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Abstract 

Objective. The RSVP Keyboard is a non-implantable, event-related potential-based brain-

computer interface (BCI) system designed to support communication access for people with 

severe speech and physical impairments. Here we introduce Inquiry Preview, a new RSVP 

Keyboard interface incorporating switch input for users with some voluntary motor function, and 

describe its effects on typing performance and other outcomes. Approach. Four individuals with 

disabilities participated in the collaborative design of possible switch input applications for the 

RSVP Keyboard, leading to the development of Inquiry Preview and a method of fusing switch 
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input with language model and electroencephalography (EEG) evidence for typing. Twenty-four 

participants without disabilities and one potential end user with incomplete locked-in syndrome 

took part in two experiments investigating the effects of Inquiry Preview and two modes of 

switch input on typing accuracy and speed during a copy-spelling task. Main results. For 

participants without disabilities, Inquiry Preview and switch input tended to worsen typing 

performance compared to the standard RSVP Keyboard condition, with more consistent effects 

across participants for speed than for accuracy. However, there was considerable variability, 

with some participants demonstrating improved typing performance and better user experience 

with Inquiry Preview and switch input. Typing performance for the potential end user was 

comparable to that of participants without disabilities. He typed most quickly and accurately with 

Inquiry Preview and switch input and gave favorable user experience ratings to those 

conditions, but preferred standard RSVP Keyboard. Significance. Inquiry Preview is a novel 

multimodal interface for the RSVP Keyboard BCI, incorporating switch input as an additional 

control signal. Typing performance and user experience and preference varied widely across 

participants, reinforcing the need for flexible, customizable BCI systems that can adapt to 

individual users. ClinicalTrials.gov Identifier: NCT04468919. 

Keywords 

Brain-computer interface, multimodal access, augmentative and alternative communication, 

locked-in syndrome, electroencephalography, assistive technology, event-related potential 

1. Introduction 

People who are unable to meet all of their face-to-face communication needs through natural 

speech alone because of severe speech and physical impairments (SSPI) often use 

augmentative and alternative communication (AAC) systems for message generation. AAC may 
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include anything from gestures to handwriting to computer-based devices with dedicated 

software and synthesized speech output.(1) Individuals with SSPI may have difficulty using 

traditional computer access methods such as a mouse or touchscreen to control an AAC 

device, creating further barriers to effective communication. A variety of alternative access 

methods have been implemented to support AAC use with limited movement, including eye 

tracking, head tracking, and switch scanning. However, these are not viable options for 

individuals with total locked-in syndrome who have no voluntary motor function and may not 

work well for people who have residual movement that is weak, inconsistent, or unreliable. The 

development of new alternative access options is critical to ensuring that AAC systems can 

meet the needs of all individuals with communication impairments.(2,3) Brain-computer 

interface (BCI) systems, which use brain signals rather than muscle activity for device control, 

have emerged as a promising option for individuals with SSPI.  

 

A variety of communication BCI (cBCI) systems using different brain signals and user interfaces 

have been developed and trialed with people with disabilities.(4,5) To take advantage of 

residual motor function and improve BCI performance, researchers have proposed multimodal 

or hybrid systems that incorporate signals generated by eye movements or other body 

movements, combining these inputs with brain responses for system control.(6) One such signal 

is switch activation.(7) There are many types of adaptive switches, ranging from physical 

buttons (which can be pressed by a hand, foot, or other body part), to sip-and-puff switches 

(controlled by the user’s breath), to sensors that can detect eye blinks, small muscle twitches, or 

electrical signals from nearly imperceptible muscle activations via electromyography (EMG). 

Many switches have binary output, similar to a mouse click, while others produce a continuous 

signal based on the level and duration of detected muscle activity. Switch input has been used 

for a variety of purposes in BCI systems. Some studies have used button-press modes to 

establish a baseline or to ensure sustained attention during a task, primarily in BCIs for 

https://www.zotero.org/google-docs/?wyYWfG
https://www.zotero.org/google-docs/?JanblL
https://www.zotero.org/google-docs/?AFX2Co
https://www.zotero.org/google-docs/?Pt52ap
https://www.zotero.org/google-docs/?9AxCRb
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surveillance applications.(8) Some cBCI systems have used EMG switch input for error 

correction (e.g. deletion of the previously selected character).(9,10) 

 

RSVP Keyboard is a non-implantable, wearable cBCI system designed for text entry by people 

with SSPI.(11,12) Like other BCI systems involving rapid serial visual presentation of stimuli, it 

uses event-related potentials (ERPs), collected via electroencephalography (EEG), for system 

control.(8) RSVP Keyboard combines these ERPs with evidence from an integrated language 

model (LM) to inform which characters are presented to the user and which are selected for 

typing.(13) Previous exploration of RSVP Keyboard use by people with SSPI revealed wide 

variations in typing accuracy and speed,(12) indicating that it may not be the optimal cBCI 

option for some users. Other studies have demonstrated that individuals with SSPI who are 

unsuccessful typing with one cBCI system may have better performance with another system 

that relies on different control signals or a different user interface,(14–16) suggesting a need for 

a variety of cBCI options that can be customized for individual users. Our research team is 

developing a software suite, BciPy,(17) that can accommodate a variety of movement- and 

brain-based control signals, as well as a selection of user interface designs. 

 

Here we introduce Inquiry Preview (IP), a new interface for RSVP Keyboard that adds a 

multimodal option with switch input as another control signal. We will present the user-centered 

design process that led to the development of IP, describe its design and functioning, and report 

results from two experiments: 1) a pilot study with control participants, and 2) a case study of a 

potential end user with SSPI. Our goal was to explore how the use of IP affected typing 

accuracy and speed, classifier performance, physical effort, and user experience (UX). 

https://www.zotero.org/google-docs/?a0nPo3
https://www.zotero.org/google-docs/?4WBMUn
https://www.zotero.org/google-docs/?LUgeSg
https://www.zotero.org/google-docs/?aKUywI
https://www.zotero.org/google-docs/?ZkpdxG
https://www.zotero.org/google-docs/?d1q1sQ
https://www.zotero.org/google-docs/?fvttL4
https://www.zotero.org/google-docs/?RKSdy1
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2. Methods 

User-centered design for switch input 

To ensure that the multimodal RSVP Keyboard with switch input would meet the needs and 

preferences of potential BCI end users, we implemented a user-centered design 

approach.(18,19) In October 2020, four former BCI study participants were invited to act as 

consultants in collaborative design sessions (see overview in figure 1). All consultants had SSPI 

and had previous experience with RSVP Keyboard and commercially-available (non-BCI) AAC 

systems. See supplemental table S1 for additional information on consultant demographics, 

diagnoses, communication methods, and device access methods. Each consultant participated 

in an individual co-design session with two or three researchers. Sessions were conducted via 

the Zoom videoconference platform and recorded. Interview topics and questions were shared 

in advance of the meeting so consultants could prepare responses if desired, and consultants 

used their existing communication methods to participate. All study activities were approved by 

the Oregon Health & Science University (OHSU) Institutional Review Board. Consultants 

provided informed consent and received monetary compensation for their participation. 

  

https://www.zotero.org/google-docs/?Fg6r9c
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Figure 1. Diagram summarizing participant involvement and study visit procedures for the user-

centered design process with potential end users, a pilot study with control participants, and a 

case study with a potential end user. SSPI = severe speech and physical impairments; IP = 

Inquiry Preview; UX = user experience. 
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During each session, the consultant was presented with a list of potential functions for switch 

integration in RSVP Keyboard, generated by the research team. They were encouraged to 

propose their own ideas for functions not already listed, but none did so. Consultants were 

asked to consider whether each proposed function might be helpful to themselves or other 

RSVP Keyboard users, and to rank their top three functions in order of preference for further 

development. Finally, they were invited to participate in collaborative design exercises for one or 

more of their top-ranked functions. During co-design, the research team asked questions about 

the consultant’s preferences for functionality, interaction style, appearance, and feedback for 

switch integration in RSVP Keyboard. One researcher (author BP) shared her screen via the 

videoconference platform and used PowerPoint (Microsoft, Redmond, WA) to create and edit 

interface mockups as the consultant and research team discussed potential design options.  

Table 1 lists the proposed functions for switch input, consultant feedback, and functions chosen 

for collaborative design. 
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Table 1. Proposed functions for switch input in RSVP Keyboard and the number of end user 

consultants (n=4) who identified each function as a potentially useful RSVP Keyboard feature, 

as their most preferred feature idea, and as a target for collaborative design. One participant 

indicated a tie between his two most preferred feature ideas. 

Proposed switch function 
Potentially 

useful feature 
Most preferred 

feature idea 
Chosen for 
co-design 

Backspace (delete previously typed character) 4 1 1 

Access a list of stored phrases 4 0 1 

Abbreviation expansion (expand an abbreviation 
to a full phrase, e.g. ‘TY’ -> ‘Thank you’) 

3 0 0 

Call bell (make a sound to alert a caregiver) 4 1 (tie) 0 

Pause RSVP stimulus presentation 4 1 1 

Speak typed message 4 1 (tie) 2 

Inquiry Preview (described below) 4 1 1 

 

End user consultants responded positively to all proposed switch functions. There was wide 

variety in the functions consultants identified as their most preferred, and in those they chose for 

collaborative design. Given the lack of a clear consensus among consultants, the research team 

discussed which switch function should be the first to be integrated into RSVP Keyboard based 

on both consultant preferences and the novelty and potential results of each proposed function. 

They selected IP, which had been described to consultants as follows: “The RSVP Keyboard 

shows 10 letters in each sequence. (A sequence is the set of quickly flashing letters that follows 

each red +.) That means the letter you want to type may not be in the sequence. We could 

display those 10 letters all at once before the sequence starts, so you would know in advance 

whether your letter is going to appear. If your letter is not in the sequence, you could activate a 
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switch to skip to the next sequence.” IP was selected because it is a novel interface feature and 

multimodal input option that had not been previously explored for cBCI systems, and because of 

its potential effects on typing performance. All consultants felt that IP would be a potentially 

useful feature in RSVP Keyboard, and the consultant with the most previous RSVP Keyboard 

experience rated it as his most preferred switch function and chose it for his co-design session. 

He expressed that IP might help users feel more in control and avoid the frustration he had felt 

in the past when the system did not provide enough opportunities to select the target letter, 

especially in cases where the system then made an incorrect selection. The interface design 

mockup resulting from his collaborative design session is shown in Figure 2. Consultants’ 

feedback on the other features will be considered in future development of the RSVP Keyboard 

interface. 

 

Figure 2. Design mockup of the Inquiry Preview interface from a co-design session with a 

consultant. The top line of text is the target phrase for copy-spelling, with the target word in 

green. Beneath it is the typed string. In the center of the screen, in the same location in which 

the letter stream will appear, is the preview of the 10 letters that will be included in the next 

inquiry.  
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Inquiry Preview 

User interface 

In the RSVP Keyboard interface, the user is presented with a stream of symbols quickly flashing 

in the center of a computer monitor. The appearance of the user’s desired symbol in this rapid 

serial visual presentation elicits an ERP, detected via EEG. Presentation is divided into 

inquiries, each containing a set of symbols (often nine letters plus a backspace symbol) 

determined based on letter probabilities assigned by the integrated LM and on EEG responses 

to previous inquiries. Typically, EEG data from multiple inquiries are required before the system 

has enough information to make a confident decision regarding the user’s intended target. 

 

When typing with RSVP Keyboard in standard mode, the user does not know which characters 

will be included in an upcoming inquiry. In the IP interface, the system displays a preview prior 

to each inquiry showing the letters that will be included (see figure 2). The preview is followed 

by a fixation cross and letter stream, as in standard mode. IP typing mode can be configured to 

add switch input as another source of evidence for determining the characters displayed in each 

inquiry and the characters selected by the system. When the preview box is on the screen, the 

user can activate a switch to indicate either that their target letter is present in the preview (in 

which case the previewed inquiry will be displayed), or absent from the preview (in which case 

that inquiry will be skipped and the system will preview the next inquiry with a different set of 

characters; this is the version originally described to collaborative design consultants). Switch 

evidence is combined with LM and EEG evidence to guide character presentation and selection, 

as described below. Because multiple inquiries may be presented for each character selection, 

and each inquiry is preceded by a preview, there may be more than one switch activation per 

selection. 
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Inquiry preview signal modeling 

Each symbol selection when typing with RSVP Keyboard is based on evidence from a series of 

inquiries. After each inquiry, a recursive Bayesian update of symbol probabilities is performed, 

incorporating three sources of evidence: LM, switch, and EEG. Before the first inquiry of a 

series, the LM provides prior probabilities for each symbol, conditioned on any previously typed 

characters. When IP typing mode is configured to incorporate switch input, a switch input model 

provides multiplicative updates based on the set of symbols displayed in a preview and the 

user's response. Finally, after each inquiry, an EEG signal model provides multiplicative updates 

based on the user's EEG response to each displayed symbol. These modeling inputs are 

described in greater detail below.  

Language Model 

Before the first inquiry in a series, the LM generates evidence as to which characters are most 

likely to come next based on any previously typed text (left context). The LM in the current study 

was built on top of the 125M parameter version of the GPT-2 model.(20) Given a left context, 

we queried GPT-2 for a probability distribution over the tokens in its vocabulary (approximately 

50K). These tokens are sequences of characters, ranging in length from a single character to a 

full word, that frequently appeared in the model's training data. Since the RSVP Keyboard types 

one character at a time, our LM needed to provide evidence for each series of inquiries by 

generating a probability distribution over individual characters.  

 

To produce a distribution over characters (instead of over tokens), RSVP Keyboard first 

removes the last token from the left context. By removing this token, we allow the model the 

opportunity to predict tokens that extend it, instead of only tokens that follow it. For example, if 

the left context is "yeste" (in the word "yesterday"), GPT-2 splits this into two tokens: "y" and 

https://www.zotero.org/google-docs/?Y61n3D
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"este". If we do not remove the final token “este”, the model cannot consider the possibility of 

the token sequence “y” followed by “ester”. That is, it could only consider “y”, “este”, followed by 

a new token. After removing the final token, we generate a probability distribution over GPT-2's 

token vocabulary. We consider the 20 most probable tokens that start with the text of the 

removed token (“este” in our example), and sum the probability mass over the next character in 

each token (e.g. “r” in “ester”, or “d” in “ested”). We then normalize to sum to one, producing a 

probability distribution over the next character. To prevent any character from having a 

probability of zero, we mix GPT-2's probability distribution (weight 0.8) with the distribution given 

by a letter unigram model (weight 0.2). The letter unigram model was based on the frequencies 

of each letter in a set of phrases created by people with amyotrophic lateral sclerosis.(33) We 

took the resulting mixed distribution to the power of 0.5 and renormalized to smooth the 

distribution towards uniform.  

Switch Input Model 

As described previously, IP mode includes an option for users to provide switch input as an 

additional source of evidence. Depending on system configuration, switch activation during 

presentation of an inquiry preview has two possible functions: it can indicate either that the 

user’s desired symbol is present in the preview (IP confirm), or that the desired symbol is absent 

from the preview (IP skip). To simplify modeling and avoid introducing extra parameters, user 

behavior is modeled under two assumptions. First, user switch input was assumed to be 

independent of previous history, such that a single switch activation is fully determined by the 

currently desired symbol and the currently displayed preview. This assumption is typically 

referred to as the Markov assumption.(21) Second, users are assumed to make symmetric 

errors with a fixed probability of 5%; in other words, if the desired letter is displayed, the user is 

assumed to have a 95% probability of correctly pressing the switch in IP confirm mode, and to 

have a 95% probability of correctly not pressing the switch in IP skip mode. Based on these 

https://www.zotero.org/google-docs/?mVgQ8s
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assumptions, symbol probabilities were updated as follows: based on the switch input mode (IP 

confirm or IP skip) and user response (whether or not the switch is activated), each symbol in a 

confirmed (or unskipped) inquiry is given a multiplicative update of 0.95, while each symbol in a 

skipped (or unconfirmed) inquiry is given a multiplicative update of 0.05. 

EEG Signal Model 

EEG signals are classified in RSVP Keyboard using a multi-stage pipeline as described 

previously by Memmott and colleagues,(17) and below in “Signal Acquisition and Processing”. 

After each stimulus presentation, a posterior probability update is made by using a multistage 

pipeline to compute two likelihood terms: the probability of observing the recorded EEG 

response given that the trial displayed the desired symbol p(data | target), and the probability of 

observing the response given that the trial did not display the desired symbol p(data | non-

target). In the first stage of this pipeline, the data are compressed and zero-variance directions 

are removed using a linear dimensionality reduction method, channel-wise principal 

components analysis (PCA). Next, a regularized discriminant analysis (RDA) (22) classifier is 

used to further project the EEG responses into a one-dimensional representation. RDA is an 

intermediate between Linear Discriminant Analysis (LDA) and Quadratic Discriminant Analysis 

(QDA), where the shrinkage and regularization hyperparameters are adjusted so that the class 

covariance estimates are closer to the overall data covariance. This is a useful method in cases 

where the sample size is small and the number of highly correlated features in the multivariate 

dataset is large. At this stage, calculation of the area under the curve (AUC) of the receiver 

operating characteristic (ROC) curve gives a suitable representation of classifier performance 

and helps determine these hyperparameters. AUC varies between [0,1], where 1 indicates 

perfect detection (no miss & no false alarms) and a value of 0.5 indicates random chance. After 

the selection of regularization and shrinkage parameters by cross validating the AUC, 

covariance and mean estimates for each class are used to generate a scalar feature that 

https://www.zotero.org/google-docs/?O86V8S
https://www.zotero.org/google-docs/?gzyU3y
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minimizes expected risk under the Gaussianity assumption of class distributions. Using RDA, 

the log-likelihood ratio (i.e. score) of target and non-target classes is computed as follows:  

 

𝛿𝑅𝐷𝐴(𝘹) = 𝑙𝑜𝑔
𝑓𝑁(𝘹;  𝜇1̂, 𝛴1̂(𝜆, 𝛾))𝜋1̂

𝑓𝑁(𝘹;  𝜇0̂, 𝛴0̂(𝜆, 𝛾))𝜋0̂

  

 

where 𝜇𝑐̂ , 𝜋𝑐̂ are the class mean and prior estimates for target and non-target classes (1 and 0, 

respectively), x is the data to be classified, 𝜆 and 𝛾 are the shrinkage and regularization 

parameters, and 𝑓𝑁(𝙭;  𝝁, 𝜮) is the multivariate normal (Gaussian) distribution probability density 

function. This score gives a 1-dimensional representation of the data x. Finally, gaussian kernel 

density estimation (KDE) is used to estimate the conditional probability density functions of RDA 

scores given the class labels, 𝑃(𝛿𝑅𝐷𝐴(𝘹𝑠)| 𝑐𝑠 = 𝑐), which we use to fuse with LM evidence and 

perform posterior updates. For further details, see (23). 

Evidence fusion and symbol selection 

After the multiplicative update based on the user's EEG response to each symbol in an inquiry, 

the symbol probabilities are re-normalized to sum to 1. Any symbol with a posterior probability 

above 80% is selected and typed. If no symbol reaches this decision threshold after a 

predetermined number of inquiries (eight in the current study), the symbol with the highest 

probability is selected by default. A new series then begins, with new prior probabilities assigned 

by the LM based on the updated left context. 

Experiment 1: Pilot study with control participants 

To test the efficacy of RSVP Keyboard with IP and switch input, we conducted a single-visit 

experimental pilot study at Oregon Health & Science University (OHSU) in Portland, Oregon, 

USA. Data were collected between July and September, 2022. 

https://www.zotero.org/google-docs/?v56QXX
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Participants  

Thirty-one participants without severe speech or physical impairments were recruited for pilot 

testing. All participants met the following inclusion criteria: 1) 21 to 89 years of age; 2) self-

reported the ability to see words on a computer screen, read and communicate in English, and 

pay attention to a computer-based task for up to 3 hours; 3) no known or reported 

communication impairment or physical impairment affecting the ability to use a computer; 4) 

lack of cognitive impairment as indicated by a score of 32 or higher on the Telephone Interview 

for Cognitive Status (24); and 5) RSVP Keyboard calibration AUC of 0.70 or higher at the start 

of the data collection session. Participants were recruited from local universities and colleges, 

the OHSU Study Opportunities web page, and word of mouth. This study was performed in 

accordance with the Declaration of Helsinki and was reviewed and approved by the OHSU 

Institutional Review Board (protocol #23625). All participants provided informed consent and 

received a monetary incentive.   

Procedure 

Each participant attended a single study visit (see overview in figure 1). After providing informed 

consent, participants completed a series of questions about their demographic information, 

medications, and sleep habits, administered via Qualtrics online survey tools (Qualtrics, Provo, 

UT). They then completed an RSVP Keyboard calibration task without IP in order to generate a 

predictive EEG model for target classification. Those who successfully completed calibration 

and obtained AUC scores of 0.70 or above attempted the RSVP Keyboard copy-spelling task 

under four conditions: standard RSVP typing mode (without IP); IP only (i.e. the user was shown 

which symbols would be in each inquiry but did not use switch input and had no way to confirm 

or skip an inquiry); IP confirm (i.e. switch activation during preview presentation confirmed that 

the target symbol was displayed and was followed by presentation of the inquiry for EEG input); 

https://www.zotero.org/google-docs/?OTSxRH
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and IP skip (i.e. switch activation during preview presentation skipped the displayed inquiry 

because the target was not present, and a new inquiry was displayed). Condition order was 

counterbalanced using a Latin square, such that the four unique condition orders occurred 

equally across the sample. Instructional videos (see supplemental materials) were presented 

prior to the calibration task and all four unique experimental conditions. Before calibration and 

before each copy-spelling session, participants rated their sleepiness on the Karolinska 

Sleepiness Scale (25,26) and their degree of headache pain, if any, on a 5-point Likert scale. 

After each copy-spelling session, they completed a UX questionnaire about the condition they 

had just tried. 

Signal acquisition and processing 

All data were collected using a Lenovo Legion 5 Pro laptop with Windows 11, an Intel Core i7-

11800H @ 2.30 GHz, 16 GB DDR4 RAM, and an NVIDIA GeForce RTX 3050. Trigger fidelity 

on the experiment laptop was verified using a photodiode. The results of this timing test were 

used to determine static offsets between stimulus event marker time codes and the true 

physical appearance of stimuli onscreen to prevent experimentation with timing violations 

greater than +/- 10ms. All experiment software was written by the research team and is freely 

available on GitHub or PyPi using BciPy version 2.0.0rc1 or above.(17) 

 

EEG data were acquired at 300 Hz using a DSI-24 dry electrode cap (Wearable Sensing, San 

Diego, CA, USA). All data were pre-processed using an inquiry-based approach for training and 

online usage: data for each two-second-long inquiry were collected with a two-second buffer on 

each end. Inquiries were notch-filtered at 60 Hz with a quality factor of 30 and then filtered at 1-

20 Hz with a second-order bandpass filter before being downsampled by a factor of two (from 

300 Hz to 150 Hz). Pre-processed inquiry data were subsequently segmented into 500 ms 

https://www.zotero.org/google-docs/?6QwoHu
https://www.zotero.org/google-docs/?MbKDge
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epochs (trials) synchronized with the onsets of individual symbol stimuli presented during each 

inquiry. 

 

EEG data were semi-automatically inspected using MNE (27) offline with the following voltage 

criteria: +/- 50 uV or below 0.5uV. Blinks were labeled using the MNE find_eog_events using 

channels FP1/2 and F7/8. All labels were manually inspected for correctness and artifacts 

missed by auto-labeling were added. If greater than >50% of epochs or channels were 

contaminated with noise, the participant was flagged for sensitivity analysis (see below). Data 

from four participants exceeded this threshold, with overlapping EOG and movement artifacts 

being the primary drivers.  

 

A Jelly Bean switch (AbleNet, Roseville, MN, USA) was used for binary switch input; 

participants could choose to leave the switch on the table and press it with either hand or to hold 

it in one hand and squeeze to activate it. 

RSVP Keyboard configuration 

During the calibration and copy-spelling tasks (see figure 3), stimuli were presented at 5 Hz in 

inquiries of 10 symbols, with the backspace symbol included in each inquiry. In IP copy-spelling 

mode, the preview box was displayed for five seconds or until the switch was activated, 

whichever came first. A maximum of eight inquiries were displayed in each series; if no symbol’s 

posterior probability reached the decision threshold of 0.80 after eight inquiries, the symbol with 

the highest probability was selected.  

  

https://www.zotero.org/google-docs/?i4jNhh
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Figure 3. Task schematic outlining the structure of single inquiries during the RSVP Keyboard 

calibration and copy-phrase tasks (letter sizes are not to scale). For calibration, each inquiry 

began with a target prompt, followed by a fixation cross and then 10 letter stimuli presented 

sequentially over 2 s (0.2 s per character). A total of 110 inquiries were presented; the target 

(marked with *) was present in 100/110 inquiries. The calibration task was used to generate an 

EEG model for use in all copy-phrase conditions. During Inquiry Preview (IP) copy-spelling 

tasks, each inquiry began with a preview box presented for up to 5 s, followed by the fixation 

cross and then 10 letter stimuli presented sequentially over 2 s. In the IP only condition, the 

preview would remain on screen for a full 5 s. In the IP confirm condition, participants could 

activate the switch during preview box presentation to proceed immediately to fixation. In the IP 

skip condition, participants could activate the switch during preview box presentation to skip 

immediately to the next preview with an updated character list. In all cases, the order of 

characters in the preview box matched the order of the characters presented in the letter 

stream. In the standard RSVP Keyboard condition, no preview box was presented and each 

inquiry began with fixation. 
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Tasks 

Calibration 

The RSVP Keyboard calibration task consisted of 110 trials, each beginning with a target 

symbol displayed in the center of the screen, followed by a fixation cross and an inquiry of 10 

symbols. No inquiry previews were displayed during calibration. Participants were instructed to 

look for the target symbol in each inquiry and respond mentally when it appeared (see 

supplemental materials for instructional videos). An EEG classifier was trained on each 

participant’s calibration data for use in the copy-spelling tasks. 

Copy-spelling 

Under each condition, participants attempted to use RSVP Keyboard to copy-spell four five-

letter words (see supplemental materials for instructional videos). To ensure an equal number of 

switch activation opportunities in the IP confirm and IP skip conditions, each word set included 

two “easy” words (in which all target letters had LM-assigned prior probabilities that ensured 

they would appear in the first inquiry of the series) followed by two “hard” words (in which one 

target had a lower prior probability and did not appear until the third inquiry or later). For each 

participant, a different set of target words was selected at random from a predetermined list for 

each condition. Only five series were presented for each word, so participants had five symbol-

selection opportunities when attempting to spell each five-letter word, for a total of twenty 

opportunities under each condition. 

User experience questionnaires 

After each copy-spelling session, participants completed a short questionnaire about their 

workload and satisfaction (28) as well as what they liked and disliked about typing under that 

condition. After the final copy-spelling session, participants were asked to rank the four 

https://www.zotero.org/google-docs/?i1aVuV
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conditions in order of preference and provide a brief explanation for their ranking. All UX and 

preference questions were administered via Qualtrics online survey tools (Qualtrics, Provo, UT). 

Data management & analysis 

Session files from BciPy were processed using RStudio (2022.02.3, Build 492) and a custom R 

((29) version 4.2.0) script was used to extract and calculate outcome measures related to typing 

and classifier performance. Typing performance measures and Qualtrics questionnaire 

responses were analyzed with Stata (StataCorp LLC, College Station, TX, USA; versions 17 

and 18) and visualized with R (version 4.2.1), RStudio (version 2022.07.1, Build 554), and Excel 

2019 (Microsoft, Redmond, WA, USA). 

 

Primary dependent variables included measures of accuracy and speed, for both typing 

performance and classifier performance. To assess typing performance, accuracy was 

calculated as the percentage of target letters that were correctly copied, and speed was 

calculated as the number of correctly copied target letters per minute. To assess classifier 

performance, accuracy was calculated as the number of correct selections out of the total 

number of selections, and speed was calculated as the number of correct selections per minute. 

Differences in the calculation of typing performance variables and classifier performance 

variables reflect the fact that many correct selections were of the backspace character (correctly 

selected to delete an error) rather than of target characters. Secondary dependent variables 

included the number of switch activations per selection (for the IP confirm and IP skip 

conditions) and self-reported workload and satisfaction ratings. 

 

In order to estimate the effects of condition and condition order on the primary dependent 

variables within each session, we used a population-averaged Poisson model clustered by 

participant with clustered jackknife standard errors (robust to violations of Poisson model 

https://www.zotero.org/google-docs/?JFrmyY
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assumptions). For accuracy measures, the count of target letters copied (typing accuracy) or of 

correct selections (classifier accuracy) was predicted from the model and divided by 20 (total 

selections) to convert to a percentage. For speed measures, the mean session length (across 4 

sessions for each participant) was included as an exposure term in the model (i.e. the natural 

log of mean session length was added to the model with coefficient constrained to 1), and 

predictions divided by 4 to account for the fact that the mean session length describes an 

average single session while the count of the measure represents the total across all 4 

sessions. The models for each primary dependent variable included fixed effects to allow 

comparison of the effects of the conditions and of condition order within the data collection 

session. Sensitivity analyses were conducted to assess how the inclusion of the four 

participants with poor data quality affected the model predictions. Simple correlation analyses 

were used to explore the relationships between calibration and typing performance and 

participants’ preferences across conditions. Secondary dependent variables were summarized 

using descriptive statistics. 

Experiment 2: End user case study 

After the pilot study, “James”, one of the end user consultants who participated in the initial 

user-centered design sessions described above, was asked to try the new interface and provide 

feedback. He is a White, non-Hispanic man, 55 years old at the time of data collection, with 

incomplete locked-in syndrome secondary to a brainstem stroke. He breathes independently 

and uses a manual wheelchair, pushed by a caregiver, for mobility. For communication in 

everyday life and during study visits, James uses eye movements for yes/no responses and to 

signal a partner to spell messages via partner-assisted scanning. His other voluntary 

movements include blinking and slowly turning or lifting his head, and he experiences 

occasional coughing that causes movement in his head and upper body. James had been a 
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member of the research team for approximately 14 years, providing input and feedback on 

RSVP Keyboard research and development, and had many hours of experience calibrating and 

typing with RSVP Keyboard in standard mode.  

 

Data were collected in James’s home during four visits (see overview in figure 1) over two 

weeks in May, 2023. Due to concerns about fatigue and the apparent effects of condition order 

observed in the pilot study (see Results), and to allow him more than one opportunity to try each 

condition before forming an opinion, he completed four data collection sessions instead of the 

single session used in the pilot study. During each home visit, he calibrated RSVP Keyboard, 

attempted copy-spelling under two of the four conditions, and completed user feedback 

questionnaires. The first visit also included trialing positioning options for the Jelly Bean switch. 

Based on James’s preference and results from simple switch activation testing with Scanning 

Wizard (Koester Performance Research, Ann Arbor, MI, USA (30)), the switch was mounted to 

his wheelchair with an articulated arm mount (Manfrotto, Cassola, Italy) and positioned at the 

right side of his chin so that he could activate it with a slight head turn. Conditions were 

presented in pseudorandom order, with each condition occurring twice (once as the first copy-

spelling condition within a visit and once as the second condition). Signal acquisition and 

processing, RSVP Keyboard configuration, and calibration, copy-spelling, and UX questionnaire 

tasks were identical to those in the pilot study, with the following exceptions: 1) due to LM 

issues discovered during the pilot study (see below), James used a different version of the LM 

code than the control participants; 2) he was allowed to re-attempt copy-spelling of individual 

words when visual analysis revealed signal interference caused by electrodes pressing or 

rubbing against his wheelchair headrest during typing (in these cases, data from the initial 

attempt were omitted from analysis); and 3) he provided questionnaire responses and narrative 

feedback via partner-assisted scanning. Descriptive statistics were used to summarize typing 

https://www.zotero.org/google-docs/?broken=cbU4av
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performance, classifier performance, and UX, with the same dependent variables as for control 

participants.  

3. Results 

Experiment 1: Pilot study with control participants 

Of 31 participants who met initial inclusion criteria, seven (22.6%) were excluded due to low 

AUC (< 0.70). Twenty-four participants without disabilities completed data collection under all 

four conditions and were included in the analysis; their demographic characteristics are 

summarized in supplemental table S2. Although four participants had poor EEG data quality 

(determined by visual analysis after data collection), sensitivity analysis revealed that including 

their data had no significant impact on the findings (see below), so the results presented here 

include all 24 participants.  

 

After completing data collection, we discovered a number of issues in the language model code 

that decreased its overall performance in Experiment 1. For example, minor issues included not 

conditioning on the sentence start symbol and not summing over both upper- and lower-case 

letters when calculating the probability distribution for the next character. The major issue was 

related to how GPT-2 segments text into a sequence of subword tokens. Our algorithm in 

Experiment 1 removed only the last subword token and then searched for all possible following 

subword tokens consistent with the user's current text. For certain texts, this led to poor 

predictions for the next character. A better approach (and the one used in Experiment 2), is to 

remove all subword tokens for the user's currently partially written word and search forward from 

there. These issues were present in all conditions of Experiment 1. Since stimuli text was 
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chosen at random for each participant and for each condition, we have no reason to believe that 

these issues systematically affected any particular condition.  

Typing performance 

The distributions of percentage of target letters copied and number of targets copied per minute 

are summarized in figure 4, with participant-level data displayed in supplemental figure S1. 

Table 2 presents results of the analysis quantifying the effects of condition (each IP condition 

compared to standard RSVP) and condition order (the second, third, and fourth conditions 

attempted by each participant compared to the first condition they attempted) on typing 

performance. Negative average marginal effects indicate that IP conditions tended to worsen 

performance overall compared to standard RSVP, but did so more consistently (across 

participants) for speed than for accuracy, and more severely for IP only than for IP confirm or IP 

skip. Fatigue appeared to impact performance, with the largest detrimental effects observed 

during the final condition of the data collection visit, after prolonged system use. However, there 

was considerable variability, and some participants demonstrated improved performance with 

one or more of the IP conditions compared to standard RSVP, or at the end of the session 

compared to the beginning.  
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Figure 4. Distribution of percentage of target letters copied and number of targets copied per 

minute under each condition for control participants (n=24). Each box contains the 25th to 75th 

percentiles of values for one condition, with the internal line marking the median. Whiskers 

indicate adjacent values (the highest and lowest values within 1.5 times the interquartile range), 

and circles represent outlier observations outside the adjacent value range. IP = Inquiry 

Preview. 
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Table 2. Results of population-averaged Poisson model estimations of average marginal effects 

of condition and condition order on the percentage of target letters copied and target letters 

copied per minute for control participants (n=24). Each Inquiry Preview condition is compared to 

standard RSVP, and the second, third, and fourth conditions attempted in each data collection 

session are compared to the first condition. IP = Inquiry Preview; CI = confidence interval. 

 % of targets copied Targets copied per minute 

Condition 
Average marginal 

effect [95% CI] 
p value 

Average marginal 
effect [95% CI] 

p value 

IP only -22.7% [-41.3%, -4.1%] 0.019 -2.89 [-4.22, -1.57] 0.000 

IP confirm -8.8% [-24.7%, 7.2%] 0.269 -1.35 [-2.72, 0.01] 0.052 

IP skip -12.3% [-27.9%, 3.3%] 0.117 -2.24 [-3.46, -1.03] 0.001 

Condition order     

2nd -9.4% [-23.2%, 4.4%] 0.174 -0.62 [-1.41, 0.17] 0.117 

3rd -8.5% [-22.8%, 5.7%] 0.226 -0.53 [-1.43, 0.37] 0.234 

4th -19.2% [-34.4%, -3.9%] 0.016 -1.11 [-2.06, -0.17] 0.023 

Classifier performance 

The effects of condition and condition order on classifier performance (number of correct 

selections out of total number of selections and number of correct selections per minute) were 

similar to those observed for the typing performance variables: overall performance across 

participants was worse under the IP conditions and for each condition attempted after the first, 

with larger effects for the IP only condition and the last condition of the day. See supplemental 

table S3 for details. 

Switch activations per selection 

The mean number of switch activations per selection for the two conditions involving switch 

input was 4.0 (SD 1.47) for IP confirm and 0.4 (SD 0.18) for IP skip. 
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User experience and preferences 

Participant ratings of workload and satisfaction are summarized in supplemental table S4. 

Median ratings were similar across all four conditions, with little difference between standard 

RSVP and the IP conditions. Participants rated physical effort fairly low (median 1 to 2 on a 7-

point scale), mental effort fairly high (median 5 to 6), and overall workload moderately difficult 

(median 4). Of note, physical effort ratings for IP confirm and IP skip were very similar, despite 

IP confirm requiring approximately ten times as many switch activations per selection as IP skip. 

Median satisfaction ratings of 3 to 5 on a 7-point scale indicated that participants were generally 

“somewhat satisfied” to “somewhat unsatisfied” with typing speed, typing accuracy, and the 

overall experience using the system. There was considerable variability across participants on 

all UX questionnaire items for all conditions, with ranges of 6 to 7 points for each. 

 

Differences in satisfaction and typing performance for the standard RSVP and IP conditions for 

individual participants are illustrated in figure 5. As an example of how to interpret this figure, 

consider the plot for IP104 in figure 5a. This participant correctly copied 70% of target letters for 

the standard RSVP condition (left purple marker and left endpoint of purple line) and a mean of 

61.7% of target letters for the three IP conditions (right endpoint of purple line; performance in 

individual IP conditions is indicated by right purple markers). They rated their satisfaction with 

typing accuracy as a 2 (considerably satisfied) for standard RSVP (left teal marker and left 

endpoint of teal line), and the mean of their accuracy satisfaction ratings for the IP conditions 

was also 2 (right endpoint of teal line; ratings for individual IP conditions are indicated by right 

teal markers). They rated their overall satisfaction with the system as a 1 for all conditions, with 

standard RSVP represented by the left endpoint of the dashed black line and the mean for the 

three IP conditions represented by the right endpoint. The flat slope of the teal and dashed lines 

indicates that there was little difference in this participant’s satisfaction ratings for the standard 

https://docs.google.com/document/d/1aESNaixE-5hCnQPoHkWsSsgrZroJ24VaDS6coc5iaBE/edit?usp=sharing
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RSVP and IP conditions, while the negative slope of the purple line reveals that their percentage 

of correct letters copied for standard RSVP was higher than their average for the three IP 

conditions. 

 

For many participants, typing performance and satisfaction ratings were similar across the three 

IP conditions, as indicated by the clustered markers on the right side of their plots, though there 

were some exceptions (e.g. IP104, IP129, and IP131). Ratings of satisfaction with typing 

accuracy appeared closely related to the actual percentage of targets correctly copied for many 

participants, though some reported low satisfaction across conditions regardless of performance 

(e.g. IP112, IP122, and IP133). This relationship was less pronounced for ratings of satisfaction 

with typing speed and correct characters per minute, with many participants reporting favorable 

ratings for typing speed even when performance was slow (e.g. IP104, IP124, and IP130). 

Overall, these figures highlight the wide variety in participant performance and preferences. For 

some, standard RSVP had better performance and satisfaction ratings than the IP conditions 

(lines with negative slopes in figure 5). For others the opposite was true (lines with positive 

slopes), and still others demonstrated little difference across conditions (lines with flat slopes). 

 

Across all participants, typing accuracy, as measured by percent of target letters copied, 

demonstrated moderate correlations with ratings of satisfaction with system accuracy (r = 0.60) 

and overall satisfaction (r = 0.49). Typing speed, as measured by targets copied per minute, 

demonstrated weak correlations with ratings of satisfaction with typing speed (r = 0.32) and 

overall satisfaction (r = 0.38) 
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Figure 5a. Satisfaction with system accuracy and actual typing accuracy performance (percent 

of target letters copied) for each condition for individual participants. Figure 5b. Satisfaction with 

system speed and actual typing speed performance (targets copied per minute) for each 

condition for individual participants. Teal markers represent participant ratings of their 

satisfaction with typing accuracy (figure 5a) or speed (figure 5b) for a given condition on a 7-

point Likert scale (left y-axis; 1 = extremely satisfied, 7 = extremely unsatisfied). Purple markers 

represent the percentage of target letters copied in a given condition (figure 5a) or target letters 

copied per minute (figure 5b). For each participant, markers on the left correspond to 

satisfaction and performance measures for the standard RSVP condition, while markers on the 

right correspond to the three IP conditions. Lines are included to emphasize differences in 

satisfaction and performance between the standard RSVP and the mean of the IP conditions. 

Dashed lines represent differences in participant ratings of their satisfaction with overall system 

performance for the standard RSVP and IP conditions. 
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Participants’ rankings of the four conditions in order of preference are summarized in figure 6. 

Standard RSVP and IP confirm were the two most popular conditions, with 12 and 7 first-place 

rankings, respectively. However, other participants rated these same conditions in last place, 

and even the less-popular conditions, IP only and IP skip, were the top choice of two or more 

participants. Participants did not always prefer the best-performing condition, as shown in 

supplemental figure S1. A selection of quotes from participants’ narrative feedback about why 

they liked or disliked each condition are presented in supplemental table S5, and reveal a wide 

range of opinions on RSVP Keyboard, Inquiry Preview, and switch input. Different participants 

had very different reactions to the same condition; for example, with regard to IP only, one 

participant “liked having the letters beforehand,” but another “did not like the box format or 
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seeing the letter ahead of time.” Some participants specifically mentioned that they preferred 

using the switch to confirm that they had seen their letter instead of skipping to a new preview, 

while others felt the opposite. 

 

Figure 6. Number of participants ranking each condition as their 1st, 2nd, 3rd, and 4th most 

preferred typing interface. IP = Inquiry Preview. 

 

Sensitivity analysis 

We reanalyzed all four outcomes (typing accuracy and speed, classifier accuracy and speed) in 

the performance data omitting responses from the four participants whose EEG quality 

appeared poor. The same population-averaged clustered Poisson models were used as above, 

including clustered jackknife estimation of standard errors, and for each outcome the average 

marginal effects for each contrast (each IP condition vs no IP and each condition order vs 1st in 

sequence) under this sensitivity analysis (n=20) were compared to the primary results that 

included performance data from all participants (n=24). We found no important differences: no 

effects changed sign or differed in magnitude by more than approximately 40% in either 
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direction (usually less than 30%, and always so for the condition effects), and the standard 

errors were larger by approximately the amount expected from the smaller sample size. Effect 

estimates were sometimes smaller and sometimes larger in the sensitivity analyses, with no 

apparent systematicity, and our conclusions about the impacts of IP condition and condition 

order on performance were entirely unchanged. These sensitivity results suggest that we 

experienced no outlier problems or lack of model fit due to the inclusion of data derived from 

sessions characterized by poor EEG quality. See supplemental tables S6 and S7 for direct 

comparisons of sensitivity analysis results to primary results. 

Experiment 2: End user case study 

James completed all four planned study visits. Four words from three typing sessions were 

repeated due to signal noise. The bar chart in figure 7 displays his typing performance results 

(percent of targets copied and targets copied per minute) for the first and second conditions 

within each session; boxes representing the median and interquartile range for the control group 

are included for comparison. James averaged 2.5 switch activations per selection for the IP 

confirm condition, and 0.3 activations per selection for the IP skip condition. His mean UX 

questionnaire responses (across two sessions for each condition) and condition rankings in 

order of preference are presented in table 3. He gave his highest UX ratings to the IP confirm 

condition, selecting the most favorable rating for every workload and satisfaction item for both IP 

confirm sessions. He gave generally favorable ratings (2.5 or below on the 7-point scale, with 

lower scores indicating easier workload or greater satisfaction) to the standard RSVP and IP 

skip conditions, and slightly less favorable ratings (particularly for frustration and typing speed 

satisfaction) to the IP only condition. He ranked the conditions as follows, from most to least 

preferred: standard RSVP, IP skip, IP confirm, IP only. James’s comments about each condition 

are included in supplemental table S5. He preferred the standard RSVP condition in part 
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because “it’s what I’m used to” from previous interaction with the RSVP Keyboard as a research 

team member and study participant. He reported that both IP confirm and IP skip made him feel 

“more in control.” 

 

Figure 7. Percentage of target letters copied and targets copied per minute for each typing 

session conducted with James. Data are presented in order of collection, with two typing 

sessions in each of the four visits. Bars represent James’s results, and the box on each bar 

indicates the median and interquartile range for control participants for the same condition, as 

shown in figure 4. IP = Inquiry Preview. 
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Table 3. Mean user experience ratings (averaged across two sessions for each condition), 

condition ranking in order of preference, and mean performance outcomes for each condition in 

Experiment 2. Rating scale ranged from 1 (best: extremely low workload or extremely satisfied) 

to 7 (worst: extremely high workload or extremely unsatisfied). For preference ranking, 1 

represents the participant’s most preferred condition. IP = Inquiry Preview. 

  
Standard 

RSVP 
IP only IP confirm IP skip 

Workload         

Physical effort 1 2 1 2 

Mental effort 1.5 1 1 1 

Time pressure 1 1 1 1 

Frustration 2 4.5 1 2.5 

Overall workload 1.5 1 1 1 

Satisfaction         

Typing accuracy 1.5 2.5 1 2.5 

Typing speed 1.5 3.5 1 1 

Overall satisfaction 2 2.5 1 1 

     

Preference ranking 1 4 3 2 

     

Performance     

% target letters copied 57.5% 32.5% 75.0% 42.5% 

Targets copied per minute 1.00 0.34 1.40 0.53 

Switch activations per 
selection 

N/A N/A 2.5 0.3 

4. Discussion 

As non-implantable, wearable BCIs become a reality, design must be driven by potential end 

users, and pilot experiments must be presented as preliminary research and development 

steps. In this study, potential cBCI end users provided guidance on the choice of switch 

functionality and the Inquiry Preview interface layout as part of a user-centered design process. 

We demonstrated proof of concept for the IP interface and for fusing switch input evidence with 
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EEG and LM evidence in RSVP Keyboard typing tasks, with improved typing performance and 

user experience for some (but not all) study participants.  

 

IP was designed to incorporate switch input as an additional control signal in a multimodal BCI 

system to take advantage of the residual motor function of some users. For example, some 

individuals may have enough strength and range of motion to activate a switch, but may 

struggle with the precise timing required for automatic scanning, or fatigue quickly such that 

they cannot use switch activation frequently for long periods of time. Depending on how it is 

configured, IP can offer single-switch input capability that is less time-dependent, more tolerant 

of unintended or missed activations, and requires fewer activations per character selection than 

automatic scanning. For certain users, adding switch input to a hybrid cBCI with the IP interface 

may support faster, more accurate, and more reliable communication access than either 

traditional switch scanning or EEG alone. More investigation would be needed to explore how 

the performance of a hybrid cBCI with IP compares to switch scanning for people with SSPI. 

 

Among control participants, both typing performance and classifier performance were better 

under the standard RSVP condition compared to any of the IP conditions, with the worst 

performance observed under the IP only condition. However, there was considerable inter-

subject variability, and some participants, including the end user participant in Experiment 2, 

demonstrated improved performance with one or more of the IP conditions compared to 

standard RSVP. This reinforces the results of several previous studies indicating that poor 

performance with one type of BCI does not necessarily predict poor performance with a different 

BCI.(14–16) The field continues to move away from the concept of “BCI illiteracy” and toward a 

landscape in which there are many options to suit the needs and preferences of individual 

users.(31) 

 

https://www.zotero.org/google-docs/?yabBJA
https://www.zotero.org/google-docs/?gF0Zfl
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Condition order appeared to affect typing and classifier performance, with large detrimental 

effects noted for the last condition of the day for control participants. Fatigue, boredom, and 

waning attention may affect RSVP Keyboard performance regardless of the interface and input 

method(s) used.(32) 

 

UX feedback revealed wide variation in participants’ perceptions of their workload and 

performance, as well as their preferences for one condition over another. Responses on nearly 

all Likert scale items related to workload and satisfaction spanned a range of 6 to 7 points on 

the 7-point scale. No condition emerged as a clear favorite among participants. Half of the 

control participants ranked standard RSVP as their favorite condition, but 25% ranked it as their 

least favorite. IP only and IP skip were tied for the worst-rated condition overall, but each was 

ranked first by at least two participants. Preference rankings did not necessarily align with typing 

performance results; for example, end user participant James identified standard RSVP as his 

favorite condition, despite demonstrating faster and more accurate performance with IP confirm, 

which he ranked as his 3rd most preferred condition. This discrepancy again highlights the need 

for multiple options in BCI systems and configurations, as well as the importance of collecting 

and reporting UX feedback in BCI studies. Self-rated user system satisfaction was moderately 

correlated with percent of target letters copied but weakly correlated with typing speed. This 

may reflect variability in user preferences in balancing speed vs accuracy.(33)  

 

Participants had mixed opinions on using switch input with RSVP Keyboard. Some liked it, 

reporting that pressing the “button” made the task feel more “active,” made the user feel “more 

in control,” or “made the system move along faster.” Participants who disliked the IP only 

condition (without switch input) reported that it felt slow and that they “didn’t feel in control.” One 

survey of potential BCI end users found that many report a preference for active strategies for 

cBCI control, such as imagined movement,(19) so the option of using an active strategy based 

https://www.zotero.org/google-docs/?R5VTKp
https://www.zotero.org/google-docs/?U8JJJZ
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on actual movement may be appealing to those with some residual motor function. The copy-

spelling task also tended to take longer with IP only than with the other versions of the system 

(as shown in figure 4), in part because the preview was shown for the maximum duration before 

each inquiry instead of being cut short with switch input on some inquiries. Other participants in 

the current study preferred the conditions without switch input, with one stating that “the button 

felt weird when you are already using your thoughts for the letters.” On average, typing under 

the IP confirm condition required approximately ten times as many switch activations as typing 

under the IP skip condition. Most control participants, as well as the end user participant, 

reported that both switch-input conditions required low physical effort. However, some BCI 

users with minimal voluntary movement may find switch activation more effortful and fatiguing, 

and might prefer IP skip because of its relatively low physical demands. 

 

An additional outcome of this study was the successful implementation of user-centered design 

activities via videoconference. Videoconferencing and screen sharing worked well for co-design 

and interface prototyping, allowing consultants and researchers to collaborate and to create and 

modify prototypes in real time. These techniques may be a valuable option for reducing barriers 

to the participation of people with SSPI in user-centered design, as well as reducing the costs to 

researchers. Our consultants all used AAC or alternative access methods in their daily lives, 

either currently or in the past, and had used earlier versions of the RSVP Keyboard as study 

participants. Their previous BCI use was helpful for their participation in the co-design process 

as they could imagine how the new features would add value, improve performance, or reduce 

frustration compared to their previous experiences. Co-design consultants expressed different 

preferences for new RSVP Keyboard features, as reflected in table 1. It is possible that involving 

a larger group of consultants may have led to stronger consensus, but that was not essential to 

our goals for this user-centered design process. We learned that this small group of 

experienced RSVP Keyboard users broadly agreed that all of the proposed features were 
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potentially useful, and we were able to apply ideas generated during co-design to the final 

iteration of the feature that we believed was the most innovative and had the most potential to 

improve system performance. In this case, user-centered design did not lead to the identification 

of a single most popular feature to target for development, but it did reveal several features that 

end users felt would add value. One of our team’s major goals is to increase the customizability 

of cBCI systems for individual users, and these features will be included in future system 

development to expand the options available. 

Within this complex, interdisciplinary field, potential and actual end users with SSPI play 

many different roles. They guide us in design decisions, as is evident in the choice of the new IP 

feature. They share their values and opinions.(34) They participate in iterative development so 

that the systems remain relevant and usable. They test systems and provide feedback. In this 

study, although much of the usability testing for Inquiry Preview was conducted with control 

participants without disabilities, we involved end users with SSPI in several key phases of 

design, development, and evaluation. This combined approach, involving participants both with 

and without severe disabilities, may be appropriate in many cases in BCI research, particularly 

given the difficulty of finding and recruiting participants with SSPI and the need to accommodate 

their schedules, locations, and health needs. Inclusion of individuals with SSPI is a matter of 

justice,(35) and decisions about when it is best to add their values, opinions, suggestions and 

feedback should be guided by the end users themselves. 

Limitations 

Although this study demonstrated proof of concept for IP and switch input for the RSVP 

Keyboard, generalizability to potential BCI user populations is limited due to its small overall 

sample size and inclusion of a single participant with SSPI. Additionally, the use of a classifier 

based on data from a standard RSVP calibration task during copy-spelling for all four conditions 
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may have affected typing performance during the IP conditions, as advance knowledge of the 

stimuli to be presented might modify the brain response. Further investigation is needed on this 

topic.  

 

The language model bugs identified during data analysis for Experiment 1 form another 

limitation. While a few minor bugs decreased its performance slightly, the most notable bug was 

the way in which the RSVP Keyboard evaluated possibilities. We suspect that the bugs present 

in Experiment 1 resulted in a higher variance in the accuracy of the LM predictions. While the 

impact on any particular user depends on the exact stimuli they encountered, we do not have 

reason to believe that these bugs impacted any particular experimental condition 

disproportionately. 

 

Finally, the fixed switch error rate (5%) used in this study may not be appropriate for all users or 

all situations. Some users may be prone to accidental switch activations due to involuntary 

movements, or missed activations due to fatigue, attention, or other fluctuating user states, and 

would benefit from a higher error rate. Others may have consistently high switch input accuracy 

and may prefer a lower switch error rate to more quickly drive the BCI toward their intended 

target. In future work, we will consider 5% as the default rate and adjust it based on user needs 

and preferences. 

5. Conclusion 

Inquiry Preview offers a novel multimodal interface for the RSVP Keyboard cBCI, incorporating 

switch input as an additional control signal for users with residual motor function. Variability in 

typing performance and user experience across participants highlights the importance of 

flexible, customizable cBCI systems that can adapt to individual users’ needs and preferences. 
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Future work will involve additional testing and refinement of Inquiry Preview and switch input 

with end users, and continued development of BciPy with additional options for control signals, 

interfaces, and user-specific configuration. 
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