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Abstract
In three Experiments we measured accuracy in identifying a single letter among a string of five briefly
presented consonants followed by a post-mask. The position of the to-be-identified letter was either
indicated by an ordinal cue (e.g., position 2) or an underscore cue (e.g., #####). In Experiment 1 the
ordinal cue was presented prior to onset of the letter string, and the underscore cue presented at string
offset. In Experiments 2 and 3, both the ordinal and the underscore cues were pre-cues. In all
Experiments, letter strings could either appear centered on fixation or shifted randomly to the left or to
the right. Participants were tested in separate blocks of trials for each of the four conditions generated
by the combination of cue-type and string-location variability. In Experiment 1, letter identification
accuracy was higher with ordinal cues and with fixed string locations, and ordinal cueing was more
affected by string location variability. In Experiments 2 and 3, letter identification accuracy was higher
with underscore pre-cues. We conclude that under conditions of brief stimulus durations (100 ms) and
backward masking, letter-in-string identification accuracy is determined by read-out from locationspecific letter detectors, independently of the type of cueing. Differences in the effectiveness of
different types of cue are determined by differences in the ease of isolating a given gaze-centered
location, and by differences in the ease with which attention can be directed to that location.
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INTRODUCTION
In the present study we investigated the impact of the nature of the cue used to indicate which letter to
report on performance in identifying a single letter among a string of five briefly presented and
backward-masked letters. We specifically focus on cueing effects on letter-in-string identification given
the evidence that readers develop a specialized mechanism for parallel letter processing (e.g.,
Chanceaux & Grainger, 2012; Chanceaux et al., 2013; Tydgat & Grainger, 2009). The key studies here
used random consonant strings in order to minimize contributions from higher-level phonological,
morphological, or lexical representations. A typical trial in such studies involves a central fixation point
followed by a briefly presented string of randomly selected consonants (e.g., PFMLD), immediately
followed by a post-mask that is accompanied by a cue indicating the position at which a single letter has
to be identified (see Tydgat & Grainger, 2009, for a review of earlier studies).
The focus of prior research was on the form of the serial position function for letter-in-string
identification, with most studies revealing highest accuracy at the first, last, and central (on fixation)
positions (see Grainger et al., 2016, for a review and explanation). One key finding reported by Tydgat
and Grainger (2009) is that the form of the serial position function is quite similar for letters and digits,
both of which differ from strings of symbols or simple shapes (see also, Chanceaux & Grainger, 2012).
This led to the hypothesis that performance in the letter-in-string identification task is based on activity
in location-specific letter identities. That is, letter identities associated with a gaze-centered location
along a line of text (e.g., the letter T located 3 letter spaces to the left of eye fixation location). This
would involve a specialized mechanism developed during learning to read, and a similar mechanism
would be applied to initially process numbers (i.e., a bank of horizontally aligned digit detectors; see
Grainger & Hannagan, 2014, for a review of the evidence). In the present work we will largely ignore the
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shape of serial position functions (although these data will be made available) in order to focus on the
impact of two factors that have received little attention in the past: the type of cue used to indicate
which letter to report; and the degree of variability of the location of the string in which the target letter
appeared.
The theoretical backbone guiding the present work is the first level of orthographic processing in
the Grainger and van Heuven (2004) model. In this model, orthographic processing commences with the
parallel association of letter identities to location-specific, gaze-centered locations (see also Dehaene et
al., 2005, for a similar approach). In most alternative accounts of orthographic processing, orthographic
processing begins with the association of location-invariant letter identities to their positions in a string
of letters (e.g., Gomez et al., 2008). That is, when presented with the letter string TGPFM, rather than
associating the letter T to a given gaze-centered location independently of its position in the string (e.g.,
the letter T located 2 letter spaces to the left of eye fixation location), as in the Grainger and van Heuven
model, the letter T is associated with the first position in a string of 5 letters (with position of the letter
and the length of the string more or less precisely defined depending on the model). This type of
processing occurs at the second, location-invariant, level in the Grainger and van Heuven model. This
processing delivers a representation of letter order that is crucial for word identification, and we will
henceforth refer to this as an ordinal code.
The first manipulation of the present study involved the nature of the cue provided to
participants in order to indicate which letter they had to identify among a string of five random
consonant strings. We began by comparing a positional pre-cueing procedure, where participants were
asked to report the letter at a given position in the target string of letters (an ordinal cue: e.g., “identify
the letter at the 2nd position”), with the traditional location post-cueing procedure where target location
is indicated at stimulus offset by an underscore (or other form of physical indication of location). In both
cueing conditions the string of letters was presented for 100 ms and immediately followed by a pattern
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mask.1 Our second manipulation involved string location variability, such that the string of 5 consonants
could either appear at the same central location in one block of trials, or randomly at the center, or
shifted to the left or to the right in a separate block of trials. Experiment 1 also involved a betweenparticipant (Experiment 1A & Experiment 1B) manipulation of the degree of displacement in the variable
string location condition.
Under the hypothesis that performance in a letter-in-string identification task with briefly
presented and backward-masked random consonant strings is based on read-out from gaze-centered
location-specific letter detectors, we predicted that location (underscore) cues should lead to higher
accuracy than position (ordinal) cues. We further predicted that string location variability should have a
bigger negative impact with ordinal cues than underscore cues.

EXPERIMENT 1A
Design & Stimuli
This experiment employed a 2x2 factorial design. The two factors we manipulated were string location
and cue type. String location was either fixed or variable. If the string location was fixed, it always
appeared at the same location on the screen (at a central fixation point). If the string location was
variable, however, it appeared either at the central fixation point, or to the left or to the right,
maintaining the same vertical position. Letter targets were cued either before with an ordinal cue or
after presentation of the stimuli with an underscore cue (ordinal vs. underscore). Each block
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We immediately acknowledge that cue type (ordinal vs. underscore) is confounded with cue timing (pre- vs. postcue) in this manipulation, but this was maintained in order to compare the traditional underscore post-cue with a
positional (ordinal) cue. Given that an ordinal cue clearly requires additional processing compared with an
underscore cue, this would have left more time for memory decay when applied as a post-cue, hence the precueing with the ordinal cue.
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corresponded to a single cell of this design: Fixed-Ordinal, Fixed-Underscore, Variable-Ordinal, VariableUnderscore. The order of the blocks was counterbalanced across participants. Furthermore, we
balanced the position-in-string of the cued element. As such we used 4 conditions x 5 positions x 20 for
a total of 400 trials, with 100 trials per block. Stimuli consisted of 100 5-character strings. The strings
consisted only of consonants. These were drawn from a set of 14 medium- to high-frequency
consonants (B, C, D, F, G, H, K, L, M, N, P, R, S, T). We excluded the low-frequency consonants J, Q, W, X,
Y, Z. Strings were generated randomly to contain no repeated letters. All letters appeared in stimuli an
equal number of times.
Procedure
Participants carried out a letter-in-string identification task. Prior to the experiment, all participants
provided written consent. Participants were given instructions at the beginning of each block. In each
trial, participants would first see either a central fixation cross (in the underscore cue condition) or a
single digit (in the ordinal cue condition) for 1000 ms. Note that the ordinal cue condition indicated a
target position, not a target character identity, which is what had been used in previous studies. This
fixation was then replaced by the consonant string either at the same location (fixed trials and some
variable trials) or offset 2 characters to the left or right on the same line (variable trials) for 100 ms.
Strings were presented in upper-case letters in black font on a gray background, followed by a backward
mask comprised of hash-marks (#) at the same position as the string until response. In the post-cue
condition, one of the positions was indicated as being the target via an underline of the corresponding
hash mark. Participants would then enter the letter which had been displayed at the cued position using
the keyboard. Participants were encouraged to respond as accurately as possible. After response, there
was a 1000 ms pause, followed by the presentation of the fixation for the next trial. Before the start of
each block, participants were told in the instructions whether it would be an ordinal or underscore cue
block, as well as whether or not the string would always appear in the same position. They would then
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complete ten practice trials with feedback before proceeding to the experiment itself. Trial order was
randomized by participant. Data were collected online using the Labvanced platform (Finger et al.,
2017). The experiment lasted approximately 35 minutes.
Participants
Ninety-nine native speakers of English (46 female, 53 male; mean age 34.01 years (SD = 11.72)) were
recruited via Prolific (www.prolific.co) to complete the experiment online. All reported having no
literacy difficulties or language disorders.

Figure 1. Trial schematic of Experiment 1 showing a trial from both the ordinal cue condition (left) and
from the underscore cue condition (right) targeting the first letter slot. They are depicted as fixedlocation trials. Font size is exaggerated.

8
Analysis
We conducted a generalized (logistic) linear mixed effects regression (GLMER) with accuracy as the
dependent variable. The model had a crossed fixed effects structure with cue type (ordinal vs
underscore), and string location (fixed vs variable). We also included crossed random effects for item,
position in string, and participant as well as random slopes by participant for cue type and string
location. This was conducted using the glmer function in the lme4 package (Bates et al., 2015) in R (R
Core Team, 2020). We report regression coefficients (b), standard errors (SE), and z-values. Fixed effects
were deemed reliable if |z| > 1.96 (Baayen, 2008). We used the fixed ordinal cue condition as the
reference.
Results
Based on 39,600 observations, participants had a mean accuracy of 64.7% (SD 10.4). We found
significant main effects of both cue type (higher performance in ordinal cue condition; b= -1.86, SE=
0.11, z= -16.48), and string location (higher performance in fixed location condition; b= -1.49, SE= 0.10,
z= -15.63), as well as an interaction effect between cue type and string location (greater effect of cue
type in the fixed location condition; b= 1.19, SE= 0.10, z= 11.57). Condition means are shown in Figure 2
(left panel).

EXPERIMENT 1B
Design, stimuli, and procedure
The design, stimuli and procedure of Experiment 1B were exactly the same as Experiment 1A, with one
small adjustment. In the variable location condition, whereas strings were offset by two characters to
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the left or right in Experiment 1A, strings were offset by four characters in Experiment 1B, resulting in a
greater overall distance from fixation of target letters in the shifted conditions.

Participants
One hundred native speakers of English (61 female, 37 male, 2 non-binary; mean age 33.19 years (SD =
11.24)) were recruited via Prolific (www.prolific.co) to complete the experiment online. All reported
having no literacy difficulties or language disorders.
Analysis
We performed the same GLMER analysis with Experiment 1B as Experiment 1A. We did a further GLMER
analysis comparing the results of the variable location trials in Experiment 1B to those in Experiment 1A
to see whether eccentricity distance (two or four characters), cue type (ordinal vs underscore), or string
location (left, center, or right) had an impact on performance. We included experiment (which separates
the 2-character offset from the 4-character offset trials), string location, and cue type as crossed fixed
effects, and used crossed random effects of item, position in string, and participant, as well as byparticipant crossed slopes for cue type and offset distance, and a slope for string location. We used the
ordinal cue of the center location of Experiment 1A as the reference.
Results
Based on 40,000 observations, participants had a mean accuracy of 58.9% (SD 11.2). We found the same
set of effects as in Experiment 1A: significant main effects of cue type (better accuracy in ordinal cue
condition; b= -1.85, SE= 0.11, z= -16.24), and string location (better accuracy in fixed location condition;
b= -1.99, SE= 0.09, z= -23.36), as well as an interaction between the two (greater effect of cue type in
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the fixed location condition; b= 1.41, SE= 0.10, z= 13.82). Condition means are shown in Figure 2 (right
panel).

Figure 2. Accuracy by condition from Experiment 1A (left) and 1B (right). Note that the results of the
underscore cue in the variable location condition represent the average across the three string positions
(left, center, right). Error bars are within-participant 95% CIs (Cousineau, 2005).
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Combined Analysis of the variable string location condition in Experiments 1A & 1B
This analysis involved the factors cue type and string location (left, center, right). We found main effects
of cue type (better performance in the ordinal cue condition; b= -1.16, SE= 0.09, z= -13.17), experiment
(better performance in the 2-character offset condition in Experiment 1A; b= -0.62, SE= 0.14, z= -4.50),
and location on both the left (b= -1.53, SE= 0.17, z= -8.89) and the right (b= -1.03, SE= 0.17, z= -5.98)
with performance on both sides being worse than in the center. We also found significant interactions
between cue type and experiment (greater effect of offset distance in the ordinal cue condition; b= 0.39,
SE= 0.12, z= 3.19), and cue type and string location on both the left (b= 0.75, SE= 0.09, z= 7.92) and the
right (b= 0.58, SE= 0.09, z= 6.34), with greater effects of string location in the ordinal cue condition. We
found a significant interaction between experiment and location on the left (b= -0.28, SE= 0.11, z= 2.42), with greater effects of offset distance on the left than the center.

Discussion
The results of Experiment 1 show a clear advantage for ordinal cues compared with underscore cues in
letter-in-string identification accuracy, and an overall decrease in performance in the variable string
location condition compared with the fixed location condition. As predicted, there was a bigger impact
of string location variability in the ordinal cue condition. However, contrary to our predictions, accuracy
was higher with ordinal cues than underscore cues. This is most likely due to the prior allocation of
attention to the location of the up-coming target letter (ordinal cues were presented prior to the string
of letters whereas underscore cues appeared after). It is also likely that the greater drop in accuracy in
the variable string location condition for ordinal cues is due to the time required to locate the stimulus
string prior to isolating the position of the target letter in the string. Comparing the results of the
variable string location condition in Experiments 1A & 1B (see Figure 3) we also found an effect of
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degree of string displacement in the variable location condition, with a greater shift in location
accompanied by lower accuracy. This drop in accuracy was statistically equivalent for the ordinal and
underscore cue conditions. We also note that the effect of cue type in the variable string location
condition was greater for centrally located strings. This again can be explained by ordinal cues requiring
prior localization of the string of letters when these are shifted left or right.
This pattern of results can be explained by assuming, as was predicted, that read-out from
activity in location-specific letter detectors is being used to perform the letter-in-string identification
task independently of the type of cue, and that this activity can be modulated by orienting of attention
when the cue is presented prior to the string of letters (pre-cueing). Given that the ordinal vs. location
cueing manipulation was confounded with pre vs. post cueing in Experiment 1, in Experiment 2 we
compared performance with the two types of cue when both were presented prior to the letter string.
As mentioned in the Introduction, comparing ordinal and location post-cues was not considered, given
the greater time required to process an ordinal cue.
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Figure 3. Accuracy in the variable string location trials from Experiment 1A and 1B separated by display
location (left, center, right). Experiment 1A had an offset of two characters while 1B had an offset of four
characters. The central location condition is included for completeness although these data were not
analyzed. Error bars are within-participant 95% CIs.

EXPERIMENT 2
Design, stimuli, and procedure
The design, stimuli and procedure of Experiment 2 were the same as in Experiment 1B, except that there
was no post-cue condition. Instead, the ordinal pre-cue blocks were the same, but the location post-cue
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was replaced by a pre-cue of the same form (5 hash-marks with one underscored). We kept the 4character offset in the variable position condition as in Experiment 1B.
Participants
Ninety-seven native speakers of English (54 female, 43 male; mean age 35.42 years (SD = 11.37)) were
recruited via Prolific (www.prolific.co) to complete the experiment online. All reported having no
literacy difficulties or language disorders.

Figure 4. Trial schematic from Experiment 3. Ordinal cue (left) and underscore cue (right) trials are
shown. Both depict the fixed string position condition. Font size is exaggerated.

Analysis
We performed the same GLMER analyses with Experiment 2 as Experiments 1A and 1B. We did a further
GLMER analysis looking at the effect of pre- and post-cueing for the underscore cue trials from
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Experiments 1B (post-cued) and 2 (pre-cued). In this case we again used accuracy as the dependent
variable with cue type (pre vs post), string location (fixed vs variable), and experiment as crossed fixed
effects. We included crossed random effects of item, position in string, and participant, as well as byparticipant crossed slopes for cue type and string location. The fixed location, ordinal cue condition was
used as the reference.

Results
Based on 38,800 observations, participants had a mean accuracy of 71.4% (SD 11.1). We found main
effects of both cue type (better performance for underscore cues; b= 2.40, SE= 0.16, z= 14.85) and string
location (better performance in fixed location condition; b= -2.33, SE= 0.12, z= -19.21), as well as an
interaction between the two (greater effect of string location on underscore cues; b= -2.31, SE= 0.16, z=
-14.33). Condition means are shown in Figure 5.

Combined Analysis of Experiments 1B & 2
In order to compare the effects of underscore cues when presented at string offset (post-cueing,
Experiment 1) and prior to string onset (pre-cueing, Experiment 2), we performed a combined analysis
of Experiments 1B and 2 where all other conditions were identical. We found main effects of cue type
(better performance for ordinal cues; b= -4.50, SE= 0.23, z= -19.26), and string location (better
performance in fixed location condition; b= -4.52, SE= 0.19, z= -23.64), and an interaction between the
two (greater effect of cue type in fixed location condition; b= 3.94, SE= 0.20, z= 19.93).
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Figure 5. Accuracy of trials from Experiments 1B (ordinal pre-cue and underscore post-cue; left) and 2
(ordinal pre-cue and underscore pre-cue; right). Error bars are within-participant 95% CIs. Note that the
results of the underscore cue in the variable location condition represent the average across the three
string positions (left, center, right). The ordinal cue condition of Experiment 2 is a direct replication of
that condition tested in Experiment 1B.

Discussion
Unsurprisingly, Experiment 2 provides a perfect replication of the results obtained with an ordinal precue in Experiment 1B. More interesting is the fact that the underscore cue was now more effective than
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the ordinal cue, but only in the fixed string position condition (see Figure 5). Indeed, the shift from postcueing to pre-cueing with an underscore cue brings the results more in line with those obtained with an
ordinal pre-cue, with the exception of the even better performance seen with underscore pre-cues
compared with ordinal cues in the fixed string location condition. The large drop in performance with
underscore cues between the fixed and the variable string location in Experiment 2 is due to the fact
that these cues did not indicate a target location in the variable string location condition, but the
position of the target in the string of letters. This can be seen in Figure 6, where it is clear that the drop
in accuracy in the underscore cue condition is driven by the trials where the string was shifted either left
or right.

Figure 6. Accuracy of trials as a function of cue type in the variable string location condition of
Experiment 2. Error bars are within-participant 95% CIs.
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EXPERIMENT 3
In Experiment 3 we changed the nature of the underscore pre-cue in the variable string location
condition, such that the mask covered all possible target locations and the underscore precisely
indicated the target location in space rather than its position in the string. Otherwise, the conditions
were the same as in underscore pre-cue condition of Experiment 2.
Design, stimuli, and procedure
As in Experiment 2 the string location could be fixed or variable, and we maintained the four-character
offset in the variable string location condition. In Experiment 3, however, the cues were presented in the
form of a string of 13 hash-marks. These 13 hash-marks indicated all of the possible letter locations on
the screen in the variable string location condition. In the fixed string location condition, only the central
five hash marks were cued. In the variable string location condition, any position could be cued. If the
string was to be presented on the left, it would take the place of hash-marks 1 to 5, and accordingly
positions 5-9 for the middle, and positions 9-13 for strings located to the right.
Participants
Ninety-nine native speakers of English (54 female, 45 male; mean age 31.14 years (SD = 9.68)) were
recruited via Prolific (www.prolific.co) to complete the experiment online. All reported having no
literacy difficulties or language disorders.
Analysis
We conducted a GLMER analysis using the underscore pre-cue data from Experiment 2 as well as the
data from Experiment 3. We thus used accuracy as the dependent variable, with cue type (5 or 13
hashes) and string location (fixed or variable) as crossed fixed effects. We included crossed random
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effects of item, position in string, and participant, as well as by-participant crossed slopes for cue type
and string location. The fixed string location condition of Experiment 3 was used as the reference.
Results
Based on 19,800 observations, participants had a mean accuracy of 76.6% (SD 20.4). We found main
effects of both cue type (better performance with the 5-hash cue; b= 2.87, SE= 0.29, z= 9.83), and string
location (better performance in fixed location condition; b= 0.72, SE= 0.13, z= 5.48), as well as an
interaction between them (greater effect of string location in the 5-hash condition; b= -5.06, SE= 0.23, z=
-21.94). Condition means are shown in Figure 7.
Discussion
The results of the fixed string location condition in Experiment 3 revealed a drop in accuracy compared
with the same condition tested in Experiment 2 (see Figure 7). This suggests that locating the upcoming
target position was harder when it was indicated using a longer 13 hash-mark mask compared with the
5 hash-mark mask used in Experiment 3. More interesting are the results obtained in the variable string
location condition of Experiment 3. These clearly demonstrate that when the underscore pre-cue
indicates a location in space (Experiment 3) as opposed to a position-in-string (Experiment 2), then
accuracy matches that seen in the fixed string location condition. This result is again in line with the
hypothesis that performance in the letter-in-string identification task is based on read-out from
location-specific letter detectors.
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Figure 7. Accuracy of trials from the underscore pre-cue conditions tested in Experiments 2 and 3. Error
bars are within-participant 95% CIs.

GENERAL DISCUSSION
The starting point of the present study was the hypothesis that performance in the letter-in-string
identification task with brief stimulus exposures (e.g., 100 ms) and backward masking, is driven by readout from a bank of horizontally aligned location-specific letter detectors (for languages written with a
horizontally aligned alphabetic script). These are thought to be developed with the aim to implement
parallel letter processing in order to optimize visual word recognition, a key factor for becoming an
expert reader. This is the first level of orthographic processing in the model proposed by Grainger and
van Heuven (2004), and information processed at this level enables the subsequent computation of an
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ordered, location-invariant, set of letter identities that are used to identify words. We aimed to test this
hypothesis by investigating the impact of different types of cueing procedure on letter-in-string
identification, and notably the difference between an ordinal cue (e.g., identify the letter at the 2nd
position in the string) and a location cue, where the target letter is indicated by some physical marker
(an underscore in the present study). We predicted that location cues should be more effective than
ordinal cues, and particularly when the location of the string varied from trial-to-trial along the
horizontal axis.
In Experiment 1, we indeed found that string location variability had a bigger negative influence
on performance with ordinal cues. However, contrary to our prediction, ordinal cues were found to be
more effective than underscore cues. This finding was interpreted as evidence that the ordinal cue,
presented prior to stimulus onset, was being used to guide attention to the upcoming target letter
location. This was not possible with underscore cues since these were presented at stimulus offset, as is
standard in letter-in-string identification studies. The greater negative impact of string location
variability in the ordinal cue condition was then interpreted as evidence that the string had to be
localized prior to isolating the position of the target letter in the string. This interpretation was
supported by an analysis of the effects of string location (left, center, right), that revealed that the drop
in performance with ordinal cues in the variable string location condition compared with the fixed string
location condition occurred mainly when strings were shifted to the left or to the right.
In order to provide a more direct comparison of performance under ordinal vs. underscore
cueing procedures, in Experiment 2 these were both presented prior to string onset. Here, letter-instring identification accuracy with underscore cues was greatly increased compared with Experiment 1,
to the extent that underscore cueing now outperformed ordinal cueing, but only in the fixed string
location condition (see Figure 5). This was due to the fact that in the variable string location condition
the underscore cue did not cue a location, but rather a position in the string. Due to this, performance
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with underscore cues was influenced by string location in the variable string location condition, with
performance dropping when the string was shifted left or right (see Figure 6). In Experiment 3 the
underscore pre-cue indicated target letter location in both the fixed and the variable string location
conditions, and here we found that performance was roughly equivalent in these two conditions.
We conclude that both types of cue (ordinal and underscore) are used to guide read-out from a
bank of horizontally aligned location-specific letter detectors, and that under appropriate pre-cueing
conditions attention can be directed to the location of the up-coming target letter hence improving
letter identification accuracy.
In sum, we have demonstrated how a manipulation of the type of cue used to indicate target
letter location in the letter-in-string identification task can be used to better understand the
mechanisms involved in performing this task. When the task involves briefly presented, pattern-masked,
horizontally aligned consonant strings, we conclude on the basis of prior findings and the present results
that read-out is based on a reading-specific mechanism for associating letter identities with locations
along a line of text. We predict that the same pattern of findings should be found with digit strings, but
not with other kinds of stimulus arrays. Future research could provide further tests of this hypothesis by
comparing cueing effects with letters / digits and other kinds of stimulus array, and with horizontally
arranged and vertically arranged letters.
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