext1 
both typographical and psychophysical parameters 1 and similar effects from 
physical (visual as opposed to semantic) word cues processed in the reader's 
parafoveal vision are discussed. It is concluded that the reliability of such effects 
underscores the primary nature of visual discrimination in reading. Further­
more 1 sets of data generated from typographically different stimuli suffer a 
serious confounding. 

Psychologists have long been fascinated by the movements of the eyes in 
reading and have examined readers' oculomotor behavior in an attempt to 
elucidate the processes underlying fluent reading. The class of oculomotor 
acts observed during reading are well known. The eyes execute a series of jerky 
(saccadic) movements followed by pauses during which the eyes are held 
relatively stable (fixations). Since stimulation obtained during a fixation sup­
presses the activity due to stimulation obtained during the saccadic movement 
(Matin, Clymer, & Matinl1972) it is only during fixations that the reader is able 
to abstract information from text. Fixations average around 200-250 msec and 
consume 90-95% of the total reading time (Tinker, 1965). Saccades that are 
executed in a forward direction (i.e., left-to-right for English readers) serve the 
function ofbringing new information into foveal vision. 1 On the average, each 
forward saccade covers about 8-9 character spaces (Rayner, 1978). Saccades 
which are executed to a text location that has already been read are referred to 
as regressions and account for 10-20% of the saccades (Rayner, 1978). Right-to­
left saccades that intervene between the final fixation of a line and the initial 
fixation of a new line are return sweeps. Frequently, the return sweep under­
shoots the beginning of a new line and the reader performs a compensatory 
regression to the beginning of the line after a relatively short initial fixation 

Visible Language, XV 2 , pp. 129-146. 
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(Rayner, 1978). The return sweep can also be inaccurate in a vertical direction, 
causing fixation of the wrong line and a disruption of reading (Tinker & 

Paterson, 1955). Forward saccades, regressions, and return sweeps are 
voluntary eye movements and are ballistic movements whose trajectories 
cannot be influenced once the movement has been initiated. 

Although the average values mentioned above are repeatedly reported, the 
oculomotor behavior in reading shows a considerable amount of variability, 
both within and between readers. Fixations for individual readers may range 
from 100 to more than 500 msec, saccade size may range from less than 1 

character space (microsaccades) to about 20 character spaces, and the percent 
of regressions can vary from 0 to 40% (Huey, 1908; Rayner, 1978; Woodworth, 
1938). Distributions offtxation duration and saccade length for college-aged 
readers are given in Figure 1. 

There is accumulating evidence that the variability in the different eye move­
ment measures is not due to random fluctuations of a "noisy" oculomotor 
system. Comprehensive reviews of eye movement data in reading (Huey, 1908; 

Rayner, 1978; Tinker, 1965; Woodworth, 1938) repeatedly stress systematic 
changes in oculomotor behavior occurring as a result of text (e.g., typographi­
cal factors, text difficulty) and/or reader characteristics (e.g., reading ability). 
There is evidence that the effects are not the result of a general tuning of the 
oculomotor system to global text characteristics or motivation levels. Rayner 
and McConkie (1976) reported no correlation between successive ftxation du­
rations or between the size of successive sac cades as one would expect if the 
reader's eye behavior reflected a general tuning. Also, there was no correlation 
between ftxation duration and subsequent saccade size, a result also reported 
by Walker ( 1938). 

This suggests that the eye movement patterns are sensitive to the 
moment-to-moment processing activities of a reader (Rayner, 1977; Rayner 
& McConkie, 1976). Since visual inspection of the text is an obligatory part of 
reading, the perceptual salience of text should also affect eye behavior on a 
moment-to-moment basis. Indeed it has been well demonstrated that static 
characteristics of the text and reading situation (character size, contrast, illu­
mination) and physical characteristics of what is available in parafoveal vision 
(word length, beginning letters) can alter the eye movement pattern of a reader 
(Rayner, 1979; Tinker, 1963). In the following pages we will proceed to analyze 
the effects of visual factors on eye movements in reading. 

Effects of typography 
Between 1927 and 1965 Miles Tinker and his colleagues conducted comprehen­
sive investigations of the physical characteristics of the reading situation 
which affect reading speed (Tinker, 1963; Tinker, 1965). Tinker explored the 
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Figure 1. Frequency distributions of fixation duration (left) and saccade length for 
eight college-age readers. Return sweeps of the eye have been excluded from the 
distribution. Short fixations following the return sweep which are followed by cor­
rective saccades have also been excluded. Reprinted with permission from Rayner and 
Inhoff(in press). Copyright The Chemical Rubber Co., CRC Press, Inc. 

effects of typeface, type size,line width,leading (i.e., the amount of blank 
space between successive lines of type set text), illumination, contrast, color, 
and many other variables (see Tinker, 1963, for a bibliography of this work). 2 By 
using a check on reading comprehension to maintain a constant level of high 
comprehension from subjects, Tinker was able to use speed-of-reading as an 
operational definition of legibility of text. Legibility values were reported as 
percent changes in reading speed from that achieved with some standard in 
any given experiment. Comparisons of the magnitude of these values are valid 
only between conditions within the same experiment, not across experhnents. 
In addition, readers' eye movements were photographed to determine what 
oculomotor changes were occurring to cause text to be read faster or slower. 
As Tinker's data is based on experiments involving over 30,000 subjects, it 
remains some of the most extensive research on the subject of legibility and 
how eye behavior is modified by different text parameters. His findings will 
be summarized in the remainder of this section. 
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Tinker argued that more legible (more quickly read) text allows readers a 
wider perceptual span which requires fewer fixations and allows longer sac­
cades. The perceptual span is defined as the amount oftextual material which 
the reader effectively processes during an individual fixation (Paterson & Tin­
ker, 1947). He divided the words or characters constituting a text by the num­
ber of fiXations made to obtain an average measure of the perceptual span 
(in words per fiXation or characters per fiXation). Although recent evidence 
(McConkie & Rayner, 1975; Rayner, 1975) argues against the assumption un­
derlying this computation, namely that the perceptual spans of successive 
fiXations are contiguous and do not overlap; the assumption that a more 
legible text allows for a wider perceptual span and generally requires 
fewer fiXations is not disputed. 

Hence, although Tinker's words per fiXation measure is not to be taken 
literally, we assume it bears a monotonic relationship to the mean width of the 
perceptual span. Furtherm8re, rnean saccade length should also be strictly 
correlated with mean perceptual span size, and thus bear a monotonic re­
lationship to the words per fiXation measure. That is, when fewer fiXations are 
made (more words per fiXation) they must be more widely spaced, on the 
average (longer mean saccade length).3 Reviewing Tinker's data we shall at­
tempt to infer the effects oflegibility manipulations on mean saccade length. 

Tinker asserted that fiXation duration is a function of the ease of discrimi­
nation of the characters within the fovea. Reading speed then is primarily a 
function of: fiXation frequency- the direct correlate of perceptual span and 
saccade length- as affected by parafoveal discriminability; and fiXation 
duration, as affected by foveal discriminability. (Regression frequency and 
duration also influence reading speed.) 

The authors could find no mention by Tinker of an attempt to rigidly control 
viewing distance nor of a need to in order to get reliable rankings of relative 
legibility. Presumably subjects selected the distance which most comfortably 
allowed them to perform the comprehension task Tinker used which involved 
crossing out an inappropriate word. For any subject this distance would be 
fiXed with a head rest in Tinker's eye movernent monitoring apparatus but was 
probably allowed to vary between subjects. 

Although changes in viewing distance might be critically important if letters 
to be identified were at threshold size (for that distance), it doesn 't seem that it 
would have an overwhelming effect in a reading task in determining the 
relative legibilities of type sizes that are all well above threshold size (when 
presented foveally). Parafoveal acuity limitations on the perceptual span 
would seem to be the major source of legibility differences. Of course there is 
an inverse relationship between viewing distance and retinal image size. Re-
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ducing the distance increases retinal image size, but this means a constant 

unit of print, such as a word, extends into more eccentric retinal areas. 

~ Because of the linear decrease in acuity with increasing eccentricity (e.g., 
·a 
~ Anstis, 1974) small changes in viewing distance may have little effect on the 

"' c: perceptual span. (See Anstis for a demonstration of stimuli which "have the ·a 
~ unusual property ofbeing equally readable at any viewing distance" [1974, 
] 
-g p. 590]). In any event, Tinker apparently found that relative legibilities of 
,.Sl 
~ different typographies were reliable over moderate changes within the 

range of normal reading distances (i.e., within arm's length) and his c 
·g_ conclusions generalize to such situations accordingly. 
~ 

One of the most interesting facts discovered by Tinker is that factors which 

make alphabetic stimuli, both single letters and words, most readable in a 
number of threshold determination paradig1ns (for example distance, eccen­

tricity in peripheral vision, or exposure duration thresholds) do not make 

them most legible in a normal reading situation. In fact, they may actually 

reduce legibility of text. For example, all-capital letters have a greater thresh­

old distance than lowercase letters of the same nominal point size because 

they are actually larger. But they are less legible (reading speed decreased 
by 11.8%) in a reading situation (Paterson & Tinker, 1947; Tinker, 1963). 

ALTHOUGH FIXATION DURATIONS WERE SHORTER WHEN READING 
TEXT IN CAPI'D\LS THAN WHEN READNG LOWERCASE (FROM A MEAN 

OF 230 MSEC TO 210 MSEC), 12.4% MORE FIXATIONS WERE NECESSARY 

ON THE CAPI'D\LS AND TO'D\L READING TIME WAS INCREASED. MEAN 

CHARACTERS PER FIXATION WENT FROM 8.1 FOR LOWERCASE TEXT TO 

7.0 FOR CAPI'D\LIZED TEXT. SINCE REGRESSION FREQUENCY DID NOT 
CHANGE, WE INTERPRET THIS AS A DECREASE IN MEAN FORWARD SAC­

CADE LENGTH (IN TERMS OF CHARACTERS TRAVERSED). SURPRISINGlY, 

THE SACCADES WERE PHYSICALlY LARGER. SINCE CAPI'D\LIZED TEXT 

OCCUPIES A 35% GREATER PAGE AREA, THE MEAN PICAS PER FIXATION 
INCREASED FROM 3.2 TO 4.3 (A 34% INCREASE IN PHYSICAL LENGTH), 

YET FEWER CHARACTERS OCCUPIED THIS DIS'D\NCE. APPARENTlY THE 

PERCEPTUAL SPAN IS DECREASED FOR UPPERCASE TEXT EVEN THOUGH 

THE HORIZON'D\L EXTENT OF THE SACCADES (IN TERMS OF DIS'D\NCE 

OR VISUAL ANGLE) INCREASED IN THIS SITUATION. THE LARGER SIZE 
OF THE CAPI'D\LS MAKES THEM PERCEPTIBLE TO A GREATER ECCEN­

TRICITY IN PERIPHERAL VISION BUT NOT BY ENOUGH TO EQUAL THE 
INCREASED VISUAL ANGLE THAT A GIVEN CHARACTER STRING WILL 

SUBTEND. CAPI'D\LIZED TEXT ALSO LACKS WORD SHAPE CUES WHICH 

COULD CONTRIBUTE TO THE DIMINISHED PERCEPTUAL SPAN. 
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~ A similar trend was seen with very large type ( 14-point 
:E 
E versus a 10-point standard). Reading speed, hence leg­
s 
~ ibility, was reduced by 6.4o/o. Though mean fixation du-
;, 

·~ ration was decreased for the larger type (from 230 to 210 
0.. j msec), fixation frequency increased by 21 o/o (regression 
~ frequency did not change significantly). Note that the size 
.~ manipulation is not confounded with word shape-both 
0.. 

:± sizes are in lowercase. Assuming the larger type would be 
perceptible to a greater eccentricity in peripheral vision, it 
is conceivable that saccades would cover more picas to 
traverse an equal number of characters. This was not so. 
Again, as with capitalized text, the mean picas per fixation 
were greater for the larger type (4.9 vs. 3.9), yet characters 
per fixation decreased ( 8.5 vs. 10.1). Readers did make 
physically somewhat longer saccades but these traversed 
fewer characters. There are two possible explanations for 
this, however. The study had used both 10-point and 
14-point type in 19-pica line widths. The larger type had 
fewer characters in a line. Perhaps this constrained the 
perceptual span and not type size per se. 

The study was replicated, this time keeping constant not the line width but 
the number of characters per line. Although the effect was diminished, the 
14-point type was still less legible (by 3.3% ). Apparently the 10-point type was 
inherently more legible than the larger (14-point) type- a rather unintuitive 
finding considering research on recognition thresholds for single letters. 
There seems to be a trade-off between size of type and decreasing parafoveal 
acuity which makes a moderate size most legible. At some point, the greater 
perceptibility of the larger type is offset by the further extension into areas of 
poorer parafoveal acuity by a given character string. It is also clear that any 
factors which affect legibility- type size, line width, etc.- interact with each 
other such that all variables not under experimental manipulation must be 
controlled in order to draw valid conclusions about independent variables. 
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6-point type, leaded 3 points, 29-pica m easure 

Legibility is also reduced by very s mall type . Comparing 6-point type with a 10-point s tandard. legibility dec•·eased by .S.8% 

when printed in constant 19-pica line widths and 6.0% when equated fm· number of charac te1·s per line. Eye movem ent records 

showed that wh e n reading the s maller type total ftxation f1·equen cy significant I~· increased even though the lex! occupied less 

area in this case. Reg•·ession frequency inc •·eased on I~· slightly; thus the frequen c.v of forward fiXations llola l fiXa tion f•·equency 

minus r egression frequen cy ! increased. This impl ies by our previous •·easoning thai m ean saccade size dec•·eased . in this case 

both in terms of dis tance lfmm 3.5 to 2.7 picas I and charac te1·s per ftxalion lfmm 9.0 to 8.5 1. In addition, m ean fiXat ion dLII'alion 

was significantly incr eased for the 6-poinl type 1240 msecl compa•·ed with the 10-poinl s tandard 1230 msecl. Thus . foveal pmcess­

ing took longer due to •·educed perceptibility of the small charac te rs. and the pe1·cep1ual span was s lightl.v reduced. 

There has existed some uncertainty in the litera­
ture as to whether it is more appropriate to talk 
about saccade length in absolute terms of visual 
angle or in terms of character spaces (O'Regan, 
1980; Rayner, 1978). Tinker's data, showing that a 
physically longer saccade can cover fewer char­
acters of a less legible text arrangement (i.e., one 
with larger type) suggests that characters per sac­
cade may be the more useful measure, for a cou­
ple of reasons. First, it is invariant over changes in 
viewing distance for saccades covering equivalent 
chunks of information; visual angle is not. Second, 
it is also invariant, for such equivalent-chunk sac­
cades, over texts of different typographies, allow­
ing comparisons between them. Consider the 
same text printed in two different type sizes. As 
noted above, more visual angle may be covered by 
saccades while reading the text of larger type. But 
without intervening calculations we don't know 
whether they cover more or fewer characters than 
the comparatively shorter eye movements made 
on the smaller sized type. It is not directly evident 
from a consideration of visual angle whether the 
perceptual span has increased or decreased with 
the large type. In addition, mean characters per 
saccade data will indicate the number of fixations 
made on a passage (of n characters) without hav­
ing to adjust mean visual angle per saccade by the 
number of characters per degree of visual angle at 
a certain viewing distance. Of course , the number 
of characters per degree of visual angle in a study 
should always be reported anyway. 

Tinker also determined the optimal line width, 
in picas, for various type sizes. Generally, a range 
of widths proves equally legible for a given type 
size. Larger type sizes are most legible in long 
lines, smaller types are most legible in short lines. 
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For 10-point type the 
optimal line widths 
ranged from 17 to 27 
picas, and perfor­
mance peaked at 19 
picas, which results in 
a line of approximately 
52 characters. S urpris­
ingly, no constant ratio 
of optimal line width 
to type size was found . 
This means that the 
optimal line width for 
all type sizes did not 
result in an equal 
number of characters 
per line. An analysis 
of eye movements re­
vealed why lines short­
er and longer than the 
optimum for a given 
type size were less leg­
ible. For example, for 
10-point type .. a short 
line (9-picas) increased 
fixation frequency by 
15.7% over a 19-pica 
standard.4 Tinker con­
cluded that short lines, 
having fewer charac­
ters per line, prevent 
the full utilization of 
non-foveal vision. Mean 
fixation duration in­
creased by 20 msec (to 
240) as well. A com­
mon pattern observed 
in the reading of lines 
of optimal width is a 
decrease in mean fix­
ation duration over the· 
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last half of a line, presumably because the text has been glimpsed repeatedly in parafoveal vision during earlier 
fixations on the line (Dearborn, 1906; Tinker & Paterson, 1955). Text in short lines prevents this. Seemingly then, 
the longer the lines are, the better. However, a different factor decreases legibility for line widths beyond the 
optimum. Regression frequency dramatically increases (by 56.7% for 10-point type in a 43-pica line compared to 
a 19-pica standard). With very long lines Tinker found an increased incidence of compensatory regressions at 
the beginning of the line to correct undershootings and "inaccuracies" in executing the return sweep- one on 
practically every line! (Paterson & Tinker, 1940). Besides undershooting on lines that are too long, inaccuracies 
in the vertical plane can cause the wrong line to be fixated. Smaller sized type should be more susceptible to 
these errors, by demanding a more precise (vertically) return sweep, and restrict the upper limit on optimal 
line width more. In fact, this is what Tinker found-larger type has optimal width with longer lines than 
smaller type. In addition to more regressions, text in line widths longer than the optimtum show slight yet sig­
nificant increases in fixation duration (10 msec). The locus of this effect is also the trouble spot at the beginning 
of a line (Paterson & Tinker, 1940). Therefore, the only problem with long lines is an inability to make accurate 
return sweeps, and the corresponding disruption of reading. 

Leading, or blank space between lines, has the general effect of expanding the acceptable range of line widths 
for any type size (Tinker, 1963). The increased blank area above and below words probably reduces lateral 
maskinlf and widens the perceptual span. Although eye movements were not recorded for the experiments on 
leading, short lines are probably read with fewer fixations of shorter mean duration than when the text is set 
solid (without any leading). The improved legibility of very long lines with leading probably results from a less 
drastic increase in regression frequency. Presumably vertical inaccuracies on the return sweep are more toler­

able when lines are spaced farther apart. Tinker found one or two points of leading to be optimal. 

Since all the typographical features of a text interact in determining legibility, definitive experiments on the 

relative legibilities of type sizes necessitates each size being printed in its empirically determined optimal line 

width and leading. When this was done there were no significant differences between 9, 10, 11, and 12 point 

type. Smaller sizes, 6 and 8 point, were still less legible (Tinker, 1963). Unfortunately, sizes larger than 12 point 

were not used. Tinker (1965) recommends 10, 11 or 12 point type. 

10-point type, 43-pica measure, set solid and leaded gradually 1. 2, 3. and 4 points. 



Effects of contrast and illumination 
Brightness contrast between page and print can drastically affect 
speed-of-reading. Legibility is high if the reflectance of the page is 70% or 
greater and the reflectance of the characters is 10% or less. Less brightness 
contrast than this can severely reduce legibility. Tinker investigated the effect 
of colored prints and backgrounds and found that legibility differences for 
these stimuli were strictly a function of the brightness contrast between print 
and page. Color, per se, had no effect. Combinations with low brightness 
contrast, such as red print on green, were extremely illegible (e.g., there was 
a 39.5% drop in reading speed). Low contrast typographies increased fixation 
duration, regression frequency, and total fixation frequency. 

Illumination is much less critical than might be expected, provided 
that legible text of adequate brightness contrast is being read. Tinker states, 
{(Lighting specifications based upon visual acuity or visibility data overestimate 
the requirement for reading" ( 1963, p. 251). Illuminating engineers recommend 
70 footcandles of illumination for reading (cited in McCormick, 1976, p. 323), 
but much less is sufficient, provided the reader is adapted to that level. Tinker 
found that subjects prefer illumination equaling that to which they are 
momentarily adapted. When adaptation was controlled, his subjects read 
10-point type at maximum speed with only 3.1 footcandles of illumination. 
Actually, very strong illumination may be detrimental if it increases the effects 
of any glare already present. It is more important that the illumination be well 
diffused to avoid these effects (Tinker, 1963). 

Tinker (1963) recommended illumination (20-30 footcandles) above the 
limits he empirically determined to be necessary, in order to provide a {(margin 
of safety." Although there may be no decrement due to low illumination when 
typography is optimal, any non-optimal typographical feature, even one which 
alone does not cause a significant decrease in legibility, will have a combined 
effect in the presence of other conditions of marginal legibility, resulting in a 
significant drop in legibility. Furthermore, combinations of conditions which 
do individually reduce legibility will have a pooled effect, resulting in extreme 
drops of legibility- by increasing fixation frequency, fixation duration, and 
regression frequency. The combined decrement is less than the sum of 
the individual decrements. 

There are other influences upon oculomotor behavior in reading such as 
text difficulty and changes in reading strategy (e.g., skimmingvs. reading for 
detail). These are not physical properties of the reading task and have not 
been discussed. At issue were the well documented effects of purely visual 
phenomena on eye movements. 1b recapitulate, Tinker demonstrated that 
alterations of physical parameters of printed text cause significant differences 
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in legibility due to reliable changes in one or more of the usual oculomotor 
indices- fixation frequency, fixation duration, and/or regression frequency. 
Fixation duration is sensitive to the perceptibility of the characters in foveal 
vision, and also line width. It is a function of type size and line width. Fixation 
frequency, and inversely, saccade length, reflects the perceptual span a text 
allows or its perceptibility in extra-foveal vision. It varies as a function of type 
size, line width, and leading. Changes in regression frequency generally reflect 
the ease of making accurate return sweeps. It varies primarily as a function of 
line width, but also type size and leading. Poor contrast, poor illumination, or 
combinations of many non-optimal typographical features will inflate all 
three indices. The high reliability of these data emphasize the crucial 
and compulsory role of visual discrimination in reading. 

Effects of parafoveal word characteristics 
In addition to the factors discussed by Tinker, there has been recent evidence 
that visual word cues obtained from parafoveal vision influence readers' oculo­
motor behavior. The recent experiments have not dealt with typographical 
variations as the earlier work has. Factors such as type size and line width have 
been held constant while on-line eye movement monitoring techniques are 
employed to investigate the fixation-to-fixation processing of the textual 
stimulus in parafoveal vision and its effects on fixation duration and saccade 
length. In the following section, the effects of word length, word shape, and 
boundary (i.e., beginning and ending) letters will be discussed. 

Effects of word length 
Dodge (1907), and more recently, Dunn-Rankin (1978) used an afterimage 
technique to determine spontaneous fixation locations for single words. 
Dunn-Rankin had observers look at a small light source until the light 
appeared to shimmer and a grey afterimage appeared whenever observers 
moved their eyes. The afterimage was a bright spot which was superimposed 
on the perceived material at the focal point. Hence, observers could fixate 
single words and, at the same time, see a light spot which indicated their focal 
point. Dunn-Rankin found that observers tend to fixate around the center of 
short and average length words. In addition, there was a slight tendency for 
some observers to adjust the focal point to the left on longer words. Rayner 
(1979) monitored fixation locations in a reading situation and found the same 
fixational pattern. Readers tended to fixate around the central character of 
short and medium length words, and again, there was a trend to the left for 
longer words (see Figure 2). If a word received more than one fixation, there 
was a tendency for an initial fixation near the beginning and a second fixation 
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Figure 2. Histograms of percentage of time different letter positions of words of vary­
ing lengths were fixated in a forward fixation. Hatched bars indicate instances in which 
there was more than one forward fixation on a word; the open bars indicate the 
percentage of time that saccades landed on a word when the word was fixated only 
once. Reprinted with permission from Rayner (1979). Copyright 1979 by Pion, Ltd. 

139 Morrison & Inhoff I Visual Factors in Reading 



near the end of the word. Hence, word length was an effective cue in determin­
ing the reader's selection of a particular fixation position (i.e., saccade length). 
It should be pointed out that word length information must be sampled on 
fixation n if it is to determine the fixation location of fixation n + 1. That is, 
word length has to be identified with parafoveal vision. 

Rayner (1979) also calculated the conditional probabilities with which par­
ticular words were fixated in reading. The probability was relatively low that 
one of two short words appearing in succession received a fixation. On the 
other hand, as either of the two words increased in length, so also did the 
probability that one of the words received a fixation. Rayner (1979) and also 
O'Regan (1980) concluded that saccade length was primarily a function of the 
length of the word to the right of fiXation. McConkie and Rayner (1975) in­
vestigated the size of the perceptual span readers had for information about 
the length of words (in order to guide saccades). This, of course, reduces to 
the question, ((What is the perceptual span for blank spaces between words?" 
They had subjects read computer-generated text (4 characters per degree of 
visual angle) displayed on a cathode-ray tube (CRT). An eye-tracking system 
monitored the reader's eye position and fed this information to the comput­
er, which in turn could modifY the text display around the readers fiXation 
point in various ways dictated by the experimental manipulations. For exam­
ple: The computer initially displayed a passage of mutilated text.6 However, as 
soon as the reader fiXated a line an area of normal text was symmetrically 
displayed around the reader's fiXation point. Both the size of this ((window" 
and the type of information outside the window were manipulated (see Fig­
ure 3). If the window was very large, larger than the perceptual span, say, 
reading was not disrupted nor were subjects aware of the mutilated text 
pattern outside of the window. If the window was small enough to constrain 
the perceptual span though, reading was disrupted- mean fixation frequency 
and duration increased and mean saccade length decreased- but by different 
amounts depending on what characteristics of the original text pattern were 
preserved in the mutilated text outside of the window (these are apparently 
still perceived). Selectively eliminating visual characteristics of the original 
text from the mutilated text, such as word length and word shape, allowed 
the investigators to determine separate perceptual spans for those specific 
kinds of information. In some conditions ([XS], [CS], or [NCS], Figure 3) read­
ers were provided with word length information outside the window. This 
was removed in other conditions by inserting letters into the blank spaces 
between the nonwords (conditions [XF], [CF], and [NCF]).It was found that 
saccade length was influenced by the presence or absence of word length 
information outside the window. When word length cues were removed, 
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Text Graphology means personality diagnosis from hand writing. This is a 

xs Xxxxxxxxxx xxxxx xxxxonality diagnosis xxxx xxxx xxxxxxx. Xxxx xx a 

CS Cnojkaiazp wsorc jsnconality diagnosis tnaw kori mnlflra. Ykle le o 
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Figure 3 . An example of a line of text and the various peripheral text patterns derived 
from it. On each line a window of size 17 is shown, assuming the reader is fixating the 
letter din diagnosis. Reprinted with permission from McConkie and Rayner (1975). 
Copyright 1975 by The Psychonomic Society, Inc. 

mean saccade length decreased. This difference between spaced and filled 
text was found up to window sizes of 25 and 31 character spaces (symmet­
rically around the fixation point). Hence, it was concluded that word length 
cues are perceived out to about 12-15 character spaces into the parafovea 
during a single fixation. Since a reader's saccade length averages around 8-9 

character spaces, word length is acquired far enough from the fixation point 
to influence the selection of the next fixation location. Rayner and Bert era 
( 1979) and Rayner, Inhoff, Morrison, Slowiaczek, and Bert era ( 1980), using a 
similar technique to that used by McConkie and Rayner ( 1975), have recently 
confirmed that word length cues are obtained about 15 characters to the 
right of fi.xation. 

Rayner and Pollatsek (1981) did the definitive study showing that saccadic 

guidance based on parafoveally acquired word length information operates 
on a fixation-to-fixation basis as has been sketched. In the previous studies, 
window size had been varied between sentences or groups of sentences: The 
reader encountered the same window size throughout a sentence. It could be 
argued that saccade length was adjusted on a delayed basis, once window size 
had been determined following a couple of normal length saccades. 1b test 
this, Rayner and Pollatsek (1981) also varied window size within sentences, 
randomly from one fixation to the next. This would make a delayed strategy 
useless. The data showed the usual pattern- saccade size was a function of 
window size, smaller windows causing shorter sac cades- with no difference 
between the random and blocked window size conditions. Hence, the visual 
information available during each fixation affects the oculomotor behavior 
immediately, or on a moment-to-moment basis. 
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Effects of word shape and specific letters 
McConkie and Rayner (1975) also manipulated the availability of word shape 
information outside of the window by constructing mutilated text wherein 
each letter was either visually confusable or nonconfusable with the original 
text. It was found that graphical similarity of the mutilated text with the 
original text (conditions [CS] and [CF], Figure 3) resulted in shorter fixation 
durations than the conditions in which the word shape cues were not provid­
ed (conditions [NCS] and [NCF]). This difference was observed up to a window 
size of 21 character spaces. It was concluded that word shape information is 
acquired as far as 10 letter spaces from the point of fixation and influences 
fixation duration. Similar results were reported by Rayner (1975). Word shape 
was also reported to be an effective parafoveal cue in a naming task. Rayner, 
McConkie, and Ehrlich (1978) instructed readers to move their eyes to a para­
foveal location which was occupied by various mutilations of a word. During 
the course of the eye movement, the initial, mutilated stimulus was replaced 
with the "base" word. The results seemed to indicate that prior availability of 
word shape information is an effective cue in parafoveal visionj i.e., response 
time to name the base word decreased if readers were initially provided with 
word-shape preserving mutilations. However, this was shown to be false in 
later studies. 

Rayner, McConkie, and Zola ( 1980) found that facilitation due to word 
shape was a by-product of specific letter information. In the Rayner, 
McConkie, and Ehrlich (1978) experiment facilitating word-shape conditions 
also had some of the same letters as the base word. Shape preserving mu­
tilations which shared no common letters with the base word had produced 
little facilitation. Rayner, McConkie, and Zola (1980) used stimuli printed in 
alternating case and reversed the case of each letter to derive the mutilated 
alternatives. For example, the stimulus "cHaRt" might appear in parafoveal 
vision, followed by the base word "ChArT" after the eye movement. This con­
dition, devoid of normal word shape information and totally reversing the 
shape of the stimulus during the saccade, produced the most facilitation. 
Apparently some letters are identified or encoded into an abstract code from 
parafoveal vision and this facilitates processing of the base word in the fovea. 
McConkie and Zola (1979) showed the same effect during fluent reading. It 
appears that there is no effect of word shape information per se, but only of 
the identification of specific letters in the word. The letters most likely to be 
identified in parafoveal vision are presumably the beginning and ending 
letters of a word which suffer less from lateral masking because they are 
adjacent to a blank space. 
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That boundary letters are particularly prominent cues in word perception 
has been repeatedly demonstrated. For example, Oleron and Danset (1963) 
presented single words in a tachistoscope and blurred either the initial, mid­
dle, or final part of the words. Four levels of blur were used; at each level, the 
order of accuracy was the same: initial letters were reported best, final letters 
next, and medial letters poorest. Reaction time measures mimicked that 
order, with initial letters having shortest latencies. 

Boundary letter information is particularly salient in parafoveal word 
presentations, although the most eccentric letter was found to be more per­
ceptible than the inward-most (closest to the fovea) letter (Bouma,1973). In 
addition, boundary letters are better identified to the right of fixation than to 
the left (Bouma, 1973). Boundary letters have also been hypothesized to con­
trol readers' eye movement behavior (e.g., Hochberg, 1970). 

Th explore the effect of boundary letters upon readers' eye behavior, Ray­
ner (1975) controlled the availability of such cues. More specifically, it was 
possible to compare conditions in which a parafoveal nonword stimulus did 
or did not contain the boundary letters of a base word subsequently per­
ceived in the fovea. The results showed that initial and final letters affected 
fixation durations on the base in a reading situation. That is, parafoveal word 
mutilations which preserved boundary letter information reduced sub­
sequent fixation durations on the base word. Similarly, Rayner et al. (1978) 
showed that parafoveally available boundary letter information reduced re­
sponse time for a subsequently fixated base word in a naming task. Unlike 
the data reported by Bouma (1973), these results showed that the initial letter 
in a word to the right of fixation, not the last (most eccentric) letter, had the 
strongest effect. It was concluded that specific letters, especially the initial 
letters of words, can be identified in parafoveal vision and allow shorter 
fixation durations when the words are fixated. This may account for the 
tendency of readers to have shorter mean fixation durations towards the 
end of a line than the beginning of a line (Dearborn,1906; Tinker, 1965). 

Th summarize, recent research has shown that word length and the 
identity of specific letters (especially initial letters of words) in parafoveal 
vision affect oculomotor behavior. Word length primarily determines saccade 
length, while specific letter identification affects fixation duration. 

Conclusion 
The research surveyed provides evidence that the typographical features 
of text are determinants of the perceptual span in reading and thus affect 
eye movement measures such as fixation frequency and saccade length. 
Regression frequency and fixation duration are also affected by these purely 
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visual factors. Although comprehension requirements (e.g., skimming, read­
ing for detail) and text difficulty may also have effects on eye movement 
measures within readers, and despite wide differences in eye behavior 
between individuals, the oculomotor effects of the physical characteristics 
of text are undeniable and should not be ignored. 

Paradigms which use oculomotor measures (e.g., fixation frequency) as 
indices of text processing difficulty must control the effects of typography to 
avoid confounds. Absolute comparisons of eye movement data between stud­
ies utilizing different typographies will generally be invalid. Control groups 
yielding baseline data under typographical conditions identical to experi­
mental groups are necessary to allow relative comparisons between experi­
ments utilizing different typographies. 

Oculomotor consequences of typography and visual word cues identified 
in parafoveal vision underscore the fundamental nature of visual discrimi­
nation in reading, including "normal" fluent adult reading. Reading depends 
upon the encoding of information physically represented in p:dnt. The speed 
of this process can be limited by characteristics of the print which impede 
the visual processing, particularly the efficiency of parafoveal information 
extraction. The availability ofparafoveal word cues, such as word length and 
initial letters, may be crucial for fluent reading. 

1. The fovea is a small, indented region of the human retina which extends about 
2° of visual angle. The fovea contains the region of highest acuity although there is 
considerable drop-off even within the fovea (Riggs, 1965). Acuity continues to decrease 
beyond the fovea, both for the parafoveal region, which extends about 10° around 
fixation, and the peripheral region, which covers the remainder of the retinal syster:n. 
Many experimenters have found that a number of visual acuity thresholds increase 
linearly with retinal eccentricity up to 30° (Anstis , 1974). 

2. A point is a typographer's unit of vertical distance approximately equal to 1/n of 
an inch. Nine-point type (these lines) means that the vertical extent allowed a line of 
characters including the ascending and descending parts is approximately %z of an 
inch. A pica is a unit of horizontal distance approximately equal to % of an inch. 

3. This is necessarily true only if regressive fixations are removed from the fixation 
frequency before words per fixation is calculated. Although Tinker did not remove 
regressions (Tinker,1955, p. 176) 1 he does report regressive fixation frequency sepa­
rately. Often the regressive fixation frequency shows no significant difference with 
legibility manipulations in Tinker's data. Significant changes in words per fixation in 
these instances are interpreted as real differences in mean forward saccade length. 

4. Although Tinker's fixation frequency data include regression frequency, the in­
crease must be solely due to an increase in the number of forward fixations, as 
regression frequency actually decreased or did not change on very short lines. 
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5. Lateral masking refers to the decreased perceptibility of stimuli when surrounded 
by adjacent contours. The effect is especially noticeable when letters to be identified in 
non-foveal vision are presented in isolation or amidst laterally adjacent letters. Per­
formance decreases drastically in the latter condition (Mackworth, 1965). 

6. In mutilated text each character is replaced with a different character, resulting in a 
passage of nonwords. 
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Visual Components of the Reading Process 

Ralph Norman Haber 
Lyn R. Haber 

Since reading must begin with the pickup of information on the page, we have 
examined in some detail the principal arrangements of that information, and 
considered what is known about the pickup process. One source of information 
is the arrangements of the print on the page: arrangements which supply infor­
mation about word, sentence, and paragraph boundaries and even substantial 
syntactic and semantic information. Evidence is reviewed to show that reading 
performance is hurt when these conventional arrangements are violated. The 
second source is from the letter shapes alone, in which most work has been 
done using a feature description. While four different procedures for generating 
features are reviewed, none of them either meet adequate tests of validity, nor 
supply convincing evidence that readers actually use featui'e tests to identify 
letters. Many suggestions for future work are offered , but the current state of 
feature testing theories is pretty dismal. 

The final source concerns higher order visual information , especially of the 
configuration of groups of letters in a word, or of the shape of the entire word 
itself. Evidence is reviewed to show that such information is substantial, espe­
cially for smne types of words, and that if pushed, readers can use that informa­
tion to identify words and to comprehend text. For all three sources we have 
shown that readers can use the information. Much less is known about how 
readers routinely use these sources. 

When we read, we con1bine information picked up visually fron1 the page 
of print with different forn1s of knowledge we already possess. Our prior 
knowledge includes the spelling rules for specifYing pennissible and likely 
letter sequences; perhaps phonological rules that translate spelling to sound; 
syntactic rules for the permissible and likely sequences of words within sen­
tences; world knowledge rules for the likely contents that n1ay occur in the 
story; and even stylistic rules for the likely sequences of words and sentences, 
given the form and author of the passage. Differences between the principal 
models and theories of reading have focused on the description of interactions 
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among these different rule systems and how a reader juggles them in order 
to extract meaning from printed text. But all theories agree that information 
is present on the page of print that must be used in the reading process, and 
that, at some point, the reader must have visual access to this information. 
The present paper examines the different sources of this visual information 
available to a reader, and considers how these are normally used by skilled 
readers. 

Three general categories of visual information are described: the arrange­
ments of the printed characters on the page of print; the visual features of 
the printed alphabetic characters; and the visual shapes of whole word con­
figurations. While English is the assumed language for these analyses, the 
principles apply equally for all other printed languages, even though the 
content of particular rules Inay differ frmn language to language. 

Arrangements of print on the page 

Every printed language has rules which specifY how and where the marks 
on the page are to be placed. For English the characters must be printed in 
horizontal rows, in which the sequence runs from left to right across the 
page. There is always a left justified margin, and usually one on the right as 
well. While often overlooked by theorists, the rules which specifY how the 
printed characters (and non-characters such as spaces) must be arranged, 
provide substantial information about the content of the text- information 
that is potentially available to readers. Readers do routinely make use of this 
information, since disruption in reading results when these printing rules 
are altered or violated. 

Thble I lists a few of these print arrangement rules, and the information 
specified by each rule. For example, in print (and in typing and handwriting) 
a single space character must separate words (unless something else does so, 
such as punctuation). This rule means that words are visually identified by 
the surrounding white space, and anything with surrounding white space 
functions as a word in English. This definition of a word in print is far more 
general and easily applied than current definitions of a word in speech (see 
Cole & Jakimik, 1980). It is also probably more quickly learned, too, though 
we know of no evidence. As a second example of a print arrangement rule, 
sentences are visually marked according to three inviolate arrangement rules: 
sentences begin with the initial word capitalized; sentences end with the final 
woFd followed by one of a specifiable class of terminal punctuation marks; 
anp that terminal punctuation is followed by an extra space. Table II illustrates 
several examples in which some of these printing conventions are violated in 
otherwise normal text. 
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Thble I. Some examples of printing conventions (frmn Haber & Haber, 1981). 

End of line conventions 
Right and left justified 
Hyphen indicates word division 

Paragraph conventions 
Indentation 
Skip a line 
Bold face, initial character enlarged, etc. 

Sentence boundary conventions 
Initial capitalization 
Final punctuation marks 
Extra space 

Phrase boundary conventions 
Punctuation 
Extra space 

Transformation conventions 
Question has question mark at end 

(some languages at beginning). 
Imperatives and exclamations have 

exclamation mark. 
Statements have periods. 
Emphatics have italics or boldface. 

Direct speech conventions 
Quotation marks 
Paragraphing for change of speaker 

Word conventions 
Space before and after 
Initial capitalization for proper nouns 

Thble II. Examples of passages in which some printing rules have been 
violated (from LeCarre, 1975: 238-9). 

A. WhenSmileyhadlefttheislayforGrosvenorSquarethatmorning,thestreetshadbeen 
bathedinharshsunshineandtheskywasblue.NowashedrovethehiredRoverpasttheun 
lovablefacadesoftheEdgwareRoad,thewindhaddropped,theskywasblackwithwait 
ingrain,andallthatremainedofthesunwasalingeringrednessonthetarmac. 

B. he parked in st johns wood road in the forecourt of a new tower block with a glass 
porch but he did not enter by the porch passing a large sculpture describing as it 
seemed to him nothing but a sort of cosmic muddle he made his way through icy 
drizzle to a descending staircase marked exit only 

C. The first flight was of terazzo tile and had a bannister of African teak. Below that, 
the contractor's generosity ceased. Rough-rendered plaster replaced the earlier luxury 
and a stench of uncollected refuse crammed the air. 

D. HiS mAnNeR wAs CaUtioUs RaThEr ThAn FuRtivE, bUt WhEn He ReAcHeD tHe 
IrOn DoOr He PaUsEd BeFoRe PuTtinG bOtH hAnDs To ThE lOnG hAnDlE aNd DrEw 
HiMsElF tOgEtHeR aS iF fOr An OrDeAl. 

Print arrangement rules serve a number of functions in addition to speci:ty­
ingword and sentence boundaries. Final punctuation marks, such as question 
marks and exclamation points, provide not only syntactic but affective intent. 
The print arrangement conventions for dialogue delimit each direct quote 
and keep separate the utterances of each speaker. Print conventions for the 
portrayal of conversational dialogue include: (1) direct quotes begin with a 
capital letter, (2) end with a limited set of punctuation markers, (3) are en-
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Table III. Examples of violations of print arrangement rules for dialogue 
(from Fowles, 1969). 

A. "And since?" 
"Not a sign. " 
"You saw the vicar?" 
"No, but Miss Trimble assures me he went to Marlborough House this forenoon. 

He was told Mrs. Poulteney was unwell. He spoke to Mrs. Fairley. All she knew was that 
some disgraceful matter had come to Mrs. Poulteney's knowledge, that she was deeply 
shocked and upset ... ". The good Mrs. Tranter broke off, apparently almost as 
distressed at her ignorance as at Sarah's disappearance. She sought her niece's and 
Charles's eyes. "What can it be-what can it be?" 

B. That is the depot for the coaches, you know. The Dorchester to Exeter omnibuses 
did not descend the steep hill to Lyme, but had to be picked up at a crossroads some 
four miles inland on the main road to the west. But Mrs. Hunnicott spoke to the man. 
He is most positive that Miss Woodruff was not there. 

C. I have no one to turn to. 1 hoped 1 had made it clear that Mrs. Tranter- Has the 
kindest heart. But 1 do not need kindness. There was a silence. He still stood parting 
the ivy. I am told the vicar is an excellently sensible man. It was he who introduced 
me to Mrs. Poulteney. 

closed within double quotation marks; (4) if a new speaker intrudes, his ut­
terance begins on a new line. Table Ill shows several exan1ples of conversation­

al dialogue. The first passage is written according to normal print conventions. 
In the second passage, the quotation marks have been removed. In the third , 
the new line convention is violated as well. The difficulty we experience in 
sorting out the utterances of the two speakers in the third passage shows in 
an informal way how useful these print arrangement rules for dialogue are. 

Print arrangen1ent rules also specify special n1odes of comn1.unication.. For 
example, lists are usually presented in lines, either vertically or horizontally; 
outlines use these conventions to display the overall hierarchical organization 
of the text; formulas are set off; and poetry has a nun1ber of uses and conven­
tions concerning line arrangement. A few of these are illustrated in Table IV. 

In the more conventional forms of poetry, line length is specified by n1etric 

count. The final words of the lines rhyme either with adjacent or more ren1ote 
line-final words, depending upon the specific stanza form employed. The 
most straight forward use of line length in poetry allows line end and final 
rhyme to coincide with major syntactic units, as in exa1nple A in Thble IV. 
More frequently, syntactic units are played off against the line arrange1nent 
demanded by the conventional form, resulting in a tension between rhyn1e, 
and meter, and syntax. This is illustrated in example B. Where no rhyme is 
used, poets still employ this tension between syntax and the line length demand-
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Thble IV. Examples of violations of print arrangement rules in poetry. 

A. Line length determined by metric count; rhyme at end of line coincides with the end 
of the syntactic unit; tetrameter; Poe (1950). 

At midnight in the month of June, 
I stand beneath the mystic moon . 

B. Line length determined by metric count; end ofline rhyme in conflict with syntactic 
unit; pentameter; Browning (1952) . 

That's my last Duchess painted on the wall, 
Looking as if she were alive. I call 
That piece a wonder, now: Fra Pandolf's hands 
Worked busily a day, and there she stands. 
Will't please you sit and look at her? I said 
"Fra Pandolf" by design, for never read 
Strangers like you that pictured countenance, 
The depth and passion of its earnest glance ... 

C. Line length determined by metric count; blank verse, no rhyme; tension between 
syntactic units and line units; Shakespeare (1959). 

Tomorrow, and tomorrow, and tomorrow, 
Creeps in this petty pace from day to day, 
To the last syllable of recorded time; 
And all our yesterdays have lighted fools; 
The way to dusty death. Out, out, brief candle; 
Life's but a walking shadow; a poor player, 
That struts and frets his hour upon the stage, 
And then is heard no more; it is a tale 
Told by an idiot, full of sound and fury, 
SignifYing nothing. 

D. Line arrangement used to mirror meaning; e. e. cummings (1950). 

Buffalo Bill's 

defunct 

who used to 

ride a watersmooth- silver 

and break onetwothreefourfive 

he was a handson1e man 

stallion 
pigeonsjustlikethat 

Jesus 

and what i want to know is 

how do you like your blueeyed boy 

Mister Death 
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ed by the metric convention. The passage from MacBeth (example C) is one 
example. A very different use of line arrangement in poetry is reflected in the 
final example. Here, Cummings has used line arrangement (in conjunction 
with violations of punctuation and word spacing rules) to reflect meaning. 

In each of these examples the poetic form involves a violation of normal 
line arrangement and the imposition of new conventions (rhYJlle, meter, 

meaning). 

A number of experiments have shown that when the print arrangement 
rules described in Thble I are violated normal reading is disrupted. Such data 
are evidence that readers routinely use printing arrangement as a source of 
visual information in the reading process. Consider for example, how diffi­
cult it is to read some of the brief passages in Thble II. Hochberg, Levin, and 
Frail (1966) found that simply omitting the space character reduces reading 
speed by up to 50% , compared to reading comparable unadulterated text. 
More importantly, they found the percentage reduction greatest for the bet­
ter readers, suggesting that better readers use this source of visual informa­

tion more than do poorer readers. 
As another example of the disruptive effect when print arrangement rules 

are violated, both Smith (1969) and Fisher (1975) had college subjects read text 
in which the letters alternated in case (as in the last passage of Thble II). Fisher 
also deleted the space character. Both studies showed massive disruption in 
reading w~en performance was compared to reading unadulterated pas­
sages. No interactions were reported with reading ability in these studies, 
presumably because of the homogeneity of the sample with respect to ability. 

Less research has been reported on other aspects of printing conventions. 
McNamara, Patterson, and Tinker (1953) review the evidence for the role of 
print size, but find that except for very small sizes or very large sizes, varying 
the overall size of the letters does not affect reading performance. Similarly, 
they conclude that line length, except for extremely long or short lines, is 
unimportant. We expect this conclusion to be more limited than McNamara 
et al. suggest, since short line lengths, such as the typical35-45 character 
newspaper column, should deprive the reader of substantial peripheral 
vision (see also Tinker, 1956). Rayner (1975) showed that access to peripheral 
vision up to 15 characters to the right of fixation is useful, and for much of 
the time in reading newspaper columns, readers have less than this. 

Kolers and Perkins (1969) have explored the in1portance of the print 
convention of left-to-right sequence. They found that rearranging all the 
sequences in a right-to-left order still pern1its English readers to understand 
the text, but initially it slows them down tremendously. (We would again expect 
this effect to obtain more strongly for good than for poor readers.) In another 
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experiment concerning this print convention, Pollatsek, Bolozky, Well, and 
Rayner (1980) showed that the advantage of the left-to-right order for English 
was not due to any asymmetries in visual sensitivities or to any laterality 
differences in the brain, but presumably only to practice with the particular 
order. They used a computer generated display of text in which the part of 
the text that was readable depended upon where the reader's eye was fixated. 
In one condition the reader could see text well to the right of fixation but not 
to the left (presumably the normal situation in reading English- see Rayner, 
1975); whereas, in the other, peripheral vision was possible only to the left 
of fixation, and not to the right. The subjects were American college students 
reading English, and bilingual Israeli students reading both English and He­
brew. Reading was impaired only when peripheral vision was blocked out 
in the direction of reading. Thus, the Israeli readers needed to see to the left 
for Hebrew and to the right for English. Pollatsek et al. concluded that the 
preferred direction of reading was entirely the result of practice and did not 
depend upon any structural characteristic of the brain or the visual system. 

Several researchers (see Hartley, 1980, for a review) have suggested that 
novel spatial arrangements of print can be used to increase comprehension 
or reading speed. The last issue of this journal (volume XV number 1) was de­
voted to the spatial arrangement of text, with the individual articles arranged 
typographically to illustrate the theories advocated by the various authors. 
Guest editor Hartley suggests in his introduction that the debate is with the 
details rather than with the general proposition that typography can be manip­
ulated in order to improve con1prehension. It is possible, however, that such 
effects apply to technical material and/or only to certain kinds of search 
activities, rather than more generally to all materials being read for all 
purposes. Thus, we need more research on whether there is anything to 
be gained by adding more printing convention rules which will still further 
specifY the content of the text. 

These few examples suggest the general importance of the printing con­
ventions as sources of visual information in reading. However, we can read 
even when some of the conventions are violated. While every study that tested 
violations showed disruption in reading, readers were still able to proceed, 
even if at reduced efficiency. Further, the few studies that provided enough 
practice with the altered materials showed that performance continued to 
improve, and with enough practice, might even return to normal (e.g., Kolers 
and Perkins, 1975). Thus printing conventions provide information that read­
ers use, so that reading suffers when this information is not available. Yet we 
know print conventions are not the only sources of information, and readers 
can learn to read even when some of the printing convention information is 
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absent. An interesting question to explore is whether even extensive practice 
could permit normal fluent reading for skilled readers, if the more important 
print arrangement rules were simultaneously violated. 

Visual characteristics of individual letters 

Whereas research on printing conventions has been scanty, so these rules 
are often even ignored in discussions of visual processes in reading, consider­
able attention has been devoted to the visual processing of letters. Since words 
are composed of letters, each of which has a distinct identity and name, it 
seems self-evident- and has been very generally assumed- that part of the 
visual information in reading must include the visual shapes of the individual 
letters of the alphabet. Yet there has been remarkably little agreement on 
the description of that information. In the absence of agreement on even the 
basic description, the lack of unanimity on how readers extract and use letter 
shape information comes as no surprise. 

The problem is graphically illustrated in Figure 1, in which the 26-letter 
lowercase English alphabet is printed in 24 different typefaces. Not only do 
we need a system that uniquely distinguishes each letter from every other 
letter on each line, but one which tells us how the reader knows that all the 
first letters on each line have the same name, as do the second letters on 
each line, and so forth. 

1\vo general categories of descriptions of the visual information in letters 
have been proposed, known as template or prototype models on the one 
hand, and feature models on the other. The template description of a letter is 
wholistic and gestalt-like, corresponding to what might be called the concept 
or essence of the letter. In contrast, a feature description of a letter is a list of 
the individual elements of a letter that make it uniquely different from all 
other letters. Neisser (1967) provided an early but still relevant discussion of 
the relative virtues of and problems with each approach; and his conclusion 
still reflects the current literature 15 years later. He argued that template 
descriptions are untenable for all but unrealistically circumscribed alphabets 
used in highly controlled machine-like reading tasks; and that, therefore, we 
have to look to descriptions based in some way on separate features. But 
while he went on to point out theoretical and practical problems with a 
feature approach, this remains the major approach today. 

Unfortunately, there are no agreed upon procedures to identifY the visual 
features of a set of letters. In fact, few complete descriptions of a set of fea­
tures have been offered in the literature, based upon any procedure. Four 
rather different procedures have been used, or at best mentioned as ways to 
determine the distinctive visual features of letters. The first is an armchair 
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obcdefgf\gklmnopqrstuvwxyyz 

abcdefghijklmnopqrstuvwxyz 

~~~~~c,ruJ~\m~~~~t~\~~~~~ 

abcdefghijklmnopqrstuvwxyz 

a~~ 

abcdefghijklmnopqrstuvwxyz 
abcd~hyklrnnopqr~uvwxyz 

altdefghijki•RopqrstuvWXfZ 
abcdclghijklmnopqrstuuwxyz 
abcdcrghijlclmnopqr=tuuwxyz 

obcdefghijklmnopqrstuvwxyz 
abcdefghijklmnopqrstuvwxyz 
abcdefghijklrnnopqrstuVlNxyz 

abcdefghljklmnopqrstuvwxyz 
abcdefghijklmnopqrrstuvwxyz 

C~C~G~C~~~:t~~CODQTS~CO~X~Z 

abcde~gnilkimnopqrs~UIVwxz 

abcd~fghijklmnopqrstuuwxyz 

abcdafghijklmuapqrstuvwzyz 
abcdelghlllciDinopqr&t.uuwsqz 
oDouo0oCJ6oCsOoooDoooa ov c::Jooo 
abr~rfgqijklmnnpllr!ituuwxyz 

~~~hii~lm~WA~hiuw='lil 

uOC&fdn~~ekuuiJW(\JjZ 
Figure 1. 1\venty-four examples of different English alphabet type styles. 
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abcdefghijklmnopqrstuvwxyz 
Figure 2 . The typeface Helvetica (Figure 1, line 2) on which the distinctive features 
presented here are based. 

approach, in which the comfortably ensconsed scholar devises a feature set 
which accounts for the typeface in hand. The second approach is to create 
new alphabetic characters and attempt to discover salient differences among 
them, which are then identified as features. The third approach uses real 
alphabets and real subjects, and tries to group letters as a function of similar­
ity judgements, where presumably groups of letters share one or several 
features; and the fourth approach uses errors subjects make during an iden­
tification task to group confusable letters- these groups presumably share 
one or more features. We will discuss each of these four approaches in some 
detail. 

It is important to keep in mind from the outset that the current litera­
ture described here deals with the visual characteristics of individual letters 
considered in isolation. Yet in reading, letters occur with other letters, in 
meaningful words embedded in an even larger meaningful context of phrase, 
sentence, paragraph, entire text. While a skilled reader may process single 
letters, it seems unlikely that he does so independently of their context. Thus 
the existing literature on feature extraction may have little application to the 
reading process. 

In the armchair approach a judge attempts to group the alphabetic char­
acters by pairs, in which the two members of each pair are visually identical 
in all respects except for one difference. Thus, in the typeface Helvetica 
(Figure 2) p differs from q only by the right versus left placement of a ve~tical 
descender: therefore, right versus left must be one minimal distinctive feature. 
Similarly, b differs from p by whether the leftward vertical line extends above 
or below the round part, so the direction of the extension (up vs. down) is 
another feature. This process, if continued, isolates all of the pairs that differ 
by only one distinctive feature and represents the beginning of the feature 
list. Table V shows this process continued for a number of letter pairs. 

Table VI and Figure 3 show a complete distinctive feature list for Helvetica. 
We know of no other exhaustive distinctive feature list for lowercase print in 
the literature. This is unfortunate , because other armchair authors of feature 
lists might well have selected other features: this list works but others could, 
too. For example, half versus whole diagonal line segments might be used to 
differentiate X and w, where X has only half segments and w has both half 
and whole. 

156 Visible Language XV 2 1981 



Table V. Several sets of minimal pairs for the typeface Helvetica (Figure 2) 
using the distinctive feature system shown in Figure 3. 

Feature Minimal Pairs 

pq bp bd gq cs mn ce ae nr 
Extender 

Direction DD UD uu DD 

Side LR LL LR RR 

Hook +-

Central Part 

Enclosed ++ ++ ++ ++ -+ ++ 

Round ++ ++ ++ ++ ++ ++ ++ ++ ++ 

Side Gap RL RR LR -R 

Up-Down Gap BB BB 

Doubling +-

Irrespective of how such lists are worked out, it is critical to note that most 
pairs of letters differ by more than one feature. For example, b differs from q 
by two features: vertical line left vs. right; vertical line ascending vs. descend-
ing. Forb vs. g, a third feature is needed, the presence/absence of a hook. 

There are some printed elements of letters that are not distinctive features 
at all, even though they are printed. For example, using the same typeface, 
the dot over the i and the j does not serve to distinguish either of those letters 
from any non-dotted ones, so the omission of the dot would not change the 
letter, though we might be unaccustomed to its looks. Similarly for the hori­
zontal crossbar on the f and the t. Those letters differ from other letters by 
several different features, so the familiar crossbar is not distinctive. 

This armchair exercise is straight forward, and follows the model used 
by linguists for isolating the distinctive features for any aspect of language 
(for example, see Jakobson, Fant, & Halle, 1965). Three tests are available to 
decide if such a procedure is successful in generating a reasonable feature 
list. First, can all differences between all letters be reduced to such a set of 
independent features? If there are many letters which differ from all others 
in so many ways that the entire letter has to be a feature, then the feature list 
is not very useful. Second, is the number of different features substantially 
less than the number of letters and other symbols to be described? 
Presumably, if the number of different features exceeds the number ofletters 
(plus numbers, punctuation marks, and other printed symbols a reader 
might expect to encounter on a page of print), such a feature system would 
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be less interesting in theory than if the 50-100 symbols could be described by 
no more than 10-20 features. A related test of adequacy requires that the 
number of features needed increases only slightly as new typefaces are 
added. Finally, our confidence in any feature list is increased if the features 
predict actual performance with the letters. Thus, letters that differ by only a 
few features would be more confusable, or slower to name than letters that 
differ by many features. 

While the feature list in Table VI was designed to differentiate fully among 
the 26 characters in Figure 2, and was thus specific to a particular typeface, 
the feature list in Table VI accounts for nearly all the typefaces in Figure 1. 

Usually, not the features themselves but the specific feature description for 

Table VI. A set of distinctive features for Helvetica (Figure 2). 

The features are divided into two sets: those concerned with a possible extended 
element above or below the central portion of the letter, and those concerned with just 
the central portion. No assumption is made about the order of the tests nor whether 
they are done sequentially or all in parallel (except that if the central portion has a gap 
on both the left and the right side [e.g., s or x] it is classified in the table for simplicity 
as left gap only; similarly for a top and bottom gap). 

Features a b c d e f g h i k I m n 0 p q r s t u v W X 

Extender 
Direction u u u D u D u u D D u 
Side L R c R L c L c L R c 
Hook + + + 

Central Portion 
Enclosed + + + + + + + + 
Round + + + + + + + + + + + + + + + + + + 
Side Gap L R R R R R L R L 
Top/Bottom Gap B B T B B B T T T T 
Doubling + - + -

(1) Extender Direction: Does any part of the letter extend above, or extend below the 
central part (trinary test)? (2) Extender Side: If extended, is extended part to the left, 

y 

D 
R 

+ 

+ 

T 

in the center or to the right of the letter center (trinary test)? (3) Hook: If extended, is 
there a curved hook at extended end of extender? (4) Enclosure: Is any of the central 
part ofletter completely enclosed? (5) Round: Is any of the central part ofletter curved? 
(6) Side Gap: Is there a gap in the central portion facing to the left, to the right , or none 
(trinary test)? (7) Top-Bottom Gap: Is there a gap in the central portion facing up, facing 
down, or none (trinary test)? And (8) Doubling: For a pair ofletters is one letter the 
double of the other? 

Several arbitrary classifications are made: The letters i and j are treated as having no 
extended part above the center (with j of course, having an extension below), and the 
horizontal segment on the r is treated as rounded. If these decisions are reversed, 
slightly different tests are needed but the general shape of the flow chart remains. 

z 

L 



single letters varies slightly from typeface to typeface. For example (see Fig­
ure 1), the h in line 1 differs from the h in line 2 in that the former adds a 
hook (top); the y in line 4 differs from the y in line 2 by the absence of a hook 
(bottom). In line 7, where u and v are both rounds (vis linear in line 2), u has 
a hook (bottom). Only where letters have two widely different but conven­
tionally accepted shapes- such as the a 's in the first two lines and the g' s in 
lines 1 and 6- may a feature need to be added. The serifs, which make the 
typeface in line 12 appear so different, are in fact irrelevant, and the same 
features which specify the letters in line 2 specify the letters in line 12 

very well. 
The feature set listed in Table VI is not the only one that could be con­

structed to discriminate among the letters in this particular typeface. If one 
started from a different pair of letters, it is possible that the resulting feature 
set would be somewhat different, in the description of each specific feature, 
and perhaps even in the minimal number of features needed. Therefore, no 
claims can be made for the set that it is unique, or even better than any other 

Figure 3. A flow chart version of the distinctive feature tests illustrated in Table VI. 
While the flow begins with extended tests and then goes to central portion tests, the 
order could be reversed, or all done in parallel without changing the features. For ease 
of exposition, once a test results in a unique classification of a letter, no further tests 
are illustrated in the flow chart drawing. 



set. It is a minimal set, however, in that if any feature is deleted from the set, 
some pairs of letters would be indiscriminable. Obviously, additional features 
could be added to the set, but these would be redundant in one of two senses: 
they would pertain to non-distinctive features (such as the dot on an i, or the 
crossbar on a t), or to features that are perfectly correlated with features 
already present in the set. 

The particular feature tests used for this analysis can be done hierarchically, 
that is, in the order specified, so that some features can be considered of a 
higher order than others. But this particular feature set also works if tested 
in parallel or in any other order. What we do not know, of course, is how per­
ceivers carry out feature tests. We expect that serial tests better characterize 
inexperienced or unpracticed readers of letters, and that skilled readers are 
both more likely to use parallel testing, or to abandon a feature analysis alto­
gether for each letter, switching instead to much higher order combinations 
(see below). 

The fact that another armchair crystal gazer might draw forth a different 
but adequate set of features characterizes one problem with this approach. 

Furthermore, since redundancy is so prevalent in every aspect of lan­
guage, there is every reason to expect that readers use a larger feature set 
than a minimal one. This means that there would be more than one set of 
feature tests that would result in the identification of each letter. Thus, 
individual readers may differ as to which configurations of specifying 
features they select, both between and within readers, as a function of 
typeface, immediate letter context, degree of attention, or mere whim. So 
even a ({correct" minimal feature description of the letters may not corre­
spond to what readers do; given the many possible combinations of features 
and contexts, readers may be highly variable in what they do. 

This kind of variation has been studied at the level of syntax and morphology 
in spoken language in contexts, where, as with letter features, the language 
permits the application of more than one rule. For example, in English, when 
forming the past tense of a verb, there are a number of possible rules besides 
adding the regular (fed." The verb ({blink," past tense ({blinked," exemplifies 
the regular rule. But ({drink," past tense ({drank," involves the application of 
a different rule, one also well-rooted in the language and used by speakers 
when creating new past forms. And "think," past tense "thought," represents 
another possibility from which the English speaker might generalize. Thus, if 
a new word is presented, such as ({bink," speakers resort to at least the three 
rules just described. In fact, Haber (1975) found substantial variation within 
and among speakers in these circumstances, and used the term muzzy tore­
late the presence of multiple available rules to subsequent variation in usage. 
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The muzziness in the feature sets can result in substantially different per­
formance rates across and within subjects, and this may make it more diffi­
cult to demonstrate that any particular feature system is the one being used 
at any one moment. 

A second technique for studying letter features has been to create new 
alphabets and manipulate differences between letters to determine which 
differences are most salient. Gibson, Pick, & Osser, (1962) began this approach, 
using capital letter-like forms. While this work supports the notion that dis­
tinctive features might be a useful description of letters, it does not tell us 
much about which features are important for particular actual typefaces. 
The recent work by Shillman (e.g., Naus & Shillman, 1976) is an approach 
that may overcome this objection. 

The third technique, like the fourth, uses real alphabets, and involves data 
on actual letters. The relative similarity judgement technique, best exemplified 
by Dunn-Rankin (1968, 1978), presents subjects with all possible triplets of 
letters. For each triplet, the subject is asked whether the first letter is visually 
more similar to the second or to the third letter of the triplet. From these 
judgements over a large number of subjects, a scale of similarity can be 
generated for each letter. Figure 4, taken from Dunn-Rankin (1968), is an 
example of scales for 21letters (j, q, x, y, and f were not included), in which 
the lower the scale score, the greater the similarity. Thus, the letter e is most 
similar toe (fortunately), then to c, then to a. At the other extreme, e is least 
similar to I, k, and t. The rankings of the similarities for each letter can be 
intercorrelated, and that correlation matrix factor-analysed to determine if 
any groups of letters have related patterns of similarities. Dunn-Rankin (1968) 
found six factors, which have been grouped together along the bottom of 
Figure 4. Thus, this analysis suggests that the letters b, p, and dare very 
similar to each other, and quite different from all others. Similarly, n, u, m, 
and w form a cluster, and so forth. Dunn-Rankin did not name his clusters, 
nor did he speculate on what the underlying distinctive feature structure 
might be. In fact, trying to name the features from his results is no more 
objective than doing so from an armchair. Knowing that 315 subjects generat­
ed scales that place e next to a in the same cluster does not say anything about 
how many features they differ by, or what these features might be. Nor does 
it say that because e is in one cluster and I is in another, that e differs from I 
by more or more different features than does e from a. On the other hand, it 
is possible to correlate Dunn-Rankin's clusters with an armchair-derived set 
of features. Ifletters sharing clusters also tend to share more features, such a 
result would lend credence to the distinctive feature model. No one seems to 
have done this. 
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Figure 4. Similarity scales for 21lowercase letters indicated along the bottom (omitting 
j, q, v, x, and z), in which the lower the scale score, the greater the similarity of a letter 
on each scale. The letters along the bottom have been grouped according to a factor 
analysis, indicating the six independent factors (data from Dunn-Rankin, 1968). 
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The last technique for generating a set of distinctive features uses the pat­
tern of errors subjects make in a letter identification experiment to generate 
a clustering of similar and dissimilar letters. As one example that did not 
work, Coffin (1978) tried to determine if a spatial frequency analysis of letters 
would predict recognition accuracy and confusion. However, he found little 
support for spatial frequencies as the unit of visual information for letters. 

In a more important study Bouma (1971) presented a brief flash of a sin­
gle letter which the subject was to identifY. Parameters were adjusted so that 
the average performance was 50% correct (chance being 4% if the subjects 
guessed randomly). Each response was entered into a stimulus-response 
confusion matrix, in which a correct response falls into the diagonal. The 
entries are the percent of responses given to each stimulus letter. Thble VII 
is an example from Bouma in which the letters have already been grouped 
according to whether they are small or have extensions which ascend or 
descend. 

Bouma used several procedures to extract feature information from these 
data. In one, he did a simple clustering, in which he took the reciprocal of 
the percent confusion between every pair of letters as an estimate of the per­
ceptual distance between them, with small perceptual distances corresponding 
to highly similar letters. Figure 5 is an example of such a clustering, showing 
12 groupings: aszx, eoc, mn, vw, u, rf, til, j, hkb, d, gq, and yp. These clusters 
do not appear to be very different from those of Dunn-Rankin, though 
neither offers a test of similarity to the other. 

As a second procedure Bouma arbitrarily selected certain features on 
which the letters differed and looked to see if the results suggested that the 
subjects were using those features. For example, one feature he tested was 
the height of the letter, since all of the small letters were each less than 2 
mm, while all of the tall letters were over 2.5 mm. If height is a feature, then 
when a small letter is presented, either the responses should be correct, or 
the erroneous response should be another small letter. The results showed 
that 46% of all small letters were correctly recognized, with another 38% of 
the responses being other small letters. Thus, small size has a discrimination 
value of 84%, since 84% of all responses to small letters were small letters. 
Similarly, tall letters should produce responses which are tall letters, and did 
so 92% of the time. Thble VIII lists those feature tests that Bouma reported. It 
is possible that other features would have yielded values equally high if he 
had tried them, but since there is no guarantee in this method that all impor­
tant features will be identified, it is only as good as the input provided. 

The internal features of small letters were apparently not very useful 
(discriminate index= .38). This result may be due to Bouma's procedure. In 
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order to cause the subjects to make errors, the letters were either presented 
at a great distance, or well off center of the fovea. Had he used a large foveal 
presentation, and shortened the duration, perhaps the internal feature dif­
ferences of small letters would be more salient in his data. However, in order 
to construct a confusion matrix, subjects have to be induced to make errors, 
so any such procedure may bias the results in favor of some features over 
others. 

Thble VII. A stimulus-response confusion matrix of responses made to brief 
flashes of single letters (Bouma, 1971). 

Each entry in a row is the percentage of times a particular response was given for the 
stimulus letter for that row- the sum of the entries in each row is 100%. The entries in 
the diagonal ofthe table are correct responses. The last column are responses of"don't 
know." Bouma arranged the table according to several groups of small letters, ascend­
ing letters and descending letters. 

Response 
a s z X e 0 c n m u r v w d h k b t 1 1 f 9' p :1 y q -

Stirn ulus 
a 37 5 3 2 3 7 1 3 1 3 l 8 2 l 1 22 

b 15 10 l 2 10 10 3 4 1 2 4 1 3 1 1 1 1 30 

z 7 7 6 6 7 2 2 l 10 3 3 2 15 1 3 2 23 

X 5 7 6 35 3 5 2 5 4 3 2 1 2 l 1 1 17 

e 7 ~ 2 l. 24 23 5 4 3 3 2 2 2 l 1 17 

0 2 3 58 4 12 2 6 1 1 2 1 3 s 
c 2 3 19 11 43 4 l 3 2 2 1 2 1 1 5 

n 6 2 2 4 2 64 6 2 6 1 l 4 

Ill 3 l 3 5 32 45 1 3 1 2 4 

u 6 2 7 2 2 54 4 9 2 1 1 5 5 

r 3 1 4 3 54 1 7 3 15 3 l 1 If 

v l 5 86 2 2 l 3 

w l l 2 25 }0 1 

d 3 1 1 93 1 l 

h 2 2 1 72 5 17 1 

k 2 l 2 4 2 2 l 10 56 7 3 4 5 

b 1 1 15 3 79 

t 2 8 2 2 59 15 3 2 2 1 4 

i l 1 5 66 22 2 3 

1 1 1 48 43 7 

f l l 6 9 4 79 

g 1 1 2 1 l 3 14 1 1 1 1 2 21 2 1 4 I;~ 3 

p 1 1 98 

j 3 4 93 D 
y 10 4 B 7 10 4 57 
q 2 1 7 1 89 

a s z X e 0 c n m u r v w d h k b t i 1 f g p j y q -
Distance Vision 
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Bouma's feature list could be generalized better if he provided either a 
rationale for deciding which features to test, or how large a discrimination 
is needed to be significant. He mentions 16 features that he tested, only 6 of 
which have discriminant indices in excess of .80. If a good armchair feature 
system were available for this typeface, Bouma's procedure could be used to 
test each feature in this way. 

Until a test such as this is carried out, all of the procedures described are 
ad hoc, in that there is no guarantee that all potentially useful features have 
been isolated, nor any evidence that any of those features are actually used by 
readers. Presentation of a confusion matrix, or a list of similarity scale scores, 
tells us which letters are confusable or similar, but not in what ways. There­
fore, even after a century of research on the visual characteristics of letters, 
we yet know little about what those characteristics actually are. 

Luce (1969, 1973) describes a choice model which takes stimulus-response 
confusion data and extracts from them one parameter that reflects stimulus 
similarity and a second that reflects response bias. Townsend (1971) tested 
Luce's model against capital letter confusion data and-found very strong 
support for the assumptions underlying Luce's model. When there is no 
multiple letter context, such as would be present with whole words, then the 
primary source of response bias would be letter frequency and perhaps- as a 

Figure 5. Perceptual groupings found by Bouma (1971) made by plotting the perceptual 
distances between each letter based upon the reciprocal of the entries in Table VII 
above. Dashed lines have large perceptual distances and are not drawn to scale. All 
distances not indicated by drawn lines are large. Some arrows are curved only for ease 
of drawing. 
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Thble VIII. Upper estimates of the cue values of certain letter properties 
(upper cue value C). 

Given the presence of a certain property in letter configurations 1 its upper cue value 
is obtained by taking the fraction of responses to which this particular property may 
have contributed as a perceptual cue. This fraction is the addition of the fraction cor-
rect letter responses and the fraction cue confusions 1 i.e ·I the fraction of confusions of 
property letters to cue letters. Data for distance vision and for eccentric vision have 
been averaged. 

Fraction 
Property letters Cue letters Fraction cue Upper 

Property Cue considered considered correct confusions cuevalueC 

(1) H < 2·0mm Short letter All S letters All S letters 0·46 0·38 0·84 
or H/W < 1·16 

(2)H> 2·5mm High letter All A, D letters All A, D letters 0·67 0·25 0·92 
or H/W> 1·16 

(3) Rectangular Rectangular St. S3 letters St. S 3 letters 0·40 0·25 0·65 
envelope letter (short) 

(4) Presence Something /as z x em w/ /as z x em w; 0·38 0·22 0·60 
inner part inside, short 
ll/W < 1·16 letter 

(5) Circular Round /e o c/ je o c/ 0·40 0·23 0·63 
envelope 

( 6) Left part Left part /e o c/ /eo c d q a g/ 0·40 0·34 0·74 
envelope round 
circular 

(7) Right outer Right gap /e/ je c s z x rtf/ 0·29 0·09 0·38 
gap+ inner 
part 

(8) Right outer Right gap /c/ fe c s z x rtf/ 0·31 0·35 0·66 
gap no inner 
part 

(9) Two vert. Double vert. /n m u/ /n m u h/ 0·59 0·18 0·77 
outer parts 
short letters 

(1 0) Lower gap Lower gap /n/ /nm/ 0·60 0·20 0·80 
0·4mm 

(11) Upper gap Upper gap /u/ /uvw/ 0·55 0·10 0·65 
0·5min 

(12) Oblique Obliques /v w/ /v w/ 0·75 0·17 0·92 
outer parts 

(13) Left upper Left upper /h k b/ /hkb/ 0·66 0·23 0·89 
ext. 0·75 mm ext. 

(14) Right upper Right upper /d/ /d/ 0·88 0·88 
ext. ext. 

(15) H/W > 1·22 Slender /t i lf j/ It i lf j/ 0·65 0·25 0·90 
letter 

(16) Upper dot Dot /i/ /i j/ 0·67 0·03 0·70 
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second source of bias- an idiosyncratic tendency to produce certain letters 
when uncertain, irrespective of the stimulus. Townsend (1971) showed that 
Luce's model describes such biases. Unfortunately, since Townsend was 
more interested in Luce's model than he was in letter features, he does not 
speculate on what features might describe the particular capital letter 
alphabet he used. 

In most feature systems for English alphabetic characters, the ascender/ 
descender/smallletter difference is the basis of a distinctive feature, and in­
tuitively it seems like an important one. Further, Huey (1908) suggested that 
the top portion of English letters are more informative than the bottom por­
tion, in that deleting the tops interferes with reading more than does deleting 
the bottoms. Recently, Shimron and Navon (1980) tested this difference more 

carefully, and compared English to Hebrew letters (see Figure 6 for some 
examples). For English they found that reading speed decreased and oral 
reading errors increased more when the tops were removed as compared to 
the bottoms. Further, when the top 50% was removed (treating the middle as 
the horizontal middle of a lowercase o), performance was markedly worse 
than when only the top 25% was removed (75% reduction in speed, 200% 

increase in errors), whereas removing either the botton1 50%, or 25%, or 
nothing at all made little difference in speed or errors. They concluded that 
not only is there more information on the tops of English letters than on the 
bottoms, but that greater information is not confined to just the ascender 
portion of the letters, since all of the ascender was removed in both the 25% 

and the .50% deletion conditions. 

They do not comment whether these results are consistent with a feature 
model of letter information. To say that there are more relevant features at 
the tops is circular, in the absence of a comparison of specific reading errors 
made in the top vs. bottom deletion conditions, with specific features being 
deleted. They did rule out a visual field or retinal sensitivity cause, since the 
opposite results were found for Hebrew letters- reading Hebrew is more 
affected by deletion of bottoms than tops of the letters. 

Besides the importance of the vertical dimension, Kolers (1969) has shown 
that the right side of English letters is more informative than the left. 

The preceding discussion has tried to highlight the procedures used in the 
research literature to isolate visual features of alphabetic characters. In spite 
of a fair amount of empirical sophistication, it is still not possible, with respect 
to any typeface, to specify the visual features of its letters. All we have are ad 
hoc descriptions that are themselves untested for internal consistency or 
generality. However, there are a number of tests in the literature of particular 
ad hoc feature systems, tests that show the system predicts or explains some 
performance measure. As one example, Haber and Cole (1981) tested whether 
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Figure 6. Four examples of printing changes from Shimron and Navon (1980) in which 
the bottom 25% 1 bottom 50% 1 top SO% 1 or top 25% of each row of letters is covered over. 

Tt ic;: nnnnnhtPnlv mnrh p~c;:iPr fnr ~ vnnno rhiln tn )p~rn tn nl~v 1 a 

hv himc;:p)f nr with nthPr rhilnrPn th~n fnr ~ n~rPnt tn IP~rn tn nl~v 

with th~t vnnno rhiln ThP n~rPnt nPPnc;: tn oPt nff hie;: ~nnlt hioh 

hnrc;:p ~nn OPt nnwn tn thP rh1Jn•c;: )pvp) in nl~v Thic;: ic;: nnt p~c;:v fnr 

m~nv n~rPntc;: WP nPPn tn IP~rn tn nbv o~mpc;: with ~ vnnno rhiln 

tn m~lrP nn c;:nnnt~nPnnc;: o~mpc;: tn tPtl dnriPc;: ~nn rP~n hnnlrc;: tn 

him ThPrP ic;: ~n ~rt tn ~11 nf thPc;:P ~rtivitipc;: ThPv ~rP IP~rnPn c;:lriltc;: 

A VUI tJl\,....l\,.IIVVI\ ... 1 ~\'JU JJ\..\,.U L\.1 }-'IU) 'n'llll Vlll\...1 \..1111\,.11\...11 UIIU 

1\o..UI II \II\,...')\, .,)V\..IUIILIIle .. .,ft.lll.l UUlllle \II\,. ue\...'l \.II &.Ill \..\,..• IVUI • UJIU 

J~U1,1"'l) J\..IIVVI IJ fo,UI IU'-'Ul pu..t.\..\,. \\.1 1"-Ull.l lll\o,..lll. LI\,..\,..UU ,.,'-' Ill .IIUI .. 'l ..... l) 

.l ..... HVVI Lll\.. J\.,.UI lUIIe \,.UII \..1\,. .')Up\..t \' 1,"\'--U l.l) U \1 Ulll\..U l\...U\..11\o••l • 

JJ\ •• l£SII\J\.IIJJ\.IVU ptu}, \11\ ... n ... Uil.lllli:- J.'l llt\ VI 1111 .'),..,, LliUI UIIU \,.II VI • 

11\ .... lf-IIVVJ IIVVU }-''"'}' lVI \.."Uill}-'1\o... Lll\,..1 \.. ,") 11\.1 ll Ulll\ •.• u t-'\,.1 .'JVII LV &I ..... I}-' 

LV l.JUIIU up 111.1 

-'\...11 ' \..\.IIIIIU\,.Il\ •• \.. UIJU ea vn· VU\ VI 111.1 ,111) 11\ .... 1.1. 

n liCll o.l l..llllU I~ 1111 CC, IIC \..1 c:l VC~ \..V111pc:1111Vll~111p Ill Ill~ p1ay. 

11C W o.llll~ LV ~cpa1 c:llC II VIII 111;:, lllVliiCl c:IIIU UC:\..VIIIC: Ill VIc; lllUC­

pciiUCIH. 1 IIC cc:a;:,Jt;;:,l way LV IIC:I}J 111111 LV UV llll;:, I~ LV ~C:IIU 111111 LV a 

e'-'VU IIUI~CIJ ;:,\,.IIVVI. ~VCII liiVU~II a Ullt;C-JCc:II-VIU Wc:llll;:, LV liC 

:o.cpa1 ate II VIII 111Vl11CI diiU ~Cl VUl llllll UIC WVIIU VI 111~ pt;t::t ;:,, JIC 

~till ua;:, aiiJlll vaJC:IIl lt::C:IIII~;:, avvut tea v 111~ tuc: ;:,c\..utuy auu p• Vlt::\..uvu 

VI 111\llliCI. ll 1~ VlllJ lldlUl c:ll Ulal UC MIVUIU ICC:l Ull;:, ;:,cpat c:lliVll 

<lllAIClJ• lVI IIIVUICI Ua:> UC:CII IIVIUC: ua;:,c; lVI 111111 lVI UliCC: ~VIIU 

J\:c:ll ;:,. JVIIIC \.:UIIUI Cll lCCI UIC!)t; ;:,cpat aU VII aUAIC:Ut;;:, Ill VIc; ;:,u VllelJ 

lllo.lll VliiCl ;:,. 
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similarity in visual shape or similarity in pronunciation predicted the reaction 
time to respond whether an uppercase and lowercase letter, presented side 
by side, were different. The reaction times for all possible different pairs 
were correlated with the number of articulatory distinctive features on which 
the pair differed (taken from the articulatory distinctive feature matrix for 
English consonants of Halle, 1962). For the visual features, Haber and Cole 
made up the feature set shown in Thble IX. While this set bears some relation­
ship to those of Dunn-Rankin and of Bouma, it is not identical, in part because 
it includes features for both lowercase and uppercase forms of every letter. 
In three independent versions of the experiment (using different sets of 
letters and presentation procedures), they showed that it takes significantly 
and correspondingly longer to say two letters are different according to the 
number of visual features they share (shared articulatory features had little 
effect). Given the replicability of this result, the authors expressed some con­
fidence in the usefulness of the feature set they generated. It is still an ad 
hoc set. 

Besides the lack of any internal validity for any of the feature systems 
proposed, a more serious problem arises when one tries to apply the system 
as it might be used in normal reading. Every experiment reported on visual 
feature descriptions presented the letters in isolation, without any context. 
The letter tested never appears as part of a word, nor the word as part of a 
sentence. Thus, the identification of any letter is based only on the visual in­
formation available to the subject plus any response bias he may have, bias 

Thble IX. A visual feature system for letters used in the experiment by Haber 
and Cole (1980). 

Balanced = equal "energy" on left and right side of the letter. 

B C D F G H L N P Q R T v z b c d f g h I n p q r 

Balanced 0 0 0 0 0 1 0 1 0 0 0 1 0 0 0 0 0 0 1 0 0 0 0 
Large 1 1 1 1 1 1 1 1 1 1 1 1 0 0 0 0 0 0 0 0 0 0 0 
Line features: 

Vertical line 1 0 1 1 0 2 1 2 1 0 1 1 0 0 1 0 1 1 1 1 1 0 1 1 0 
1/2 Vertical line 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 1 
Vertical line below semicircle 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 1 0 0 0 1 1 0 
Diagonal 0 0 0 0 0 0 0 1 0 1 1 0 2 1 0 0 0 0 0 0 0 0 0 0 0 
Horizontal 0 0 0 2 1 1 1 0 0 0 0 1 0 2 0 0 0 1 0 0 0 0 0 0 0 

Curve features : 
Open semicircle 0 1 0 0 1 0 0 0 0 0 0 0 0 0 0 1 0 0 0 1 0 0 0 0 0 
Closed semicircle 2 0 1 0 0 0 0 0 1 1 1 0 0 0 1 0 1 0 1 0 0 0 1 1 0 
Semicircle left o f vertical 0 0 0 1 0 0 0 0 1 0 0 0 0 0 1 1 0 1 0 0 0 0 1 0 
Curved line - top 0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 1 
Curved line - bottom 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 
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that would tend to yield excess responses of high frequency letters. Many of 
the experiments do show a response bias effect- highly frequent letters get 
reported more often than low frequency ones. Thus, if capital letter Q is 
presented, 0 is a typical error, but Q is rarely an erroneous response to 0, 

because subjects are unlikely to think of Q as a possible alternative, andre­
port C or D more often. But what about response biases introduced by the 
subject's knowledge of spelling rules? 

The spelling rules of English create restrictions among letter sequences. 
Hence, having identified an initial t in a real word, the next letter is restricted 
to a, e, i, o, u, y, h, r, w- no other letters do follow initial tin English. If all that 
is perceived is an ascending stroke, since only one of these alternatives has 
an ascending extension, it must be h, and there is no further need to try to 
discriminate among the set of ascenders: b, d, f, h, k,l, t. If a descender is 
detected, it must bey, and no further feature tests are needed. Even more 
importantly, the initial sequence th accounts for over 65% of all tokens of 
words beginning with t, so once an initial tis encountered, the great likeli­
hood is that the second letter ish: it is much less likely to be a vowel orr or 
w, and impossible that it be any of the other 17letters. Pursuing the example 
one step further, the extreme bias toward h following t is even greater in the 
context of a real sentence, probably approaching 95% when the syntactic 
structure of the phrase specifies that a function word is required. On the 
other hand, tw is more likely if the context makes a numerical value, or a 
word with a numerical root more likely (two, twelve, twenty, twin, etc.). 

What effects do these contextual constraints have on how readers use 
visual features to read letters and words? We simply do not know, but we sus­
pect that for at least skilled readers, inferences about feature testing based 
upon tests with isolated letters may be all wrong. 

Four quite different kinds of feature testing suggest themselves. First, 
readers may use visual features to identifY letters, but may vary which fea­
tures they use depending upon the likelihood of which letters they expect to 
find. For example, suppose a reader expects to find the letter e. He may test 
for roundness and internal horizontal line, but not test such features as 
ascending/descending, or presence/absence of hook at all. If this is the case, 
then the relative importance of the different features, as estimated by isolat­
ed letter experiments, may not reflect at all which features are used at any 
one time. Second, readers may use visual features, and may even use the 
same set in the same order each time, but that order is determined not by 
the perceptual salience of the features, but by the ease or speed with which 
the various feature tests yield a unique response. For example, while it is easy 
to tell whether a letter is z or x on the one hand, or q or g on the other, it 
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would be silly to perform this test, since those four letters rarely occur; it 
rarely would add new information about any particular letter in question. 

Third, it is possible that in the absence of any context, readers do test 
individual features one by one, but that as soon as the letters appear in con­
text, then the tests involve groups or sets of highly correlated features. If 
there is no information about what the letter might be, then one feature may 
be as good as the next. But as soon as the letter choice is restricted, then 
several features could be tested together. While several feature tests must be 
made to separate h from all other letters, there is no reason why the test 
cannot be for a vertical line including a downward open bottom, rather than 
treating those as two separate features. Of course, if the test fails, the reader 
learns little from the negative answer, but if h is quite likely, he won't fail 
very often and will succeed more rapidly or more accurately with the 
combined test. 

Fourth, when reading in context, especially where the syntax and semantics 
strongly suggest the upcoming word, readers may test for clusters of letters 
such as th, or even whole words, such as the. In this case, reader performance 
would not be predicted on the basis of a feature description of individual 
letters at all (see the last section of this paper). 

It appears to us that while reading models must make some reference to 
letter processing, we know very little about what features comprise letters; 
how those features are extracted during letter identification; and whether 
those feature extraction processes are stable or variable as a function of local 
spelling contexts, or even larger contextual chunks. We are still a long way 
from definitive answers to any of these questions. 

Nor are we any farther in considering alternatives to a feature principle in 
general. One possibility is that children learn their letters by a feature extrac­
tion and processing procedure, much as the more mechanical models of 
concept formation suggest for any set of arbitrarily defined concepts. But 
once learned, letters are perceived and identified in terms of their match to 
learned prototypes, in which the comparison process makes little reference 
to features. Rosch (1975) provides substantial evidence for such a concept 
performance model. Without arguing that her model applies to letter identi­
fication as well, it does seem likely that skilled reading performance may 
not depend upon the same kind of feature testing that was initially needed 
to learn the letters in the first place. The insights offered by Schneider 
and Shiffrin (1977) and Shiffrin and Schneider (1977) on the differences 
between controlled and automatic processing of perceptual tasks should 
be applied here. 
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Visual shape of the configuration of entire words 

While it seems obvious that readers are aided by the arrangements of the 
letters on the page, and that readers identify letters on some kind of basis of 
extraction of their features, it is less obvious that the shape alone of an entire 
word may be useful in specifying its meaning, without the identification of 
any of its letters. In this last section, we shall review the evidence about this 
third source of visual information in reading. 

Figure 7 illustrates a brief passage of prose in which each of the very high 
frequency words, those in excess of 1000 tokens per million in printed text 
(Carroll, Davies, & Richman, 1971), has been replaced simply by an outline 
drawn around the extremities of each letter. While about half of the words 
in this passage have been so altered, it is not particularly difficult to read or 
understand. Informal evidence such as this shows that the shapes of the 
whole words, themselves, apart from the individual letter features, provide 
some visual information that readers could use when reading. However, we 
do not yet know much about the nature of that information. 

Figure 8 shows several examples of word shape features. The first row 
illustrates shape based only on the overall outline. This is the system used in 

Figure 7. A brief story in which every instance of every high frequency word (those 
whose tokens occur at least 1000 times per million words of text) has been replaced by 
its outline shape. 

t:=:J [] c::::J D little girl, [] spent several hours 

Cl almost every day C C large lumber mill. D liked ~ 

listen C:l ~ scraping c::=:l grinding CJ ~ machinery r=::J 

watch c::J ~ busy men CJ work. ~ father made C com-

fortable little seat ~ c::::l. ~ D c:::!J sit c:::!l watch 

~ sharp saw cut through ~big logs, scattering sparks 

c::!J sawdust. ~ men c::::::!J cut off ~ clean, white boards 

just C easily C CJ ~ logs ~ C:::. made l!l chocolate 

fudge. ~ CJ C fresh, woody smell c=:J t:=J noise ~ 

t!J ~ busy machines often r==!J make c::::J drowsy t::!J ll 

c:::::!J fall asleep c:::!l r:=::. happy dreams. 



the was bed may 

Outline ~ c::::J Q::!J t:::\J 

Same Size XX:x XXX Xx.X X~ 

Density me COD l'.Jod 001\) 

None THE WAS BED MAY 

Figure 8. Four different ways in which the shape of words might be represented. For 
the words indicated along the top, shape is specified by an outline drawn around the 
word as a whole, by representing the height of each letter separately, and by the 
height, width and center of gravity of each letter separately. The last line removes all 
height information for word shape. 

the passage in Figure 7. The second keeps each letter separate, so that shape 
is given by the letter sizes, not the outline envelope. The third example in­
cludes density within the letter as well as the letter sizes. Thus the adjacent 
letters db look quite different from bd when their density is taken into ac­
count, though they would be equivalent by either the outline or size criterion. 
All of the research has used the first two word shape procedures, with none 
exploring whether there is any usable visual information in letter density. 

The last line of Figure 8 represents a system with little word shape infor­
mation, such as occurs when text is presented in all capital type. Since it is 
easy to read text in all capitals, and we do so frequently, outline shape is 
not a necessary source of information. Both Smith (1969) and Fisher (1975) 

compared reading times for text printed in normal and in all capital type. 
They found a 5 to 10 percent difference in speed favoring the mixed case type, 
suggesting some usefulness for word shape. Since readers have substantial 
familiarity with the single alphabetic characters in their capital cases, chang­
ing to all capitals removes only the overall configuration information about 
the shape of the word. It is a more easily interpreted manipulation than that 
of case alternation, where not only is familiar shape information removed, 
it is replaced by drastically new and unfamiliar shape information. A 5 to 10 

percent reduction in reading time attributable to word shape alone suggests 
the importance of this variable. That the reduction in reading time is not 
larger probably attests to our familiarity with reading all capital text, so that 
we have learned to depend upon other sources of information when word 
shape is missing. 

Every word in the language could be described by its shape, but shape 
would not be expected to be equally useful as a source of information for all 
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words. While only one word in English fits the shape f2::r:::l:;,-..____, , few 

readers normally learn that shape. Nevertheless, given its great length and 
unusual shape, readers can readily reject nearly all words in English as possi­
bilities from this shape alone, and if the story is about anin1als, especially 
jungle animals, the shape may be sufficient for a unique identification even if 
a hippopotamus has not appeared in the story previously. Therefore one use 
of word shape information for low frequency words might be the elimination 
of possible incorrect alternatives. Further, if the word has appeared in the 
story before, subsequent identification of such unusual words might be done 
entirely on the basis of overall shape. 

Even a very general perception of the outline shape of a low frequency but 
expected word may enable the reader to identifY it correctly. Here even the 
word shape may be picked up as approximate length and ascender/descend­
er pattern, without attention to the specific pattern of the word. In this case 
the specific kinds of cues to which individual readers attend (length, where 
changes in overall letter shape occur in the word) may vary within and among 
readers, just as we suggested with letter feature extraction. 

Quite a different case has been made for word .shape information of high­
ly frequent words. For some highly familiar and frequent words, the reader 
might be able to make unique identification of the word from its shape alone 
-for example, only one word fits the shape ~ (by) or the shape D (the). 
Since readers have enormous exposure to and practice on the very high 
frequency words of their language, they certainly can learn the shape of 
these words and therefore be able to respond to that shape directly. 

Context is also a critical factor for high frequency words, but for a very 
different reason than described for low frequency words. As we show below, 
while a number of high frequency words often share the same shape, context 
so restricts the occurrence of many of these words that when word shape 
plus context is considered, the word is uniquely specified by its shape. 

Failure to appreciate the importance of context in processing word shape 
has been a source of some theoretical controversy. For example, Groff (1974, 

1975) notes that even for the very frequent words in English (about the first 
200), i.e., those expected to be most aided by shape features because of their 
great familiarity, only about 25% of them have a unique outline shape (such 
as the or by) not shared with any other word among those top 200. How then, 
Groff asks, could shape be a useful cue to word identity, when it uniquely 
specifies only 25% of the words? And how can shape be useful for those in­
stances where 12 of the top 200 words all have the same shape? When this 
argument is coupled with the evidence that we can easily read text devoid of 
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word shape information- that is, in all capital type- many theorists have 
relegated word shape to the useless bin. 

To demonstrate why Groff's argument is faulty, by showing the impor­
tance of word shape when considered in context, Haber and Haber (1981) took 
a typical story from a second grade basal reader and examined the shapes 
of each of its very high frequency words, those drawn from the 200 most 
frequent words in English (Kucera & Francis, 1967). In theory these words 
should have the greatest chance of being learned by their shape alone, be­
cause of their great frequency. Just these 200 words account for 66% of all 
the tokens found in printed English; thus two-thirds of all the words that 
appear in typical texts are on this list. Figure 9 illustrates the 87 different 
outline shapes that describe the lowercase printed versions of these words. 
They are arranged in the figure according to their patterns of ascender/de­
scender and small letters. Thus, the second row has all the patterns of only 
small letters; and the third row all the patterns that begin with tall letters and 
end with small letters. 

When we examined our target story, we found, as expected, that 25% of 
the story's frequent words had a unique shape, but the remaining 75% had a 
shape which was shared with other highly frequent words- counting all the 
frequent words, each one had a shape that could be one of 4.1 possible words 
from the top 200. To demonstrate that context helps reduce the number of 
alternatives below 4.1, we asked 18 adult judges to make context acceptibility 
judgements among all of the high frequency words with similar word shape 
in each position in the story. The judge looked at a card which contained on it 
all of the story up to its first high frequency word. In place of that word, the 
card listed all the words from the high frequency list that shared the same 
shape. This number ranged from 1 to 14, with a mean of 4.1. The judge cir­
cled all words from the list that were acceptable in the story up to that point. 
Then he looked at the next card, which had all of the story from the beginning 
on up to the next high frequency word, and so forth. The mean number of 
circled words was 1.4, and for over 80% of the words, only one alternative was 
circled by each judge (the same word in every case). While in isolation, only 
25% of the high frequency words have a unique shape, in context over 80% of 
them are unique in shape. 

Thus, the argument that because few high frequency words have unique 
shapes, word shape is a useless source of information, makes sense only 
when words are considered in isolation. Since reading always has a context, 
and context so extensively restricts word choice, shape certainly has the 
potential of providing valuable information about the identity of a word. 

Several kinds of research evidence have appeared recently on the impor-
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Figure 9. All 87 different outline shapes needed to represent the 200 most frequent 
words in English. They are arranged according to the different patterns of ascending, 
small and descending letters. The superscript above each shape indicates the number 
of different words that share that shape (from Haber & Haber, 1980). 

1 11 12 9 2 1 
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tance of word shape in reading, one type demonstrating that it provides use­
ful information, another exploring the types of words benefiting most from 
word shape information, and a third concerning the relation between eye 
position and the locus in the text in which word shape is useful. Rayner (1978) 

has reviewed much of this literature up to 1977, and we describe several more 
recent studies below. 

As an example of the first type of study, in which the usefulness of word 
shape is shown, Haber, Haber, and FUrlin (1981) asked college subjects to read 
passages which appeared on a CRT screen in segments. Initially the first few 
lines appeared, ending in the middle of the second or third sentence. The 
subject had to guess what he thought the next word in that sentence would 
be. After his guess, some more text appeared, again ending in the middle of a 
sentence, and the subject had to guess the next word. This procedure provides 
a baseline estimate of how much information the subject can extract from 
context in the absence of any information about the next word. For some 
passages, the subject was also provided with the number of letters in each 
word to be guessed, specified by providing an X for each letter. For other 
passages, the subject was given the length of the word and its outline shape 
as well. 

The results strongly show the usefulness of the outline shape information. 
Guesses were more accurate (both in exactly matching the correct word, and 
in matching its meaning and syntactic function) when the subjects knew the 
shape of the word as compared to prior context alone or only length, and this 
was true regardless of the difficulty level of the text (see Figure 10). FUrther, 
when the subjects did make an error, their erroneous responses more often 
matched the word in shape when shape information was provided, again 
indicating that readers use such information. Finally, the part of speech of 
the word to be guessed interacted with the shape manipulation. Long and 
relatively low frequency common nouns did not significantly increase in 
accuracy over the context-only condition when their shape was provided, 
whereas accurate guesses of the short highly frequent function words (e.g., 
determiners, prepositions, auxiliary elements of the verb phrase) increased 
greatly when shape was indicated. This study, therefore, provides several 
lines of evidence that readers are able to utilize word shape information in 
extracting meaning from text. 

The second kind of recent study on word shape explores the relation 
between frequency, word length, and word class, and the usefulness of word 
shape. As an example of this kind of study, Haber and Schindler (1981) used a 
proofreading task to determine if word shape is an equally useful source of 
information for all types of words. College subjects read long passages for 
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Figure 10. Accuracy of guesses of the wm·d in the blank, when that word was only 
preceded by a full context of the story (blank l, m· in addition had its length specified, m· 
in addition had its outline shape specitied. Hight hand panel is for conditions in which 
the word after the blank also was present. Uata are for foul' diftkulty levels (data fl'om 
Haber, Haber, & Furlin, 198 l l. 

Figure 11. Failures to detect mispl'ints in pl'oofreading tasks, as a function of the kind 
of word (function word, short content. OI' long content wonll and whethel' the 
misprint preserved or altered the original shape of the word (data fmm Haber&. 
Schindler, 1981). 

comprehension (on which they were carefully tested) but were also asked to 
mark any misprints they noticed. Only 25 misprints per 1000 words of text 
were present, all of which were misspelled to become a nonword. Some 
were short function words, some short content words, both of very high 
frequency, and some longer and lower frequency content words. Half of the 
misspellings substituted an incorrect letter for a correct one of the same size, 
thereby preserving outline word shape, whereas in half the substituted letter· 
was a different size, thereby changing word shape. Figure ll presents the 

results, in which several findings are apparent. Word shape has a much 
larger effect on the function words, less on the equally short content words, 
but no effect at all on the longer and less frequent content words. Thus for 
the shorter, more familiar words, some of the information readers use is 
from the outline shape alone, and not exclusively from each of the letters, so 
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that when a misprint still resembles the correct word, the misspelling is not 
noticed nearly as often. As in the Haber, Haber and Furlin study, word shape 
information is used most in the identification of the familiar function words·, 
and plays little if any role in decoding less familiar longer content words. 

The third approach to word shape is best exemplified by Rayner (see 1978). 

Several of his studies concerning the locus of word shape information have 
shown that word shape information is picked up farther from the center of 
the current fixation than is letter shape information. In one study Rayner 
(1975) monitored the reader's eye movements and changed a single word in a 
sentence when the eyes came within a predetermined distance to that word. 
He found greater disruption in the pattern of eye movements, indicating that 
the reader had already picked up some information from the about-to-be 
changed word, when the change altered word shape than when word shape 
was preserved, and this effect accrued farther to the right of the current eye 
position than did changes in spelling that did preserve word shape. Thus, 
the shape of a word is picked up farther away than is the identity of its 
individual letters. 

Presumably the printing conventions, especially those of spacing between 
words (specifYing word length) and those specifYing phrase and sentence 
boundaries, are picked up even farther to the right in each fixation, but we 
know of no evidence yet on that. 

This is by no means an exhaustive review of word shape research, though 
it is representative. More such research is badly needed, both to study the 
different kinds of shape information conveyed by words, and to determine 
when such information becomes important in the acquisition of the reading 
process. Virtually nothing has appeared on the different kinds of shape, and 
only a few studies on acquisition of shape information in learning to read 
(see Rayner & Hagelberg, 1975). 

These studies give no indication of how important a source of information 
is word shape to the normal skilled reader. They do suggest that shape can 
potentially provide information and that readers do use shape information in 
processing text. Further research is needed to show which aspects of shape 
are used when, and how the use of word shape varies according to contextual 
constraints. Further, all of the above discussion and research has focused 
on whole-word shape. It is possible that there are part word shapes that 
are learned and used as visual cues, such as the initial th of so many func­

tion words. 
We would no more wish to make a case for word shape as an important 

source of information in isolation than we would for letter shape in isolation. 
It is much more likely that readers use word shape- shape here encompass-
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ing both the entire shape of a word or of some of its parts- in combination 
with other kinds of information, both visual and non-visual, provided by 

context. 
Look back at Figure 9. The words in each of the 23 lines contain a similar 

configuration, either all small letters, small followed by ascender(s), etc. If 
word shape is defined literally, then the shapes within each line differ in 
length: a single small letter differs from two small letters, for example. Per­
haps, however, when a functor is highly expected, readers test looser hypoth­
eses about word shape: is the target word composed of all small letters? Is an 
ascender followed (at some point, unspecified) by a descender? Such a more 

general definition of word shape might account for how readers verifY low 
frequency outsized words like hippopotan1us. Just as it seems unlikely that 
the reader who expects a hippo tests each letter, it is reasonable to expect a 
more general testing of overall rather than specific shape: here comes a long 
word, or I see an embedded ascender roughly where I expect. 

Another possibility concerns the Shimron and Navone ( 1980) results (Fig­
ure 6). In using word shape, readers may attend more to ascenders than to 
descenders, and especially to the configurations where shapes change (as 
where a small letter follows an ascender), focusing just above the middle of 
letters. Thus, alterations in shape just above the center of small letters may 
be the most important aspect of word shape. 

These variables: where vertically the reader attends to shape, whether he 
attends to configurations or where shapes change, and whether he perceives 
specific shapes or more general envelopes, all need to be explored- singly, in 
combination, and above all, in context. We expect their combination will 
prove to play an important role in the reading process, and that word shape, 
like print arrangement rules and letter shapes, is a major component. 

In conclusion, we have reviewed work on three areas of visual information 
that are available to readers: information provided by the conventional ar­
rangement of the print on. the page; information provided by the features of 
each letter; and information provided by the shapes of entire words. While 
intuition as well as some empirical evidence suggest overwhelmingly that all 
three of these sources are important, the empirical work is either quite in­
complete, or still insufficient to support much confidence in identifYing the 
precise nature of this visual information or how it is extracted. This lack is 
particularly noticeable with respect to visual processing of single letters. 

Since all theories or models of reading depend in part or in total on the 
specification of visual information extraction from the page as a whole, 
words as a whole, or individual letters, in order to make progress in testing 
and improving these theories, it is critically important to further our knowl­
edge of visual processing. 
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'lbward a Computational Theory 
of Early Visual Processing in Reading 

Michael Brady 

This paper is the first of a series aimed at developing a theory of early visual 
processing in reading. We suggest that there has been a close parallel in the 
development of theories of reading and theories of vision in artificial intelli­
gence. We propose to exploit and extend recent results in computer vision to 
develop an improved model of early processing in reading. This paper considers 
the problem of isolating words in text based on the information which Marr 
and Hildreth's (1980) theory of visual edge detection asserts is available in the 
parafovea. We show in particular that the findings of Fisher (1975) on reading 
transformed texts can be accounted for without postulating the need for com­
plex interactions between early processing and downflowing information as he 
suggests. The paper concludes with a brief discussion of the problem of integrat­
ing information over successive saccades 1 and relates the earlier analysis to the 
empirical findings of Rayner. 

1 Introduction 

This paper presents computational and psychophysical evidence in sup­
port of a theory of one of the earliest stages of visual processing in reading~ 
namely the isolation of words in text. As such it is the first step in the devel­
opment of a computational theory of reading whose general direction is 
presented in the next section. A skeletal outline of the paper follows. 

The goal of reading may be supposed to be the efficient extraction of 
meaning from text. Realising this goal involves integrating "upward flowing" 
information uncovered by early visual processing with "downward flowing" 
cognitive interpretations. In this paper1 we present an approach toward 
understanding the visual aspects of reading which we believe may contribute 
greatly to an understanding of the overall reading process. 

Existing theories of reading have relied on a primitive model of early visual 
processing. We suggest that as a result they have typically accorded too much 
emphasis to the role of"downward flowing" cognitive information/ in effect 
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suggesting that its deployment is necessary for almost eve:ry aspect of 
reading. Indeed, over the past two decades there has been a close parallel 
between the development of theories of reading and theories of visual 
perception in artificial intelligence (AI). In particular, we note that a number 
of reading theorists have recently been attracted to complex processing 
models developed in AI. A major attraction of such models is that they seem 
to provide a mechanism supporting flexible behavior by which information 
available as a result of early visual processing could combine with down­
flowing information about the specific image domain to produce an 
interpretation or percept. Still more recently, AI has witnessed a fascination 
with "relaxation" style processing (see Section 2.1). This is not only claimed to 
support the interaction between low level and downflowing information, but 
to do so by local parallel interaction. A number of reading theorists have 
proposed similar mechanisms. For the most part, these theories have had 
limited success in explaining the empirical psychophysical data on reading. 
We argue that this is, in part, because they depend upon a primitive model of 

early visual processing. It is also partly because of an emphasis on the 
mechanism of integrating information from various sources, without 
addressing the issues of what purpose the information serves, what is the 
information which is passed, and how it is represented (see Marr, 1980; Marr 
and Nishihara, 1978). 

Over the past few years there has been considerable progress in 
understanding early visual processing. The achievements of Horn, Marr, 
Poggio, Ullman, and others in developing a computational theo:ry of natural 
visual perception has little or no counterpart in theories of reading. For 
example, Frisby (1979, page 108) and Allport (1980, page 235) equate early 
processing with feature extraction as developed in optical character 
recognition systems (Duda and Hart, 1973). A fuller account of the relevant 
empirical findings is given in Cohen (1978, page 65), but her analysis falls 
considerably short of a being a precise and coherent theo:ry. The 
computational theo:ry of natural vision suggests that much richer 
information can be made available by early visual processing in reading, 
without the aid of downward flowing "higher level" knowledge of the domain 
being viewed. Reading has always attracted a great deal of attention from 
perceptual psychologists, in part because of the light it might shed on our 
understanding of human perception of the natural world. We claim that, 
temporarily at least, the boot is on the other foot, and that the recent 
developments in our understanding of real world perception can be 
gainfully applied to increase our understanding of reading. Specifically, Marr, 
Hildreth, Ullman, Poggio, and Richter have developed a computational theo:ry 
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of edge detection whose findings closely match physiological data on 
ganglion cell responses. For the purposes of the work reported here , the 
important point about the Marr-Hildreth theory is that it makes available to 
reading theorists, perhaps for the first time, a detailed description of the 
information delivered by the earliest stage of visual processing of an arbitrary 
text sample viewed at an arbitrary eccentricity. 

Finally, we review some empirical findings about the earliest stages of 
visual processing in reading, and we settle upon the isolation of words as the 
first goal of the reader's perceptual processing. We note that eye movement 
studies show that a great deal of processing is carried out on text prior to 
foveation. It follows that it is reasonable to conjecture that word isolation is 
effected on the basis of information available in the parafovea. As part of an 
investigation of this conjecture, we suggest that Fisher's (1975) results on 
transformed text provide some insight into the isolation of words based on 
information available in the parafovea, and so we analyze his results 
carefully. We argue that they can be explained on the basis of Marr and 
Hildreth's (1980) theory of edge detection without postulating the need for 
"higher order visual processing" as was claimed by Fisher. The explanation 
leads to a number of empirical predictions, which are confrrmed by 
essentially replicating Fisher's experimental technique. The concluding 
section sketches a theory of word isolation in the parafovea, and notes that 
the decision to activate the reading process in the first place is also not 
very mysterious. 

2 Background to the study 

2.1 Past approaches to theories of reading 

From the earliest days of experimental psychology there has been a constant 
stream of research findings about reading (see, for example, Huey, 1908, and 
Henderson, 1977). All of the major schools of perception have considered 
reading to some extent and have attempted to exploit various mathematical 
and computational insights to develop their theories. We are particularly 
concerned with the growth of interest over the past two decades, during 
which time a number of theories have developed, the majority being 
expressed in terms of information processing. 

Relative to the behaviorists' reliance on a simple mechanism, which bore 
many of the characteristics of the pattern recognition systems developed in 
the 1950's and 1960's, and the extreme wordiness of the gestalt and new look 
theorists, information processing accounts of reading are refreshingly 
precise. They consist of individuated stages, at which some particular 
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functionally defined "process" is carried out (say, to extract features or to 
consult a lexicon), together with interconnecting arrows, which represent 
the flow of information through the system under consideration. An 

important property of such models is that they describe the way in which a 
perceptual or cognitive process being studied unfolds over time. The 
particular class of individuated stage processes, and the topology of 
interconnecting arrows, are carefully chosen to account for relevant 
empirical findings. While the power of such formalisms is clearly sufficient 
to account for any given set of descriptions, in the absence of a wholly 
precise mathematical or computational account of reading, any particular 
model is inevitably vague in places. The extent to which it does or does not 
adequately explain the available empirical data (and the precision of the 
predictions which can be made from it) are limited. For example, Gough 
(1972) presents a flow diagram of"one second of reading" which embodies 
the theory that phonological recoding is obligatory. Marcel and Patterson 
(1979) present an alternative in which it is not. For further examples, see 
Estes (1977), Cohen (1978), and McClelland and Rumelhart (1980). 

The box and arrow diagrams which feature in most information 
processing accounts of perception are highly reminiscent of the system 
flowcharts which used to be prepared by programmers in the early stages 
of developing a program. Flowcharts have fallen into disrepute in computer 
science as it has been realized that they provide an impoverished represen­
tation of such a key issue as the structure of a program. They are also wholly 
inadequate as a representation of process interaction and parallelism being 
essentially restricted to the description of a single sequential process. Of 
course, they are merely the simplest first approximation to a model of 
processing, though one should be aware of the computer science 
experience that they unacceptably straitjacket thinking. 

Several authors have argued that it is not possible to develop a theory 
of an ability such as reading, in which the flow of information is wholly 
unidirectional, that is, a flow that proceeds from the processes which 
embody relatively general knowledge, and which make contact with the 
intensity levels of the image to the processes embodying knowledge about 
the specific objects and situations depicted in the image (see, for example, 
Allport, 1979; Frisby, 1979; Cohen, 1978; Rumelhart, 1977). It is supposed 
that "downward flow" of knowledge about such objects and situations is 
also necessary to account for the remarkable abilities and flexibility of 
human perception. 

The invocation of" downward flow" as an explanation for reading abilities 
has an interesting (perhaps not co-incidental) parallel with the history of 
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computational theories of natural visual perception in the field of artificial 
intelligence. The period 1963 to the early 1970's in the development of AI was 
most notable for extensive experimentation with edge detecting or region 
finding operators, designed ad hoc in accordance with the needs of some 
particular project. Authors time and again noted that the results of applying 
their operators to digitized images were essentially unpredictable j many 
concluded that it was simply not possible to develop a theory of early visual 
processing capable of generating predictably rich and useful descriptions 
that could then be used as the basis for computing the visible surfaces and 
objects in a scene. It was supposed therefore that, just as in the case of 
reading (although the AI workers involved would not have known of the 
parallel), ({downward flow" of knowledge about the objects and situations 
imaged in the scene was essential to explain the remarkable abilities of 
human visual perception. The interaction between upward flowing 
information generated by relatively unknowledgeable early processing 
modules and downward flowing information was essentially dynamically 
determined and could not be completely defined in advance. It was 
conjectured by Minsky and Papert (1972) that among the tools developed in 
computer science, the best way to achieve this dynamically determined 
behavior was through process interactions, which, it was noted, need not be 
restricted to the simple patterns of (serial) activity provided in a language like 
Fortran or Algol. These were the considerations which lay behind the 
development of a rash of complex uheterarchical" programs to understand 
natural language, perceive utterances from a speech signal, and see in 
various narrowly defined domains. Programs such as Hearsay 2 (Lesser and 
Erman, 1977), Margie (Schank et al., 1973), Barrow and Thnenbaum's (1976) 
Interpretation Guided Semantics, and the author's own program for 
"reading" Fortran code (Brady, 1979j Brady and Wielinga, 1978) are 
typical of the genre. 

The development of complex uheterarchical" programs such as Margie and 
Hearsay 2 is paralleled by the adoption of those computational models of 
processing by reading theorists eager to explain the use of downward and 
upward flow as determinants of a percept. Examples are Cohen's (1978) 
discussion of Speechlis (Nash-Webber, 1975), and Allport's ( 1979) detailed 
explanation of the operation of Margie. 

In fact, a number of difficulties emerged in the dynamic processing 
account of perception as soon as vague theoretical notions like "process 
interaction" needed to be made precise (see Brady, 1979). There are two basic 
difficulties, one technical, the other more empirical in nature though 
reflecting a theoretical shortcoming. Thchnically, the potency of process 
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interactions, and the stock of ideas about how to control and analyze them, 
remain very limited indeed. Secondly, and most notably, the presumed power 
of heterarchy never materialized. It repeatedly became evident that a small 
increase in the early processing capabilities of programs could have a far 
greater impact on the performance of a program as a whole than a vastly 
greater amount of{{higher level reasoning." 

Consider in particular the case of Hearsay 2 (Lesser and Erman, 1977). One 
of the main innovations of Hearsay 2 was the introduction of a centralized 
data structure called the {{blackboard," on which the findings of a number of 
{{knowledge sources" (which performed such tasks as isolating phonemes, 
syllables, words, or larger syntactic units) were presented. At any stage of the 
processing of a speech signal corresponding to an utterance, the contents of 
the blackboard represented the state of the system's interpretation. The 
addition of a piece of information by one knowledge source could enable the 
activity of several others. At any given stage, there were typically many 
runnable processes (up to two hundred), each of which was assigned a 
numerical priority value indicating its apparent importance. This design is 
illustrated in Figure 1a, which shows the Hearsay 2 system as of January 

Figure 1. The structure of the blackboard state descriptor for the Hearsay 2 speech 
understanding system. 1a: the system as of January 1976. 1b: the second version as of 
September 1976 (from Lesser and Erman, 1977). 
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1976. The authors note that ({this implementation had poor performance; 

e.g., 10% of sentences correct in 85 million instructions per second of speech 
on a 250 word vocabulary" (Lesser and Erman, 1977, page 790). A second 
design, shown in Figure 1b, was aimed at ({making the lower levels of 
processing more sequential and bottom up" (page 795). The authors reported 
that ({this configuration performs substantially better; e.g., 85% correct in 60 
million instructions per second of speech on a 1000 word vocabulary." 

Some AI researchers (see, for example, Davis and Rosenfeld, 1978, 1981; 
Barrow and Tenenbaum, 1978; Rosenfeld, Hummel, and Zucker, 1976; Waltz, 
1978; Zucker, 1978) concluded that the main drawback of the heterarchical 
process organisations discussed above was that they were essentially serial. 
They argue that much of their complexity arises because one is forced to 
choose a particular sequential order in which to carry out a number of 
processes. Since this order is inevitably often inappropriate (being unpre­
dictable), one is then required to incorporate sufficient mechanism to 
facilitate recovery. Instead, such authors suggest the use of globally 
constrained local parallel processes, which some authors, notably Rosenfeld 
et al. (1976), have likened to relaxation processes for solving systems of 
equations in numerical computing. 

In essence, the idea underlying ({relaxation processing" is as follows. A large 
number of simple individual processors are postulated, say, one for each 
image position (there are after all several million cones in the human retina, 
and billions of neurons in visual cortex.) For present purposes, it may be 
supposed that the processors are laid out on a flat plane. Each processor is 
connected to just a small number of the other processors that are physically 
near it. The processors all operate in strict synchrony. At each step, each 
processor changes its ({state" depending upon its previous state and the states 
of the processors to which it is connected. The system proceeds in this 
manner until no processor changes state, at which time the system is said to 
have ({converged." This model of computation has attracted some attention 
because of its inherent parallelism coupled with its (limited) possibilities for 
context sensitivity. 

Note that in common with the heterarchy approach, the structure of the 
mech(!Ilism is developed and fixed in advance of the analysis of the particular 
perceptual problem being studied. The only issues which the theorist is left 
to settle in most accounts are parameter settings, such as the size of neigh­
borhoods, thresholds, and the like (see Davis and Rosenfeld, 1981). We argued 
above that a major drawback with heterarchical accounts of perception was 
the difficulty in analysing and controlling them. It is important to realise that 
analogous problems arise with relaxation processes. It is usually extremely 
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hard to guarantee that such a process settles down to a steady state 

("converges"). As an example, consider the difficulty that Marr, Palm, and 
Poggio (1978) had in analysing the behavior of the Marr and Poggio (1976a, 
1976b) cooperative algorithm for computing stereo disparity. If this is difficult 
for a single level of relaxation processing, it is considerably more so for the 
hierarchical or multi-stage processes which have been advanced (though 
usually not implemented and tested) in the literature (e.g., McClelland and 
Rumelhart, 1980; Davis and Rosenfeld, 1978; Zucker, 1978). Few, if any, results 
are known regarding the convergence (including speed of convergence) of 
such relaxation processes (see Ullman, 1979; Zucker, Leclerc, and 
Mohammed, 1979). Without such results, the uncritical proposal of complex 

locally parallel processes is of questionable significance . 

.2.2 The computational approach to vision 

Against this background of ad hoc axperimentation and the construction of 
uncontrollable complex processing models in artificial intelligence, the 
computational theory of natural visual perception developed by Horn, Marr, 
Ullman, Poggio, Binford, and others is quite remarkable. A fuller account of 
the current state of computer vision can be found elsewhere (Marr, 1980; 
Brady, 1981a, 1981b; Horn, 1978; Marr and Poggio, 1979; Marr and Hildreth, 
1980; Grimson, 1980). For the purposes of this article, it is sufficient to note 
that there now are mathematically precise theories and highly parallel, 
robust computer implementations of a variety of (human) visual processes. 
These include edge detection, stereopsis, shape from shading, shape from 
texture, early motion detection, and surface interpolation. In each case these 
theories concern processes which occur at an early stage of perception, and 
they embody knowledge about the world which is of considerable generality; 
for example, that the world mostly consists of smooth surfaces. In short, the 
computational theory of vision is a compelling argument in support of the 
power of early visual processing. More significantly perhaps, it promotes a 
research methodology which defers consideration of knowledge rich, 
domain specific, downward flow of information until the considerable scope 
of early processing is more clearly understood. It also makes little sense to 
develop an understanding of the role of downward flow until we have a better 
appreciation of what information early processing can and does provide. 

The computational theory of visual perception referred to above is also 
interesting for the research methodology which has developed from it. The 
first step is to isolate a perceptual ability for which there is empirical 
evidence for considerable competence on the basis of early processing. For 
example, Horn (1974) has studied the determination of lightness and the 
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computation of and shape from shading (1978) from an image. Marr and 
his colleagues have considered edge detection (Marr and Hildreth, 1979), 

stereopsis (Marr and Poggio, 1979; Grimson, 1980), and motion computation 
(Ullman, 1978; Marr and Ullman, 1979; Ullman and Richter, 1980). The 
particular problem is then studied in three parts. First, we consider what 
information must be extracted from the scene, in order for the system to 
exhibit this competence, and what constraints on the world the system needs 
to assume in order to extract this information. Second, one attempts to 
devise a representation which makes explicit the information required to 
explain the competence. Only then is it reasonable to devise algorithms to 
discover the appropriate representation instance for a scene. Finally, one can 
conduct experiments to discover the extent to which the algorithm explains 
human performance. Notice that in contrast to this methodolgy, the heter­
archical and relaxation processes outlined above start with an algorithm 
(oi· commitment to a particular restricted kind of processing) and only 
then examine competence, devise representations, and analyze the basis 
of the competence. 

2.3 Edge detection in the human visual system 

As an example of the results of the computational approach to early visual 
processing, we take a brief look at Marr and Hildreth's (1980) theory of edge 
detection. The reason for this choice is quite simple. The theory addresses 
the very first stage of analysis of the visual input, and this is the stage which is 
most relevant to the study of parafoveal processing in reading which is 
presented in the balance of the paper. 

A feature of Marr's (1976) original development of the "primal sketch" 
representation was its direct reference to neurophysiology and psycho­
physics, a commitment Marr was to continue to stress in later work. Marr's 
algorithm for computing the primal sketch from an image had a number of 
interesting features. First, being inspired by neurophysiology, Marr applied 
the findings ofHubel, Wiesel, Barlow, and others, which seem to suggest that 
an early stage in the processing of visual information consists of convolving 
the image with edge and bar masks. As we observed above, such masks signal 
an approximation to the first and second (directional) derivatives of the 
brightness function. Marr based his algorithm on an analysis of the response 
of bar and edge masks to ideal instances of the scene events which give rise to 
intensity changes. The algorithm itself consisted of convolving an image with 
a number of edge and bar masks and then "parsing" the results by matching 
the actual responses to those predicted for ideal scene events. It was noted 
that bar masks seemed to give more reliable information than edge masks, 
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an observation whose explanation awaited the later development of \7 2G 
operators which have a similar cross section. The algorithm convolved the 
image with masks of different panel widths. Although the later justification 
for this would be in terms of separate processing channels, the original 
explanation was based on the need for noise reduction, although this idea 
was never formulated precisely. In any case, the outputs of the individual 
channels was combined, not only to reduce the effects of noise, but to 
compute measures such as the "fuzziness" of an edge. 

Marr and Hildreth (1980, page 189) point out that "a major difficulty with 
natural images is that changes can and do occur over a wide range of scales, 
so it follows that one should seek a way of dealing with the changes occuring 
at different scales." One way to do this, which has been proposed several 
times in the image processing literature, is to pass the image through a 
number of band limited filters. Of course, the difficult issues concern the 
choice of filters (bar mask, Fourier, Gaussian), the number of them, and 
the exact band pass characteristics of each. 

Intensity changes are localised in space, a fact which derives from their 
physical causes (see Horn,1977j Marr, 1976j Marr and Hildreth, 1980, page 
189). Marr and Hildreth argue that they are also localised in the frequency 
domain, since the world is mostly composed of visible surfaces of roughly 
uniform texture, the idea being that a texture is essentially periodic. Marr and 
Hildreth (page 191) note that "unfortunately, these two localization require­
ments, the one in the spatial and the other in the frequency domain, are 
conflicting." They show that bar masks localise changes in the image, but 
can generate echo effects on textures. Conversely, a Fourier filter localises 
changes in the frequency domain but produces unwanted echoes around 
edges. They point out that only the Gaussian optimises localisation in both 
domains simultaneously, and so it is chosen as the band limiting filter in the 
theory. Recently, Binford (1981) has questioned the argument that texture 
corresponds to limited variance in the frequency domain, and by implication 
questions the optimality of the Gaussian. 

In order to locate edges, one can either find places where the first derivative 
of the intensity function reaches a maximum, or equivalently where the 
second derivative is zero. 1b locate edges at arbitrary orientations with equal 
facility, we require a differential operator which is not directional. The 
Laplacian is the only first or second order differential operator with this 
property. Thus the Marr and Hildreth theory asserts that following Gaussian 
smoothing, the image is convolved with a Laplacian and zero crossings noted. 
In fact, by the convolution theorem, 

\72(G*Image) = (\72G )*Image, 
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where G is a Gaussian operator, and* denotes convolution. Marr and Hildreth 
(page 193) point out that the V' 2G operator is bandpass and closely resembles 
the difference of Gaussian (DOG) operators proposed by Wilson and Giese 
(1977; see also Wilson and Bergen, 1979). Indeed they show that V'2G is the 
limit of a DOG, and that the DOG closely approximates it. Actually, doubly 
differentiating an image causes severe numerical noise, and so the difference 
of Gaussians can actually be more accurate in practice, as well as being more 
efficient. The two-dimensional cross section of the V'2G operator is a 
smoothed version of a bar mask cross section, and may explain the heuristic 
observation mentioned earlier. Wilson and Bergen's work suggests that there 
should be four DOG channels at each retinal eccentricity, and that their char­
acteristic sizes should scale linearly with eccentricity, being smallest in the 
fovea and doubling in size by about 4°. Recently Marr, Hildreth, and Poggio 
(1979) have noted evidence for a fifth, smaller channel in the fovea, and 
Stevens (1981b) has shown that the fifth, finest resolution channel plays the 
most important role in determining the information we compute foveally. 

One of the novel aspects of the implementation of the theory concerns the 
sizes of the V' 2G operators. Edge finding operators used in computer vision 
are typically at most seven pixels square; the smallest operator used in the 

implementation of the Marr-Hildreth theory at MIT is 35 pixels square. Not 
only are the resulting operators much closer approximations to the Gaussian 
(or any other .filter for that matter), but the signal to noise characteristics of 
the smoothed images is vastly improved. One practical consequence of these 
seems to be that one can approximate differential operators (to compute the 
orientation of visible edges) by simple difference operators. Conventional 
edge finding operators confound filtering and differentiation, and have poor 
and essentially unpredictable .filter characteristics. The first implemented 
version of the Marr-Hildreth theory took on the order of three hours to 
compute the zero crossings in the coarse channel of an image 512 pixels 
square. A prototype hardware implementation reduced this to thirty 
minutes. Nishihara and Larson (1981) report a TTL implementation which 
computes and displays the zero crossings in any channel of an image 128 
pixels square in under 0.25 seconds. 

We can reproduce the information that the Marr-Hildreth theory proposes 
is computed at any eccentricity E by the channel which subtends m minutes 
of arc in the fovea. The figures used in this paper, and the arguments derived 
from them, rely upon examining such information, and so it should be under­
stood how the parameters of the programs are set. If we digitise a text image, 
say at a resolution of f..L microns (where typically f..L = 50), we can compute 
the size of mask to use in a computer program which precisely models the 
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information available in the any channel at eccentricity E. Suppose that an 
average character from a text sample has width d microns. Its digitised 

image is 

d=P 
f.L 

pixels wide. Suppose that the text is viewed from a distance of D microns, so 
that it subtends an angle of~ radians or 

d. 180. 60 
-----=A 

D·'TT 

minutes of arc. The channel which subtends m minutes of arc in the fovea 
subtends roughly Zm minutes at 4 a. Hence at eccentricity E the channel 
subtends ~E = e minutes. Finally, we can choose the panel width of a digital 
mask corresponding to the m minute DOG at eccentricity E by equating 

w eVz 
p A 

where the v2 factor is required to account for the rotational invariance of 
the mask. Using this relationship, one can for example choose m to be the 
coarsest channel, which subtends 21 minutes of arc, E to be 3°, and so 
determine the value of w. Examples of the result of applying this process can 
be found in Figure 6. 

3 The isolation of words in text 

3.1 Introduction 

It is usual to equate early processing in reading with the extraction of char­
acter features, such as line endings, T-junctions, holes, and concavities. We 
are presently more concerned with an even earlier processing stage, namely 
the point at which the visual system first makes contact with (the gray level 
intensities forming the image of) a portion of text. Let us suppose for the 
moment that the ((reading process" is already active. The work of Rayner 
(1975a, 1975b, 1977, 1978a, 1978b, 1979; Rayner and McConkie, 1976; Rayner, 
McConkie, and Ehrlich, 1978; McConkie and Rayner, 1975) and others (e.g., 
McConkie, 1979; O'Reagan, 1979; Lery-Schoen and O'Reagan, 1979) on eye 
movements demonstrates clearly that text is substantially processed before it 
is foveated. The extent to which eye movement control is either (1) autono­
mous, being entirely determined by information computed by early process­
ing from the gray level array; or (Z) is capable of being explicitly controlled by 
downward flowing task specific information, say, by knowledge of the syntax 
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Figure 2. Thxt into which spaces have been randomly introduced after elision. 

and semantics of the text in question, is controversial. This is, of course, the 
invariance of the issue raised in Section 2.1 about system organization. 

eda 
tot 
oul 

The goal of reading may be supposed to be the efficient extraction of mean­
ing from text. Given the nature of written language, particularly English, a 
presumably necessary primitive subgoal is the isolation of words. In normal 
text, words are clearly separated by spaces which are substantially wider 
than the spaces between individual letters. It would seem that the "program" 
controlling eye movements could be trivial given a reasonable theory of the 
separation of words from inter-word spaces such as that provided by the 
Marr-Hildreth theory outlined in the previous section. Evidence in support of 
the contention that the control program is quite simple is easy to find. Firstly, 
it is well known that inter-word spaces, even when they are of varying width, 
are seldom foveated (Levy-Schoen, 1979; Rayner and McConkie, 1976, report 
that they are fixated about 10% of the time). Conversely, if spaces correspond­
ing to word boundaries are randomly introduced into previously elided text 
(as shown in Figure 2), reading becomes exceptionally difficult. In this situa­
tion the inconsistent information provided by a simple space finding algor­
ithm and its utilisation by the processes which analyze the text, produce a 
complex pattern of foveations and a significant increase in the duration of 
any individual foveation. Intermediate behavior results when inter-letter 
spaces are made nearly equal to those between words. 

However, as is equally well known, spaces are not unique in avoiding 
foveation. In particular, function words such as "and" and "the" are often not 
foveated. This partly explains the difficulty difficulty we have in proof reading 
"Paris in the the spring" relative to this sentence as a whole. This raises the ever 
present question: how "intelligent" does the eye movement controller need 
to be? Is the word "the" omitted on the basis of information available in the 
parafovea, where individual letter recognition is poor (Bouma, 1971), or 
alternatively does it rely on knowledge about linguistic context? 

3.2 Fisher's results on reading transformed text 

In fact, the trivial word isolation process sketched above does not work in 
every circumstance in which people can read quite easily. This was demon­
strated in an elegant experiment performed by Fisher (1975). Building upon 
the earlier work of Smith (1969) and Hochberg (1970), Fisher used the trans-
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1 
The government of Henry the Seventh, of his son, and 
of his grandchildren was, on the whole, more arbitrary 
than that of the Plantagenets. Personal character may 

4 
The+government+of+Henry+the+Seventh,+of+his+son,+and++++ 
of+his+grandchildren+was,+on+the+whole,+more+arbitrary++ 
than+that+of+the+Plantagenets.++Personal+character+may++ 

7 
ThegovernmentofHenrytheSeventh,ofhisson,andofhis 
grandchildrenwas,onthewhole,morearbitrarythanthat 
ofthePlantagenets.Personalcharactermayinsomedegree 

2 
THE GOVERNMENT OF HENRY THE SEVENTH, OF HIS SON, AND 
OF HIS GRANDCHILDREN HAS, ON THE WHOLE,MORE ARBITRARY 
THAN THAT OF THE PLANTAGENETS. PERSONAL CHARACTER MAY 

5 
THE@GOVERNMENT@OF@HENRY@THE@SEVENTH,@OF@HIS@SON,@AND@@@ 
OF@HIS@GRANDCHILDREN@WAS,@ON@THE@WHOLE,@MORE@ARBITRARY@ 
THAN@THAT@OF@THE@PLANTAGENETS.@@PERSONAL@CHARACTER@MAY@ 

8 
THEGOVERNMENTOFHENRYTHESEVENTH,OFHISSON,ANDOFHIS 
GRANDCHILDRENWAS,ONTHEWHOLE,MOREARBITRARYTHANTHAT 
OFTHEPLANTAGENTS.PERSONALCHARACTERMAYINSOMEDEGREE 

3 
ThE GoVeRnMeNt oF HeNrY ThE SeVeNtH, oF HiS SoN, aNd 
Of HiS gRaNdChilDrEn wAs, On tHe wHoLe, MoRe aRbitRaRy 
ThAn tHaT Of tHe pLaNtAgEnEtS. PeRsOnAl cHaRaCtEr mAy 

6 
ThE@GoVeRnMeNt@oF@HeNrY@ThE@SeVeNtH,@oF@HiS@SoN,@aNd@@@ 
Of@his@gRaNdChilDrEn@wAs,@On@tHe@wHoLe,@MoRe@aRbitRaRy@ 
ThAn@tHaT@Of@tHe@pLaNtAgEnEtS.@@PeRsOnAl@cHaRaCtEr@mAy@ 

9 
ThEgOvErNmEnToFhEnRyThEsEvEnTh,oFhisSoN,AnDoFhis 
GrAnDcHiLdReNwAs, oNtHel.JhOlE ,MoReArBiTrArYtHaNtHaT 
oFtHePlAnTaGeNeTs.pErSoNaLcHaRaCtErMaYiNsOmEdEgReE 

Figure 3. The nine type and boundary variations used by Fisher. 
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Figure 4. Fisher's results (from Fisher,1975, page 189). 

formed texts illustrated in Figure 3 to investigate the effect of manipulations 
of word shape and word boundary on reading. Word shape was manipulated 
via three type variations: normal, all uppercase, and alternating uppercase 
and lowercase letters. These are illustrated in samples one to three of Fig­
ure 3. Word boundaries were also manipulated in three ways: normal 
spacing, replacing an inter-word space by the filler character ({ +" or ({ @", and 
elision to remove inter-word spaces. These manipulations are illustrated for 
the uppercase type variation in samples two, five, and eight. In all, there 
are nine possible type and word boundary combinations. 

Fisher recorded the length of time taken by subjects to read nine para­
graphs of approximately equal length and complexity, whose texts had been 
randomly manipulated in the ways described above. As a safeguard against 
skim reading without understanding, a subject was required to answer a 
number of questions (typically four) about the passage just read, and was 
required to get a certain number correct for the data point to be recorded. 
The results are presented in Figure 4. 

Fisher noted that the ({interdependence of cues causes a reduction in 

reading speed to nearly one third of the speed of the separate cue manipula­
tions", and he suggested that this ({interdependence of word shape and word 
boundary cues tends to implicate higher order visual processing that might 

. be required simply for word identification" (page 190). 
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3.3 The role of early visual processing in the isolation 
of words in text 

In the Introduction we commented on the difficulty of devising and con­
trolling processes which embody an interaction between upward flowing and 
downward flowing information, and argued for a model where early visual 
processing plays a bigger role. Since word isolation is clearly one of the first 
steps in reading, we start by examining Fisher's results more closely, in the 
hope of discovering an explanation of his findings without resorting to higher 
level cues. Firstly, the reading time per word in sample seven is significantly 
lower than that in sample eight. This might be explained on the grounds of 
the latter's lesser shape variability. However, sample nine has greater variabil­
ity in shape than sample eight, and yet the time to read eight is significantly 
lower than that for nine. Similarly, there is greater variability in the shape of 
sample three than sample two, and yet the time to read three is significantly 
greater. Clearly, one possible explanation is that in the absence of spaces, 
capital letters can be used to signal word boundaries. According to this explan­
ation, samples three and nine provide information (random capitals) about 
word boundaries inconsistent with that discovered by the processes which 
analyze the text. (Compare Figure 2 and its discussion in the text.) It would 
then follow that the eye guidance system could make the distinction between 
uppercase and lowercase characters and makes use of that information in 
isolating words. 

This leads to our first empirical prediction: if the paragraphs used by 
Fisher are transformed by first capitalizing the initial letter of each word and 
then eliding, so as to appear as in Figure Sa, the resulting text should be sig­
nificantly easier to read than the elided text sample shown in Figure 5b 
(compare sample seven in Figure 4). 1b test this prediction, and to maximis~ 

Figure 5. 'JYpical data for experiment one. 5a: text which has been elided after 
capitalizing the initial letter of each word. 5b: elided normal text like that in sample 
seven of Figure 4. 

5a ItNowBecarneEvidentThatTheCityMustBeAnandonedAtOnceThere 
WasADifferenceOfOpinioninRespectToTheHourOfDepartureThe 

DaytimeltWasArguedBySomeWouldBePreferableSinceitWouldEnable 

5b ItnowbecameevidentthatthecitymustbeabandonedatonceThere 
wasadifferenceofopinioninrespecttothehourofdepartureThe 

daytimeitwasarguedbysomewouldbepreferablesinceitwouldenable 
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comparability with the results discussed above, we replicated Fisher's exper­
iments with a number of additional font variations. The experimental details 
are given in the Appendix. The font variations used in the experiments are 
shown in Figure 13. Subjects were required to read texts which had been 
transformed in various ways similar to those shown in Figure 4. The aver­
age reading time per transformed word was compared for significance 
between two variations. According to this metric, the phrase "significantly 
easier to read" means that the reading per word was significantly shorter. 

It turns out that the capitalized elided text shown in Figure Sa is indeed 
significantly easier (p<0.01) to read than the elided normal text shown in 
Figure 5b. This supports the hypothesis that we are capable of distinguish­
ing between uppercase and lowercase characters on the basis of information 
available in the parafovea. Significantly, however, it leaves open the precise 
details of the way in which that distinction is made. 

Some evidence bearing upon this distinction can be gleaned from the 
results for samples five, six, eight, and nine in Figure 4. Whereas sample five 
is significantly easier to read than sample eight, there is insignificant differ­
ence between the ease of reading samples six and nine. This is a puzzle. 
The advantage of sample five over sample eight suggests that we are capable 
of dynamically modifYing our eye movement control system to exploit the 
delimiter "@ ," and this contention is supported by the significant advantage 
of sample four over sample seven. However, if we are capable of distinguish­
ing uppercase characters and the character @ in the parafovea in a way 
which is entirely robust and reliable, we could expect to find a similar signifi­
cant advantage for sample six over sample nine; but we do not. One possible 
resolution of this puzzle would be to show that it is often difficult to distin­
guish @ and uppercase characters when they are viewed in the parafovea. 
If that were so, the use of @ as a filler would give some advantage in sample 
five relative to sample eight, but the advantage would be offset by the incon­
sistent information provided by fillers and text in sample six. 

1b investigate this question precisely, we need a detailed representation 
of the information which is actually available in the parafovea. Fortunately, 
such a representation is now available, having recently been developed by 
Marr and Hildreth (1980), and it was sketched in the previous section. Fig­
ure 6 shows the result of applying the digitisation process described in that 
section to sample five of Fisher's data (Figure 4) at an eccentricity of 4 o. 

Figure 6b explicitly marks the convolved @ characters. It can be seen quite 
clearly that while some of them are relatively easy to distinguish on the 
basis of shape, others (for example, those marked in Figure 6c) are not. 

This evidence does indeed seem to show that it is often difficult to 
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distinguish @ and uppercase characters when they are viewed in the 
parafovea. We suggest that this resolves the puzzle of Fisher's results dis­
cussed above without the need to postulate any downward flow of high level 
information. It further suggests that while uppercase and lowercase charac­
ters can be clearly and reliably distinguished (in most fonts), the model of 
{{uppercase character" used by the early visual system in guiding eye move­

ments is actually quite crude. Tentatively we may suppose that the model of 
an uppercase character amounts to an assertion that they are relatively large 
compared to those in lowercase and have relatively lower curvature. This sim­
ple model normally serves the reader well, since written text consists mostly 
of uppercase and lowercase characters. However, being a simple model, it 
is easily confused, and is particularly unreliable at making the distinction 
between uppercase characters and @ . 

A number of predictions follow from this analysis. Firstly, it suggests that a 
font in which the distinction between uppercase and lowercase is difficult to 
make on the basis of size and shape would be quite hard to read. Figure 7 
shows such a font. Indeed, as we point out in the Conclusion, the analysis 
here can be viewed as a first step towards making font design less subjective 
than it has been in the past (see, for example, Spencer, 1968). Secondly, the 
analysis suggests that on the basis of the information available in the para­
fovea, it would be difficult for the visual system to distinguish the capitalized 
elided text shown in Figure 8a and the text filled with @ shown in Figure 8b. 
This translates into a prediction that there should be insignificant difference 
in the ease, that is to say speed per word, of reading the samples in Figure 8. 
Experiment 2 confirms this prediction; the relative advantage of one sample 
over the other failing to reach significance at the 10% level. 

The same computational argument can be turned around, in which case 
it leads to the prediction that using a {{visually striking" character as a filler 
would produce text that is significantly easier to read than when @ is used. 
Indeed, insofar as this can be shown empirically, it essentially enables us to 
frame a precise definition of {{visually striking." In Experiment 3 we compare 
the effect of using {{\" and{{@" as fillers. The choice of \ was quite deliberate. 

Figure 9 shows a sample of text which has been digitised and convolved 
according to the Marr-Hildreth theory at a number of eccentricities in the 
manner sketched earlier. Figure 9b shows the information available way out 
at 9° (corresponding to about 36letter spaces), and Figure 9c shows the in­
stances which every one of a group of five subjects chose when they were 
instructed to simulate an unintelligent program to extract \ from Figure 9b. 
Figure 9d illustrates the information available at 7°, and shows that the sub­
jects correctly isolated each and every instance of \ . Finally, Figure 9c shows 
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Figure 6. The result of convolving sample five of Fisher's data to show the information 
available at 4°. 6b: all instances of the character @ . 6c: instances of the character@ 
which are difficult to distinguish on the basis of shape. 

Figure 7. A font in which the distinction between uppercase and lowercase would be 
difficult to make. It is reproduced from Spencer (1968, page 16): "A new kind of type 
proposed in the 1880's by Andrew Ther in which 'the tailed letters projecting above or 
below the line, have been docked' to provide maximum type size 'where economy of 
space is an object-as in the crowded columns of a newspap.er'." 
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8a ItNowBecameEvidentThatTheCityMustBeAbandonedAtOnceThere 
WasADifferenceOfOpinioninRespectToTheHourOfDepartureThe 

DaytimeitWasArguedBySomeWouldPreferableSinceitWouldEnableThem 

8b Ib@now@becam~evidenb@thab@the@cit~usb@b~abandoned@ab@ 
once@There@was@ru§difference@o~opinion§in§respecD@td§th~ 

hour@o~departure@The@daytime@i b@was@argued@by@some@would@be@ 

Figure 8. 8a: text sample in which words have been elided following capitalizing 
each initial letter. 8b: text in which spaces have been filled by @ (compare Figure 4, 

sample 5). 

the information available at 4 o. It is clear that the early visual system could 
more easily and reliably find instances of \ than @ , and so we are led to 
predict that the Fisher like sample of text shown in Figure 9a would be 
significantly easier to read than the same thing with \ replaced by @ . 
Experiment 3 confirms this prediction. Indeed, in Experiment 4, we com­
pared the visually striking filler\ and normal spacing (sample 1 of Figure 4), 

and we find that the relative advantage of normal spacing fails to reach 
significance even at the 10% level. 

The ftnal Experiment 5 is a tribute to the versatility of the computing 
facilities available for this research. Consider the text sample in Figure lOa, 
in which the forward slash character is used as a delimiter. Since the down­
strokes of ascender characters such as b and f slope slightly forwards but not 
nearly so much as the slope of I , we would expect a similar significant advan­
tage for I over @ . It turns out that this is the case. More interestingly, we were 
able to design a font in which the only change compared to that of characters 
in Figure lOa is that the forward slash character had precisely the same slope 
as the downstroke of an ascender (see Figure lOb). Figures 10c and 10d show 
the convolved images of the samples in Figures lOa and lOb, respectively. The 
analysis developed above leads us to predict that text samples of the form 
shown in Figure lOa will be significantly easier to read than those in the 
special font shown in Figure lOb, though we might expect that there will be a 
reduced advantage cornpared to that shown by I or\ over @. Experiment 5 
confirms this prediction, the significance being only at the 5% level. 

Figure 9. 9a: text sample in which \ is used as a filler between words. 9b: resulting of 
convolving the sample in (a ) to show the information available at 9°. 9c: instances of \ 
found in (b) by a group of subjects simulating an unintelligent program. 9d: informa­
tion available in the convolved image at 7° eccentricity. 9c: information available to 
early visual processing at 4 o . 
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Figure 10. 10a: text sample filled with / . 10b: text sample in the special font in which 
the forward slash character has precisely the same slope as the ascender of d. 10c: 
convolved image of (a) at 4°. 10d: convolved image of (b) at 4°. 

It/now/became/evident/that/the/city/must/be/abandoned/at/once/Ti 
difference/of/opinion/in/respect/to/the/hour/of/departure/The/dai 
argued/by/some/wouZd/be/preferabZe/since/it/wouZd/enabZe/them/tQ, 

lOa 

Ittnowtbecame{evidenttthat/thetcityrmust/beiabandoned!attonce/~ 

differencejoffopinionfin/respect[to{the/hourlof!departure!The/da1 
argued{by/some{wouZd!be/preferabZefsincefit!wouZdlenabZetthemfto 

lOb 

lOc 

lOd 

4 Conclusion 

This paper began by sketching the background against which this in­
vestigation of word isolation in the parafovea has been conducted. Our aim 
has been to show how published empirical data, especially that of Fisher 
( 1975), could be accounted for using the rich theories of early visual process­
ing of the natural world which have recently been developed in artificial 
intelligence. On the basis of a precise representation of the information 
available in the parafovea, we proposed an explanation of Fisher's results by 
postulating a crude, though mostly reliable, model of uppercase versus low-

204 Visible Language XV 2 1981 



ercase characters. The same computational evidence led us to frame anum­
ber of predictions, each of which was then confirmed by psychophysical 
experimentation. As a side effect, we were required to consider how the idea 
of a character being "visually striking" might be made precise. This approach 
provides a method for the study of legibility to add to those listed by Spencer 
(1968, page 21). 

As we pointed out in the Introduction, this study is merely the first step 
on the long haul towards understanding through computation the exquisite 
human skill of reading. The results reported here have encouraged us to 
proceed to consider the next step in the process of acquiring meaning from 
the sea of gray level intensities which form the image. We consider the next 
step to be the problem of integrating information over successive saccades. 
Rayner's work (1975a, 1975b, 1977, 1978a, 1978b, 1979; Rayner and McConkie, 
1976; Rayner, McConkie, and Ehrlich, 1978; McConkie and Rayner, 1975) pro­
vides a rich background of empirical data for our study, which is intended to 
exploit detailed computational models of natural vision in the manner of this 
paper. It is clear for example that the notion of word shape needs to be made 
more precise by defining an appropriate representation of the information 
available when a word is convolved at 2°. Rayner's (1975, page 76) finding that 
the frrst and last letters of a word (his NS condition) cause a significant in­
crease in foveation duration is entirely consistent with the approach pursued 
here. When two nearby lines are convolved, they produce a smeared blob. 
This occurs not only for strokes within a character, but for nearby strokes 
of two adjacent characters (Figure 11). Such inter-character smearing 
confounds any process whose goal is to elicit structure within a word, and 
in particular to discover the precise locations of its individual characters. 
The extremal characters are relatively unaffected by such intercharacter 
smearing, and hence the information gleaned at 4° will closely match that 
computed on a subsequent (foveal) saccade. A similar argument applies to 
ascenders and descenders, so long as they are relatively isolated. It is not 
inconceivable that we have learned that such shape information at the ex­
tremities of words and from isolated ascenders and descenders within a 
word are preserved over a typical 2° saccade, and have based our word 
representation scheme, which develops over several such saccades, and 

Figure 11. The smearing of nearby lines by convolution. Left: "emi''- for strokes 
within a character. Right: "nWh"- between two characters. 
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the corresponding processes for eliciting substructure, upon it. Further 
study is needed to make the representation and matching process precise. 

For the moment at least, we are left with a reasonably detailed model of 
eye movement control whose goal is the isolation of words in text on the 
basis of the information which is available in the parafovea. 

1. We can reliably isolate spaces above a size which is yet to be deter­
mined, but is about one character space in normal text. We assume that such 
spaces delimit words, and mostly this inference serves us well. We are con­
fused (and our reading is inhibited) when they do not. 

If a space is located on either side of a blob which subtends a visual angle of 
roughly the same size as an individual saccade, we initiate an eye movement 
to the beginning of the as yet unprocessed blob. O'Regan's (1979) data gives us 
some evidence on which to develop the details of this process. In particular, 
the control may involve a crude representation of the sort discussed earlier 
for uppercase characters, in which case it would presumably be easy to 
confuse. Again, this requires detailed investigation. 

2. If spaces are not available, but words are delimited by some filler charac­
ter, we dynamically adjust our scanning strategy to locate instances of that 
filler. This requires that we first compute a description of the appearance of 
the filler in the parafovea, and secondly that we search for instances of the 
description in the convolved parafoveal image. This strategy is reliable to the 
extent that the filler is "visually striking," that is to say, its instances can 
reliably be extracted from the available information. The backwards and for­
wards slash characters are visually striking in this sense, the@ sign is less so. 
It is expected that the frrst foveation of text in which spaces are routinely 
filled in this way would be considerably longer than subsequent ones (there 
is some evidence that this is generally true; see Levy-Schoen, 1979, page 12). 

It may be conjectured that this can be explained on the basis of the consid­
erations discussed in this paper. 

In particular, our model leads to the following prediction. Consider a text 
sample which consists of a sequence of"segments," each of which can be 
several words long and is associated with a particular filler character. For 
example, a segment filled with\ might be followd by a segment filled with I 
and so on. We would expect that there would be a significant increase in the 
duration of foveations at the boundary between two segments as the para­
foveal processing fails to discover an instance of its currently "loaded" filler, 
and has to locate and load the description of the filler for the next segment. 

3. We distinguish between uppercase and lowercase characters on the ba­
sis of size and lower curvature only. Capital letters mark important linguistic 
events in English, such as proper names and the beginnings of sentences. As 
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before, we assume that this importance has been translated into a coarse 
description which often can be reliably computed in the parafovea. While it 
often serves us well in isolating uppercase characters and drawing our atten­
tion to the corresponding linguistic event, it is a coarse description and is 
easily confused. 

Other work, not reported in detail here, shows a slight though not statisti­
cally significant advantage over sample seven in Figure 4 for a word sequence 
in which words are alternately printed in a roman font and in italics. This 
effect is less than that which occurs when bold font is alternated with regular 
roman. This is consistent with the findings of legibility research. Various 
researchers, including Tinker ( 1955), have found that italics actually retard 
reading and that readers mostly do not like italics. Tinker (1955) found that 
96% of his adult subjects were of the opinion that they could read lowercase 
roman more easily than italics. 

This study assumes that the word isolation process is already activated at 
the time when the text is initially encountered, and it might be thought that 
high level knowledge would be required to effect this activation. Figure 12c 
shows a sample of text (Figure 12a) convolved with a mask size which corre­
sponds to foveation at a distance of 5.83 metres. The regular texture of lines 
of blobs is quite clear, even though it is impossible to make any sense of the 
text. In short, the image looks like text even at a distance, as does the image 
in Figure 12g, although in this case it is in fact the convolution of the image 
shown in Figure 12d. Once again, the theory being advanc:ed here is that we 
interpret a particular image as a piece of text on the basis of quite a crude 
representation, which, however, mostly serves us well. 

We conclude with one final remark on the notion that the ease with which 
a text can be read is directly related to the ease with which information can 
be reliably computed from its convolved image, and it concerns font design. A 
great deal of research on font design (see, for example, Spencer, 1968) is 
depressingly subjective. Recently however, Julesz (1980) and his colleagues 
have begun a study which is analogous to that pursued here. They apply their 
ideas about texture discrimination to define a set of so-called "textons" and 
then advocate the design of fonts based on the discriminability of textons. 
Our approach also relates the legibility of a font to the processes of natural 
perception, but we are currently more concerned with understanding the 
perceptual basis of the efficacy of using serifs and so forth than with the 
aesthetics of font design. There is nevertheless a good deal of similarity be­
tween our goals. Much more work is necessary to develop the ideas sketched 
in this section into a coherent and precise theory. 
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Figure 12. 12a: a sample of text displayed, after photoscanning at a resolution of 100 
microns, using a psuedo grey level system devised and constructed by Berthold Horn. 
12b: the result of convolving the text in 12a with a mask whose central panel width is 
36. This corresponds to foveating the text at a distance of 5.83 metres. 12c: zero 
crossings of the convolution shown in 12b. The pattern ofblobs corresponding to 
words is evident. 12d: a set of random marks produced by filling in the regions which 
arise from tracing around the text sample given in 12a. 12e: a number of cross sections 
of the intensity profile shown in 12d in the x andy directions. 12f: the result of 
convolving the image shown in 12e in the same way as 12b. 12g: the zero crossings of 
the convolution in 12f. The result is quite similar to 12c. 



Appendix: Experimental details 

The experiments were designed strictly in accordance with the method 
devised by Fisher (1975) to maximize comparability with his results. 

Method. 1\velve members of the Artificial Intelligence Laboratory who were 
naive with regard to the purpose of the experiment took part. 

Materials. The nine paragraphs of the 1960 revised Nelson Denny Reading 
Thxt (Denny, 160) were used, together with three paragraphs of similar length 
(about 200 words) and complexity. The Nelson Denny texts were used by 
Fisher because they {(had a very high degree of standardization from high 
school through college aged adults" (Fisher 1975). A Times Roman 10-point 

font was used throughout the experiments. There were several variations to 
the basic font: 

It now became evident that the city must be abandoned at once. There was 

(i) 

ItnowbecameevidentthatthecitymustbeabandonedatonceTherewasadifferenceof 

(ii) 

ItNowBecameEvidentThatTheCityMustBeAbandonedAtOnceThereWasADifferenceOf 

(iii) 

It@now@became@evident@that@the@city@must@be@abandoned@at@once@There@was 

(iv) 

It\now\became\evident\that\the\city\must\be\abandoned\at\once\There\was 

(v) 

It/now/became/evident/that/the/city/must/be/abandoned/at/once/There/was 

(vi) 

itlnow(became!evident/that!thelcity!mustlbe/abandonedlatlonce/Therelwas 

(vii) 

i regular spacing between words ({(normal"). 
ii all words elided together, that is, inter-word spacing removed. 

iii words elided together after the initial letter of each word had been 

capitalised 
iv inter-word spaces filled by{(@." 
v inter-word spaces filled by{(\." 

vi inter-word spaces filled by{(!." 

vii inter-word spaces filled by a special character of the same slope as the 

descenders in the font. 
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The experiments (1-5) described in Section 3 were designed to compare the 
relative ease of reading several pairs of the variations listed above. Specifical­
ly, the following hypotheses were tested: 

1 ii vs iii: It was hypothesized that it would be significantly easier to read 
variation iii than variation ii. 

2 iii vs iv: It was hypothesized that there would be insignificant difference 
between the ease of reading variations iii and iv. 

3 iv vs v: It was hypothesized that it would be significantly easier to read 
variation v than variation iv. A similar hypotheses was that variation vi 
would show significant advantage over iv. 

4 i vs v: It was hypothesized that there would be insignificant difference 
between the ease of reading variations i and v. 

5 vi vs vii: It was hypothesized that it would be significantly easier to read 
variation vi than variation vii. 

The variations ito vii were divided into two overlapping sets i, ii, iii, iv, v and 
ii, iii, iv, vi, vii. The subjects were divided into two groups of six and each 
group was associated with one of the two sets of variations. Each subject had 
an individually prepared booklet consisting of the twelve paragraphs. The 
booklets comprised two instances of paragraphs in three of the variations 
and three instances of two of the variations. The choices of variations and the 
order of presentation of the variations was counterbalanced over all subjects. 
({After each paragraph, a set of four multiple choice questions was presented 
which had to be answered. The questions were taken from the Nelson Denny 
Reading Thst. A digital clock graduated in [steps of 0.1 second] provided a dis­
play of the time to read and was clearly visible to all subjects" (Fisher, 1975). 

Procedure. Each subject was given a page of instructions containing the vari­
ations of text which would appear, the individually prepared booklet of twelve 
paragraphs, and a question and answer sheet. ({When subjects finished read­
ing, they were to look at the time ... They were then to turn the page, answer 
the questions, and wait for instructions to go on to the next paragraph" 
(Fisher, 1975). 

Results. As there was a substantial spread in the reading speed of the sub­
jects, averaging the data points over all subjects for a particular text produces 
an unacceptably large standard deviation. As we are in fact most interested in 
the relative ease of reading two variations, the relevant hypothesis for com­
paring one text variation a against another 13 is the null hypothesis: 
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We can use the simple t statistic defined by 

r-1 
t = -;vr 

t 
where there are v + 1 subjects, r is the mean of the individual values of ...2., 

t[3 
where ta. is the time taken per word to read the paragraphs in variation a, and 
s is the standard deviation of that measure from r. The actual results were 

given in Section 3. 
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