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Abstract. Objectives. One of the most effective Brain-Computer Interfaces (BCI)

spellers, Donchin and Farwell’s matrix speller, uses visual stimulus presentation and the

oddball effect, eliciting P300 event-related potentials to rare and randomly presented

stimuli of interest. Although proposed almost 4 decades ago, most BCI spellers still rely

on this principle and the original matrix speller design although some of the issues that

affect oddball spellers have progressively been addressed over the years with significant,

but very incremental, performance improvements.

Farwell and Donchin seminal paper suggested the future possibility of abandoning

the oddball paradigm, for a regular/periodic presentation pattern which they

predicted might produce a Contingent Negative Variation (CNV) thus improve speller

performance. However, this has never been investigated.

Building on our past research on a BCI for cursor control which adopted a periodic

stimulation protocol, here we explore whether a periodic presentation pattern could

be a viable alternative to the oddball paradigm in a BCI speller.

Approach. We tested the periodic presentation principle in a BCI speller where 36

letters are organised around a circle and are highlighted sequentially, and compared it

to the original matrix speller at two stimulus presentation rates.

Main Results. Our periodic speller produces not only clear P300s, but also equally

clear CNVs, as postulated by Farwell and Donchin, as well as other Slow Cortical

Potentials (SCPs). At the higher stimulation rate, this leads to significantly higher

AUC, classification accuracy, ITR and utility w.r.t. Donchin’s speller.

Significance. Our findings suggest that periodic stimulation can not only produce

clear P300s but also a variety of event-related SCPs, leading to significant performance

improvements over Donchin’s paradigm. This work opens new avenues for BCI spelling

where ERPs are combined with naturally-triggered (rather than trained) SCPs, that

will hopefully result in more efficient communication systems for individuals with severe

motor impairments.

1. Introduction

Brain-Computer Interface (BCI) spellers — systems that enable users to communicate

by directly translating brain signals into text —– represent the most extensively
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researched area within BCIs. This is evidenced by the publication of hundreds of articles,

including numerous recent reviews [1, 2, 3, 4, 5, 6, 7, 8].

This all started with the seminal work by Farwell and Donchin [9] (more on this

below) based on the oddball paradigm and Event Related Potentials (ERPs) [10], and

many modern spellers are still based on ERPs, including the speller proposed in this

work. For this reason, in our literature review in the subsections below, we will focus

on ERP-based spellers.

However, other brain waves — such as Slow Cortical Potentials (SCPs) [11] (slow

shifts in the EEG signal, associated with cortical excitability) and Steady State Visually

Evoked Potentials (SSVEPs) [12] (brain responses to repetitive visual stimulation) —

and other perceptual modalities — such as auditory [13, 14] and tactile [15, 16] —

and their hybridisations (e.g., systems relying on both ERPs and SSVEPs [17, 18], or

multiple modalities, e.g., visual and auditory [19]) have been explored, too.

1.1. ERPs, Oddball Paradigm and P300s

ERPs are relatively well defined EEG variations which are elicited by a stimulus

or event (visual, auditory, or somatosensory). They include an exogenous response,

caused by early, perceptual processing of the stimulus, as well as a later endogenous

response, which is a reflection of higher level cognitive processing of the stimulus, such

as attention [10, 20].

The P300 wave is an endogenous ERP with a typical latency of 300 to 600 ms,

which is elicited by rare and/or significant stimuli, provided the user attends to such

stimuli [21, 22, 23]. P300s are often studied via the oddball paradigm [24, 25, 26],

which involves presenting a series of stimuli, where a rare deviant stimulus is randomly

interspersed within “standard” stimuli.

The amplitude and latency of the P300 depend on several factors [23]. For instance,

the P300 amplitude increases as target probability decreases (see [20] for a review),

and is also positively correlated with the Inter-Stimulus Interval (ISI: the time interval

between the end of a stimulus and the beginning of the following stimuli) and Stimulus

Onset Asynchrony (SOA: the time interval between the beginning of two consecutive

stimuli) [27, 28, 29]. There is also a positive correlation between P300 amplitude and

the number of non-target stimuli preceding a target (e.g., [30, 31]). However, some

studies suggest that the Target-to-Target Interval (TTI) is the true factor underlying

the P300 amplitude variations attributed to target probability, ISI, SOA and number

of preceding non-targets [32, 33].

1.2. Row-Column ERP Spellers

As indicated above, the first speller based on ERPs was proposed by Farwell and

Donchin [9] and is alternatively known as the matrix speller, the row-column speller

or Donchin’s speller. In this speller, the letters of the alphabet are organised in a

matrix, the rows and columns of which are flashed/highlighted one at a time but in
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random order without replacement, i.e., a row or column is not allowed to flash again

until all others have flashed. Participants need to focus their attention on the letter they

want to spell and mentally count the number of times the row or column containing

such a letter are flashed. Because flashes of the target letter are relatively rare within a

sequence that also include flashes of non-target rows or columns, they elicit detectable

P300s, making it possible to identify the target letter. ‡
It was already recognised in [9] that, in ERP-based spellers, the best P300

recognition accuracy would be obtained by temporally spacing the target stimuli in

such a way that their ERPs minimally overlap, i.e., with long ISIs. However, due to the

noise inherent in EEG, even with long ISIs, P300 classification algorithms will have a

fairly low accuracy, which would make reliable spelling impossible. For this reason, in

order to bring accuracy to acceptable levels (80% and 95% were considered in [9]) it is

necessary to average ERP classifier outputs (more specifically, the scores produced by the

classifiers) over multiple repetitions of stimulus presentation. Acceptable accuracy levels

can be obtained by using shorter-than-ideal ISIs (and, so, lower single-trial accuracy)

but more repetitions, longer ISIs but fewer repetitions, or anything in between. For a

fixed ISI, normally increasing the number of repetitions increases accuracy, but reduces

the communication bandwidth, a.k.a. the Information Transfer Rate (ITRs) [34, 35].

An argument put forward in [9] in favour of a row/column matrix speller is that

it would present an advantage over a pure oddball speller (where the letters of the

alphabet would be presented or highlighted one at a time in random order): it required

participants to wait on average a shorter period of time (a smaller number of non-target

stimuli) between flashes of the character they are trying to enter (the target stimulus),

while with a pure oddball speller participants would have on average to wait until all

other characters in the alphabet (non-target stimuli) have flashed. However, in the light

of the need for averaging over multiple trials discussed above, it is not clear whether

with suitably short ISIs, even a pure oddball speller might provide acceptable accuracies

and ITRs (more on this below).

An issue with all Donchin’s spellers is that, because rows and columns are randomly

flashed, the TTI varies greatly, and so do, as indicated in Section 1.1, the P300

amplitudes. Therefore, the P300s elicited by target row/column flashes are greatly

variable, reducing the performance of classification algorithms (unless explicitly designed

to accommodate and exploit this [36]). Another issue of such spellers is perceptual

errors, such as attentional blink [37] and repetition blindness [38], whereby flashes in

rapid succession are less easily perceived and, consequently, trigger no (or a very small)

P300s [39, 40].

Over the years a number of variations and improvements of Donchin’s speller

have been proposed. Some examples of variations include flashing pseudo-random

patterns of letters instead of rows and columns [41, 42], replacing the characters with

‡ This is the letter at the intersection between the row where a classifier trained to identify P300s

produces the highest score out of all the rows flashed, and the column where the classifier produces the

highest score out of all the columns flashed.
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familiar faces, own faces, or both faces and graphical symbols concurrently instead of

highlighting them [43, 44, 45, 46], the use of different changes to letters other than

flashing [47], the flashing of small squares at the margins of rows/columns rather than

whole rows/columns [48], assigning a colour to each character and modulating it instead

of flashing [49], changing the dimensions of the symbols and their distance [50, 51, 52],

using three-dimensional character visualisation [53, 54], partitioning the matrix into

submatrices [55], and many more. However, below we will focus on reviewing only those

spellers that are relevant for the work proposed in this article.

1.3. Rapid Serial Visual Presentation Spellers

A pure oddball speller, based on a Rapid Serial Visual Presentation (RSVP) approach,

where random characters are very briefly visually presented, one at a time, in the middle

of a display, was proposed in [56] and later improved in [57]. Two SOAs were tested:

83ms (in both articles) vs 116ms in [57] and 133ms in [56]. Characters were displayed

either in black or in colour on a grey background. Results were promising, with ITRs

being above 10bits/min. A similar RSVP approach was used in [58], with a SOA of

166ms but without colour, and compared with Donchin’s approach. The RSVP speller

had ITRs of below 8bits/min, which are comparable with those reported in [57]. So,

while these pure-oddball RSVP spellers present the advantage of not requiring gaze

control, which is particularly helpful for individuals with severe motor disabilities who

may be unable to saccade, they appear to be not as performant as row-column spellers,

corroborating the argument put forward in [9] about the superiority of the row-column

approach over pure oddball spellers.

Interestingly, much better performance (e.g., an ITR of approximately 20 bits/min)

was obtained in [59] by hybridising an RSVP speller with Donchin’s approach. In this

speller, the characters from an alphabet of 36 are shown in triplets in the middle of the

screen for 250ms at each stimulus presentation. This process is repeated for 36 triplets.

So, each character is presented three times. However, no character is ever presented

with the same two other characters within a sequence of 36 triplets. So, if one extracts

from this sequence the triplets where a P300 was detected, the only character they will

have in common is the target character.

1.4. Single-Display Spellers

Another pure oddball speller, called Single Display (SD) speller, was proposed in [60]

where the characters of a Donchin’s speller (with the typical 6 × 6 organisation) were

flashed one at the time (rather than flashing whole rows or columns). The stimuli

sequences were random but avoided neighbouring characters flashing immediately after

one another. A very short ISI of 60ms was used, corresponding, however, to a rather long

mean TTI of 2,160ms, which would be expected to produce large P300s. Indeed, the

reported single-trial accuracy was very good (53.4%) suggesting a potentially high ITR

(but this was not reported). However, a later comparison between this same paradigm



5

and a region-based speller revealed that the former (i.e., [60]) had a peak ITR of 26

bits/min (obtained with 3 repetitions) [61].

Guan et al. [60] SD approach was modified and tested in a recent study [62], where a

4×10 matrix of characters was used. Here, however, characters were flashed/highlighted

for 100ms, but flashing a new one every 30ms. So, there were up to four highlighted

characters on the screen at any given time. In addition, this protocol was compared

with one where stereo visual stimuli were used and, so, characters were perceived as

both flashing and moving cubes in 3–D space. In either protocol, all characters were

highlighted within 30 × 40 = 1, 200ms. While impressive accuracies and ITRs were

graphically reported in [62], there appear to be inconsistencies in such data.§
Finally, another SD approach called the Lateral Single Character (LSC) speller was

proposed in [63], which was compared to matrix spellers. In the LSC speller, letters were

arranged in two symmetrical groups on the left and right side of the screen respectively

and flashed alternately and pseudo-randomly between the left and right sides. By

dividing the targets into two separate groups, the LSC speller effectively avoided the

issues (commonly associated with matrix spellers) of crowdedness and the influence of

flashing non-target letters adjacent to the target. The LSC paradigm demonstrated

superior performance compared to the standard matrix speller, proving effective for

patients with ALS and other neuromuscular diseases, achieving an ITR of 26.11 bits/min

and an accuracy rate of 89.90%.

1.5. Slow Cortical Potentials

Slow Cortical Potentials (SCPs) have been used as an alternative brain signal to control

BCIs [64, 65, 11, 66]. SCPs are gradual shifts in the electrical activity of the brain

cortex, measured by EEG, that occur over extended periods ranging from 300ms to

several seconds, characterised by very low frequencies below 1 Hz[67, 64]. In the

aforementioned studies, subjects were trained with neurofeedback to modulate their

SCPs, for the purpose of controlling a BCI. The training required weeks.

SCPs are considered to reflect the overall level of cortical excitability, often

associated with processes like attention, expectancy, cognitive preparation, decision-

making, and motor planning/intention, with negative SCPs generally indicating a

heightened state of cortical readiness/excitability and positive SCPs signifying a decrease

in excitability [67].

Well known SCPs are the Contingent Negative Variation [68, 69] and the Readiness

Potential (RP) [70, 71], which are negative SCPs that occur in anticipation of an event

or an action. CNVs have been found in studies with fixed foreperiods [72, 73, 74, 75, 76]

(more on this in Section 4.2) preceding the presentation of a stimulus and pure mental

tasks [68, 77]. The RP, while normally associated with motor action preparation [78, 79,

§ Based on our best estimates of accuracies and the presentation time of 1200ms, ITRs are

approximately 69 bits/min for Guan’s protocol and 91 bits/min for the proposed 3–D cubes version.

While these are slightly lower than the reported ones, they are still quite impressive.
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80], has recently emerged as beeing also associated with the onset of voluntary mental

tasks [81].

In terms of amplitudes SCPs can potentially be much bigger than ERPs and can

extend over many scalp locations, as indicated in [11] where SCP localisation was studied

in 15 healthy subjects finding that participants fell into three groups: nonregulators,

local regulators, and global regulators, with global regulators producing extraordinary

large SCPs of 30—50 µV in amplitude over many channels.

1.6. Sequential/Periodic Spelling Proposed in this Paper

A common feature of all the ERP-based spelling approaches reviewed above is

randomness in the order of presentation of letters (or sets of letters), which, as previously

discussed, has typically been considered critical for triggering larger P300 ERPs. Here,

however, we question whether such a randomness is required. This is not heresy. In fact,

Farwell and Donchin themselves mentioned the possibility of abandoning the oddball

paradigm to further improve performance in the conclusions of [9]:

“It may also be possible to enhance the speed of the system by incorporating

additional components of the ERP. If, for example, we were to present the rows

and columns in a regular sequence, one would expect to see a CNV develop

as the time for the appearance of the correct column, or row, neared. The

relative effectiveness of a random presentation utilizing the P300 solely and

a presentation that capitalized on both a CNV and the P300 is a matter for

further research.”

However, to the best of our knowledge, research on spellers using a regular (hence

periodic) sequence of flashes never took place. This paper starts filling this knowledge

gap to find out whether, indeed, more powerful spellers could be obtained.

We explored this idea in the context of a P300-based BCI mouse in [82, 83]. In that

study, a pointer cursor was controlled by participants focusing on eight circular stimuli

surrounding the cursor (representing the desire to move the cursor in the directions N,

NE, E, SE, S, SW, W and NW), that were highlighted with 100ms SOAs. Different

approaches and mental tasks were tested, but the best performing one involved the

highlighting of the circles in colour and the participants mentally naming colours of the

target. As a result of the offline tests, and maximum ITR of 45 bits/min was achieved.

In this paper, we extend the idea to the domain of spellers to produce a BCI speller

with periodic stimulation (like Farwell and Donchin suggested), but that, instead of

highlighting multiple characters at a time (like the rows and colours of Donchin’s speller),

highlights them one at a time, like the SD spellers reviewed in Section 1.4. Because this

produces identical and long TTIs, it was hoped that the elicited P300s would be bigger

and clearer, and so easier to classify, than for other spellers. In addition, it was hoped

that this would elicit CNVs, as postulated by Farwell and Donchin, which could further

help in the classification.
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This was put to the test in two experiments, where we collected data from

participants performing both a spelling task using the new approach proposed here, as

well as the classic version of the Donchin’s matrix speller, which were then compared.

1.7. Structure of the Article

The structure of the paper is as follows. In Section 2 we discuss the methodology

used, including participants, experimental protocols, EEG acquisition as well as feature

extraction and classification. In Section 3, we provide an analysis of the ERPs for targets

and non-targets, for both our sequential speller and an implementation of Donchin’s

speller, and we report on the classification results, including AUCs, accuracies, ITRs

and Utilities, and the influence that training-set size has on them. We provide some

discussion in Section 4 and some conclusions, limitations and indications for future work

in Section 5.

2. Methodology

2.1. Participants and Ethics

The study was performed in accordance with the Declaration of Helsinki and received

ethical approval from the University of Essex on the 18th of January, 2019. All adult

participants provided written informed consent to participate in the study. Experiments

were conducted within the Essex Brain-Computer Interfaces and Neural Engineering

laboratory.

Two experiments were conducted, Experiment 3s and Experiment 2s, with eight

(age 29.9±3.6, 3 females and 5 males) and ten (age 31.1±5.0, 4 females and 6 males)

participants, respectively, with normal or corrected-to-normal vision. Participants were

recruited from the University of Essex student and staff population and they were

required not to have an own or family history of epileptic seizures and have normal

colour vision.

2.2. Experimental Protocols

In both Experiment 3s and Experiment 2s, participants were required to use two different

BCI protocols in a counterbalanced manner:

(i) a version of Farwell and Donchin’s classic matrix speller [9] (called “Donchin’s

speller” hereafter), where rows and columns are highlighted in random order, and

(ii) the new BCI speller we propose here, based on a circular arrangement of characters

that are sequentially highlighted either in green or red (randomly) for a short time

(called “Circular speller” hereafter).

Both spellers contained 36 characters including the 26 characters of the English alphabet,

a space (represented as “_”) and the numbers from 1 to 9. In Donchin’s speller, these

were organised in a 6 by 6 matrix structure. The arrangement of the characters for the
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two spellers in shown in Figure 1. The mental task associated with targets was silent

flash counting in the case of Donchin’s speller and silent colour naming in the case of

the Circular speller.

Participants sat on a comfortable chair about 70cm away from a 52.5cm-wide

and 30cm-high LCD screen with a resolution of 1920×1080 pixels. In both spellers,

characters were rendered using the GNU Free Sans Bold font (see https://github.com/

opensourcedesign/fonts/blob/master/gnu-freefont_freesans/FreeSansBold.ttf) with a size

of 45 pixels (the height of the display divided by 24). The characters subtended a

solid angle of approximately 0.0003 steradians. The background was black. In both

spellers non-highlighted characters were shown in grey with RGB=(100,100,100). In

Donchin’s speller characters in highlighted rows and columns were drawn in pure white

with RGB=(255,255,255). In the Circular speller highlighted characters were either red

with RGB=(255,0,0) or green with RGB=(0,255,0).

For both spellers, the target character, i.e., the character participants were asked

to focus on, was highlighted in blue with RGB=(0,0,255) for two seconds, before the

beginning of the flashing.

Both the matrix in Donchin’s speller and the letter-circle in the Circular speller

were centred in the middle of the display. Their size was determined in such a way to

ensure both subtended approximately the same solid angle (0.1 steradians). For the

Circular speller this was obtained by setting the radius of the circle to 10 times the font

size (i.e., 450 pixels or 12.5cm). For Donchin’s speller the matrix edge length was set

to 17.5 times the font size (i.e., 787.5 pixels or 21.9 cm). With these dimensions, in the

Circular speller characters were approximately 2cm apart, while in Donchin’s speller

they were regularly spaced at a 4.4cm distance.

After EEG preparation, before starting each protocol, participants were given the

protocols’ written instructions, followed by a practice session.

In the experimental sessions, trials were divided into blocks (more on this below).

Within each block, participants were asked to focus only on the flashing of the target

character that was specified at the beginning of the block. At the end of each block,

participants could rest until ready for the next block.

The methodology of the two experiments was almost identical, with the only

difference being that in Experiment 3s all stimuli (all 12 rows and columns in Donchin’s

speller and all 36 individual characters in the Circular speller) were highlighted once

within a period of R = 3 seconds, while in Experiment 2s all stimuli were highlighted

within an R = 2 seconds (where we use the symbol R as a mnemonic for “repetition”).

If we denote as S the number of stimuli, ISI = SOA = R/S. So, in Experiment 2s, the

ISI is 166.7ms (2,000ms/12) for Donchin’s speller but only 55.6ms (2,000ms/36) for the

Circular speller, while in Experiment 3s, the ISI is 250ms (3,000ms/12) for Donchin’s

speller and 83.3ms (3,000ms/36) for the Circular speller. However, in the Circular speller

each character remains highlighted for R/12 like for Donchin’s speller. In other words,

similarly to [62] (see Section 1.4), there are 3 neighbouring characters highlighted on

the screen at any given time.

https://github.com/opensourcedesign/fonts/blob/master/gnu-freefont_freesans/FreeSansBold.ttf
https://github.com/opensourcedesign/fonts/blob/master/gnu-freefont_freesans/FreeSansBold.ttf
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(a) (b)

Figure 1. The arrangement of the characters in (a) Donchin’s matrix speller and (b)

Circular sequential speller.

B1 B2 B3 ... B20 20 BLOCKS

R1 R2 R3 R13-17 13-17 REPETITIONS

SOA

SOA/3

S1 S2 S3

S1
S2

S3

S12

S36

CIRCULAR

SOA

S4
S5

DONCHIN

...
...

Figure 2. Timeline of the experimental protocols used in this study. Participants

spelled 20 characters (one per block), with a variable number of repetitions (between

13 and 17). Each repetition lasted for 12×SOA irrespective of speller. In the Circular

speller stimuli had the same SOA as for the Donchin’s speller, but their onset was only

1/3 SOA apart, so that at any given time three neighbouring letters were highlighted.

With this choices the character selection time for the two spellers was the same.

As illustrated in Figure 2, in each experiment participants completed 20 blocks of

trials with Donchin’s speller and 20 blocks with the Circular speller (in counterbalanced

order). Once again, in each block participants had to focus on one specific character.
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Each block contained a random number (between 13 and 17) of repetitions in which all

characters were highlighted once and the participant was asked to perform a mental task

when the target character was highlighted. As indicated above, with Donchin’s speller,

participants were asked to mentally count the number of flashes of the target character

in a block; to encourage compliance, at the end of each block participants were asked to

report the number of flashes counted. In the case of the Circular speller, participants

were asked to mentally name the colour of the target as soon as it flashed (randomly

either green or red); to encourage compliance, they were asked to report the colour of

the last target flashed in a block.

In Donchin’s speller sessions participants were presented with 588 targets (294

rows and 294 columns) and 2,940 non-targets (corresponding to 294 repetitions). In

the Circular speller sessions participants were presented with 309 targets and 10,815

non-targets (corresponding to 309 repetitions).

2.3. Data Acquisition

A 64 channel Biosemi ActiveTwo EEG device was used to record brain signals. The

data were sampled at 2,048 Hz.

The data were converted from the original Biosemi bdf format to MNE’s raw

format [84]. The mean and standard deviation of the standard deviations of all

channels were computed, and the channels with standard deviations more than two

standard deviations higher than the mean were identified as “bad”. Bad channels were

removed and reconstructed via the raw.interpolate bads() function of MNE using

neighbouring (non-bad) channels.

In preparation for ICA, the data were band-pass filtered between 1Hz and 100Hz

and downsampled to 288Hz. This particular sampling frequency was chosen so as to

ensure that the accuracy of the timing of trigger events for both spellers and presentation

speeds would not suffer from rounding errors (288 it is a multiple of the stimulation

frequencies used, namely 4, 6, 12 and 18Hz). ICA was then applied (Infomax method,

50 components) and the IClabel method [85] was used to label the components. Only

those labelled as “brain” or “other” were retained. The retained components were then

applied to the raw (non-filtered) data.

The resulting data were referenced using the infinite-point REST method [86], band

pass filtered between 0.2Hz and 20Hz, and further downsampled to 72Hz (which also

respects the timing of events) for further processing.

2.4. ERP and SCP Analysis and Statistical Tests

In order to visualise the ERPs and SCPs recorded with different spellers and presentation

rates, we used both grand-averages and individual averages. Individual averages were

computed by separately averaging the target and non-target epochs of a participant. We

did this both with baseline correction (which makes it simpler to identify ERPs) and
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without it (which makes it simpler to identify SCPs). Grand averages were computed

by averaging the target and non-target averages across participants.

In all cases, both for participant-by-participant results and aggregate (grand-

average) results we provide statistical evidence across all channels and times considered

provided. For this we used the threshold-free spatio-temporal cluster permutation

test [87, 88] available in MNE (1,000 permutations, α = 0.05, with start and step

values for threshold identification both set to 0.4). This was applied using the the

individual target and non-target averages as observations to study the statistical

significance of grand-averages. It was also applied to the target and non-target epochs,

on a pariticipant-by-participant basis, to study the statistical significance of individual

averages.

2.5. Feature Selection and Classification

For ERP analysis and classification, we extracted stimulus-locked epochs, starting 200ms

before the onset of the flashing of a row or column in Donchin’s speller, and of an

individual character in the Circular speller, and lasting until 1000ms after stimulus

onset. Each epoch thus contained 87 samples for each channel. Baseline correction was

applied using the -100ms to 0 period.

Because ERP based spellers are typically based on P300s, we limited our attention

the following 19 central, parietal and occipital channels: Cz, CPz, Pz, POz, Oz, P1–P8,

PO3, PO4, PO7, PO8, O1 and O2. This brought the number of features from the

original 5,568 down to 1,653.

Our classification pipeline starts with the xDAWN algorithm [89] which is a spatial

filter that optimises the distinction between the ERPs associated to target and non-

target stimuli. We extracted three components, which reduced the number of features

to 261. This was followed by a standard scaler, which Z-scores the features.

We should note that there is a very strong imbalance between the target/non-target

classes for both Donchin’s and the Circular speller. The imbalance is 1 (target-containing

row/column) to 5 (non-target rows/columns) for Donchin’s speller, but it is much

higher for the Circular speller: 1 (target character flash) to 35 (non-target character

flashes). Without correction, such strong imbalance would produce poor classification

performance. We addressed this imbalance by adding the RandomOverSampler class

(with shrinkage=0.5) from the imblearn package [90] to our pipeline, which over-

samples the minority class. However, instead of creating exact duplicates, it computes

the covariance matrix of the minority class and shrinks it towards the actual samples,

generating new samples by adding multivariate normal deviates (with the shrunk

covariance matrix) to existing samples. This technique was used to reduce the imbalance

for both spellers to 1/4.

Our classification pipeline was completed by an ensemble classifier: sklearn’s

VotingClassifier with soft voting, where final predictions are based on the average of

predicted probabilities from all base classifiers, and the class with the highest probability
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is chosen. The classifier combined a traditional Logistic Regression classifier (with

l1 penalty) and the CatBoost classifier [91], which reduces overfitting and improves

generalisation compared to other gradient-boosting classifiers.

2.6. Performance Evaluation

As it is customary in machine learning, for each participant and experimental condition,

the pipeline described above was used with k-fold cross validation, which splits the

epochs into k non-overlapping sections (folds), and trains a classifier k times, each time

using a different fold for testing and the remaining k−1 folds for training. By combining

the classifier outputs obtained in each test folds, we obtained cross-validated predictions

across each dataset.

For each fold, performance was evaluated using the usual metric of target-vs-non-

target classification performance as well as task (spelling) performance.

Classification performance metrics included receiver operating characteristic (ROC)

and the corresponding Area Under the Curve (AUC) as these are particularly important

given the strong imbalance in the classes. Task performance evaluation metrics included:

task accuracy (i.e., fraction of correctly spelt characters), the Information Transfer Rate

(ITRs) (bits per minute), and utility (the actual number of bits per minute transferred,

considering that deletions would be needed for any incorrectly spelt character).

The ITR was computed using the standard approximate formula [34, 92, 35]:

ITR =
(
log2N + P · log2 P + (1− P ) · log2

(
1− P

N − 1

))/(
T

60

)
, (1)

where N is the number of classes, P is the accuracy of the classifier and T is the selection

time in seconds, while the BCI utility measure was computed according to the definition

in [93] (with symbols having the same meaning as above):

U = (2P − 1) log2(N − 1)
/(

T

60

)
(2)

if P > 0.5, and U = 0 otherwise.

Because, typically, single-trial task accuracy of BCI spellers is insufficient for

communication, as customary, the task performance metrics mentioned above were

evaluated also when averaging the classifier scores/proba’s over multiple repetitions of

stimulus presentation, before a character is selected. Specifically, we tested this from 1

to 10 repetitions of the stimulation sequence.

In addition, we studied how performance varies as a function of the training set

size, as for spellers to be practical, they must not require participants to spend a long

time providing training data for the speller for its online performance to be acceptable.

We did this by studying how performance varies with the cross-validation parameter k

(varying from 2 to 20). Since this allows only to test from 50% training vs 50% testing

to 95% training vs 5% testing, we also used a modified for of cross-validation where:

(1) the roles of training and test folds are swapped, and (2) we sample the testing folds
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so as to avoid having multiple predictions for the test data. This allowed us to test

performance also for much smaller training sets, e.g., as low as 5% training vs 95%

testing.∥

3. Results

In this section, we will analyse and compare the ERPs and SCPs observed in grand-

averages (and to some extent also individual averages) for targets and non-targets trials

obtained for the different protocols, in both Experiments 3s and 2s (Section 3.1). Then,

we examine the results of the target vs non-target classifications as well as the overall

task performance (including ITR and utility) for the spellers under test (Section 3.2).

3.1. ERP and SCP Analysis

In this section we compare the ERPs and SCPs elicited by Donchin’s speller and the

Circular speller at the two presentation rates. We report results obtained both in the

absence and presence of baseline correction, as such a correction, while emphasising

ERPs, may affect our ability to detect SCPs that are present in some conditions, both

before stimulus presentation and after it.

3.1.1. Donchin’s Speller

Figure 3 shows the EEG grand-averages for targets and non-targets obtained with

Donchin’s speller.

As one can immediately see, grand-averages are largely unaffected by the baseline

correction. Both with and without it, we see clearly recognisable ERPs in the presence

of targets, including P2, N2, and P300. On the contrary, we only see the exogenous-

ERP ripple at the stimulation frequencies for the non-targets. This has a frequency of

4Hz and peak-to-peak amplitude of approximately 1µV in the slower condition and a

frequency of 6Hz and a peak-to-peak amplitude of approximately 0.5µV in the faster

condition.

These exogenous SSVEP-like oscillations also affect targets epochs. So, a better

way to see the differences between target and non-target ERPs (for both stimulation

frequencies) is to look at their difference, which is reported in Figure 4.

From this figure, we can see the morphological differences between the grand-

average ERPs associated with targets in the two experiments. In particular, taking as

a reference the baseline corrected case (Figure 4 bottom), the P2 has larger amplitude,

the N2 — while of similar amplitude — is narrower and the P300 is smaller at the faster

presentation rate (Experiment 2s). A smaller P300 could be expected in Experiment 2s

∥ For instance, if we swap the role of training and test sets in 3-fold cross validation, we will train

three times with one fold (i.e., 33.3% of the data), and we will test three times on two folds (66.7% of

the data). As a result, at the end of the process, we will have two cross-validate predictions for each

trial, and not one as usual. With our adaptation of the method, we simply sample from the available

predictions so that we end up with one cross-validated prediction per trial.
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Donchin 3 second experiment Donchin 2 second experiment

Without baseline correction Without baseline correction

Non-targets Non-targets

Targets Targets

With baseline correction With baseline correction

Non-targets Non-targets

Targets Targets

Figure 3. EEG grand averages of targets and non-targets for Donchin’s speller

in Experiments 3s (left) and 2s (right) without (top) and with (bottom) baseline

correction. Different colours correspond to different channels with the mapping

specified in the small scalp map in the top left corner of each plot.
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Donchin 3 second experiment Donchin 2 second experiment

Without baseline correction Without baseline correction

Target minus non-target Target minus non-target

With baseline correction With baseline correction

Target minus non-target Target minus non-target

Figure 4. Difference between the grand average for targets and non-targets for

Donchin’s speller in Experiments 3s (left) and 2s (right) without (top) and with

(bottom) baseline correction. Different colours correspond to different channels with

the mapping specified in the small scalp map in the top left corner of each plot.

due to its higher target frequency, as discussed in Section 1.1. In any case, the P300s

are in both cases fairly small, possibly due to the presence of perceptual errors and near

targets [39, 40].

The spatio-temporal clusters where the permutation test (see Section 2.4) has

identified statistically significant differences in the grand-averages for targets and non-

targets for Donchin’s speller are shown in Figure 5. There, all areas in blue (red)

represent channels and time steps where the differences between the individual averages

of targets and non-targets are statistically significantly negative (positive), with the

darker the colour, the larger the amplitude difference.

Focusing on the plots on the left, which relate to the slower Donchin’s speller, both

N2 and P300 are statistically significant in most channels but there is also statistical

significance for the P2 in channels Cz and CPz, irrespective of baseline correction.

The clusters of statistical significance for the faster Donchin’s speller (Figure 5

right), however, show a very different picture. While the grand-averages for the 2s

condition look very similar to those for the 3s condition and appear to be unaffected by

the baseline correction, the reality depicted in Figure 5 is quite different: in the absence
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of baseline correction the N2 and P2 are statistically significant (although for very few

channels and time steps), but the P300 does not reach statistical significance.

On the contrary, with baseline correction, not only N2 and P300 are statistically

significant, but so is also the P1 and the mostly-positive low-voltage SCPs following

the P300 in the faster protocol. The latter appear to be present also at the slower

presentation rate, but not consistently enough across subjects to be statistically

significant in the grand average. Only in channel P8 we see a statistically significant

SCP in the slower speller.

However, in Donchin’s speller nothing noteworthy seems to take place before

stimulus presentation nor for the first 90ms following its onset for either presentation

rate, irrespective of baseline correction.

3.1.2. Circular Speller

As shown in Figures 6 and 7, the baseline correction process has significant effects

on the grand-averages observed for the Circular spellers. Both with and without it, we

see some ERPs — specifically, a large occipito-parietal N2 and a large centro-parietal P2

that effectively blends into an early P300 — in the presence of targets. On the contrary,

we only see a tiny exogenous ripple at the stimulation frequencies (12Hz and 18Hz) for

the non-targets.

In the absence of baseline correction, the P2-P300 complex is statistically significant

in 7 electrodes (Cz, CPz, Pz, P1, P2, P4 and P6) at the slower presentation rate, but

only Cz in the faster one (see Figure 8 top). Instead, the observed N2 is not statistically

significant for either presentation rate.

Before such ERPs, in Figures 6 and 7, we see very clear pre-stimulus SCPs, their

sign being negative in Cz and CPz (suggesting they might represent a CNV) and positive

for several other electrodes. In the faster protocol, these SCPs are statistically significant

for more than half of the channels (see Figure 8 top right). In the slower protocol, only

the negative SCPs in channels Cz and CPz are statistical significant (see Figure 8 top

left).

After the ERPs, still in the non-baselined data, in Figures 6 and 7 we see quite large

late SCPs, which are mostly negative unlike for Donchin’s speller, where such potentials

were mostly positive and less prominent. Despite being larger at the slower presentation

rate, such SCPs are not significant. However, their tail ends (700—900ms after target

onset) are statistically significant for the faster presentation rate across just under half

of the channels.

Turning now to the baselined grand-averages shown in Figures 6 (bottom half)

and 7(bottom), we see that the SCPs preceding the target presentation are, of course,

completely zeroed by the baseline correction process. However, the N2 and the P2-

P300 ERPs are much emphasised and have amplitudes between 50% and 100% larger

w.r.t. the no-baseline case. The P2-P300 complex is now much wider too, starting at

approximately 100ms and ending at 500ms after stimulus onset. We also see that the

aforementioned post-ERP SCPs are much more prominent, becoming approximately
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Donchin 3 second experiment Donchin 2 second experiment

Without baseline correction Without baseline correction

±3µV ±3µV

With baseline correction With baseline correction

±3µV ±3.5µV

Figure 5. Spatio-temporal cluster permutation test results for Donchin’s speller

in Experiments 3s (left) and 2s (right) without (top) and with (bottom) baseline

correction. The background represents the difference of the grand averages of targets

and non-targets (as in Figure 4). The coloured regions represent the statistically

significant (α = 0.05) clusters of channels and times.
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Circular 3 second experiment Circular 2 second experiment

Without baseline correction Without baseline correction

Non-targets Non-targets

Targets Targets

With baseline correction With baseline correction

Non-targets Non-targets

Targets Targets

Figure 6. EEG grand averages of targets and non-targets for the Circular speller

in Experiments 3s (left) and 2s (right) without (top) and with (bottom) baseline

correction. Different colours correspond to different channels with the mapping

specified in the small scalp map in the top left corner of each plot.



19

Circular 3 second experiment Circular 2 second experiment

Without baseline correction Without baseline correction

Target minus non-target Target minus non-target

With baseline correction With baseline correction

Target minus non-target Target minus non-target

Figure 7. Difference between the grand average for targets and non-targets for the

Circular speller in Experiments 3s (left) and 2s (right) without (top) and with (bottom)

baseline correction. Different colours correspond to different channels with the mapping

specified in the small scalp map in the top left corner of each plot.

50% bigger in voltage than without baseline correction. As a result, with baseline

correction the N2 and P2-P300 complex are statistically significant at both presentation

rates, collectively in almost all channels as shown in Figure 8(bottom). Also, the post-

ERP SCPs are statically significant at the faster presentation rate for more than half of

the channels until the very end of the epoch.

3.1.3. Event Related Slow Cortical Potentials

We should note that the anticipatory and posticipatory SCPs elicited by Donchin’s

speller and the Circular speller at the faster presentation rate, described in the previous

two sections, are not trained responses. Instead, they are naturally triggered by

preparations taking place both before the predictable onset of the target stimulus and

relaxation/reduction in excitability after the stimulus presentation has taken place. In

other words, they too are event-related. For this reason, we will call them Event-Related

Slow Cortical Potentials (ERSCPs) here after.
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Circular 3 second experiment Circular 2 second experiment

Without baseline correction Without baseline correction

±4µV ±3µV

With baseline correction With baseline correction

±6µV ±5µV

Figure 8. Spatio-temporal cluster permutation test results for the Circular speller

in Experiments 3s (left) and 2s (right) without (top) and with (bottom) baseline

correction. The background represents the difference of the grand averages of targets

and non-targets (as in Figure 7). The coloured regions represent the statistically

significant (α = 0.05) clusters of channels and times.
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Donchin Experiment 3s Donchin Experiment 2s

Circular Experiment 3s Circular Experiment 2s

Figure 9. Mean receiver operating characteristic (ROC) curves and AUCs (with their

SEM bounds) for the circular sequential speller and Donchin’s speller for Experiments

3s and 2s. The blue lines represent the ROC curves for each participant.

3.2. Classification Results

In this section we will first look at the ability of the classifier to distinguish targets from

non-targets for the two spellers and the two stimulus presentation rates (Section 3.2.1).

We will then focus on task/spelling performance (Section 3.2.2). Finally, we will

study how the performance of the classifiers is affected by the size of training sets

(Section 3.2.3).

3.2.1. Receiver Operating Characteristics and AUC for Epoch Classification

Figure 9 shows the cross-validated (k = 20) Receiver Operating Characteristic

(ROC) curve for the classifiers, with the corresponding Area Under the Curve (AUC),

where the dashed lines represent the performance of a random classifier. The classifier

was trained and tested on baseline-corrected epochs.
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Looking first at Experiment 3s (left column), we see that the average ROCs

(thick black line) for the Donchin and Circular spellers are almost identical, and the

corresponding AUCs are identical (0.86). This seems to be aligned with the similarity

in the respective grand-average statistical results reported in Figures 5(bottom left)

and 8(bottom left). However, individual spatio-temporal cluster permutation tests (not

reported) for the 3s Circular speller indicate that for 6 out of the 8 participants there

are ERSCPs that are statistically significant for many channels and time steps, but their

polarity is mainly positive for 3 and negative for the other 3. As a result they do no

show up nor can be statistically significant at grand-average level. These participant-

level differences can be exploited by the classifier though. Indeed, the ROC curve

and the AUC for the Circular 3s speller have been depressed by the poor below-the-

diagonal ROC (with AUC=0.48) of one participant (Participant 8). Had we excluded

this participant, the mean AUC would have been 0.91 (with an SEM=0.02).

If we now turn to the ROCs and AUCs of Experiment 2s (Figure 9 right column),

we see that Donchin’s AUC (0.85) is almost identical to those of the two 3s spellers

discussed above (and with a low SEM of 0.02). This might seem counterintuitive as the

P300s observed in Donchin’s speller at this presentation rate are the smallest among

all conditions.¶ However, as we discussed earlier, in this speller there are small but

consistent post-P300 ERSCPs which are statistically significant at grand-average level

(see Figure 5 bottom right). We believe that these ERSCPs make up for the reduction

in P300 amplitude.

On the contrary, in the 2s condition, for the Circular speller we see a markedly better

ROC curve and AUC (AUC=0.92). This result makes sense given that this condition

produces large and statistically significant N2s and P300s as well as large and distinctive

post-P300 ERSCPs which are statistically significant for 15 out of 19 channels (Figure 8

bottom right).

3.2.2. Character Classification Accuracy, Information Transfer Rate and Utility

The selection of characters in Donchin’s speller was based on identifying the row

(column) with the highest classifier score (technically, proba) out of the six rows

(columns) that flashed within a 2s for Experiment 2s, and within a 3s for Experiment 3s.

So, the problem is a difficult 12 class problem, with a chance level of 8.3%. In the

Circular speller, the character with the highest score was selected out of the 36 characters

flashed within the same period of time. In the case of the Circular speller, character

classification is an even more difficult 36-class problem, where random chance level is

2.8%.

In Table 1, we report the overall classification accuracy obtained after one

presentation of the 12 or 36 stimuli associated with each speller protocol for both

experiments. Here the two Donchin’s spellers and the Circular 3s speller are broadly

¶ Possibly linked to the fact that reducing the TTI in the oddball task, and more specifically with a

Donchin’s speller, reduces the amplitude of the P300s elicited by flashes of target characters [94, 26, 9,

36].
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Table 1. Single-repetition character classification accuracy for different protocols and

experiments. Bold face indicates the superior speller for each experiment. Underlined

is the top performer across all conditions.

Experiment Protocol Accuracy

3s
Circular 40%

Donchin’s 39%

2s
Circular 48%

Donchin’s 38%

equivalent with accuracies between 38% and 40% (albeit, Participant 8 depressed

significantly the average for the Circular speller, which would have been 45% had we

excluded them). On the contrary, at the faster stimulation rate, the Circular speller,

with 48% accuracy, is clearly dominant over all other spellers and stimulation rates. We

should note that single-trial 48% accuracy is extremely high for a 36-class problem, and

compares very well with the 55% accuracy we obtained for pointer control [82], which

was an 8-class problem.

We followed the standard approach of averaging the score of the classifier over

multiple repetitions of target presentation, and then selecting the row/column with

maximum average score in Donchin’s speller, and the character with maximum average

score in the Circular speller. We then computed the resulting accuracies (%), ITRs

(bits/minute) and Utilities (bits/minute), as a function of the number of trials averaged,

for each speller and experiment.

Results for all spellers, presentation speeds and metrics are reported in Figures 10,

11 and 12.

Looking first at the mean task accuracy (Figure 10), for all spellers and presentation

rates, we see healthy increases in task accuracies as the number of repetitions increases.

The only key difference between Donchin’s and the Circular speller is that with

the Donchin’s none of the participants achieved accuracies above 90% even with 10

repetitions, while for the Circular spellers 5 out of the 8 participants reached 95% or

higher in the 3s protocol and 7 out of 10 reached that level in the 2s protocol.

In terms of peak performance, the Circular protocol with 2s revolutions, as expected

given its superior single trial accuracy, provides better and more consistent performance

across participants with an average task accuracy reaching 92% at 9 and 10 repetitions.

While the mean task accuracy for the 3s Circular speller in the worst, this has

been significantly affected by Participant 8’s task accuracy being between 0 and 2%

irrespective of repetitions. Had this participant been excluded, this speller would have

been a comfortable second.

Turning to the ITR (see Figure 11), we see for all spellers the mean ITR starts

at above 20 bits/min and then decays as frequently observed in other studies. Because

the ITR is inversely proportional to the selection time T (see Equation (1)), for spellers

with similar task accuracies, such as the 3s and 2s Donchin’s spellers, we should expect
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Donchin Experiment 3s Donchin Experiment 2s

Circular Experiment 3s Circular Experiment 2s

Figure 10. Task accuracies for Donchin’s speller (top) and the Circular speller

(bottom) for Experiments 3s (left) and 2s (right) as a function of the number of

repetitions. The blue lines represent the accuracy curves for each participant.

the ITR for a 2s protocol to be 50% higher than the ITR for the corresponding 3s

version. This is almost exactly what we see for Donchin’s speller where the ITR for

the 2s protocol starts at approximately 34 bits/min which is 55% higher than for the

3s protocol. However, in the case of the Circular speller, the ITR for the 2s protocol is

48 bits/min which is over 90% higher than the corresponding 3s protocol. Once again

this is due to the influence of Participant 8. Had we removed the participant, the top

mean ITR for the Circular 3s speller would have been approximately to 29 bits/min,

suggesting that its task classification performance is only slight inferior to the 2s speller.

An important element to consider in relation to the ITR is that, while it tends to

monotonically decrease with the number of repetitions, this does not apply to every

single participant. Therefore, in addition to looking at the maximum of the average

ITR (as we have just done), another useful measure of performance to consider might
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Donchin Experiment 3s Donchin Experiment 2s

Circular Experiment 3s Circular Experiment 2s

Figure 11. ITR for Donchin’s speller (top) and the Circular speller (bottom) for

Experiments 3s (left) and 2s (right) as a function of the number of repetitions. The

blue lines represent the ITR curves for each participant.

be the average of the maximum ITR across participants, where for each participant we

measure the ITR at their individual best repetition number. The values of the mean of

the maximum ITR are reported in Table 2. These are only marginally higher than the

peak values in Figure 11 and, so, they confirm the dominance of the 2s Circular speller.

Finally, let us now turn to the all-important utility measure, which is the acid test

for any BCI speller, in that it directly relates to the number of characters that users can

reliably enter (after accounting for mistakes and corresponding corrections). As shown

in Figure 12(left), the two 3s protocols are almost equivalent, with mean utility peaking

at between 13 and 15 bits/min at 3 repetitions. Naturally, the two 2s protocols are

better, with Donchin peaking at 18 bits/min at 4 repetitions and Circular peaking at 28

bits/min at 2 repetitions.

Because the utility measure does not tend to monotonically decrease with the
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Table 2. Mean of the maximum ITR recorded for each participant, in both

experiments and with both speller protocols. Bold face indicates the superior speller

for each experiment. Underlined is the top performer across all conditions.

Experiment Protocol ITR (bits/min)

3s
Circular 26

Donchin’s 24

2s
Circular 48

Donchin’s 35

Table 3. Average of the maximum utility recorded for each participant, in both

experiments and with both speller protocols. Bold face indicates the superior speller

for each experiment. Underlined is the top performer across all conditions.

Experiment Protocol Utility (bits/min)

3s
Circular 18

Donchin’s 16

2s
Circular 35

Donchin’s 23

number of repetitions, rather than looking at the maximum average utility, a more

precise measure of performance is the average of the maximum utility for each

participant. We report the values of the latter in Table 3.

Once again this shows the superiority of the 2s Circular speller. At 35 bits/min,

users of the Circular speller would be able to spell approximately 7 characters per

minute, which seems a significant result for a newly developed protocol.+

3.2.3. Training Set Size and Training Time Effects

To study how performance of the spellers varies as a function of the training set

size at both presentation rates, we varied the cross-validation parameter k from 2 to 20

and also used the swapped cross-validation approach described in Section 2.6, with the

same values of k. Together they made it possible to obtain cross-validated performance

results for training sets from 5% to 95% of the data available. The results are reported

in Figure 13 in terms of AUCs, maximum ITR and maximum utility.

In the figure, each row corresponds to one metric: average AUC (top), average

maximum ITR (middle), and average maximum utility (bottom). The two columns

represent the same data but the one on the left adopts the percentage of training set

used for training as the abscissa scale while the one on the right uses the number of

minutes required for a participant to acquire a training set or training time. ∗
Looking at how the AUCs vary with the amount of training data (Figure 13 top),

+ The number of bits required to encode one of 36 possible characters is log2(36) =5.17 bits.
∗ To reiterate: the term “training time” here refers to the time the users need to spend gathering data

to train the BCI. This must not be confused with the time required train the BCI’s classifier, which is

of the order of seconds.
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Donchin Experiment 3s Donchin Experiment 2s

Circular Experiment 3s Circular Experiment 2s

Figure 12. Utility for Donchin’s speller (top) and the Circular speller (bottom) for

Experiments 3s (left) and 2s (right) as a function of the number of repetitions. The

blue lines represent the utility curves for each participant.

we see that both 3s spellers and Donchin’s 2s speller generalise in effectively the same

manner. They all struggle with very small training sets the AUC plots presenting a knee

at approximately 20% of training data, but then show an essentially linear improvement

with training set size thereafter. As a result, with 50% of the data for training, their

AUC is only approximately 0.03-0.04 away from the maximum value achieved at 95%

training. This is a satisfying result as perticipants would only need to spend between 7

and 9 minutes collecting training data for the BCI (see Figure 13 top right).

Focusing now on the 2s Circular speller AUCs, we see a similar knee at

approximately 20% of training data, and a similar linear growth thereafter. However, all

this happens at a much higher AUC, so much so that this speller would only need 10%

of the data, corresponding to approximately 1 and 1/2 minutes of training, to achieve

the performance the other spellers achieve with 50% of the data (i.e., in 7 to 9 minutes
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AUC vs training set size (%) AUC vs training time (minutes)

Max ITR vs training set size (%) Max ITR vs training time (minutes)

Max utility vs training set size (%) Max utility vs training time (minutes)

Figure 13. AUC, maximum ITR and maximum utility for the Circular and Donchin’s

spellers for Experiments 3s and 2s as a function of the proportion of training set (left)

used and the training set acquisition time (right). The marker labels in the plots on

the right provide the percentage of training set corresponding to each specific training

time.
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of training).

Looking at the maximum ITR (Figure 13 middle), we see a slightly different picture

in that the 2s Donchin speller is now superior to the two 3s spellers due to its faster

selection time. Now this speller would only require somewhere in between 33% and 50%

of the training set (requiring 4 to 7 minutes of training time on the part of the user) to

achieve the ITR the 3s spellers achieve with 95% of the data (requiring approximately

18 minutes of training). Here, too, however, the 2s Circular speller excels requiring

only between 20 and 25% of the training data (approximately 3 minutes of training

time) to achieve the same benchmark. Also, directly comparing the 2s protocols, we see

that the Circular one requires only 50% of the data (7 minutes of training) to match

the maximum ITR achievable by the 2s Donchin’s speller (with 95% of the data or 18

minutes of training time).

Looking at the maximum utility (Figure 13 bottom), we see a very similar picture

to the ITR, i.e., the 2s Circular speller is superior to all other spellers if trained with

the same fraction of training data, or it is requires much less data for the same level

of performance. The only exception to this is that the 2s Circular speller has slightly

worse utility than the 2s Donchin speller with very small training sets.

Extrapolating the observable trends in Figure 13, it is clear that all the spellers

tested have not reached a plateau in their performance, and so might benefit from

larger training sets or from meta-learning approaches that make better use of training

data [95].

4. Discussion

In this section, firstly (Section 4.1) we discuss Farwell and Donchin’s periodic speller

hypothesis presented in Section 1.6 in the light of the evidence gathered in our study.

Secondly, in Section 4.2 we discuss the relationship between TTI and ERSCPs in

spellers with studies on the preparedness and the foreperiod. Finally, we formulate

the hypothesis that preparatory ERSCPs are present also in Donchin’s speller, but only

in a small fraction of the trials (Section 4.3).

4.1. Farwell and Donchin’s Periodic Speller Hypothesis

In this paper, we put to the test the hypothesis, originally formulated by Farwell and

Donchin [9], that a periodic highlighting of stimuli in a BCI speller might elicit slow

preparatory potentials (e.g., CNVs), in addition to P300 ERPs, and that this might

result in improved classification performance.

In doing so, we did not exactly follow Farewell and Donchin’s suggestion to

sequentially flash the rows and columns of a matrix speller, because of the issues

associated with this paradigm discussed in Section 1, which later research on RSVP and

SD spelling approaches sought to address. Instead, we adopted a circular organisation
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of the letters, inspired by our earlier work on a sequential BCI mouse [82] and somehow

reminiscent of the LSC speller [63] (where each letter had 4 neighbours and not 2, like

in our speller) and we flashed letters sequentially one at a time (unlike [63] where letters

were flashed randomly, the only periodicity being the alternation of flashes between the

left and right side of the screen).

Another departure from [9] is that our system also made use of colour, specifically

in the intensification of the letters. However, unlike previous speller protocols where

colour was only used to make stimuli more salient (e.g., [49]) and the mental task was

still counting the number of highlights of the target, in our new approach we used a

mental task (silently naming the colour) that required paying attention to the colour

of the target characters highlighting, which was randomly green or red. This might

not seem a big difference, but in [82], when stimulation was periodic, we found that

the mental task of counting target flashes did not elicit any P300 ERPs while mentally

naming the colour of targets produced the largest P300s.♯

With the colour naming task, we found that our protocol not only elicited robust

CNVs and P300s in the presence of targets, as originally predicted in [9], but also a

wider spectrum of statistically significant ERSCPs (some positive and some negative)

both preceding the target presentation but also following the P300. The fact that

such ERSCPs can be exploited to increase the statistical separation between targets

and non-targets via a simple baseline correction, and the classification results showing

the superiority of the 2s Circular speller, further confirm that Farwell and Donchin’s

were right in hoping that the combination of P300 and SCPs might lead to improved

classification performance.

4.2. ERSCPs, Foreperiod and Mental Task Jitter

As indicated in Section 1.5, ERSCPs are often found in studies on temporal preparedness

and the foreperiod effect. The latter is studied in experiments where a warning stimulus

precedes a target/imperative stimulus requiring a response [72, 73, 74, 75, 76]. The

warning stimulus enhances the participant’s preparation, leading to shorter reaction

times (with a narrower distribution) and higher accuracy. Typically, when the time

between the warning and target stimuli — the foreperiod — is constant and above a

certain minimum threshold, reaction times tend to increase as the foreperiod lengthens,

likely due to difficulties in precisely estimating elapsed time. Participants are better

able to anticipate and allocate attentional resources for shorter constant foreperiods,

leading to less variability in reaction times. However, if the foreperiod is variable

(randomly distributed), longer foreperiods, while still associated with increased reaction

times and reduced accuracy compared to shorter ones, do not necessarily produce

the same decline in performance seen in long constant foreperiods. This is because

♯ It is not inconceivable that in the past 3+ decades other researchers attempted to explore Farwell and

Donchin’s suggestion of periodically flashing rows and columns of the speller to improve classification

accuracy, only to find that accuracy was worse due to the “vanishing of the P300s” associated with the

reported negative interaction between periodicity and the traditional target-flash counting task.
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participants understand that the probability of the target appearing increases the longer

they have waited (consistent with the hazard function), leading to a gradual increase in

preparedness over time.

In both Donchin’s speller and the Circular speller, it seems reasonable to consider

the previous-target flash both as an imperative stimulus (requiring the mental task to be

carried out) and as a warning stimulus for the following target. As a consequence the

temporal distance between two consecutive targets (TTI) can be seen as a foreperiod. If

we accept this view, based on what we discussed above, we should expect more variability

in the timing of the mental tasks (akin to the response time in preparedness studies),

and also in the corresponding ERPs, with longer foreperiods, i.e., in Experiment 3s than

in Experiment 2s.

Naturally, for the Circular spellers the foreperiod is constant (2,000 and 3,000ms,

respectively), and so we should expect participants to be able to do reasonable

preparations but to struggle more with timing the focusing of their attentional resources

at the slower presentation rate than with the faster. This may lead to more mental task

jitter and thus misalignment of ERPs and ERSCPs across epochs in the slower Circular

than in the faster one. This might be a contributing reason as to why we see both higher

statistical significance and better classification performance with the Circular speller at

the faster presentation rate.

4.3. Potential Evidence of ERSCPs in Donchin’s speller

In Donchin’s case, the foreperiod/TTI is a random variable following a very skewed

distribution with first decile 2 × SOA, first quartile 3 × SOA, median/mean 6 × SOA,

third quartile 8 × SOA and tenth decile 11 × SOA. Only for 8% of the random values

TTI ≥ 12× SOA, i.e., comparable with the Circular TTIs.

So, while some preparatory mental activity might also take place with Donchin’s

speller, it can only really happen in a fraction of the trials. We hypothesise that in

those trials pre-stimulus ERSCPs will be elicited, including the CNV, and that they are

the cause of the small shift in baseline observable in most channels of grand-averages

before stimulus onset, in the absence of baseline correction (see Figure 4 top). The shift

is most prominent in Cz, where it is approximately −0.5µV.

The shifts are small enough to not change significantly the morphology of the grand-

averages upon application of baseline correction and are not statistically significant

at grand-average level.†† However, they do produce quite dramatic improvements in

statistical significance in the baselined data (see Figure 8 bottom), including at the level

of post-P300 ERSCPs. We believe that this is indirect evidence that also Donchin’s

speller elicits preparatory ERSCPs. We also hypothesise that pre-stimulus ERSCPs

paired up with baseline correction may be a contributing factor to the well-known P300

††At individual-average level, only in one participant in Experiment 2s and one in Experiment 3s

pre-stimulus negativity in centro-parietal channels was statistically significant (spatio-temporal cluster

permutation test, data not reported).



32

amplitude increases associated with longer TTI in Donchin’s speller [36].

5. Conclusions, Limitations and Future Work

In this section we summarise the main contributions of the work (Section 5.1), we

then discuss its limitations and how we propose to address them in future research

(Section 5.2), and, finally, we reflect on the outlook for future BCI systems jointly

exploiting ERPs and event-related slow cortical potentials (Section 5.3).

5.1. Main Contributions

In this paper, we have introduced a new form of EEG-based speller which, thanks to

a periodic stimulation paradigm, elicits both P300 ERPs and slow cortical potentials.

That a speller of this type might be viable was originally postulated by Farwell and

Donchin as possible future work in their 1988 seminal paper [9]. However, no published

work appears to have implemented and tested this idea, with much research, instead,

focusing on incremental variations of the original row-column oddball speller.

For our speller we chose a circular arrangement of letters, adopting a single-

display approach for their highlighting, and we highlighted them in colour, following

our successful experience with the development of a BCI mouse [82]. Stimuli were

flashed sequentially with very short ISI (83ms and 55ms). However, and we think this

was a major ingredient in the success of the approach, we modified the mental task from

the traditional target-flash counting to the silent naming of the colour of target flashes.

Results showed that our sequential speller produces not only clear P300s, but also

equally clear SCPs, including CNVs as postulated by Farwell and Donchin. Surprisingly,

the SCPs were both before stimulus presentation and after the P300 ERP. Because these

SCPs are not voluntary modulated but elicited by an event (the presentation of a target,

either just occurred or expected and about to occur), we termed them Event-Related

Slow Cortical Potentials (ERSCPs).

We found that by simply baseline correcting epochs, we could exploit the pre-

stimulus ERSCPs to markedly boost the statistical significance of both the ERPs and

the post-P300 ERSCPs.

At the slower stimulation rate, the joint availability of P300s and ERSCPs in the

Circular speller did not provide significant improvements of accuracy and ITR w.r.t.

Donchin’s speller. However, at the faster presentation rate, the Circular speller had

much better AUC (0.92), single-trial classification accuracy (48%), ITR (48 bits/min)

and utility (35 bits/min) compared to Donchin’s speller at both presentation rates and

the slower Circular speller.

Surprisingly, we also found that even with very small training sets (requiring 3 to 4

minutes of user time to be acquired), all spellers were able to deliver acceptable results,

with the Circular speller dominating with an AUC of 0.87, and ITR of 26 bits/min and

a utility of 15 bits/min. Of course, performance continued to grow with the training set
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size, with the AUC of the 2s Circular speller being at least 7% superior to that of the

others, but the gap in terms of ITR and utility progressively widening.

5.2. Limitations and Future Work

In this section we list the main limitations of the work looking at how we suggest to

address them in future research.

5.2.1. Patient Population and Online Testing

Major limitations of the work are that we have not tested the Circular speller in

online experiments and that we have not performed tests with the target user population

(patients), making addressing these the most urgent target for future work.

Associated with the latter are the likely challenges faced by patients with severe

motor impairments when using the Circular speller design due to their likely difficulty

with shifting and fixating their gaze on specific peripheral locations. One solution would

be the use of a smaller circle at the centre of the screen (as we did with our Circular BCI

mouse [82]) with 6 circles each representing 6 letters in a T9 type of approach similar

to [96, 97]. Having obtained a 48% task accuracy on a 36 class problem, our expectation

is that with the cascade of two 6-class problems the accuracy would still be acceptable.

However, this should be confirmed by future research.

Another possibility to create a speller that could potentially be more suitable for

patients who are unable to gaze would be to present one character at a time, in the

middle of the screen, like in a RSVP speller, but sequentially instead of randomly. The

characters would need to have some random distinguishing feature (which could be the

colour, like in our speller, or any other perceptual feature, e.g.,see [83]). Participants

would simply need to mentally name the distinguishing feature of target characters.

This would likely trigger both ERPs and ERSCPs, and, so, should be explored in future

research.

Another concern associated with the patient population is that the Circular spellers

use a high stimulation frequency (12Hz and 18Hz). This may pose usability issues

for patients with reduced cognitive focus or delayed processing due to prolonged

bedridden states. For these patients, maintaining engagement with rapid flashes may

be challenging. While this is clearly an issue that will need direct experimental

confirmation, we would like to point out that, for patients who are able to saccade,

in the Circular speller the majority of the non-target stimuli will be in the peripheral

vision (unlike in Donchin’s speller), perhaps ameliorating the issue. Also, as discussed

in Section 4.3, while in Donchin’s speller target rows and columns flash on average with

a TTI of 6 × SOA, with many being much shorter, in the Circular spellers the TTI is

not only constant but twice as long (12× SOA), making it possible for patients to time

their attentional resources. Future research will need to explore whether this is less or

more tiring than maintaining focus with Donchin’s speller.
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5.2.2. Stimuli Arrangement and Speller Scalability

Another limitation is the potentially ineffective space utilisation with a speller that

occupies a sizeable portion of the screen and its practical efficiency especially if more

symbols needed to be accommodated. In preliminary research at the beginning of the

project, we considered also matrix spellers with the sequential highlighting of characters

following scanning or zigzagging patterns. We discarded them in favour of the circular

pattern to avoid inhomogeneities of ERPs associated with row/column starts/ends

or turning points. However, the potential benefits in terms of space utilisation and

scalability might outweigh any loss in accuracy associated to such inhomogeneities. So,

sequential matrix-based alternatives should be explored in future research.

In our prior research with a circular arrangement of 8 stimuli for a BCI mouse

system [82], we were able to probe the relative importance of the silent naming of

target colours vs the traditional flash counting. Specifically, in [82] we compared 4

stimulation conditions all making use of stimuli with randomly determined colour (red

or green): (1) periodic flashing with silent naming of the colour, (2) periodic flashing

with counting target flashes, (3) random flashing with silent naming, and (4) random

flashing with counting. Of these, the two with the counting task (2 and 4) were the

worst in terms of classification performance, with the periodic stimulation with silent

naming (1) being the best, and random stimulation with silent naming (3) the second

best. So, it is also entirely possible that a form of Donchin’s speller where rows and

columns are highlighted in random order but in colour, with users mentally naming

the colour of the targets (rather than counting the number of times they flash), might

provide many of the benefits of the Circular speller to a matrix speller. We explored this

idea in preliminary research at the beginning of the project, considering both the option

where the characters in a row/column flashed had random colours, and the option where

all characters in a row/column flashed had the same (but random) colour. These two

alternatives were not pursued, but should be tested in future research.

An alternative way of making better use of space, taking inspiration from the

approach in [63], might be to spatially organise the stimuli (e.g., in two concentric circles)

in such a way to maximise the distance between consecutive flashes (e.g. highlighting

the characters in the inner circle out of sync with the characters in the outer circle), so

as to minimise near target responses. This too should be explored.

5.2.3. Technical Enhancements

Another limitation of the study is that we used epochs of the same duration for

all spellers and presentation rates, which may be quite suboptimal. For instance, it

is possible that Donchin’s spellers might have benefited from shorter epochs given that

after baseline correction there is no ERP or ERSCP that is statistically significant before

100ms from target onset. On the contrary, using longer epochs might have benefited

Circular speller BCIs. Also, it is clear that optimising epoch duration on a participant

by participant basis might provide better results. All these options should be explored

in future research.



35

A further limitation of the study is the utilisation of only two presentation rates.

Our purpose with this first study was to compare benefits and drawbacks with the

best established paradigm: Donchin’s. The links we have identified with the literature

on preparedness and the foreperiod effect (Section 4.2) make it possible to predict that

slower presentation rates than for Experiment 3s are unlikely to further improve accuracy

(and very unlikely to improve ITR). However, faster presentation rates worked well for

our periodic protocol for pointer control [82] where TTIs of 800ms yielded a mean AUC

of 0.91. So, it is not unlikely that faster presentation rates than in Experiment 2s may

work well also for a speller, and should be explored in future research.

In the Circular spellers, we use temporally overlapping stimuli (three characters are

highlighted at any given time), which is uncommon in BCI. This choice was motivated

by the desire to make it easier to compare the Circular speller with Donchin’s. So, we

wanted stimuli to be highlighted on the screen for the same duration as for Donchin’s

speller while also having identical character selection times. Temporal overlapping

stimuli, such as ours, have previously been used in [62] (see Section 1.4), where new

characters were highlighted every 30ms, but once highlighted they remained so for

100ms. So, there were up to four highlighted characters on the screen at any given

time. The good performance obtained both in [62] and in this article suggests that

there is no major issue with temporal overlaps. However, it is conceivable that the

nature and duration of the overlaps may affect ERPs and ERSCPs. This is an issue

that will need to be investigated in future research.

Finally, we should emphasise that we limited our analysis to 19 channels. It is

likely that statistically significant difference between target and non-target epochs, at

the level of both ERPs and SCPs, are also present in other channels. Including a wider

set of channels might also further improve the performance of all the spellers we tested.

We will explore this in future research.

5.3. Future ERSCP-based Spellers

The use of slow cortical potentials in BCI has typically required long training periods

for participants, with a proportion of them still failing to control their SCPs. With

the Circular speller, instead, we were able to trigger and make use of natural ERSCPs

instead of trained ones. However, we think that with our circular speller we have barely

scratched the surface.

In addition to exploring the avenues for future work highlighted above, future

research will likely identify new and possibly better ways of making use of ERSCPs, both

alone and in combination with ERPs, for both spelling and other BCI applications. As

indicated by the examples aprovided in the previous sections, producing new paradigms

that do this may be relatively easy.
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[65] A. Kübler, B. Kotchoubey, T. Hinterberger, N. Ghanayim, J. Perelmouter, M. Schauer, C. Fritsch,

E. Taub, and N. Birbaumer, “The thought translation device: a neurophysiological approach

to communication in total motor paralysis,” Experimental brain research, vol. 124, pp. 223–232,

1999.

[66] M. Pham, T. Hinterberger, N. Neumann, A. Kübler, N. Hofmayer, A. Grether, B. Wilhelm, J.-J.
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