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SYNOPSIS
This master thesis concerns the development of a text
writing technique with only 4 inputs (Fi-WRITE).
The primary motivation for this thesis comes from the
need for an efficient text writing ability for people
suffering from motor disorders. This text input
technique therefore targets both the Brain-Computer
Interface field, where inputs are given by imagination
instead of muscular movements, as well as the non-BCI
field.
Based on this challenge, an overall research question
was designed. This question was then divided into two
sub-questions, each marked by two phases which
resulted in a research article. Through a number of
experiments, the two articles together give an answer to
our overall question. For the BCI part, we used the BCI
system being developed at Aalborg University, while
for the non-BCI goal we used a computer keyboard.
Our results showed that our texting technique, FiWRITE, was applicable in both BCI and non-BCI
fields. Our best result in non-BCI usage was measured
to 12.68 WPM, while in BCI we were not able to
measure the efficiency.
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PREFACE

This master thesis is written in the spring 2008, by an Informatics student and a Software Engineering
student of the Department of Computer Science at Aalborg University.
This report gives an overview of the complete master thesis, by presenting the essential parts from the
project. Our master thesis resulted in two articles, which are included in the appendix section. Since this
report is based on the articles, it will have repetitions of some parts.
When the words we and our are used, they refer to the authors and he refers to he/she.
We would like to thank all the test subjects who participated in the experiments throughout the project
period. We would also like to thank our supervisor, Jan Stage, for a great support in this thesis. Finally,
we would like to thank the BCI-team at Aalborg University for the cooperation in the final experiment.
The Fi-WRITE application is included on the enclosed CD.
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1 INTRODUCTION

For text writing on computers, full-sized keyboards have been by far the most common and efficient text
input devices. Standard computer keyboards are designed so each letter in the alphabet is mapped into
each key on the keyboard. This allows the user to write text in high speed with the only physical
requirement being to have hands. However, a keyboard is not efficient or suitable in all situations.
This could be for the following reasons
•
•
•

The device which provides the text writing could be too small to include a fully-sized keyboard.
The text input is supported by a non-keyboard device only.
The interaction between human and computer cannot be realized using muscular movements.

In all these situations, using a keyboard will be inadequate. It is therefore important to develop a
technique in which text can efficiently be entered in the situations mentioned above.
A more concrete situation where there is a need for an efficient text writing technique is in the field of
Brain-Computer Interface (BCI). In BCI, the interaction between a human and a computer is obtained by
the human mind and not other muscular movements. BCI has several aims, but one important motivation
is helping people with severe disorders. According to WebMD [1] 1-2 of 100000 worldwide are suffering
from these kind of disorders. In cases where people become totally paralyzed, the communication with
their surroundings becomes significantly weakened. A text writing technique can return to these people
their ability to communicate with the rest of the world.
At Aalborg University, a group of researchers (from now on referred to as AAU BCI-team) are
developing a BCI system. This BCI system allows 4 inputs only. This is equivalent to using a keyboard
with only 4 keys. The AAU BCI-team use non-invasive BCI in their development, and receive the
electroencephalography (EEG) signals through an electro-cap, and not through a chip directly implanted
into the brain, as invasive BCI does. The system with which we will be working provides online data
analysis, so the information from the electro-cap can give feedback to the user while he is using it.
Thus, in this thesis, the aim is on developing a text writing technique targeting BCI. On the basis of the
above mentioned problem, the overall research question for this thesis is formulated as:
Can we realize an efficient text input technique based on a limited number of inputs with a high level of
usability, which is usable in both BCI and non-BCI context, and what is the efficiency of this?
To evaluate whether the technique has high level of usability, we will let the test subjects rate the
usability by a scale from 1 to 9, where 1 is poor and 9 is high. This scale was chosen to give the subjects
the possibility to rate neutrally. Thus, the definition:
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Usability, is measured by a user based usability evaluation. Users will give a score from 1 to 9 in a
number of questions [2] by comparing Fi-WRITE with other text writing applications. If the total average
score passes 6, which is in the top third, we will rate it as high usability.
Efficiency can be defined in many ways. In the article: Measuring Usability: Are Effectiveness,
Efficiency, and Satisfaction Really Correlated? [3], the efficiency is defines as:
Efficiency, which is the relation between (1) the accuracy and completeness with which users achieve
certain goals and (2) the resources expended in achieving them. Indicators of efficiency include task
completion time and learning time.
We will follow the same definition and use the task completion time as the only indicator of efficiency.
To measure the task completion time we will use WPM (words per minute). A word is defined to have the
length 4.4 characters [4].
The overall research question consists of two sub-questions, which each intend to give an in-depth answer
to the overall question. The two sub-questions also define the two phases of this project: BCI and nonBCI.

1.1 RESEARCH QUESTION 1
The first research question in this thesis is based on the development part of the technique. The primary
focus is designing an efficient text input technique with high usability, based on 4 inputs only. For this,
the idea is to design three prototypes and evaluate them in a number of experiments and thereby find the
best one with regard to usability and efficiency. All these lead to the formulation of the first research
question:
Can we design a text writing technique based on a limited number of inputs, which has a high level of
usability and efficiency?
The intention is to design a number of text input techniques and compare them against each other to find
the overall best one. Efficiency and usability will be evaluated for the selected technique. This research
question concerns realizing the text input technique, thus this goal will be attained by experiments in nonBCI environment. To evaluate the efficiency and usability we will use the same definitions as mentioned
above.

1.2 RESEARCH QUESTION 2
The second phase involves Brain-Computer Interface. The desire is to evaluate the use of our technique,
Fi-WRITE, in Brain-Computer Interface perspective and examine the efficiency of it. This leads to the
second research question:
Is it possible to use BCI to enter characters in Fi-WRITE and what is the efficiency of this?
To evaluate the efficiency, we will examine the completion time of tasks. The same definition as
mentioned earlier will be used, thus we will use the measurement unit WPM. The intention is to compare
our results with similar results under the same conditions. For this evaluation we will use the BCI system
being developed at Aalborg University.
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2 THE RESEARCH ARTICLES

This chapter presents the two articles which form the basis of this thesis. The articles give individual
answers to the corresponding research questions, while contributing to a joint answer to the overall
research question for this project. The first article describes the development of the technique, while the
second article puts the technique into BCI context. The articles can be found in the Appendix.
•

Article 1: Fi-WRITE: A Text Input Technique Based On 4 Inputs

•

Article 2: A Study of Fi-WRITE, A Text Input Technique With 4 Inputs, in Brain-Computer
Interface Context

2.1 ARTICLE 1: FIWRITE: A TEXT INPUT TECHNIQUE BASED ON 4 INPUTS
The aim of this article was to examine how to make an efficient input technique with only four inputs
available. The article focused on the development and evaluation of such a technique, without having
Brain-Computer Interface directly involved with it. But the goal of having the technique support BCI
usage in a later stage required having some BCI requirement in mind when designing the prototypes for
the final technique. One major requirement was an enforced delay time of 3.5 seconds between the inputs.
The BCI system at AAU was not able to give continuous inputs. Therefore the first part of this article
concerns the design phase, where three prototypes were designed and implemented. In the first phase of
this article we describe the development of the three prototypes. Beside the development of the technique,
the articles describe a number of experiments. In order to achieve our goals, it was necessary to perform
three experiments:
1. Rotation Experiment
2. Comparison Experiment
3. Evaluation Experiment
Two of the prototypes were based on rotations, so the first experiment concerned finding a suitable
rotation speed for these prototypes. The subjects, who participated in this experiment, were asked to write
the same text in each rotating prototype using three different predefined speeds. Having found a suitable
rotation speed, the next experiment was the comparison experiment where all three prototypes were
compared. The comparison was based on task completion time, workload and an overall comparison in
regards to each other. Twelve subjects were asked to write a sentence which we defined. They were
introduced to the prototypes, to make them feel comfortable with the techniques, before the actual
experiment was conducted. The workload was measured by using NASA TLX [5] [6], where each subject
had to answer and compare different values regarding workload after testing each prototype. The overall
comparison part was evaluated by using a questionnaire that was administered at the end of the
experiment. The purpose was to compare each prototype in relation to each other by giving the best
prototype a score of 1, the next-best a score of 2 and a score of 3 to the poorest one. All three factors (task
completion time, workload and comparison) were equally important. For a combined value, the individual
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proportional differences (the differences in percentages) are what matters. Since, in all three factors, the
lowest value is the best, the total scores are simply calculated by multiplying the three values. In this way
it is only the difference in percent which matters, and the fact that the value in speed is a lot higher than
the value in TLX makes no difference in the result. This calculation can only be done if no values are 0.
The results are seen in Table 1.

Prototype A
Prototype B
Prototype C

Task completion
time (seconds)

Workload
(TLX)

Overall comparison
(1-3)

127

84,28

1,54

154

106,61

2,29

109

109,47

2,17

Total score
1098
2501
1729

Table 1: Results from prototype comparison experiment

The results in the table show that Prototype A received the lowest total score, followed by Prototype C
and then Prototype B. For this reason, Prototype A was evaluated to be the overall best prototype, even
though it was not the fastest one to use.
After the prototype-selection experiment, we optimized Prototype A according to the HCI principles of
predictability, consistency and familiarity [2].
Finally, to evaluate the usability and to examine the efficiency of the prototype after improvement, a third
experiment was conducted. In this experiment the subjects were asked to complete the given task as fast
as possible, both with and without the delay, followed by an evaluation of the usability of the technique.
The efficiency results, measured in WPM, showed that with the delay, the best performance was
1,64WPM and without the delay it was 12.68WPM. The usability was evaluated by a questionnaire which
requested the subject to rate the usability in regards a number of HCI principles. On a scale from 1-9, the
final technique, Fi-WRITE, was rated as 6.39.
Following the development, the next step was to compare the three prototypes with each other in order to
select the most successful prototype. Having selected the best prototype, the next step was to develop that
prototype further and make the usability higher. Finally, the article concludes with a usability evaluation.

2.2 ARTICLE 2: A STUDY OF FIWRITE, A TEXT INPUT TECHNIQUE, IN BRAIN
COMPUTER INTERFACE CONTEXT
The second article concerns the challenges of people with severe motor disorder. In this article the aim is
to examine the use of our 4-input based text writing technique, Fi-WRITE, when used with a BrainComputer Interface, and to evaluate the efficiency of it. The article therefore consists of a laboratory
experiment which examines the efficiency by having eight subjects write the same sentence. The intention
was to examine the shortest task completion time when using Fi-WRITE with the BCI system, and
thereby measure WPM.
BCI is still in its development stage, so an experiment involving BCI requires access to a BCI laboratory.
Thus, our BCI experiment was conducted using the BCI laboratory located at Aalborg University, in
cooperation with a BCI research team at the university. The communication with the BCI system could
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not be achieved directly, so a large effort went into making a bridge application which could manage the
communication between the parts. The article describes the experiment in the laboratory following the
development of this application.
Eight subjects participated in this experiment, which produced unexpected results. Only half of the eight
subjects were able to control Fi-WRITE using the BCI-system. Furthermore, the four subjects who could
control the system lost the control after a short time. The results clearly showed that Fi-WRITE was
usable in BCI context. By usable we mean that it is possible to enter characters using the mind. But it was
not possible to conclude anything regarding efficiency because the subjects could not complete the task.
The accuracy rate was high, but only for the first 110 to 160 seconds; then the four subjects lost control of
the system and were unable to use it further. We defined “lost control” as 20 consecutive undesired
inputs. There could be several reasons for this surprising outcome, thus the final part of this articles gives
some ideas on what could have affected the results. It should be noted that the BCI system at Aalborg
University was still under development and our experiment was the first of its kind with their system.

11

12

3 RESEARCH METHOD

In this chapter, we describe the research method used for answering the research questions. We did four
experiments in this study and the laboratory experiment method was used for each of them.

3.1 DESCRIPTION OF LABORATORY EXPERIMENTS
Laboratory experiments are characterized by taking place in artificial environments, created for the
research experiment. Laboratory experiments do not necessarily have to take place in dedicated “real”
laboratories, but can be conducted in various controlled environments, such as in an office, in a hallway
or in a simulator. In this way it is possible to eliminate external disturbances that might affect the
experiment. One of the great advantages of laboratory experiments is the opportunity to focus on specific
phenomena of interest. Laboratory experiments are also highly replicable and facilitate good data
collection. However, having limited relation to the real world can also be a disadvantage [7] [8].

3.2 LABORATORY EXPERIMENTS IN OUR STUDY
The four experiments in our study are divided into two categories; the group-room experiment and the
BCI-Lab experiment.
THE GROUPROOM EXPERIMENT: EXPERIMENT 1, 2 & 3
The first three experiments in this study had the aim of 1; compare three rotating speeds in the two
rotating prototypes and find the most suitable speed for each, 2; compare the three prototypes in order to
find the one which was the overall best, and 3; evaluate the final prototype in regards to usability and
efficiency. All three experiments had the goal of exploring the performances on one or more prototypes in
non-BCI context.
Due to the final goal of evaluating Fi-WRITE in a BCI system, we took certain precautions to make sure
the prototypes were tested in circumstances as close to the BCI circumstances as possible. Besides only
having four inputs, we also implemented a delay within the system and made the input method such that
the users would have a lower accuracy, to come closer to the data provided by the AAU BCI-team. To do
so, we used a method from a previous study [9].
EXPERIMENT 1
The purpose of the first experiment was to compare three rotating speeds in each of the two rotating
prototypes and find the most suitable speed for each. Before the actual experiment, a mini-experiment
was conducted with two subjects. Those two subjects were asked to define three rotation speeds which
were to be used in the actual experiment.
Eight male students from the Department of Computer Science at Aalborg University participated as
subjects in this experiment. During this experiment, we discovered which of the three rotation speeds the
subjects preferred for each of the two prototypes. The results from this evaluation enabled us to do the
next experiment.
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EXPERIMENT 2
The purpose of the second experiment was to compare the three prototypes in order to find the best
prototype. The experiment was conducted with eight male students from the Department of Computer
Science at Aalborg University as participants. The selection of the prototype was based on three factors:
task completion time, workload and user evaluation.
EXPERIMENT 3
The purpose of the third experiment was to examine the final prototype in order to evaluate its efficiency
and usability. The experiment was conducted with four male students from the Department of Computer
Science at Aalborg University as participants.
Furthermore, the efficiency of the prototype without the delay was measured in this experiment. The
evaluation of usability was based on the user feedback, while the efficiency was based on the task
completion time.
THE BCILAB EXPERIMENT: EXPERIMENT 4
The purpose of this experiment was to evaluate the efficiency of Fi-WRITE when using it with BCI. The
environment setup in this experiment was very different from in the first experiment, even though they
both used laboratory experiment. This experiment took place in a BCI laboratory, using BCI equipments.
The eight subjects who participated in this experiment had no prior experience using BCI. Before the
actual experiment, the subjects were asked to do a training session in order to calibrate the BCI system.
The training was based on defining four pressure levels by imagination. Each pressure level had 25 trials.
Following the training, each subject was asked to perform the experimental task. The task was the same
as in the other experiments, but this time using imagination instead.

3.3 LIMITATION WITH OUR EXPERIMENTS
The results in experiment 1 were limited by the number of speeds used for evaluation as well as the lack
of providing the subjects the opportunity to choose any speed. Experiment 2 was limited by the number of
prototypes provided for evaluation. The usability results from experiment 3 are limited by the fact that the
prototype was not compared to other systems. In experiment 4, the results might be limited by lack of
experience from the subjects in using brain interaction. Furthermore, the results in this experiment are
limited by the short training time before the actual experiment.
The number of participants is a limitation which is asserted in all three experiments. Additionally, only
students from Department of Computer Science have participated in the four experiments.
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4 CONCLUSION

The purpose of this thesis was to develop a text input technique using 4 inputs. The technique should have
a high level of efficiency and usability while being usable in the field of Brain-Computer Interface as well
as non-BCI fields. Based on these goals, an overall research question for this master thesis was defined:
Can we realize an efficient text input technique based on a limited number of inputs with a high level of
usability, which is usable in both BCI and non-BCI context, and what is the efficiency of this?
The answer to this overall question was obtained by dividing the question into two sub-questions. In the
following section, we review the two research question and their results. Based on these results, we can
answer the overall question.

4.1 RESEARCH QUESTION 1:
Can we design a text writing technique based on a limited number of inputs which has a high level of
usability and efficiency?
To answer this question, we conducted three experiments, which are described in article 1. The results
from the first experiment were only used for the comparison of our three prototypes in experiment 2. The
comparison was targeted against a selection of the best prototype, based on three factors: efficiency
(WPM), workload (NASA-TLX) and an overall user evaluation. The results from experiment 2 enabled
us to evaluate the usability and efficiency of the final technique, which was the aim of experiment 3.
To get an answer to the usability part of the question, the test subjects were asked to rate the usability of
our final technique, Fi-WRITE, given a set of usability questions. On a scale from 1 (being lowest) to 9
(being highest), the overall usability of Fi-WRITE was rated as 6.39. From this we can conclude that the
Fi-WRITE technique was rated to be in the top 70% of the scale regarding usability. Thus, we can
conclude, based on our earlier definition of high usability, that the high level of usability condition was
fulfilled.
The question of efficiency was also answered in experiment 3. The purpose of measuring efficiency was
to see how fast the given task could be completed using our technique. This was measured in words per
minute and compared to the results described in the related work section of article 1. The experiment
showed that our fastest subject performed 12.68 WPM without the delay. When comparing this result
with the results from our related studies with non-BCI techniques, Fi-WRITE was ranked among the best
performances. Therefore, we can conclude that Fi-WRITE has a high level of efficiency.

4.2 RESEARCH QUESTION 2:
Is it possible to use BCI to enter characters in Fi-WRITE and what is the efficiency of this?
The answer for this question is obtained from experiment 4, which is described in article 2. In this article,
we evaluate whether it is possible to use our technique with a BCI-system and measure its efficiency in
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WPM. Having concluded on Fi-WRITE’s efficiency in non-BCI usage, it was interesting to evaluate its
efficiency when controlling the input with the mind. The results from experiment 4, which was conducted
in the BCI-laboratory at Aalborg University, showed that only half of the eight subjects were able to
control Fi-WRITE using their minds. We could characterize the eight subjects into two groups; able to
use and unable to use. Unable to use was defined by 20 consecutive undesired inputs.
The able to use group did manage to write desired characters using their minds, but in a limited time only.
All four subjects from this group lost control after having entered 2 to 4 letters. Like unable to use, we
defined ‘lost control’ as 20 consecutive undesired inputs.
The results showed that it was possible to enter characters using the imagination, thus we can conclude
that it was possible to write characters in Fi-WRITE using BCI. The efficiency, on the contrary, could not
be concluded because none of the subjects were able to complete the task. But an estimating of the
efficiency in terms of the four ’able to use’ subjects only and limited time where they were able to use it,
was calculated to be 0,33WPM in average, and 0,39WPM for the one who entered 4 correct characters.
This is a weak performance compared to other BCI text writers. Even our fastest subjects WPM were
between 13% and 77% slower than the BCI text writers in our related word.

4.3 THE OVERALL RESEARCH QUESTION:
Can we realize an efficient text input technique based on a limited number of inputs with a high level of
usability, which is usable in both BCI and non-BCI context, and what is the efficiency of this?
We can conclude that it was possible to realize a text input technique with a limited number of inputs
compared to the keyboard. We successfully designed and developed a text writing technique using 4
inputs only. Besides this, the goal of implementing high level of usability and efficiency into the
technique can also be concluded to be successful according to our definitions. The technique should be
useable in both BCI and non-BCI context. Based on the results from the experiments, Fi-WRITE could be
used with both a keyboard and with BCI. Thus, this part can also be concluded as successful. Finally, the
overall question asks for the efficiency when used in these contexts. In non-BCI use, we reached a
maximum speed of 12.68 WPM among the novice users, which compared to the results from our related
studies was better than all the other text writers. According to our definition of efficiency, it was not
possible to conclude on the efficiency in the BCI context.

4.4 LIMITATIONS
The results from this study, especially in experiment 3 where the usability and efficiency in non-BCI use
was evaluated, are limited by the number of subjects used. The selection of subject group and the number
of prototypes developed could have affected the results as well. Additionally, the results from experiment
4 were limited by the training time allowed in the experiment.

4.5 FUTURE WORK
As a continuation of this study, it would be interesting to do another experiment in the BCI laboratory
with significantly increased training time. In this context, one or more subjects could be trained over a
period of time to examine the difference. Another interesting idea would be to examine whether a greater
number of test subject would have changed our conclusion on usability and efficiency in non-BCI
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contexts. Finally, we would be interested in an evaluation of Fi-WRITE implementation in mobile
phones.
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Another example is the gaming field using game consoles. Game
consoles, such as PlayStation and X-Box, come with game
controllers. Even though these game controllers have a fairly high
number of inputs in regards to what’s necessary for playing
games, they are not designed for text writing, like the computer
keyboard. So writing text using game controllers is done with
ineffective mechanisms [3]. The most common way is a simple 5input based input technique, where a marker is navigated around
an onscreen keyboard, using up, down, left, right and a select
button[3].

ABSTRACT
The purpose of this paper is to describe the development of a text
writing technique, based on 4 inputs. Our desire was to make the
technique have a high level of usability and efficiency and thereby
compare it to other related techniques. For this reason, three text
writing techniques were developed and compared in an
experiment to select the best of the three techniques. Based on a
set of factors the most suitable technique was selected and then
optimized, on basis of HCI guidelines. The results showed that the
system’s usability was high. The comparison to other techniques
showed that our technique had a higher word per minute ratio than
all comparable sources. Our fastest subject reached 12.68 WPM.

In this study the aim is to develop a text writing technique that can
later be adapted to BCI context. Our primary goal is to examine
the efficiency and usability in the technique. Based on these goals,
we defined the research question for this study:

INTRODUCTION
One of the most important tasks that a computer is useful for is
writing. In the early days writing was usually done using a hand
tool such as a pencil or a pen, but with time electronic text writing
has become a method used by most people. Whether it is for small
notes, e-mailing or academic reports, text writing has taken its
place among many people’s daily tasks.

Can we design a text writing technique based on a limited number
of inputs, which has a high level of usability and efficiency?

The Human Computer Interaction (HCI) device, the computer
keyboard, makes the writing task much easier and straight forward
since each key on a typical keyboard represents each letter in the
alphabet. Thus, by having a keyboard in front, the writing on
computers does not pose any difficulties or major challenges. But
there are many cases where a fully sized computer keyboard and
the applications designed for keyboard usage are unsuitable.
Among those are Brain Computer Interface (BCI), SMS writing
and writing text on a Game console using a game controller. In
these cases the use of a computer keyboard is not an option, but
text writing still might be.

To evaluate whether the technique has high level of usability, we
will let the test subjects rate the usability by a scale from 1 to 9,
where 1 is poor and 9 is excellent. This scale was chosen to give
the subjects the possibly to rate neutrally. Thus, the definition:
Usability, is measured by a user based usability evaluation. Users
will give a score from 1 to 9 in a number of questions [4] by
comparing Fi-WRITE with other text writing application. If the
total average score passes 6, which is in the top third, we will rate
it as high usability.

BCI is an example where the keyboard becomes completely
obsolete. In BCI the interaction between the human and computer
is dependent on the human’s brain instead of muscular
movements. In other words, the application gets its input from the
brain as if it were given by the keyboard. But the major
difference, besides using brains instead of muscles, is that in BCI
the outputs are minimal, often 2 or 4, such that text writing
applications designed for keyboards become ineffective or
completely unusable.

Efficiency can be defined in many ways. In the article Measuring
Usability: Are Effectiveness, Efficiency, and Satisfaction Really
Correlated? [5], the efficiency is defines as:
Efficiency, which is the relation between (1) the accuracy and
completeness with which users achieve certain goals and (2) the
resources expended in achieving them. Indicators of efficiency
include task completion time and learning time.

Mobile phone technology is a field where the speed of the text
writing as well as the size of the input mechanism are both of the
essence. Mobile devices are expected to get smaller and smaller
with more and better features while still maintaining the ability to
quickly write text messages. There are several new text writing
methods, for example TiltText [1] and ChordTap [2]. While these
text writing techniques both have a high word per minute ratio,
they still require all 12 keys on the mobile phone for input. These
methods optimize the writing speed, but as with many others,
have not been able to decrease the number of input possibilities,
and therefore the number of keys, on the mobile phone.

We will follow the same definition and use the task completion
time as the only indicator of efficiency. To measure the task
completion time we will use WPM (words per minute).
This paper therefore only presents the development part and
testing in non-BCI environments. Three techniques will be
designed and the most efficient one will be further developed as
the final version. In order to test the efficiency of the techniques,
we have implemented them into flash applications.
1

every letter. But instead of clicking a button several times, you
simply tilt the phone. The censors in the phone detect which way
the phone is tilted and based on that writes a specific letter.
Novice users write eight WPM using this technique.

RELATED WORK
Previous studies have examined text writing techniques, with the
main focus on the speed of the technique. Here they are split into
two groups, BCI and non-BCI techniques.

Another technique is the ChordTap [2]. In the ChordTap three
chord keys are mounted on the phone. While writing the user
pushes the chords to determine which letter to write, on the key
which gets pressed, this technique is a lot like the TiltText, though
the methods are very different. Novice users can write 10 words
per minute using this.

BCI
BCI has become an interesting and important field and several
BCI applications have been developed in recent times.
In the article Berlin Brain-Computer Interface [6] a study of
several BCI text writers was investigated. This study evaluated
offline and online signal processing, as well as both invasive and
non-invasive BCI. Invasive BCI means that the electrodes
measuring the brain signals are inserted into the brain, while in
non-invasive BCI the electrodes are outside the skin. In the online,
non-invasive BCI a speed of two to three letters per minute was
the fastest a person could write. This research focused a lot on
keeping a high level of HCI. Another method also described in
this article has a writing speed of three letters per minute, though
this requires several months of training before it can be achieved.

Several other writing technique have been developed, simple ones
like the a 3 key text entry [12], where the user moves back and
forth in one line of letters and can click select. The slightly more
sophisticated, like the 5 key text writer, where the user moves in a
2D plan, and can move up, down, left, right and select. Finally
more complex ones like the 4-key EgdeWrite, where the user
clicks 4 buttons in a certain order to get the desired letter. The
order matches the letter as much as possible, for example: clicking
bottom left, top left, bottom right and top right forms an N and
writes the letter n. Novice user can write up to 12.5 WPM using
EgdeWrite.

In another study [7], in which no emphasis was placed on HCI but
only on the speed on the BCI writing, the fastest speed was 1.62
characters per minute. Two out of three subjects could keep this
average speed over five words. These numbers were from online,
non-invasive BCI. The focus this time was effectiveness, not
efficiency, so the errors and the selections to delete them did not
count in the completion time. This article evaluated the text writer
Hex-o-spell.

AN OVERVIEW OF TEXT WRITERS
Table 1 gives an overview of the reviewed text writing
techniques. Here are the number of key inputs (keys), keystrokes
per character (KSPC) and word per minute (WPM) listed.
Non-BCI
Multi tab on cell phones [10]
T9 on cell phones [11]
3 key text entry [12]

The final study [8] described a very simple text writer, in which
the top speed was three letters per minute. However in some cases
only 0.15 letters per minute was achieved. While writing, the user
had to make four to five selections in order to write a letter, and,
errors were often made. With only a 65-90% accuracy rate, in
some cases the user took almost 7 minutes to write a letter.

5 key text entry [12]
Edge Write [12]
ChordTap [2]
TiltText [1]
BCI
Spelling device (BCI) [6]
Hex-o-spell (BCI) [7]
Spelling device (BCI) [8]

NON-BCI
The focus of this study is developing a text writing application
with four inputs. Several applications and methods exist with the
aim of reducing the number of keys used for interaction with
applications. Most of these applications are found in the mobile
device environment.

Keys

KSPC

WPM

9
11
3

2,13
1.0072 [13]

7.3
9
9,10

1

5
4
12
9

10,53
3,13
3,52
2
1

2
1
2

6-7
2
6-7

10.62
12.5
10
8
0.45
1.73
0.68

Table 1: An overview of text input techniques

DESIGN PROCESS
The aim of this study was to develop a text writing technique
only. Testing the technique in practical use required implementing
the technique into an application. This section describes three
different prototype applications, each of which includes a
technique for text writing. The prototypes acted as candidates for
the final application. Since the vision for the technique, thus also
for the application, was to support compatibility with the AAU
BCI-team’s equipment, some requirements needed to be met
when designing the prototypes.

The current generation of mobile phones typically has a numeric
keypad with 12 keys where multiple letters are mapped to a single
key. The two most widely used methods for entering text using a
numeric keypad are the multi-tap method (“this” = 8 44 444 7777)
and the Tegic Communications’ T9 method (“this” = 8447).
Novice users of these methods achieve text entry rates of 5-10
words per minute [9].
Some alternatives to the T9 technology for writing on mobile
phones have been developed; one of them is the TiltText [1]. The
TiltText works like multi tap when writing; you have to decide on

1

2

They use a technique called key-repeat

traffic lights. In this prototype the order of the letters also
followed the Familiarity guideline [4]. The order of the letters
corresponds with the alphabet, both in the startup screen and in
the sub-screens. The letters are placed clockwise according to the
alphabet, except in the bottom box where they go from left to
right, since that is the direction in which the English language is
read. The same goes for the right box in the sub-screens; there it is
from the top down.

REQUIREMENTS:
•

•

4 inputs only: In order to get the application working
with AAU BCI, the application must be fully functional
with four different inputs only. This means that the
application must not require a fifth input to write a text.
Input delay: The application must support insertion of a
3.5 seconds delay time between each input, which
means that continuous input is impossible.

Besides these major requirements from the AAU BCI-team, we
specified the following requirements:
•

•

•

•
•

A-Z only: The application will support the English
language only, which includes the letters A to Z. There
will be no support for writing numerals in the
application.
At least 5 symbols and Space and Delete:
The
application should have at least seven commonly used
symbols. Furthermore an option for deleting mistakes
and separation of words with regards to spacing should
be available.
Frequently Used Letters: Users should be able to enter
more frequently used letters faster than rarely used
letters [14].
Low KSPC: Keystroke per character should be kept as
minimal as possible.
Delay Indication: An indication of the time where input
is not possible should be available.

Figure 1: Prototype A – Startup screen.

As seen in Figure 1, the letters "A" and "E" are placed
alphabetically clockwise from the top to bottom edge, while the
symbols, space and delete are placed on the left side. A black
square is placed in the middle, with an indication of the movable
directions. There is a text field on the left side in the screen where
the chosen characters appear.
A character selection is performed by moving the black square in
the center to the corresponding edge. Choosing an edge leads to a
second screen, as seen in Figure 2.

Furthermore, because single letters are easier to read if they are
uppercase and words are easier to read if they are lowercase, all
the individual letters should be displayed in uppercase for
selection and displayed in lowercase in the text box. Starting
letters and letters after periods, question marks and exclamation
marks should also be in uppercase [15].

PROTOTYPES
Once the requirements were determined, we were ready to design
the prototypes. This section describes the development of the
three prototypes, named Prototype A, Prototype B and Prototype
C for easy reference. Most of the programming languages will
satisfy our needs but Flash is a great tool for developing graphical
applications. For this reason we decided to use Flash 8 (Action
Scripts 2.0 as the programming language) for the implementation
of the prototypes.

Figure 2: Prototype A – Example of second screen, where two letters are placed
separately.

In this screen, all the characters from the chosen edge are
distributed into four new edges. Again, starting from the top, the
characters are distributed alphabetically. It should be noted that
the letter “A” and letter “E” are placed alone. This means that
choosing one of these edges will enter the corresponding letter on
the screen. This is always the case in the second screen; two
letters are placed alone, while the rest are in a group of three or
four.

PROTOTYPE A
In this prototype all the characters are grouped and distributed into
the four edges of a square: left, right, top and bottom.
We added a circle in each corner as an indicator to the user that
the program is ready. The circles were colored either red or green.
These colors were selected because they are often used in other
places where green means go and red means stop, for example in

Choosing an edge with more than one character will lead to a new
screen with four new edges.
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are four arrows in the center in the directions left, right, up and
down, which are not rotating. These arrows are used for selection
of a leaf.
This prototype also has the letters ordered alphabetically
clockwise, like Prototype A. Even though this prototype rotates,
we decided to put a red/green indicator in it, like in Prototype A.
This was done so the subjects could try a rotation prototype both
with and without an indicator, since there is not an indicator in
Prototype C.

Figure 3: Prototype A – Example of third screen, where each letter is attached
to each edge.

Because the maximum number of letters attached to each edge is
reduced to four in the second screen, the next screen will have an
edge for each remaining letter, which is seen in Figure 3.
However, if an edge with only three letters is chosen, each letter
will still have its own edge and a “back” option will appear in the
left edge.
Figure 4 shows the screen after choosing an edge with one letter;
the prototype returns to its startup screen while the chosen letter,
in this example a “G”, is entered in the text field to the left.
Figure 5: Prototype B – Startup screen.

The symbols are reached in exactly the same way as letters –
space and delete are reached with 2 steps.
Any character is reachable in either two or three steps in this
prototype. The characters that are reachable in only two steps are
not randomly chosen. The most frequently used characters in each
edge are placed so they are reachable in two steps [14].

Figure 6: Prototype B – A letter has been entered.

When the prototype is started, the leaves rotate clockwise.
Choosing a character requires first choosing the leaf where it is
placed. With four arrows, each leaf is reachable in either left, top,
right or down position, thus if one position misses it can be
chosen by the following arrow instead. Choosing a leaf leads to
the next screen where the six characters from the chosen leaf are
distributed into a new flower with seven leaves. In this screen the
seventh leaf includes a back option. Choosing a leaf in this screen
will enter the corresponding character in the text field.

Figure 4: Prototype A – A letter has been entered.

Characters
This prototype provides a total of 36 characters including 26
letters (A-Z), delete (back arrow) and space (black square) options
and the following eight symbols:

In this prototype a character is always written using only two
steps.

Period ( . ) comma ( , ) question mark ( ? ) exclamation mark ( !
) at sign ( @ ) slash ( / ) dash ( - ) apostrophe ( ‘ )

Characters

PROTOTYPE B

This prototype provides a total of 36 characters including 26
letters (A-Z), delete and space options and the following eight
symbols:

This prototype is designed as a flower with seven leaves. The
characters are distributed into six of the leaves, with each leaf
holding six characters, as seen in Figure 5. The remaining leaf
does not hold anything as it is meant to be used in the second
screen only, or is reserved for reaching delete more quickly. There

Period ( . ) comma ( , ) question mark ( ? ) exclamation mark ( !
) at sign ( @ ) slash ( / ) dash ( - ) apostrophe ( ‘ )
4

PROTOTYPE C
Figure 7 shows a screenshot of Prototype C. In this prototype
there are four rotating rings in four sizes. The characters are
distributed into the rings with the largest ring containing 16
characters, the next ring 12, the next 8 and the smallest ring
containing 4 characters. The most commonly used letters and
space are placed in the smallest rings.

Characters
This prototype provides a total of 40 characters including 26
letters (A-Z), delete and space options and the following twelve
symbols:
Period ( . ) comma ( , ) question mark ( ? ) exclamation mark ( !
) at sign ( @ ) slash ( / ) dash ( - ) apostrophe ( ‘ ) and ( & )
percent ( % ) left parenthesis ( ( ) right parenthesis ( ) )

THEORETICAL PERFORMANCES

words per minute

This section presents the theoretical performances for all the three
prototypes. The theoretical performance, which is depended on
the delay time, is measured in word per minute. Different delays
give different results and also affect which prototype is
theoretically the fastest. Figure 9 shows a graphical illustration of
the words per minute for all three prototypes with different delays,
and 4.4 letters per word [16].

Figure 7: Prototype C - Startup screen

A gray horizontal field is seen in the middle right of the startup
screen. This field acts as a marking field for the characters. The
rings rotate at different speeds so that exactly one character from
each ring will be in the marked area at one time. The rings are
represented by the 1, 2, 3 and 4 keys on a computer keyboard,
with 1 representing the smallest ring and 4 representing the
largest. The text field is placed above the rings.

13
12
11
10
9
8
7
6
5
4
3
2
1
0
0

A character is chosen by pressing 1, 2, 3 or 4 when the desired
character is in the gray field. For example if a letter from ring 2
needs to be written, the 2 key should be pressed when the desired
letter is in the gray field.

2
4
user/system delay
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Figure 9: Words per minute for the three prototypes based on variable delay

Figure 8 shows an example where the 1 key is pressed. The letter
“T” from ring 1 is entered in the text field.

This was calculated without taking errors or the users’ reactionand planning time into account. This was basically done this way
for each letter:

· .

. This is simple in

prototypes A and B, where the prototype goes back to the startup
screen after each letter. But in prototype C it continues from the
current position. So we just took all possible positions of the
prototype into account and calculated the average of the number
of steps from all positions to each letter.
However, this calculation is not 100% correct. To calculate a
more accurate word per minute value for Prototype C, we would
need to take into account the next letter possibility values for all
letters and also for space. To do this we would have to find out the
probability that a word starts with an “a”, with a “b”, etc. and the
probability that a word ends with an “a”, with a “b”, etc. Even
doing that, we would not be 100% correct in our calculations,
since there are several possible positions of the prototype with all

Figure 8: Prototype C - Entering a letter
5

letters in the three inner rings. Calculating this would be
impossible to do theoretically since it depends on the users’
reaction time, error rate and when the error occur.

been close to 38. The sentence we chose to use has 40 inputs,
which is 5.3% more than an average sentence. We chose to use it
anyway, since it was the best complete sentence we could find
that did not include any complicated words.

METHODS

SETTING

This section describes the experiments carried out in this study.
The experiments were:

The testing area was a single room setup [19]. Our group room
was used for this purpose. With a single room setup, we could get
a good first hand impression of what the participant is doing. The
setting is depicted in Figure 10.

Rotation Experiment: This first experiment included only the
rotating prototypes, Prototype B and Prototype C. The purpose of
this experiment was to find appropriate rotation speeds.
Comparison Experiment: In this experiment the aim was to
compare the three prototypes to select the prototype with the best
results.
Evaluation Experiment: This third experiment was conducted to
evaluate the selected prototype in order to meet high level of
usability and efficiency.
First, the rotation speeds in the two rotating prototypes, Prototype
B and Prototype C, were tested in the two rotating prototypes.
This experiment tested the prototypes using three different speeds
each in order to find the most appropriate speed. Before the actual
experiment, the three rotation speeds needed to be defined. To do
that, we conducted a preliminary mini-experiment with two
subjects to find the three rotation speeds which would be tested in
the rotation experiment. The rotation experiment was followed up
by a comparison experiment where the three prototypes were
compared to each other. This experiment intended to find the most
effective prototype of the three prototypes. The three prototypes
were compared in different aspects, and both the performance and
user feedback affected the selection of the winner. When the best
prototype was found, it was optimized to meet the final
requirements and some HCI rules to make the application user
friendly. Finally, a third experiment was conducted to further
improve the text writing application.

Figure 10: Experiment setting

PARTICIPANTS
The subjects were all male students from the Computer Science
department at Aalborg University. None of the subjects had
experience in similar text writing techniques like the input method
used in the experiment.

TEST MONITORS
Both the authors of this paper filled the role of test monitor.

MATERIALS

In the following section, we describe the conditions, which were
similar for all the three experiments.. The method laboratory
experiment [17] has been used in all experiments.

The following materials were used in the experiments: a desktop
computer running the prototypes, a laptop computer with the
questionnaire, a video camera, two stacks of paper and a metal
sheet.

INPUT METHOD
The input method used in the experiments is the same as
described in P9 [18]. A keyboard was used to imitate the input
with delays equaling inputs from the BCI equipment.

PROCEDURE
Upon entering the test area, the subject was placed in front of a
computer. An introduction was given to the subject before each
experiment. The introduction was intended to generally describe
how the experiment would be conducted, the purpose of the
experiment, how to give inputs to the prototype and how the
prototype functioned.

TASK
In the first two experiments the subject was instructed to write the
sentence: peter is sleeping. The sentence we used should be as
close to the theoretical average as possible. With 4.4 letters per
word, and two spaces, the subjects should have written 15.2
characters. We found that the number of steps to an average letter
is 2.49 steps, based on the most frequent letters and the steps to
each letter. The number of inputs in the task should therefore have

DATA COLLECTION
During the test we used a stopwatch to record the completion
times for each prototype for each subject. We also recorded
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everything going on with a video camera. A questionnaire was
used to get feedback from the subjects on user experience.

ROTATION EXPERIMENT

3.

This first experiment was mainly conducted as a comparison test,
although a small part of the test was exploratory [19]. In this
experiment, three rotation speeds were tested and compared with
regards to speed and stress. The following sections will describe
all the aspects of the rotation experiment which was conducted
using Prototype B and Prototype C.

•
Introduction session
•
Task session
•
Feedback session
Prototype Y
•
Introduction session
•
Task session
•
Feedback session

In the introduction phase, the subject was given an overall
introduction to the experiment and the purpose of the experiment.
He was also introduced to the input method.

SPEED SELECTION
Before the rotation experiment was to be conducted, we needed to
define three speeds. To do this, we used two subjects who were
also used in the input method test [18].

Both the prototype phases were divided into three sessions. The
first session included an introduction to the prototypes where a
non-rotating version of the prototype was presented. The second
session included the actual task, where the sentence was to be
written using three different speeds. When this was completed, a
feedback session with a questionnaire was held. The feedback
session was intended to evaluate the user experience of the
experiment.

The selection was conducted in an unstructured manner, to get the
highest level of accuracy. Because we only used two persons in
the test and the subjects already knew each other, we used both
subjects at the same time. The subjects were introduced to our two
rotating prototypes, one at a time.

DATA COLLECTION

The subjects were allowed to change the rotation speed of the
prototype with which they were working, to try out all the
different speeds/. The goal for the two subjects was to decide on
three speeds each within a manageable range: a speed they
considered the best, a speed that was a bit slower, but still
workable and a speed that was a bit faster but still usable. Once
the two subjects each decided on the three speeds, the three
averages of the two subjects’ choices were selected.

During the test, both the subjects and the screens of the computers
on which they were working were recorded by a camera. Later the
recording was burned onto DVDs for further studying.

ROTATION EXPERIMENT RESULTS
The task completion time and stress factor for each prototype is
analyzes in this section. Table 2 shows the average time for
completing the tasks in each of the three rotation speeds in the two
prototypes, based on the twelve subjects.

TASK
The task in the experiment was to write a simple sentence defined
by us. The sentence was:

Prototype
B

“peter is sleeping”.

C

The subject was asked to write this sentence in three different
speeds in each prototype.

Task completion time
191 seconds
188 seconds
198 seconds
128 seconds
111 seconds
113 seconds

Table 2: The average task completion time

The interaction with the subjects during the tests was kept at an
absolute minimum. The only time we purposely interacted with a
subject during the test was if they made a spelling error and did
not notice it. After the second character following the error, the
test monitor told the subject to check the spelling.

Table 3 shows the average stress factor for each speed in the two
prototypes, based on the twelve subjects.
Prototype
B

PARTICIPANTS

C

Twelve students participated as subjects in this test. We used
Latin squares [20] to determine the order in which the subject
would try the rotation speeds. .

Speed
1
2
3
1
2
3

Stress factor (1-5 scale):
1,85
3,00
3,00
2,17
2,25
2,42

Table 3: The average stress factor

Since both the stress factor and the time to finish the task are each
judged to be better as the values become smaller, a multiplication
of the two values gives a joined score for the three speeds in both
prototypes. This is shown in Table 4.

PROCEDURE
The experiment was split into three phases where the last two
phases included three sessions each:
1.
2.

Speed
1
2
3
1
2
3

Introduction session
Prototype X
7

Prototype
B

C

Speed
1
2
3
1
2
3

Score:
350
564
595
278
249
273

5.

•
Task session
•
TLX session
Feedback

In the introduction phase the subject was given an overall
introduction to the experiment and the purpose of it. He was also
introduced to the input method and NASA-TLX [21] [22]. In the
prototype phases, the subject was first introduced to the actual
prototype followed by a quick training session of one minute to
give an idea of how the prototype works. In the next session, the
task session, the subject was asked to write the sentence. In the
final session for each prototype, a NASA-TLX test was given to
the subject to evaluate the workload level of each prototype. In the
last phase, a questionnaire was given to evaluate the user
experience.

Table 4: Joined speed score

From Table 4 we can see that speed 3 was evaluated as the most
suitable speed in Prototype B. And speed 3 as the most suitable
speed in Prototype C.

COMPARISON EXPERIMENT
In this experiment three prototypes were tested and evaluated,
based on different factors, with the purpose of finding out which
prototype was the best of the three.
The following section describes the specific aspects of the
comparison test.

DATA COLLECTION

The task in the experiment was to write the same simple sentence
used in the rotation experiment. The sentence used was:

During the test we used a stopwatch to record the completion
times for each prototype for each subject. In case something went
wrong with the stopwatch, we also recorded everything with a
video camera, so we could watch the test again if needed.

“peter is sleeping”.

COMPARISON EXPERIMENT RESULTS

TASK

In this experiment we had two sets of data, one from the
experiment and questionnaire and one from the TLX test.

The subject was asked to write this sentence in three different
speeds in each prototype.

DATA FROM THE TEST AND THE
QUESTIONNAIRE

The only direct interaction with the subject during the test was
following an unchecked spelling error. If the subject did not
notice the error, the test monitor told the subject to check the
spelling.

In Table 5 the average task completion time for the twelve
subjects in each of the three prototypes is shown. Using the task
completion time an average words per minute was calculated. A
word is defined to have the length 4,4 characters [23].

PARTICIPANTS
Twelve students participated as subjects in this test. We used
Latin squares [20] to determine the order in which the subject
would use the prototypes.

Prototype
A
B
C

This experiment was split into five phases where the three
prototype phases included four sessions each:

3.

4.

Words per minute
1.42 WPM
1.17 WPM
1.65 WPM

Table 5: The average task completion time

PROCEDURE

1.
2.

Task completion time:
127 seconds
154 seconds
109 seconds

Table 6 shows the user evaluation averages, grading 1 to 3, where
1 is best.

Introduction
Prototype X
•
Introduction session
•
Training session
•
Task session
•
TLX session
Prototype Y
•
Introduction session
•
Training session
•
Task session
•
TLX session
Prototype Z
•
Introduction session
•
Training session

Prototype
A

Best
1.58

Fastest
1.83

Easiest to use
1.50

Most
manageable
1.42

Most
relaxing
1.42

B

2.33

1.92

2.42

2.42

2.42

C

2.08

2.25

2.08

2.17

2.17

Table 6: User evaluation averages

Table 7 shows the user evaluation data based on a number of
questions where they should compare the prototype against each
other..
Prototype
A
B
C

Fastest
4
3
5

Easiest to use
8
3
1

Most manageable
8
2
2

Table 7: High rating number score

8

Most relaxing
7
3
2

The subjects were asked which prototype they felt was fastest to
use. The results this is compared to the actually performance. This
comparison is seen in Table 8
Prototype
A
B
C

Actually best performance
2
0
10

Prototype
A
B
C

Fastest
22
23
27

Easiest
to use
29
46
40

Most
manageable
31
53
48

Most relaxing
24
41
37

Combined
106
163
151

Table 12: User evaluation and rating with three

Sense of best performance
4
3
5

This calculation gives the same result, which is that Prototype A
gets a 33% better score than prototypes B and C. Also in both
cases neither Prototype B nor Prototype C gets a better score than
Prototype A in any of the individual categories.

Table 8: Actually performance vs. sense of performance

An interesting thing to notice is that even though Prototype C
clearly outperformed the other prototypes in completion time, the
subjects themselves felt that this was not the case.

DATA FROM THE NASA-TLX TEST
Three demands and three user experiences were evaluated in the
TLX test and the average scores are shown in Table 13. In the
scale 5-100, where 100 represents the highest demands, strain and
frustration and worst performance:

We also calculated a weighting value for each user evaluation
category; we scored each category every time they matched up
with the overall best prototype. This means that if a subject rated
the overall best prototype in the order 3-2-1 and rated the fastest
prototype in the order: 3-2-1, then the user evaluation category
“fastest” would get a point. All the points for all categories were
added up, and a user evaluation value was created. Because the
“fastest” category and “overall best” category could have just 1
prototype in common, we made an additional rating. If a category
and the “overall best” category had one prototype in common, that
category would get one point and if they had three prototypes in
common, that category would get three points.

Prototype
A
B
C

Mental
demands
39,6
41,7
57,9

Physical
demands
32,5
34,2
31,3

Time
demands
29,2
45,0
38,8

Performance
25,4
30,0
25,0

Strain
32,9
44,6
53,3

Frustration
41,7
51,7
47,5

Table 13: TLX evaluation averages

The user was also asked to rate each category based on its
importance for each prototype. The results of these ratings are
shown in Table 14 in the scale 0-5, where 0 equals less important
while 5 equals most important.

User evaluation value with one points are shown in Table 9
Value:

Fastest
2

Easiest to use
4

Most manageable
6

Prototype
A
B
C

Most relaxing
4

Table 9: User evaluation with one point

Fastest
12

Easiest to use
19

Most manageable
22

Most relaxing
17

In Table 11 we have multiplied the user evaluation average and
the value, first with only one point.

Prototype A
Prototype B
Prototype C

Fastest
4
4
5

Most
manageable
9
15
13

Most relaxing
6
10
9

Time
demands
1,5
3,7
3,9

Performance
3,2
2,1
2,3

Strain
2,6
2,2
2,2

Frustration
2,7
2,9
2,3

In this NASA-TLX test [22] we had two set of values; a grading
for each category and a score for each of those categories. We
multiplied the values, so the scores in the categories which had the
highest rating became the most important scores, the results of
this can be seen in Table 15.

Table 10: User evaluation with one and three points

Easiest
to use
6
10
8

Physical
demands
2,3
1,2
1,0

Table 14: TLX rating averages

User evaluation value with one and three points is shown in Table
10.
Value:

Mental
demands
2,8
3,0
3,3

Prototype
A
B
C

Combined
24
38
35

Mental
demands
112
125
193

Physical
demands
73
40
31

Time
demands
44
165
152

Performance
80
63
58

Strain
85
97
116

Frustration
111
151
107

Table 15: TLX evaluation x rating

To make this clear, the average scores from all the categories are
shown in Table 16.

Table 11: User evaluation and rating with one

In Table 11 we can see that Prototype A has the lowest score, and
here the lowest score is the best. Prototypes B and C have roughly
50% higher scores than Prototype A.

Prototype A
Prototype B
Prototype C

Average score
84
107
109

Table 16: TLX evaluation x rating average

If we multiply the user evaluation average and the value with one
and three points, the prototypes have the scores listed in Table 12.

From this, it is seen that Prototype A has the lowest (best) score,
with a score that’s roughly 20% lower than prototypes B and C.
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Figure 12: Screenshot of the Fi-WRITE ap
pplication after optimization

S
SUMMARY
Prototype A wass clearly the bestt of the three prototypes based on
P
o
thhe tests we raan. Therefore we
w decided to further develoop
P
Prototype
A.

EVAL
LUATION EXPERIMEN
E
NT
The thiird and final expperiment in thiss article was to evaluate
e
FiWRITE
E further. The purpose
p
of this experiment
e
was to evaluate
the usaability and effecttiveness. The exxperiment was conducted as
an explloratory test .

To get a visuall overview of the prototype ratings, we havve
T
m
multiplied
the user evaluation and
a TLX valuess with a constannt.
D
Doing
it in this way
w will not affeect the ratios betw
ween the numbeers
inn each categoryy, but instead giv
ve a joined scorre, as seen Figuure
1
11.

200
150

147
112

In the experiment, wee included a testt with no delayy, where the
subjectts were given thee task of writingg an sentence off 3 words as
fast as possible.
p

131

In the following
f
sectionn we describe all aspects of the test.
t

time

100

TASK
K
In this experiment the subjects were asked
a
to write the
t sentence
Peter is
i walking down
n the street, wh
hile jumping up and down,
using both
b
legs..

comparison

50
0

tlx
joined

For thee part without thee delay the task was:
w
was waalking down

PART
TICIPANTS
Four sttudents from thee Computer Scieence Departmentt at Aalborg
University participatedd as subjects in thhis experiment.

Figure 111: An overview of alll prototypes in the experiment
e

I
IMPROVING
G PROTOTY
YPE A
After Prototype A was selected
A
d in the prototyype test, we madde
s
several
improvem
ments and nameed the technique Fi-WRITE (Foour
In
Input
Writing Teechnique). Somee improvements were only on thhe
g
graphical
side, while others were functionaal. Most of thhe
im
mprovements we
w made weree based on thee source Humaan
C
Computer
Interaaction 3rd Edition [4]. We chaanged two thinngs
b
based
on the twoo principles of prredictability and consistency. Firrst
w changed the display
we
d
so that all
a the most frequuently used letteers
a alpha-numerric characters weere always in thee same spot in thhe
and
s
sub-screens.
Wee also changed the “back” funcction so that it is
a
always
to the rigght and in the first
f
sub-screen one could alwaays
s
select
right to get
g to the “back
k” function., Thee most frequenttly
u
used
letters and alpha-numeric characters
c
are marked
m
with a red
c
color
on the firsst screen to maake it easier to remember which
leetters are only two
t
steps away. Three changes were made based
o the familiarityy principle. We gave the prograam an overall bluue
on
c
color
and a whitte field for the letters,
l
to make the users think of
thhe program Worrd, by Microsoftt. Figure 12 show
ws a screenshot of
thhe graphical opttimizations.

PROC
CEDURE
Introduuction texts weree read to each suubject before thee test began.
The texxt was intended to generally describe how the teest would be
run, thee purpose of thee test, how to give
g
inputs to thhe prototype
and how
w the prototype functions.
Upon entering
e
the testt area, the subjeect was placed inn front of a
computter. A text was then
t
read out looud to the subjecct. After the
prototyype was testedd, the subject was asked to fill out a
questioonnaire [4] abbout the prototype. The scaale on the
questioonnaire was 1-9. We used an odd number for thhe maximum
value because
b
then theere would be a neutral
n
number, in our case
five. When
W
this questtionnaire was coompleted, the test
t
monitor
asked the subject to go into detaills in all the arreas of the
g
the protottype as below average.
a
The
questioonnaire that he graded
test waas complete afterr the interview.
First thhe subject wouldd get asked to write
w
the sentennce: peter is
sleepin
ng, but would geet stopped after one minute. This was done
to makke the subjects more familiar with
w
the writingg technique
prior too the experimentt.
In the experiment,
e
the subject
s
was askeed to write a senntence which
took 192
1
inputs. This was done, in order to coompare the
experim
ment results froom both before and after thhe graphical
improvvement.
In addiition to the norm
mal input methood, we tested hoow fast each
particippant could writee a 3-word senntence requiringg 40 inputs.
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This was done to be able to compare our program’s word per
minute ratio with other applications’ word per minute ratio.

During the test, we stopped the subjects and asked them what they
thought of the location of the box in which the text appeared. All
subjects felt it was natural that the box would be to the right of the
selection part.

DATA COLLECTION
During the test we used a stopwatch to record the completion
times for each prototype for each subject. We also recorded
everything going on with a video camera.

1
8

2
6

3
6

4
8

Average
score
7

All subjects were also asked if they would rather have seen the
letters in the bottom frame as “Z Y X W V U T S” instead of “S T
U V W X Y Z”, to correspond with the clockwise placement of
the letters. Half the subjects didn’t care one way or the other and
the other half liked them going from left to right, and not
clockwise. Furthermore, the subjects were asked if they liked the
way the letters were ordered, or if they would rather have seen the
letters ordered in another way, for example: q, w, e, r, t, y… and
so on, like the order on a keyboard. But all subjects liked the way
the letters were placed on the prototype.

4
6
6

6
4
7

3
3
9

7
4
9

5
4,25
7,75

Two of the subjects pointed out that it was hard to tell the
difference between “ , ” and “ ‘ ”, the comma and the apostrophe.

6

5

6

8

6,25

9
8
7
8
8

3
2
5
5
4

9
5
7
5
2

9
9
7
8
8

7,5
6
6,5
6,5
5,5

Hard / easy

6

4

2

9

5,25

Hard / easy

6

6

7

7

6,5

Took a long- /
short time

5

3

5

8

5,25

6

9

8

4

6,75

7

7

8

8

7,5

8
6,75

9
5,31

9
5,88

9
7,63

8,75
6,39

EVALUATION EXPERIMENT RESULTS
Table 17 shows the questionnaire with answers for this
experiment. The questionnaire was originally in Danish, but is
here translated into English.
Test subjects Æ

The program is
basically

The letters are
The layout
The colors
Using it for the
first time
Learning to use
it optimally
Remembering
where the letters
are located
Correction
of
spelling errors
The program is
basically
System
malfunctions
appear
Average score

Bad / good
Frustrating
/
calming
Dull / stimulating
Hard- / easy to use
Ineffective
/
effective
Hard- / easy to
read
Bad- / good font
Bad- / good order
Bad / good
Bad / good

Difficult / easy
Unreliable
reliable

Often / rarely

There are some interesting issues to note from the questionnaire.
Subject three rated the use of colors very low, due to the fact that
the subject was colorblind. We used dark gray and dark red
colored letters but the subject could not tell those two colors apart.
Also the subject rated “using it for the first time” low, which he
said was because of the colors.
Subject three found the program fairly frustrating and the same
time found it dull. Those two ratings were related; he found it to
be dull because of the delay time we implemented and because of
that delay time, he also found it frustrating. Also, subjects one and
two mentioned that the delay in the program made it irritating.

/

Subject two felt that it was a bad font and that it was hard to read,
but could not tell us why or which font or kind of font he felt
would be more suitable for the program.

Table 17: Usability rating results

The scale was from 1 to 9, where 9 was the most positive.

Subject two did not like the color, because the subject simply does
not like the color blue, and the color blue is the main color in our
interface.

Our subjects took an average of 34.5 seconds to write the three
words. However, our subjects were not very familiar with the
program, due to the fact that they had only been using it for
roughly 10 minutes when testing how fast they could write. The
fastest subject took 27 seconds and the slowest took 45 seconds.
Since we had slightly more experience using the system than our
subjects (though not more experience with writing without delay),
we decided to also test this on ourselves. Our fastest time was 14
seconds. All the times from the speed-test can be seen in Table 18.
Subject
1
2
3
4
5

Tim
e1
1.00
0.36
0.55
0.45
0.25

Tim
e2
0.51
0.41
0.48
0.32
0.22

Time
3
0.48
0.36
0.51
0.30
0.18

Tim
e4
0.45
0.33
0.35
0.29
0.19

Time
5
0.45
0.31
0.35
0.28
0.15

Tim
e6
……
……
……
0.27
0.14

Tim
e7
……
……
……
……
0.15

All four subjects had problems remembering where the different
letters were in the beginning. One subject rated “remembering
where the letters are located” higher than the others. He said he
felt that during the test, he quickly learned the location of a lot of
letters, and thought that with very little training, remembering the
letters location would be easy.
It should be noted that in six of the categories, the difference
between the highest and the lowest score were five or more, which
normally makes the result inaccurate. However, if the highest and
lowest score in all 16 categories are removed, the joined average
score will only increase by 1.7%, so the changes are not
significant.

Fastest
time (sec)
45
31
35
27
14

Table 18: Time it took to write three words without delay
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During the experiment we measured the writing speed two
different times, once in the beginning and once in the end. We
found that the subjects in average took 3.18 seconds longer
writing a word in the end of the experiment, than in the beginning.

COMPARING WITH OTHER RESULTS
Both our performance results, one with a delay and one without a
delay, are compared with other similar results. Our best result
with the delay, 1.41WPM, is compared with BCI text writers
while our best result without the delay, 12.68WPM, is compared
to non-BCI text writers. In Table 19 clearly shows that FiWRITE is among the best of the related text writers.

From the overall speed in the experiment we found that the
subjects in average were 1.16 seconds faster per word than before
the improvements were made.

Non-BCI
Multi tab on cell phones [10]
T9 on cell phones [11]
3 key text entry [12]

SUMMARY
The subjects liked the order of the letters. The position of the
textbox was good. Some subjects had problems telling comma and
apostrophe apart. The time to write three words, without delay
was 34.5 seconds (6 WPM) in average and 27 seconds (7.7 WPM)
for the fastest. The fastest time we had in the project group was 14
seconds (12.68 WPM). One subject could not tell dark gray and
dark red apart. One third did not like the font. Due to delay, the
subjects found the program both dull and frustrating. The average
program score on a scale from one to nine was 6.39. The writing
speed of the subjects dropped during the experiment and the
writing speed of the system were 1.16 seconds per word faster
than prior to the improvements.

5 key text entry [12]
Edge Write [12]
ChordTap [2]
TiltText [1]
Fi-WRITE
BCI
Spelling device [6]
Hex-o-spell [7]
Spelling device [8]
Fi-WRITE

Keys

KSPC

WPM

Fi-WRITE

9
11
3

2,13
1.0072 [13]
2
10,53

7.3
9
9,10

73.7% faster
40.9% faster
39.3% faster

5
4
12
9
4

3,13
3,52
2
1
2,4888

10.62
12.5
10
8
12.68

19.4% faster
1.4% faster
26.8% faster
58.5% faster

2
1
2
4

6-7
2
6-7
2,4888

0.45
1.73
0.68
1.41

254.6% faster
17.9% slower
134.7% faster

Table 19: A comparison of FI-WRITE results with other related results

Edge Write, also with 4 inputs, is the text writer whose results are
closest to our results without delay. An interesting issue is that FiWRITE beats the standard text writing techniques for mobile
phones, multi-tab and T9.

FINAL CHANGES
After the optimization test, we only made some minor changes to
the application. We made the following changes to make the
application more user friendly: the sentence always starts with an
uppercase letter, after a “. “, “! “ or “? ”, the next letter would
always be uppercase and if an ”i” stands alone or is followed by
an apostrophe, it will turn into an uppercase “I”.

In the comparison with BCI text writers, it should be noted that
the BCI text writer results were based on experiments using the
brain as the input method, Hex-o-spell was the only one that
performed better than Fi-WRITE with delay.

PERSPECTIVES OF USE

DISCUSSION

In this section we discuss the possibility of using Fi-WRITE in
fields other than BCI where it might improve performance. The
other fields of interest are mobile phones where Fi-WRITE could
be used when writing SMS, and in game consoles when entering
text, for example in the high score list.

The results from the rotation experiment showed that the
completion of the task was fastest on a suitable speed only – not
too slow or too fast. Having the speed increased did not mean that
the completion time became better, instead subjects made more
errors. This experiment was limited by the fact that the speed
could only be one of the three different speeds that we defined.
The results might have been better if subjects had the option to
choose the speed by trying any speeds.

FI-WRITE IN MOBILE PHONES
Most mobile phones use about 12 buttons when writing SMS’s
with the T9 technique, and 10 buttons when writing without T9.
Implementing Fi-WRITE on mobile phones would only require
four buttons. The evolution in the mobile industry aspires to
minimizing the devices as much as possible while keeping the
performance as high as possible. Therefore, implementing FiWRITE into mobile phones could be an advantage because the
number of buttons, thus the space used for them, can be reduced.
However, when writing with the Fi-WRITE, the user has to look
at the display, and if the user cannot click up, down, left and right
without looking at the keys, the user has to look back and forth
between the keys and the display between every input.

The results from the comparison experiment showed clearly that
Prototype C was the fastest one to use. But due to the fact that it
was rotating all the time, the users found it stressful to use. In
contrast, Prototype A, which ranked second place in speed, was
rated to be the most comfortable and effective one to use. The
users felt it was significant that they could control the speed of
writing themselves.
The best performance for Fi-WRITE (as we titled the winning
prototype), with a delay of 3,5 seconds, was 1,42WPM while the
best performance without the delay was 12,68 WPM.
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They use a technique called key-repeat

Furthermore, on new generation mobile phones, such as HTC
Diamond [24] and iPhone [25], a tilt sensor /accelerometer is
included. Using this technology input is given to the software by
tilting the phone in left, right, up or down directions. Thus, this
technology can take great advantage of Fi-WRITE as well.

LIMITATIONS
The results in this study are limited by the delay time we had to
implement in the prototypes. The number of subjects used in the
experiments also limited the results. Like that only students from
the Computer Science Department at AAU were used in the
experiments. Furthermore the number of prototypes developed
could have limited the results as well.

Lastly, there is a chance that it is easier to remember the location
of all the keys when having fewer keys, and also that it is easier to
remember because up, down, left and right are positions to which
everyone can relate and have used before. Because of this, the
user will probably have an easier time when writing SMS’s in a
car, for example. Also in a car, the display could get shown in the
windscreen, so the driver does not have to look down at the
mobile phone when writing. However, writing SMS’s this way
will have to be tested, to find out if the driver can do this and
concentrate on driving at the same time..

FUTURE WORK
As continuation of this study is could be interesting to improve FiWRITE further. This includes a predictive language model and
future work in the program which can be done in regards to T9,
auto completion and manipulation.
Predictive Text
Predictive text is an input technology based on a dictionary that
reduces the keystroke per character. T9 is such a technology [26].
This could be implemented in Fi-WRITE. The number of possible
words would be higher than on a mobile phone, because the letters
are distributed on three “buttons”, compared to a mobile phone
which uses eight buttons. The predictive text technology also
contains an auto completion feature, which also makes the writing
faster.

FI-WRITE IN GAME CONSOLES
Interaction with game consoles are often supported by enclosed
game controllers only. Thus the inputs in the games are given by
using the game controller, which typically has four buttons for the
four directions and a few buttons for actions. Many games include
text writing for entering names etc., for example in high score
lists. But due to the limited number of inputs, entering text using
the game controllers lacks an effective mechanism [3].
Implementing Fi-WRITE in games for game consoles might
improve the effectiveness of writing text on game consoles.

Personalization of Fi-WRITE
Another interesting improvement could be letting the users
localize the Fi-WRITE by adding or replacing characters in it. An
additional feature for this purpose could be letting the user
rearrange the characters as desired.

CONCLUSION
The purpose of this study was to develop a text input technique
with 4 inputs only. The technique should have a high level of
usability and a high level of efficiency. To match a high level of
usability, Fi-WRITE was optimized based on a number of HCI
principles and evaluated in the experiments. Users rated the
usability of Fi-WRITE to be 6.39 on a scale from 1 to 9, which is
clearly in the high end of the scale. Thus, on the basis of our
definition for usability we can conclude that high level of usability
was successfully fulfilled.

Finally, the user would also be able to generate new auto
corrections. For example, if the user writes “wkr” and selects a
space, the program changes it to “with kind regards”.
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able to understand everything
surrounding environment [4].

ABSTRACT
In this paper, we describe a study of a text writing
technique based on 4 inputs, Fi-WRITE, when using it with
Brain-Computer Interface. The aim was to examine the use
as well as the efficiency of Fi-WRITE when used with BCI.
For this, we conducted an experiment in a BCI laboratory.
The experiment resulted in only half the subjects being able
to use Fi-WRITE with BCI, and they could only do so for
100-160 seconds. Because the subjects were unable to
complete the task, we could not conclude on the efficiency
of Fi-WRITE from the this experiment. However, we were
able to conclude that the system worked in BCI context.

happening

in

their

The incident of ALS is 1-2 per 10000 worldwide [5]. Some
4600 people in the United States are newly diagnosed with
ALS each year, and nearly 30000 people residing in the
U.S. at any time are living with it [6] [7].
Thus, a BCI system can benefit this group of people in
keeping their communication with the rest of the world.
Another example where BCI is useful is in the aero space
industry, for controlling purposes. BCI can be implemented
as a supplement to the existing method of controlling an
aero plane, letting the pilot perform more tasks at the same
time than he is able to do with his hands.

1. INTRODUCTION
The computer has become an indispensable part of our
lives. The way the human and the computer communicate
in relation to Human Computer Interaction (HCI) has been
a very important issue when designing software. The most
widely used interaction devices between humans and
computers are keyboards and mice.

At the Department of Health Science and Technology at
Aalborg University, a group of researchers are developing a
BCI system. These researchers (from now on referred to as
AAU BCI-team) will implement a four output solution in
their system, which means that the brain signal will be
translated into four different outputs as if the signal were
given by the computer keyboard. The system uses the noninvasive method, which derives the signals through an
electro cap, whereas the invasive method implants the
electrodes into the brain. The AAU BCI-team process the
signals online, which is live processing of data, as opposed
to offline processing where the signals are stored for future
processing.

Researchers around the world have been seeking new and
more expressive ways of communication with computers
and one of the hot topics today is the interface between the
computer and the human mind [1].
The idea is to use the human brain to directly control the
interaction. This technology, which is known as BrainComputer Interface (BCI), is based on input from the brain
in the form of electroencephalogram (EEG) or other
electrophysiological measurements of brain function. The
research on BCI began in earnest in the early 1970s, but the
first working human experiment was only seen in the mid
1990s. Since then, a number of BCI systems have been
developed, with differences in the way the brain signals are
used as input, the way signals are processed and the way
the output is produced. [2] [3]

Figure 1 depicts the way in which BCI is processed. The
signals from the brain are picked up using the electrodes in
the brain cap that is applied to the scalp. The signals are
then processed and classified before they are sent to the
computer system as inputs. A feedback application running
on the computer transforms the input into the desired
output on the screen.

The fact that BCI depends on a human’s brain activities, in
contrast to HCI which requires a human’s muscular
movements, is an advantage in many aspects. For instance,
BCI is suitable for people suffering from severe motor
disabilities, like neuropathic disease, that partially or
wholly paralyzes the muscular activities. An example is
people suffering from Amyotrophic Lateral Sclerosis
(ALS) also known as Motor Neuron Diseases, which is a
progressive, usually fatal, neuromuscular disease that at
some point prohibits people from using any conventional
augmentative communication methods, despite still being
1

both offline and online signal processing. In the online,
non-invasive BCI system, a speed of two to three letters per
minute was the fastest a person could write. This research
focused on keeping a high level of HCI. Another method
also described in this article has a writing speed of three
letters per minute, though this requires several months of
training before it can be achieved.
In another study, A Note on Brain Actuated Spelling with
the Berlin Brain-Computer Interface[11], in which no
emphasis was placed on HCI but only on the speed on the
BCI writing, the fastest speed was 1.62 characters per
minute. Two out of three subjects could keep this average
speed over five words. These numbers were from online,
non-invasive BCI. The focus this time was effectiveness,
not efficiency, so the errors and the selections to delete
them did not count in the completion time. This article
evaluated the text writer Hex-o-spell.

Figure 1: Brain-Computer Interface system
Text writing applications, games, medical applications, and
wheelchair controllers are among the available feedback
applications. Many BCI systems are limited by the number
of inputs supported, thus most of PC applications become
completely unusable in BCI context.

Furthermore,
the
study
Brain–computer interfaces
for communication and
control [10] described a very
simple text writer, in which
the top speed was three
letters per minute. However
in some cases only 0.15
letters per minute was
achieved. While writing, the Figure 2: Hex-o-spell text
user had to make four to five
writer
selections in order to write a
letter, and errors were often made. With only a 65-90%
accuracy rate, in some cases the user took almost 7 minutes
to write a letter.

This study aims to evaluate our text input technique based
on 4 inputs, Fi-WRITE, using the BCI system developed at
AAU. The primary goal was to examine whether it is
possible to enter characters in Fi-WRITE by the
imagination. Furthermore we wanted to examine the
efficiency of Fi-WRITE when used with BCI. Based on this
we defined the research question for this study:
Is it possible to use BCI to enter characters in Fi-WRITE
and what is the efficiency of this?
Efficiency can be defined in many ways. In the article
Measuring Usability: Are Effectiveness, Efficiency, and
Satisfaction Really Correlated? [8], the efficiency is
defines as:

Here, we describe some of the most used and the most
acclaimed text writer applications.

Efficiency, which is the relation between (1) the accuracy
and completeness with which users achieve certain goals
and (2) the resources expended in achieving them.
Indicators of efficiency include task completion time and
learning time.

An often used BCI text writer application is the Hex-ospell. Besides being used a lot, this text writer is also highly
acclaimed. It works with only one input and consists of six
hexagons with all the letters and symbols inside. An arrow
is constantly spinning, and when the arrow reaches the
desired hexagon, the user thinks in order to select the
hexagon. The same goes for the next level, when there is
only 1 letter in each hexagon.

We will follow the same definition and use the task
completion time as the only indicator of efficiency. To
measure the task completion time we will use WPM (words
per minute), where a word is defined to have the length 4,4
characters [9].
To realize the above mentioned goals, an experiment in the
BCI Laboratory at Aalborg University will be conducted.

2. RELATED WORK
Because BCI has become an interesting and important
field, several BCI applications have been developed in
recent times. We describe some of them in this section.
In the article Berlin Brain-Computer Interface [10] a study
of several BCI text writers was investigated. This study
evaluated both invasive and non-invasive BCI, as well as

Figure 3: The text writing
application - Dasher
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The Dasher text writing
application
is
highly
acclaimed. Two or four
inputs can be used. When
using Dasher, all the letters
are on the right, and the
user moves the curser from
the left to the right, and
moves the cursor up or
down to select the desired
letter. Some letters are
easier to hit than others,

based on the previous letters and words.
Finally, a very commonly used application is a two input
text writer. This is used in a lot of places but does not have
a specific name. The alphabet is divided into two groups,
and the user has to select one of the groups each time. So
basically, on each selection, the user removes half the
possibilities, until there is only one letter left.

3. Fi-WRITE

Figure 6: Fi-WRITE - a letter is entered

Fi-WRITE is a text writing application which we, the
authors of this paper, initially designed for BCI usage.
Using 4 inputs only, it gives the user the ability to write
some text.

Those characters that can be reached with two steps are
indicated with the color red. The circle in the middle
indicates if a new command is reachable. It can be either
red or green. Red means wait, while green means that the
characters or character-groups are selectable.
The application, which is implemented using Action Scripts
2.0 in Flash, is based on the English alphabet and 7 of the
most often used symbols1, along with space and delete.

4. METHOD
As mentioned, the evaluation of Fi-WRITE was conducted
using the BCI system developed at AAU. This experiment
was done in the BCI laboratory at AAU. The goal is only
to do an evaluation of Fi-WRITE and not the BCI system.

Figure 4: A screenshot of Fi-WRITE startup screen
As seen in Figure 4, the application is split into two
sections; the selection of letters and symbols is in the left
side while the text box where the chosen letter appears is
on the right side. In the left section, the letters and symbols
are distributed into 4 edges: left, right, top and bottom. The
letters are arranged clockwise in alphabetical order from
the top, with the symbols, space and delete on the left.

For Fi-WRITE to operate with the BCI system, we were
required to make a bridge application in JAVA.
4.1 THE BRIDGE APPLICATION
In order for Fi-WRITE to work, it needs inputs from a
keyboard. In relation to BCI, Fi-WRITE will receive input
from the online data analysis provided by the AAU BCIteam. The online data analysis part is implemented using
LabVIEW. A third application was needed for our flash
application, Fi-WRITE, to communicate with the
LabVIEW application. For this purpose, we developed a
bridge application in Java which can interact with both
LabVIEW and Flash applications.

Choosing a character
All the characters, whether it is a letter, symbol, space or
delete, are reached in the same way. They are chosen by
selecting the edge where the character is placed. Choosing
one edge splits the group into four new groups attached to
each edge in the following screen.

The bridge application enables communication with
LabVIEW by using the TCP/IP connection. Using a robot
class, it generates the inputs. Figure 7 depicts the
communication flow between the three applications. When
a connection is established, LabVIEW sends either 1, 2, 3,
4 or 5, which represents the directions left, right, up, down,
and empty to Java. When Java receives these, they are
received as 58, 59, 60, 61 or 62. In the third step, Java
sends the corresponding direction output to the computer,
which in our case is received by the Flash application. In
the next step, Java sends LabVIEW a flag (2), which
indicates that Java is ready for the next input.

Figure 5: Fi-WRITE letter section
See Figure 5. If the desired character is placed alone in an
edge in the second screen, it can be selected by choosing
the correct edge. If it is again grouped with other
characters, the step is repeated. Every character can be
reached by either two or three steps.

This process is meant to be repeated each time the subject
tries to make an input with his mind.

1

3

This was decided and chosen by the authors of this paper.

Figure 8: Experiment setting
Electro-Cap: The electro-cap was placed on the subject’s
head.
Gel: For the electro-cap to get a better reading of the EEG
signals, a gel was injected between the electro-cap and the
subjects head.
Electrodes: To validate the results, electrodes were placed
on the subjects legs. These electrodes measured muscle
activity, to check if the subject was thinking about an
action, or actually performing it.
Figure 7: The communication between LabView, Java
and Flash

Monitor: A monitor on which our program interface was
shown was placed in front of the subject.

5. BCI EXPERIMENT

PC: Fi-WRITE, along with the LabVIEW application, was
running on a Windows PC that was connected to the
monitor.

We used the BCI laboratory at Aalborg University for the
evaluation of our application. In the following section, we
describe in detail all of the aspects regarding the
experiment.

Armchair: When performing an experiment in the BCI
laboratory, the subject was required to be seated in an
armchair.

5.1 PARTICIPANTS
The experiment was conducted with eight male students
from the Department of Computer Science at Aalborg
University. The average age of the subjects was 26.

Video camera: A video camera was used to record
everything the subject did during the experiment. The
camera was placed behind the subject to the right and in
roughly a 30 degree angle; it was filming the screen
directly and the subject partly from behind.

5.2 MATERIALS AND SETTING
The testing area was a laboratory, which was set up as a
single room setup [12]. A video camera was setup to record
the experiments. As seen in Figure 8, the subject was seated
in an armchair looking at a monitor, while controlling the
Fi-WRITE through an Electro-cap.

Pedal: During the experiment, the subjects had their right
foot placed on a pedal which could not move.
5.3 INPUT DELAY
The input delay time was 10 seconds according to the AAU
BCI-team. Due to this no continues input can be realized,
but instead the subjects were only able to give an input
every 10 seconds.
5.4 TRAINING SESSION
Before each subject was tested in the experiment, the
subject had to go through a training session. This is a very
important part of the experiment, because during the
training, the BCI equipment gets a lot of information from
the brain, which is turned into a calibration file for the
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individual subject after the training. This way the system is
adapting to the individual user’s way of thinking. Each
training session consisted of 100 trials, The users had to
imagine the four different pressure levels, as if he was
pressing an accelerator pedal in a car, 25 times each. The
trials appeared in a random order, with an indication of
which pressure level to imagine.

6. RESULTS

5.5 EXPERIMENTAL TASK
The subjects were asked to write the following sentence in
Fi-WRITE, using only their brain:
“Peter is sleeping”

Out of the eight subjects who participated in the
experiment, four of them were unable to give a voluntary
stabile input to the system, meaning they could not control
what the system did. All four subjects who were able to
control the system were only able to do so for a limited
period of time, which was not the same for all subjects. The
outputs from the eight subjects are shown in Table 1. From
this table, it is seen that only 2-4 letters were entered
correctly. Both the correct inputs and incorrect inputs were
measured for the control time only.

First we give a brief presentation of the major outcomes in
the test, after which we present the subjects’ accuracies in
the experiment, how many letters were written by the
different subjects and the efficiency as measured in WPM.
Next, we present an overview of which words were written
during the test and sum up all the results from the test.

5.6 PROCEDURE
The experiment had one test observer and one test monitor,
who also acted as an observer when the actual experiment
was started. The experiment was divided into the following
four phases:
1.

Overall introduction

2.

The training session

3.

The experimental task

1

4.

Filling out the questionnaire

Correct
input

Wrong
input

Petppppppppp

12

2

2

Pet(del)(del)(del)(del)(del)
(del)(del)(del)(del) (del)

9

3

Overall introduction

3

Pessssssssss

9

2

In the overall introduction, the subjects were welcomed,
whereupon the test monitor presented the agenda for the
experiment and introduced the environment and the
equipment. All interaction during the experiment followed
a specific manuscript, unless the subject asked unexpected
questions.

4

Pppppyppnpppp

0

0

5

Petepppppkppp

13

1

6

Bbbbbbbb

0

0

7

Sssssssssss

0

0

8

Sssssssnsszssnsss

0

0

#

The training session

Letters written

Table 1: The letters written during the test

Before the actual training session, the subject was
introduced to how the training session was going to take
place and what exactly was needed to be practiced. When
he understood the concept, he was asked to do the training.

The four subjects who were unable to control the system
gave a constant input to the system, which resulted in the
Fi-WRITE writing the same letter over and over again.
When 20 consecutive wrong inputs were reached, we
evaluated the subject as having lost control or being unable
to use the system.

The experimental task
The experiment’s task phase also had a short introduction,
to ensure that the subject understood what the experiment
was about. When accepted he was

In Table 2, different average accuracies based on the
correct inputs are listed. The accuracies are all calculated
by number of correct inputs multiplied by 100, then divided
by the total number of inputs.

Filling out the questionnaire
After completion of the experimental task, a questionnaire
was handed out to the subject, where a number of questions
regarding the subject’s performance was to be rated. The
questionnaire can be found in the Appendix.
5.7 DATA COLLECTION
As mentioned, there were two observers during the
experiment. Both the observers kept track of errors and task
completion time. The data from both observers was
compared to ensure it was equal. In case the data were
different or anything was missing, the recording from the
video camera was used to validate the data.
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Aspects of accuracies

Accuracy

The overall accuracy of the system

17.7%

The overall accuracy of the first three
minutes of each experiment

29.2%

The accuracy of the four subject who were
able to use the system

35.6%

The accuracy of the first three minutes of
each experiment, but only of the four who
could use the system

58.4%

84%
number of correct
letters

The accuracy or
T
o the four subjject who were
too use the syystem, up unttil they were
u
unable
to control the system

Table 2: The accu
uracy of the syystem

accuracy during the correct
letters

As can be seen in Table 2, thee accuracy of the
A
t subjects whho
c
could
control the
t system waas fairly high, before they loost
c
control.
An ovverview of eacch subjects’ accuracy
a
can be
b
s
seen
in Figure 9. This chart shows the averaage accuracy for
f
e
each
subject whhile they had control over thee system.

100
90
80
70
60
50
40
30
20
10
0

Figuree 11: Numberr of correct leetters during the entire
experiiment
As cann be seen from
m comparing Figure 9 and Fiigure 11, it
is not only a matterr of accuracy to be able too write the
highesst number of letters. Evenn though subjject two’s
accuraacy was lowerr than subjectt three’s (see Table 2),
subjecct two was ablee to write one more letter thhan subject
three. This was due to two factors;; subject two was
w able to
a subject
use thhe program lonnger before losing control and
two siimply made his
h errors at a better time during his
writingg. If a subject is
i able to simpply go back afteer an error,
it costss two steps lesss than if a wroong letter has to
t be input.
For exxample, if twoo subjects wish to write an
a “e” and
nothinng else, both suubjects must go
g to the ”A-I”” group. If
both suubjects make an
a error here, and subject onne goes up
insteadd of left while subject two gooes to the rightt instead of
the lefft, in this case subject one neeeds five steps in order to
complete the task, whhile subject tw
wo only needs thhree steps.

Figure 9: Accuracy du
uring the correct letters
Of the subjectss who could co
O
ontrol the systeem, the longestt a
s
subject
was abble to keep th
he control of it was for tw
wo
m
minutes
and 200 seconds, wh
hile the shortesst was 1 minuute
a 50 secondss. The results for
and
f these subjeccts are displayeed
inn Figure 10.

W
the subbjects were ablle to write
Table 2 shows the WPM
using the system. Thhe WPM valuue is calculatedd based on
the chharacters per minute.
m
Even though a subbject has a
WPM value, it does not mean thatt he wrote a whhole word.
It is sim
mply used as a measurement of writing speeed.

100
accuracy

80
60
40
20
0
0

10
8
6
4
2
0

50

100
me (sec)
tim

15
50

200

Figure 10:
1 Accuracy timeline
t
of alll subjects
Since the periood the subjectss could keep up
S
u this accuraccy
w limited, thee number of co
was
orrect letters beeing written was
v
very
low; it caan be seen in Figure 11. Heere it should be
b
n
noted
that this is the number of correct letteers they reacheed
b
before
losing control, not the
t
number of
o correct lettter
d
displayed
whenn the experimen
nt ended.

Char/miin

WPM

The average
a
overalll speed of the
t
system
m

0,330

0,07

The avverage overall speed of the fiirst
three minutes
m
of eachh experiment

0,550

0,11

The avverage speed of the four subjeect
who were
w able to usee the system

0,661

0,14

The avverage speed of
o the first thrree
minutees of each expeeriment, but onnly
of the four who couldd use the system

1,000

0,23

The avverage speed of the four subjeect
who were
w
able to usse the system, up
until thhey were unabble to control the
t
system
m

1,444

0,33

Table 3: The speed off the system
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Subject

Time

Letters

Errors

Accuracy

WPM

Letters entered

1

140

3

2

86%

0.29

Petppppppppp

2

120

3

3

75%

0.34

Pet(del)(del)(del)(del)(del)(del)(del)(del)(del)(del)

3

110

2

2

80%

0.27

Pessssssssss

5

140

4

1

93%

0.39

Petepppppkppp

Table 4: A complete overview of the successful subjects
When only evaluating the subjects who could control the
system, and only while they had control of the system, we
found that our system had a word per minute ratio of 0.32,
meaning the subjects in average could write 0.32 words for
every minute they were using the system.

Summary
Only half our subjects could use the system and the
subjects who could use it could only do so for 1 minute and
50 seconds to 2 minutes and 20 seconds. The overall speed
of the system was 0.07 WPM, but when only counting
while it worked, the speed was 0.32 WPM. The subjects’
average accuracy was 17.7%, while the subjects who could
use the system, had an accuracy between 75% and 93%
before they lost control. The four subjects who could use
the system were able to write 2, 3, 3 and 4 correct letters.
Error! Reference source not found. presents a brief
overview of the results from the subjects who could control
the system.

The WPM of all the subjects (see Figure 12) follows the
overall same tendency as the accuracy (see Figure 10:
Accuracy timeline of all subjects).
0,5

WPM

0,4
0,3
0,2
0,1

7. DISCUSSION

0
0

50

100

150

As mentioned earlier, the results were surprising both to us
and to the AAU BCI-team. First of all the input delay time
was increased to 10 seconds, this was totally different from
the 3.5 seconds which was informed in the development
phase. Beside this, only four of the eight subjects were able
to use the system. The most unexpected finding was that
the subjects were suddenly unable to control the system.

200

time (sec)
Figure 12: WPM timeline of all subjects
Even though they follow the same overall tendency, the
two graphs are not the same. The subject with the lowest
accuracy during the experiment had the second highest
WPM in the same experiment.

The average word per minute for the four subjects who
could control the system was 0.32 while they had control of
it. Compared to the word per minutes that other articles
presented, our results are between 10% and 50% lower.
Furthermore, our subjects could not keep writing for very
long, only between 100 and 140 seconds.

The four subjects who could not control the system and the
four subjects,who lost control of the system still gave an
input to the system, but it was not the input they wanted.
An example of the input of a person losing control of the
system is this: petepppppkppp, which can be seen in Table
1. Here the person was only able to write four letters
voluntary and after that he kept giving the input for “right”.
The additional “k” in the sentence, was created because the
subject on one trial was able to change the input to “up”.
However, the subject did not give the input intentionally
and was not able to give it again later.

The BCI-system being developed at Aalborg University is
unique; no one in the world had developed a BCI system
with exactly the same conditions. The BCI system was
being developed simultaneously with the development of
Fi-WRITE. Even though the system was not 100%
completed at the testing stage, it was validated to be used in
our experiment. The AAU BCI-team advised us not to be
too optimistic about the outcome and told us to only expect
about 30% accuracy. So it was surprising, especially for
them, that some of the subjects managed to get an accuracy
of 100% in the beginning of the task.

The four subjects who were able to control the system in
the beginning all lost control later. When they lost control,
the system got the same input and the Fi-WRITE wrote the
same letter over and over again, or in one case kept deleting
letters.

The results led us into the speculation of why the
experiment resulted as it did with the following questions:
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1.

Why did only four of eight subjects manage to
control the system?

precisely. A more positive outcome might result from
taking one or more of these issues into account.

2.

Why did the subjects lose control after some few
minutes?

8. CONCLUSION
The purpose of this study was to evaluate the effectiveness
of Fi-WRITE when used in BCI context. The evaluation
was made with eight subjects in a BCI laboratory, where
four of the subjects managed to produce useful data in the
beginning phase only. Although the results were good in a
short period for four of the subjects, the overall outcome of
the experiment was not comparable with other BCI results.

This could be caused by several factors that we are unable
to verify, but one important factor is the training timeframe.
We only used 25 trials for training each pressure level. This
gives a total of 100 trials which corresponds to 12-13
minutes. In related BCI experiments, subject had been
trained in many hours over a period of several months [13].
For this reason we increased the trials to 50 instead of 25 in
an additional mini-test conducted using one of the subjects
which could not control the system in his first try. This did
not change anything in the results. Instead, the subject felt
doing 200 trials successively put too much strain on him
and found it difficult to focus at the end.

From the results in this study, it is not possible to conclude
on the effectiveness of Fi-WRITE. The only clear
conclusion from this study is that Fi-WRITE did work in
BCI context. Although it was limited, it was actually
possible to write some desired characters in Fi-WRITE
based on the imaginations.

Another factor is concentration. The brain is very sensitive,
thus several issues can influence one’s imagination without
being aware of it. The fact that the BCI-system records
everything in the experiment’s task interval required 100%
concentration to produce useful results. Thus if
concentration is weakened, this will impact the results
negatively.

The results from the Fi-WRITE evaluation are limited by
several factors. The timeframe given to the training session
might have been too small. Another limitation is that we
only used a specific group, students from the Department of
Computer Science at AAU, for the evaluation.
Furthermore, we were also limited by the number of test
subjects and the lack of experience they had with brain
interaction tasks. Finally, the increased delay time affected
the results.

The level of complexity is another factor. The subject had
to define four different pressure levels by imagining. These
four levels should be exactly the same each time when
doing the trials. The subject was not provided any feedback
of matching imaginations in the training session. This
requires competence.

As a continuation of this project, it would be interesting to
do another experiment in the BCI laboratory, both to get a
more successful result and to examine the reason for the
unexpected outcome of this experiment. More of the factors
which limited this experiment could be improved, as well
as taking the possible factors for the negative results into
account.

A fourth factor could be the mapping. In the training
session, the subjects were asked to calibrate the system by
imagining four different pressure levels, as if pressing an
accelerator pedal in a car. Each pressure level was equal to
a direction in Fi-WRITE. In other words, the subject should
find which direction he needs to go to enter the desired
character, and imagine the corresponding pressure level.
This is clearly a lack of mapping, thus the subject might
have had difficulties in transforming pressure levels to
directions. The information that the measurements in the
BCI system are based on pressure levels was given us very
late, after the completion of Fi-WRITE development, so we
had no chance to redesign our technique to match the
mapping within the given timeframe.
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