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Abstract 

 This project aims to develop a user-interface for BrainEx using HCI practices to enable 

fNIRS researchers to explore and analyze large datasets. The target users were identified through 

interviews with lab staff and developing user personas. Through iterative design, prototypes of 

increasing complexity and detail were designed, evaluated, and refined to satisfy user needs while 

fulfilling system requirements. The final application encompasses a user-friendly and tested 

interface that accomplishes the toolôs most essential functionality.  
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Executive Summary 
 BrainEx is a command-line Brain Computer Interface (BCI) application that allows 

researchers to find k best matches for time series sequences representing functional near-infrared 

spectroscopy (fNIRS) data (Dubey, et. al., 2019). The team iteratively prototyped and began 

implementing the frontend for the application using Human-Computer Interaction (HCI) 

methods and principles.  

Human-Computer Interaction is a multi-disciplinary field that focuses on advancing user 

experience through methods such as iterative development and user-centered design (IDF, 2019a; 

Usability, 2017b; Mora, 2015). According to HCI principles, in order to maximize usability and 

utility of user interfaces, developers should strive for continuous and informative communication 

with the user in their application (Schneiderman, 2013). To create user-friendly applications, 

designers must gather user requirements and continuous feedback in the process known as iterative 

design. Iterative design, the process of creating prototypes of increasing detail and complexity 

while refining them based on feedback, allows developers to resolve problems early and make 

improvements quickly (Pidoco, n.d). 

Brain Computer Interfaces are a newer concept in the realm of HCI. A BCI is an interface 

that allows computers to sense and collect brain signal data directly from the brain (Guger, et al., 

2019). fNIRS is the use of near-infrared spectroscopy that allows researchers to measure blood 

hemoglobin levels to collect brain signal data (Grohol, 2017). It is relatively non-invasive and uses 

a portable cap and light sensor system. According to Tan and Nijholt (2010), many BCIs are often 

lacking in user-centered design is because the field of BCI ñis just now coming out of its infancyò. 

As fNIRS is a relatively new field, there is limited progress developing customizable and usable 

research tools that could widely apply to projects outside of the original developersô research 

scope. As a result, fNIRS researchers often develop their own tools for their own research, resulting 

in functionality being prioritized over usability (Anonymous lab researcher, personal interview, 

September 10, 2019). 

The WPI HCI lab, led by Professor Erin Solovey, aims to conduct research on mind 

wandering and focus control using fNIRS data and various fNIRS research tools. Researchers in 

the lab perform data collection, preprocessing, and processing/data analysis. Each of these pieces 

of the overall lab workflow includes specific tools tailored to the task. 

Recently, the HCI lab has begun to develop a new tool to join their current suite of tools. 

BrainEx is a data analysis tool for time series data that was developed to allow researchers in the 

WPI HCI Lab to efficiently explore the large amount of brain data collected from various 

experiments (Dubey, et. al., 2019). This tool allows users to find k best matches to a given time 

series sequence. The current BrainEx application has been designed to be a research-oriented tool 

that operates through the command line. In order to expand the user base and reduce the learning 
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effort, our team set the project goal to develop that interface through user-centered design and 

rapid prototyping. 

Once the teamôs goal was decided, we accomplished the following objectives to complete 

the project:   

1. Explored existing BCI tools by conducting usability analyses  

2. Collected and analyzed user requirements to identify target users  

3. Determined system requirements through design specification modeling and task 

analysis  

4. Designed rapid prototypes using an iterative design strategy  

5. Completed development of the basic pipeline of the proposed application 

6. Gathered user feedback and planned for future development 

In order to complete the first objective, the team rated multiple tools using predetermined 

usability parameters; the team also interviewed users in the lab that use the tools to find out their 

usability and utility. After completing this objective, our team had a better understanding of the 

current toolsô strengths and weaknesses. Thus, we were able to better avoid the same flaws 

within their future design of the BrainEx interface. 

The second objective required two parts. First, the team interviewed undergraduate and 

graduate lab staff to gather user-experience feedback about the current operation of the lab as 

well as collect user requirements for the BrainEx interface. From this, they were able to compile 

a set of user personas that reflect the current users within the lab to better have the user in mind 

when designing. The team also interviewed several developers of the BrainEx command line tool 

to gather specific details on its various functionalities and how a user-interface could best 

incorporate and transform these functionalities. The developer interviews gave the team the 

information they needed to create a simplified state diagram and conducted a task analysis based 

on potential user needs/tasks with BrainEx. 

Once the team understood user needs, they created conceptual, semantic, syntactic, and 

lexical models outlining the functionalities and architecture of the BrainEx command line tool. 

These models allowed the team to fully understand the capability and limitations of the current 

BrainEx system. The models allowed the team to consider the systematic design of the 

application before designing the interface. 

After completing the first three objectives, the team had enough understanding of the 

system to begin designing the interface. In order to adhere to the HCI principles of iterative and 

user-centered design, the team created four prototypes and received user feedback on each one.  

1. First, to confirm that the team had understood user needs correctly, the team designed 

storyboards which outlined the prominent features of the application. The storyboards 
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were then presented to users for feedback. Based on the collected user feedback, the team 

corrected any major misunderstandings about the application and learned the importance 

of how different functionalities are communicated to the user and how each individual 

functionality should be presented.  

2. Next, to establish the basic design structure of the prototype, the team designed a low-

fidelity prototype on Balsamiq with interactions. The prototype was then presented to 

users for feedback. For this prototype, users were confused with the way user testing was 

conducted, leading to an improvement of testing style in future iterations. In terms of the 

prototype itself, users were overall lost at what to do and where to look for things. The 

team decided to focus on developing a more intuitive control flow to reduce confusion. 

The team also revised the user testing protocol to make the procedure more 

understandable.  

3. To consolidate a more intuitive and navigable control flow of the prototype, the team 

designed a mid-fidelity prototype on Balsamiq with more interactions. The team also 

developed sitemaps to help with understanding during this iteration. Users were overall 

satisfied with the mid-fidelity prototype and indicated it was more intuitive than the 

previous iteration. More work could be done to reduce confusion risen from technical 

jargon or confusing names.  

4. The team decided to pay attention to basic error handling, the flow within each 

page/screen, and including more visuals in the next prototype. To add visual elements 

(color palette, appearance of graphs, graph legends) to finalize the prototype design, the 

team designed mood boards and a high-fidelity prototype on AdobeXD for a more 

customizable design. The prototype was then presented to users for feedback.  

The resulting high-fidelity prototype provides a concrete plan for the teamôs 

implementation of the interface. Users said that this prototype was easy to navigate when 

performing tasks. They completed their tasks quickly and were able to give more granular 

comments on the improvements to be made, such as clarification of language.  

Next, the team compared different popular web development frameworks, such as React 

and AngularJS, and also looked at its compatibility with other features such as including 

visualizations with Javascript libraries like D3.  During this period of time, Vandana also began 

the implementation of the application by programming a few interface pages in JavaScript. 

 Kyra, Margaret, and Yihan then continued the project by completing implementation.  

Kyra focused on creating a Python file that would allow information to be passed from the 

frontend to the backend and vice versa.  Yihan focused on data visualization and Margaret 

focused on other frontend implementation. 

Finally, we finished our project by soliciting additional user feedback. We then applied 

any minor user-experience changes suggested by users. We suggest that future developers in the 
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WPI HCI Lab continue to develop this application and add more useful features such as 

exploring both the raw and preprocessed data.
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1. Introduction 
 

BrainEx is a tool developed at WPI to facilitate Brain-Computer Interfaces (BCI) 

research, specifically in functional near-infrared spectroscopy (fNIRS) data (Dubey, et. al., 

2019). The goal of the tool is to find the k best matches for a subsequence of time series data of 

their choosing. It improves upon earlier tools with similar goals by using distributed computing 

to cluster similar sequences. This allows for BrainEx to find matches faster by minimizing 

computations. The accuracy and efficiency of the tool have been tested using data collected from 

fNIRS experiments within WPIôs HCI Lab. In these experiments, researchers gather 

concentration or focus data from the brain using an fNIRS cap.  

While the BrainEx tool is effective in achieving its goals, it is currently only a command 

line tool. To increase its usability and accessibility to more researchers in the WPI HCI lab, this 

tool needs a graphic user-interface (GUI). However, tools developed for fNIRS research are 

often ad hoc and development is more focused on functionality rather than usability. Therefore, 

this teamôs project aims to facilitate the research of fNIRS at the WPI HCI Lab by developing an 

intuitive graphical user-interface for BrainEx using effective Human Computer Interaction (HCI) 

design practices as an improvement on current tools.  

HCI has existed since the 1970s; researchers in this field study best practices in 

interactivity for people working with computers (IDF, 2019a). The goal is to make computer 

applications user-friendly by focusing on utility and usability. This means ensuring that 

applications are functional and easy to use. In developing an interface for BrainEx using user-

centered design, the team will streamline the workflow of the lab by reducing the time needed to 

learn and retain memory of the function of the application. 

The team met their goal of applying HCI design practices to BrainEx by identifying a 

methodology. The first objective of this methodology was to analyze the usability of existing 

BCI tools to identify gaps in understanding and user-experience. Then, the team identified and 

collected the necessary user requirements for the interface through completing user and system 

analysis. Next, the team outlined the system specifications and designed rapid prototypes of the 

BrainEx interface using an iterative design strategy. The team made sure to perform evaluations 

of the application among themselves and conduct user testing sessions with potential users to 

make sure prototypes are meeting the userôs expectations throughout the design process. Finally, 

all members of the team contributed to the development of the project. By completing these 

objectives, the team hopes to show the benefits of applying HCI to developing research tools, 

improve the BCI pipeline and efficiency of BCI research at WPI, and identify more areas for 

development.  
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2. Background 

2.1 An Introduction to Human-Computer Interaction 

Human-computer interaction (HCI) refers to the study of how the relationship between 

humans and technology can advance user experience (IDF, 2019a). Since the 1970s, HCI has 

increasingly become a vital part of developing technology with the rise of personal computers 

making it necessary for technology to be more widely usable.  

One goal of HCI is to identify a user-experience problem (e.g. accessibility issues caused 

by disabilities, complex processes, etc.) and solve the problem through user-centered design and 

iterative development (Carroll, 2012; Algrim, 2019). Feedback from users drives designs 

forward as designs are refined to fit usersô needs in both functionality and usability. Through 

every step, designers and developers check their understanding of user-specified requirements 

until a fully realized product has been created. By following HCI guidelines and applying its 

concepts to development, people can create useful products that are easy, if not enjoyable to use. 

2.1.1 The Principles of HCI  

To ensure that the systems developed are well-designed and useable, Schneiderman 

developed eight important principles (Schneiderman, 2013). These principles include:  

ƺ strive for consistency: consistency in both actions and visuals (e.g. terminology, 

prompts, menus, etc.) should be maintained throughout the application, especially 

in similar situations;  

ƺ enable frequent users to use shortcuts: as a user becomes more familiar with an 

application, they will want to reduce the time spent performing actions by using 

various shortcuts;  

ƺ offer informative feedback: each action prompts some form of feedback from 

the system, correlating to the complexity and importance of the action,  

ƺ design dialog to yield closure: related actions should be consolidated into one 

package that offers the user some sense of accomplishment when each set is 

completed;  

ƺ offer simple error handling: when a user makes a serious error, the system 

should both detect it and offer a simple solution;  

ƺ permit easy reversal of actions: allow a user to undo a recently performed action 

to reduce anxiety if they make an error;  

ƺ support internal locus of control: design the system so that the user initiates the 

actions rather than the system so that they feel in control of the application; and  
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ƺ reduce short-term memory load: keep displays simple, functionality 

consolidated, and distractions limited to not force the user to remember more than 

necessary.  

In short, continuous and relevant communication between the user and the system is 

essential for usability. The workflow of an application should be as simplified as possible while 

still accomplishing a task as desired. No matter the specific needs of the user, these principles 

should be followed during the design process.  

2.1.2 The User-centered and Iterative Design Process  

The user-centered design process (UCD) ensures that common mistakes such as inefficient 

development practices, unmanaged risks, poor communication, etc. are avoided (Usability, 

2017b). There are four basic activities in the initial design process (Usability, 2017a):  

1. understanding the problem space,  

2. identifying user requirements for a useful product,  

3. creating interactive versions of the design(s), and  

4. testing and evaluation of the design(s) with users.  

Before tackling any problem, it is important to understand the environment in which the 

problem exists. Designers should consider who will use the product, what they will use it for, 

and how they will use it, also referred to as user requirements, through interviews, focus groups, 

surveys, and other methods. The user requirements can then be transformed into the initial 

design.  

Those using UCD concepts create several successive designs, or prototypes, of their 

product that increase in detail and complexity until the final design is fully realized (Mora, 

2015). A prototype is a powerful and effective way to quickly collect feedback on a design or 

product and they can take many forms (IDF, 2019b). The complexity ranges from simple, low-

fidelity prototypes to high-fidelity ones with visuals and interactions (Solovey, 2019g). 

Prototyping is important because, in the initial data collection stage, feedback from target users is 

based on either existing products or a description of features that do not yet exist. Users share 

what they might think or do given their mental model and the information provided without a 

concrete example in front of them to which to react. While this is useful when starting to develop 

an initial prototype, it does not lead to a perfect product. With concrete examples, the user can 

demonstrate the usability of the design in real-time and save costly development time (Usability, 

2017b).  

 

Prototypes of how the product will look are created and tested to refine how elements are 

arranged and tasks are represented. An initial prototype is created and tested with users; any 

issues with the prototype (appearance, control flow, clarity, etc.) are recorded and analyzed. A 
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report of these findings, including prioritized Usability Aspect Reports (UARs) that detail critical 

issues (how many users experienced them, what kind of issue was it, the severity of the issue, 

etc.) and a summary of general findings can give valuable insight into what changes to make in 

the next iteration (Affairs, 2013). Before any actual implementation is done, developers iterate 

through this process to create the best design solution possible, which saves both time and money 

for both the developers and the stakeholders (Usability, 2017b). The next iteration is then refined 

to eliminate problems, and this process repeats until the product is ready (Pidoco, n.d.). These 

iterations must be created quickly, making wireframing and prototyping tools very useful. An 

illustration of this process can be seen in the figure below: 

 
Figure 1: An illustration of the iterative design cycle through rapid prototyping. Adapted from Iterative 

Design by Pidoco. n.d. Retrieved from https://pidoco.com/en/help/ux/iterative-design 

One of the most important reasons to use iterative design and prototyping is that it results 

in a much more usable application (Affairs, 2013). However, it also helps developers eliminate 

flaws in early stages of development that would otherwise be expensive to fix later. With 

constant user feedback throughout the development process, the product evolves according to the 

userôs needs, thus resulting in the most useful and cost-effective solution. 
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2.2 Brain-Computer Interfaces  

Brain-Computer Interfaces (BCI) are a newer space in the field of Human-Computer 

Interaction. BCIs have provided a new method for people to convey messages with brain data. 

These technologies collect real-time streams of brain data from people performing cognitive 

activities while a signal detecting device receives their brain data. According to Guger et al., 

(2019), four main components must exist in all BCIs: 

1. sensors that can detect brain activity (most of which are non-invasive),  

2. automated signal processing software that is used to identify brain activity,  

3. an external device that provides feedback based on the processed signal, and  

4. an operating environment that controls how the above three components interact with 

each other as well as the end-user.  

  

 

Figure 2: An example BCI annotated with the four main components 

In the early stages of BCI research, most researchers were focused on BCIs that could 

facilitate communication for disabled people (Guger et al., 2019). In the past several years, BCI 

research has been extended to many new applications outside of the medical field, such as 

education (Brockington et al., 2018). 
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2.3 Functional Near-Infrared Spectroscopy (fNIRS)  

Functional Near-Infrared Spectroscopy (fNIRS) is a type of functional neuroimaging 

technology that offers a non-invasive, safe, portable, and low-cost method of indirect and direct 

monitoring of brain activity. It allows researchers to collect brain data through a cognitive brain 

monitor and monitor blood flow and oxygen levels in the various parts of the brain by measuring 

changes in near-infrared light. It is a relatively new technique but has shown promising results in 

studies done to-date (Grohol, 2017). 

During fNIRS experiments, users wear caps with sensors to monitor brain activity. The 

fNIRS sensor is attached to the userôs cap, as shown in Figure 3 below, and can be monitored 

through a BCI that is either connected directly to a computer or a portable computing device that 

records the userôs data as they engage in specific tasks. The advanced signal processing allows 

real-time brain data collection during the execution of the task (Grohol, 2017). Changes in brain 

activity are then measured by blood hemoglobin ˈ the protein molecule in red blood cells that 

carries oxygen from the lungs to the body's tissues and returns carbon dioxide from the tissues 

back to the lungs ˈ and oxygenation levels in particular brain regions. One of the important 

brain regions that is most commonly measured is the prefrontal cortex because it is the part of 

the brain that is responsible for planning complex cognitive behavior, personality expression, 

decision making, and moderating social behavior (Grohol, 2017). Depending on the researcherôs 

preferences, collected fNIRS data is parsed and stored so it can be used for further research to 

test hypotheses on brain activity and workload (University of Connecticut, 2017). 
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Figure 3: Pictures of an fNIRS cap, front and back, from the WPI HCI lab. Note the annotated features 

that allow the cap to collect data. 

Some of the many reasons to use the fNIRS-BCI system are because it is safe, can 

produce accurate results, and is portable. The fNIRS cap that the users wear emits no more light 

into the userôs brain than the amount of sunlight that human skin is exposed to while walking 

outside, making it largely harmless to the wearer (University of Connecticut, 2017). In addition, 

fNIRS can produce highly accurate results of brain data collection because it is more tolerant of 

errors such as the motion of the sensors on the cap (NASA, 2019). It is advantageous over other 

neuroimaging systems because it directly measures blood oxygenation levels (Tak & Ye, 2013). 

Moreover, fNIRS is portable as it can easily be taken anywhere and does not take up much 

space.  

2.4 The WPI HCI Lab 

The WPI HCI Lab, led by Professor Erin Solovey, defines one of its goals as conducting 

research to seek ways to classify cognitive states of mind wandering and focus control with 

fNIRS-based brain data. Students of various educational backgrounds and progress collaborate 

with Professor Solovey and other, sometimes interdisciplinary, professors to facilitate research 

and develop tools to assist in that research. The research is divided into three overarching stages: 

data collection (i.e. using the fNIRS brain cap and data collection tools), preprocessing (i.e. 

removing noise and truncating unneeded data), and processing (i.e. data exploration and 

analysis). The lab uses both open source fNIRS data analysis tools (both from external and 
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internal developers) and proprietary software developed by NIRx Medical Technologies to 

perform each stage. Figure 4 below illustrates the main three stages as well as the goals and tools 

that fall under each phase. Each stage is also annotated with known areas of improvement if 

there are any. This section will then give a brief overview of each tool listed, as well as any tools 

used in the past. More information about each of the tools as well as an analysis of their usability 

can be found in Chapter 3, as understanding the current solutions to a problem is crucial in 

developing a new one.  

 
Figure 4: Diagram of the overall workflow in the WPI HCI Lab. Processing applications denoted in 

Stage 3 have not been fully developed at the time of this diagramôs creation. 

2.4.1 Data Collection Tools 

Aurora  (see Figure 5) is a tool designed to acquire fNIRS data. It is able to establish a 

wireless connection with the fNIRS device known as the NIRSport2. Users can create multiple 

configurations in Aurora, allowing various ways of measuring data with different regions of the 

brain (see Figure 5). It also provides basic functionalities like displaying montage (i.e. 
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visualization for monitoring the channel connections) and data plots to ensure a smooth data 

collection process. 

 
Figure 5: Signal Calibration screen from Aurora. November 17, 2019. 

The Real-Time fNIRS Data-analysis (RTFD) tool (see Figure 6) was designed by WPI 

students working in the lab to facilitate the fNIRS data collection process in conjunction with 

Aurora. It parses the fNIRS brain data from Aurora into the CSV format simultaneously as the 

application receives it. As of right now, it provides a user interface for uploading the data to the 

WPI HCI lab server. The developers are hoping to incorporate visualizations of different 

channels into RTFD and some basic error handling prompts in the future. 

 
Figure 6: RTFD developed by WPI students working from the HCI Lab. November 17, 2019. 

2.4.2 Data Preprocessing Tools 

NirsLab  (see Figure 7) is used as a preprocessing tool to prepare data so that additional 

operations such as machine learning algorithms can be applied to further analyze and draw 
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conclusions from the data. The application has many features for preprocessing data, but the lab 

primarily uses the truncate time series, check raw data, and apply frequency filter methods. The 

data analysis features are also used to view useful graphs and visualize the data.  

 

Figure 7: Screenshot from NirsLab with the truncate, check, apply, and data analysis functionalities 

highlighted. November 2019. 

The Matlab_GUI (see Figure 8) is a graphical user interface developed in MATLAB by 

Professor Soloveyôs previous students at Drexel University that is used to preprocess collected 

experimental fNIRS data offline. The functionalities implemented in the GUI were designed to 

streamline analysis of fNIRS data by allowing users to visualize the whole time series, translate 

from raw data to de-oxy/oxy hemoglobin values, and view specific time intervals. It also allows 

users to export the data they are viewing in either CSV or *nirs format. 
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Figure 8: Screenshot of the Matlab GUI developed by Drexel students. Screenshot Retrieved November 

20, 2019. 

2.4.3 Data Processing/Analysis Tools 

Homer2 (see Figure 9) is a Matlab-based application that has been around since the early 

1990s (NITRC, 2019). According to the official documentation (Homer-fNIRS, n.d.), the 

software has been widely applied to fNIRS-based projects and has many processing methods that 

have been implemented to support various kinds of fNIRS-based research. Its primary purpose is 

to convert fNIRS data into maps of brain activation so the data can be viewed, analyzed and 

processed further down in the data handling pipeline (fNIRS Analysis, 2019). All the functions 

can also be executed at the script level, allowing for more flexibility. 
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Figure 9: Homer2 screenshot. Adapted from Homer2, 2017. Retrieved from 

https://www.youtube.com/watch?v=MM4CB6K2Nec. 

2.5 BrainEx 

When learning the overall pipeline pictured in Figure 4, the team discovered that a WPI 

team was currently developing a command line tool to help with data analysis. BrainEx is a tool 

designed for similarity exploration of brain data for neuroadaptive technology (Dubey et al., 

2019). It uses ñdifferent similarity distances for robust identification of similar patterns in the 

brain data during complex tasksò. In short, it finds the k best matches for a user supplied time 

series sequence. 

 While classifying continuous time series data has remained a challenge in neuroadaptive 

technology, BrainEx approaches this problem by using dynamic time warping to compute the 

similarity between sequences with different lengths and temporal alignments (Rakthanmanon et 

al., 2012). Common issues within large datasets such as computational overhead are solved by 

using a ñprocess one, query manyò approach to effectively reduce the data mining space. Using 

simple-to-compute pointwise distances including Euclidean, Manhattan, Chebyshev, etc, the 

resulting dataset is reduced in size which makes exploration of specific warped counterpart 

distances more efficient. The application uses the time warped versions of these distances to 

improve similarity calculations for time series data. The below screenshot of the provisional 

interface created by the development team shows the annotated features of Brainex (see Figure 

10). 
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Figure 10: Screenshot from the BrainEx UI. Adapted from Dubey et al., 2019. 

 In a recent proceeding by Dubey et al. published in 2019, BrainEx showed promising 

evidence for supporting time domain data exploration to identify similar sequences of brain data. 

It is capable of performing robust identification of similar patterns in the brain data during 

complex tasks using different similarity distances. This will serve as the foundation for 

interactive systems allowing cognitive states and adapting system behaviors to be better 

classified in the future.  

2.6 HCI and fNIRS  

The fNIRS-based BCI tools are limited as they often cannot deliver exactly what the lab 

team wants to achieve. Many of these tools are developed by neuroscientists who have specific 

research needs that may not match up with another labôs needs (anonymous lab researcher, 

personal interview, September 10, 2019). Hence, sometimes the importance of making the tool 

intuitive and easy-to-use for novices is overlooked. 
In addition, one of the reasons user-centered design is often lacking in BCI applications is 

because the field of BCI ñis just now coming out of its infancyò (Tan and Nijholt, 2010). The 

emerging state of the field leaves very few resources in past research and existent tools for 

researchers. Professor Solovey suggests that her labôs practice of using a combination of off-the-

shelf tools and custom-made tools is common practice across the field due to this gap (personal 

correspondence, August 28, 2019). As such, most research is currently focused on the 






































































































































































































































































































































