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Abstract

Previous proposals for controlling a P300-based BCI speller have shown an improvement using alternative images instead
of letters as target stimuli under a row—column paradigm (RCP). However, the RCP is not suitable for those patients with a
lack of gaze control. To solve that, the rapid serial visual presentation (RSVP) paradigm has been proposed in previous
studies. The aim of the present work is to assess if a set of alternative pictures that improved performance in RCP could
also improve performance in RSVP. Sixteen participants controlled four conditions in calibration and online tasks: letters
in RCP, pictures in RCP, letters in RSVP and pictures in RSVP. The effect given by pictures was greater under RCP than
under RSVP, both for performance and event-related potential analyses. Indeed, pictures did not show any improvement
under RSVP in comparison to letters. In addition, the condition with pictures under RCP was declared the favourite by most
users (68.75%), while the condition with pictures under RSVP was not chosen as favourite by any participant. Therefore,
this work shows that the improvement related to the use of pictures as alternative flashing stimuli under RCP may not be
transferred to RSVP.
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1. Introduction

The main aim of assistive technology is to improve the quality of life of its potential users. These users are people affected
by certain injuries or diseases that cause a deterioration of their motor and/or cognitive abilities. An example of these
diseases is amyotrophic lateral sclerosis (ALS), which causes a deterioration of motor skills [1]. In some evolved cases,
these patients reach the so-called complete locked-in state (CLIS), in which even the ability to control their gaze is lost [2,
3]. However, even in these severe cases, the cognitive capacity of patients is not necessarily affected [4].

As reported by [5], for most ALS patients, ‘the ability to communicate was the most important factor in deciding whether
to use (or continue) assisted ventilation. Brain—computer interfaces (BCI) are a type of technology that uses the user’s brain
activity to establish a communication channel between the user’s brain and the device he/she wishes to control [6, 7]. These
devices can be, for example, a wheelchair, a domotic system or a virtual keyboard (e.g., [8-10], respectively). As a BCI
does not require any motor skills to be handled, it can be an appropriate option for those patients who cannot perform any
movements but whose cognitive abilities are kept. Due to its relatively low cost and adequate temporal resolution, the
registration method most widely used for recording the brain signal is electroencephalography (EEG).

One of the main applications developed with this technology are virtual keyboards, also known as spellers: they are sets
of symbols that can be chosen by the user for communication purposes (see [11] for an extended review of BCI spellers).
The most commonly used brain signal for this application is P300 brain potential. P300 is a positive deflection in the voltage
of the EEG signal, generally registered from the parietal lobe of the cortex, around 300 ms after the presentation of an
uncommon target stimulus [12]. Thus, the user only has to maintain his/her attention over the target stimulus, evoking a
P300 signal each time the stimulus appears. Then, the system recognizes the P300 potential and selects the symbol related
to that potential; finally, the system executes the command of that stimulus (e.g., type a letter, delete the last character or
autocomplete a word).

The presentation paradigm most used by researchers has been the row—column paradigm (RCP), proposed by [8]. In this
paradigm, the stimuli are displayed in a matrix of symbols and flashed jointly by rows and columns (i.e., not individually).
Due to the distance between stimuli, the RCP requires that the user must have some eye control; otherwise, the performance
is severely affected (e.g., [13, 14]). In addition to the RCP presentation mode, there are other alternatives to present stimuli
that do not require ocular mobility. The most commonly used paradigm that does not require ocular mobility is rapid serial
visual presentation (RSVP) (e.g., [15-18]).

Due to the difficulty of controlling gaze in some patients, RSVP could be more convenient than RCP for that population.
However, most research has been focused on gaze-controlled interfaces (according to [11], 84.4% of papers on P300 BCI
spellers have required ocular mobility). The research into P300-based BCI spellers under RCP has been extensive and
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productive, as many studies have been carried out regarding the timing, stimulus type, variations in the presentation
paradigm or word prediction (e.g., [19-22]). However, it should be questioned if the findings made in RCP can be transferred
to RSVP with the stimuli presented in the same central position. For example, in RSVP, the stimuli can compete with each
other as they all appear in the same position of the screen; so an increase in the P300 amplitude related to the target stimulus
would not be enough to improve the performance if the amplitude is also increased for the non-target stimuli. Otherwise, in
RCP, improvement in the target stimuli could increase the P300 amplitude, as deflection of the EEG caused by the non-
target stimuli can only occur due to the peripheral vision. Therefore, those stimuli that increase the amplitude of the P300
signal could produce a clear improvement in RCP performance, but not in that of RSVP.

To this day, the stimuli with the best results in RCP are familiar faces (e.g., [20, 23]). However, other recent works have
revealed the possibility that a set of varied different pictures (e.g., photographs of objects, people or places) as flashing
stimuli — a different one for each symbol — could also improve performance compared to the classical paradigm of letters
[24]. Using these pictures, a previous preliminary study has reported a possible interaction effect of the presentation
paradigm (RCP and RSVP) and the stimuli (letters and pictures) employed [25], in which a benefit produced by pictures is
observed under RCP, but not under RSVP. In comparison to this preliminary work, the present study carried out the
following main improvements: a larger sample size (N = 6 vs N = 16), deeper analysis of the results, a higher number of
selectable commands (from 6 to 9), picture conditions incorporating the letter they stood for, and inclusion of an online
writing task. All these improvements are detailed in the Method section.

In short, the aim of the present study is to test two stimulus sets (letters and pictures) under two different presentation
paradigms (RSVP and RCP) in order to assess the differences between conditions.

2. Method
2.1. Participants

The experiment was carried out by 16 participants (aged 22.33 + 3.98 years, 5 males) who declared normal or corrected-
to-normal vision. Five participants had previous experience controlling BCI systems and the rest did not. The study was
approved by the Ethics Committee of the University of Malaga and met the ethical standards of the Helsinki Declaration.
According to self-reports, none of the participants had any history of neurological or psychiatric illness or were taking any
medication regularly. Participants received monetary remuneration of €10 and all of them provided written consent.

2.2. Data acquisition and signal processing

The EEG was recorded at a sample rate of 250 Hz using the electrode positions: Fz, Cz, Pz, Oz, P3, P4, PO7 and POS8,
according to the 10/20 international system. All channels were referenced to TP8 and grounded to the position AFz. Signals
were amplified by an acti-CHamp amplifier (Brain Products GmbH, Munich, Germany) and band-pass filtered at 0.1-9 Hz.
Neither online nor offline artefact detection techniques were employed. All aspects of EEG data collection and processing
were controlled by the BCI2000 system [26]. A Stepwise Linear Discriminant Analysis (SWLDA) of the EEG data was
performed to obtain the weights for the P300 classifier, calculate the accuracy and enable online spelling.

2.3.Spelling conditions

The software used to design the interface was the UMA-BCI Speller [27], which serves as a friendly front end for
BCI2000. The present work employed four conditions, based on the combination of two paradigms (RCP and RSVP) and
two sets of stimuli (letters, and pictures with a letter placed in the middle). The purpose of including the letter in the figure
was to facilitate the user not having to memorize the relationship between image and letter for the task in RSVP, where the
letters cannot be differentiated by the spatial location. Also, in an article evaluating maintenance of the letter using faces as
stimulation showed improved performance compared to the used of faces without a letter [28]. The only difference between
the conditions compared was the presentation paradigm and flashing stimuli employed for each condition. Thus, the four
conditions presented were: i) letters in RCP (L-RCP), ii) pictures in RCP (P-RCP), iii) letters in RSVP (L-RSVP), and iv)
pictures in RSVP (P-RSVP) (Fig. 1). The conditions were displayed on a 15.6 in (39.6 cm) screen at a distance of 60 cm
and a refresh rate of 60 Hz. For all conditions, a stimulus onset asynchrony (SOA) of 288 ms and an inter-stimulus interval
(ISI) of 96 ms were used, so each stimulus was presented for 192 ms. A 3968 ms pause was established between each
selection. On the one hand, the RCP conditions (3 x 3 matrix size) were initially based on the previously mentioned paradigm
of [8]. On the other hand, for RSVP, only the flashing stimuli were presented, placed in the middle of the screen. All the
stimuli (both letters and pictures with letter) were designed using the image editor software GIMP (www.gimp.org). For all
conditions, the font used for letters was Arial in capital letters and they had a size of around 1.8 cm x 2.3 cm, depending on
the letter. Regarding the pictures, only used in P-RSVP and P-RCP, their size was 4.7 cm x 3.5 cm (187 px x 140 px). The
distance between adjacent stimulus centres, for letters and pictures with letter, were 6.7 cm for left/right stimuli and 5.5 cm
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for top/down stimuli. The letters in picture conditions were located in the centre of the pictures with an opacity level of
50%. The purpose of adding the letter to the picture conditions was to facilitate, in RSVP, the participant being able to
recognize which image was associated with each letter. However, as mentioned above, the participant had a pause of 3968
ms in which he/she could look at a printed document placed next to the screen that graphically indicated to which figure
each letter corresponded. The participant was instructed to rely on the use of pictures for recognition of the target stimulus.

(A) L-RSVP (B) P-RSVP

Fig. 1. Conditions tested in the study: letters in row—column presentation (L-RCP), pictures in row—column presentation (P-RCP), letters
in rapid serial visual presentation (L-RSVP), and pictures in rapid serial visual presentation (P-RSVP). Due to copyright reasons, the
conditions with pictures have been pixelated.

The pictures were obtained from the International Affective Picture System (IAPS) [29]. Those images with the lowest
score for arousal level and that filled the aforementioned size (i.e., those pictures that filled all the space and did not have
black padding) were chosen. The specific selected pictures according to the IAPS codification for each letter were: 7175 for
A, 7010 for C, 7004 for E, 7031 for L, 7020 for N, 7950 for O, 7110 for S, 7080 for _ and 7006 for X. The relation between
what is represented in the selected picture and the letter was completely random.

2.4.Procedure

The experiment was carried out in a room where only the participant was present at the time he/she performed the task,
in order to concentrate on it without external distractions. It was performed in one session with a duration of approximately
80-100 minutes.

An intrasubject, also called repeated measures, design was used, and so all the users went through all the experimental
conditions. Each condition consisted of two exercises: a calibration task to adapt the system to the user, and a spelling task
— or online task — in which the user actually controlled the interface. The calibration task was composed of three blocks of
nine selections, and the spelling task was composed of one block of at least 15 selections (the users could make mistakes
and correct them, so the number of selections could be more than 15). The user passed to the next condition when he/she
had finished the four blocks of the previous condition. The conditions were presented trying to perform a complete
counterbalanced design —that is, a design in which all the conditions are equally distributed between participants —to prevent
any unwanted effect, such as learning or fatigue. The symbol selection order was the major-row order for each block in the
calibration task (i.e., A, C, E, L, N, O, S, _ and X). On the other hand, the phrase to be typed in the spelling task was
‘CENO_EN LA CASA’ (‘I have dinner at home’ in Spanish). There was a short break between blocks (variable at the
request of the user). A sequence is defined as the minimum number of flashes required per stimulus to locate a target
stimulus. Thus, the number of flashes required for one sequence is not the same for RSVP and RCP. While only one flash
per stimulus is needed under RSVP to locate the target stimulus, two flashes are required under RCP to locate it due to the
system needing to know the corresponding row and column. In the present study, five sequences were used for target
stimulus selection, so each symbol flashed five times in RSVP and 10 times in RCP (5 flashes per row and 5 flashes per
column). The participant was asked to mentally count these flashes in order to keep his/her attention on the task. The time
needed to complete a sequence was 2784 ms in RSVP and 1632 ms in RCP. Offline analysis of the calibration blocks
allowed selection of the number of highlighting sequences for the online spelling. The chosen sequence was the one in
which the user obtained his/her best accuracy for the first time.

In addition, after the user completed the online task with each condition, he/she had to respond with scores from 0 to 10
(from very low to very high) to the following questions: i) effort needed to perform the task correctly, and ii) level of fatigue
produced by control of the interface. Once the user had tested all the conditions, they had to answer the following items: i)
preferred presentation paradigm (RSVP or RCP), ii) preferred stimuli (letters or pictures with letter), and iii) favourite
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interface (L-RSVP, P-RSVP, L-RCP or P-RCP).
2.5. Evaluation

For calibration and spelling tasks, two parameters were used to evaluate the effect of the presentation paradigm and
stimulus type on performance: i) the accuracy (%) of the system in classifying the selections (i.e., the number of correctly
predicted selections divided by the total number of predicted selections); and ii) the information transfer rate (ITR, bits/min)
based on the formula presented in [30]. Both accuracy and ITR have been used previously to compare the performance of
RSVP versus RCP [31]. In addition, the difference in amplitude between target and non-target stimulus signals (LV) in the
calibration task was studied in order to observe how the brain signal is affected by the application of different presentation
paradigms and sets of stimuli. For analysis of the brain signal, a time interval of 0-800 ms was studied.

To analyse the paradigm and stimulus effects, several analyses were carried out in order to look for significant differences.
While the statistical analysis of performance was carried out using SPSS [32], statistical analyses related to the event-related
potential (ERP) waveform were executed using EEGLAB [33]. A Bonferroni correction method was applied for multiple
comparisons, even for the ERP waveform analyses.

3. Results
3.1. Accuracy in the calibration task

A three-way repeated measures ANOVA (2 x 2 x 5) including the presentation (RSVP and RCP), stimulus (letters and
pictures) and sequence (5 sequences) factors was carried out (Fig. 2). The analysis showed a main effect of presentation (F
(1, 14) = 36.644, p <.001) and sequence (F (4, 56) = 149.715, p <.001). Thus, it could be affirmed that the RCP presentation
(93.98 £+ 10.09%) offered a significantly higher accuracy than RSVP (83.72 £ 16.79%), and that the accuracy was higher as
the number of sequences was increased. In addition, the interaction effects presentation x sequence (F (4, 56) = 15.453, p <
.001) and paradigm x stimulus x sequence (F (4, 56) = 10.094, p = .001) were found. The interaction effect paradigm x
sequence suggests that the differences between RCP and RSVP were reduced as the number of sequences was increased.
On the other hand, the interaction effect paradigm x stimulus x sequence suggests that the effect of presentation depends
on the stimuli used and the number of sequences. Additional analyses considering the four conditions individually (i.e., L-
RSVP, P-RSVP, L-RCP and P-RCP) in each sequence were performed. The results of these last analyses are shown in table
1. Moreover, the average number of sequences needed to obtain the first highest accuracy were: 3.93 + 1.03 for L-RSVP,
3.86 + 0.92 for P-RSVP, 3.44 + 0.96 for L-RCP and 2.38 + 0.96 for P-RCP.
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Fig. 2. Accuracy (mean = standard error) of the different P300-speller conditions as a function of the number of sequences. The
conditions tested were: letters under rapid serial visual paradigm (L-RSVP), pictures under rapid serial visual paradigm (P-RSVP),
letters under row—column paradigm (L-RCP), and pictures under row—column paradigm (P-RCP).

3.2.1TR in the calibration task

A three-way repeated measures ANOVA (2 x 2 x 5) including the presentation (RSVP and RCP), stimulus (letters and
pictures) and sequence (5 sequences) factors was carried out (Fig. 3). The analysis showed a main effect of presentation (F
(1, 14) =579.711, p <.001), stimulus (F (1, 14) = 13.678; p = .002) and sequence (F (4, 56) = 200.606, p < .001). Thus, it
could be affirmed that the RCP presentation (42.52 + 22.85 bits/min) and pictures (33.07 = 24.21 bits/min) offered a
significantly higher ITR than RSVP (17.94 + 7.85 bits/min) and letters (27.39 + 16.89 bits/min), respectively. Additionally,
the ITR reduced as the number of sequences was increased. In addition, all possible interaction effects were found:
presentation x stimulus (F (1, 14) = 10.003, p = .007), presentation x sequence (F (4, 56) = 95.208, p < .001), stimulus x
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sequence (F (4, 56) = 11.809, p =.002) and presentation x stimulus x sequence (F (4, 56) = 18.918, p <.001). The interaction
effect paradigm x stimulus x sequence suggests that the effect of presentation depends on the stimuli used and the number
of sequences. As for accuracy, the conditions were considered individually for each sequence; therefore, ANOVA with the
condition factor was carried out for each sequence. The results of these last analyses are shown in table 2.
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Fig. 3. Information transfer rate (mean * standard error) of the different P300-speller conditions as a function of the number of sequences.
The conditions tested were: letters under rapid serial visual paradigm (L-RSVP), pictures under rapid serial visual paradigm (P-RSVP),
letters under row—column paradigm (L-RCP), and pictures under row—column paradigm (P-RCP).

3.3.Event-related potential in the calibration task

shows the grand average ERP waveform for the amplitude difference (LV) between target and non-target stimuli as a
function of the stimulus used (letters and pictures) for each presentation type (RCP and RSVP) and EEG channel. In
addition, this figure presents a statistical analysis between letters and pictures for each presentation paradigm and channel;
the significant time intervals (p < .05) are pointed out on the time axis of each plot. As can be observed, the RCP presentation
mode showed more significant differences — between letters and pictures — than the RSVP mode. These differences under
RCP were mainly found for those brain components around 220-500 ms (such as N2, P300, N400) for midline (Fz, Cz, Pz
and Oz), PO7 and PO8. Otherwise, under the RSVP conditions, the differences between letters and pictures were only found
for a short time in Oz (392-420 ms) and PO7 (228-248 ms). Therefore, these results show that the difference between target
and non-target stimuli is differentially modulated by the use of different stimuli depending on the presentation paradigm.
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Fig. 4. Grand-average event-related potential (ERP) waveforms of amplitude differences (1V) between target and non-target stimuli for
each presentation mode (row—column paradigm (RCP) and rapid serial visual presentation (RSVP)) and type of stimulus (letters and
pictures), separated by channel (Fz, Cz, Pz, Oz, P3, P4, PO7 and PO8) and represented in the time interval 0—-800 ms. The significant
differences (p < .05) in amplitude difference (1V) between type of stimulus are denoted with a bold black line over the time axis.
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Table 1. Accuracy (%, mean + standard deviation) comparisons between the four different spellers for sequences 1-5.

Speller
Sequence
(1) L-RSVP (2) P-RSVP (3) L-RCP (4) P-RCP
1st 64.36 + 13.85 4 62.22+134 73,59 +15.77 4 90.75+752 123
2nd 81.02 +15.88 4 78.95+12.85% 4 89.39+9.79 24 98.61+229%23
3th 86.57 + 15.41 88.88 +10.07 ¢ 95.56 + 5.97 98.84 +2.61 2
4th 91.9+13.74 94.57 £7.52 95.8+5.21 99.54 +1.26
5th 92.83 + 13.62 96.05 + 4.94 96.79 +4.17 99.77 £ 0.93

Note: letters under rapid serial visual paradigm (L-RSVP), pictures under rapid serial visual paradigm (P-RSVP), letters under row—
column paradigm (L-RCP), and pictures under row—column paradigm (P-RCP). Significant differences between spellers (p < .05) are
denoted with a superindex to show which speller average they are different to (1 for L-RSVP, 2 for P-RSVP, 3 for L-RCP, and 4 for
P-RCP). The Bonferroni correction was applied.

Table 2. Information transfer rate (bits/min, mean + standard deviation) Accuracy (%, mean + standard deviation) comparisons
between the four different spellers for sequences 1-5.

Speller
Sequence
(1) L-RSVP (2) P-RSVP (3) L-RCP (4) P-RCP
1st 26.28+11.63 %4 24.33+9.89 %4 59.84 +23.15 124 91.43+156%23
2nd 2158 £7.7 34 20.09 +6.73 %4 44,67 +10.26 124 56+3.61123
3th 16.55+4.76 %4 17.3+4.28 %4 34.61+4.92%2 37.65+263 %2
4th 14.25 + 3.69 %4 14,96 £ 2.73 %4 26.14 +3.57 12 28.73+1.06 2
5th 11.67+£2.93%4 12,31 +£1.57 %4 21.39+2.37 %2 23.14+0.62 %2

Note: letters under rapid serial visual paradigm (L-RSVP), pictures under rapid serial visual paradigm (P-RSVP), letters under row—
column paradigm (L-RCP), and pictures under row—column paradigm (P-RCP). Significant differences between spellers (p < .05) are
denoted with a superindex to show which speller average they are different to (1 for L-RSVP, 2 for P-RSVP, 3 for L-RCP, and 4 for
P-RCP). The Bonferroni correction was applied.

3.4. Accuracy in the online task

A repeated two-way measures ANOVA (2 x 2) including the paradigm (RSVP and RCP) and stimulus (letters and
pictures) factors was carried out (Fig. 5). The analysis showed no main or interaction effect for any factor. However, it
should be noted that the interaction effect presentation x stimulus was close to offering significant differences (F (1, 14) =
4.295; p = .057).
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Fig. 5. Accuracy (mean = standard error) of the different P300-speller conditions: letters under rapid serial visual paradigm (L-RSVP),
pictures under rapid serial visual paradigm (P-RSVP), letters under row—column paradigm (L-RCP), and pictures under row—column
paradigm (P-RCP).



3.5.1TR in the online task

A repeated two-way measures ANOVA (2 x 2) including the paradigm (RSVP and RCP) and stimulus (letters and
pictures) factors was carried out. The analysis showed a main effect of presentation (F (1, 14) = 107.809, p < .001) and
stimulus (F (1, 14) = 90.215; p < .001). Thus, it could be affirmed that the RCP presentation (35.08 + 18.37 bits/min) and
pictures (31.55 + 21.27 bits/min) offered a significantly higher ITR than RSVP (12.58 + 5.77 bits/min) and letters (16.83 £
8.81 hits/min), respectively. In addition, the interaction effect presentation x stimulus offered significant results (F (1, 14)
=42.468, p < .001), suggesting that the effect of stimulus depends on the presentation used. Specifically, Fig. 6 shows how
the effect of pictures is larger in RCP than in RSVP.
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Fig. 6. Accuracy (mean = standard error) of the different P300-speller conditions: letters under rapid serial visual paradigm (L-RSVP),
pictures under rapid serial visual paradigm (P-RSVP), letters under row—column paradigm (L-RCP), and pictures under row—column
paradigm (P-RCP).

3.6. Subjective questionnaire

Fig. 7 shows the average scores given by users for the effort required to control each condition and the fatigue resulting
from controlling each condition. In reference to the effort, the analysis shows a main effect of presentation (F (1, 15) =
15.244; p = .001), indicating that RCP (4.03 £ 2.56) requires less effort than RSVP (5.59 + 2.51). Also, the interaction effect
presentation x stimulus (F (1, 15) =5.714, p = .03) was also found. Likewise, regarding fatigue, the analysis showed a main
effect of presentation (F (1, 15) = 35.704, p <.001), indicating that RCP (3.31 £ 2.35) causes less fatigue than RSVP (5.34
* 2.38); however, the interaction effect presentation x stimulus factor was not found.
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Fig. 7. Score (mean = standard error) of the different P300-speller conditions denoted by users in the subjective questionnaire for effort
(left) and fatigue (right). The conditions tested were: letters under rapid serial visual paradigm (L-RSVP), pictures under rapid serial
visual paradigm (P-RSVP), letters under row—column paradigm (L-RCP), and pictures under row—column paradigm (P-RCP).

Fig. 8 shows the preferences for presentation paradigm, stimulus type and condition. First, users significantly preferred
RCP (87.5% of users) versus RSVP (12.5% of users) (Z = 2.75, p = .004). Second, no significant results were found
regarding the preferred stimuli. Finally, the users showed significant differences in preference between the different



conditions (5* (2) = 9.125; p = .01), P-RCP being the most chosen preferred condition. It should be noted that no user
selected the P-RSVP condition as their favourite.

Preferred presentation Preferred stimuli Preferred speller
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Fig. 8. A) Number and percentage of participants that preferred each presentation paradigm: rapid serial visual presentation (RSVP) or
row—column paradigm (RCP). B) Number and percentage of participants that preferred each set of stimuli: letters or pictures. C) Number
and percentage of participants that preferred each condition: letters under rapid serial visual paradigm (L-RSVP), pictures under rapid
serial visual paradigm (P-RSVP), letters under row—column paradigm (L-RCP), and pictures under row—column paradigm (P-RCP).

4. Discussion
4.1.Accuracy and ITR in the calibration task

The main finding from analysing the calibration task data is a modulation effect of pictures to improve performance
according to the presentation factor. Therefore, in general, the results found agree with the preliminary study previously
cited [25].

In terms of accuracy, the results obtained can be considered good since all conditions obtained more than 90% average
accuracy using five sequences. The most outstanding condition in the present work is P-RCP, since in the first sequence of
the calibration it presented an average accuracy of 90.75%. In addition to the higher performance of the P-RCP condition
(97.5 £ 6.47%) versus L-RCP (90.22 £ 9.63%), this condition under RCP (93.98 + 10.09%) offered better performance than
RSVP (83.72 + 16.79%). On the other hand, the performance of the RSVP conditions was similar, showing no advantage
due to the application of pictures under this presentation mode (L-RSVP, 83.34 + 12.51%; P-RSVP, 84.13 + 15.74%).

It should be noted that the accuracy does not take into account the time invested to make a selection, which is different
for RSVP and RCP; however, this is considered by the ITR. Indeed, the ITR showed remarkable differences between RCP
and RSVP paradigms that could be due to two factors: i) the shorter time needed to complete a sequence under RCP, and
ii) the better accuracy provided by RCP (as shown above). These results are consistent with those obtained previously by
[31]. As was reported for accuracy, the effect of the pictures was remarkable for RCP (L-RCP, 37.33 £ 17.93 bits/min; P-
RCP, 47.39 £ 25.82 bits/min) but null for RSVP (L-RSVP, 18.07 £ 8.56 bits/min; P-RSVP, 17.8 £ 7.06 bits/min). As
expected, the condition with the best ITR was P-RCP, ranging from 91.43 £ 15.6 bits/min for the first sequence to 23.14 +
0.62 bits/min for the fifth sequence.

4.2. Event-related potential in the calibration task

The results found for the ERP signal agree with what was obtained during the calibration and online tasks. On the one hand,
for the RSVP conditions (L-RSVP and P-RSVP), both stimuli presented quite similar ERP waveforms. Otherwise, under
RCP, great differences between letters and pictures were found, especially for those components evoked around 400 ms
after stimulus onset (such as N2, P300 and N400). Thus, the presentation paradigm modulates the amplitude difference in
a different way for letters and pictures, which might explain the results obtained in terms of performance (i.e., accuracy and
ITR).

Under RSVP, the P300 component was observed in all channels for both conditions (L-RSVP and P-RSVP). However,
the RCP conditions (L-RCP and P-RCP) presented more complex results. In addition to a predominance of the P300
component, some negative peaks in amplitude difference were observed (temporally related to N2 and N400). Moreover, it
was observed that the amplitude of these components depended on the stimuli employed (letters or pictures). In reference
to P-RCP, the presence of N2 and N400 components in the frontal zone, along with positivity observed in the occipital
areas, has been previously reported (e.g., [34, 35]).

4.3. Accuracy and ITR in the online task

Despite expectations, the accuracy in the online task did not show any significant difference. However, it should be noted
that the P-RCP condition offered higher accuracy than the others, by a difference of more than 10% (L-RSVP, 84.61 +
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21.88%; P-RSVP, 81.49 + 20.45%; L-RCP, 82.74 + 13.84%; P-RCP, 96.21 + 5.7%). In addition, according to the review
by [11], the present work presents similar levels of accuracy, except for those for the P-RCP condition, which are higher
than what is normally offered by other proposals. However, due to the small set size of our proposal — which was selected
to establish a comparison with the same number of stimuli in RCP and RSVP without fatiguing the user — and the selection
criteria for sequences in the online phase, an adequate comparison between studies is not an easy task. Alternatively, unlike
the accuracy, the ITR allows better control of these variables — matrix size, accuracy and writing speed — to offer a fairer
comparison between interfaces.

In the case of the ITR, the expected differences have been obtained. On the one hand, as has been reported in previous
works, RCP has been shown to be significantly better — in terms of ITR — than RSVP [31, 36]. On the other hand, the
pictures provoked an improvement in RCP, but not in RSVP. These results in the online phase regarding the ITR are
explained by the better performance offered in the calibration phase, since users reached their maximum accuracy with
fewer sequences needed (3.86 + 0.92 and 2.38 + 0.96 sequences for P-RSVP and P-RCP, respectively). Also, under the RCP
conditions, it should be noted that the ITR obtained for the P-RCP condition was more than twice that for the L-RCP
condition (49.05 + 13.8 bits/min versus 21.11 + 9.51 bits/min, respectively). For the P-RCP condition, the ITR even
surpassed the online ITR reported by [23] in their proposal using green faces, which obtained an average of 39 + 5 bits/min.
Therefore, it can be affirmed that the pictures could be as good stimuli as the green faces in a P300-based speller. However,
there are other works that — through the use of more complex paradigms than the classic RCP — have managed to show
better ITR results (e.g., [37, 38]). Therefore, it could be interesting to adapt the use of these images to said presentation
paradigms.

4.4. Subjective questionnaire

Both in terms of effort required and fatigue produced, the participants seem to agree that the RCP-based paradigms
presented the best results. In addition, for effort, an interaction effect was found, which indicates that the presentation of
pictures had a different effect depending on which mode of presentation was applied. This interaction effect indicates a clear
improvement due to the use of pictures in RCP, while this effect may be even the opposite under RSVP. These results would
fit with P-RSVP not being chosen as the preferred speller by any of the users.

The best score for RCP for both variables, effort and fatigue, may be observed because the user does not have to discriminate
every 288 ms (the duration of the SOA) if the stimulus presented is the target or not. This effort could produce mental
fatigue due to the need for concentration, as well as physical fatigue due to the eye strain of focusing on a stimulus. In RCP,
the user only has to concentrate on the target stimulus area, and the onset of the target stimuli could be more discriminable.

Despite the lack of significant differences, the pictures in RSVP seem to have required more effort and caused more fatigue
than expected, even versus letters in RSVP. This may have happened because the user had to match the desired picture with
the corresponding letter (although the letter was still in the figure, and the user could use a document to check the picture—
letter arrangement). These results lead us to hypothesize that, maybe in P-RSVP, although the user knows the picture—letter
association, he/she has to make the effort to categorize each picture.

These previous results have been corroborated by the users’ preference for RCP. On the other hand, this effect was not
found for pictures since, despite the good performance in RCP, the pictures did not present a high performance in RSVP
versus the other conditions. However, it should be noted that 75% of participants preferred pictures. While no participant
selected the P-RSVP interface as a favourite, 75% of the participants chose P-RCP as their preferred one; this shows the
important role of presentation paradigm in the use of pictures.

5. Conclusions

The present work has shown a robust interaction effect between the presentation paradigm and the stimuli used in a visual
P300-based speller. This finding is especially relevant if we consider that most researches have been focused on RCP, which
requires eye control, a skill that the main population of these devices — that is, patients with severely affected motor skills—
do not have. Therefore, it could be convenient for future works to test previous proposals under RCP in other paradigms
that are more convenient for patients, such as RSVP.

Likewise, the presented results may be tested in larger sets of stimuli, with more than nine items. However, the possibility
of using reduced matrices is highlighted, since they tend to offer better performance in accuracy [19] and could be a more
realistic objective for future patients. It should be remembered that, to date, no visual P300-based BCI has been controlled
by a patient in CLIS [39]. In addition, the benefit of larger matrices to calculate the ITR might not be enough to compensate
the loss in accuracy, as can be seen in the Discussion section.

In short, in addition to validating the use of pictures for a visual P300-based BCI speller, this study has shown that not all
9



stimuli work in the same way under RCP and RSVP presentation modes. Thus, the present work has shown the importance
of testing the findings achieved regarding the stimuli under RCP in RSVP as well.
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