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Abstract

Pseudowords created by transposing two letters of words (e.g., MOHTER; CHOLOCATE) are highly confusable with their
base word; this is known as the transposed-letter similarity effect. In this work, we examined whether transposed-letter effects
occur when words span more than one line (e.g., CHOLO- in one line and CATE in another line; note that the transposed
letters L and C are in different lines). While this type of presentation is not the canonical format for reading in alphabetic
languages, it is widely used in advertising, billboards, and street signs. Transposed-letter pseudowords and their replacement-
letter controls were written in the standard one-line format versus a two-line format (Experiments 1-2) or a syllable-per-
line format (Experiment 3). While results showed some decrease in the transposed-letter effect in the two-line and syllabic
formats, the transposed-letter effect was still substantial in the accuracy of responses. These findings demonstrate that even
when the letters being transposed are relatively far apart in space, the transposed-letter effect is still robust. Thus, a major

component of letter position coding occurs at an abstract level.

Introduction

Reading involves multiple sensory, perceptual, and linguistic
processes. Researchers enthusiastically debate the interac-
tion and the boundaries of such processes (e.g., Grainger,
2018) because they have important consequences for our
understanding of reading development and skilled reading
alike. The present research deals with a manipulation that
bridges the perceptual and orthographic aspects of reading
words, thus constraining the front-end of models of word
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recognition and reading: words that span more than one line.
This format has not been widely studied but is not unfamil-
iar to readers. Professionally printed books and newspapers
often have hyphenation at the end of the line; furthermore,
and multiple-line format is reasonably frequent in posters
and advertisements (see Fig. 1). Critically, multiple-line
presentations allow us to spatially separate letters that are
close in the ordinal order of words. Consider the physical
distance of the letters L and T in the word REVOLUTION,
which are only 2 letters apart. When the word is presented
across two lines, they remain two ordinal positions apart,
but they are spatially more distant than in the one-line
presentation:

REVOLU-

TION

In the present research, dissociating spatial distance from
ordinal distance allow us to explore an aspect of ortho-
graphic processing that has been the focus of considerable
interest in the recent past: letter position coding. The trans-
posed-letter (TL) similarity effect gives us a glimpse into
the letter position coding: pseudowords created by transpos-
ing two letters of words (e.g., MOHTER; REVOTULION)
are perceived as highly similar to their base word. We can
describe this effect as evidence of flexibility in the system
because it is not difficult to make sense of a word with a
transposed-letter misspelling (e.g., the apocryphal Cam-
bridge University email from the early 2000s); importantly,
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Fig. 1 Examples of real-world
text that uses multi-line format.
The first picture on the left is

a hotel in Valencia, Spain; the
second picture is a business card
for a restaurant that specializes
in octopus (pulpo); the picture
on the right is a poster for a film
festival in Galena, MO, USA;
and the last picture is an ad

for the Galician tourism board
(camina means “to walk” in the
imperative, third person form)

this flexibility can also lead to errors (i.e., it is hard to find
the misspelling in a string like JUGDE).

The first demonstration of the transposed-letter effect
(Bruner & O’Dowd, 1958) involved reconstructing words
from strings with letter transpositions asked to deduce the
base word (AVITAION — AVIATION). More contempo-
rary paradigms that explore this topic use single-presenta-
tion lexical decision tasks (the more word-like a pseudow-
ord is [e.g., RELOVUTION], the longer the response times
and the more false positives it will yield), masked priming
tasks (the higher is similarity between prime and target, the
stronger the priming effect), two-alternative force choice
tasks (a probe is flashed and the two alternatives vary on
their similarity), and parafoveal previews during reading (the
higher is similarity between preview and target, the stronger
the preview effect).

Transposition effects have been reported not only for let-
ters, but also for other visual objects such as strings of digits
(Garcia-Orza et al., 2010), geometrical shapes (Garcia-Orza
etal., 2011), symbols (Massol et al., 2013), unfamiliar letters
(Fernandez-Lopez et al., 2021), and notes in a staff (Perea
et al., 2013). Furthermore, these effects have been found
using letters with pre-readers (Perea et al., 2015, 2016) and
non-human species (baboons: Ziegler et al., 2013; pigeons:
Scarf et al., 2016). Given that the effect is present in non-
orthographic contexts, it would be reasonable to assume that
it has a strong visuo-spatial component. Indeed, a family of
models of letter position coding assumes that transposition
effects occur due to perceptual uncertainty when assigning
objects to positions in the spirit of visual attention models
(e.g., Logan, 1996)—one instance of these models of letter
position is Gomez et al.’s (2008) overlap model. However,
visual manipulations have typically proven almost ineffec-
tive at modulating the transposed-letter effect. For example,
Marcet et al. (2019) used highlighted transposed/replaced
letters (e.g., CHOLOCATE; CHOLOCATE) and Perea et al.
(2021) used a varying graded gray intensity (e.g., JUDGE,;

JUDGE). Both studies found strong transposed-letter effects
in both cases. Furthermore, transposed-letter effects are
robust in the tactile modality, when reading braille (Baciero
et al., 2022), which implies that the locus of the effect cannot
only be due to visual uncertainty. In short, the transposed-
letter effect might be one of the most robust effects in cog-
nitive psychology and it may well be the case that it has
multiple loci (e.g., spatial-specific and based of how words
are represented, see Grainger, 2018; Marcet et al., 2019;
Massol et al., 2013).

In our multiple-line presentation stimuli, a novel manipu-
lation, we can separate spatial distance from ordinal dis-
tance. For the nonwords in our experiments, letter transpo-
sition and replacements always involved letters in different
lines. While there is some diagonal proximity between the
transposed letters, we must keep in mind that all Roman-
based orthographies are read from left to right, and there
is very little information extracted from below the fixated
line during sentence reading (see Pollatsek et al., 1993). For
comparison purposes, the stimuli were also presented in a
standard one-line format, and the size of the transposed-
letter effect is calculated as the difference in RT and accu-
racy between the transposed-letter nonword condition and
the replaced-letter nonword condition. Table 1 shows an
overview of the three experiments, but the logic is the same
across the three: we compare the transposed-letter effect in
the multi-line presentation format to the same effect in the
standard one-line presentation format.

Our manipulation has some resemblance to the one
employed by Lee and Taft’s (2009) Experiment 4. They
termed their presentation “Hangulized” in reference to the
Korean script, in which the letters are grouped based on
the syllabic stricture of the word, as in the Korean writ-
ing system Hangul (see Fig. 2). In a lexical decision task,
they presented English words in the standard and in a
“Hangulized” format and found a much smaller percentage
of errors for transposed-letter pseudowords like widsom

@ Springer



1308

Psychological Research (2023) 87:1306-1321

Table 1 Stimuli conditions in

Two-line (down) Two-line (up) Syllable-per-line

REVO- LUTION RE
LUTION REVO- VO
LU
TION
RENO- CUTION RE
CUTION RENO- NO
CU
TION
RELO- VUTION RELO- RE
VUTION LO
VU
TION

> Format
the experiment
One-line
Words REVOLUTION
Pseudowords
Replaced RENOCUTION
Transposed RELOVUTION
HF = .
O 5
d m

Fig.2 The right panel presents an example of the stimuli in Lee
and Taft’s (2009) Experiment 4. They termed their presentation
“Hangulized” in reference to the Korean script, in which the letters
are grouped based on the syllabic stricture of the word, as in the
Korean writing system Hangul

(baseword: wisdom) in Hangulized format (Experiment 4)
than in a parallel experiment with the standard horizontal
format (Experiment 1): 14.9% vs. 41.2%, respectively—
the parallel averages for one-letter different nonwords
(e.g., widrom) were 4.98% and 12.50%, respectively. While
these findings offer some hints that the transposed-letter
effect can be dramatically reduced with a visual-spatial
manipulation, the latencies were dramatically higher in
the extremely unfamiliar Hangulized stimuli than in the
standard format (close to 1700 ms vs. less than 700 ms,
respectively). Instead, our multiple-line manipulation is
relatively familiar to all participants (see Fig. 1) and it
may represent better the typical processes underlying rapid
word recognition.

In sum, the main goal of the present article is to stablish
whether the transposed-letter effect occurs across separate
lines in the most employed word recognition task, lexical
decision; hence its contribution is mostly empirical and
to that end we complement the inferential analyses with
exploratory data analyses aimed at shedding some light on
the nature of the observed effects. Critically, it is important
to point out that this work is motivated by our desire to find
the limits of the perceptual uncertainty account as imple-
mented by the overlap model (Gomez et al., 2008). Indeed,
we present fits from a 2-D instantiation of the overlap model
depicted in Fig. 3 (i.e., a visual-perceptual model of letter
position coding); in Table 2 (see Appendix 1 for details),
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and we discuss the implications of the findings for models
of letter position coding in “General discussion”.

Experiment 1
Methods
Participants

Thirty-two undergraduate students (24 females and 8 males)
from the University of Valencia participated in the experi-
ment. This sample size ensured 1600 observations per con-
dition for the pseudoword trials; hence, this experiment
can detect relatively small-sized effects (see Brysbaert
& Stevens, 2018)—note that the size of transposed-letter
effects in Western languages is typically quite large. All
participants were native speakers of Spanish with normal/
corrected vision and no self-reported history of reading
problems. They signed an informed consent form before
the experiment.

Materials

The word and pseudoword stimuli were extracted from
Experiment 1 of Marcet et al. (2019). A table with the lin-
guistic statistics as computed by the EsPal database (Duchon
et al., 2013) is available in the OSF repository. The set was
composed of 200 base words in Spanish (e.g., REVOLU-
CION). The mean Zipf frequency was 3.8 (range 1.24-5.31),
the mean number of letters of 8.9 (range 7-11), and the mean
OLD20 was 2.5 (range 1.40-3.65). For each base word, we
generated two pseudowords: a transposed-letter pseudow-
ord and a replacement-letter pseudoword. The transposition/
replacement always involved the initial consonant of two
internal syllables (e.g., RELOVUCION; RESOTUCION).
Since each pseudoword could be presented in the one-line



Psychological Research (2023) 87:1306-1321

1309

Fig.3 Graphic representation of

the 2-D overlap model. See the

main text for an explanation of A.
the panels
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Table2 Predicted effects in Stimuli Overlap Model's TL effect Exp 1 TL effect Exp2 TL
the 2-D overlap model in the (accuracy) effect (accu-
experiments racy)
1 line 2 lines 1line 2lines 1 line 2lines 1line 2lines 1line 2 lines
LIRETATURA  LIRE- 0.863 0.762
TATURA
LINEBATURA  LINE- 0.807 0.755 0.0559 0.0069 024 0.15 0.10  0.12
BATURA
PRIVAMERA PRIVA 0.885 0.768
MERA
PRICATERA PRICA- 0.822 0.766  0.0623 0.0017 028  0.15 0.13 0.14
TERA
OBLITAGORIO OBLITA- 0902 0.775
GORIO
OBLIFASORIO OBLIFA- 0835 0.775 0.0670 0.0005 048 0.34 040 027
SORIO

The conditions were based on a post hoc analysis of the number of letters in the first line. The overlap has
a scale of 0 to 1, where 0 is no shared letters in any position, and 1 is the overlap for identical strings of let-
ters. The stimuli examples are the transposed- and replaced-letter pseudowords originated from the Spanish
words literatura, primavera, and obligatorio (literature, spring, and mandatory). The bold letters indicate
the transposed/replaced letters. The two-line stimuli for Experiment 2 would have the second part of the

screen on top of the first:
TATURA
LIRE-

format or split between two lines, we had four conditions:
(1) a transposed-letter pseudoword in one line; (2) a trans-
posed-letter pseudoword in two lines; (3) a replacement-
letter pseudoword in one line; (4) a replacement-letter pseu-
doword in two lines (see Table 1). Note that the two sets of
resulting nonwords were quite similar in terms of mean log
bigram frequency (transposed letters-nw: 1.939, replacement

letters-nw: 1.936) and neighborhood size (transposed letters-
nw: 0.054; replacement letters-nw: 0.045). To comply with
Spanish orthographic norms, the stimuli presented in two
lines had a hyphen at the end of the initial line, and the
hyphen only occurred at the boundary between syllables (in
English, the rules of hyphenation are slightly more com-
plex). For the lexical decision task (i.e., to act as the word
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fillers), we selected a separate set of 200 words from Marcet
et al.’s (2019) Experiment 1. We created two versions for
each word (i.e., one-line words; two-line words). Note that
the comparisons of theoretical interests are among the non-
word stimuli, and the total number of data points for each
combination of format (one-line vs. two-line) and target type
(transposed-letter vs. replacement-letter pseudoword) was
1600 (50 items per condition for 32 participants).

Procedure

The experimental session took place in groups of up to seven
participants in a quiet room. We employed DMDX (Forster
& Forster, 2003) for stimulus presentation and response col-
lection. Participants were told that, on each trial, they would
be presented with a letter string in uppercase that could be a
Spanish word. Their task was to press, as quickly and accu-
rately as possible, either a green-colored button (“word”) or
a red-colored button (“nonword”). In each trial, a fixation
point was presented for 500 ms, and this was followed by
the stimulus until the participant’s response—or a 2100-s
deadline. Every 120 trials, there was a short break. There
was a brief 16-trial practice block to familiarize participants
with the task. The experiment lasted for around 15 to 17 min.

Results

Error responses and very fast correct responses (less
than 250 ms) were excluded from the latency analyses—
responses could not be longer than the 2100 ms deadline.
Table 3 shows the mean response time and accuracy in each
condition. Although our focus was on the pseudoword data
(i.e., the stimuli containing transposed/replacement-letter
items), we also report the analysis of the word data.

To analyze the latency and accuracy data, we employed
Bayesian linear mixed-effects models with the brms package
(see Biirkner, 2016) in R. This allowed us to fit models with
the maximal random effect structure that other (generalized)
linear mixed-effects functions typically fail to converge (see
Barr et al., 2013, for arguments in favor of maximal models).
We employed the default priors of the brms package for each
parameter. Each model was run with four chains of 10,000
Markov chain Monte Carlo iterations. For each chain, there

Table 3 Mean correct lexical times (in ms) and error rates (in per-
centage) for one-line and two-line stimuli in Experiment 1

Word Transposed- Replacement-  Trans-
letter pseu- letter pseudow- posed-letter
doword ord effect

Format
One-line 788 (2.6) 1032 (33.8) 940 (7.5) 92 (26.3)
Two-line 957 (8.1) 1173 (26.8) 1104 (10.9) 69 (15.9)

@ Springer

was a 1000-iteration warmup. Our statistical inferences are
based on the posterior distributions, for which we obtained
estimates of the mean (i.e., the coefficient b), its standard
error, and its 95% credible interval (Crl). We interpreted
an effect as significant when its corresponding 95% CrI did
not cross zero.

For the pseudoword data, the fixed factors in the models
were Type of pseudoword (replacement-letter pseudoword
vs. transposed-letter pseudoword; coded as — 0.5 and 0.5)
and presentation Format (one line vs. two lines; — 0.5 and
0.5). We used the ex-Gaussian distribution for the latency
analyses because of the positive skew of response time data
(family = ex-Gaussian (identity =link)). In contrast, we
employed the Bernoulli distribution for the accuracy analy-
ses (family =Bernoulli). We fitted the maximal model in
terms of random-factor structure:

Dependent variable : RT or Accuracy ~ Format * Type +

(1 + Format * Type | subject) +
(1 + Format * Type | item)

where type could be transposed letters or replaced let-
ter, and Format could be one or two-line presentation). The
models converged successfully and the values of R'were 1.00
for all parameters. For the word data, the only fixed factor
was presentation Format, and the analysis plan was analo-
gous to that for the pseudoword data.

Pseudoword data Regarding latency data, responses were
slower for transposed-letter pseudowords than for replace-
ment-letter pseudowords (b=69.22, SE=11.61, 95% Crl
[4.59, 92.20]) and responses were slower for two-line pseu-
dowords than for the one-line pseudowords (b=158.33,
SE=15.17, 95% CrI [128.75, 188.51]). Furthermore, the
magnitude of the transposed-letter effect was smaller in the
two-line format than in the one-line format (92 vs. 69 ms;
interaction: b=— 28.14, SE=12.90, 95% CrI [— 53.36,
—2.80]).

Regarding accuracy data, responses were, overall, more
accurate for replacement-letter pseudowords than for trans-
posed-letter pseudowords (b=— 2.12, SE=0.23, 95% Crl
[ 2.59, — 1.67]) and responses were also more accurate
for one-line pseudowords than for two-line pseudowords
(b=-0.58, SE=0.19, 95% CrI [— 0.96, — 0.24]). Finally,
the size of the of the letter transposition effect was smaller
in the two-line format than in the one-line format (error
rates: 15.9 vs. 26.3%; interaction: »=0.91, SE=0.21, 95%
CI[0.51, 1.34]).

Word data Responses were slower and less accurate
for two-line words than for one-line words (latency data:
b=126.57, SE=9.04, 95% CI [108.84, 114.48]; accuracy
data: b=—1.25, SE=0.18,95% CI [- 1.63, — 0.90]).

These results revealed that while there was some decrease
in the magnitude of the transposed-letter effect for two-line
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stimuli, the effect was still highly robust. In addition, while
there was some processing cost when reading two-line stim-
uli, the effect was not particularly disruptive (see Table 1).

To complement the inferential methods described above,
we carried out exploratory data analysis methods (Tukey,
1977) in which we analyzed the temporal dynamics of the
transposed-letter effects on latency and accuracy using delta
plots and conditional accuracy functions.

Exploratory data analysis

Delta plots To characterize the time-course dynamics of the
transposed-letter effect on the latency data in the two for-
mats (i.e., one-line vs. two-line), we computed the delta plot
of the transposed-letter effect (see Fig. 4). Delta plots (de
Jong et al., 1994) display the RT difference between the two
conditions at the 0.1, 0.3, 0.5, 0.7, and 0.9 quantiles. Thus,
these plots show how the transposed-letter effect evolves as
response times increase.

We obtain the RTs at the desired quantiles (here we use
0.1,0.3,0.5, 0.7, and 0.9 quantiles) for every participant
for each of the conditions to be compared, only for cor-
rect responses.

We average the RTs obtained in Step 1 across partici-
pants (these averaged quantiles are also called vincen-
tiles in the RT literature; see Ratcliff, 1979).

For each of the quantiles in the vincentiles, (a) we find
the average between the two conditions, and (b) then
compute the differences (i.e., the delta) preserving the
sign.

4. The last step is to plot the points (as many points as there
are quantiles), with the averages (Step 3a) on the x-axis
and the delta (Step 3b) on the y-axis.

As is evident from Step 3b, delta plots are based on resid-
ual quantiles (i.e., RTs at quantiles for transposed-letter [TL]
minus replacement-letter [RL] conditions), and hence can
provide us with some indication of the temporal dynam-
ics of an effect when interpreted within the lens of process
models. For example, a flat line at around y=350 ms would
mean that there is a 50-ms shift in the RT distributions—this
could be interpreted as faster encoding times in evidence
accumulation models (see Gomez & Perea, 2013, for an
example of such interpretation in the standard masked prim-
ing technique). Alternatively, an ascending function would
indicate that the effect grows for slower responses, and it
could be interpreted as a difference in the rate of evidence
accumulation.

In delta plots, one needs to contrast two conditions; in our
analysis, we focus on the transposition vs. replacement com-
parison. For the one-line format, the transposed-letter effect
was sizeable even for the fast response times, and it grows
with the slower responses (see left panel of Fig. 4). In con-
trast, in the two-line format, the difference in response times
between the transposed-letter pseudowords vs. replaced-
letter pseudowords is noticeably smaller along with the RT
distribution relative to the one-line version, but still, sizably
above zero (see right panel of Fig. 4).

Conditional accuracy functions Conditional accuracy
functions (Bonnet & Dresp, 1993; Ollman, 1977) allow us to
visualize how accuracy evolves as latencies increase. These
plots were generated as follows:

Fig.4 The panels show the ONE-LINE TWO-LINE
delta plots of the transposed-
letter effect for one-line and 150 — 150 —
the two-line pseudowords in
Experiment 1
__ 100 100 —
) )
IS 1S
E £
S I
© ©
o o
50 — 50 —
0 0
T T T T T T T T
750 1000 1250 1500 750 1000 1250 1500

Mean RT (ms)

Mean RT (ms)
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1. For each type of item and each participant, we found the
RTs at quantiles 0.1, 0.3, 0.5, 0.7, and 0.9; to do so, we
included both correct and error responses.

2. We assign each RT to equally sized bins based on the
quantiles.

3. We averaged the RTs and accuracies for each bin across
all participants, and then calculate (a) the average RT
for each of the bins and (b) the average accuracy within
each bin.

4. The last step is to plot the points (as many points as
there are quantiles), with the average RTs (Step 3a) on
the x-axis and the average accuracies (Step 3b) on the
y-axis.

As is evident from Step 3b, conditional accuracy func-
tions can indicate if the accuracy in the responses for a given
condition varies across the latency of the responses to such
condition. For example, a flat line at around y=0.90 would
mean that the accuracy for that condition (90%) is equal for
fast and for slow responses. In contrast, an ascending func-
tion would indicate that the fast responses tend to be less
accurate, and a descending function would indicate that slow
responses tend to be less accurate.

The panels in Fig. 5 show the conditional accuracy for
all the conditions in Experiment 1. The critical comparison
is between the two presentation formats in the two response

Fig.5 Conditional accuracy
function for Experiment 1

Type —— tl -4- 1l

0.8 4

Accuracy

°
o)}
1

0.4

Experiment 1

modalities. The replacement-letter condition yields high
accuracy across all RTs; however, the transposed-letter
condition shows large dips in accuracy in the fast responses
particularly. This pattern indicates that fast responses are the
main driver of the transposed-letter effect in both the one-
line and the two-line conditions. That is, transposed-letter
effects on accuracy are not a product of the long RTs in the
two-line condition, and the conditional accuracy functions
graphs are qualitatively similar for one-line and two-line
presentations.

Experiment 2

Experiment 1 showed a decrease in the size of the trans-
posed-letter effect for two-line nonwords when compared
to one-line nonwords; however, the magnitude of the effect
for two-line nonwords was still sizeable in both latency and
error data (69 ms and 15.9%, respectively). One might argue
that one reason for the robustness of this effect is that partici-
pants read the two-line items in the canonical top-to-down
direction. That is, readers typically scan words from left to
right and then from top to bottom. Thus, readers in Experi-
ment 1 could have used well-learned strategies (i.e., first
line, then the second line) to encode the stimuli. Indeed,
transposed-letter effects are quite strong when the letters are

Format one line —e— two lines

750
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in marquee format (i.e., each letter below each other; see
Perea et al., 2018; Witzel et al., 2011). To minimize this
interpretive issue, Experiment 2 was parallel to Experiment
1 except for a twist. The two-line stimuli had to be read from
bottom to top, as in:

LUTION

REVO-

As a result, when encountering two-line items, readers
had to rely on an unfamiliar reading direction and, hence,
Experiment 2 would constitute a stronger test of the toler-
ance of letter position coding to visual disruptions.

Methods
Participants

We recruited 40 university students, native speakers of Span-
ish, with no reading problems and with normal (corrected)
vision (19 females; 17 males; 4 chose not to indicate gen-
der) from Prolific Academic (http://prolific.ac). While all
the key effects in Experiment 1 were quite large, we slightly
increased sample size as we were concerned by the extra
variability of an online setting due to the covid pandemic.
They signed an informed consent form before the experi-
ment and received monetary compensation according to
Prolific’s participant policy.

Materials

The words and pseudowords were the same as in Experiment
1. The only difference was that, in the two-line format, the
reading direction was from the second line to the first line
(see Table 1).

Procedure

The setup was parallel to Experiment 1 except that it was
programmed in PsychoPy 3 (Peirce & MacAskill, 2018) and
conducted online via Pavlovia (www.pavlovia.org). Partici-
pants were instructed to do the experiment in a quiet room
without any distractions and were told that the letter strings
could appear in one line or in two lines—and that in this
latter scenario the reading direction was from the second
line to the first line.

Results and discussion

All the analyses were parallel to Experiment 1. Table 4 dis-
plays the mean RTs and error rates for each condition in the
experiment.

Pseudoword data Response times were slower for trans-
posed-letter pseudowords than for replacement-letter pseu-
dowords (b=75.99, SE=8.00, 95% CrI [60.59, 92.13])
and for two-line pseudowords than for one-line pseudow-
ords (b=294.37, SE=13.29, 95% CrlI [268.10, 320.62]).
As deduced from the interaction between the two factors
(b=—58.92, SE=12.08, 95% Crl [— 82.75, — 35.09]), the
transposed-letter effect was substantially greater for one-line
pseudowords than for two-line pseudowords—indeed, for
two-line pseudowords, its corresponding estimate 95% Crl
crossed zero (95% Crl [— 36.7, 3.26]).

The analyses of the accuracy data showed that partici-
pants were more accurate for replacement-letter than for
transposed-letter pseudowords (b=— 2.42, SE=0.28, 95%
Crl [— 2.98, — 1.89]) they were also more accurate for one-
line than for two-line pseudowords (b=— 0.94, SE=0.28,
95% Crl [— 1.50, — 0.41]). The transposed-letter effect did
not differ for one-line and two-line pseudowords (interac-
tion: b=0.55, SE=0.30, 95% Crl [ 0.05, 1.14]).

Word data Participants responded more slowly and less
accurately to two-line words than one-line words (latency
data: b=185.23, SE=7.86, 95% Crl [169.83, 200.70]; accu-
racy data: b=—0.69, SE=0.18, 95% Crl [— 1.05, — 0.33]).

Delta plots As in Experiment 1, we created delta plots
where the y-axis reflected the size of the transposed-letter
effect across quantiles. Unsurprisingly, we found a robust
transposed-letter effect for the standard, one-line pseudow-
ords in the leading edge of the RT distribution that grew
progressively larger in the upper quantiles (see left panel of
Fig. 6). Critically, the pattern of transposed-letter effects was
quite different for two-line pseudowords: (1) the transposed-
letter effect was negligible (less than 10 ms) in the leading
edge of the distribution (0.1 quantile); (2) the increase in size
of the transposed-letter effect across quantiles with two-line
pseudowords had a lesser slope than with one-line pseudow-
ords (see right panel of Fig. 6).

Conditional accuracy function We generated a CAF
graph in the same manner as in Experiment 1. Notably,
the accuracy for the replacement-letter condition is quite

Table 4 Mean correct lexical

A ; Word Transposed-letter pseu- Replacement-letter Trans-
tl'mes (in ms) and error r'ates doword pseudoword posed-letter
(in percentage) for one-line and effect
two-line stimuli in Experiment
2 (reading from bottom to the Format
top) One-line 800 (2.2) 943 (15.3) 854 (1.8) 89 (13.5)

Two-line 1016 (5.2) 1209 (17.7) 1183 (4.1) 26 (13.6)
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Fig.6 The panels show the ONE-LINE TWO-LINE
delta plots of the transposed-
letter effect for one-line and 150 — 150 —
two-line pseudowords in
Experiment 2
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high at all RT levels, and just like in Experiment 1, there The present experiment examined the limits of the trans-
is a transposed-letter effect across all bins of RT for both  posed-letter effect by presenting two-line stimuli that were
the one-line and two-line conditions; however, the trans- read from the bottom to the top. This manipulation did have
position effect is particularly pronounced in the fastest  a substantial impact on the magnitude of the transposed-
responses (see Fig. 7). letter effect. Indeed, to our knowledge, this is the second
Fig. 7 Conditional accuracy Experiment 2
function for Experiment 2
Format one line —o— two lines Type —— TL -+- RL
1.0 U N
A-emTTTT TR T e A
0.8
>
o
S
b=
0o
o
<
0.6
0.4
T T T T
750 1000 1250 1500
Time

@ Springer



Psychological Research (2023) 87:1306-1321

1315

instance where the transposed-letter effect in a Latin-based
orthography has been dramatically reduced in the latency
data (see Fig. 6)—note that Lee and Taft (2009) found a
vanishing transposed-letter effect with “Hangulized” pres-
entations. However, this finding must be interpreted with
caution because the transposed-letter effect was still size-
able in the error rate data (a 13.6% transposed-letter effect).
Unsurprisingly, latencies for two-line presentations were
slower than for one-line presentations. Note that the RTs
for the two-line presentation tended to be quite large, even
compared to the two-line presentation in Experiment 1, per-
haps because there are different patterns of fixation that add
processing time.

Experiment 3

Experiment 2 showed that the transposed-letter effect can be
dramatically reduced; however, this reduction affected the
latency data, but not the accuracy data. To further study the
limits of the transposed-letter effect, in Experiment 3, we
employed a visual-spatial manipulation intended to make
the syllables more salient—note that all letter transpositions/
replacements occur in different syllables. The manipulation
was similar to Experiment 1 except that each syllable was
presented in one line as in:

RE

VO

LU

TION

This format can be found relatively often in billboards
and advertisements; in fact, the examples in Fig. 1 are syl-
labically parsed. As in Experiments 1-2, we employed the
standard one-line format as a control.

Methods
Participants
We recruited an additional sample of 40 university students

(17 male, 23 female) from the same population as in Experi-
ments 1 and 2.

Materials

They were the same as in Experiments 1 and 2. The only
difference was that the two-line format was replaced by a
“syllable-per-line” format where each syllable corresponded
to one line.

Procedure

It was parallel to that in Experiment 2; participants were
told that items could be presented in one line or syllabified
in various lines.

Results and discussion

All the analyses were parallel to Experiments 1 and 2.
Table 5 shows the average lexical decision times and error
rates for each condition.

Pseudoword data Lexical decision times were slower
for transposed-letter than for replacement-letter pseudow-
ords (b=80.32, SE=7.26, 95% Crl [66.21, 94.67]) and
for syllabic pseudowords than for one-line pseudowords
(b=375.98, SE=16.11, 95% Crl [344.58, 408.20]). The
interaction between the two factors (b=— 72.60, SE=11.77,
95% Crl [— 95.78, — 49.26]) revealed that the transposed-let-
ter effect was substantially greater for one-line pseudowords
than for syllabic pseudowords—as occurred in Experiment
2, the estimate 95% Crl of the transposed-letter effect for
syllabic pseudowords crossed zero (95% Crl [— 30.6, 14.5]).

The analyses of the accuracy data showed that partici-
pants were more accurate for replacement-letter than for
transposed-letter pseudowords (b=— 2.97, SE=0.28, 95%
Crl [ 3.53, — 2.44]) they were also more accurate for one-
line than for syllabic pseudowords (b=— 1.54, SE=0.25,
95% Crl [— 2.06, — 1.09]). The transposed-letter effect was
greater for one-line than for syllabic pseudowords (b=1.53,
SE=0.27,95% CrI [1.02, 2.09])—note that the transposed-
letter effect was still robust for syllabic pseudowords (95%
Crl [1.07, 1.80]).

Word data Participants responded more slowly and less
accurately to syllabic words than one-line words (latency
data: b=237.41, SE=11.46, 95% Crl [215.11, 260.16];
accuracy data: b=— 1.29, SE=0.18, 95% Crl [— 1.64,
—0.94)).

Table 5 Mean correct lexical

A . Word Transposed-letter pseu- Replacement-letter Trans-
tl'mes (in ms) and error r'ates doword pseudoword posed-letter
(in percentage) for one-line and effect
syllabic stimuli in Experiment 3

Format
One-line 802 (2.4) 946 (24.3) 866 (2.0) 80 (22.2)
Syllabic 1078 (8.8) 1279 (22.6) 1266 (7.3) 13 (15.3)
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Exploratory data analysis

As in Experiments 1 and 2, we created delta plots to exam-
ine the variations of the magnitude of the transposed-letter
effect across quantiles. For one-line pseudowords, we found
a substantial transposed-letter effect that grew across quan-
tiles (see left panel of Fig. 8). In contrast, for syllabic pseu-
dowords, the transposed-letter effect was much weaker—it
was not greater than 25 ms in any quantile (see right panel
of Fig. 8).

Thus, when considering the response times, the present
experiment showed a dramatic decrease in the transposed-
letter effect in the syllabic format (13 ms) when compared to
the standard format (80 ms). However, the transposed-letter
effect in the syllabic format was still robust in the error rates
(the effect was 15.3%). In fact, this pattern can be seen in
Fig. 9, which shows the conditional accuracy function; like
in the previous experiments, the transposed-letter effect on
accuracy spans all the levels of latency, with the most pro-
nounced effects in the fastest responses. In addition, the dif-
ference in accuracy is larger for the single-line presentation
than for the multiple-line presentation (in this case, syllabic).

General discussion

We conducted three lexical decision experiments to test the
limits of the transposed-letter during visual word recogni-
tion with a visuo-spatial manipulation. Transposed-letter
pseudowords and their replacement-letter controls were pre-
sented in the standard one-line format, or in different lines—
one of them was always the initial letter of the other line (see
Table 1): two-line items read in the canonical direction, (i.e.,

top to bottom; Experiment 1), two-line items read from bot-
tom to the top (Experiment 2), and syllable-per-line items
(Experiment 3). The critical transposed (replacement) let-
ters always corresponded to separate lines. Unsurprisingly,
the stimuli (both words and pseudowords) presented in one
line took shorter to recognize than the stimuli presented in
several lines. Still, the two-line or syllabic formats were not
dramatically disruptive.

More importantly, we found a substantially decrease of
the transposed-letter effect in the two-line and syllabic for-
mats when compared to the standard one-line format in the
latency data (69 vs. 92 ms in Experiment 1; 26 vs. 89 ms in
Experiment 2; 13 vs. 80 ms in Experiment 3). Clearly, in
Experiment 2-3, the visuo-spatial manipulations dramati-
cally reduced the magnitude of the transposed-letter effect.
However, we did find a sizeable transposed-letter effect for
the non-canonical two-line and syllabic formats in the error
data [15.9%, 13.6%, and 15.3% in Experiments 1, 2, and 3,
respectively (the corresponding transposed-letter effects in
the horizontal format were 26.3%, 13.5%, and 22.2% in the
horizontal format, respectively)]. Thus, even in a non-canon-
ical format, transposed-letter pseudowords are confusable
with their base words. One might wonder why is it that the
transposed-letter effect is robust to the presentation format
manipulation in the accuracy measurement but not so much
in the response times. We believe that this is related to the
rather long RTs in the non-canonical presentation formats,
which might induce different fixation and response patterns
that add noise to the latency measurements. Notably, the
accuracy effects were so large and so ubiquitous (see the
conditional accuracy functions in Figs. 5, 7, 9) that we can
confidently assume that the transposed-letter is better cap-
tured by the accuracy measurement (see Baciero et al., 2022;

Fig.8 The panels show the ONE-LINE SYLLABIC LINES
delta plots of the transposed-
letter effect for one-line and 150 — 150 —
syllabic pseudowords in Experi-
ment 3
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Fig.9 Conditional accuracy
function for Experiment 3
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Goémez et al., 2021; Lee & Taft, 2005, for similar observa-
tions). Of note, the fact that, under non-canonical format
presentations, the transposed-letter effect emerges mainly in
accuracy rather than in response times aligns very well with
recent research showing the same pattern for transposed-
word effects (e.g., “you that read wrong”) under “serial”
reading conditions (e.g., when reading from right to left;
Mirault et al., 2022).

What are the implications of these findings for the models
of letter position coding? We tested a visuo-spatial account
of the transposed-letter effect. To do so, we implemented
a 2-D version of the overlap model (Gémez et al., 2008),
shown in Fig. 3 and Table 2 (see Appendix 1 for details). The
model predicted a null (or negligible) transposed-letter effect
in the two-line and syllabic formats because the amount of
overlap between the two-line transposed-letter pseudow-
ord RELO-VUCION and its base word REVO-LUCION
is very similar as that obtained with the replacement-letter
pseudoword RESO-TUCION. The substantial transposed-
letter effect found with the multiple-line pseudowords poses
problems for the overlap model and likely other perceptual
uncertainty models that assume that the thee uncertainty at
locating letters in words is purely visuo-spatial in nature.

We acknowledge that order uncertainty can occur at other
levels that are not just visuo-spatial. Indeed, as stated in
“Introduction”, congenitally blind individuals show robust

1000 1250 1500

Time

adjacent transposed-letter effects in a non-visual modality,
braille (Baciero et al., 2022). Importantly, uncertainty prin-
ciples have been proposed for order information in memory
(and specifically in working/short-term memory). In the case
of our paradigm, letters in the visual input are mapped onto
a memory store, and their order could be subject to posi-
tional noise. This memory-based assumption can be easily
implemented in the overlap model: the overlap among letters
would also occur in the memory trace. The idea of uncer-
tainty for the order or items in memory is in line with clas-
sical memory models of item and order information (e.g.,
Lee & Estes, 1977, Ratcliff, 1981; Shiffrin & Cook, 1978).
Indeed, the Lee and Estes (1977, see also Estes, 1975) model
was developed in the context of a short-term recall paradigm
using lists of items presented sequentially where memory
for order information was only approximate. Ratcliff’s over-
lap memory model (1981), which was inspired by Estes’
(1975) model, assumed that “the representation of letters in
memory is distributed” (p. 55), linked the noisy positional
information to the representation in memory, but not to a
visuo-spatial representation of letter objects. Shiffrin and
Cook’s (1978) model of letter order information made a sim-
ilar point for memory experiments in which participants had
to recall the order of five consonants presented sequentially.
Thus, this assumptions about the locus of the uncertainty in
letter position encoding could explain the interaction found
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in this paper by positing that positional information is less
accurately encoded for those stimuli presented in the same
line, perhaps because of memory chunking based on the line,
or perhaps because of the visuo-spatial contribution to the
order uncertainty.

The problems faced by the original version of Gomez
et al.’s (2008) overlap model also generalize to models in
which letter position is coded based on a visuo-spatial rep-
resentation of the letter string. The Start End Position Code
model (Houghton, 2018) uses a coding scheme in which the
visuo-spatial representation of a word allows for identifying
the start and end letters (e.g., R and N in REVOLUTION).
These letters act as markers to encode the order position of
the letter identities in a word. The Start End Position Code
model successfully captures many benchmark effects in the
literature of letter position coding. However, it is unlikely to
capture the sizeable transposed-letter effects reported here
with multiple-line stimuli: for the word REVO-LUTION,
the Start End Position Code model would yield two start/end
markers for each line (R-O for REVO; L-N for LUTION).
Therefore, the resulting letter start/end markers for the two-
line transposed-letter pseudoword RELO-VUTION (i.e.,
R-O for RELO; V-N for VUTION) would be comparable
from those in the two-line replacement-letter pseudoword
RENO-CUTION (i.e., R—O for RENO; C-N for CUTION),
thus predicting a dramatic decrease in the letter transposi-
tion effect for two-line stimuli. As occurs with the over-
lap model, the Start End Position Code model would need
to assume that order information is obtained not directly
from an array of letter objects “held in a visuo-spatial store”
(Houghton, 2018, p. 94), but rather at a more abstract level
of processing.

We acknowledge that a more straightforward explanation
of the present findings might be offered by word recognition
models that assume that letter position coding arises at an
orthographic level in the form of open bigrams (e.g., JU,
JD, JG, JE, UD, UG, UE, DG, DR, and GE for the word
JUDGE; see Grainger & van Heuven, 2003). Although to
our knowledge there are no implemented models of this fam-
ily that can deal with multi-line reading, one could assume
that the abstract open bigrams might be similar in the two-
line presentation and in the one-line presentation. These
accounts can also explain some findings that are specific
to letter processing that are beyond the scope of position
uncertainty models, such as the greater transposition effects
for letter strings than for other types of visual objects (e.g.,
strings of digits; strings of symbols; see Massol et al., 2013;
Massol & Grainger, 2022). However, a strong version of
orthographic-based models cannot capture the transposi-
tion effects observed for other types of visual objects (e.g.,
geometrical shapes, visual objects, notes in a staff). All in
all, as anticipated by Estes (1975), letter position coding
may reflect both generic processes common to other visual
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objects and orthographic-related processes specific to let-
ter strings. Indeed, as indicated in “Introduction”, several
models of visual word recognition have already incorporated
these two mechanisms (e.g., Adelman, 2011; Grainger &
Ziegler, 2011).

Conclusions

The study of how the word recognition system encodes letter
position has attracted considerable attention in the past dec-
ades and this work continues that tradition. On the one hand,
we have ruled out a common explanation of these effects as
being only due to a visuo-spatial effect based on position
uncertainty of letter objects in space. On the other hand,
there is a substantial literature that uses the principles of
perceptual uncertainty to explain why transposition effects
occur not only for letter strings but also for other objects,
as well as the reduced transposition effects for letters from
unknown alphabets for which there are no orthographic
internal representations. Reconciling these two sets of facts
is challenging, but we can propose a tentative explanation.
It is possible that the position uncertainty might occur when
this information is encoded in short-term memory rather
than purely based on visuo-spatial codes. One such option
is in the form of a compositional neural code acting between
the object-selective lateral occipital and the left temporal
gyrus [visual word form area] regions (see Agrawal et al.,
2020, for a recent proposal). The idea is that the ortho-
graphic representation (once it is achieved) might allow the
word recognition system to resolve any perceptual uncer-
tainty using the abstract letter representations. A compatible
proposal was espoused by Logan (2021), who suggests that
there is a unitary serial process across different domains such
as memory, perception, and production. This process, which
might be better described as general domain as opposed to
either perceptual or abstract, naturally accounts for the rela-
tive lack of sensitivity of the transposed-letter effect to the
multi-line manipulation in the present experiments.

To sum up, we examined how serial order, as measured
by a proxy like the transposed-letter effect, is resilient to
a visuo-spatial manipulation (two-line or syllable-per-line
formats). While smaller in size, the transposed-letter effect
under these manipulations—especially in accuracy—poses
limits of perceptual, visuo-spatial accounts of letter position
coding, such as Gémez et al.’s (2008) overlap model see
also (Goémez & Silins, 2012; Kinoshita & Norris, 2013; and
Norris and Kinoshita, 2012). These findings favor the idea
that a fundamental locus of the encoding of serial order dur-
ing visual word recognition is related to memory processes
common to perception and action (Logan, 2021). The work
presented here unveils paths for future work: on the empiri-
cal end, we have shown that reading across multiple lines
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might be a productive methodology for exploring different
processes (see Slattery & Parker, 2019, for evidence dur-
ing sentence reading); on the modeling end, delimiting the
boundaries and interactions among the visuo-spatial, mem-
ory, and orthographic aspects of word recognition should be
an important goal in the near future.

Appendix 1: 2-D overlap account

As stated in “Introduction”, the overlap model’s assump-
tions of location uncertainty can be easily extended to the
2-dimensional stimuli presentation used in the present
experiments—for simplicity, we focused on the two-line
manipulation of Experiments 1-2. Specifically, we assumed
that the position uncertainty could be explained as a bivari-
ate Gaussian function as depicted by the blobs/ellipses in
Fig. 3. This two-dimensional position uncertainty is cen-
tered in the middle of the letter. Because the horizontal and
vertical dimensions are independent, they have zero covari-
ance and independent sigmas (i.e., for all letters, the position
uncertainty in the vertical dimension is independent of the
position uncertainty in the horizontal dimension).

We made basic assumptions in line with the Gémez
et al.’s (2008) paper, namely that the first location in each
line would benefit from the empty space and would have a
smaller position uncertainty along the horizontal dimension
(s;=0.5), and the position uncertainty would be higher for
subsequent letters (s,,=1.2). Similarly, we assumed that
along the vertical dimension the position uncertainty would
be equal for both lines (s; =s5,=0.5). The panels in Fig. 3
were drawn under those assumptions. Using this 2-D model
for the two-line presentation, along with the standard over-
lap model, we calculated the overlap between pseudowords
and the base word for all letter lengths (the columns labeled
“Overlap” in Table 2; for comparison, we also present trans-
posed-letter effects for all word lengths in this experiment).

Fits of the data

While the empirical transposed-letter effect in the two-line
nonwords (Experiments 1-2) was more than half of that
in the one-line nonwords, the 2-D overlap model predicts
a rather miniscule transposed-letter effect for the two-line
presentation which is orders of magnitude smaller than the
overlap for one-line presentation.

It is important to note that the overlap model is not a
model of the lexical decision task. Hence, the overlap
measurement must be scaled somehow to make predictions
about RT and accuracy. Nonetheless, the difference in over-
lap between one- and two-line presentations is so large for
all letter lengths that there is no realistic scaling factor that

could account for the sizable empirical transposed-letter
effects in the two-line condition.
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