
Contents lists available at ScienceDirect

Acta Psychologica

journal homepage: www.elsevier.com/locate/actpsy

Connections are not enough for membership: Letter/non-letter distinction
persists through phonological association learning

Andreas Schmitta, Cees van Leeuwenb,a, Thomas Lachmanna,⁎

a University of Kaiserslautern, Center for Cognitive Science, Kaiserslautern, Germany
b University of Leuven, Leuven, Belgium

A R T I C L E I N F O

Keywords:
Reading
Global precedence effect
Holistic-analytic processing
Alphabet
Grapheme-phoneme correspondence
(In)congruence
Paired-associate learning
Letter knowledge

A B S T R A C T

In compound, hierarchical stimuli (also known as Navon figures), a Global Precedence Effect (GPE) can reliably
be observed for both letters and non-letters. However, when presentation conditions sufficiently resemble those
of reading, the GPE for letters has occasionally been found to disappear. We corroborate this effect in a study
with a large group of participants. In addition, in-between two sessions, participants were trained in associating
the non-letters with either phonological or non-phonological sounds. We reasoned that learning distinctive
phonological associations might be akin to the acquisition of letter knowledge. This might eliminate the GPE also
for the non-letters. However, the GPE persisted for the trained non-letters in both conditions. The large number
of participants in this study revealed additional effects in the letter condition, which enabled further insights in
the processing dissociation between letters and non-letter shapes.

1. Introduction

In the world of 2-dimensional graphics, letters play a special role.
Even when contrasted with similarly discrete objects (pseudo-letters),
letters are processed faster and with greater accuracy across a variety of
tasks (Burgund, Schlaggar, & Petersen, 2006; Burgund & Abernathy,
2008; Fernandes, Vale, Martins, Morais, & Kolinsky, 2014;
Lachmann & van Leeuwen, 2007, 2008a; Lachmann, Khera,
Srinivasan, & van Leeuwen, 2012; Poirel, Pineau, &Mellet, 2008; van
Leeuwen & Lachmann, 2004). This holds even if the task is not explicitly
linguistic in nature (e.g., Lachmann & van Leeuwen, 2004). Letter
familiarity, resulting from extended exposure to reading material,
may explain this effect (Burgund & Abernathy, 2008; James, James,
Jobard, Wong, & Gauthier, 2005). Evidence suggests, however, that
letters are not just be processed faster, but also differently from other
likewise familiar stimuli, such as pictorial symbols (Fernandes et al.,
2014; van Leeuwen & Lachmann, 2004) or faces (Piepers & Robbins,
2012; Tanaka & Farah, 1993). The specific letter processing strategy is
established during the early stages of reading acquisition and auto-
matized over extensive reading and writing practice (Burgund et al.,
2006; Fernandes et al., 2014; Lachmann & van Leeuwen, 2014).

The purported strategy involves an analytic-holistic processing
distinction. This distinction is known under a variety of, often conflict-
ing, terminology (Piepers & Robbins, 2012; Wagemans et al., 2012;
Wong et al., 2011) and relates to a number of empirical distinctions,

such as the extent to which symmetries in the percept are being
suppressed (Lachmann, 2002; Lachmann & van Leeuwen, 2007, 2014),
the extent to which items are perceived as independent of their context
(Fernandes et al., 2014; Lachmann & van Leeuwen, 2014; van
Leeuwen & Lachmann, 2004), or the extent to which the percept
emphasizes properties of the parts over the whole (Lachmann,
Schmitt, Braet, & van Leeuwen, 2014).

Both letter and non-letter objects can be perceived either holistically
or analytically (Farah, 1996; Piepers & Robbins, 2012). But whereas for
non-letters, analytic processing is generally slower and more effortful
than holistic processing, in letters it is the other way around
(Lachmann & van Leeuwen, 2004, 2007, 2008a, 2008b; van
Leeuwen & Lachmann, 2004). This analytic preference may arise be-
cause in distinguishing letters, details matter. There is, however, at least
one paradigm in which letters seem to be predominantly processed
holistically. This paradigm uses compound letters (Kinchla, 1974;
Navon, 1977; see Kimchi, 2015, for a review), such as a large F
composed of a number of identical small Fs (congruent), or a large F
composed of small Hs (incongruent). The large letters are called
“global” items, the small ones “local” items. With this type of stimuli,
global precedence has been established, which consists of a combination
of global advantage, i.e. faster processing of the global level than the
local level, and an asymmetric congruence effect, i.e. incongruency
interferes with the local-level target responses but not with global level
ones. Global precedence is generally acknowledged as evidence of
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holistic processing and its absence as evidence of analytic processing.
Lachmann et al. (2014) argued that even in this paradigm, analytic

processing could be observed in letters. Whereas for non-letter com-
pound figures, a robust global precedence effect was obtained, it was
absent for letters. This takes presentation conditions sufficiently similar
to reading: foveal presentation of the stimuli, the local stimulus
approximately matching the size critical for fluent reading of individual
letters, and a global stimulus size close to the functional visual field in
word reading. Presenting compound stimuli in conditions optimally
suitable for reading, we proposed, elicited letter-specific processing
even in this paradigm.

The present aim is twofold: first, the absence of the GPE in
Lachmann et al. (2014) was obtained with a relatively small sample.
To assure that this effect was not due to lack of power, we wanted to
corroborate it with a larger group of participants. Second, as shown by
Fernandes et al. (2014), letter-knowledge is required for the letter/non-
letter distinction in non-readers to arise. To see if, and what kind of,
letter-knowledge is not only necessary, but also sufficient, we sand-
wiched a short training in-between two sessions of the experiment. In
one group, non-letter shapes were associated with non-phonological
auditory stimuli. The other group learned phonological associations to
the non-letter shapes. Both conditions were aimed to investigate
whether a relatively short training could reduce the holistic processing
strategy for non-letters. On the one hand, a reduction of holistic
processing in both training groups would suggest that paired associa-
tion leads to fine-tuning of visual representations (James et al., 2005).
By associating letters to sounds, their distinctive details might become
more relevant to the perceiver. On the other hand, the training may
only have an effect in the phonological group. Skilled readers can easily
accommodate new letters, suggesting that learning distinctive phonolo-
gical associations to non-letters might be necessary and sufficient to
elicit the analytic processing strategy. This would result in the
disappearance of the global precedence effect for non-letters only in
the phonological training group.

2. Method

2.1. Participants

Seventy-five students (between 19 and 29 years old) from the
University of Kaiserslautern (Germany) were paid 35 Euro for their
participation in this study. All participants were skilled readers of
German and/or English with normal hearing and normal or corrected-
to-normal vision. None of them was diagnosed as having any reading or

writing disorder. Participants were randomly assigned to one of two
training conditions, a phonological training group (N = 36) and a non-
phonological training group (N = 39). Participants signed consent forms
prior to the study. The study was approved by the ethical committee of
the Faculty of Social Science of the University of Kaiserslautern.

2.2. Material and procedure

2.2.1. Pre- and post-test
Identical replications of Lachmann et al. (2014) were used as pre-

and post-test. Eight compound stimuli were used, as illustrated in Fig. 1.
Four of them were letters composed of letters (C or F) and the other four
were non-letters composed of non-letters. Letter and non-letter stimuli
were similar in visual complexity. Of both, half were congruent, i.e. a
global level composed of smaller versions of the same (e.g., a large C
composed of small Cs or a large non-letter shape composed of small
versions of the same shape); the other half were incongruent, i.e. global
and local levels were different (e.g., a large C composed of small Fs or a
large non-letter shape composed of small versions of a different shape).
The global stimuli appeared with a visual angle of approximately 6.5° in
height and 5.5° in width, the local stimuli with a visual angle of
approximately 0.5°. Here as well as in the training, all visual stimuli
were presented in black (0.4 cd/m2) against a white background
(28.9 cd/m2) on a 15″ laptop screen running Windows XP and E-Prime
2.0 (Psychology Software Tools, Pittsburg, USA). There was no fixation
of the head. The experiment took place in a sound attenuated test
cubicle under light- controlled condition.

Both pre- and post-test consisted of four blocks each, two blocks
with letters and two blocks with non-letters. In half of the blocks,
participants responded to the global figure regardless of the local
components (global condition), and vice versa in the other half (local
condition). The order of the four blocks was randomized across
participants. Each of the blocks contained 100 trails, half with
congruent and half with incongruent stimuli in random order.
Participants performed a two-alternative forced-choice identification
task by pressing the left or right button of the embedded laptop mouse
with their index fingers. Response conditions changed between blocks
(e.g., level = local: “F” = right key, “C” = left key) and were counter-
balanced between participants. Prior to each block, eight practice trials
were presented, each followed by visual feedback (“correct”/“incor-
rect”) lasting 500 ms. When more than two errors were made during the
practice trials, the instruction was repeated followed by another eight
practice trials.

Each trial started with a fixation cross displayed for 250 ms at the

Fig. 1. Compound, hierarchical figures used in the pre- and post-test.
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center of the screen, followed by a blank screen for 250 ms. After this,
the stimulus was presented at the fixation location and remained visible
until either the participant responded or 2000 ms had passed. After
another 250 ms blank screen, the next trial started.

2.2.2. Training
During the training, participants established associations to four

non-letter shapes: two slightly enlarged versions of the non-letter
components from the pre-test (left side of Fig. 2) and two novel ones
(right side of Fig. 2). Novel shapes were introduced, in order to enable
sufficient variation as required by some of the subtasks of the training
(see below). Some of these subtasks presented a single shape in
isolation; others involved strings of two, three, or four shapes. In all
these cases a single shape was approximately 1.5° in height and width.
The visual angle was approximately 3° in width for a two-shapes string,
5° for a three-shapes string, and 7° for a four-shapes one.

Training conditions were varied between participants. In the
phonological condition, one of four phonemes /a:/, /i:/ (vowels), /f/,
and /s/ (consonants) was assigned to one of the four non-letter shapes,
as illustrated in Fig. 2 (upper part). Duration and intensity of the
phoneme stimuli were adjusted with Adobe Audition CS5 (Adobe, San
Jose, USA), such that all had the same length (300 ms) and intensity
(70 dB). Vowels and consonants were combined into phoneme-se-
quences of 600 ms duration for two, 900 ms for three, and 1200 ms
for four phonemes, corresponding to the visual strings of different
lengths. From the first (RT: 1521 ms, ER: 2.6%) to the last training
session (RT: 1138 ms, ER: 0.6%) responses increased in speed, t(27)
= 9.13, p < 0.001 and accuracy, t(27) = 3.70, p < 0.001.

In the non-phonological condition, sounds physically similar to the
speech stimuli were used (see Fig. 3). Instead of the consonants /f/ and
/s/, pink and brown noise were presented, respectively, and instead of
the vowels /a:/ and /i:/, two musical tones, one from a horn (A#3) and

the other one from a trumpet (D4) (see Fig. 2, lower part) were used,
respectively. The sounds were generated with Adobe Audition CS5. For
visual strings, the corresponding tones were combined in a similar
fashion as for speech stimuli of the same length. From the first (RT:
1794 ms, ER: 9.8%) to the last training session (RT: 1252 ms, ER: 2.1%)
responses were faster, t(36) = 7.20, p < 0.001 and more accurate ERs,
t(36) = 5.34, p < 0.001.

Apart from the auditory stimuli, both groups went through identical
training procedures. Three training sessions were performed on sepa-
rate days. During the training, the following tasks were used: associa-
tion, writing, short sequences and long sequences. In the association task, a
single shape was presented on the screen while the corresponding
sound was played three times in a row. Participants were instructed to
pay attention and remember the pairing of auditory and visual stimuli.
After all four combinations were presented once and then repeated in
the same order, participants performed a sequence of 258 probe trials.
Each trial started with a 1 s visual presentation of the instruction:
“identify the following sound”, followed by the sound, after which a
cursor (a cross) appeared at the center of the screen, surrounded by all
four shapes arranged randomly according to Fig. 4. Participants were
asked to move the cursor with the computer mouse and click on the
character corresponding to the sound. After a correct response, the next
trial started immediately; following an error, feedback was displayed
for 1 s, showing the phrase “The correct response was:” together with the
correct shape, simultaneously with the corresponding sound. After-
wards, the next trial started immediately.

The writing task consisted of 50 trials according to the same
procedure as the association task, except that participants wrote down
their responses, after which they started the next trail by pressing a
mouse button. No feedback was given. The short-string-task used instead
of a single sound, short sequences of either two (in 15 trials) or three (in
36 trials) sounds. Participants choose the corresponding string from

Fig. 2. Non-letter shapes used in the training part and their corresponding phonological sounds (upper part) and non-phonological sounds (lower part).

Fig. 3. Spectrograms for the vowel /a:/ and the fricative /f/ (left), and their corresponding non-phonological sounds trumpet sound and pink noise (right). Time (in s) is displayed on the
horizontal axis, and frequency (in Hz) on the vertical axis. The shade of grey represents the intensity of each frequency, with darker shades corresponding to higher intensities.
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four response alternatives (three distracters were randomly chosen
from the stimulus set). Otherwise, the trials are identical to those of the
association task. The long-string task (45 trials) used sequences of four
sounds and corresponding strings of four non-letter shapes.

Each session started with the association task. This task, therefore,
occurred three times during the training. The other tasks were each
performed twice during the training. Order of these tasks was rando-
mized, subject to the following constraints: none of the tasks could
occur twice in a session and in the first session, the short-string task was
presented immediately after the association task.

3. Results

Error rates (ER) and reaction times (RT) were analyzed. The RT are
of correct responses only, an individual outlier rejection criterion was
used as follows: 150 ms < RT < 2000 ms|Mi + 3 SDi (i = individual
value); this resulted in the rejection of 912 trials as outliers (1.8%)
approximately evenly distributed across the conditions. Out of 75
participants, the data from eleven participants were excluded from
further analyses because of an error rate higher than 50% in at least one
factorial cell. The overall mean error rate of the remaining 64
participants was 3.2% (SD = 2.8%) and ranged from 0.1% to 11.7%.
The overall mean RT was 497 ms (SD = 67 ms) and ranged from
350 ms to 609 ms. Since there was no evidence for a speed-accuracy
trade off, r(62) = 0.12, p = 0.32, in the following sections we will
report RT analyses only.

The RT data were analyzed in a mixed 2 × 2 × 2 × 2× 2 analysis
of variances (ANOVA), with Material (letters vs. non-letter shapes),
Level (global vs. local), Congruency (congruent vs. incongruent), Phase
(pre-test vs. post-test) as within-participants factors and Group (phono-
logical vs. non-phonological group) as between-participants factor.
Preliminary analyses showed no differences between individual letters
or shapes within the letter or non-letter condition, respectively.

Mean RTs are displayed in Fig. 5. Main effects were observed for all
within-participant factors: Material, F(1, 62) = 111.24, p < 0.001,
ηp

2 = 0.64, with faster reactions for letters than for non-letter shapes
(letter advantage); Level, F(1, 62) = 153.15, p < 0.001, ηp

2 = 0.71,
with faster responses for global than for local level targets (global
advantage); Congruency, F(1, 62) = 101.80, p < 0.001, ηp

2 = 0.62,
with faster responses for congruent than for incongruent stimuli; and
Phase F(1, 62) = 12.04, p < 0.001, ηp2 = 0.16, with faster responses

for the post-test compared to the pre-test.
There was a two-way interaction between Material and Level, F(1,

62) = 92.82, p < 0.001, ηp2 = 0.60; for non-letters the global advan-
tage was larger than for letters. An interaction between Material and
Congruency, F(1, 62) = 19.74, p < 0.001, ηp

2 = 0.24, indicated a
larger congruency effect for letters than for non-letters. An interaction
between Level and Congruency, F(1, 62) = 10.84, p < 0.01, ηp2 = 0.15,
showed a larger congruency effect for the local than for the global level.

Additionally, a three-way interaction Material× Level× Congruency,
F(1, 62) = 42.21, p < 0.001, ηp2 = 0.41, was found. In post-hoc ana-
lyses, the Level× Congruency interaction was analyzed separately for non-
letters and letters. For non-letters, we confirmed global advantage, F(1,
63) = 225.73, p < 0.001, ηp2 = 0.78, and congruency effect, F(1, 63)
= 24.96, p < 0.001, ηp

2 = 0.28. The interaction of Level and
Congruency, F(1, 63) = 51.33, p < 0.001, ηp2 = 0.45, results from the
presence of a local congruency effect, t(63) = 7.16, p < 0.001, along
with absence of a global congruency effect, t(66) = 1.56, p=0.12. This
congruence asymmetry combined with the global advantage amounts to a
classical global precedence effect for non-letters. For letters, while we
confirmed global advantage, F(1, 63) = 5.71, p < 0.05, ηp2 = 0.08, and
the congruency effect, F(1, 63) = 58.6, p < 0.001, ηp

2 = 0.64, an
interaction was obtained between Congruency and Level, F(1, 63)

Fig. 4. Sequence of events in trials from the training tasks. Participants identified the character (or sequence of characters) that corresponds to the (sequence of) sound(s) that was just
played.

Fig. 5. Mean RT in ms for letter stimuli (left side) and non-letter stimuli (right side) for
congruent and incongruent trials in the local and global blocks.
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= 4.06, p < 0.05, ηp2 = 0.06, in which there were congruency effects
for both local, t(63) = 7.17, p < 0.001, and global t(63) = 7.92,
p < 0.001 levels. The interaction reveals that the latter congruency
effect was significantly stronger (18 ms) than the former (13 ms). The
stronger global than local congruency effect in letters contrasts to the
absence of a global congruency effect in the non-letter condition, while
both local congruency effects are similar in size.

No other effects were obtained. In particular, there were no Group
effects (F = 1.67) nor interactions involving both Group and Phase (all
F < 1, except one: F = 1.66). To show that there was not even a hint
that the global precedence effect disappeared after training, we present
data separately for pre- and posttest (see Fig. A1), as well as confidence
intervals (see Table A1) in the appendix.

4. Discussion

In a training study, the pre- and post-test were identical replications
of Lachmann et al. (2014), which compared letters and non-letters in a
compound figures task. In-between, a training was performed, which in
one condition was aimed to establish pairwise associations between
non-letters and phonemes, and in the other condition between non-
letters and non-phonological sounds. In both pre- and posttest, letters
showed analytic processing (as defined by absence of global prece-
dence); non-letters equally persistently showed holistic processing:
global advantage and asymmetric interference of congruence (inter-
ference from the global to the local level but not vice versa).

The present differentiation in processing between letters and non-
letters corroborates the results of Lachmann et al. (2014) with a
considerably larger number of participants. Lachmann et al. (2014)
obtained neither global advantage, nor an asymmetric interference for
letters. Here, the letter condition showed a global advantage, albeit
much smaller than that of the non-letters, plus an interference effect in
the direction opposite to the non-letter stimuli. The previously observed
null effects in Lachmann et al. (2014) could be attributed to lack of
power. Indeed, both effects disappear when either the pre- or post-test
are analyzed in isolation.

These two effects qualify the interpretation of analytic processing in
letters. On the one hand, the global advantage shows that in compound
letters, the global level is not processed by a synthesis of their local
components. On the other hand, the incongruence of local letter
components affects processing of the global level letters. This may
occur because in reading, processing of letter components is mandatory,
even if reading progresses through fast recognition of whole words.
Letter component processing may be mandatory because of its role in
establishing the phonemic identity of a grapheme (Blau et al., 2010;
Blomert, 2011; Ehri, 1998; Frith, 1985; Froyen, Bonte, van
Atteveldt, & Blomert, 2009).

These effects can only be understood as concurrent processing of the
global and local structure. Since local level size is at the typical scale of
single letters, with a visual angle of about 0.5° for local components
(Jordan &Martin, 1987; Legge, Pelli, Rubin, & Schleske, 1985;
Legge & Bigelow, 2011), whereas the global level is at the typical scale
of words, with the entire global level within the functional visual field
(Sanders, 1970) under foveal presentation (Plomp, van

Leeuwen, & Ioannides, 2010), the simultaneous processing of local
and global levels is in accordance with a dual processing account of
word reading (Coltheart, 2007). We may therefore conclude that in
these presentation conditions, compound stimuli are processed in a
manner, similar to word reading.

Fernandes et al. (2014) observed specific letter-processing in
illiterates with rudimentary letter-knowledge. We investigated whether
associating letter-knowledge with the non-letters of our experiment
would make these more akin to letters, thereby reducing the letter/non-
letter processing distinction. Participants performed a limited training,
which involved 3 sessions of paired association learning between non-
letters and phonemes (or non-phonological sounds). However, the
letter/non-letter distinction persisted after training. We conclude that
the training session has not been effective in reducing the dissociation
of letter and non-letter processing. Hence limited practice with non-
letters is not sufficient to transfer the letter-specific processing strategy.

During the training a clear improvement in speed and accuracy was
observed in paired association learning from the first to the last session.
From pre- to post-test a clear decrease in RT was observed. These
training effects were uniform across conditions, suggesting they are due
to familiarity. Thus, familiarity alone is not sufficient to elicit letter-
specific processing. Neither is it sufficient to have successfully learned
distinctive associations to the non-letters, as the letter-specific proces-
sing strategy failed to arise in either non-phonological or the phonolo-
gical training condition.

We might have expected it to arise after the phonological training
condition only. We theorized that letter-specific processing depends on
acquisition and subsequent automatization over extensive reading
practice, of grapheme-phoneme associations (Lachmann & van
Leeuwen, 2014). Possibly, reading skills that in adult readers have
fully been automatized, in particular the analytic processing of letters,
cannot simply be transferred to a new set of symbols, merely by briefly
training a few isolated pairwise associations. Perhaps training needs to
be dramatically extended until fully automated processing of new items
is clearly in evidence, for instance by reduction of an analogue to the
word-length effect for non-letter strings (Barton, Hanif, Eklinder
Bjornstrom, &Hills, 2014). The current training paradigm (Fig. 4),
unfortunately, did not enable us to observe such an effect; this will
have to be reserved for future studies.

Alternatively, the letter knowledge required for letter-specific
processing (Fernandes et al., 2014) consists of more than simple
shape-phoneme associations. A more effective training might be
focused on mimicking the systemic aspects of reading, including
phonology, morphology, and semantics. Despite our observation that
the letter-processing strategy does not seem to accommodate non-
letters as new letters, we can easily read a text in which a few letters are
systematically substituted with arbitrary symbols. Possibly, a more
effective training session should consist of extensive reading practice,
where some of the letters are systematically be replaced by our sample
of non-letters. Under those conditions, it might be that the letter
strategy transfers to the post-test. This would be in agreement with
the observation that reading is a systemic achievement, rather than the
result of pairwise association.

Appendix A. Appendix

Fig. A1 presents the results separately for pre- and post-test. Table A1 shows the magnitudes of Congruency and the 95% confidence intervals (CI)
at the global and the local level, separately for Material and Phase. If the training had any influence to the shape-processing, we would expect an
increase of congruency effect at the global level in the post-test. There is, however, no evidence for such an increase.
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Fig. A1. Mean RT in ms for letter stimuli (left side) and non-letter stimuli (right side) for congruent and incongruent trials in the local and global blocks, displayed separately for the pre-
test (top) and the post-test (bottom).

Table A1
Magnitudes of Congruency and 95% CI at the global and local level, separately forMaterial and Phase. No major differences or tendencies were observed. Instead, for shapes the asymmetry
of interference became more apparent in the post-test.

Material Magnitude of congruency (RTincongruent − RTcongruent) [95% Confidence interval]

Level Pre-test Post-test

Letter Local 14.31 [9.07, 19.57] 10.96 [6.25, 15.67]
Global 19.77 [13.96, 25.59] 17.12 [11.38,22.86]

Shape Local 13.66 [7.02, 20.30] 20.39 [14.84, 25.94]
Global −1.46 [−5.66, 2.72] −3.08 [−7.09, 0.92]
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