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Where a reader’s eyes fixate within a word influences how accurately and
quickly a word is recognized. Mapping performance against fixation within a word
gives the “viewing position (VP) curve,” which has an inverted-U shape with better
recognition at word beginning than end and best recognition at a fixation slightly
left-of-center (optimal viewing position, OVP). There are data supporting each of the
major, non-mutually exclusive accounts of these VP asymmetries: informativeness,

cerebral laterality, and perceptual learning. However, none of them can explain why
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reverse VP asymmetries have not been observed. It is my thesis that these issues are
in large part because stimulus and reader characteristics both are critical in visual
word recognition. We addressed the issues by using a target discrimination task in
a VP paradigm for a variety of more-or-less word-like strings. Behavioral results
show (1) all strings yield an U-shaped VP curve; (2) all but strings with no letter-
like features show a beginning-vs-end VP asymmetry, ruling out an account based
wholly on either informativeness or left cerebral specialization for word processing;
(3) only words exhibit a left-to-center OVP, suggesting cerebral laterality and/or
informativeness may play a role; (4) perceptual learning also falls short of explaining
the deleterious effect on performance of the number of characters in the target’s
VF (i.e., visual crowding). Using event-related potentials, our investigation on the
neural mechanisms of the VP effects find (1) the continuity of fovea to parafoveal
processing assumption, required for the cerebral laterality account, however, interacts
with VF, and (2) an electrophysiological index of the OVP effect in the early sensory
P1 component. Compared to prior research, we use a broader range of stimulus
types, at more locations in visual space, in a target discrimination task, thereby
affording a not only finer-grained analysis of the VP curve but also filling significant
empirical gaps. For the first time, we dissociate the beginning-vs-end and OVP
asymmetries, and further uncover an important role for an unexamined factor: visual
crowding. Moreover, by filling these empirical gaps, we provide additional constraints
on any empirically adequate account and conclude that no current alternative is

wholly satisfactory.
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Chapter 1

General Introduction and

Background

“Raednig thees wrods semes to be esaeir tahn you mgiht hvae tohuhgt; waht

colud epzlian tihs?”

— Shillcock

Although there is clearly something amiss with the sentence above, readers
have no trouble recognizing these words and understanding their meaning. However,
this is counterintuitive: if we read words based on their written forms, as linguistic
textbooks suggest that we do, analyzing words to extract information about their
phonology and semantics, then how is it possible we are able to read such a sentence?
Our ability to do so brings into question just what our understanding of written word
recognition is.

At minimum, there are two distinct components of written word recognition:

the words and the readers who read and make sense of them. Psychologists, lin-



guists, and psycholinguists have paid considerable attention to the words themselves,
asking questions like what makes a word a word? What are formal structures of
words? What kinds of human behaviors reveal the properties and linguistic structure
of words? Focusing on word properties and how they influence human performance
would seem to offer a solid basis for understanding word recognition. On this ap-
proach, however, human word recognition behavior is just evidence for or against
formal linguistic principles, rather than a means for understanding word recognition

processes. McDonald, Carpenter, and Shillcock (2005) writes:

“Historically, the development of processing accounts of reading has been driven
predominantly by psycholinguistics, with principal theoretical categories — lexis, syn-

tax, semantics — being drawn from formal linguistics.”

Our ability to understand the introductory sentence above is problematic for
theoretical frameworks on which word recognition processes unfold in this classical
way. However, I think that word recognition is neither a process involving only the
linguistic elements of words nor merely a mapping of linguistic principles onto the
human brain. It is my thesis that word recognition is also a cognitive process — a
computational process, or set of processes that takes place in human brain, subject
to its anatomy and functional organization that is modified by our experience.

If we view written word recognition as a visual process conducted by the
human visual system, then it follows that we can better understand word recognition
by taking into account what is known about human visual perception, its anatomy
and its functional organization. For example, Wertheim (1894) found that there

is a sixty percent reduction in visual acuity at an eccentricity of one degree from



fixation. As a consequence, we see something clearly near fixation and something less
clearly as it gets farther from fixation. Since words have to be seen to be read, one
might suppose the rapid drop-off of visual acuity from fixation is a critical limiting
factor on visual word recognition. To better understand word recognition, then, it
would seem important to consider the constraints on visual perception. Given acuity
constraints on perception, where readers fixate within a word could be critical for
word recognition: some fixations might be better than others.

Intuitively, we might assume that the center of a word is the best viewing
position, perhaps because we suppose, right or wrong, that it allows us to see the
entire word. To test this hypothesis, J. O’Regan, Lévy-Schoen, Pynte, and Brugaillere
(1984) systematically manipulated participants’ initial fixation position by displaying
words horizontally shifted relative to fixation. Surprisingly, a word’ s center was not
the best fixation position. The speed and accuracy of recognition were respectively
faster and higher the closer the eye’s initial fixation was to a point slightly to the
left of center of the fixated word. This phenomenon is known as the optimal viewing
position (OVP) effect.

The left-of-center asymmetric OVP pattern shows that word recognition de-
pends on viewing position, and is prima facie evidence that word recognition is in-
fluenced not only by word properties, but also by constraints on the human visual
perception system. My dissertation research — with the ultimate aim of better under-
standing word recognition — will focus on the viewing position (VP) curve of which
the left of center OVP is one important feature, as well as some of the major factors
that likely may contribute to it, including the human visual system, hemispheric spe-

cialization for language, low-level statistical properties of words, and the shaping of



visual perception by language experience.

1.1 The Viewing position (VP) curve and the VP
effects

Performance on visual word recognition varies as a function of where the eyes
initially fixate within a word. Mapping performance against fixation location within
a word gives the so-called “viewing position (VP) curve” which generally has three
salient characteristics. First, the overall shape of the VP curve is an inverted U:
performance declines as the eyes fixate toward either edge of a word. Second, this
performance drop is larger for fixations at the word’s end letters than at its beginning
letters, such that the VP curve is asymmetric. Third, the fixation location that
leads to the best performance, the so-called the optimal viewing position (OVP) is
left-of-center within the word. These three characteristics or VP effects, namely,
(1) the inverted U-shape, (2) lower recognition performance for fixations at the end
vs. beginning of words, and (3) the left-of-center OVP, are well-attested in both
isolated visual word recognition tasks (J. O'Regan et al., 1984) and in reading (Vitu,
McConkie, Kerr, & O’Regan, 2001). These effects are reliably observed across a
variety of tasks, including word naming (Brysbaert, 1994), lexical decision (Brysbaert,
1992), and perceptual identification (Stevens & Grainger, 2003). Investigations of
VP effects are an important and arguably essential means of studying visual word

recognition.



1.2 Why study VP effects as a means of better
understanding visual word recognition?

For one, the left-of-center OVP reveals the way that readers naturally fixate
words — and yet most laboratory studies of visual word recognition present words
either centered at fixation or lateralized approximately 2 degrees in the parafovea.
Theories of visual word recognition need to be able to account for the data patterns
regardless of the presentation format. To the extent that hemispheric differences
for language processing impact the functioning of the human cognitive system, it
would seem some consideration need be directed at processing in the fovea and its
role in generating asymmetric effects (VP and otherwise). Last but not least, at
minimum the study of VP effects provides invaluable empirical observations on how
letter position relative to fixation and/or other letters within the word modulates
human performance on visual word recognition (J. O’'Regan & Jacobs, 1992). Such
data are essential to any descriptive or computational model of word recognition,
which I think must ultimately code for letter position and explain letter position
effects on word processing (Grainger, 2008; Lavidor & Walsh, 2004; C. Whitney,
2001; C. Whitney & Lavidor, 2004; C. Whitney & Cornelissen, 2005; C. Whitney,
2004).

Using the VP curve as a means of investigating word recognition accords well
with trends in recent research, where focus had shifted away from integration across
abstract domains of representation (orthography, phonology, semantics) to the front-
end (lower level) of visual word recognition processes (e.g., foveal representation)

(Grainger, 2008; Lavidor & Walsh, 2004; C. Whitney, 2001; C. Whitney & Lavi-



dor, 2004; C. Whitney & Cornelissen, 2005; C. Whitney, 2004). Indeed, VP effects
are taken as evidence of the split fovea theory of foveal representation. According
to split fovea theory, any asymmetries around the fovea suggest that partial word
information on either side of fixation has consequences for visual word recognition.
The two asymmetric VP effects, thus, can be used to examine how partial word
information (which initially projects to the contralateral hemisphere) reunites via
inter-hemispheric transfer, integration, and as a function of hemispheric specializa-
tion (Brysbaert, 2004, 1994, 1992; Brysbaert & Nazir, 2005; Hunter & Brysbaert,
2008).

This dissertation investigates the nature and underlying mechanisms leading to
the VP curve and associated VP effects, with the ultimate aim of better understanding

visual word recognition.

1.3 Theoretical Accounts for the Viewing Position

Effects

Many theories have been proposed to account for the three VP effects de-
scribed above. There is a general consensus that VP curve’s overall inverted U-
shape is attributable to decreased visual acuity as a function of stimulus eccentricity
from fixation (J. O’Regan & Jacobs, 1992; McConkie, Kerr, Reddix, & Zola, 1988;
J. K. O'Regan, 1989; Nazir, 1991; Nazir, Jacobs, & O’Regan, 1998). Since visual
acuity drops off drastically even within the fovea (Levi, Klein, & Aitsebaomo, 1985;
Olzak & Thomas, 1986; Nazir, Heller, & Sussmann, 1992), the quality of visual

information is maximal at fixation. For a fixation at around a word’s center, average



acuity over letters is larger than that for a fixation at the extreme letters of a word.
The inverted U shape generally reflects the average quality of visual information while
moving fixation along the letter positions in a word (J. O'Regan et al., 1984). On
this view, the inverted U-shaped VP curve is a consequence of a general property of
the human visual system and not specific to visual word recognition. It should thus
be observed for any and all visual stimulus strings. I will test this prediction by using
a variety of different stimulus strings in this dissertation.

By contrast, there is considerable theoretical debate —i.e., no general consensus
— regarding the mechanism(s) responsible for the beginning vs end asymmetry of the
VP curve and the center-to-left OVP asymmetry or both. To our knowledge, no single
theory provides a complete account for these two asymmetries.

There are three main accounts for the first vs last asymmetry of the VP curve:
(1) the cerebral laterality account, (2) the perceptual learning account, and (3) the
informativeness account. These three accounts offer very different mechanisms for ex-
plaining the asymmetry of the VP effect. They provide different, albeit not mutually
exclusive, explanations of how the asymmetry of VP effects arise from perceptuo-
cognitive factors that contribute to visual word recognition: (1) the functional orga-
nization of the brain (in the case of the cerebral laterality account), (2) experience-
dependent processing (in the case of the perceptual learning account), and (3) the
structure of stimulus properties (in the case of the informativeness account). As there
are supporting data for each of these accounts — at least with respect to the begin-
ning vs end VP asymmetry, and no general consensus for any one of them — this
dissertation aims to collect discriminative data that will allow to better access these

accounts.



1.3.1 The cerebral laterality account

On the cerebral laterality account, the beginning vs end VP effect asymmetry
is due to left hemispheric specialization for word processing (Brysbaert, Vitu, &
Schroyens, 1996; Brysbaert, 1994). Specifically, partial word information on each
side of fixation projects to the contralateral hemisphere: letters to the left of fixation
directly project to the right hemisphere (RH), and letters to the right of fixation
directly project to the left hemisphere (LH). On this account, word processing can
begin only after information concerning the entire word has been transferred to the LH
(Haegen & Brysbaert, 2011; Haegen, Brysbaert, & Davis, 2009; McCormick, Davis,
& Brysbaert, 2010; C. Whitney, 2001). Transfer time cost depends on the amount of
information that must be transferred serially (Brysbaert, 1994). As a consequence,
there is a greater processing cost for fixations at the final letters of a word since all
letters are initially projected via the left visual field to the RH; in contrast, fixations
at the initial letters of a word require either little or no inter-hemispheric transfer
from the right visual field to the LH (Haegen & Brysbaert, 2011; Haegen et al., 2009;
McCormick et al., 2010; C. Whitney, 2001).

The cerebral laterality account aims to explain the beginning vs end VP asym-
metry based on the relative inter-hemispheric time cost among fixation locations due
to the transfer of word information from the right to the left hemisphere. Given
that the left hemisphere is specialized for word processing (compared to the right),
fixations to a word’s beginning benefit from this brain organization whereas fixation
to a word’s end do not. The cerebral laterality account, however, does not offer any

explicit explanation of the (asymmetric) OVP.



1.3.2 The perceptual learning account

The perceptual learning account proposes that the asymmetric VP curve —
both the beginning-end VP asymmetry and the OVP asymmetry — arises via the
shaping of processing preferences in visual space by extensive reading experience —
i.e., by perceptual learning. The essence of this account is based on Mishkin and
Forgays (1952) hypothesis that reading habits modify the way readers perceive print.
On the perceptual account, reading does not perceptually train all parts of the retina
equally and the more training that a part of the retina receives, the better that part
processes (Nazir, Ben-Boutayab, Decoppet, Deutsch, & Frost, 2004). Specifically, the
perceptual learning account relies on two canonical eye movement patterns in reading
to explain the asymmetric VP effects: namely, the distribution of eye landing positions
within a word and reading direction (Nazir et al., 2004; Nazir & Huckauf, 2008; Nazir,
1993). When reading (at least English), the eyes land more frequently on the initial
letters of a word than on its final letters; this is known as the preferred landing
position (PLP) (Vitu, O’Regan, & Mittau, 1990; Rayner, 1979). The perceptual
account proposes that the PLP provides frequent retinal training for processing initial
letters compared to those at a word’s end. Similarly, reading direction perceptually
trains and thereby favors parts of retina on the side in the reading direction (Nazir
et al., 2004). For example, reading a left-to-right language (such as English) may
perceptually train the right visual field (RVF) more than the left visual field (LVF),
and this is manifest in superior visual word recognition in the RVF relative to the
LVF.

According to the perceptual learning account, it is this differential perceptual

training of the retina that results in the observed perceptual asymmetry between
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the two visual fields. The drop-off in the visual acuity function becomes asymmetric
between the LVF and the RVF (Nazir, O’Regan, & Jacobs, 1991; Nazir et al., 1992).
And, for a left-to-right language such as English, the visual acuity drop-off is steeper
in the LVF than in the RVF. The letters of a word that span across retinal locations
to the left and right of fixation thus are processed better or worse depending on
which visual field they fall and where they are relative to fixation. Words are better
recognized at a fixation where all the individual letters are well recognized than when
some letters are positioned at disfavored retinal locations. As fixating the beginning
of a word positions the majority of letters in the RVF and fixating the end of a
word positions the majority of letters in the LVF, this visual field asymmetry is the
presumed basis for the beginning vs end asymmetric VP effect. Based on the same
logic, computing the overall perceptibility at various fixations leads to an asymmetric
OVP effect. Assuming visual acuity decreases more rapidly in the LVF than in the
RVF, a maximized average visual acuity (quality) over letters would be at a left-
to-word center fixation. In sum, the perceptual learning account relies on perceptual
learning from reading experience to yield a left-right visual field asymmetry, which in
turn explains both the beginning vs end asymmetric VP effect and the asymmetric

OVP effect.

1.3.3 The informativeness account

The informativeness account of the beginning vs end asymmetric VP effect
relies on the differential information distribution across the letter positions within
a word for a given language — i.e., the linguistic knowledge of orthographic written

forms in a language (Holmes & O’Regan, 1987; J. K. O’Regan & Lévy-Schoen, 1987;
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J. O’'Regan & Jacobs, 1992; J. O’Regan et al., 1984; Clark & O’Regan, 1999; Brys-
baert et al., 1996; Stevens & Grainger, 2003; Pynte, Kennedy, & Murray, 1991; Farid
& Grainger, 1996). Taken to its conclusion, the informativeness account predicts that
words (or languages) with different information distributions would yield different VP
curves. The shape of the VP curve is taken to directly represent the informativeness
distribution (Clark & O’Regan, 1999; Legge, Klitz, & Tjan, 1997).

It has been suggested that, at least in some languages such as English, words’
initial letters carry more information about word identity than final letters. Accord-
ing to the informativeness account, this trend is exactly captured in the beginning
versus end asymmetric VP effect. The processing benefit observed for fixations at
the beginning versus end of a word is taken to reflect the greater informativeness of
word-initial versus word-final letters. Support for this account comes from research
showing that varying the locus of informativeness modulates the morphology of the
VP curve and various VP effects as expected: e.g., for words carrying more informa-
tion in word-final letters, the beginning vs end asymmetry diminishes, and the OVP
moves toward the center of a word. Moreover, large-scale corpus analyses demon-
strate that the distribution of information within words is similar to the observed
VP curve. The (hypothetical modeled) VP curve based on the informativeness dis-
tribution appears to demonstrate all three VP effects: (1) the inverted U-shaped VP

curve, (2) the beginning-end asymmetric VP curve, and (3) the asymmetric OVP.
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1.4 Disentangling the factors that contribute to

the asymmetric VP effects

As already noted, despite the fact that these are fundamentally different ac-
counts of the beginning vs end asymmetric VP effect, each has garnered data in line
with its predictions. For example, consistent with the cerebral laterality account, the
beginning vs end asymmetric VP effect is smaller for the individuals with right (than
left) hemispheric specialization for word processing (Brysbaert, 1994; Brysbaert et
al., 1996; Hunter & Brysbaert, 2008). Consistent with the perceptual learning ac-
count, the VP curve is modulated by reading direction: for readers of a right-to-left
language such as Arabic, the VP curve is relatively more symmetric in both the be-
ginning vs end difference and the locus of the OVP (Farid & Grainger, 1996; Nazir et
al., 2004). Consistent with the informativeness account, the VP curve for words with
high-informativeness at their ends (rather than beginnings) is comparatively more
symmetric than the typically asymmetric curve (Brysbaert et al., 1996; J. O’Regan
et al., 1984). However, in no case have reversed asymmetric VP effects for either the
word beginning vs end asymmetry or the OVP asymmetry been observed (or at least
reported) in human performance data. And yet, an end vs beginning VP asymmetry
is predicted by the cerebral laterality account for individuals with right hemisphere
specialization for word processing, by the perceptual learning account for individuals
with a right-to-left reading direction, and by the informativeness account when more
information is word-final. From a theoretical perspective, this suggests that none of
the extant accounts can fully explain either or both of the asymmetric VP effects.

Moreover, from a methodological perspective, this raises the possibility that the fac-
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tors contributing to the asymmetric VP effects are confounded and need to be teased

apart.

1.4.1 Using word stimuli leads to confounds

I am of the opinion that the difficulty of disentangling the various contributory
factors to the two asymmetric VP effects stems from the fact that stimulus character-
istics (e.g., informativeness and perceptual learning) and reader characteristics (e.g.,
cerebral laterality and perceptual learning) are both critical in determining visual
word recognition. Fixating at a word’s end positions the word in the LVF whereas
fixating at a word’s beginning positions the word in the RVF. Informativeness and
visual field are confounded. Disentangling the contributions of word beginnings (with
high informativeness) from the potential benefits accruing from the majority of letters
being in the RVF (due to left hemisphere specialization for word processing or greater
visibility resulted from perceptual learning) to asymmetric VP effects is impossible.
Furthermore, even when word properties are controlled, it is difficult to distinguish
the role of the right visual field in the cerebral laterality account from that in the
perceptual learning account. Specifically, with respect to the asymmetric VP curve
effects for words, it is difficult to disentangle the processing benefits for letters in
the RVF due to asymmetric tuning of visual acuity as suggested by the perceptual
learning account or left hemispheric specialization for word processing as suggested

by the cerebral laterality account.



14

What are options other than words?

As the investigations on the VP curve center upon language processing, words
are traditional stimuli used to examine factors that contribute to the asymmetric VP
effects. However, as I pointed out, using words as stimuli leads to inevitable confounds
due to the nature that word characteristics interact with reader characteristics. In
my opinion, a feasible alternative to disentangle the factors that contribute to the
asymmetric VP effects is to examine the VP effects for visual stimuli that are not
necessary words. Traditionally, manipulations on “nonwords” commonly operate on
manipulations of letter combinations that lead to various degrees of orthographic or
phonological correspondence compared to real words. However, “not word stimuli”
that I propose here will instead be the stimuli that may or may not contain letter
or letter-like features which will push the scope of investigations beyond language
processing per se. By setting back stimulus characteristics from words, the observed
versus absent VP effects will allow us to isolate the factors that contribute to the VP
effects of stimulus characteristics from reader characteristics. Moreover, as the VP
effects are commonly discussed as word phenomena, a critical but ignorant position -
whether the VP effects are word-specific - could be explicitly examined by using more
or less word-like strings. Indeed, three major accounts for the VP effects predict dif-
ferent levels of word-specificity for the VP asymmetries. With respect to the cerebral
laterality account on LH specialization for word processing, VP asymmetries should
be restricted to words. While the perceptual learning account addresses location-
specific and stimulus-specific perceptual learning mechanisms during acquisition of
reading skills, the presence of VP asymmetries requires processing for stimuli that

contain letters or letter-like features. Although the informativeness account on a sta-
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tistical distribution over a stimulus string is developed for lexical knowledge, it may
predict VP asymmetries for the stimulus regardless of whether or not the stimulus is
a word as long as the stimulus string carries an asymmetric informativeness distribu-
tion that is learned by an individual. Consequently, such manipulations on stimulus
characteristics with various more or less word-like strings will provide insights on the

extent to which language related processing plays a role on the VP effects.

Relevance of visual perception factors to the study of VP effects

An issue that will be raised immediately along this approach using general
visual stimulus is whether relevant components of visual perception should be con-
sidered with respect to their potential contributions to the VP effects. One such
component, visual acuity, has been included in a discussion of the VP effects: (a) a
general consensus for an U-shaped VP curve and, (b) an asymmetric visual acuity
function between the two visual fields that the perceptual learning account takes to
account for the VP asymmetries. Visual crowding, which is intensively investigated
in the literature of visual perception (D. Whitney & Levi, 2011), however, seems to be
omitted in a discussion of VP effects. As visual crowding refers to an impairment of
recognition due to a target’s surrounding objects, visual crowding has been suggested
as an essential bottleneck of object perception (Levi, 2008). Visual word recogni-
tion, indeed, is a type of recognition that involves overcomes/interactions with visual
crowding in highly visual crowded situations as we know that visual word recognition
depends on the ability of successful letter recognition (Pelli, Farell, & Moore, 2003;
Pelli et al., 2007).

In my opinion, there are two main reasons that visual crowding has not been
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included in a discussion of the VP asymmetries, one theoretical and one methodolog-
ical. First, as I pointed it out in the earlier paragraph, word characteristics that have
been mapped onto theoretical (linguistic) principle categories are overemphasized
compared to reader characteristics. The attention on word processing is historically
skewed toward treating written words as linguistic objects instead of visual objects
as well. Second, as by definition that the VP curve is a function of recognition per-
formance relative to fixation within a word, tasks such as lexical decision or naming
tasks that are used to measure recognition performance usually depends on a single
response to a whole word. Given the nature of tasks, with a single response to a fixed
number of letters within a word, it is limited for the examinations on performance
impacted by visual crowding. Given this, potential contributions of visual crowding
could be drawn, at most, from better recognition performance for fixations at the
extreme letters (first or last letter of a word) due to a partial release of visual crowd-
ing for an absence of adjacent letter at these two extreme letter positions. However,
the potential contributions of visual crowding inferred through these comparisons be-
tween fixations at the extreme versus the rest of letter positions are confounded with
the contributions of visual acuity. Fixating at the extreme letter positions also lead
to an averagely lower visual acuity over an entire word as it has been suggested as a
foundation of an U-shaped VP curve.

I am of an opinion that a shift of attention to “not word stimuli” for the
investigations of VP effects, in fact, will naturally lead to a possibility to address
visual crowding properly due to its need of using tasks other than those depend on
a single response to a whole word. One of tasks that has been used to examine

contributions of visual acuity to the VP asymmetries with letter strings is a target
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letter discrimination task - one target letter embedded at a random letter position in
a letter string

Furthermore, an assessment on factors of visual perception - both visual acuity
and visual crowding will provide critical information for teasing apart contributions
of VP effects from mechanisms proposed by three major accounts - cerebral laterality,
perceptual learning, and informativeness. For both the cerebral laterality and infor-
mativeness accounts, the mechanisms that come into play to contribute VP effects
begin by assuming the availability of visual information - either the inter-hemispheric
transfer delay for abstract letters from the RH to the LH or a statistical computation
on abstract letter (character) identities. Factors of visual perception, therefore, play
a minimal role on these two accounts. On the other hand, the perceptual learning ac-
count is based on the idea that perceptual learning may modulate visual perception,
which leads to constraints of the availability of visual information in the human visual
system and brain. Without addressing a role of visual crowding, however, imposes
difficulties to evaluate the proposed mechanisms of the perceptual learning account
to the VP effects and the role of visual perception in a scenario of visual word recog-
nition. Experimental designs - such as a target discrimination task combined with
the viewing position paradigm - that allows to better assess visual acuity and visual
crowding, therefore, will provide critical information for both better understanding
the roles of mechanisms proposed by the three major VP accounts and visual word

recognition in general.
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1.4.2 The temporal dynamics of the asymmetric VP effects
may help distinguish the three major accounts

Let’s revisit the three main accounts for the asymmetric VP effects. On the
cerebral laterality account, the asymmetric VP effects reflect a need to transfer par-
tial word information from the RH to the LH; (2) on the perceptual learning account,
the asymmetric VP effects arise from asymmetric perceptual tuning of visual inputs;
and (3) on the informativeness account, the asymmetric VP effects reflect an asym-
metric distribution of lexical information over the letter positions within a word, We
have already discussed how these proposed mechanisms differ in their dependence on
word processing per se, such that we can tease apart these mechanisms (factors) by
comparing the VP curves for more or less word-like stimuli, as well as by examining
the contributions of visual factor such as visual acuity and visual crowding.

Another effective approach to teasing apart these alternative accounts is to
delineate the temporal dynamics of processes hypothesized to contribute to the asym-
metric VP effects, as they presumably act at different times. Viewed from a purely
bottom-up perspective, the contribution of perceptual learning mechanisms precedes
that of informativeness, which in precedes that of cerebral laterality, as the stimulus
progresses from early to late stages of processing. Although the exact temporal order
of engaged mechanisms may differ if top-down feedback mechanisms are also taken,
my point is that the temporal dynamics of the asymmetric VP effects could prove
to be a critical dimension that for evaluating the proposed mechanisms and their
relationships. The observed asymmetric VP effects for words are based on behavioral
measures that reflect the combined outcomes these multiple stages of processing. If,

however, our ultimate goal is to understand how the asymmetric VP effects come to
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be and the roles they play in visual word recognition, we need tools for tracking the
time course of processing and the responsible functional brain mechanisms, reflected
in the asymmetric VP effects.

Indeed, this is viable means of distinguishing and assessing the alternative
accounts as they rely on different assumptions about the brain. The proposed mecha-
nisms of the cerebral laterality account, for example, are based on certain assumptions
about foveal representations for word processing. The perceptual learning account, on
the other hand, taken together with general theories of perceptual learning, implicate
perceptual tuning changes in early visual areas for language-relevant visual objects.

Conventional measurements of recognition performance, such as recognition
accuracy and reaction times do not have the resolution to track the time course of
the VP effects with sufficient resolution. By contrast, event-related brain potentials
(ERPs) do. I thus plan to utilize event-related brain potentials (ERPs), following in
the footsteps of several researchers of these sorts of issues (Martin, Nazir, Thierry,
Paulignan, & Démonet, 2006; Martin, Thierry, Démonet, Roberts, & Nazir, 2007;
Rosazza, Cai, Minati, Paulignan, & Nagzir, 2009; Jordan, Fuggetta, Paterson, Kurtev,
& Xu, 2011).

I propose to employ the ERP methodology to better identify the functional
mechanisms leading to the behavioral VP effects. First, I will use ERPs to examine
assumptions about the nature of foveal representation and its relation to the visual
fields on which the cerebral laterality account is based. By focusing on foveal rep-
resentation I will also begin to collate a base of electrophysiological phenomena of
visual recognition in the viewing position paradigm. Furthermore, I aim to find (an)

electrophysiological index(es) of asymmetric VP effects, which to my knowledge has
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not yet been reported in the literature. Such a finding would not only complement
the behavioral data but also help to winnow down the viable theoretical accounts for

VP effects and their role in visual word recognition.

1.5 Primary questions of thesis

This thesis aims to establish the nature and scope of the asymmetric VP effects
— beginning vs end and OVP - and to isolate the specific contributions of the various
factors proposed by the different theoretical accounts. We focus primarily on the
cerebral laterality and the perceptual learning accounts for the two asymmetric VP
effects in particular.

Very few studies of the VP curve have examined non-word strings, and even the
few who have used only a limited number of locations: fixation either at word end or
beginning (i.e., wholly in the LVF or RVF, respectively), or at word’s center, and very
rarely both in the same experiment. Nor have these studies examined intermediate
fixation positions within a string, which leads to different numbers of letters in the two
visual fields. The reported VP curves thus are routinely extrapolated from the two
or three string positions typically used. I believe more fixation positions are essential
to more precisely delineate the curve. Accordingly, in Experiment 1 (Chapter 2) I
do both: I examine all three features of the VP curve for (non-word) letter strings
in both visual fields and spanning central fixation. In so doing, the results of this
experiment will allow us to adjudicate between cerebral laterality and perceptual
learning as the sole account for the beginning vs end VP asymmetry and the left-of-
center-OVP. According to the cerebral laterality account, both asymmetric VP effects

are a consequence of left hemisphere specialization for word processing. Thus VP
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curves for non-word letter strings should not present with either the beginning vs end
asymmetry or the left of center OVP asymmetry. To the extent that they do — even
though word level processing has been eliminated — we can rule out an account based
solely on left hemisphere processing for words (i.e., the cerebral laterality account).
If, by contrast, either or both asymmetric effects are absent, then we could entertain
the hypothesis that that asymmetric VP effect might be word-specific.

For non-word letter strings, we find the general inverted U-shape and the
beginning vs end asymmetric VP effect but not the left-of-center OVP asymmetry.
The presence of the beginning versus end VP asymmetry for non-word letter strings
means that this asymmetry is not word specific and that invoking left hemisphere
specialization for word processing is not necessary to account for it. Moreover, our
analysis shows that the beginning vs end asymmetric VP effect is consistent with
better performance in the RVF than in the LVF, and with the view that perceptual
asymmetry may mediate the asymmetric VP effects.

Since these data indicate that a perceptual learning account suffices to explain
at least the beginning vs end VP asymmetry, in Chapters 3 and 4, we look more
closely at the perceptual learning account. In Chapter 3 we examine the scope and
generality of the characteristics of the VP curve in two experiments, by varying the
nature of the characters of the visual stimulus strings — namely, letter-like symbol
strings in Experiment 2 and strings of broken rings that are not distinguishable by
letter-like features in Experiment 3.

According to the perceptual learning account, both the asymmetric VP effects
arise from perceptual training during reading. As such these effects should be spe-

cific to print — presumably letters or letter features. If so, we expect to observe the
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beginning vs end asymmetric VP effect to strings of symbols which contain letter-like
features (Experiment 2) but not to those that do not (Experiment 3). As that is the
pattern of results that we observe, in Chapter 4, we critically examine an explicit
model of the perceptual learning account of the asymmetric VP curve effects, namely
the Multiplied Identification Processing (MLIP) model. The MLIP was developed to
show that the VP curve asymmetries could arise from a perceptual asymmetry due
to a differential drop-off in visual acuity between the two visual fields (steeper in the
LVF than RVF). I would like to argue, however, that the drop-off in visual acuity
may not be the only factor contributing to the perceptual asymmetry and thus to
the asymmetric VP effects. I would like to make a case that visual crowding asym-
metries between the two visual fields also contribute to the perceptual asymmetries
and thus to at least the beginning vs end asymmetric VP effect. Crowding is a visual
phenomenon referring to an impairment of recognition due to its surrounding objects.

My argument is based on an appreciation of the relationship between the VP
curve and general visual recognition patterns. The VP curve, by definition, is a func-
tion of recognition performance relative to fixation within a word. For example, given
a five letter word, the region of interest for VP effects is within the area spanning
fixation (See Figure 1.1). As mentioned above, we routinely test all five string po-
sitions, whereas the perceptual learning theorists have only tested string positions 1
and 5, or 3 (which is also used to investigate the perceptual span) for non-word letter
strings. This focal VP area, however, is a subset of the observer’s larger visual field
(as in Figure 1.2). Research on visual recognition in general thus subsumes the VP
region, but goes beyond it (See Figure 1.2). Although the stimuli and/or tasks used

in studies of visual recognition are not specifically designed to examine the various
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asymmetric VP effects, there is, as of yet, no principled reason to assume that the
VP curve is not subject to the same factors as visual recognition more generally.

As for the various VP effects, visual acuity plays a similar important role in
accounts of the recognition asymmetry for letter strings in the two visual fields. In
addition, it has been shown that visual crowding likewise plays an important role
on visual recognition patterns, especially for the asymmetric recognition patterns
between the two visual fields. We can reasonably ask whether visual crowding con-
tributes to the beginning vs end VP asymmetry and should be incorporated into the
MLIP model. We can examine visual crowding only if we do not collapse recognition
scores across letter positions within a string at a given fixation, as is typically done for
VP curve calculations. In Chapter 4, we thus re-analyze the data from Experiments
1, 2, and 3, keeping recognition for each letter as a function of its relative location
within a string and relative to fixation.

Our re-analysis indicates that both visual acuity and crowding contribute to
the VP curve effects overall. However, visual crowding asymmetry between the two
visual fields (larger in the LVF than RVF) suffices to explain the beginning vs end
VP asymmetry for non-word letter strings and non-letter symbols. The absence of an
asymmetry in visual crowding for the non-linguistic (broken ring) sequences likewise
mirrors the symmetry of the beginning vs end VP effect. This pattern of results
suggests that perceptual learning during reading may shape perceptual asymmetry
in crowding, which is reflected in the asymmetry of the VP curve.

Since this is a novel proposal /explanation for the beginning vs end VP curve
asymmetry, in Chapter 4 we replicate Experiments 1 (nonword letters), 2 (non-letter

symbol strings), and 3 (nonlinguistic ring strings) in a within subject design, es-
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sentially replicating the main findings as well. While we observed the beginning vs
end asymmetric VP effect for all but non-letter ring strings, we did not observe the
left-of-center OVP asymmetry for any of the stimulus strings. Thus, in Chapter 5
we examine the characteristics of the VP curve for words, known to elicit the asym-
metric OVP and for pseudowords, where the OVP results are mixed. We used the
letter discrimination task that provides a richness of performance data — in letter
recognition at each fixation position and letter position within a string (word and
pseudoword) — so that we could examine potential visual field differences in letter
recognition and crowding asymmetry between the two visual fields, and thus assess
the perceptual learning account. We created stimuli for which several critical lexi-
cal properties (neighborhood frequency and bigram frequency) over target positions
and target letters were controlled. And, since the sublexical factors were matched
across words and pseudowords, we could use recognition differences between them
to determine which, if any VP effects, were specific to words. Our results indicate
that the left-of center OVP might be word specific, which offers some limitations on
a perceptual learning account of the beginning vs end VP asymmetry based solely
on a crowding asymmetry between the visual fields. We observe no visual crowding
asymmetry for words, although there is a visual acuity asymmetry across the fields.

In Chapter 6, we record event-related brain potentials (ERPs) to lateralized
non-word letter strings flashed in the foveal or the parafoveal regions. A letter discrim-
ination task within a viewing position paradigm is used in order to assess continuity
of processing across the visual field. According to the cerebral laterality account,
the RVF advantage for parafoveal words and the word beginning vs end asymmetric

VP effect for foveal words both have the same neural basis — left hemisphere (LH)
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dominance for language. We test this proposal by measuring the amplitudes and la-
tencies of early visual evoked potentials (occipital P1 and N190), both ipsilateral and
contralateral to the side of stimulus presentation. We then use these, following the
literature, to calculate interhemispheric transfer times and amplitude reductions. We
find inter-hemispheric transfer times are faster for RH-to-LH transfer than LH-to-RH
transfer, consistent with better behavioral performance for stimuli to the right than
left side of fixation, foveally and parafoveally. Although the occipital N190 to lateral-
ized stimuli in the fovea was generally shorter in latency and larger in amplitude than
for stimuli outside the fovea, these differences were larger in the RVF than LVF. This
pattern of results cannot be explained by a processing continuity assumption if LH
specialization for language is the responsible mechanism. Moreover, we also found
larger amplitude reductions for transfer from the RH-to-LH than vice versa, further
implicating contributing factors other than left hemisphere dominance for language
in the observed hemispheric differences.

Because we observed the center-to-left OVP for words only, in Chapter 7,
we used the ERP technique to begin to understand the neural mechanism of this
word-specific effect. Specifically, we recorded ERPs to words and nonwords presented
foveally at two different within-string fixation locations — namely, at the OVP (slightly
left of string center) and at the string’s center. We expected this fixation manipula-
tion to impact word processing but not nonword processing. Although occipital P100
amplitudes were larger for longer strings than shorter strings, regardless of lexical
status and fixation, only words showed an effect of fixation position. P100 ampli-
tudes over right occipital sites were smaller for words positioned at the OVP than

at the word’s center; this P100 amplitude difference between fixations is negatively
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correlated with word length. This pattern of effects leads us to suggest that location
normalization for invariance during visual word recognition may occur around 100

ms.
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Chapter 2

Without a word: the beginning vs
end asymmetry of viewing position
effect is not specific to word
processing

2.1 Abstract

Human performance in visual word recognition depends on where the eyes ini-
tially fixate within a word, the so called viewing position (VP) curve. The VP curve
is characterized by an overall inverted U shape and by two asymmetric effects: (1)
better recognition for fixations at the beginning than at the end of a word and (2)
fixations at a left-to-center of a word being optimal, known as an asymmetric optimal
viewing position (OVP) effect. Accounts for the asymmetric VP effects have been
proposed; attention has centered on the left hemispheric specialization for words,
perceptual learning during reading, and the informativeness (of the word identity)
distribution within a word. However, it has been a hard time for research on visual
word recognition disentangling the contributions among proposed mechanisms. For
the VP curve of words, the behavioral changes due to the manipulations on either

hemispheric language dominance, perceptual learning of language experience, or word
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characteristics are inevitably interdependent to each other. To isolated contributions
to the asymmetric VP effects due to perceptual learning, we exploited non-word let-
ter strings to eliminate the contribution of word level processes. According to the
cerebral laterality account, which reasons the asymmetric VP effects on the hemi-
spheric differences for word processing, there should be no asymmetric VP effects for
non-words. However, our results show the beginning vs end VP asymmetry as what
the perceptual learning predicts. Moreover, further analysis on letter recognition in
each visual field demonstrates better performance in the right visual field than in the
left visual field. It is consistent with the perceptual learning for its proposed mech-
anism on the perceptual asymmetry between the visual fields. Our findings suggest
the beginning vs end VP asymmetry is not specific to words. This study rules out
the necessity of the hemispheric specialization for word processing to account for the
beginning vs end VP asymmetry; the perceptual learning account alone can explain

the beginning vs end VP asymmetry.
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2.2 Introduction

Contemporary research on visual word recognition focuses on the front-end of
visual word processing (Grainger, Dufau, Montant, Ziegler, & Fagot, 2012; Gomez,
Ratcliff, & Perea, 2008; Carreiras & Grainger, 2004; Dehaene, Cohen, Sigman, &
Vinckier, 2005). Indeed, a fundamental concern for visual word recognition models is
how to represent lexical information such that letter identities and letter positions are
encoded. Rather than presupposing a written word representation as a perceptual-free
lexicon entry or a symbolic operator that does not require much consideration of visual
constraints on processing of words, contemporary approaches include components of
visual word processing to be compatible with the constraints of the visual system.

It has been well-documented that visual word recognition strongly depends
on where the eyes initially fixate within a word. Given the drop-off in acuity from
fixation (Anstis, 1974), visual recognition performance decreases symmetrically in
the two visual fields as a nearly linear function of distance from fixation (Weymouth,
Hines, Acres, Raaf, & Wheeler, 1928). The viewing position (VP) function of visual
word recognition generally shares this inverse U-shaped pattern but is characterized
by asymmetric drop-offs with lower performance while fixating at the word’s end
compared to at its beginning (O’Regan, Lévy-Schoen, Pynte, & Brugaillere, 1984).

A marked preference for word beginnings has methodological and theoretical
consequences for the investigations on visual word recognition. VP function suggests
that theories on lexical access with no parameters regarding to initial eye fixations
may not be realistic if they seek to address human cognition on a basis of empiri-
cal behavioral performance. Moreover, with respect to VP curve’s theoretical con-

sequences, it may be helpful to make predictions for behavioral phenomena to test
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specific hypotheses of existing visual word recognition models. For example, O’'Regan
and Jacobs (1992) argued that their results of VP curve for low frequency words might
speak against a left-to-right grapheme-to-phoneme translation strategy proposed by
the dual-route models (Coltheart, 1978). This proposed strategy would expect to oc-
cur especially on difficult words, such as words with low frequency, which also expect
to demonstrate a more dramatic shifted optimal viewing position (OVP) toward the
word’s beginning. Results from the naming task of O’'Regan and Jacobs (1992) did
not indicate such an effect, and instead it revealed a more centrally placed OVP for
low frequency words on the lexical decision task. Methodologically, the reliable VP
curve asymmetry raised a concern that words are conventionally present in a way that
the eyes fixate at the middle of words for the majority of studies: at least some parts
of effects then may be due to variations in VP curve rather than the key variables
that are manipulated in the studies.

Exactly what contributes to VP function asymmetry, as well as the neural
mechanisms to account for its relation to visual and/or word processing, however,
are not well understood. It is unclear whether visuo-perceptual factors, or lexical
factors, or both drive the asymmetric VP function. The asymmetric VP function
leaves an open question of whether this asymmetry reflects the processes that decode
words at the level of letters or in their entirety as whole words. One dominant
hypothesis attributes the asymmetric VP function to LH dominance for language
processing (Brysbaert, 1994; Brysbaert, Vitu, & Schroyens, 1996). This so-called
cerebral laterality account is based on the proposal that a similar mechanism accounts
for the VP curve asymmetry and the right visual field (RVF) advantage for word

processing. Due to the anatomy of the human visual system, stimuli presented in the
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RVF directly project to the left hemisphere (LH), which is the language dominant
hemisphere for the majority of right and left handed people alike. On the other hand,
stimuli presented in the left visual field (LVF) directly project to the right hemisphere
(RH). According to cerebral laterality account, lexical information in the LVF/RH
has to transfer to the LH before word processing can begin (Brysbaert et al., 1996;
Stephan, Marshall, Penny, Friston, & Fink, 2007). Consequently, the processing of
lexical information in the RVF, which initially projects to the LH is temporarily
inhibited until the lexical information from RH/LVF arrives in the LH (Chiarello
& Maxfield, 1996; Haegen & Brysbaert, 2011). This inter-hemisphere transfer from
LVF/RH to the LH takes time, thereby producing an asymmetric VP curve that
favors initial fixations at word beginnings.

To assess cerebral laterality account of the VP curve asymmetry, Brysbaert
(1994) examined whether the VP curve asymmetry is larger for participants with
typical left hemisphere language dominance than for participants with atypical right
hemisphere dominance. Although group differences were small, the results were con-
sistent with cerebral laterality account (Brysbaert, 1994). Moreover, Brysbaert et al.
(1996) observed that the size of differences between the two groups increased with
the number of letters that needed to be transferred from the LVF/RH to the LH
(Stephan et al., 2007). However, even though group differences were reliably ob-
served, individuals with right hemispheric language dominance did not show a word
final superiority effect. The small shift toward a more symmetric VP function for
individuals with right hemispheric language dominance suggests that at least part of
the word-beginning benefits are likely due to other factors.

The differences in recognition accuracy across the two visual fields, as reflected
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in the asymmetric VP curve, do not merely reflect functional hemispheric asymmetries
in word processing. Multiple studies have demonstrated greater letter recognition in
the RVF than in the LVF as well as a steeper drop-off from fixation to the periphery
in the LVF than RVF (Bouma, 1973; Nazir, O’'Regan, & Jacobs, 1991). Based on
these findings, Nazir proposed the multiplied letter identification probability (MLIP)
model, which explains asymmetric VP curve in terms of differences in letter visibility
in the two visual fields (Nazir et al., 1991; Nazir, Heller, & Sussmann, 1992). Without
assuming any lexical influences, their estimates of VP curve are qualitatively similar
to the empirical asymmetric VP function for words (Nazir et al., 1992). By using but-
terfly words (increasing font size for letters in the periphery), the further investigation
showed that compensation for visual acuity could yield a symmetric VP pattern, but
only for short words (Nazir, Jacobs, & O’Regan, 1998). The authors hypothesized
that due to a lack of the retinal training in parafoveal vision (lack of perceptual learn-
ing), the magnification of letter size for long words is unable to compensate for letter
visibility.

These observations on letter perceptibility regarding to their location on the
retina (LVF/RVF; fovea/periphery) merged the explanations into the so-called per-
ceptual learning account. Taken together with a preferred landing position (PLP), a
similar-looking asymmetric viewing position that is computed from the distribution of
landing sites in normal reading, the perceptual learning account proposed that asym-
metric VP function is the result of a frequency-sensitive training mechanism with a
PLP in normal reading. In other words, the differences in the letter perceptibility
over various locations within a word are shaped by the way we learn to read. Asym-

metric VP curve, thus, should be sensitive to low-level properties of reading habits
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like reading direction such that the asymmetric letter recognition effects would vary
across languages that differ in reading direction. Consistent with this perceptual
learning account, Nazir, Ben-Boutayab, Decoppet, Deutsch, and Frost (2004) showed
that Hebrew readers recognize letters to the right of fixation better when fixating
the center of a Hebrew letter string and the reverse for a Roman letter string. A
confirmed role for perceptual learning in VP curve asymmetry, nevertheless, cannot
rule out the possible contribution of functional hemispheric asymmetries. Compar-
ing VP curve of French versus Arabic readers, Farid and Grainger (1996) observed
a symmetric but not a reversed VP function for Arabic words, indicating neither a
perceptual learning (due to reading direction) nor a cerebral laterality account solely
can explain the asymmetry of VP curve.

The cerebral laterality and perceptual learning accounts concur that VP curve
asymmetry reflects a processing benefit for words presented in the RVF. They differ,
however, on the mechanism(s) responsible for the asymmetric VP function — namely,
brain functional organization versus retinal perceptual learning. They also differ on
whether they assume the critical unit of analysis for the processing asymmetry is the
letter or the whole word. On the perceptual learning account, VP curve asymmetry
for a word stems from the combined differences in letter visibility across the two visual
fields, greater in the RVF. On the cerebral laterality account, VP curve asymmetry
stems from processing differences at the word level: the word beginning benefit and
RVF advantage both emanating from the language dominant LH processing of words.

Fixating a word’s left-to-center position not only moves the fixation toward
the beginning of a word but also leads to positioning the remainder of the word in

the RVF. Fixating the beginning of a word thus is inevitably confounded with its
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positioning in the RVF, rendering it impossible to disentangle the cerebral laterality
versus the perceptual learning account. With few exceptions, researchers have focused
on letter recognition in words to investigate the VP effect. Yao-N'Dré, Castet, and
Vitu (2013), for example, showed that VP curve asymmetry was significantly weaker
in the lower visual field (in the periphery) than in the fovea, reinforcing a role for
letter recognition in VP curve asymmetry. Kajii and Osaka (2000), on the other hand,
reported a weaker VP curve asymmetry for vertical compared to horizontal displays
of Japanese words (opposite to the perceptual learning prediction based on a stronger
drop of visual acuity in the median), suggesting a role for language laterality instead.
Although these studies reported modulations of VP curve asymmetry with changes
in presentation formats, neither asymmetry due to word beginning benefit nor due
to differences in perceptual visibility across the visual fields could be isolated from
(either weaker or stronger) initial letter benefits on words.

One potential way to isolate the asymmetry due to word beginning benefit
from that due to perceptual differences across the two visual fields might be to apply
VP measurements to non-word letter strings, thereby eliminating the contribution of
word level processes under the control of the left “language” hemisphere. By examin-
ing letter recognition as a function of fixation position and the letter-in-string position
in non-word letter strings, any observed benefits due to fixating the beginning of string
cannot be attributed to hemispheric differences for word processing as proposed by
cerebral laterality account. Instead, whatever perceptual learning results from the
attentional bias of reading direction (Nazir et al., 2004), retinal training from the
preferred landing position (Nazir, 1993), or the stimulus-specific properties of linguis-

tic materials (Nazir et al., 2004), VP curve asymmetry for a non-word letter string, if



41

any, can be taken to reflect letter processing asymmetries without contributions from
word-specific processes.

The bulk of the literature on the VP function for letter recognition is based
letter strings presented wholly either in the left visual field or the right visual field.
Various studies have tested letter recognition in random letter strings (Bouma, 1973),
letters embedded in a series of Ks (Nazir et al., 1991), Xs (Nazir et al., 1992), or in
digits (Kajii & Osaka, 2000). Fixation was either on the first or last letter in the
string and the pre-designated target letters were not positioned at all possible lo-
cations within the string or relative to fixation positions. For example, studies of
letter-in-string visibility (for example, Estes, Allmeyer, and Reder (1976)), the serial
position effect (Tydgat & Grainger, 2009; Chanceaux & Grainger, 2012), and some
VP effect literature on letter visibility (Nazir et al., 2004) used only central fixation.
The common finding that letter visibility is greater in the RVF than LVF suggests
that the perceptual asymmetry in two visual fields should be a critical factor in any
investigation of VP curve asymmetry. However, there is a gap between perceptual
asymmetry observed in one or the other visual field (in the periphery) and around
center fixation (in the fovea). Whether there is a perceptual asymmetry (between
slight left and right) around fixation, and if so, what the exact letter visibility func-
tion is and its relationship to the VP function for word recognition have not been
systematically examined.

To date, only Stevens and Grainger (2003) provide a complete letter visibility
function across all combinations of fixation and letter-in-string positions. Finding
a symmetric VP function for letter strings, they concluded that variation in letter

visibility could not explain the asymmetry observed with word stimuli. They hypoth-
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esized that the asymmetric letter visibility function widely reported in the literature
might result from a bias due to stimulus presentation in one or the other visual field.
The absence of an asymmetric VP function of letter visibility was then used to argue
for the role of lexical informativeness within a word, specifically lexical constraints.
This is a hypothesis proposed by Clark and O’Regan (1999), who demonstrated that
an asymmetric lexical ambiguity pattern within a word could arise from calculations
of lexical constraints. However, we obtained contradictory results from modeling
based on Stevens and Grainger (2003) ’s proposal. Smith, Chan, and Levy (2010)
adopted an inverse-engineering approach to tease apart the contributions of percep-
tual learning and lexical information in words. Even when the lexical information
within a word was taken into account, we found an asymmetric visual visibility curve
contributing to VP curve asymmetry. We pointed out that Stevens and Grainger
(2003) measured letter visibility in the character-within-mask recognition task, which
is sufficiently unlike natural reading to explain why they might have observed a sym-
metric VP function. Some credence for this explanation comes from Nagzir et al.
(2004) who observed asymmetric letter visibility across the two visual fields, when
pound signs and letters instead of just hash marks (in Stevens and Grainger (2003)
) served as masks; presumably their masked encouraged readers to process the letter

strings as if they were reading.
2.2.1 The present study

The present study investigates VP curve asymmetry in letter recognition. Our
aim was to isolate the contributions to letter recognition due to perceptual learning
from the contributions of processes due to LH language dominance as proposed by

the cerebral laterality account. By using non-word letter strings, we explored the
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extent to which perceptual learning can account for VP curve asymmetry, and the
extent to which VP curve asymmetry is tied to hemispheric specialization for language
processing. We addressed this issue by examining (1) whether VP curve asymmetry
could be obtained from non-word letter strings, (2) whether VP curve asymmetry
could be dissociated from initial letter benefits, (3) whether the letter recognition
is superior in the RVF than LVF. Designated target letters were embedded in non-
word letter strings of "k”s. Letter strings were presented randomly at positions
spanning horizontally from one visual field to the other across midline with target
letters occurring randomly at each position within the string. To encourage readers
to treat the processing of the letter stimuli more like natural reading, hash marks as
used in Stevens and Grainger (2003) were removed, and nonword letter strings were
constituted from lower case letters (instead of upper case as in Stevens and Grainger
(2003)) embedded in “k”s (as in Nazir et al. (1991)).

The absence of asymmetry on VP curve would point to a role for word specific
processing on the VP effect. Asymmetry, on the other hand, would indicate that
low-level learning could account for VP curve asymmetry. Moreover, the measure
in letter recognition would allow us to examine a relationship between VP curve
asymmetry and initial letter benefit. Taken advantages of the design, which target
letters embedded at various locations within strings that presented across fixation, we
would be able to compare target recognition probabilities on a basis of their relative
location within a string. If VP curve asymmetry is merely an effect reiterating initial
letter benefit on a dimension of where the target letter appears in a string, then data
that shows VP curve asymmetry would show initial letter benefit as well, and vice

versa for the absence of both of effects. On the notion of word specific processing,



44

neither initial letter benefit nor VP curve asymmetry would appear with non-word
letter strings that we used in the current study. There might be, however, VP curve
asymmetry, suggesting a mechanism in which VP curve asymmetry involves may
not be specifically for words. Alternatively, if the system is extremely sensitive to
components of words, not only words but also letters, one would expect VP curve
asymmetry no matter whether there would be initial letter benefit or not. Finally, if,
in fact, non-word letter demonstrate the VP curve asymmetry, one can examine the
notion of recognition asymmetry by comparing targets from each side of visual fields
from strings at the same relative location across fixation. The visual asymmetry, if it
is indeed observed, will fill a gap between perceptual asymmetry observed in one or
the other visual field (in the periphery; Bouma (1973)) and around center fixation (in
the fovea; the present study), charactering a more realistic parameters determining
the VP curve asymmetry. The investigation on the contributions of letter recognition
to the asymmetry of VP curve can thus offer multiple measures that address questions

about the theoretical debates in the literature on the front-end of word processing.
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2.3 Experiment 1:
Letter Recognition in a Non-word Letter String



46

2.4 Method

2.4.1 Participants

Twenty-four students from the UCSD social sciences undergraduate subject
pool participated in the experiment for either a course credit or monetary compensa-
tion. Participants had a mean age of 20.96 (range: 19-26). Six were male; eighteen
were female. All of the participants were right-handed (as assessed by the Edin-
burgh Inventory (Oldfield, 1971), native English speakers with normal or corrected-
to-normal vision and no history of reading difficulties or neurological /psychiatric dis-

orders. Nine participants reported having a left-handed parent or sibling.
2.4.2 Stimuli and design

Strings of five lowercase letter k served as stimuli. The possible target letters
were ¢, 0, t, or f, and on any given trial one of these replaced one of the letter of the
k-string. For half of the subjects, letter ¢ and t served as target letters in separate
sessions (one in each block), and o and f served as distractors in both sessions. For the
other half, letters o and f were targets and ¢ and t were distractors. Each character
subtended .3° of visual angle at a distance of 8 cm and was defined in a 44 x 36
pixel matrix. The strings were randomly divided into 25 conditions as a function of
their presentation relative to fixation (fixation location) and as a function of target
letter location within the string (target letter location). Each string was repeated 10
times in each block. Overall, 750 trials per block were distributed across 5 runs of

150 trials each (See Table 3.1, Appendix A).
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2.4.3 Procedure

Participants performed a letter discrimination task (Figure 2.1B). A trial be-
gan with a fixation “+” flashed at the center of the computer screen for 500 msec.
Once the fixation disappeared, a string of letters displayed for 20 msec. The string was
followed by a blank screen until the participants made their responses. Participants
were asked to indicate whether or not a target letter was embedded in the string by
pressing “Yes” or “No” response keys as quick and as accurate as possible. For half of
the participants, the “Yes” key were assigned to their right hand. For the other half,
their left hand was assigned to the “No” key. After the response had been making,
another blank screen followed for 480ms, after which the next trial appeared. Figure
2.1A displays a trial sequence. The experiment contained two blocks. In each block,
participants pressed a button to discriminate the target character from among two
possible distractors. Participants were given a short break after every run, around

every seven minutes.

2.4.4 Data Analysis

Analyses of variance (ANOVAs). ANOVAs were conducted with five lev-
els of fixation position (the center of a string was -2 to 2 letters away from fixation; the
negative value represented that the string was presented to the left of fixation) and
five levels of target letter position. Significant effects were followed by the Tukey’s
post-hoc analyses for the paired comparisons. Stevens and Grainger (2003) demon-
strated a significant interaction as well as main effects of fixation position and letter
location. We expected to obtain the same results. Indeed, the perceptual account

would expect an interaction between target location and fixation position. Fixating
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at the beginning of string with a target at the 1st letter of a string would lead to
better letter recognition, and vice versa for a fixation at the end with a target at the
end of a string. Significant main effects of fixation position or target location were
followed up with the linear trend analysis.

Linear trend analyses with fixation position and target location. To
evaluate the VP pattern of non-word letter string, we conducted a linear trend analysis
for fixation position. A significant linear trend with a processing benefit with a
fixation at the beginning letter of a string, if so, would indicate the asymmetry of
viewing position pattern for the non-word letter strings. Notably, by using the non-
word letter string, we were able to distinguish the viewing position effect (fixation
position) from the word initial benefits given that the target letter locations within a
string were randomized, and the letter orders of a non-word letter string should not
carry additional information (from a word level) to influence the performance. To
confirm this attempt empirically, the separate linear trend analysis was conducted
with letter position as well.

Point-to-Point Distance method for visual field asymmetry. To quan-
tify the asymmetry between the two visual fields, we introduced a simple image
matching method to compare the overall performance for targets presented in the
left and right visual fields. A distance function was calculated with point-to-point
distance (B. D. Ripley, 1976; B. Ripley, 1979; B. D. Ripley, 1981) to measure dis-
similarities between the two visual fields. Point-to-point distance represents the real
distance of behavioral performance (recognition accuracy or reaction times) observed
in the left, ¥, = (21, T2, ..., Tm) and right Zr = (g1, TR2, ..., Trm) visual fields. It

is expressed as Equation 2.1
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dg = ||Tr —Tulla = | D (zri — vp:)? (2.1)
=1

This distance denotes the dissimilarity between two points - in the present
context, targets with same relative distance from fixation but one in the left the
other in the right visual field. z is the observation for target recognition performance
at a given string eccentricity and target eccentricity from fixation in either the left
visual field (xp;) or the right visual field (zg;). m stands for a total number of target
presentation location in each visual field.

The positive versus negative value was then assigned according to the relative

performance between the two visual fields, as Equation 2.2 and Equation 2.3

S:ZIRi—ILZ' (2.2)
i=1

D = (2.3)

—d E Zf s<0
The distance function was computed for each subject and the t-tests were
conducted against zero (the null hypothesis: there is no difference between the two

visual fields). The dataset with two extreme fixation positions only and dataset

containing all position fixation positions were both analyzed.
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2.5 Results

Analyses of variance (ANOVAs). The effect of fixation position is highly
significant (Accuracy: F (4, 92) = 22.1.29, p < 0.0001; RTs: F (4, 92) = 19.73, p
< 0.0001). Tukey post-hoc analysis shows that recognition accuracy and Reaction
Times (RTSs) is significantly lower when fixation position was at the string’s end than
at any other viewing position, indicating that the function relating to fixation position
to recognition is asymmetric (See Figure 2.2). The main effect of target letter position
is also significant (Accuracy: F (4, 92) = 4.33, p < 0.005; RTs: F (4, 92) = 4.27,
p < 0.005). Tukey post-hoc analysis on target location, however, does not show
significant accuracy differences between any two of target positions (See Figure 2.3).
There is a significant interaction between fixation position and target letter position
(Accuracy: F (16, 368) = 8.23, p < 0.0001; RTs: F (16, 368) = 3.34, p < 0.0001).
Multiple comparison tests show that accuracy of fixation at the end of the string is
significantly lower than other fixation positions when the target letter position is in
the first half of the string (1-3 out of 5). This result can be better visualized with
Figure 2.4, which plots recognition probability as a function of fixation position with
each curve based on the target at a certain position. For the targets positioned in
the first half of the string, they revels typical asymmetric VP patterns with better
performance while fixating at the beginning letter of a string. By contrast, for the
targets positioned at the 4th or 5th letter locations, the pattern is relatively symmetric
and is dominated by visual acuity that a small processing benefit while fixating at the
center of a string. Figure 2.5 plots recognition probability as a function of the target
position relative to fixation. Recognition accuracy is mostly dominated by target

distance from fixation, more so for targets in the LVF than in the RVF, while the
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drop-offs from fixation is smaller for targets at the first or last letter position within
a string.

Linear and quadratic trend analyses with fixation position and target
location. Recognition averaged over all possible target letter position varies as a
function of initial fixation position with a significant linear trend (Accuracy: t (95)
= 3.80, p < 0.0001; RTs: t (95) = -2.83, p < 0.01), and quadratic trend (Accuracy:
t (95) = -7.37, p < 0.0001; RTs: t (95) = 8.40, p < 0.0001) (See Figure 2.2). Target
position, however, shows no significant linear trend (Accuracy: p > 0.85; RTs: p >
0.50), but does show a significant quadratic trend for accuracy only (Accuracy: t (95)
= -7.37, p < 0.0001; RTs: p > 0.10) (See Figure 2.3).

Similarity measure between the two visual fields: point-to-point dis-
tance. Fixations on the first or last character of string only. The subset of
data included in this analysis displays in Figure 2.6. The similarity measure demon-
strates a reliable visual field asymmetry. For both recognition accuracy and reaction
times, there is a significant dissimilarity between targets presented in the left and
right visual fields was evident for letter string (Accuracy: t (23) = 3.52, p < 0.001;
RTs: t (23) = 3.25, p < 0.005).

Similarity measure between the two visual fields: point-to-point dis-
tance. All possible fixation positions across visual fields. Overall pattern
of letter recognition for the entire dataset included in this analysis is displayed in
Figure 2.6. It shows visual field asymmetry - a significant dissimilarity between the
two visual fields for recognition accuracy and reaction times (Accuracy: t (23) = 2.71,

p < 0.01; RTs: t (23) = 2.66, p < 0.01).
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Summary of Main Results

Non-word letter strings demonstrate an asymmetric VP pattern in which aver-
age letter recognition (accuracy and RTs) over letter location is higher while fixating
at the beginning of a string than at the end. By contrast, average letter recogni-
tion over target letter position does not demonstra<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>