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Text entry is the fundamental interaction that occurs between users and technology. The en-
vironments and technologies have evolved along with the advancement of innovations throughout
human history. Novel and innovative text entry technologies have emerged such as laser projec-
tion, and virtual reality text entry technologies. However, compared to the novel and creative op-
tions, the physical keyboard technologies reign supreme. This necessitates further investigations
on the text entry environments and innovative technologies.

This research aims to explore the text entry experiences across different environments: real
(represented by physical keyboard), semi-virtual (represented by laser projection keyboard), and
virtual (VR keyboard). Using a within-subjects experimental design, typical metrics of text entry
such as typing speed, accuracy, and error rates were quantitatively analyzed. In addition, the
NASA-TLX questionnaire gave text-entry task loads for each environment. Finally, the semi-struc-
tured interview gives us insights into interaction and design improvements for fast adaptations of
the innovative text-entry technologies.

The findings from the research found that the participants preferred the physical keyboard
technology yielding the highest user satisfaction validating the research hypothesis. In further
analysis of the metrics, task loads, and users' perceptions regarding innovative text entry tech-
nologies, it was found that input accuracy, task load, and absence of tactile feedback create an
obstacle in the use of laser projection keyboards. As such generating numerous design and in-
teraction recommendations like highlighting the key selected. The virtual reality environment
evoked moderate user satisfaction and performance from the participants and recommendations
for using haptic gloves for text entry were received.

This study contributes particularly to the area of text entry research with an innovative ap-
proach to research to bridge the gap between innovation and adaptability by a better understand-
ing of user requirements for technology adaptations and gaining useful practical design and in-
teraction recommendations.

Keywords: Text Entry, Human Computer Interaction, Usability, User Experience, Technology
Adaptation, VR Text Entry, Laser Projection Text Entry, Human Technology Interaction
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1. INTRODUCTION

This chapter contains the background and motivation of the research topic highlighting
the integral role of text-entry technologies in Human-Computer Interaction (HCI). More-
over, this chapter examines the opportunities and limitations across diverse text entry
environments. In the last section, the outline of the thesis structure is stated which pro-

vides a clear roadmap for the later chapter and contents.

1.1 Background and motivation

The text-entry methods are the foundation of human-technology interaction. Based on
the necessity of communication in a written manner, it provided an incentive for the in-
vention of text-entry mechanisms. Writing systems have evolved significantly, from draw-
ing signs in caves to recent text-entry technologies in VR (Virtual Reality). This progres-
sion was achieved through years of trials, and research on text-entry along with the pro-
gress of technical knowledge available in the era. (MacKenzie et al., 2007)

We enter texts in various devices using various modalities in different environments daily.
For example, we enter text on smartphones, wearables, computers, and VR. Text entry
is the most widely used interaction mechanism between humans and machines. This
enables humans to command, generate calculations, and communicate with digital con-
tent stored or processed by machines. In the context of human-technology interaction,
text entry improves accessibility and inclusivity. The advancement in text entry technol-
ogies enabled people with different impairments to communicate with machines via
speech, gaze, and gestures. This makes text-entry research an interesting research field.

In a virtual reality environment, the increasing use of head-mounted displays makes text
entry in VR an important research topic. VR headsets and other related equipment ena-
ble VR environment use in technical training and learning, and the VR environment is
now considered the future of the workplace, remote teamwork, and similar uses (Dube
et al., 2019). The current trend in text entry research is about producing different tech-
niques of text entry in a VR environment which are significantly different than the tradi-
tional way that we enter texts with physical keyboards and our smartphones (more in
chapter 2). There is also research into varying keyboard layouts and the size and position

of keys. In addition, the user preferences and user experiences are discussed in a



constrained manner. There is a research scope on performance and user experience in
VR text entry.

In the research area of text entry, various novel technologies have emerged. One of the
significant ones is laser projection keyboard technology (Roeber et al., 2003). This tech-
nology works by projecting the keyboard layout on a surface and then tracking finger
movement to capture selected characters. Compared to a traditional physical keyboard,
laser projection keyboards enable portability due to their size and weight. In contradiction
of the positives of using a laser projection keyboard, this interesting technology is not
widely used.

Like traditional VR text entry, the laser projection keyboard lacks the tactile feedback of
traditional physical keyboards. The limited research comparing typing experience with a
transition from physical to virtual presents an inspiring research topic. This research will
be about researching the underlying reasons for not adopting readily available technol-
ogy in daily life in the workplace, studies, and other sectors in terms of performance and

user preferences.

1.2 Objective and research questions

In the research domain of human-computer interaction, input technologies are re-
searched significantly. This research aims to explore the typing experience in three dif-
ferent environments: physical environment, semi-virtual environment, and virtual reality
environment. The physical environment is represented by physical keyboard, the semi-
virtual environment is represented by laser projection keyboard, and the virtual reality
environment is represented by virtual reality keyboard. Virtual reality devices are becom-
ing widely used in every sector and the need to be compared in text-entry experience is
now an important research scope. Comparing it with a laser projection keyboard and the
traditional physical keyboard allows the researcher to understand whether users are
ready to transition to new text-entry technologies. Conversely, if they are not then dis-

cussing the underlying reasons and implications for designs to improve the technologies.
Based on similar works on text entry, the following research questions were derived:

RQ 1: How does the text entry performance compare across physical, semi-virtual,

and virtual text-entry environments?

RQ 2: What are the perceptions of adopting non-traditional text entry technolo-

gies?

The author’s hypothesis is that users are not ready for the transition without significant
benefits in performance, portability, and cognitive task loads. If this hypothesis is verified



it would benefit understanding and future research on how to make text-entry technolo-

gies more readily adaptable on a large scale.

1.3 Structure of the Thesis

Chapter 2 focuses on the important steps related to text entry research and some non-
traditional text-entry techniques are briefly discussed. In Chapter 3, the overall experi-
mental process is discussed. Chapter 4 discusses the results and findings. Chapter 5
contains a discussion of limitations and challenges based on related works. Finally, the

thesis ends with chapter 6 with a summary of work done.



2. PREVIOUS WORKS ON TEXT ENTRY WITH RE-
LATED RESEARCH METHODS

This chapter discusses the basic research and methodologies significant to design and
research in text-entry. In the beginning, it explores the selection of appropriate phrase
sets (section 2.1), advancing the discussion to keyboard layouts (section 2.2), and ex-
plores existing non-traditional text-entry technologies (section 2.3). In addition, this chap-
ter contains a cursory discussion of feedback in text-entry technologies (section 2.4),
metrics related to evaluate performance and user experience (section 2.5), and ending
with a summary (section 2.6) of critical insights that assists design of experiments in the
upcoming chapter.

2.1 Considerations of Phrase Sets Selection for Text Entry

The fundamental component of any text entry research is the text or phrase set the par-
ticipants enter via a chosen text entry method. The first consideration for creating or
selecting a phrase set becomes what type of text participants enter via the designated
text entry methods. “Whatever comes to mind” versus “presenting a phrase that is ap-
propriately lengthy, easy to remember, and representative of the target language” is the
first consideration. This issue is discussed in an earlier literature (Mackenzie et al., 2003),
in the paper it is mentioned that though the entry method considering “whatever comes
to mind” improves external validity, it is difficult to measure the accuracy and in addition,
it introduces secondary tasks such as pondering. This issue compromises internal valid-
ity. Hence, using a predefined phrase set would be better practice. The second consid-
eration is the types of characters that are included in the phrase sets, only alpha "versus
non-alpha and punctuation. This issue was also discussed by the previously mentioned
research paper (Mackenzie et al., 2003), in the paper it is mentioned that including punc-
tuations and other non-alpha characters in the phrase sets mimics real-life interactions
and is generalizable but creates a source of variations in the dependent metrics compro-
mising the internal validity. The research article (Mackenzie et al., 2003) also provides a

set of 500 phrases used in text entry research.

Researchers have developed and used some publicly available phrase sets in specific
contexts. Significant research comparing five publicly available phrase sets was done by
Kristensson (Kristensson et al., 2012). The phrase sets MACKENZIE (Mackenzie et al.,
2003), MOBILEEMAIL (Vertanen et al., 2011), AAC, NGRAM (Paekl et al., 2011), and
SMS (Soukoreff et al., 2003) were compared in terms of error rates and entry rates. It



was recommended that text entry researchers first consider either MACKENZIE (Mac-
kenzie et al., 2003) or MOBILEEMAIL (Vertanen et al., 2011) phrase sets to set up tasks
(Kristensson et al., 2012). As the principle focus of this research is based on text entry
via keyboard in desktop devices or similar setups, it is relevant to consider the phrase
set of Mackenzie (Mackenzie et al., 2003).

2.2 Review of Keyboard Layouts

In the text-entry research, selection of proper keyboard layout is of vital significance. This
section discusses the reasons for using the traditional and familiar layout for the experi-
ment by comparing it with other keyboard layouts available.

The keyboard layout refers to the arrangement of keys consisting of symbols of alpha-
bets, numbers, and special characters on a keyboard. In any text-typing research, the
selection of a keyboard layout or the design of a keyboard layout typically follows the
selection of text-entry phrases. There are diverse types of keyboard layouts available,
but the most popular are QWERTY, Dvorak, and Alphabetical (ABC keyboard). In this
section, we will discuss the choice of keyboard layouts and the design implications of
keyboard layouts.

-~ ! @ |# |5 % |~ & * ( ) _ + -
|1 |2 |3 |4 |5 |6 |7 |8 |9 |0 |- |[= |Backspace
@ w [ [R [T [y [u [t o [P [{ [} |l
Tab !_I-I [ ] \
Caps Lock | A S D F G H J K L : . Enter
L : . <!
shift Z X C Vv B N M < > ? shift
4% , JRA
ctrl 1'::; Alt Alt :;: Menu | Ctrl
Figure 1: Keyboard layout: QWERTY (Wikipedia, 2024)
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Figure 2: Keyboard layout: Dvorak (Wikipedia, 2024)
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Figure 3: Keyboard layout: Alphabet (ABCDE) (Horizontal) (Norman et al. 1981)

Figure 4: Typewriter (MacKenzie et al., 2007)

Before the invention of the QWERTY layout, the main issue with typewriter (Figure 4)
was that the keys would get stuck if a second key were pressed before the first key
returned to its original position. To solve this critical issue, the inventor, Christopher Lat-
ham Sholes, researched the most common English alphabet pairs and assigned the
most alphabets of the most frequent pairs on opposite sides of the keyboard. In other
words, the basis of the Qwerty keyboard layout is to avoid key jamming. (Buzing, 2003)

After the QWERTY layout, there was research on the time-and-motion of numerous
working activities. It was found that there were issues with the QWERTY layout with
ergonomics and efficiency. Based on the research findings, the DVORAK layout was
invented. (Buzing, 2003) In other words, the DVORAK layout was designed to be optimal
and efficient. (Nakic-Alfirevic et al., 2004) The Alphabet keyboard layout is self-explana-
tory.



To compare the keyboard layouts, we first compare the typing speed. A controlled ex-
periment was conducted by Norman et al. (Norman et al., 1981), where the researchers
found that with the QWERTY layout, the novice users performed better in terms of typing
speed (not in number of errors) compared to the DVORAK layout. It is assumed that this
is due to prior exposure to the universal keyboard (Norman et al., 1981). In the same
experiment, skilled typists performed 5% better with the DVORAK layout. Similar findings
were reported by West et al (West, 1998). Hence, the typing speed in the DVORAK
layout was not significantly high enough to warrant a change of the “de facto” standard
of the QWERTY layout (Lee et al., 2015). However, in terms of hand movement, the
DVORAK layout has a significantly clear advantage, with 70% of typing done at the home
row compared to the QWERTY layout’'s 52% (Buzing, 2003). In addition, the number of
words that could be typed without any finger movement is significantly higher in the DV O-
RAK layout (around 5,000) compared to the QWERTY layout (300) (Buzing, 2003). Con-
versely, according to according to Norman et al. (Norman et al., 1983), the QWERTY
layout was designed to separate the frequently used letter pairs as far apart as possible
giving it significantly higher performance when the frequency of alternating hand se-
quence is maximized, and the frequency of same-finger typing is minimized. In terms of
learning speed, the proponents of the DVORAK layout mentioned and proved the learn-
ing time is significantly less but in comparison to the established standard and domi-
nance it was not significant (Norman et al., 1981).

In the comparison between the Alphabet layout and the QWERTY layout we consider
similar types of characteristics. In terms of typing speed, Norman et al. (Norman et al.,
1981) discovered that the QWERTY layout had a minimal advantage over the Alphabet
layout for inexperienced users. In the case of experienced users, this advantage in-
creased to the range of 2% to 9% (Norman et al., 1981). It was reasoned due to the
exposure of the QWERTY layouts for the experiment subjects. In the case of learning
speed, it was indicated that with even a short training, the QWERTY layout was advan-
tageous compared to the Alphabet layout (Buzing, 2003).

In addition to the comparisons, new layouts designed for various environments use
QWERTY layout as the basis for design. In the research of text entry for Virtual Reality,
Huang et al designed the “Climbing keyboard” based on the QWERTY layout (Huang et
al., 2024).

Considering the previous critical discussions, it is preferable to use the QWERTY layout
for the text-entry experiments when the focus is to research text-entry user experiences.



2.3 Non-traditional Text-Entry Technologies

This section includes a discussion of innovative non-traditional technologies such as la-
ser projection keyboards and VR keyboards. These innovative technologies represent a
significant shift from traditional input mechanisms like the physical keyboard. In this the-
sis, the use of these non-traditional technologies represents semi-virtual and virtual en-
vironments hence the discussion of these technologies and interaction paradigms is rel-

evant and important.

Sticking to the focus of the thesis, we will discuss laser projection keyboards and virtual
reality keyboards. Laser projection keyboards were researched by Roeber et al. (in
2003), who reported the mechanism and user performance in using the keyboard.
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Figure 6: Laser Projection Keyboard layout (Roeber et al., 2003)



Typically, the laser projection keyboard has two main components. One is the keyboard
layout projection, and the other is the keystroke sensing mechanism with audible feed-
back of “click” (Roeber et al., 2003). The keyboard layout is projected on a flat surface
and the sensing mechanism detects the finger movements and taps which in turn trans-
lates into an input event via algorithms (Roeber et al., 2003). The user can observe the
input on the screen and can hear audible feedback “click.” In a recent patent, it was
reported that the keyboard size can be adjustable and customizable, enabling better user
experience (Hou, 2018). In comparison to an electromechanical keyboard, the laser pro-
jection keyboard performed insignificantly in terms of speed (17.3 wpm to 40.4 wpm),
and error rate (8.6% to 5.3%) (Wang et al., 2008). In addition, the typing performance
was slower for the laser projection keyboard (Wang et al., 2008). However, a theoretical
analysis of a learning curve model showed that the typing speed of a laser projection
keyboard could reach 20 wpm after 20 hours of training (Wang et al., 2008). In summary,
the performance of the laser projection keyboard is not on par with the physical keyboard
which creates an opportunity on how it fares in comparison to text entry in Virtual Reality.

There are various aspects to consider when implementing text entry techniques in virtual
reality. First, we need to consider why no physical keyboard is used while entering texts
in VR. It is reported that it is due to users' vision being hindered while wearing head-
mounted displays (HMDs), size, and supporting mechanism of the keyboard (Dube et
al., 2019). However, although using extra equipment such as sensors and cameras could
increase the text entry experience in VR it is not a feasible option always (Dube et al.,
2019).

There is research about head pointing for text entry. It is reported that using a 400ms
dwell time could result in 10.6 wpm with 95.8% accuracy (Yu et al., 2017).
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Figure 7: Head pointing text entry in VR (Dube et al., 2019)

However, it could cause physical discomfort because the users are constantly moving
their heads (Yu et al., 2017)

In research on text entry in VR using finger, wrist, and hand gestures there were various
approaches. In such research, a QWERTY layout was mapped into hands and fingers
(except the thumb) represented a letter, the distance of the hand from the body repre-
sented rows, and to enter an alphabet the user needed to pinch the thumb and the other
finger (Bowman et al., 2001). In another research, it was the thumb used to select a row
and the fingers to enter the selected alphabet (Dube et al., 2019). Another research was
conducted using a fist-pointer method, where hand mobility and fist gestures are used
for text entry (Dube et al., 2019). In recent research, it was reported that using hand
positions to select the row and pinch to select a character shows a bit of improvement in
terms of speed and accuracy compared to the previous pinch-based techniques (Jiang
et al., 2024). The research on text entry in VR using finger, wrist, and hand gestures
requires specially constructed gloves or contraptions that enable capturing the move-
ments to generate information about the character selected (Dube et al., 2019). This
approach requires learning correct gestures and could be physically taxing with a dismal
speed and accuracy rate (Dube et al., 2019).

In controller-based text entry, there are two different approaches. One is to use the con-
trollers in different modes and the other is to use and redesign the keyboard layout. It
was researched following the first approach which uses controllers as laser pointers,
stylus, joystick, and joystick with continuous cursor control. (Dube et al., 2019). In this
case, when used as laser pointers, the controllers performed better than similar tech-

niques in speed and accuracy (15 wpm and 99 % accuracy) (Dube et al., 2019). In the
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second approach, Min et al. (Min, 2011) designed a keyboard in a grid structure (3 x 3
grid) with users selecting the grid block to select a group of characters and then pressing
the controller button once or multiple times to enter texts. The issue with controller-based
text entries is that they could cause fatigue for long-term use (Dube et al., 2019). How-
ever, in recent research, the approach of controllers is refined by breaking down the
Qwerty layout into two parts and three rows in each part, and tilting to select a row and
pressing the button to select a character is used (Huang et al., 2024).

| Virtual Reality |

QWERTH’UIOF“"::/\

AINSIHDIFI|lG HilJ [| K] L

f g S
ZINXNCHHWVI B MM : ' l

Figure 8: Tilting controller for row selection and separate keys for left and
right controllers (Huang et al., 2024)
In this approach, it is reported that stress level is reduced, and a speed of 16.48 wpm is
achieved after an hour of training (Huang et al., 2024).

Another text-entry technique in VR is by eye gestures. It is reported that various new
HMDs are equipped with eye trackers that enable recognition of eye movements to con-
trol the cursor (Dube et al., 2019). Research findings by Hajana and Ransen which stud-
ied gaze typing in VR for flat and curved virtual keyboards, with a dwelling time of 550
ms or pressing a controller key generated 9.4 and 7.5wpm (flat keyboard), and 10.2 and
9.2 wpm (curved keyboard) with an accuracy of 99% (Rajanna et al., 2011). In another
research, Brain-Computer Interface (BCl) was used complementary to eye gaze entry in
VR, which could be useful to users with special needs (Dube et al., 2019).

Interestingly it was researched and explored if foot is a feasible alternative for text entry
in VR (Wan etal., 2011). In this research, two tap-based techniques named FeetSymTap
and FeetAsymTap were researched, and a swipe-based technique (FeetGestureTap)
was explored (Wan et al., 2011). It was reported based on the user studies that the
methods had 11.12 wpm (FeetSymTap), 10.80 wpm (FeetAsymTap), and 9.16 wpm
(FeetGestureTap) (Wan et al., 2011). This foot-based technique overcomes the fatigue

from the head, and eye interactions in VR text-entry (Wan et al., 2011).
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Figure 9: Foot-based text entry in VR with HMDs: (a) FeetSymTap, each foot

controls one cursor to select target keys; (b) FeetAsymTap, right foot locates the
target key, and left foot selects by toe tap; (c) FeetGestureTap, right foot inputs
with the swipe-b based method and left foot types with the tap-based method.
(Wan et al., 2011)
Haptic gloves are used in VR to give users a sense of touch, vibration, and tactile feed-
back which adds to immersion and interaction. (Alotaibi et al., 2022) This is done by
firstly, tracking the movement of fingers and hands with sensors and then delivering the
feedback via actuators (Alotaibi et al., 2022). Typically, the components of haptic gloves
include flex sensors for sensing finger movements and inertial measurement units (IMUs)
for hand movements (Alotaibi et al., 2022). In the virtual environment, the haptic feed-
back increases presence and spatial awareness increasing speed and decreasing error
rate (Dube et al., 2023).

2.4 Feedback in Text-Entry Technologies

When we enter text by pressing keys on a keyboard, we sense the feedback in three
modalities: Visual, Auditory, and Haptic. The visual feedback refers to the change we
observe in the screen where the character is typed. Auditory feedback is the sound that
we hear while pressing the keys on the keyboard. Haptic feedback is sensed when we
touch and feel the force with which we press the keys on the keyboard.

In connection with the non-traditional text entry technologies, we now discuss the feed-
back modalities. The modalities for feedback are self-evident and unchangeable in the
traditional physical keyboards. In the laser projection keyboards, however, haptic feed-
back is absent. (Roeber et al., 2003) It was reported that users who do not observe the
keys while typing experienced hindrance and expressed low satisfaction with the laser
projection keyboard. (Roeber et al., 2003)
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In a virtual environment, using haptic gloves, haptic feedback could be simulated. Re-
search by Yildirim et al. 2023 found that visual and auditory feedback significantly im-
proves the text entry's accuracy (Yildirim et al., 2023). In another research, it was re-
ported that having tactile feedback reduces mental demand and frustration (Gupta et al.,
2020).

2.5 Metrics and User Experience in Text-Entry Research

In text-entry research, a text-entry session's performance is typically reported with entry
rates, error rates, and user satisfaction surveys. In this section, we will discuss these

metrics in detail.

Words per minute (WPM) gives us the number of words a user types in a minute. Ac-
cording to frequent practice, 5 characters, including spaces, are considered a word (Mac-
Kenzie et al., 2007). In this method, only the correct phrase is considered, not the number
of keystrokes it took the user to transcribe the text. In other words, it reports the time
required to complete the session, not the keystrokes required due to mistakes and the

time to correct them (MacKenzie et al., 2007).

Mathematically, it can be expressed as,

Number of characters entered
WPM = ! enteres
S(characters per word) X time in minutes

Reporting error is a complicated process compared to entry rates. Two types of error can
occur, one is during a text entry which is corrected, and the other is an error that remains
after the text entry. Combining these two types of errors we get the total error of the text
entry process. The mathematical representation is (Soukoreff et al., 2003),

INF + IF
C+INF+IF x 100

From the equation, INF is Incorrect Not Fixed (errors left in the transcribed text), IF is

Total Error Rate =

Incorrect Fixed (errors corrected during typing), and C is Correct keystrokes (appear in

the transcribed text).

In addition, to measure efficiency, Keystrokes per character (KSPC) is used. It measures
the number of keystrokes required on average to produce a single character. This metric
considers all keystrokes, including error corrections. Mathematically (MacKenzie et al.,
2007),
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Total number of keystrokes
KSPC = Lromnntes
Total number of characters in the final text

In terms of awareness of the participant, another measure is used called Participant
Conscientiousness. It is the ratio of Incorrect Fixed errors to the sum of Incorrect Fixed
and Incorrect Not Fixed errors. It provides a means to understand users' enthusiasm in
the text entry tasks. (Soukoreff et al., 2003) To get user satisfaction data, surveys on the
Lickert scale (1 to 5) (Roeber et al., 2003), and NASA-TLX to find task load is used (Wan
etal., 2011).

2.6 Integration of The Technologies and Research Gap

In the pursuit of understanding user performance, experience, and adaptability across
diverse environments it was deemed significant to research about text-entry in an addi-
tional paradigm: transition of text-entry environments. To achieve this, the physical key-
board, laser projection keyboard, and virtual reality keyboard are considered for the ex-
periment. The use of these technologies ensures the variation of familiarity, innovative
nature of the technology, and transition of environment could be maintained.

The physical keyboard representing the real environment is considered because it is the
familiar technology which has undergone substantial research and improvements over
the years. (Mackenzie et. al, 2007) It represents the standard for comparison in text-
entry research. (Lee et. Al 2015) In contrast, the laser projection keyboard representing
the semi-virtual environment reflects the next step for transition of the innovation and
environmental context. With a portable device but the absence of physical keys as the
layout is projected in a flat surface (Roeber et.). al, 2003) makes it the appropriate tran-
sitive technology between the physical keyboard and the virtual reality keyboard. For the
virtual reality environment, represented by the virtual reality keyboard exhibits next level
of immersive interaction where any type of physical manifestation of keyboard is dis-
carded. The use of VR is significantly rising in different fields (Dube et. al, 2019, Kern et.
al, 2023) hence the study of text-entry in virtual reality environment in comparison to

these technologies is paramount.

Previous research focused on a single environment, even then primarily on performance,
usability, and preference. There is insufficient research regarding the participants’ per-
ception, improvisation in interactions, and adaptation of the technology under research.
This research aims to propose and understand these additional contexts to enable future

innovative research to be more readily adaptable in daily life.
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The generalized researched process for text-entry research is shown below (Figure 10).

In the quantitative analysis, the metrics measured are mostly speed, accuracy, and error

rate.

Text Entry Research

V4

Innovative Non-traditional Technologies

7

Quantitative Analysis

7

Discussions, Limitations and Future
Research

Figure 11: Text-Entry Research Process

Proposed research process for text-entry research is presented in the figure (Figure 11)

below.

Text Entry Research

AV

Text-Entry Environments

\/

Traditional and Non-traditional
Technologies

Quantitative Quanlitative
Analysis Analysis

AV \/

Discussions, Limitations and Future
Research

Figure 12: Proposed Text-Entry Research Process
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In using the proposed methodology, along with the quantitative metrics used to measure
the usability of the text-entry technology, qualitative analysis could also be performed.
The qualitative analysis would facilitate improved insights for interaction design, practical
design implications, and perception of adaptability. This improved methodology would
enrich text-entry research in the future when the adaptation of recent technology is ur-

gently required.

2.7 Summary

Critically considering the phrase sets used for text entry research it was concluded that
the phrase set of Scott Mackenzie 2003 was preferred for the experiment. Due to famil-
iarity with the QWERTY layout, it was deemed preferable to use it in the experiment. In
addition, it is used as the basis for design for keyboards in other layouts, especially in
virtual reality. Based on these findings it would be useful to design a virtual reality key-
board. The most critical finding of non-traditional text entry technologies is that there is
limited significant research on comparing text entry research between laser projection
keyboards and text entry in VR. The feedback on the text entry experience affects the
performance of the user. This research focuses on exploring this concept. Finally, the
discussion of metrics and user experiences regarding text entry experiments were dis-
cussed which would be useful in representing the experimental results. It is evident from
the discussions in this chapter that significant innovation has been achieved by brilliant
research in text-entry. However, there is a gap that exists in understanding practical us-
age and performance. This chapter discusses the design choices and considerations
related to experimental design to gain insights go gain better understanding on the ex-

isting research gaps.
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3. METHODS

The previous chapter discusses the research gaps found in text-entry as a consideration
in paradigm in an isolated context of environment and expresses user performance and
preferences. In this chapter, an experiment is designed to address the research gaps by
quantitatively and quantitatively evaluating user performance, preferences, and adapta-
bility of the technologies. The first section 3.1 discusses the overall design of the exper-
iment and introduces the dependent and independent variables. In addition, section 3.2
discusses the attributes of participants and the background information, section 3.3 dis-
cusses the apparatus and the setup in brief, and section 3.4 discusses the stimuli (mo-
dalities) involved in the experiment. The experimental task and the procedure were dis-
cussed in ions 3.5 and 3.6, respectively.

3.1 Design of the experiment

The within-subjects experiment aimed to investigate the performance and user prefer-
ence in text entry in real environments, semi-virtual environments, and virtual environ-
ments while typing a short text selected from the phrase sets of Scott Mackenzie et al
2003 (Mackenzie et al., 2003). The dependent variables performance and preference
are (typing speed, accuracy, error rate, and user preference) measured to observe if they
are significantly different based on the environments regarding text entry.

The independent variable of the experiment was the text entry conditions with three lev-
els in environments: real, semi-virtual, and virtual. The dependent variable was a rating
of comfortability (ranging from 1-5), measured as ordinal data. Other measured depend-
ent variables included speed, accuracy, and error rate were measured based on the
discussions on metrics used in Chapter 2. Also, the users' preferences after recommen-
dations of changes or improvements were investigated with a semi-structured interview.

The conditions were counterbalanced by randomizing the order of the environment var-
iants to each participant to avoid the possible order effects and to minimize transfer and
learning across conditions. In addition, the task randomization was used by randomizing
the texts the users typed, the text samples were similar in length.

Text entry in VR is challenging and significant research is ongoing in this field (discussed
in section 2.4). The comparison of text entry as a task is common in any devices that
humans interact with. In a recent it was reported that participants could adapt to control-
ler-based text entry with a similar learning curve with limited training (Kern et al., 2023)
which makes the comparison with text entry with physical keyboards relevant. In addition,
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the use of two hands with controller-based text entry provides the participants familiarity
like physical keyboards (Wan et al., 2024). In another research about text entry in Mixed
Reality, it was stated that there were inadequacies in sensing the correct location of the
fingers when tracked with VR headsets (Streli et al., 2024). Due to these critical consid-
erations, it was deemed appropriate to compare text entry with physical keyboards to

controllers.

3.2 Participants

The study involved 7 participants in total, all were male. The participants were 21-35
years old. All were students or recent graduates of Tampere University. It was evident
from the background information (Appendix C) that the participants spent 2 to 7 hours
daily on text entry-related tasks. This indicates familiarity and expertise in text entry tech-
nologies. All participants indicated their dominant hand was the right hand. In addition,
the participants were most familiar with the QWERTY layout which indicates that the use
of the QWERTY layout was a correct choice supporting the related literature review. The
participants' countries of origin varied from Bangladesh, Nigeria, and Finland which indi-
cates the exposure to text-entry technologies could be varied. Supplementary to this
information was gathered that indicates the familiarity of use of text-entry technologies
for most participants is more than 6 years while one participant responded 4-6 years.
This signifies that the greater use of text-entry technologies after a certain level of expe-
rience or studies takes place. Investigation to gather insight about adopting new or non-
traditional text-entry technology adoption, most participants were positive about using or
adopting non-traditional text-entry technologies depending on the perceived benefits.

The participants were recruited voluntarily with no compensation. The experiment re-
quired to involve participants with no special needs, and with normal vision or corrected
to normal vision to ensure that the participants had no physical issues that restricted

them from text-entry tasks.

All participants after they had read the privacy notice (Appendix E) essential for the use
of the data regarding the user study and ethical considerations in research complying
the GDPR. Then the participants provided informed consent (Appendix D) for their par-
ticipation and agreed on the use of their data for scientific research. In various stages of
the session, the participants were informed of their rights and the session ended with the
researcher informing the participants they could reach out even after the session if any
concern or inquiries raise about the use or storage of data.
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3.3 Apparatus

The experiment was conducted with a 14” laptop, 1 laser projection keyboard connected
with a USB wire, a 23.8” monitor, 1 Meta Quest 2 device with controllers, and a mouse.
In addition, text entry interfaces were developed for easier calculation of performance

metrics.

In the setup of real environment, physical keyboard was used. The setup is shown in
Figure 12.

Figure 13: Setup of text entry in real environment (Physical Keyboard)

In the setup of semi-virtual environment commercially available laser projection keyboard
was used. The specifications of laser projection keyboard (Amazon, 2023) are presented

in table 1 below.

Table 1. Specifications of Laser projection keyboard (Amazon, 2023)

Item Description

Keyboard Light Source Red laser diode

Keyboard Layout Inclined projection, QWERTY layout
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Key size

Varied width (17mm - 77mm) x 12 mm (H)
(alpha keys 17mm, functional keys 25mm,
space key 77mm)

Projection Size

250mm (W) x 100mm (H)

Projection Keyboard Location

Approximately 100 mm from the device

Required Projection Surface

Non-reflective, opaque flat surface

Detection Rate

Over 350 characters per minute

Working Temperature

-10°C to 40°C

Dimensions

23.3 mm x 23.3 mm x 90 mm

Weight

68 g

External Power Source

USB ports, 5V/1A

Battery Capacity 400 milliampere-hour (maximum) @ 3.7V
Battery Working Time 1 hour
Battery Charging Time 1 hour

USB Interface

USB 1.1/2.0, USB HID Ver. 1.0

Bluetooth

2402-2480 MHz

Frequency Rating

V3.0 (Class 2), HID Profile 1.0

Channel

79

Modulation

GFSK
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Figure 14: Setup of text entry in semi-virtual environment (Laser Projection Key-
board)

Finally, the virtual environment was represented by the built-in keyboard and browser
available in the Meta Quest 2 device. This complex setup is presented in several pictures

shown successively.
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Figure 15: Setup of text entry in virtual environment (Flat Virtual Keyboard)
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Figure 16: Virtual Text Entry Environment (Flat Virtual Keyboard)

In addition, a prototype of a 3D keyboard was developed to help with perception of par-
ticipants and ask feedback. The 3D keyboard was developed with unity but not used in
the main experiment due to technical issues. It was only used to gather feedback and
insights. The 3D Virtual keyboard is shown below.



24

are you sure you want this

Figure 17: 3D virtual keyboard (for gathering insights)

3.4 Stimuli

The stimuli used included visual, tactile stimuli, and haptic stimuli. The participants saw
texts in the display and typed the text in the textbox. The stimuli were chosen to investi-
gate the performance and user preference in text entry requiring tactile and haptic stimuli.
The tactile stimuli were sensed when the users' pressed keys in real and virtual environ-
ments and in the case of a semi-virtual environment there were only haptic stimuli due
to the projection of the keyboard layout on a flat surface. In addition, we needed to pro-

vide the text that required visual stimuli.
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3.5 Experimental task

Three tasks the participants needed to complete - one task per condition with a practice
task. The participants were instructed to write the text they saw on the display and enter
it using the text entry technologies provided. For example, for the practice task, the par-
ticipants were required to enter the phrase, “tampere university” and for the main task,
the phrase (sample phrase) was “an offer you cannot refuse.”

3.6 Procedure

After welcoming the participants, the participants were informed about the privacy notice
(Appendix E) including their rights regarding the participation in the experiment and filled
out the consent form and background information form. They were informed that the
entire session would be recorded with audio and video (screen recorder only) to get
proper feedback from the participants. It was mentioned to the participants that they
could give verbal feedback anytime they wanted, and the author would take notes or
refer to the audio recording.

Subsequently, the participants were set up with the experimental equipment and briefed
about the first task. The task was to type whatever text was visible in the text entry inter-
face and type with the text entry technology. The participants were instructed to enter
the text as fast and as accurately as possible. Upon completing the task, the participant

was given a NASA-TLX questionnaire (Appendix A) to measure the task load.

Then the text entry environment was changed, and a brief break was given to the partic-
ipant. The participant was again briefed about the second task. The second task was like
the first task but with different text. After that, a NASA-TLX questionnaire (Appendix A)
to measure the task load was filled by the participant.

In the third task, the participant was provided with a third text-entry environment and
different text phrases to type. After completion of the task, the participant was once again
given a NASA-TLX questionnaire (Appendix A).

After finishing the third and final task, the participants were given a User Satisfaction
Questionnaire (Appendix B) to rate their satisfaction in each environment for text-entry.
Then the participants were engaged in a semi-structured interview about their overall
experience of the experiment, and a discussion about the technologies and adaptation
requirements for daily use was conducted. The order of text typing environments was
varied using the Latin Square technique. The whole procedure for a single participant
required about 40 minutes.
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Figure 18: Experimental Process lllustration
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The components related to design of the experiments and the experimental process are
conscientiously considered based on the discussion in the previous chapter. The exper-

imental process was designed in such a way to gather relevant insights and patterns in

user performance and preference across text-entry environments. In the next chapter

the results would be presented to get an overview about the valuable insights.
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4. RESULTS

This chapter reports both quantitative and qualitative data. The quantitative data are rep-
resented in sections 4.1 and 4.2, the qualitative data from the short interview are reported
in section 4.3, and section 4.4 contains summary.

4.1 User Satisfaction and Typing Performance

The participants rated the text-entry environment “Real” as most satisfying. The mean
value of satisfaction out of 5, the real text entry environment scored 4.85. The second
preferred text entry environment was virtual, which had a user satisfaction mean score
of 3.71 out of 5. The semi-virtual text-entry environment scored the least, averaging 2
out of 5.

User Satisfaction Level(Average) vs. Environments

5

User Satisfaction Level(Average)

Real Semi-virtual virtual
Environments

Figure 19: Mean user satisfaction level of text-entry environment

In addition, the typing performance metrics were calculated based on the formulas dis-
cussed in section 2.5. In a comparison of the three text-entry environments, the perfor-
mance of participants in the real environment was the most optimal. The mean speeds
of the three text-entry environments real, semi-virtual, and virtual were 32.26 wpm, 7.14
wpm, and 13.13 wpm, respectively as seen in Figure 19. In terms of error rate, the mean
performance of the participants was 6.11%, 45%, and 1.05% respectively presented in
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Figure 20. The mean accuracy of the text-entry environments was found to be 1.07
KSPC (real environment), 1.99 KSPC (semi-virtual environment), and 1.02 KSPC (virtual
environment) respectively presented in Figure 21.

Average Speed(wpm) vs. Environments

Average Speed(wpm)
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Real Semi-virtual virtual
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Figure 20: Mean Text-entry speed across environments

Average Error Rate(%) vs. Environments
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Real Semi-virtual virtual

Environments

Figure 21: Mean Text-entry error rate across environments
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Average Accuracy (KSPC) vs. Environments
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Figure 22: Mean Text-entry accuracy across environments

4.2 Perceived Experience Task Load

In the completion of text-entry tasks in each environment, the participants expressed
their perceived experience about the text entry experience via the NASA TLX question-
naire. The NASA-TLX questionnaire was used with 6 subscales which are Mental De-
mand, Physical Demand, Temporal Demand, Performance, Effort, and Frustration. The
data gathered from the questionnaire reflects the performance of the text-entry perfor-
mance of the participants. From the questionnaire data, it is evident that a semi-virtual
environment consistently required significant Mental (12.85) and Physical (10) effort re-
sulting in higher scores for Frustration (12.29), Effort (13.71), and Performance (13.43)
subscales. Conversely, the scores for the real environment text entry were significantly
lower across these subscales, including Mental Demand (3.14), Physical Demand (2.85),
Performance (5.57), Effort (5.29), and Frustration (2.86). These scores suggest that the
text entry in a real environment was the least taxing for the participants. The scores from
the virtual environment are Mental demand (6.85), Physical Demand (7.14), Perfor-
mance (4.57), Effort (6.28), and Frustration (4). The graphical representation of the av-
erages of the subscales is presented below.
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Figure 23: Mean Mental demand across environments.
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Figure 24: Mean Physical demand across environments.
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NASA TLX(Temporal Demand)
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Figure 25: Mean Temporal demand across environments.
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Figure 26: Mean Perceived Performance across environments.
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Figure 28: Mean Frustration across environments
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4.3 Qualitative Feedback

The qualitative data were derived from the semi-structured interview after the completion
of experimental tasks and filling up of the NASA-TLX questionnaires (Appendix A) and
User Satisfaction Questionnaire (Appendix A). The main questions are presented and
added in the appendix (Appendix B).

The semi-structured interview started with a query about the session in general. The
participants found it an interesting experience. Participant 1 expressed, “For me, it was
interesting because | never used the VR before for practical (task like text entry) | saw
what the movie is here or how can (be) watch (ed) in a. .... it was quite interesting for
me” Participant 4 expressed, “it was fun to do. | tried different system, I've never seen
(before)...... So, it is interesting to try out.” In addition, some participants mentioned the
instructions were adequate and easily understandable. One participant (P7) mentioned
technical issues such as difficulty in selecting the text box to start text input the technical
issues did not affect the performance as the calculation of performance metrics only
started after the beginning of the text-entry procedure. However, for this participant, this
issue might have affected the experience.

When inquired about the text-entry experience in the semi-virtual environment with the
laser projection keyboard, the participants expressed overwhelmingly that their experi-
ences were unsatisfactory. Participant 2 reported,” ... the semi-virtual one | think it is a
bit more error-prone”. Participant 3 reported that he found it challenging to experience
the feedback. Other participants expressed frustration about their lack of understanding
of the technology's feedback as the inputs were not properly registering. For instance,
then the fingers were moving in the projected area but not selecting any keys the audible
feedback was registering. This issue created frustration among the participants.

In relation to the previous inquiry, the participants were asked about how to improve the
technology. In response to the inquiry, most of the participants expressed there should
be a proper number of finger-tracking sensors or high-quality sensors, and the position
of sensors could be distributed to improve tracking. Participant 3 expressed there could
be a highlight mechanism in the laser projection keyboard like VR and the change of
colour (for feedback) would improve it. Participant 4 responded, “.... should have a pro-
jector for more sites than just one. So, like 3D map your hands in the plane”. Participant
5 responded, “... to buy high quality laser devices, | think that will help to implement...”

When asked if the participants would use the laser projection keyboard after the feed-
back were considered, the participants mostly expressed unwillingness and kept using
the physical keyboard. Out of 7 participants, only 2 (Participants 2 and 6) were willing to
use an improved laser projection keyboard in their daily lives.
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Compared to the text-entry experience in a semi-virtual environment, the participants

preferred the virtual environment. Participant 5 deemed the experience, “...super fun”
and “it seems like I'm playing some games, but, I'm typing the text so it is so fast and you
smooth. I like that.” Participant 7 stated, “/It was manageable and pretty enjoyable.” The
absence of proper feedback like the physical keyboard made the participants reluctant
to use the VR technology for text-entry. Participant 7 suggested haptic gloves would

improve the experience in VR text entry.

In giving feedback towards the 3D keyboard prototype, there were contrasting feedback.
It was acknowledged that the 3D keyboard prototype was not functioning properly. It only
aims to gather insights regarding interaction in VR. Participant 1 expressed, “.../ can see
I can use my fingers. Yeah, like | can use my hands. But still, I'm not comfortable with
that...,” while Participant 2 expresses, “.... Yeah, it's difficult. The idea is good....” Partic-
ipant 5 was appreciative of the experience of mimicking movements of the physical key-
board and the 3D experience. In the participants words, “... The movement was nice since
the key | was pressing, and | can hold it. Then | can suppress it, and it gives me the
text...” In addition, Participant 6 expresses that he preferred the 3D keyboard compared
to the built-in keyboard in VR, “... you could actually use it as a physical keyboard, | would
prefer that over the original (built-in) VR keyboard....” Participant 7 expressed,” ...it felt
like a hassle...”

When asked about the feedback the participants experienced while completing the tasks,
the participants gave varied responses once again. Participant 1 expressed,” .../ think |
don't need the vibration...” while Participant 2 gave contrasting response, “in virtual real-
ity having some kind of tactile feedback in my hand, like some kind of reflection or reac-
tion is quite important....” When the use of haptic gloves was inquired, Participant 4 ex-
pressed, “...I would prefer that one because. It would be effective and like with the mod-

ern keyboards...”

The participants were expressing their experience most due to being unfamiliar with the
semi-virtual environment, where it was observed that the participants improvised while
completing tasks in the semi-virtual environment. Participant 2 used one finger in each
hand to minimize the over tracking of the fingers. Other participants repeatedly checked

the screens and confirmed if the correct character was entered with the key selected.

4.4 Summary of Results

The experimental results present us with relevant insights in user preference, user per-
formance, and perceived workload across the three text-entry environments. The
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implications about these valuable results and potential improvements are discussed in
the next chapter (Chapter 5).
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5. DISCUSSIONS

This thesis studied text-entry experiences in three distinct environments. The environ-
ments were defined as real, semi-virtual, and virtual. Physical keyboard, laser projection
keyboard, and built-in VR keyboard are used to represent the environments. This chapter
discusses the findings based on the quantitative and qualitative results exhibited in
Chapter 4. Firstly, in Section 5.1, the findings from the experiments are presented, and
implications of these findings are discussed. Secondly, Section 5.2 examines the limita-
tions of research and future work opportunities.

5.1 Main Findings

This research aimed to understand the text-entry performance compared across three
different text-entry environments. In addition, how the participants perceive the experi-
ence across these three text-entry environments was studied. The experiment was de-
signed to gather data about the research questions. The data gathered from the text
entering tasks was used to relate to the findings of the RQ1 (How does the text entry
performance compare across different text-entry environments ?) and the data derived
from the feedbacks in User Satisfaction surveys and NASA-TLX surveys with the semi-
structured interview was used to relate to the findings about RQ2 (What are the percep-

tion about adopting to new text entry technologies?).

In the investigation, about the data related to RQ1, it is evident from the text entry per-
formance metrics of the participants that the speed measured in wpm, in the real envi-
ronment, was significantly faster than in the virtual and semi-virtual environments which
implies the participants' preference and familiarity with the physical keyboard. However,
the error rate for the text entry in the real environment was a bit higher than in the virtual
environment. In connection with this phenomenon, accuracy was also affected in the real
environment. It could be caused by the lapse of concentration on the part of the partici-
pants. This could also imply that focusing on speed could negatively influence the accu-

racy and error rate due to finger movement control (Nes 1976).

In the semi-virtual environment, the participants’ use of the laser projection keyboard
was significantly challenging. The laser projection keyboard technology, though invented
and in use a while ago, is not without usability issues. The laser projection keyboard
used in the research was commercially available technology and consisted of mouse
functionality in addition to keyboard functionality. This posed a significant challenge for
the participants to learn and use this technology quickly. This could be due to lack of
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tactile confirmation, which was experienced in the physical keyboard. (Han et. al, 2015)
However, the participants instantly developed personal strategies to deal with the chal-
lenges posed which could indicate the participants' ability to adapt and learn innovative
technologies. This reflects the hypothesis reported in Roeber et al. (2003), that with sig-
nificant learning time, this technology can be used more effectively.

The data related to the investigation of the RQ2, was gathered in two parts. Firstly, the
surveys about task loads were taken as surveys using the NASA-TLX questionnaire after
the user completed text-entry tasks in each environment and then the user satisfaction
survey at the end of final text-entry tasks. Secondly, there was a post-test semi-struc-
tured interview session, where the participants shared their opinions in detail. From this
semi-structured interview, we gathered valuable insights regarding the perception of
adapting non-traditional text-entry technologies.

The participants preferred the real environment (represented by a physical keyboard)
over the semi-virtual (represented by a laser projection keyboard) and the VR environ-
ment (VR keyboard) for text entry. This is evident from the user satisfaction survey in
Figure 17. This preference could be discussed in terms of text-entering performance,
feedback, and perceived task loads. From the data related to the RQ1, we gathered the
measures of performances effectively and it is observed that the performance of the par-
ticipants with the physical keyboard was the most optimal. The performance could be
influenced due to the familiarity of the text-entry technology (Wang et al., 2008). In terms
of feedback perceived by the participants, it appears, that compared to the physical key-
board, the other keyboards (laser projection and VR keyboard) lacked haptic and tactile
feedback which resulted in lower user satisfaction (Roeber et al., 2003). The data from
the task load surveys (NASA-TLX Questionnaires), it is found that the task loads required
significantly lower efforts for the physical keyboards especially in mental demand and
frustrations which is like previous research (Gupta et al., 2020). In an interesting finding
in this study was that the score of the subscale Performance (lower values are better) in
the virtual environment was a bit lower than in the real environment. It can be interpreted

as the users' focus was a bit higher in the virtual reality environment.

In the semi-structured interviews, the participants were asked about their experience with
the text entry environments and to give suggestions to improve the usability of the text
entry technologies. Many participants suggested that better sensor capability and a 3D
mapping of the text-entry area might be useful to increase the usability of the laser pro-
jection keyboard. In addition, a highlight mechanism such as changing the colour of the
selected key could be implemented for the laser projection keyboard would improve us-
ability. In the virtual reality environment, in terms of feedback, the use of haptic gloves
was suggested to make the experience more realistic.
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Previous works regarding text-entry focuses on innovation, usability, interaction, and
user experience. In this thesis work, text-entry is researched in a new perspective main-
taining fundamental characteristics of text-entry research. This thesis work researches
text-entry on the basis cross-environment comparisons, and adaptability which is a novel
perspective. In using both quantitative and qualitative approaches, it sets precedence for
future research to explore the adaptability of innovative technologies in addition to usa-
bility and user experience.

5.2 Limitations

There were several limitations observed during the research process; they need to be
properly addressed to get improved insights regarding text entry research. Firstly, the
sample size was limited, and all the participants were male with the right hand as the
dominant hand. In the future, research could explore a broader demographic which
would ensure significantly better understanding of user experience in diverse environ-

ment for similar text-entry research.

Secondly, the research introduced non-traditional technologies for text- entry which
would have required a few more sessions to get familiar to the participants. Particularly
in the case of the laser projection keyboard the participants needed to improvise. Similar
limitations were reported by Roeber et al. (2003). For similar experiments in the future,
it is highly recommended to study the exposure of a non-traditional technology for a
longer period, and performance metrics and feedback on the user experience should be
collected. That is, a longitudinal study experiment may provide significant added infor-
mation.

Finally, as a continuation of the design implications and research by Dube et al. 2020
which proposes that square shaped 3D keys are preferable for text-entry in VR (Dube et
al. 2020), a prototype is developed. In future research, it is planned to be used with haptic
gloves and gather insights. In this work, it was introduced to the participants only for
feedback to avoid complexity of analysis and confusion on the part of participants. The
application of Fitt’s Law on text-entering behaviour could be a significant research topic.
In addition, possibility of implementing mobile styled keyboard with multi-layered input
could also be explored. (Shanbhag et. al, 2002)
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6 CONCLUSIONS

Text entry is established as a pivotal topic of research in human-technology interaction.
This thesis work explores text-entry in a novel approach considering a comparison of
text-entry performance and experience across different environments. The environments

were named real, semi-virtual, and virtual environments.

The real environment represented by the physical keyboard remains the standard for
text entry in terms of performance metrics and experience. Although the error rate for
this environment was slightly higher compared to the VR environment which might be
the participants’ focus on speed rather than accuracy. The participants opined that they

preferred this environment due to familiarity and intuitiveness.

The semi-virtual environment represented by the laser projection keyboard was the in-
novative technology for the text entry for the participants. Although the technology is
commercially available it is not used on a large scale. The limitations of the technology
are evident in the performance metrics scoring lowest among the environments and scor-
ing lowest in the feedback collected with the questionnaire. In addition, several sugges-
tions for improvements were given including sensor improvement, tracking improvement,

and visual feedback mechanisms.

The virtual environment represented by the VR keyboard posed a moderate performance
and ranked second in performance metrics and feedback. The participants suggested
the use of haptic gloves to heighten the immersive experience and introduce haptic feed-
back.

In the future, research could be continued with diverse participant pool after implement-
ing some of the design implications received via the semi-structured interviews. This
research could be extended to explore more in a longitudinal study with a focus on Fitt's
Law especially on the non-traditional text-entry technologies.

The thesis contributes to the field of human technology interaction field significantly. The
proposed methodology regarding text-entry research improves the research methodol-
ogy to gather refined insights and generates practical interaction and design implications
along with traditional performance measures. In using the Nasa-TLX questionnaire, the
participants cognitive workloads are measured which contributes to quantify the partici-
pants perception of the technology they interacted with. In line with the previous re-
search, the performance and limitations were similar and thus validated. The familiarity
and intuitiveness of the physical keyboard was found preferable compared to the other
non-traditional technologies, which validated previous research. In addition, the Nasa-
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TLX workload questionnaire and semi-structured interview provided valuable insights re-
lated to cross-environment adaptability, innovative design improvements, such as haptic
feedback and advanced tracking. As proof of concept about refined methodology, a pro-
totype 3D keyboard developed is tested for feedback purposes. In conclusion, this re-
search provides a foundation for future research to gather refined insights related to text-
entry.



41

REFERENCES

Alotaibi, L., Alabdulrahman, M., Hasanaath, A. A., Tohmeh, S. B., & Mohammad, N.
(2022). Low cost and scalable haptic VR glove. In 14th IEEE International Conference
on Computational Intelligence and Communication Networks (CICN).

Amazon. (2023). [Laser virtual projection keyboard]. Retrieved December 9, 2024, from
https://www.amazon.fr/dp/BO0D4QVGB78

Bowman, D. A, Ly, V. Q., & Campbell, J. M. (2001). Pinch keyboard: Natural text input
for immersive virtual environments. Virginia Tech Department of Computer Science
Technical Report.

Buzing, P. (2003). Comparing different keyboard layouts: Aspects of QWERTY, DVO-
RAK, and alphabetical keyboards. Delft University of Technology.

Dube, T. J., & Arif, A. S. (2019). Text entry in virtual reality: A comprehensive review of
the literature. In M. Kurosu (Ed.), HCIl 2019, LNCS 11567 (pp. 419-437). Springer.
https://doi.org/10.1007/978-3-030-22643-5 33

Dube, T. J., & Arif, A. S. (2023). Ultrasonic keyboard: A mid-air virtual QWERTY with
ultrasonic feedback for virtual reality. In 17th International Conference on Tangible, Em-
bedded, and Embodied Interaction (TEI 2023) (pp. 1-8). Association for Computing Ma-
chinery.

Dube, T. J., & Arif, A. S. (2020). Impact of key shape and dimension on text entry in
virtual reality. In CHI 2020 Late-Breaking Work (pp. 1-6). ACM.
https://doi.org/10.1145/3334480.3382882

Gupta, A., Samad, M., Kin, K., Kristensson, P. O., & Benko, H. (2020). Investigating
remote tactile feedback for mid-air text-entry in virtual reality. In IEEE International Sym-
posium on Mixed and Augmented Reality (ISMAR). https://doi.org/10.1109/IS-
MARS50242.2020.00062

Han, B., & Kim, K. (2015). Typing performance evaluation with multimodal soft keyboard
completely integrated in commercial mobile devices. Journal of Multimodal User Inter-
faces, 9(3), 173—181. https://doi.org/10.1007/s12193-015-0177-4

Hou, G. (2018). Laser projection keyboard. Espacenet. (Patent Link)

Huang, J., Sun, M., Qin, J., Gao, B., & Qin, G. (2024). Climbing keyboard: A tilt-based
selection keyboard entry for virtual reality. International Journal of Human-Computer In-
teraction, 40 (5), 1327—1338. https://doi.org/10.1080/10447318.2022.2144120

Jiang, H., Weng, D., Dongye, X., & Liu, Y. (2024). PinchText: One-handed text entry
technique combining pinch gestures and hand positions for head-mounted displays. In-
ternational Journal of Human—Computer Interaction, 40 (2), 278-294. (Paper link)


https://www.amazon.fr/dp/B0D4QVGB78
https://doi.org/10.1007/978-3-030-22643-5_33
https://doi.org/10.1145/3334480.3382882
https://doi.org/10.1109/ISMAR50242.2020.00062
https://doi.org/10.1109/ISMAR50242.2020.00062
https://doi.org/10.1007/s12193-015-0177-4
https://worldwide.espacenet.com/publicationDetails/biblio?FT=D&date=20181116&DB=EPODOC&CC=CN&NR=108829296A
https://doi.org/10.1080/10447318.2022.2144120
https://doi.org/10.1080/10447318.2022.2115333

42

Kern, F., Niebling, F., & Latoschik, M. E. (2023). Text input for non-stationary XR work-
spaces: Investigating tap and word-gesture keyboards in virtual and augmented reality.
IEEE Transactions on Visualization and Computer Graphics, 29(5), 2658—2666.
https://doi.org/10.1109/TVCG.2023.3247098

Kristensson, P. O., & Vertanen, K. (2012). Performance comparisons of phrase sets
and presentation styles for text entry evaluations. In Proceedings of the International
Conference on Intelligent User Interfaces (IUIl '12) (pp. 1-2). Association for Computing
Machinery. https://doi.org/10.1145/2166966.2166972

Lee, J., Cho, H., & McKay, R. I. (2015). A rapid screening and testing protocol for key-
board layout speed comparison. IEEE Transactions on Human-Machine Systems, 45
(3), 371-384.

MacKenzie, I. S., & Soukoreff, R. W. (2003). Phrase sets for evaluating text entry tech-
niques. In CHI '03 Extended Abstracts on Human Factors in Computing Systems (pp.
754-755). Association for Computing Machinery.
https://doi.org/10.1145/765891.765971

MacKenzie, I. S., & Tanaka-Ishii, K. (2007). Text entry systems: Mobility, accessibility,
universality. Morgan Kaufmann.

Min, K. (2011). Text input tool for immersive VR based on 3 x 3 screen cells. In G. Lee,
D. Howard, & D. Slezak (Eds.), ICHIT 2011, LNCS, 6935 (pp. 778-786). Springer.
https://doi.org/10.1007/978-3-642-24082-9 94

Nakic-Alfirevic, T., & Durek, M. (2004). The Dvorak keyboard layout and possibilities of
its regional adaptation. In 26th International Conference on Information Technology In-
terfaces (pp. 373-378). IEEE.

Nes, van, F. L. (1976). Analysis of keying errors. Ergonomics, 19(2), 165-174.
https://doi.org/10.1080/00140137608931529 (Paper Link)

Norman, D. A, & Fisher, D. (1981). Why alphabetic keyboards are not easy to use: Key-
board layout doesn't matter much. Center for Human Information Processing, University
of California, San Diego.

Norman, D. A., & Rumelhart, D. E. (1983). Studies of typing from the LNR research
group. In W. E. Cooper (Ed.), Cognitive aspects of skilled typewriting (pp. 45-67).
Springer. https://doi.org/10.1007/978-1-4612-5470-6 3

Paek, T., & Hsu, B.-J. P. (2011). Sampling representative phrase sets for text entry ex-
periments: A procedure and public resource. In Proceedings of CHI 2011 (pp. 2477—-
2480). Association for Computing Machinery.

Rajanna, V., & Hansen, J. P. (2018). Gaze typing in virtual reality: Impact of keyboard
design, selection method, and motion. In Proceedings of the 2018 ACM Symposium on


https://doi.org/10.1109/TVCG.2023.3247098
https://doi.org/10.1145/2166966.2166972
https://doi.org/10.1145/765891.765971
https://doi.org/10.1007/978-3-642-24082-9_94
https://doi.org/10.1080/00140137608931529
https://typeset.io/pdf/analysis-of-keying-errors-4sfswc3k9q.pdf
https://doi.org/10.1007/978-1-4612-5470-6_3

43

Eye Tracking Research and Applications (pp. 1-10). Association for Computing Machin-
ery. https://doi.org/10.1145/3204493.3204541

Roeber, H., Bacus, J., & Tomasi, C. (2003). Typing in thin air: The Canesta projection
keyboard — A new method of interaction with electronic devices. In Proceedings of CHI
2003: New Horizons (pp. 712-713)

Shanbhag, S., Rao, D., & Joshi, R. K. (2002). An intelligent multi-layered input scheme
for phonetic scripts. Symposium on Smart Graphics, Hawthorne, NY, USA, June 11-13,
2002. ACM. https://doi.org/10.1145/569005.56901 1

Soukoreff, R. W., & MacKenzie, I. S. (2003). Metrics for text entry research: An evalua-
tion of MSD and KSPC, and a new unified error metric. In Proceedings of CHI 2003 (pp.
113-120). Association for Computing Machinery.

Streli, P., Richardson, M., Botros, F., Ma, S., Wang, R., & Holz, C. (2024). TouchInsight:
Uncertainty-aware rapid touch and text input for mixed reality from egocentric vision. In
Proceedings of the 37th Annual ACM Symposium on User Interface Software and Tech-
nology (UIST '24), October 13-16, Pittsburgh, PA, USA.
https://doi.org/10.1145/3654777.3676330

Vertanen, K., & Kristensson, P. O. (2011). A versatile dataset for text entry evaluations
based on genuine mobile emails. In Proceedings of MobileHCI 2011 (pp. 295-298). As-
sociation for Computing Machinery.

Wan, T., Zhang, L., Yang, H., Irani, P., Yu, L., & Liang, H.-N. (2024). Exploration of foot-
based text entry techniques for virtual reality environments. In Proceedings of the CHI
Conference on Human Factors in Computing Systems (CHI '24) (pp. 1-17). Association
for Computing Machinery. https://doi.org/10.1145/3613904.3642757

Wan, T., Wei, Y., Shi, R., Shen, J., Kristensson, P. O., Atkinson, K., & Liang, H.-N.
(2024). Design and evaluation of controller-based raycasting methods for efficient alpha-
numeric and special character entry in virtual reality. IEEE Transactions on Visualization
and Computer Graphics, 30(9), 6493-6504.
https://doi.org/10.1109/TVCG.2024.3349428

Wang, X., & Hedge, A. (2008). A usability evaluation of a laser projection virtual key-
board. In Proceedings of the Human Factors and Ergonomics Society 52nd Annual Meet-
ing (pp. 537-541).

West, L.J. (1998). The Standard and Dvorak Keyboards Revisited: Direct Measures of
Speed. Santa Fe Institute Working Paper: 1998-05-041. (Paper Link)

Wikipedia contributors. (2024, November 28). QWERTY. In Wikipedia, The Free Encyclope-
dia. Retrieved 13:40, December 4, 2024, from https://upload.wikimedia.org/wikipedia/com-
mons/thumb/d/da/KB United States.svg/1920px-KB United States.svg.png



https://doi.org/10.1145/3204493.3204541
https://doi.org/10.1145/569005.569011
https://doi.org/10.1145/3654777.3676330
https://doi.org/10.1145/3613904.3642757
https://doi.org/10.1109/TVCG.2024.3349428
https://sfi-edu.s3.amazonaws.com/sfi-edu/production/uploads/sfi-com/dev/uploads/filer/82/19/82194df8-bead-4a98-b454-60cf2ffe5d55/98-05-041.pdf
https://upload.wikimedia.org/wikipedia/commons/thumb/d/da/KB_United_States.svg/1920px-KB_United_States.svg.png
https://upload.wikimedia.org/wikipedia/commons/thumb/d/da/KB_United_States.svg/1920px-KB_United_States.svg.png

44

Wikipedia contributors. (2024, November 21). Dvorak keyboard layout. In Wikipedia, The
Free Encyclopedia. Retrieved 13:47, December 4, 2024, from https://upload.wiki-
media.org/wikipedia/commons/thumb/2/25/KB_United States Dvorak.svg/1920px-
KB_United States Dvorak.svg.png

Yildirim, C. (2023). Point and select: Effects of multimodal feedback on text entry perfor-
mance in virtual reality. International Journal of Human-Computer Interaction, 39 (19),
3815-3829. https://doi.org/10.1080/10447318.2022.2107330

Yu,C., Gu, Y., Yang, Z.,Yi, X, Luo, H., & Shi, Y. (2017). Tap, dwell or gesture? Exploring
head-based text entry techniques for HMDs. In Proceedings of the 2017 CHI Conference
on Human Factors in Computing Systems (pp. 4479-4488). Association for Computing
Machinery. https://doi.org/10.1145/3025453.3025964



https://upload.wikimedia.org/wikipedia/commons/thumb/2/25/KB_United_States_Dvorak.svg/1920px-KB_United_States_Dvorak.svg.png
https://upload.wikimedia.org/wikipedia/commons/thumb/2/25/KB_United_States_Dvorak.svg/1920px-KB_United_States_Dvorak.svg.png
https://upload.wikimedia.org/wikipedia/commons/thumb/2/25/KB_United_States_Dvorak.svg/1920px-KB_United_States_Dvorak.svg.png
https://doi.org/10.1080/10447318.2022.2107330
https://doi.org/10.1145/3025453.3025964

45

APPENDIX A: ASSESSMENT QUESTIONNAIRES

Mental Demand How mentally demanding was the lask?
I B | I
Very Low Very High

Physical Demand How physically demanding was the task?

(S ) | A I I I
Very Low Very High

Temporal Demand How hurried or rushed was the pace of the task?
Y I | N I I
WVery Low Very High

Performance How successful were you in accomplishing what

you were asked 1o do?

Perfect Failure
Effort How hard did you have to work to accomplish
your level of performance?
llllllllll|llllllllll
Very Low Very High
Frustration How insecure, discouraged, irritated, stressed,

and annoyed wereyou?

Very Low Very High




User Satisfaction Level

1. User Satisfaction levels(of environments) *

Lowest
Real O
Semi-virtual O

Virtual Reality O

Bad

o O

Neutral

Good

Highest

O
O
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APPENDIX B: SEMI-STRUCTED INTERVIEW
QUESTIONS

1. How was your experience of the user study?
2. How was your experience entering texts with laser projection keyboard?
3. Would you be interested in using it in your daily life? Why yes/why not?

4. If in future, your suggestions are implemented will you use the text entry technology
in your daily life?

5. How was your experience in VR text entry?
6. Would you be interested in using it in your daily life? Why yes/why not?

7. If in future, your suggestions are implemented will you use the text entry technology
in your daily life?



APPENDIX C: BACKGROUND INFORMATION

. Gender *

D Woamani

Fut

() Man
'S ary
{_) Mon-binary

O Prefer nat to say

[T}

. Country *

4. Occupation(lf you are a student please mention the program and year. If you are a
professional please mention your job title) *

W

. Dominant hand *
() Right hand
{::l Left hard
f_-:l Amibidextrous
() Do nat konow

f__:l Prefier rot to say
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6. Anvy preferance to keyboard layouts?(QWERTY, AZERTY, Mordic, etc.) *

7. How much time do you spend in texting or typing on any device everyday? Please give an
average appraximation in houwrs. *

&. How familiar are you with text typing technalogy ?(Generally indicate keyboard or similar
devices) *

D 1-3 years
D 4- years

O Melore than & years

9. How likely are you to adopt new text typing technology? Feel free to give a detailed
description. *
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APPENDIX D: INFORMED CONSENT FORM

Informed Consent Form
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Comparative Analysis of Text Entry Environments

Consent for participation in a research study

I have been asked to participate in the scientific research identified above. I have received
both written and oral information about the research and have had the opportunity to ask
questions about it from the researcher(s) conducting the study.

I understand that participation in research is voluntary. I am aware that I have the right to
refuse to participate and the right to withdraw from the study permanently or for a temporary
period at any time and without giving a reason. The refusal or interruption will not harm me
or the research. I understand that any personal data collected in the course of the study will
remain confidential.

I hereby give my voluntary consent for participation in this study.

Tampere . .2024

Signature

Name in block letters




APPENDIX E: PRIVACY NOTICE

CD Tampere University

Privacy notice for HTI Master’'s Thesis, 2024
EU General Data Protection (2016/678) art 12—14

Title of the registry

HTI Master's Thesis

Date

21.11.2024

Data controller(s)

Abu Khalid Mubashshir Mahmud, abu.mubashshirmahmud@tuni.fi

Supervisor(s) or the
contact person of the
institution

Responsible teacher: Pivi Majaranta, pdivi.majaranta@funi.fi,
Ahmed Farooq, ahmed.farooq@tuni.fi

Purpose and lawful
basis for processing
personal data

Your personal data will be processed in the thesis user study

regarding “COMPARATIVE ANALYSIS OF TEXT ENTRY
ENVIRONMENTS”. The purpose of the user study is to gain insight into
typing experience in quantitative and qualitative terms.

Participation is voluntary. The lawful basis for processing is consent. You can
withdraw your consent any time by informing the data controller.

The course supervisors may have access to the data to process and evaluate
the quality and authenticity of the user study. In such case, the Tampere
University acts as the data controller and the lawful basis is public interest.

Duration of
processing personal
data

Data will be stored to be used for the duration of the thesis work process of the
data controllers.
After the thesis work has been graded, the data will be destroyed.

In so far as the supervisor has access to the data to supervise and evaluate
the thesis work, the supervisors and evaluators process personal data only as
long as it is necessary to the course exercise to be graded.

Content of research
records and sources
of personal data

-Responses to the questionnaires (age, gender, normality of finger
movements, keyboard usage, and subjective ratings regarding the evaluated
interaction techniques)

-Video recording of a research participant's computer deskiop (via screen
sharing) showing a participant’s performance of the experimental tasks.
-Audio recording of a research participants’ responses in the semi-structured
interview regarding the possible improvements of the texi-entry technologies
researched

The data are being collected from the research participants.

Data subject’s rights

Under the EU's General Data Protection Regulation (GDPR) you have the right
to access your data, right to rectify your data, right to have your personal data
erased (‘right to be forgotten’), right to restrict processing and right to object to
the processing of your data. In case you would like to use any right, contact
the data controller.

Right to lodge a
complaint with a
supervisory authority

Data subjects have the right to lodge a complaint with a supervisory authority
in their permanent place of residence or place of work, if they consider the
pracessing of their personal data to violate the provisions of the GDPR (EU
2016/679). tietosuoja.fi, tel. 0295666700, email: tietosuoja@om. fi

Recipients of the
personal data

Your personal data will only be disclosed to parties mentioned in this privacy
notice.

Data protection
principles

The manual data will be stored in a locked cupboard/room. Digital data will be
protected with username and password or multi-factor authentication (MFA).
Direct identifiers will be removed from the data.
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