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Abstract

Virtual keyboard, an on-screen graphical display, where keys are arranged spatially
and can be tapped by finger-tip, mouse pointer or stylus, is treated as an alternate
text entry mechanism to primitive hardware keyboard such as QWERTY key-
board. An effective design of virtual keyboard is required to ensure the faster text
entry with lower typing error rate. Existing virtual keyboard design methodologies
consider text entry rate maximization as their primary objective. In other words,
existing design approaches grossly ignore the users’ typing error into account. In
fact, occurrences of typing errors are more significant during text entry, particu-
larly in Indian languages due to the linguistic features. Indeed, there is a need to
design virtual keyboard which enhances the text entry rate along with minimum
typing error rate. This work aims to model the typing error rate based on the
virtual keyboard design parameters followed by an optimum design of virtual key-
board with respect to text entry rate maximization and error rate minimization.
In this work, we have considered Bengali language; however the approach is appli-
cable to many other Indian languages. We outline the different works carried out
in the following.

First, we have identified different virtual keyboard design parameters, which in-
fluence the occurrence of typing error. We have performed several user experiments
on those identified parameters. Statistical analysis on those experimental results
concludes the significant impact of each parameter on typing error occurrence.

Next, we develop a model to predict typing error rate based on these parame-
ters using Artificial Neural Network - Genetic Algorithm (ANN-GA) based hybrid
approach. To prove the efficiency of our proposed model, similar model using ANN
approach is also developed. Experimental results substantiate that our proposed
ANN-GA model outperforms than ANN model.

Finally, we design a virtual keyboard based on optimization of two objectives
namely maximize text entry rate and minimize typing error rate. The performance
of the proposed virtual keyboard design approach is compared with existing work
and we observe that, on an average, the text entry rate and error rate achieves

17% increment and 44% decrement over existing keyboards, respectively.

Keywords: Human computer interaction, virtual keyboard design, typing error
modeling, soft computing applications, automatic design evaluation, text entry

mechanism.
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Chapter 1
Introduction

Texts are combination of symbols used for communicating one person to other and
also keeping as a record for future purpose. With the enormous advancement in
digital world, text based communication has increased rapidly. Text composition
thus become popular as people all over the world prefer communicating among
themselves by e-mailing, messaging, chatting, blogging etc. through digital
devices. Further, there is a necessity to interact in users’ own mother languages.
According to statistics, Wikipedia contains 475,163 articles in major Indian
languages, and around 229, 516 edit-operations are done per month on these data'.
Bengali Wikipedia consists of 23, 153 articles, out of which around 2, 108, 207 pages
are viewed per month. Also, for Bengali language, around 15 new articles are added
per day and 11,652 existing data are edited per month?. The above mentioned
statistics substantiates the fact that text composition in users’ mother language is
becoming popular and we need a robust text composition mechanism.

Virtual keyboard, also called soft keyboard [9,11,24] is an on-screen graphical
image map where character keys are arranged spatially and can be tapped by finger
tip, mouse pointer or stylus, is treated as the most primitive alternate text entry
mechanism |9, 25|]. Compare to its hardware counterpart, virtual keyboard can
easily be designed for text composition for any language. To make virtual keyboard
more usable and efficient different text entry rate enhancement strategies such

as word prediction [26], completion [27|, adaptation and personalization [28] etc.

1http ://stats.wikimedia.org/EN_India/TablesCurrentStatusVerbose.htm
’http://stats.wikimedia.org/EN_India/ReportCardIndia.htm
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can be incorporated with it. In addition to the text entry rate enhancement, we
should look for the virtual keyboard design, which minimizes user typing error rate
during text composition. We may note that in traditional virtual keyboard design
approaches, only text entry rate improvement has been taken account. However,
typing error rate influenced by virtual keyboard design parameters [29] should
also be considered as an evaluation parameter along with movement time. This is
particularly important in case of Indian languages, where the text entry becomes
more error prone [30]. So, designing an Indian language compatible virtual
keyboard without considering typing errors must narrow down the usefulness of the
design. In fact, there is a genuine need to design a virtual keyboard which enhances
the text entry rate along with diminished typing error rate. This work aims to
model the typing error rate based on the virtual keyboard design parameters.
Further, an optimum design of virtual keyboard is targeted which can maximize
text entry and minimize typing error rate. In this work, we have considered Bengali
as the target language; although, the approach is applicable to many other Indian
languages.

The rest of the chapter is organized as follows. Section 1.1 gives a review of
different text entry mechanisms. The advantages in virtual keyboard based text
entry is stated in Section 1.2. The issues and challenges for Indian language
compatible virtual keyboard design are discussed in Section 1.3. Section 1.4
describe the scope and objectives of our work. Finally, the outline of the thesis is

presented in Section 1.5.

1.1 Different Text Entry Mechanisms

Recently, people are using a variety of devices and mechanisms to compose
texts. In this regard, different mechanisms like hardware keyboard [1], virtual
keyboard [12|, speech-to-text systems [11], gesture-based [31] and eye gaze based
text composition [32] are gaining popularity. A brief introduction regarding the

different text entry mechanisms are described below.

e Hardware Keyboard-based text composition: The most popular
method for composing text is the traditional hardware keyboard ( QWERTY
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keyboard). The QWERTY keyboard (Fig. 1.1a), which was introduced
in 1868 by Sholes et al. [1] was designed for text composition using ten
fingers. However, QWERTY is not the effective design for text entry through
single pointer based text composition in many devices like: hand-held mobile
devices, PDA, iPod, Palmtops etc.

e Virtual Keyboard-based text composition: Virtual keyboard
(Fig. 1.1b) is an on-screen graphical display, where keys are arranged
spatially and can be tapped by finger-tip, mouse pointer or stylus. Virtual
keyboard has several advantages such as it can be easily implemented in
any language, easy to personalize, can be applied in the system with size
restriction and it is portable compared to traditional hardware keyboard.
All this advantages make the virtual keyboard more promising alternative

than any other mode of text entry.

e Gesture-based text composition: It allows user to draw the shape of
characters by pen stroke or stylus tapping (Fig. 1.1c). Gesture-based text
entry method is very useful in small handheld devices where display area is
too small to accommodate a virtual keyboard. However, in this method,
users require to memorize gesture for each alphabet which increases the
cognitive load [33].

e Speech-based text composition: Users compose texts by the method of
speech to text conversion (Fig. 1.1d). This mechanism is suitable for the
user who can not express their thought by writing. However, the accuracy
of speech-to-text conversion becomes a real concern. Moreover, it has been
reported that the text composition rate is lower than the keyboard-based

text entry rate [12].

e Eye gaze-based text composition: In this mechanism, user enters text
by the focus of gaze with the help of an eye-tracking device integrated
with computing device (Fig. 1.1e). This mechanism is helpful for physically

challenged users who are unable to move their hands and figures.

It may be noted that a particular mechanism of text composition facilitates
a type of users. For example, speech and eye gaze-based text entry methods are

suitable for users who are language illiterate and physical disabled respectively,
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whereas hardware keyboard-based text composition is suitable for literate able
bodies users. Further, a mechanism may be suitable only in a particular situation.
For example, the gesture-based text entry method is useful in small handheld
devices where display area is the constraint.

Hardware keyboard-based text composition is not feasible in many cases
like hand-held mobile devices, PDA, iPod, Palmtops etc. Addressing the size
and portability issues, designers advocate virtual keyboard. Being a software
component, a virtual keyboard can easily be enabled to support text entry in
different languages and can also easily be augmented with different text entry
enhancement strategies like word prediction, adaptation, personalization etc. More
detail discussion on advantages of virtual keyboard-based text composition is given

in the next section.

1.2 Advantages of Virtual Keyboard-Based Text
Entry

In Section 1.1, we have discussed different text entry mechanisms. In this section,

we pointed out some advantages of text entry through virtual keyboards.

e Easy to implement: Virtual keyboard is a software counterpart of
hardware keyboard, which can be easily implemented for any device with

out the use of any extra hardware.

e Different language support: One of the major benefits of virtual
keyboard is language support. The virtual keyboard can easily be developed
to support any language depending on users’ need. Moreover, it can also
be easily implemented for supporting multiple languages [34], which is not

possible for hardware keyboard.

e Easy to personalize: Virtual keyboard interface can be easily personalized
depending on individual user’s need. For example, experienced users can
use optimized keyboard layout whereas novice users can switch to their

convenient one.

e Adaptability: It is also possible to provide adaptive virtual keyboard

interface which can be changed in accordance with individual users
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performance. If a user is unable to perform with a specific virtual keyboard

interface, then an easier interface can automatically be provided to him.

e Portability: The virtual keyboard can easily be incorporated with small
screen handheld devices like mobile phone, PDA, iPod etc. without any
extra hardware. So there is no need of carrying extra hardware for text

entry.

e Augmenting text entry rate enhancement strategy: The text
entry rate can be improved incorporating text entry rate enhancement
strategies into virtual keyboard like word prediction, abbreviation expansion,

adaptation and personalization etc.

¢ Reducing the risk of keystroke logging: Virtual keyboards are used to
enter secure data into web document to reduce the risk of keystroke logging

which is possible in case of hardware keyboard.

e Support for physically impaired: Virtual keyboard is not only restricted
as a text composition tool for able-bodied users, it is also found suitable
for physically impaired users in the field of Augmentative and Alternative
Communication (AAC). Scanning keyboard is one of such examples which

is specially designed for motor impaired users |35].

1.3 Issues in Designing Virtual Keyboards in

Indian Languages

The virtual keyboard design approaches in English are broadly confined within
basic methodologies of language processing tasks like character frequency
calculation (unigram and bigram) from a corpus and defining an association rule
of characters in forming meaningful words in the English language. In contrast,
the structure of Indian languages are completely different from English language
(having indiscriminate usage of complex characters (“yuktakshar”) and inflexions
(“matra”)); and hence it is quite complex to compose texts in Indian languages [36].
In addition to that, Indian languages have a large number of alphabet (50-
80) which essentially has led to the formation of a large number of keyboards

consisting of different combination of characters in the design space. It is, in
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fact, a challenge to search an optimal design from such a large number of design
alternatives. Moreover, typing errors are more significant for Indian languages
compatible virtual keyboards [36]. It is mainly because of a large number of
alphabet, along with many intricate linguistic features such as “matra”, complex
characters, graphically similar characters etc. All the above mentioned issues make
the Indian language compatible virtual keyboard design problem more challenging.

Here, we are concerned about developing a keyboard in Bengali, the second
most spoken language in India [37] and the primary language in eastern India
and neighboring country Bangladesh. Further, it is also the world’s seventh most
spoken language [38|. We critically analyze different issues in the context of Bengali

virtual keyboard design and summarize in the following.

e Design space exploration: In Bengali, the number of characters is more
than double of English. More specifically, Bengali language contains 61
characters in contrast to only 26 characters in English. Hence, the number
of possible layouts for a keyboard in design exploration space is higher than
that of in English. It is quite challenging to find out a good design from such

a large design space.

e Large alphabet set Compared to English (26 characters), Bengali language
has a very large alphabet set (61 characters). Moreover, the size of alphabet
set further increases with inclusion of different punctuation symbols and
numbers.  Accommodation of such a large alphabets set into a space

constraint virtual keyboard interface is an issue.

e Character diversity: English script only contains two types of characters
like vowels and consonants. However, Bengali script is divided into
five different categories like inflexions (“matra”), vowels, consonants, sign
characters and complex characters. Proper arrangement of so many different

types of characters in a keyboard is quite tedious.

e Presence of matra: Unlike English, Bengali language contains many vowel
inflexion (“matra”) which are basically dependent vowels and cannot appear
without a consonant. Those characters are frequent with respect to other
character in Bengali text and also associated with almost every consonant

characters with a high frequency.
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e Existence of complex characters: Complex characters, which are
constructed by combining two or more consonant characters together, are
present in Indian languages. In fact, a special effort is required to compose

complex characters.

The above mentioned issues make the text entry rate lower and typing error rate
higher. A preliminary investigation of our work reveals that adopting the design
principle of any popular English virtual keyboard does not give the effective result
for Bengali text composition. So a different design approach for Bengali text entry

is required.

1.4 Scope and Objectives

Significant advancement in Information and Communication Technologies makes
a huge demand to design Indian language compatible virtual keyboard. In
Indian language based text entry, due to the presence of many linguistic aspects,
fluent text entry is difficult in bounded time. This situation, however, incurs
many typing errors in composed text chunk. Apart from the user’s ability, the
cause of committing errors also depends on several design parameters of virtual
keyboard. However, the traditional virtual keyboard design approaches consider
only improvement of text entry rate. In existing literatures, no work is reported
on predicting typing errors based on keyboard design parameters which, in fact,
should be an important criteria while designing virtual keyboard. This work
proposes to address this limitation. Our main objective is to design a keyboard
layout to achieve higher text entry rate with lesser typing error. However, as
every language has its own linguistic issues, we have limited our work to Bengali

language. The objectives of our research are as follows.

e Identification of error influencing keyboard design parameters.
e Modeling of error rate based on identified parameters.

e Keyboard layout design with optimization of both text entry rate

(maximization) and typing error rate (minimization).



1.5. Organization of the Thesis

1.5 Organization of the Thesis

The this thesis is organized into chapters as follows.

Chapter 2: Related Work

Chapter 2 provides a review of related work. It includes state of the arts for error
classification and error modeling for virtual keyboard design. It also describes
many virtual keyboard design approaches for English, other non Indian languages

and Indian languages.

Chapter 3: Error Influencing Virtual Keyboard Design
Parameter Identification

This chapter discusses typing error classification for Bengali virtual keyboard and
user’s typing error behavior. We then identify different virtual keyboard design
parameters that have significant influence on typing error rate. Significance of each
identified parameter is determined through different user experiments followed by

the statistical test.

Chapter 4: Modeling of Typing Error Rate

The proposed typing error rate modeling based on the identified parameters
using Artificial Neural Network-Genetic Algorithm (ANN-GA) hybrid approach
is discussed in this chapter. The model is capable of predicting the user typing
error rate for a virtual keyboard instance with different combinations of design
parameter values. To prove the efficiency of our proposed model, similar model
using ANN approach is also developed. Both the models are critically examined

and tested through in-domain and out-domain data.

Chapter 5: Virtual Keyboard Design with Multi-Objective
Optimization
In this chapter, we discuss about our Bengali virtual keyboard design approach

based on multi-objective optimization using Non-dominated Sorting Genetic
Algorithm IT (NSGA-II). We use this multi-objective technique to develop a virtual
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keyboard layout based on two optimality metrics: maximize text entry rate and
minimize typing error rate. To judge the effectiveness of our multi-objective design
approach, we design another alternate virtual keyboard using Genetic Algorithm
(GA) for maximizing text entry rate only. Then, our proposed design is validated

through different user experiments.

Chapter 6: Summary and Conclusion

This chapter concludes our study in the domain of virtual keyboard design. We

also discuss the future research directions in this field.
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Chapter 2

Related Work

The research work on error classification or categorization, error prediction model
for virtual keyboards and virtual keyboard design approaches are reviewed in this
chapter. First, we discuss reported work on error classification. It also provides an
understanding about why users commit different typing errors. Then, we present
existing error predictive models for virtual keyboard based text composition.
Those models are tried to find out the relation between typing errors and virtual
keyboard design parameters. Finally, we illustrate various notable work on virtual
keyboard design methodologies in English and other non-Indian languages as well
as Indian languages.

The organization of the chapter is as follows. Section 2.1 reviews different work
on error classifications for text composition. Existing error predictive models for
virtual keyboard based text composition are discussed in Section 2.2. Section 2.3
includes several work on virtual keyboard design approaches. Finally, the chapter

is summarized in Section 2.4.

2.1 Error Classification for Text Composition

White [39] analyzed the accuracy of typing and highlighted twelve types of errors.
This proposed categorization, however, did not formally define the errors. Dvorak
et al. [6] extended White’s work and introduced several other error types. The main
contribution of Dvorak’s work was introducing Adjacent error (falsely key stroke on

the adjacent key of intended key such as typing; e.g. “amvition” for “ambition”)

3

11
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Copy Reading error (read incorrectly from presented text; say, “admiration” for
“ambition”), Transposition error (interchange of two consecutive strokes for two
consecutive characters; e.g. “tiem” for “time”), Transposed Doubling error (two

successive transposition errors such as ‘thses’ for ‘these’) etc.

MacNeilage [40] in his work tested text typing on 5 college students having
average typing speed of 30-45 words per minute and identified a total of 623
errors. He then divided the identified typing errors into two groups namely Spatial
and Temporal errors. The Spatial errors occur mainly due to keyboard design
difficulty and Temporal errors come from language knowledge of users. Further, he
divided the Spatial errors in three sub categories namely Horizontal error (typing
a letter immediately to the left or right of the correct letter, of the same row of the
keyboard; e.g. “e” for “r”) , Vertical error (typing a letter immediately to above or
below of the correct letter, of the same column of the keyboard; e.g. “f” for “r”)
and Diagonal errors (a letter is typed in a row and column adjacent of that correct
letter; e.g. “d” for “r”). Temporal errors were sub-grouped as Reversal error (order
of two letter is reversed; e.g. “ht” for “th”), Omission, Equivocal error (the letter
one stoke ahead of the required in the copy is typed, after which the subject stops;
e.g. “stiml-” for “stimulus”) and Anticipation errors (a letter is typed which is
required more than one stoke ahead of the place where it is mistakenly typed; e.g.
“ext” for “expected”). Moreover, he also defined a set of miscellaneous errors such
as Interpolation, Phonemic, Type, Contralateral, Dynamic, Multiple Classification

and Unclassifiable errors.

Gentner et al. [41] introduced nine different typing errors such as Misstrokes
error (an error which can be traced to inaccurate motion of the finder, as when
one finger strikes two keys simultaneously), Transposition, Interchange across I
letters error (two non-consecutive letters are switched with T letters intervening
(I>0)), Migration across M letters error (one letter moves to a new position, with
M letters intervening between its correct position and its end position (M>1);
e.g. “orrecection” for “correction”), Omission error (a letter in a word is left
out), Insertion (an extra letter is inserted into a text) error, Substitution error
(a wrong letter is typed in place of the correct letter), Doubling error (word
containing a repeated letter and the wrong letter is doubled instead; e.g. “caleed”

for “called”) and Alternating (a letter alternates with another but the wrong

12
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alternation sequence; e.g. “threr” for “there”) error. The Alternating error however,

was already defined by Dvorak et al. [6] as Transposed Doubling error.

Bhagat et al. [42] analyzed on Punjabi text (a language in western India) and
classified six types of errors in it. These are Insertion error (IE), Deletion error
(DE), Substitution error (SE), Transposition error (TE), Run-on Error (ROE)
(space missing between two or more valid words), Split Word error (SWE) (some
extra space is inserted between parts of a word). This is a very basic level error

classification and moreover, does not give any clue about why errors occurred.

Wobbrock et al. [43] returned back to the basic level of error classification by
classifying it into Insertion, Omission and Substitution errors only to reduced the
ambiguities in error classification. This type of high level classification also lacks

in detailing of understanding the reason behind the occurrence of error.

Kano et al. [44] found total 1060 typing errors from a three days copy
typing test of 112 children. Based on the analysis, they defined several new
error types in addition to the previously defined error types. They extended the
work of White [39] by introducing more word-level and phrase-level errors. The
categorization method classified altogether 33 different types of errors at letter,

word- and phase-levels.

Chen et al. [45] identified typing and pointing errors that affect mobile web
users and motor impaired desktop users. They classified six different typing errors
such as Long key press, Bounce, Missing key, Transposition, Additional key and
Key ambiguity errors. On the other hand, with pointing task, they identified
three other errors such as Clicking, Multi-clicking and Dragging errors. They also
suggested to migrate some existing technique to address the errors (like - Dynamic
keyboard [46]: long key press and bounce errors, TrueKeys [47]: additional key,
missing key and transposition error, SUPPLE++ [48|: pointing task errors). But
those techniques are mostly device specific and not related with keyboard design
parameters ( TrueKeys) and moreover, useful for motor impairment users ( Dynamic
keyboard, SUPPLE~++).

Our survey on the existing work on typing error reveals that the error
categorization methods are highly dependent on language and device specific
parameters. Also, it may be noted that the most of the work are based on English

text composition through hardware keyboard. Our literature survey also reveals

13
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that work on different parameters’ influence on typing error rate, in the context

of virtual keyboard design, has been scarcely reported.

2.2 Error Modeling

Bhattacharya et al. [49, 50| proposed a model to predict errors for different level
of scanning in the context of scanning virtual keyboard design. There, text entry
task was done by automatic scanning mechanism. The elements were highlighted
one after another and user have to select the desired element through activation
switch. They also identified three types of error for scanning keyboard based text
entry such as Timing error, Selection error and Transcription error. Timing error
occurs when a user fails to activate access switch when the element is highlighted.
Selection error occur due to wrong element selection and Transcription error for
entering a character that closely resembles with intended character. They modeled
the user typing error for different level of scanning for motion impairment users.
This error modeling approach is, however, not relevant to virtual keyboard with
direct input that is, tapping with mouse pointer or stylus.

Jain et al. [29] proposed a predictive error model on virtual keyboard using
curve fitting technique [51]. In their work, they only considered distance between
the keys, and in fact, ignore many other critical design parameters. Moreover, their
model is developed in the context of English virtual keyboard and thus limiting

its usefulness to other languages, particularly Indian languages.

2.3 Virtual Keyboard Design

In this section, we review existing design principles of available virtual keyboards
for text composition in English followed by some other major languages and mainly
Indian languages. We also review the existing multi-objective virtual keyboard

design approaches, which have been reported in the recent literature.

2.3.1 Virtual Keyboards in English

The design principles of existing English keyboards are reported below.

14
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e QWERTY keyboard: QWERTY keyboard is the most commonly used
text composition tool. The keyboard layout was invented by Sholes et al. [1]
in 1868 for text composition through ten fingers and the name comes from
the first six characters of keys in a keyboard [52]. The keys are arranged
primarily to overcome the mechanical limitations inherited in typewriters
and the layout (shown in Fig. 2.1(a)) has been adopted as a standard in
1971 by American Standards Institute. However, it is not an efficient design

for text entry through single pointer based virtual keyboard [11].

e Dvorak keyboard: Dvorak et al. [6] developed a keyboard in 1932 through
an analysis of the relative frequency of letters (Fig. 2.1(b)). The layout
was designed for minimizing hand and finger movements [53]. The design
principle of it also includes placing of vowels and frequently used consonants
in such a way that it aids in typing with alternate hand. Moreover, the layout
distributes the letters based on the strength of each finger, keeping most
frequently used letters on the home row. However, Dvorak keyboard has not
completely replaced the QWERTY keyboard due to long-term adaptation
with the QWFERTY keyboard, through it provides better text entry rate
compared to QWERTY keyboard [53].

e FITALY keyboard: This keyboard was designed by Textware Solution to
optimize pointer movement during text entry with mouse or stylus [2]. The
design of FITALY layout includes dual sized double space bars at the two
end of the home row (see Fig. 2.1(c)). The most common letters in English
(e.g., E, T, A, H) are placed in proximity to the space bars. The keyboard’s
name is taken from the letter sequence along the second row of keys. Text
entry through FITALY keyboard is faster than QWERTY keyboard [11].

e Chubon keyboard: Chubon keyboard [7] was designed to accelerate text
entry rate for single-digit typists with a stylus (shown in Fig. 2.1(d)). It was
designed by centralizing most commonly used letters in English language and

placing frequently used letters together in their close vicinity.

e Cirrin keyboard: The layout was proposed by Mankoff and Abowd [8] to
facilitate stylus based text entry. Input is generated from the coordinates

of the points where the stylus crosses the interface of the circumference of
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the inner circle in the layout. For example, composition of word “cirrin” is
shown in Fig. 2.1(e).

OPTI keyboard: MacKenzie and Zhang [9] proposed one optimized
virtual keyboard, OPTI (shown in Fig. 2.1(f)), for English text typing.
The keyboard layout was optimized to increase the typing speed using
Fitts’ law [54] and digram frequencies of characters in English. The key
arrangement of the keyboard was done by trial-and-error method. OPTI
keyboard [9] is 35% faster than QWERTY and 5% faster than compared to
FITALY keyboard.

Lewis keyboard: Lewis et al. [10] introduced a virtual keyboard layout
in English alphabetical sequence (see Fig. 2.1(g)), which claim to perform
better than QWERTY layout for single-finger text entry. However, the key
arrangement is suffered in the alphabetical discontinuity that is caused by

row breaking problem [55].

Metropolis keyboard: Zhai et al. [11| designed virtual keyboard using
Metropolis algorithm, a Monte Carlo method, which is widely used in
searching for the minimum energy state in statistical physics [56]. The
keyboard design problem can be mapped to searching for the structure
of a molecule (keyboard) at a stable low energy state determined by the
interactions among all the atoms (keys). The approach followed Random
walk in the virtual keyboard design space. In each step of the walk, the
algorithm picked a key and moved it to a random direction by a random
amount to create a new configuration, which is followed by the evaluation
of the new configuration. Then, the new configuration was considered as
the starting position based on the metropolis function. Metropolis keyboard
(shown in Fig. 2.2(a)) is 40% faster than QWERTY and 10% faster than
OPTI keyboard [11].

ATOMIK keyboard: ATOMIK keyboard [12] (shown in Fig. 2.2(b))
was designed to address the problems with QWERTY keyboard and get
better text entry speed for single-finger typing. It achieves better movement
efficiency than any other existing stylus keyboards in terms of mouse or

stylus typing. The layout was alphabetically tuned having general trend
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Figure 2.1: Some virtual keyboard layouts in English
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that letters from A to Z are placed from the upper left corner to the lower
right corner of the keyboard. The arrangement reduces the mental load of

novice users in finding keys.
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(a) Metropolis keyboard (b) ATOMIK keyboard
layout [11] layout [12]

Figure 2.2: Metropolis and ATOMIK virtual keyboard layouts

¢ GAG keyboard: Raynal et al. [13] used the concept of genetic
algorithm [57] to solve the virtual keyboard optimization problem in English
language. They considered the average mouse movement time as fitness
function and tried to maximize the text entry speed. They took two existing
layouts (Metropolis and OPTT) as inputs for the algorithm and obtained two
solution (based on key arrangement) which are called GAG I and GAG II
keyboard (shown in Fig. 2.3(a) and Fig. 2.3(b) respectively).

QY |P|lU|[B ]|
X S| T F
K|IL|IAJH|O|M
C|I|N|JE|R|V
G |D W\ Z
(a) GAG I keyboard layout [13] (b) GAG II keyboard layout [13]

Figure 2.3: GAG I and GAG II virtual keyboard layouts
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2.3.2 Virtual Keyboards in other Non-Indian Languages

We also review literatures of some non-Indian (other than English) keyboard
layouts. In our survey, we choose four popular languages (written and spoken)
of the world namely Arabic, Chinese, Japanese and Russian. Descriptions of each

layout is given in the following.

e Arabic keyboard: This layout is used to enter text in Arabic language
and is developed by Microsoft. It contains both Arabic and Latin, as
Latin characters are necessary for composing URLs and Email addresses
(Fig. 2.4(a)) [14].

e Chinese keyboard: The Chinese traditional keyboard [14], shown in
Fig. 2.4 (b), incorporates three input methods in a single layout namely
Zhuyin (upper right), Cangjie (lower left) and Dayi (lower right). Here,
Zhuyin follows bopomofo style that is, lexicographical order (top-to-bottom
left-to-right) of designing keyboard and Cangjie is the standard method for
speed typing in traditional Chinese.

e Japanese keyboard: Japanese keyboard (as shown in the Fig. 2.4(c)) [14]
uses both Hiragana and Roman letters. The Japanese Industrial Standard
keyboard layout keeps the Roman letters in English QWERTY layout.
Many of the non-alphanumeric symbols are the same as in English language

keyboards.

e Russian keyboard: The most common keyboard layout in Russia which
is used in the Windows operating system, is shown in Fig. 2.4(d) [14]. This
layout allows using keyboards of the same physical design as in many other
countries. Here, the comma and full stop symbols are on the same key and

users need to hold the Shift key every time they enter a comma.

2.3.3 Virtual Keyboards in Indian Languages

Various layouts are proposed to enter texts in Indian languages which have been
incorporated in hardware as well as in virtual keyboards. This section highlights

some of the designs implemented in Indian language virtual keyboards.
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Figure 2.4: Virtual keyboard layouts in non-Indian languages [14]
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InScript (Indian script) keyboard layout (Fig. 2.5) [15, 58], developed by
Centre for Development of Advanced Computing (CDAC), has been standardized
by Government of India for composing text in Indian languages [59]. This
is the standard keyboard available for 12 Indian language scripts including
Devanagari, Bengali, Gujarati, Kannada, Malayalam, Oriya, Tamil, Telugu etc.
Further, Microsoft also have designed an InScript on-screen virtual keyboard which

supports text entry task in Hindi as well as in other Indian languages [60].
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Figure 2.5: InScript keyboard layout [15]

As the hardware keyboards are mostly made with English, stickers can be stuck
on top of the keys so that one can understand character mapping for a particular
language. Now, as the number of characters present in Indian languages are more
than English, mapping all characters into keyboard is an issue.

Virtual keyboards, following InScript layout [58], contain each key having two
character mapping which can be accessed using “Shift” key alternatively (Fig. 2.6a
- 2.6¢) [16-18]. However, InScript keyboard layout is not a text entry efficient
design for single pointer based virtual keyboards. The text entry rate for those
keyboards varies form 3 —5 WPM approximately [21].

A popular virtual keyboard layout Awvro [19] for Bengali language is shown
in Fig. 2.7(a). In this layout, all consonants are alphabetically placed into two
parts and all vowels are presented sequentially in a row at the bottom of the
keyboard. Matras are placed in a separate row in between consonant panel and
vowel row. Guruji [20] has developed alphabetical keyboard to support users in
composing Indian language texts. This keyboard uses different colors to distinguish
consonants, vowels and numeric keys (shown in Fig. 2.7(b)) to efficiently search

the keys during text typing.
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Figure 2.6: Different InScript Bengali virtual keyboard layouts

Samanta et al. [21] developed virtual keyboards for text composition in Hindi
(iLiPi-H), Bengali (iLiPi-B), and Telugu (iLiPi-T) languages, where keys are
arranged according to their frequency. The arrangement of keys is carried out by
using Genetic Algorithm |57]. Figure 2.8 shows the iLiPi-T keyboard layout.

2.3.4 Virtual Keyboard Design with Multi-Objective

Optimization

Majority of the work on virtual keyboard design have attempted to maximize text
entry rate by arranging the key positions. There are some approaches to design

virtual keyboard considering the problem of optimizing multiple objectives, which
are discussed in the following.
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Figure 2.7: Alphabetical virtual keyboard layouts
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Figure 2.8: iLiPi-T keyboard layout [21]

Eggers et al. |61] designed the keyboard by optimizing six ergonomic criteria,
namely, tapping load distribution, number of keystrokes, hand alternation, finger
alternation, finger posture, and hit direction, using Ant Colony Optimization
algorithm [62|. Deshwal et al. |63] used Eggers criteria as the performance indexes
and developed an optimal Hindi keyboard using Genetic Algorithm [57]. We may
note that those ergonomic criteria are not applicable to virtual keyboard design.

Yin et al. [64] optimized ergonomic criteria and disambiguation /prediction
effectiveness simultaneously using Cyber Swam method [65] for keyboard
designing. Their keyboard also outperforms QWERTY and Dvorak keyboard.

Quasi-Querty [22] keyboard layout(Fig. 2.9) was designed for optimizing both
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average motor movement time to enhance text entry rate and designing layout
close to QWERTY to reduce initial visual search time. The keyboard achieved
12% faster text entry rate than QWERTY keyboard. Though Quasi-Quwerty is
slower than ATOMIK, but it requires less initial text entry time.

q|w|d|r (t (uly |l |k |p
z|a|s|e|h|n|i |[0o|m
X ['F (¥ ¢ |5 |85 |)

Figure 2.9: Quasi-Quwerty keyboard layout [22]

Dunlop et al. [23] used multi-objective optimization to design keyboard layout
for touchscreen phone based on three design metrics: minimizing finger travel
distance in order to maximize text entry speed, a new metric to maximize the
quality of spell correction by reducing tap ambiguity and maximizing familiarity
through a similarity function with the standard QWERTY layout. Using
the methodology, they designed two new keyboard namely, Sath-Trapezoidal
(Fig. 2.10(a)) and Sath-Rectangular (Fig. 2.10(b)).

s[afrfuln]sfn s|ajr]ulnfolsln
2123 $ space WTSUIOIER x| 2123 @ m return €3

(a) Sath-Trapezoidal keyboard (23] (b) Sath-Rectangular keyboard [23]

Figure 2.10: Sath keyboard layouts

2.4 Summary

In this chapter, we have discussed various typing error classification approaches.

Proper classification and understanding of errors help designers to find out the
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relationship between typing errors and keyboard design parameters. This also
supports designers to come up with effective error prevention technique. Our
survey reveals that the error categorization methods are highly dependent on
language and device specific parameters. As an example, Pointing errors are not
occurred in hardware keyboard based text entry. It may also be noted that most
of the works are based on English text composition through hardware keyboard.

Our literature survey concludes that work on modeling typing error rate
based on error influencing virtual keyboard design parameters, has been scarcely
reported. However, existing work are based on scanning keyboard or English
virtual keyboard only taking distance between keys, which are not applicable to
single pointer based Bengali virtual keyboard context. Moreover, there is also a
need to check how other virtual keyboard design parameters put impact on typing
errors.

We have surveyed, we also describe different virtual keyboard design approaches
in English and other languages. It may be noted that the English virtual keyboard
design approaches are not directly applicable to other language compatible
keyboard due to linguistic issues like large number of characters, presence of
complex and “matra” characters etc. With reference to virtual keyboard for Bengali
text entry, most of the existing Bengali virtual keyboard are designed by either in
alphabetical order or following the InScript mapping technique. Both techniques
do not provide virtual keyboards having higher text entry rate. Moreover, we
also analyze several multi-objective virtual keyboard design principles for English
keyboard, which optimize text entry rate along with tap ambiguity. However,
those do not consider user typing error rate as an objective to design virtual
keyboard having less error rate. In the next chapters, the limitations in existing
work have been addressed to develop typing error prediction model and design a
multi-objective Bengali virtual keyboard to increase text entry rate and decrease
typing error rate. In order to develop the error model, it is necessary to identify
the virtual keyboard design parameters which have significant influence on typing
error. Identification of error influencing virtual keyboard design parameters is

discussed in the next chapter.
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Chapter 3

Error Influencing Virtual Keyboard

Design Parameter Identification

Towards the automatic evaluation of virtual keyboard designs, designers mainly
emphasize on text entry rate. To the best of our literature survey, none of the
existing works on virtual keyboard design evaluation consider typing errors as
another metric for the design evaluation. Nevertheless, in practical situation, it
has been observed that typing errors highly influence the text entry rate. Moreover,
typing errors are more significant for Bengali compatible virtual keyboard as the
language contains a large number of characters with many intricate linguistic
features such as diacritics, complex characters, graphical similar characters etc.
It may also be noted that in the context of Bengali, a single character error
may require multiple number of edit primitives to correct the error, affecting the
text entry rate. So, designing a Bengali compatible virtual keyboard without
considering typing errors narrow down the practical usefulness of that design.

This work attempts to bridge this gap. As a first step towards an automatic
typing errors evaluation, a model is necessary to predict user typing error behavior.
To achieve this, it is essential to identify the virtual keyboard design parameters
which significantly influence typing errors. With this objective, in this chapter, we
have conducted an empirical study to analyze the effects of various parameters on
typing errors. Finally, we critically examine the significance of each parameter on
typing error rate or percentage of error occurred during typing.

This chapter consists of four sections. Section 3.1 states typing error
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3. Error Influencing Virtual Keyboard Design Parameter Identification

classification for Bengali text composition through virtual keyboard. Then analysis
of users’ typing error behavior to identify error influencing parameters is discussed
in Section 3.2. Experiments and experimental details in order to analyze the
significance of each parameter is presented in Section 3.3. Finally, Section 3.4

contains the summary of the chapter contents.

3.1 Error Classification for Bengali Virtual
Keyboard

In this section, we classify the different types of errors that may occaur while typing
through a single tap Bengali virtual keyboard. We first enlist all possible errors
that may occur during text composition, from earlier literatures, and then classify
them in the context of Bengali. Moreover, we also introduce several new error types
like Omitted Halant or Matra (OHM), Inserted Halant or Matra (IHM), Substituted
by Graphically Similar Character (SG) errors, which are specially related to Indian

languages. A summary of classification is shown in Table 3.1.

Table 3.1: A classification of Bengali virtual keyboard text typing errors

Omission Errors Substitution Errors Insertion Errors Other Errors
Omitted Letter (OL) | Alternating Error (AE) Duplicated Letter | Unknown (U)
(DL)
Omitted Halant or | Close to Error- Substitution | Inserted Letter
Matra (OHM) (CT-S) (IL)
Doubling Error (DE) Inserted Halant or

Matra (IHM)

Next to Error- Substitution | Close to Error-

(NT-S) Insertion (CT-T)
Substituted by Graphically | Next to Error-
Similar Character (SG) Insertion (NT-I)

Substituted Letter (SL)
Transposition Error (TE)
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3.1. Error Classification for Bengali Virtual Keyboard

Omission Errors

o Omitted Letter (OL) : When a letter is omitted from the word when it
is typed, it is classified as an OL error ( example: @& [ekana] for @@
lekajanal).

e Omitted Halant or Matra (OHM) : When a halant or matra character is
omitted from the word while typing (example: 9% [tapata| for ©% [tapta],
ToN [gatama| for TSN [gautam]|).

Substitution Errors

o Alternating Error (AE) : A letter alters with another but in a wrong
alternation sequence (example : 596 |TakaTa| for 6% |kaTakal).

e Close to Error-Substitution (CT-S) : Intended letter is substituted by a letter
close to the intended letter (above or below adjacent keys) of the keyboard
(example : weltF |dalake| for w [dashake]).

e Doubling Error (DE) : The word contains a repeated letter, however a
wrong letter is doubled instead (example : =49 [shadhadhara| for *M=
[shashadharal).

e Next to Error-Substitution (NT-S) : Intended letter is substituted by a letter
next to the intended letter (left or right adjacent keys) of the keyboard
(example : woF [dachake| for ™= [dashake]).

o Substituted by Graphically Similar Character (SG) : When an incorrect letter
having graphical similarity with intended letter is substituted (example:
[ghabal for =1 [gharal).

o Substituted Letter (SL) : When an incorrect letter substitutes the intended
letter which do not belong to any other substitution error types (example:
et [abhiSheda| for @fera® |abhiShekal).

o Transposition Error (TE) : When two consecutive letters are switched by

each other (example: @39 |ekanaja| for @@ [ekajanal).
Insertion Errors

e Duplicated Letter (DL) : A character is erroneously repeated twice (example:
T994 [ratatan| for o4 [ratan]|).
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o [Inserted Letter (IL) : An extra letter (not a duplicate of the pervious letter)
is inserted (example: T2 [abasthaana| for @< [abasthaal).

o Inserted Halant or Matra (IHM) : An extra “halant” or “matra” letter is
inserted in the typed text (example: % |kakhani| for 2= |kakhan|, STei=r
[AlapnA| for =m@=er [AlapanAl).

e Close to Error-Insertion (CT-1) : An extra letter close to the intended letter
in the keyboard is inserted along with the intended letter (example : 7=TF
[dashalake] for w= [dashake]).

e Next to Error-Insertion (NT-I) : An extra next to letter of the keyboard
is inserted along with the intended letter (example : Wbt [dashachake]| for
w1 |dashake]).

Other Errors

o Unknown (U) : When the error does not fit into any of the above mentioned

category, it is classified as an Unknown error.

3.2 Analysis of Users’ Typing Error Behavior

Users’ typing errors are influenced by virtual keyboard design parameters.
According to Salthouse [66], 30.1% of substitution errors are involved with
horizontally (NT-S error) or vertically (CT-S error) adjacent keys and more than
54% of insertion errors are occurred due to an adjacent key placed in the same row
(NT-I error) or same column (CT-I error) in keyboard. Those substitution and
insertion errors are directly related with different parameters like: space between
keys and size of the keys. In addition to this, possibly every type of error occurrence
may be influenced by space between keys and key size. Moreover, parameters
like varying key size and space between keys in a particular keyboard, multiple
characters assigned in a particular key also put impact on error occurrence.
Substitution error with graphical similar character (GSC) pairs (SG error) are
directly associated with key positioning and distance between GSC pairs in the
keyboard. So, there is a need to examine how distance between those characters

pairs put impact on the error occurrence. Typing errors are also influenced by the
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3.3. Experiments and Experimental Details

size of a keyboard [67]. Several other design parameters like coloring, number of
keys, key grouping, multiple space keys and number of rows and columns in the
keyboard may put an impact on the occurrence of typing errors.

Out of the several parameters as pointed above, the area of keyboard is directly
related with the size of keys and space between keys. Further, varying key sizes
and/or space between keys is/are not a prudent choice of designers. Considering
the above, we ignore layout area of a keyboard, keys of variable sizes and different
separation among keys. The effect of coloring is very much subjective to a
particular user. So, we do not consider it as a parameter for the experiment.
Typing errors are also influenced by number of keys present in the keyboard [67].
But, it remains fixed in a specific language virtual keyboard. So, it is not possible to
evaluate the impact on errors by varying the number of keys present in a keyboard.
In contrast, alphabetical grouping of keys may have moderate impact on error rate
in a keyboard [52]. Some virtual keyboards like OPTI |9], FITALY [2] etc. has
multiple space keys to reduce the average mouse movement time. We need to
investigate the impact of number of space keys on typing error rate. We list the

parameters which are applicable in our context as below.

o Key size

Space between keys

Distance between GSC' pairs

e Key grouping

e Number of space keys

Another important parameter which influences user’s typing error behavior is
the multiple characters on a key. In this work, we limit our investigation to virtual
keyboards consisting of single character per key. In the following sections, we

discuss our experiments and observation of user’s typing error behavior on the

above mentioned design parameters.

3.3 Experiments and Experimental Details

Several past work identify different typing error influencing keyboard design

parameters |52, 66,67|. However, none of these work analyzed or quantified the
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3. Error Influencing Virtual Keyboard Design Parameter Identification

significance of impact of those parameters on typing error. In this work, we tried
to bridge this gap. In order to identify the significance of each parameter, several

user experiments have been carried out which are discussed in this section.

3.3.1 Experimental Setup

Desktop PCs with 17" color monitor display with 1280 x 1024 resolution are used to
conduct all the experiments. Each PC has Windows 7 running on Intel®Core?*2
Duo processor with 2.4 GHz clock speed. The developed virtual keyboard interfaces
for these experiments are designed by C# using Visual Studio 2008. All user typing
tasks are automatically stored in a log file. The experiments are conducted in the
HCI Lab, School of Information Technology, II'T Kharagpur.

3.3.2 Virtual Keyboard Interfaces Used

We have considered two different types of virtual keyboard for our experimental
studies namely Awvro [19], a popular Bengali virtual keyboard developed by
OmricornLab, iLiPi-B keyboard proposed by Samanta et al. [21]. Both the
keyboard interfaces are shown in Fig 3.1.

Awvro : This keyboard is a single tap Bengali virtual keyboard and keys are
arranged in alphabetical sequence. All consonants are alphabetically placed in
two parts as shown in Fig. 3.1a. All vowels are presented sequentially in a row
at the bottom of the keyboard. Matras are placed in a separate row in between
consonant panel and vowel row.

1Li1Pi-B : This is also a single tap Bengali virtual keyboard where keys are
arranged according to their frequency(Fig. 3.1b). The arrangement of keys is
carried out by using Genetic Algorithm [57].

3.3.3 Participants

Users play most important role in the design and evaluation phase of human
computer interaction (HCI). User classification poses a great challenge to the HCI
researcher because of a large variety of user profiles based on tasks performed.

Here, our target users are Bengali literate people who can read and write Bengali.
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(a) Awro keyboard layout [19] (b) iLiPi-B keyboard [21] layout

Figure 3.1: Virtual keyboard used in the experimental studies

Forty eight unpaid volunteers from our Institute, local area and market, school
and offices have participated in our experiments (28 males and 20 females).
Depending on their background, professional information and familiarity with
computer, users are classified into three categories: expert, intermediate and
novice. Familiarity with computer is determined through a questionnaire session on
Bengali typing task using virtual keyboard and general window based applications.
Users belong to expert category are post-graduate and under graduate students
from engineering colleges, school teachers and office staffs having prior knowledge
of using computers. The intermediate users are high school students, shopkeepers,
and security guards. Users in this category use computer occasionally (e.g. once
in a week or less than that). On the other hand, primary school students, and
domestic helpers belong to novice category. They have never used computer earlier.
Moreover, to make the proper mixture in each category, we select equal number

of users in each category (16 users). Details are shown in Table 3.2.

3.3.4 Text Selection

We select four different text corpus from popular Bengali novels, story book and
Bengali “Wikipedia” by taking care of the occurrence of almost all characters
of Bengali. We have selected portion of texts from “Kapalkundala”, a Bengali
novel written by Bankim Chandra Chattopadhyay (T By), restrained with a large
number of complex and inflexed characters, “Srikanta”, another novel with a
large number of simple words, written by Sarat Chandra Chattopadhyay (T Bs),
“Ashamanjababur Kukur”, a short story of Satyajit Ray (T'Bs) and Wikipedia

corpus (T'By), inscribed with very simple words. Details are shown in Table 3.3.
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Table 3.2: Users profile

User Background Professional S(z(?re . Number
Categor Information Information Questionnaire of
oty Session Subjects
Well educated, good Post and under
knowledge in graduate students, more than
Fxpert Bengali computer college and school 80% 16
applications teachers, office staffs
St | St
Intermediate T security grads and 50% — 80% 16
average familiarity .
. high school students
with computer
Prinaes b 01| iy o
Novice RO P students, domestic below 50% 16
familiarity with
helpers
computer
Table 3.3: Selected texts in the experiments
Character Count
Text Word Inflexion
Under Reference Text Count No With a . Count
Test Space | Space omplex
“Kapalkundala” by
TB, Bankim Chandra 171 1035 1205 75 337
Chattopadhyay
“Srikanta” by Sarat
TB; Chandra 186 885 1070 39 285
Chattopadhyay
“Ashamanjababur
TBs Kukur” by Satyajit 196 997 1192 34 303
Ray
TBy “Wikipedia” Bengali 167 861 1027 37 291
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3.3.5 Experiments

The experimental study consists of two parts; training session and testing session.
The training session is required to make the user familiar and accustom with text
composition task using virtual keyboards. In this session, initially, we give half an
hour introductory session on Bengali text composition using the virtual keyboard.
After that, a fifteen minutes short break is given to them. Then, keyboards are

given to each user separately for typing practice.

After completion of training session, testing session with same keyboard
interfaces is started. To study the impact of each identified parameter, we redesign
the keyboards by changing the value of each parameter separately while keeping
all other parameters fixed. Moreover, for a specific experiment, we maintain equal
value for that parameter. In each experiment, a randomly selected keyboard
interface is given to each user for typing the selected text corpus freely. They
do not have to think about the occurrences of errors during text composition.
A fifteen minute break is also provided in between two consecutive sessions for
relaxation. Moreover, a user can attend at most four typing sessions in a day.
Through the experiments, we want to analyze how typing errors are influenced by
different design parameters. So, we disable the modifier keys (backspace, delete
keys) of the keyboards not giving any provision for correcting the errors which
are already committed. During experiments, the composed text through each
keyboard are stored into a log file for each user from which user typing error
rate is calculated for any particular design parameters value. Typing error rate is
basically the percentage of error committed by the user in the time of typing as
shown in Eqn. 3.1, where length of the typed text by the user is represented by
T|.

Number of errors

Error Rate =
T

x 100 (3.1)

3.3.6 Experimental Results

We have listed the design parameters which influence user error rate in Section 3.2.

Impact and significance of those parameters are described in this section.
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Key Size: In the keyboard interface, key size refers to the area occupied by the key
and font size is specified as the maximum size displayed on a key. Here, we consider
only square shaped keys. A number of experiments have been performed to observe
the influence of key size on user typing error rate during text composition. The
experiments are performed by varying size of the keys keeping all other parameters
fixed. Also, for a particular experiment, we maintain same key size in a keyboard.
In this scenario, key size is varied from 36 mm? (6 x 6) to 100 mm? (10 x 10) with

an increment of 1 mm in both key length and width.

The analysis of the log file is illustrated graphically in Fig. 3.2(a) where key
size and corresponding typing error rates are represented through x- and y-axis,
respectively. The experimental outcomes of all users show that typing error rate is
quite high for small key size (like 36 mm?). The error rate decreases with increasing
key size (upto a moderate value (64 mm?)). But when the key size is high enough
(81 mm?), the curve corresponding to typing error rate slightly increases. It can
be concluded that user error rate for most of the users is minimum with moderate
size of the keys. Further, Analysis of variance (ANOVA) test reveals that, there
is a significant difference between typing error rate on different values of key size,
Fla175) = 16.058, where p < 0.05.

Space between Keys: In the context of virtual keyboard, space between keys
refers to the horizontal or vertical gap or space between adjacent keys. Here, we
consider equal horizontal and vertical space for any adjacent key for a particular
keyboard interface. The experiments are performed by varying space between keys
keeping all other parameters fixed. For these experiments, the space between keys

varies from 1 to 4 mm with an increment of 1 mm.

Results of the experiments are graphically shown in Fig. 3.2(b) where space
between keys and corresponding typing error rate are represented through x- and y-
axis, respectively. It has been observed from the experimental results that typing
error rate is affected by space between keys, and it is less when the keyboard
interface has 2 mm blank space between all adjacent keys. We also perform
ANOVA test on typing error rate for different space between keys. The analysis
concludes that typing error rate during text entry for different space between keys
are significantly different. The observed F(s3104) from experimental data is 10.719
with p < 0.05.
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Figure 3.2: Typing error rate influence by different virtual keyboard parameters
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Distance between GSC Pairs: In the context of Bengali language, there are
many characters which look alike, that is, graphically similar character (GSC'). For
example, characters 3 |ba| and 7 [ra| in Bengali are very similar. Many a times it
is confusing to distinguish between these two GSC' characters and hence it results
in typing errors in text composition. A set of graphically similar characters are
shown in Table 3.4.

Table 3.4: Bengali GSC

G.S.C Base Shape G.S.C Base Shape

< [a], @ [A], ® [ta] < [ta) 4 [Dh[igth]ETva][’_Dﬁh[;?a]’ % | 5 [Dhal

@ [ja], © [Dal, © [.DA], © ¥ [phal, ¥ [ya], ¥ [Ya], ¥
o © [Pa] T sha el
Q [e], @ [ai], € [n"a] q [e] A [sa], W [ma] A [sal
@ |o], @ [au] € |o] 9 [Na|, ¥ [na] 9 [Na]
< [ka], & [dha], T [ba], T o o a a
fral, ¥ [jha], ¥ [R"i] 9 [bal ¥ [khal, ¥ [tha] 9 [tha]

To quantify the graphical similarities among characters, we take characters in
standardized ‘ Vrinda’ Bengali font and place them into a 120 x 120 matrix grid
structures. Then for each character set, we calculate the MAD (Mean Absolute
Difference) values of all sub blocks in the grid using Eqn. 3.2, where f(a,b,1)
denote the pixel value of a sub block at spatial coordinate (a,b) in i** frame. N
denotes the sub block size and (d1,d2) denotes the motion or displacement of a
sub block.

N—-1N-1 . .
|f(a,b,i) — fla+dl,b+d2,i+1)]
MAD = E § e (3.2)
a=0 b=0

We have calculated MAD value for each character mentioned in Table 3.4. Then
we calculate the modular difference between different character pairs and take those
pairs which are having moderately less MAD value (MAD value difference within
250). The grid structures for characters 3 |ba| and = [ra| are shown in Fig. 3.3.
The selected GSC pairs and MAD value differences between them are displayed
in Table 3.5.
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Figure 3.3: The character in grid structure

Table 3.5: Bengali Character MAD Differences

GSC set MAD value GSC set MAD value
T [ya], ¥ [Sha] 61 9 [ba], ¥ [ra] 115
T [ya], ¥ [Ya] 85 ¥ [Shal, ¥ [Ya] 146
v [Dhal, b [.Dha 86 5 [tal, & [Dha] 231
T [Dal, © [.Da] 89 ¥ [khal, ¥ [tha] 243

We analyze typing errors influenced by distance between GSC' pairs. In a
particular experiment, we choose a virtual keyboard maintaining specific distance
between any two GSC pairs keeping all other parameters fixed. We consider
distance between any two adjacent keys as 1 unit. In this scenario, distance of
GSC pairs are varied from 1 to 5 unit with an increment of 1 unit. Users were
requested to type the text corpus using those virtual keyboards.

The analysis of log file is shown graphically in Fig. 3.2(c) where distance
between GSC pairs are represented through x-axis and corresponding typing error
rate is shown in y-axis. The experimental results show that typing error rate almost
linearly decreases with increase in distance of GSC pairs. It is also observed that
typing error rate becomes minimum while distance is maximum (5 unit). ANOVA
test proves that, there is a significant difference between typing error rates for
different distance between GSC pairs (p < 0.05). The observed value of F4ss) is
11.049.

Key Grouping: In the context of virtual keyboard, grouping is referred to as
alphabetical grouping of the keys. To study the impact of key grouping on the

typing error rate, we have reformed the keyboard layouts by maintaining same
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type of keys (i.e. consonants, vowels, punctuations, matras) in a group with an
allowance of maximum 4 groups. Here, number of groups 1, 2, 3, 4, respectively
stand for no group, all character placed in a same area of the keyboard; consonants
and vowels in a group and punctuations, matras in other groups; consonants,
vowels in separate groups and punctuations, matras in other groups; consonants,
vowels, punctuations, matras all are separate groups.

The experimental results are represented graphically in Fig. 3.2(d). It
establishes that meaningful alphabetical key grouping plays vital role in typing
error rate. Typing error rate linearly decreases with the number of groups. Further,
ANOVA test also reveals the fact that typing error rate is not equal for different
number of alphabetical groups. There is a significant difference between the typing
error rate on different number of key groups (F{s140) = 8.241 where p < 0.05).
Number of Space Keys: Virtual keyboard like OPTI, FITALY etc. contains
multiple space keys in different locations of the interface to increase the text entry
rate. Here, we investigate the impact of multiple space keys on typing error rate.
The experiments are performed by adding the alternate space keys in different
location keeping all other parameters fixed. The number of space keys varies from
1 to 4 and placed them in different positions in the keyboard (center, first and last
row). Users were requested to type the text corpus using those virtual keyboards.

Results of the experiments are graphically shown in Fig. 3.2(e) where number
of space keys and corresponding typing error rate are represented through x- and y-
axis, respectively. The experimental results reveal that typing error rate minutely
changes while the altering the number of space keys. Further, ANOVA test also
concludes that, typing error rates for different numbers of space keys are not
significantly different. The observed F{3116) from experimental data is 1.341 with
p < 0.05.

3.3.7 Summary of Observations

The experimental results convey that the typing error rate varies significantly with
variation of key size. The experimental outcomes of all users show that typing error
rate is quite high for small key size (like 36mm?). The typing error rate highly

decreases with increasing key size up to a moderate value (64mm?). But when the
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key size is high (81mm?), the typing error rate is slightly increased. This concludes
that user get accustomed with moderate size of keys. Similarly, the space between
keys also significantly contributes to the occurrence of typing errors. It is less when
the keyboard interface has 2mm blank space between all adjacent keys. Analysis of
log file reveals that typing error rate is significantly influenced by distance between
GSC pairs. Typing error rate almost linearly decreases with the increment of
distance between GSC pairs. We have also found that meaningful alphabetical key
grouping plays vital role in occurrence of typing errors. It also linearly decreases
with number of groups. In contradiction, typing error rate is almost constant
irrespective of the number of space keys. The statistical analysis (ANOVA) of our
observed data for different parameters are summarized in Table 3.6. Here, DF,, and
DF, represent degrees of freedom numerator and degrees of freedom denominator,

respectively.

Table 3.6: Summary of statistical analysis for different parameters

Design Parameter DF,, | DF; | F value | Significant
(p< 0.05)
Key size 4 175 | 16.058 Yes
Space between keys 3 104 | 10.719 Yes
Distance between GSC' pairs 4 55 11.049 Yes
Key grouping 3 140 | 8.241 Yes
Number of space keys 3 116 1.872 No

Table 3.6 establishes the fact that there are 4 parameters, which influenced

typing error rate significantly. The parameters are:

o Key size

Space between keys

Distance between GSC pairs

e Key grouping
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3.4 Summary

In this chapter, the virtual keyboard design parameters which significantly
influence the user typing errors during text composition task have been identified.
To accomplish the task, first we have listed typing error influencing design
parameters. Then, we have performed several experiments on those identified
parameters with users having different level of expertise. The experimental study
concludes that typing error rate varies with variation of design parameters. It
shows that typing error rate of all users are quite high for small key size (like
36mm?). The typing error rate highly decreases with increasing key size up to a
moderate value (64mm?). But when the key size is high (81mm?), the typing error
rate is slightly increased. Similarly, typing error rate is less when the keyboard
interface has 2mm blank space between all adjacent keys. Further, statistical
analysis (ANOVA test) on those experimental results has been carried out, which
establishes that there are four virtual keyboard design parameters which play the
significant role on user typing errors during text entry. The parameters are; key
size, space between keys, distance between GSC pairs and key grouping. Outcome of
this chapter would be helpful to develop a computational model to predict typing
error rate based on virtual keyboard design parameters, which is presented in the

next chapter.
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Chapter 4
Modeling of Typing Error Rate

In the previous chapter, we have discussed about the identification of virtual
keyboard design parameters, which put significant influence on occurrence of user
typing error. In this chapter, we develop a predictive error model based on those
identified parameters. This model is capable of predicting typing error rate for a
virtual keyboard instance with different combination of design parameters’ values.

In order to develop the typing error predicting model, we have collected
the information regarding typing errors during text composition for different
combination of parameters’ values. The experimental setup, interfaces used and
experimental procedure we have followed are already discussed in Chapter 3.
Using these experimental data, a model has been developed using Artificial Neural
Network-Genetic Algorithm (ANN-GA) hybrid approach. Here, values of virtual
keyboard design parameters are input vectors and corresponding error rate is the
output vector for the model. To prove the efficacy of our proposed model, similar
model using ANN approach is also developed. Experimental results substantiate
that our proposed ANN-GA model is superior than ANN model predicted values
both for in-domain and out-domain data.

This chapter consists of four sections. Basic of Artificial Neural Network (ANN)
is discussed in Section 4.1. Theoretical background on Genetic Algorithm (GA) is
given in Section 4.2. Modeling typing error rate using ANN and ANN-GA hybrid,
both are discussed in Section 4.3. Section 4.4 describes validation of our proposed
model both for in-domain and out-domain data. Finally, Section 4.5 contains the

summary of the chapter contents.
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4.1 Artificial Neural Network (ANN)

Artificial neural network (ANN) is a mathematical tool designed by mimicking
the working principle of the human brain information processing to simulate
any complex and not properly defined problem. The neural network research
is initiated with the pioneering work done by McCulloch and Pitts [68].
However, Rosenblatt’s perceptron convergence theorem [69] and work of Minsky
et al. [70] shows the limitations of a simple perceptron. The resultant of those
works dampened the research interest on ANN for almost 20 years. Research
interest on this topic again gained momentum since early 1980, by Hopfield’s
energy approach 71| and the back-propagation learning algorithm for multilayer
perceptrons (multilayer feedforward networks) first proposed by Werbos [72], and
then popularized by Rumelhart et al [73]. Since past two decades it is widely used
in many applications like: forecasting/prediction [74,75], pattern classification [76],
clustering [77|, function approximation |78| in engineering.

Different types of ANNs exist. In our present work, here, we use feed forward
multi-layer perceptron (MLP). In this network, the input data forward input layer
to output layer through hidden layer(s) without any feedback. Moreover, the
architecture and parameter of the network are generally determined by trial-and-
error method [75].

Fig. 4.1 shows a typical three layer feed forward MLP network used for
prediction purposes. Here, each neuron is operated by taking the sum of its
connecting weighted inputs and bias value and passing the results through a
transfer function (hard limit, linear and sigmoid function etc.). Output of each
hidden layer’s neuron and output layer’s neuron are calculated by Eqn. 4.1 and
Eqn. 4.2, respectively. Output of j** hidden neuron and output layer neuron are
represented by X; and Y respectively. x; is the value of i neuron in input layer.

" neuron of input layer to j** neuron

wj;, wj are the connection weights between it
of hidden layer and j** neuron of hidden neuron to k' neuron of output layer. w; o
and wyo are the biases for j and k" neuron respectively. Number of neurons for

input, hidden layers are n and m, respectively.
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Figure 4.1: Three layer feed forward MLP network

X; =[O wawiy + wyo) (4.1)
=1
Y = OO Xjwji + wio) (4.2)
j=1

Here, we use gradient descent back propagation learning algorithm [79]. At the
beginning of the back propagation learning, all connection weights of the network
are initialized with small random values. The learning set, consists of sufficient
data with input and desired output pattern for proper learning of the network.

The network output value (V) is compared with the desired output (Y) of the
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4. Modeling of Typing Error Rate

training set by an error function E as defined in Eqn. 4.3, where the number of

data in the training data set is V.

N
Py 0T (4.3

The main goal of the training procedure is to minimize the error function (E)

by adjusting connecting weights and biases. The updated or adjusted weights and
biases are computed by the Eqn. 4.4 and Eqn. 4.5, respectively, where w;; and wfj
represent the new (updated) and the previous connected weight from i to ;%

neuron. Similarly, w}, and w}, are the new and previous bias value for 7™ neuron.

wi; = wi; + Awg; (4.4)

v

wiy = why + Awjo (4.5)

The changes in connecting weight and bias are represented by Aw;; and Awj

OF OE
Dur, and Bur, AT€

the error gradient with reference to the weight and bias respectively. 7 represents

respectively, and also determined by Eqn. 4.6, and Eqn. 4.7, where

the learning rate and it value lying between 0.0 to 1.0. If the learning rate is very
small, the training algorithm takes relatively long time to converge. In contrast,
if it is very high, it will converge relatively fast but network may be unstable.
The learning rate is decided through trial and error for proper combination of fast

converge and relatively low processing time.

OF
oF
Awjo = —7787?0 (4.7)

Moreover, momentum constant (4) is used to make the network stable at high
learning rate. The change in connecting weight in a particular iteration (t) is
determined through the sum of error gradient multiplied by learning rate, and
momentum constant multiplied by connection weight change in previous iteration
(t-1), as shown in Eqn. 4.8. Moreover, momentum value is also selected by trial

and error and it lies between 0.0 to 1.0.
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OF
Aw(t) = =1z~
)

+ pAw(t — 1) (4.8)

The main goal of the training phase is to minimize the error function (E) by
adjusting connection weights and biases using gradient descent back propagation
algorithm. After training a sufficient numbers of the epoch, it is hoped that the
network learns or generalizes and opens up the relationships between input and

output vectors by optimizing the error function.

4.2 Genetic Algorithm (GA)

Genetic algorithm (GA) is a powerful optimization or search technique designed
by mimicking the principle of biological evolution and selection, and is introduced
by John Holland [80]. It is a heuristic based approach, particularly applicable
to problems which have a large set of solutions, non-linear and possibly discrete
in nature [81,82]. Due to unavailability of exact mathematical formulation, it
does not guarantee to reach the optimality. However, it is likely to give the
near to optimal solution. Other major advantages of genetic algorithm includes:
parallelism, liability, robustness, easily finding the global optimum, handles noisy
functions, no knowledge requirement about the response surface etc. [81].

The algorithm manipulates a population of potential solutions to search the
optimal solution based on Darwin’s ‘survival of the fittest’ strategy of biological
genetic system. Initial population is generated with predefined number of
individuals or chromosomes (NN). The individuals are survived and selected for
next generation according to objective/fitness function. At each generation, GA
selects individuals from the current population to produce children or offspring by
performing crossover with crossover probability (p.) for next generation. To bring
more diversity in the population, newly created offspring are randomly mutated
with mutation probability (p,,). The newly generated offspring are then inserted
into the new population. After that, the crossover and mutation operations are
iteratively executed until the size of new population is equal to the previously
predefined number of individuals (V). Then, the current (parent) population is
replaced with newly created offspring. After that, next generation is started with

those offspring. Optimal solution comes out by iteratively executing this procedure
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over sufficient numbers of generations till it satisfies the termination condition or
the problem gets converged. To provide more clear understanding, the outline of
GA is illustrated in Fig. 4.2.

4.3 Modeling Typing Error Rate

Typing error model has been carried out by two different approaches namely
ANN and ANN-GA hybrid approach. In both the approaches, we use the same
experimental data. In our work, the previously identified virtual keyboard design
parameters are input vectors and corresponding error rate are the output vectors.

In depth description about these models are presented in this section.

4.3.1 Input-Output Vectors for Typing Error Prediction
Model

To model typing error rate based on those identified design parameters, we need
to collect the information regarding typing error during text composition for
different combination of parameter values. So, we conduct several experiments
with participants on different variation of parameter values. The experimental
setup and procedure, participants and virtual keyboard interfaces used are same
as discussed in Chapter 3. We collect total 1680 experimental data samples with
210 different combinations of design parameters values. Note that different values
of keyboard design parameters are the input vectors and corresponding typing
error rate are the output vectors in our model. So, total number of input vectors
(key size, space between keys, distance between eight GSC pairs, grouping) are 11
and output vector is one (typing error rate).

Data Normalization: Before starting of training phase, data need to be
normalized over a specific range. This is required to keep all entries in the
same range and the range must be limited by neurons’ transfer functions. We
normalize entire data using min-max normalization over the range [ —1, 1| as shown
in Eqn. 4.9. The range is decided based on the nature of the sigmoid function of

ANN, which is used in both the models as a transfer function.
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Here, X’ is the normalized value of variable X. X, and X,,;,, are the expected

maximum and minimum values of concerned variable. X’ —and X’

max min

desired values of the range for the transformed variable.

specify the

4.3.2 Statistical Performance Metrics

In order to compare and quantitatively determine the accuracy of model, four
statistical performance metrics are employed, which are: (1) Mean Absolute
Percentage Error (MAPE), (2) Mean Square Error (MSE), (3) Standard
Deviation Error (SDFE) and (4) Correlation Coefficient (R). The MAPE,
MSE, SDE and R are calculated using the below mentioned Eqn. 4.10 — 4.13,

respectively.

1Y - Y
MAPE ==Y "1 x 100 4.10
DI (410

1 — _
MSE = = Y; —Y;)? 4.11
- (111)

] — _
SDE = | = Y, —Y,,)? 4.12
w20V Yo (4.12)

R=—= (4.13)

Here, n is the total number of data sets. Y; and Y; are the actual and model
predicted typing error rate corresponding to the i data set. Mean of actual and
model predicted typing error rate are represented by Y;, and Y,,, respectively. The
smaller value for MAPE, MSFE, SDE and larger value for R are preferable, which

means that the predicting data are closer to the actual data.
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4.3.3 Model Implementation

Initially, we generate the error prediction model on the basis of virtual keyboard
design parameters using ANN. Here, the architecture parameters of the network
(number of hidden layer(s) and neurons in hidden layer(s), transfer functions,
learning rate, momentum, epochs) are determined by the trial-and-error method.
To address this limitation, ANN-GA hybrid method is utilized. Here, GA is applied
for searching the optimal ANN parameters value to provide more acceptable
predictive results. Details, implementation and corresponding results of both ANN

and ANN-GA models are discussed afterwards in this section.

ANN Model Implementation:

Several MLP networks with various network architecture parameter specifications
are generated and tested on that input-output data (Section 4.3.1). The size ratio
of the training validation and testing data set are 70%, 15%, and 15% respectively.
Here, we create ANN with maximum two hidden layers as more than two may not
give significant improvement in performance [83,84]. The transfer function for
input layer to first hidden layer is chosen as Purelin (P), for all other layers, the
selected function is Tan-Sigmoid (TS). Before the training, all data are normalized
over the range [—1,1]. The back propagation algorithm is used to adjust the
connection weights. Network structure and parameters are decided by the trial-
and-error method. The parameters for the best network are found out by the trial-

and-error approach as shown in Table 4.1. The model is developed and simulated
using MATLAB tool.

ANN-GA Model Implementation:

In ANN, it is mathematically impossible to determine the value of different network
parameters |75, 85| and in this context, these are decided by the trial-and-error
approach. This is one of the foremost limitations of ANN model. To address
this limitation, ANN-GA hybrid approach is employed, which is developed by the
combination of Genetic Algorithm (GA) with ANN. Here, GA is used for searching
the optimal network parameters values for the ANN to provide optimal predictive
value, instead of trial-and-error method in traditional ANN forecasting approach.

Optimal solution or optimal parameters values from the solution space come out by
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Table 4.1: Parameters of the network created by ANN model

Parameter Value
Number of neurons (nodes) in Input layer 11
Number of neurons (nodes) in Hidden layer 1 11
Number of neurons (nodes) in Hidden layer 2 24
Number of neurons (nodes) in Qutput layer 1
Transfer Function (Tf) P-TS-TS
Learning Rate (Lr) 0.003
Momentum (Mn) 0.003
Epochs 1000

iteratively applying GA in consecutive generations. The major steps or strategies

involved in ANN-GA approach is elaborated in this subsection.

Chromosome Representation: In GA, each individual of a population is
described through chromosome representation or encoding. Here, we use binary
encoding scheme to represent the chromosome. The network parameters are
encoded in a 25 bit binary chromosome. In our study, we use ANN having the
maximum of two hidden layers. The first and second hidden layers are represented
by first and second consecutive five bits respectively of the chromosome. Therefore,
the number of neurons in each hidden layer is varied within the range of 0 to 31 in
the integer number domain. The transfer functions for one layer to subsequent
layer are represented by next successive 6 bits. Here, initial 2 bits of those
successive 6 bits denote the transfer function for input to first hidden layer.
Similarly, next 2 and last 2 bits represent the transfer function for first hidden
layer to second hidden layer and second hidden layer to output layer, respectively.
Moreover, we use four different types of transfer functions namely, Hard-limit(HL),
Purelin (P), Log-Sigmoid (LS), Tan-Sigmoid(TS), which are symbolized by 00, 01,
10, 11, respectively. Learning rate, momentum rate and number of epochs are
represented by 3 consecutive bits among rest of 9 bits. Here, learning rate and
momentum rate are varied from 0.0005 to 0.0040, where 000, 001 are denoted by
0.0005 and 0.0010 respectively and so on. Similarly, number of epochs varies from
500 to 1200, where 000, 011 symbolize for 500 and 600, respectively and so on.

Detail encoding for those are shown in Table 4.2.
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Table 4.2: Encoding for Learning Rate, Momentum Rate and Epochs

Encoding | Learning Rate | Momentum Rate | Epochs
000 0.0005 0.0005 500
001 0.0010 0.0010 600
010 0.0015 0.0015 700
011 0.0020 0.0020 800
100 0.0025 0.0025 900
101 0.0030 0.0030 1000
110 0.0035 0.0035 1100
111 0.0040 0.0040 1200

Encoding scheme is described by an example to provide more clear
understanding. If the encoding string of a chromosome is represented by
“0100110100011000101011100” as shown in Fig. 4.3, then corresponding ANN

structure and parameters are described in Table 4.3.

|0|I‘Uloll‘l‘U‘]|0|0‘U‘I|]|G|U|U‘]|0|I‘U‘I|]|IIU|U‘
|<7 Nodes in 4+7 Nodes in %Tf—vaLr 4>~<7}\.1n4>|¢Ep{mhs~b{
Hidden layer 1 Hidden layer 2

Figure 4.3: Chromosome encoding for ANN structure and training parameters

Table 4.3: ANN structure according to the chromosome shown in Fig. 4.3

Parameter Value
Number of nodes in Hidden layer 1 9
Number of nodes in Hidden layer 2 20
Transfer Function (Tf) P-LS-HL
Learning Rate (Lr) 0.003
Momentum (Mn) 0.002
Epochs 900

Selection: Individuals are selected according to their fitness or objective
function values, shown in Eqn. 4.3. Here, fitness function is calculated after

decoding the encoded chromosome string. After calculating fitness function for
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each individual, we select the chromosomes for crossover using the ‘rank-based
selection’ [86] method as shown Eqn. 4.14. In this method the chromosomes are
arranged in ascending order of their fitness and chromosome having the lowest
fitness is assigned rank 1 and other chromosomes are ranked accordingly. Then a
proportionate selection scheme based on the assigned rank is followed as shown in
Eqn. 4.14, where r; indicates the rank of i"® chromosome and n is the size of the
population. Selection probability of each i*" individual is represented by p;.

pi= - % 100 (4.14)

n

Z T
i=1

Genetic operators (Crossover and Mutation): After selecting the
individuals, new generation is created by crossover operation. Here, we use two-
point crossover, first and second crossover points are randomly selected from the
range of 3 to 7 and 16 to 20 from the chromosome to create new offspring for the
new generation. To bring more diversity in the population, newly created offspring
are randomly mutated. In this case, each bit of a chromosome is mutated 0 to 1
and vice-verse with mutation probability g,.

ANN-GA Model: The outline of the ANN-GA optimization approach is
shown in Fig. 4.4. Initially the experimental data sets are collected and normalized
in a specific range [—1,1]. Then it is subdivided into training, validation and
testing data set with the ratio of 70%, 15%, 15% correspondingly. More Detailed
specification about data collection and data normalization is given in Section 4.3.1.
Individuals or chromosomes are created randomly in binary encoded form. Each
chromosome is decoded and corresponding structure is simulated and trained
by training data. Then, the network is validated, tested and fitness values are
calculated using fitness function (Eqn. 4.3). We then iteratively execute this
procedure up to predefined number of maximum individuals (20) to create new
individuals and calculate their fitness values. After that, selection, crossover and
mutation procedures are used to reproduce a new generation. After executing 50
generations, the optimal network parameter values for the typing error modeling
come out. The value of the GA and ANN parameters for the ANN-GA model are
shown in the Table 4.4 and 4.5. This model is also developed and simulated using
MATLAB.
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Figure 4.4: Flowchart of ANN-GA model
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Table 4.4: GA parameters for ANN-GA model

Parameter Value
Encoding Binary
Population size 20
Generation 50
Selection Rank-based
Crossover Two point
Mutation Uniform
P. 0.9

P, 0.1

Table 4.5: Parameters of the network created by ANN-GA model

Parameter Value
Number of neurons (nodes) in Input layer 11
Number of neurons (nodes) in Hidden layer 1 26
Number of neurons (nodes) in Hidden layer 2 20
Number of neurons (nodes) in Output layer 1
Transfer Function (Tf) P-LS-TS
Learning Rate (Lr) 0.0035
Momentum (Mn) 0.002
Epochs 1100

4.4 Model Valhidation

In this section, initially we compare the predicted results (typing error rate) of
our proposed ANN-GA model and ANN model both with the experimental data
(in-domain data). Then we also perform another empirical study with different
interfaces and participants (out-domain data). In this study, performances
predicted by the proposed models for a set of design parameters are compared
with the observed user typing error rate. Detail results of our proposed model for

both in-domain and out-domain data are reported in the following subsections.
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4.4.1 Results for In-domain Data

Here, the testing data are taken from the same source on which the model
is trained. Actual user typing error rate for different combination of design
parameters and corresponding typing error rate is also calculated from the models.
The performance comparison of the ANN-GA with the ANN prediction model is
shown in Table 4.6. The values of MAPE, MSE, SDE metrics are smaller and
value of R is larger for ANN-GA model compared to ANN model. It concludes
that ANN-GA model performs better than ANN model based on the statistical

performance metrics.

Table 4.6: Result comparison of ANN and ANN-GA models for in-domain data

Performance
Model
MAPE | MSE SDE R
ANN 8.461 0.940 | 0.0179 | 0.890

ANN-GA | 5.848 | 0.401 | 0.0097 | 0.939

4.4.2 Results for Out-domain Data

The accuracy and generalization capability of our proposed ANN-GA model can
better be established if similar types of results are observed for out-domain data. In
order to determine the efficacy of our proposed model, another separate empirical
study with different interface and participants has been carried out. We have
mimicked the keyboard used in Google Bengali transliteration [87] for the study.
We designed the keyboard interface using Visual Studio C# 2008. The keyboard
interface is shown in Fig. 4.5.

In our experiment, 9 other participants (5 males, 4 females) of expert,
intermediate and novice categories are selected. =~ We follow the same user
categorization as discussed previously. We select four other text corpora from the
earlier mentioned corpora sources to validate our model. Detail statistics about
these selected corpora are illustrated in Table 4.7.

We observe typing error rate for different combination of design parameters
from user experiments. The corresponding typing error rate for each combination

is also calculated from the models. The performance comparison of ANN-GA with
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Figure 4.5: Google Bengali transliteration keyboard layout

Table 4.7: Selected texts in the experiments

Text Character Count

Word Inflexion
Under Reference Text Count No With

Test Space | Space

Complex | Count

“Kapalkundala” by
T By Bankim Chandra 163 984 1146 69 326
Chattopadhyay

“Srikanta” by Sarat

TBuz Chandra Chattopadhyay 178 846 1023 35 270
“Ashamanjababur

TBy3 Kukur” by Satyajit Ray 191 969 1152 36 307

T Bya “Wikipedia” Bengali 174 892 1065 40 293

ANN model is shown in Table 4.8. Here, the values of MAPE, MSE, SDFE
metrics are smaller and value of R is larger for ANN-GA model compared to ANN
model. It concludes that for each statistical metrics, ANN-GA model is superior
than ANN model predicted values for out-domain data also.

Our observed user typing error rate for different combination of parameter
values and corresponding predicted error rate for both ANN and ANN-GA models
for both in-domain and out-domain data are graphically shown in Fig. 4.6. Results

comparison for in-domain data and out-domain data are illustrated in Fig. 4.6a,
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Table 4.8: Result comparison of ANN and ANN-GA models for out-domain data

Performance
Model
MAPE | MSE SDE R
ANN 9.057 | 0.988 | 0.0492 | 0.827
ANN-GA 6.232 | 0.526 | 0.0277 | 0.930

Fig. 4.6a, respectively, where x-axis represents the data sample (user typing error
rate for different combinations of parameter values) and corresponding error rates
are shown by y-axis. Here, actual data and respective predicted data for ANN and
ANN-GA models are represented by red, blue and green line respectively. It shows
that our proposed ANN-GA model outperformed than ANN model for out-domain

data also.

— ANN predicted test data — ANN predicted test data

14 T T 14 T T
Lﬁ\ Actual test data Actual test data
— ANMN-GA predicted test data — ANN-GA predicted test data

Error Rate
Error Rate
=]
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Data Sample Data Sample
(a) Result comparison for in-domain data (b) Result comparison for out-domain data

Figure 4.6: Comparison between predicted and actual typing error rate on both
in-domain and out-domain data for both ANN and ANN-GA models

4.5 Summary

In the context of virtual keyboard interface, developing a typing error prediction
model remains a serious problem. This chapter addresses the problem and proposes
a model to predict typing error rate employing the ANN-GA hybrid soft computing

framework. To judge the efficacy of our proposed model, similar model using ANN
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approach is also developed. The models are also validated with both in-domain and
out-domain data on the basis of different statistical performance metrics (M APE,
MSE, SDE and R). The experimental result substantiates that both for in-
domain and out-domain data our proposed model perform better than ANN model
for each performance metric. The model is developed for predicting typing error
rate during text composition with Bengali virtual keyboard. This work, however,
can be extended to other Indian languages as well as other foreign languages.
The proposed model is not only useful to predict typing error rate given a virtual
keyboard, but also can be applied to design an efficient and error-optimum virtual

keyboards that minimizes typing error rate and maximizes text entry rate.
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Chapter 5

Virtual Keyboard Design with
Multi-Objective Optimization

In the previous chapters, we observe that typing error plays a significant role
while composing text through virtual keyboard. Previously, researchers have
concentrated on enhancing text entry rate by optimizing average mouse movement
time only. However, the development of a virtual keyboard with maximum
text entry rate as well as minimum typing error rate is desirable. It may be
noted that occurrences of typing errors are specifically more significant during
text entry through Indian language compatible virtual keyboard due to linguistic
features [30]. It may also be noted that in the context of an Indian languages, a
single character error may require multiple number of edit primitives to correct the
error [88], affecting the text entry rate. So, designing a Bengali virtual keyboard
without considering typing errors narrows down the practical usefulness of that
design.

In order to account users’ typing errors in the design, a predictive error model
has been developed using ANN-GA hybrid approach, as described in Chapter 4.
The model is capable to predict typing error rate for a given design. However, it
is difficult to evaluate designs on the basis of error rate alone, as the measure does
not have any text entry rate component. Hence, in order to arrive at a design
methodology for virtual keyboard design, both these measures (i.e. text entry
rate and error rate) have been taken into account. In this chapter, we propose

an approach to design a virtual keyboard optimizing both text entry rate and
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user typing error rate. To judge the effectiveness of our multi-objective design
approach, we design another alternate virtual keyboard using GA for maximizing
text entry rate only.

This chapter consists of five sections. The objective of our work is discussed
in Section 5.1. Our proposed approach to design virtual keyboard using NSGA-
IT multi-objective optimization is discussed in Section 5.2. Section 5.3 describes
the alternate design approach using GA. An empirical study has been carried out
to show the validity of the proposed design approach. Results of the study are
discussed in Section 5.4. Finally, Section 5.5 contains the summary of the chapter

contents.

5.1 Objective of the Work

In this work, we propose an approach to design a Bengali virtual keyboard which
achieves higher text entry rate and less typing error rate with proper combination
of different virtual keyboard design parameters. Moreover, we consider the single

tap virtual keyboard only, defining the following assumptions:

1. All keys are of equal size and square shape.
2. Equal amount of horizontal and vertical spaces in between all adjacent keys.
The characters placed in the keys are all different.

Each key contains one character.

AR R

Keyboard layout remains unchanged throughout the experiment.

5.2 Proposed Approach

We design a multi-objective optimized Bengali virtual keyboard layout based on
two optimality metrics; maximize text entry rate and minimize typing error rate.
Text entry rate is calculated by Fitts-digraph model [12,24] and typing error rate
is computed by our proposed error model discussed in Chapter 4.

It is concluded from Fitts-digraph model that text entry rate (7'R) gets

increased by decreasing distance between characters having high digram frequency.
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In contrast, from the error model, it is observed that inverse of error rate (1/ER) is
directly proportional to distance between GSC pairs, and moreover, some of those
are highly frequent. Moreover, T'R gets increased by decreasing space between
keys (SK); in contrast, 1/ER gets reduced. So, the objectives are conflicting in
nature. Therefore, we need to use a multi-objective optimization to optimize both

of the objective functions.

5.2.1 Problem Statement

The performance measurement of a virtual keyboard (V Kpgg) is a function of both
TR and ER. For simplicity, the problem has been transformed to maximization of
the both objectives, by taking 1/ER as one of the optimization criteria as shown
in Eqn. 5.1. The TR and E'R are stated in the following.

o
ER
Text Entry Rate (TR): The average text entry rate is calculated as word per

mazimize V Kppr = f(TR, (5.1)

minute (WPM ), which can be expressed in terms of character per second ( CPS)
as shown in Eqn. 5.2, where W4y represents average word length. Further, CPS
is calculated from the inverse of reaction time (R7) and mean movement time
(MTprean) as shown in Eqn. 5.3.

P
TR in wpy — SL5 %60 (5.2)
Wavea
1
CPS = 5.3
RT + MTygan (5:3)

According to Hick-Hyman law [89,90], as shown in Eqn. 5.4, where o’ and ¥’
are empirically determined constants and NV is the total number of keys present
in the keyboard interface. So, RT depends on total number of keys present in
the keyboard interface. MTy;pan according to Fitts-digraph model [12, 24] is
calculated by summing up movement time (MT;;) between all digram multiplied
by corresponding digram probability (P;), as represented in Eqn. 5.5. Here,
we analyze the “Wikipedia” Bengali corpus, to compute digram probabilities of

occurrences.
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RT = d' +b'logaN (5.4)
N N

MTypan =Y Y  MTy; x Py (5.5)
i=1 j=1

Movement time (MT;;) from i*" key to 5 key is calculated from Fitts’s law [54]
as shown in Eqn. 5.6, where a and b are empirically determined constants, D;; is
the Euclidean distance between the center of both keys and W; is width of the
target key (5 key). Py, the digraph probability of occurrence of j7 character

after 7" character, is also calculated from Fitts-digraph model.

Dy

J

Error Rate (ER:) Our proposed error model described in Chapter 4 is used
to relate inverse of error rate (1/ER) and virtual keyboard design parameters.
According to it, ER is a function of design parameters namely, key size (K.S5),

space between keys (SK), distance between GSC pairs (Dgsc), grouping (GR).

Solving our problem would be subject to some constrains, which are discussed
afterwards. Here, we consider only square shaped keys and in the design space,
key width of any j (W;) is varied from 6 mm to 9 mm. So, KS for any j
(K'S;) is also varied from 36 mm? to 81 mm?. It also be noted that in a particular

keyboard we maintain equal size keys in a keyboard.

We consider equal amount of horizontal and vertical space for any two adjacent
keys in a particular keyboard interface. In our design space for different keyboard
interface, space between any two adjacent keys namely, i"* key to j* key is varied
between 1 mm to 4 mm. Moreover, centroid distance between it key to j key
(Dy;) is calculated by half of i and ;™ keys width and space between them. As
all keys are in equal width, so D;; can be calculated by 4t key width and space
between them. Minimum and maximum distance between " key to j** key is 7

mm and 13 mm, respectively as shown in Eqn. 5.7.
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1 1 1 1
§Wimin + §I/ijm + SKyin < Dij < §Wimax + §VVj
= VVszn + Sszn < Dij < I/V] + SKmaa}

= Tmm < D;; < 13mm (5.7)

+ SKman

max

max

In our design space, distance between any two GSC pair is varied from 1 to 5
units. Here, we kept vowels and consonants in the same group. Punctuations are

kept in a single group and inflexions (“matars”) belong to another group.

5.2.2 NSGA-II-Based Optimization

There are many approaches to solve a multi-objective problem using GA like Vector
Evaluated GA (VEGA) [91], Multi-objective Genetic Algorithm (MOGA) [92],
Niched Pareto Genetic Algorithm (NPGA) [93], Weight-based Genetic Algorithm
(WBGA) [94], Non-dominated Sorting Genetic Algorithm (NSGA) [95], improved
NSGA (NSGA-II) [96], Strength Pareto Evolutionary Algorithm (SPEA) [97],
Pareto-Archived Evolution Strategy (PAES) [98] etc. Tn our work, we use NSGA-
IT algorithm, which is treated as a fast (computational complexity O(MN?)) and
elitist multi-objective GA proposed by Dev et al. [96]. It has been reported that,
compared to other elitist multi-objective GAs (PAES, SPEA etc.), it has better
diversity preservation [96,99]. So, it can compete with them in the context of
converging in the true Pareto-optimal front. Moreover, traditional approaches
(MOGA, NSGA) use the concept of fitness sharing by niching. The main problem
with sharing is that it requires the specification of a sharing parameter and
performance of the sharing function method depends largely on the chosen sharing
parameter. NSGA-II replaces the sharing function approach with a crowded-
comparison approach that eliminates difficulties. Detailed procedure of NSGA-II
is explained below.

NSGA-IT algorithm follows the usual crossover and mutation operators, but
selection operator work differently from simple GA [96]. Selection is done with
the help of fast non-dominated sorting procedure, crowded distance estimation
procedure and crowded-comparison operator [96]. Initial parent population P of

size N is randomly created. The population is sorted based on the non-domination.

65



5. Virtual Keyboard Design with Multi-Objective Optimization

In order to identify the non-dominated solutions, each solution is compared with
every other solution.

Fast non-dominated sorting procedure: In the first sorting [96], each non-
dominated solution (N1) is assigned rank or fitness as 1. Then, the remaining
N — N1 solutions are again sorted and rank 2 is assigned to each non-dominated
solution. Iteratively we need to execute this process until all the solutions are
ranked. Here, each solution is assigned rank according to its non-domination level.
Best solutions belong to rank 1 and next-best as rank 2, and so on. Further,
any solution of a particular rank is not better with respect to any other solutions
belong to the same rank.

Crowded distance estimation procedure: After ranking, crowding distance
for each solution of all non-domination levels are calculated to get density
estimation of solutions. For any particular solution, it is calculated by measuring
the average distance of two nearest point (solution) on either side along each of the
objectives. To compute the crowding distance, initially, the entire population of
particular non-dominated set are sorted in ascending order of magnitude according
to each objective function value. Then the boundary solutions for each objective
function is assigned an infinity value. After that, the rest of the intermediate
solutions are assigned a distance value equal to the absolute normalized difference
in the objective function value of two adjacent solutions. This calculation is done
for all objective functions. Finally, the overall crowding distance value is computed
as the sum of individual distance value corresponding to each objective.
Crowded-comparison operator: In order to select the solutions toward a
uniformly spread-out Pareto-optimal front, crowed comparison operator is used.
Here, if two solutions belong to different non-domination ranks, then the solution
having lower rank is selected. Otherwise, if both solutions are in the same front,

then the solution with lesser crowded distance is preferably selected.

5.2.3 Virtual Keyboard Design using NSGA-IT

We consider the virtual keyboard consisting of three different panels namely
character, inflexion and punctuation as shown in Fig. 5.1. All characters including

vowels, consonants and two punctuation characters (“space” and 1) are resided
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in character panel. All inflexions (“matras”) and punctuation, modifiers (like:
backspace (%21 [puub rsthaanal), delete (*f@=4 [pariShkaar|) key) are assigned
alphabetically in inflexion and punctuation panel, respectively. Moreover, “matras”
are appeared in inflexion panel dynamically that is only visible after a consonant
key is tapped, as those are unable to appear independently without any consonant.
Here, we make modifier keys double in size as compared to other keys, to search
those efficiently during text typing. Moreover, to balance the horizontal and
vertical mouse pointer movement during text composition, we make the character
panel as 7x 7 layout. We also place the “Enter” key (739! |[parabatI“r|) in between

character panel and punctuation panel.

Inflexion 3
—_—
panel

Punctuation
-+
panel

Character
panel

Figure 5.1: Character panel architecture

Key arrangement and other virtual keyboard design parameters of character
panel are optimized by employing NSGA-II for maximizing text entry rate along
with minimizing typing error rate. Each step of our virtual keyboard design
approach using NSGA-II is illustrated in Fig. 5.2.

Here, we randomly generate 20 chromosomes each of 53 bits in initial
population. Initial 49 bits of a chromosome use real encoding to represent the key
arrangement, where first 7 bits denote the first row, second 7 bits for second and so
on. Distance between GSC pairs are calculated from this arrangement. Similarly,
last 4 bits of a chromosome are encoded in binary form, where first 2 bits and last
2 bits represent key size and space between keys respectively. Encoding for those
are shown in Table 5.1.

Single point substring crossover technique [100] with randomly selected
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Initial population P of size 20
Chromosome length : 53 bits

Encoding : first 49 bits real
last 4 bits binary

Y

Set the Generation count, 1 =1

v

Ewvaluate objective functions for the population
TE : Fitts-digraph model
1/ER : our proposed error model

-
Y

Generate offspring population Q of
size 20 using crossover and mutation

Y

Combine Population R=P +Q
Size of R=40

=i+l +

Perform nondominated sorting
for R population

v

Select 20 good individuals from
population R based on ranking and
crowding distance

Yes

i==100

Set of optimal solutions come
out

Figure 5.2: Flowchart of virtual keyboard design using NSGA-II
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Table 5.1: Encoding for key size and space between keys

Encoding Key size (in | Space between
mm?) keys (in mm)
00 36 1
01 49 2
10 64 3
11 81 4

crossover point in between 20 to 30 is applied in the real coded portion. Similarly,
for binary portion, we also use the single point binary crossover technique [101].
Our crossover approach for both real and binary portion of a chromosome is
illustrated in Fig. 5.3.

Crossover point Crossover point

| I
i i

Parent 1| 3 | & | | g6 | . g |51 ]1]o]o
1 i

Parent2 | & [ & [ ... T|#F & 2|0 |00 |1
] i

L | 49 bits real |6 bits binary

I : encoding : encoding

1

Chidl | 3 (& | ... F |7 Tle |1 |o]o |1
I i

Child2 | 5 (3 | .. BB s Fls |01 |00
i : I

| 1 49 bits real _ | 6 bits binary

(i , encoding g encoding
I

Figure 5.3: Crossover operation for both real and binary portion of chromosome

For mutation of real coded portion, two points randomly select and swap
each other. Similarly, for binary portion each bit of the chromosome is mutated
0 to 1 and vice-verse with mutation probability 0.1. The objective functions
are calculated from Fitts-digraph model [12,24] and our proposed error model
discussed in Chapter 4. 20 individuals are selected by ranking and crowding

distance comparison operators as mentioned in NSGA-II algorithm [96]. After
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5. Virtual Keyboard Design with Multi-Objective Optimization

that, next generation is started with those individuals. We execute the above
mention procedure iteratively up to 100 generations to find the set of optimal
solutions. Pareto-optimal set of 20 non-dominated solutions are obtained at the
end of 100 generations as shown in Fig. 5.4. It has been implemented in MATLAB
tool in Windows 7 environment in a PC having Pentium Core2Duo processor with
2.4 GHz clock speed.

0z

018 | b

014 F B

012 F b

1/(Error Rate) (%)

0.08 b

DDB 1 1 1 1 1 1
5 & 7 g 9 10 " 12

Text Entry Rate (WPR)

Figure 5.4: Pareto-optimal set

Then, a Fuzzy-based approach [102] is applied to choose the single best
compromise solution from the non-dominated solutions. The i** objective function
of a solution in the non-dominated set, F;, is represented by a membership function

w; as defined in Eqn. 5.8.

Wi =\ e 0 < Fy < F (5.8)
0 E Z F*imaa:

Here, the maximum and minimum values of i objective function is denoted by
Fi —and F!

max min’

respectively. For each non-dominated solution j, the normalized
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membership function p/ is calculated as shown in Eqn. 5.9, where n is the number
of objective functions considered and m is the number of non-dominated solutions.

Here, the value of m and n are 2, 20 respectively.

e
iiu'

J:l 1=

o= (5.9)

=

The solution having the maximum value of ;7 is the best compromise solution
for all objectives. Here, we use the design parameter values obtained from the
best compromise solution to design our proposed multi-objective optimized virtual
keyboard, named as SpErOpT (Speed and Error Optimized virtual keyboard), in
Bengali. Here, values of key size, space between keys and number of groups are 8

mm, 2 mm and 3, respectively. The design is depicted in Fig. 5.5.

B8 SpErOpT keyboard e

HEEEMNEE Wl
NEOONEEE _ WE
HEOHEEEE ll
WEEC JEE
= EEEEE
S EEE
HEEHEEME

(<R

JlEEma

Figure 5.5: SpErOpT keyboard
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5.3 Alternate Design to Maximize Text Entry
Rate

To measure the effectiveness of SpErOpT keyboard design, we design another
keyboard layout considering maximization of text entry rate only. Here, keyboard
layout is divided into three panels, that is, character, inflexion and punctuation
panels which is similar to SpErOpT keyboard architecture. Further, the character
panel is subdivided into three zones namely, Zone 1, Zone 2 and Zone 3 as shown
in Fig. 5.6. Then, we analyze the Wikipedia Bengali corpus to compute frequency
of occurrences of characters. We assign the characters having the higher-frequency
value (like: 7 [ra], = [ka], ¥ [ma],7 [sa], © [ta] etc.) in central zone (Zone 1). Medium
frequent characters (like: = [sha|, @ [ja], @ [da|, ¥ [dha], ® [bha| etc.) are placed
in Zone 2 surrounding the central zone. The remaining characters (like: % [ii|, @
[ai], v [Dhal etc.) are resided at Zone 3 which is outside of the Zone 2. Then, we
apply Genetic Algorithm (GA) to arrange the characters of the three zones, which

is discussed below.

Zone 3 I Zone | Zone2 Inflexion panclI

Characters panel Punctuation panel

Figure 5.6: Character panel and zonal architecture
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5.3.1 Optimal Arrangement of the Keys using GA

We apply Genetic Algorithm (GA) to arrange the characters of the three zones in
such a way that it leads to maximizing text entry rate. Mean motor movement
time (MTypan), calculated from Fitts-digraph model [12,24], is used as fitness

function to maximize text entry rate (Eqn. 5.5).

Here, we randomly generate 20 chromosomes each of 49 bits by arbitrarily
arranging all the keys of the character panel according to each zone. Each bit of
chromosome represents the position of a particular key where first 7 bits denote
the first row, second 7 bits for second and so on. After generating the initial

population, fitness function for each chromosome is calculated.

We follow the real coded encoded GA [103] for arranging the characters of each
zones. We randomly choose single crossover point in each zone for a pair of selected
individual. Then we perform substring crossover [100] for each zone separately with
crossover probability (p.) 0.9. To provide more randomness, we execute mutation
operation, which consists of swapping the locations of two randomly selected bits
with mutation probability (p,,) 0.1 with respect to a zone. Here, the mutation
operation is also performed according to the zone. So, we perform crossover and
mutation operation in such a way that zonal arrangement of any character is
preserved every time. In other word, mixing between characters belonging to

different zones is not possible.

The, objective function MTy;pan as shown in Eqn. 5.5 is calculated using Fitts-
digraph model [12,24|. After calculating objective function for each individual, we
select the chromosomes for crossover using the ‘rank-based selection’ [86] method
as shown in Eqn. 4.14 defined in Chapter 4. Individual of a generation is selected

according to their fitness value.

The algorithm has been executed iteratively up to 50 generations for finding
the optimal solution. Here, we employ GA for each zone separately and final
possible solutions for each zone are merged together to find the optimal solution.
The Bengali virtual keyboard generated using our proposed approach is shown in
Fig. 5.7. We name the optimized keyboard as MazTER keyboard (Text Entry
Rate Maximized virtual keyboard).
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Figure 5.7: MaxTER keyboard

5.4 Empirical Study for Design Validation

To ensure the effectiveness of our design approach, an empirical study has been
carried out with different virtual keyboards and participants. In this study, we
compare user performance in terms of T'R and E'R during text composition using

those keyboards. The method and results of the study are reported in the following.

5.4.1 Experiments

15 other participants (nine males and six females) of expert, intermediate and
novice categories as discussed previously in Chapter 3, are selected in our
experiments. Previously selected text corpora (Chapter 4) are used in this
experimental study. Here, we used total six virtual keyboards namely, Avro, Lipik,
Gate2Home, iLiPi-B, MaxTER and SpErOpT keyboard. In each experiment, a
randomly selected keyboard interface is given to each user for typing the selected
text corpus freely by following previously mentioned experimental setup and
procedure as discussed in Chapter 3. During experiments, the composed text
through each keyboard are stored into separate log file for each user, from which

users’ text entry rate and typing error rate are calculated.

74



5.4. Empirical Study for Design Validation

5.4.2 Experimental Results

Average text entry rate and typing error rate are calculated from the log files. The
average text entry rate is calculated as word per minute ( WPM [52]) as shown in
Eqn. 5.10.

T —1 60
R — X _

S w
Here, |T'| is the length of transcribed text entered by user that is the number

TE in WPM = (5.10)

of characters entered. S represents the time taken for entering text by a user
in seconds, measured from the entry of the first character to the last, including
backspaces. w of Eqn. 5.10 denotes the average length of words for a language
(5.11 for Bengali [104]) and the —1 in the numerator signifies that the time S is
measured from the entry of the first character to the entry of the last character
(i.e. the total text length |T'| — 1). Moreover, we also calculate text entry rate
for correctly typed characters (T'E..) by subtracting the number of typing errors
(Ery,) from the entire typed text (|7']), as shown in Eqn. 5.11.

(|IT|—1)— Er, " 60
S w
User average text entry rate (TE) and typing error rate (ER) for each keyboard

TEq. in WPM =

(5.11)

is reported in Table 5.2. It substantiates that our proposed SpErOpT keyboard
achieves higher text entry rate and lesser typing error rate compared to other
keyboards except MazTER. Subsequent analysis reveals that SpErOpT keyboard
has 29.04%, 42.29%, 42.58%, 17.59% more average text entry rate for all corpora in
comparison to Awvro, Lipik, Gate2Home, iLiPi-B keyboard, respectively. However,
it has 3.26% lesser text entry rate compared to MazTER. Moreover, SpErOpT
keyboard has 46.07%, 64.28%, 61.62%, 44.76%, 49.74% lesser typing error rate
compared to Awvro, Lipik, Gate2Home, iLiPi-B, MaxTER keyboard, respectively.
User performance on each virtual keyboard interface is also graphically
presented in Fig. 5.8. Text entry rate on different keyboard interfaces for
composing each text corpus and average text entry rate for each keyboard is
shown in Fig. 5.8a, where keyboard interfaces and text entry rates are represented
by x- and y-axis, respectively. Similarly, typing error rate on different keyboard

interfaces for composing each text corpus and average typing error rate for each
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Table 5.2: User performance on different virtual keyboards

Text Keyboard Interfaces
Under Avro Lipik Gate2Home iLiPi-B MaxTER SpErOpT
Test

TE ER TE ER TE ER TE ER TE ER TE ER

TBy1 523 | 11.58 | 4.85 | 17.45 | 4.81 | 16.21 | 5.77 | 11.37 | 7.13 | 12.64 | 6.87 | 6.29

T B2 539 | 11.51 | 492 | 1736 | 496 | 16.16 | 5.98 | 11.22 | 7.31 12.29 | 7.15 | 6.22
TBy3 5.72 | 11.46 | 5.13 | 17.31 | 5.07 | 16.11 | 6.18 | 11.18 | 7.53 | 12.26 | 7.28 | 6.17

TBys | 5.83 | 11.40 | 5.19 | 17.26 | 5.21 | 16.08 | 6.39 | 11.09 | 7.69 | 12.12 | 7.39 | 6.10
TE = Text Entry Rate, ER = Error Rate

keyboard is shown in Fig. 5.8b, where keyboard interfaces are shown through x-

axis and typing error rates are represented through y-axis.

Text entry rate for correctly typed characters (TE..) for each keyboard
is reported in Table 5.3. It reveals that, SpErOpT keyboard has 37.25%,
62.08%, 60.07%, 24.69%, 3.50% more average text entry rate for correctly typed
characters compared to Avro, Lipik, Gate2Home, iLiPi-B and MaxTER keyboard,
respectively. It concludes that SpErOpT out perform all other keyboards.

Table 5.3: Text Entry Rate for correctly typed characters on different virtual
keyboards

UTrfg(zr Text Entry Rate for correctly typed characters (WPM)
Test Avro | Lipik | Gate2Home | iLiPi-B | MaxTER | SpErOpT
TB1 4.62 4.00 4.03 5.11 6.23 6.44
T Byo 4.77 4.07 4.16 5.31 6.41 6.71
TBy3 5.06 4.24 4.25 5.49 6.61 6.83
T B,y 5.17 | 4.29 4.37 5.68 6.76 6.94

Text entry rate for correctly typed characters on each virtual keyboard is also
graphically illustrated in Fig. 5.9, where keyboard interfaces and text entry rate

for correctly typed characters are represented through x- and y-axis, respectively.
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Figure 5.8: User performance on different virtual keyboard interfaces

5.5 Summary

In this chapter, we propose the design of a multi-objective optimized Bengali
virtual keyboard (SpErOpT) using NSGA-II, to maximize text entry rate and
minimize typing error rate. To judge the efficacy of SpFErOpT keyboard, we design
another alternate virtual keyboard (MazTER) using GA, maximizing text entry
rate only. Then, an empirical study has been carried out with the existing virtual
keyboards on the basis of text entry rate, error rate and text entry rate for correctly

typed characters. The empirical result concludes that SpErOpT keyboard has
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Figure 5.9: Text entry rate for correctly typed characters on different virtual
keyboard interfaces

29.04%, 42.29%, 42.58%, 17.59% more average text entry rate compared to Awvro,
Lipik, Gate2Home, iLiPi-B keyboard, respectively. However, it has 3.26% lesser
text entry rate compared to MazTER. Moreover, SpErOpT keyboard has 46.07%,
64.28%, 61.62%, 44.76%, 49.74% lesser typing error rate and 37.25%, 62.08%,
60.07%, 24.69%, 3.50% more average text entry rate for correctly typed characters
compared to Avro, Lipik, Gate2Home, iLiPi-B, MaxTER keyboard, respectively.
The above discussed empirical result reveals that our proposed SpFErOpT keyboard
perform much better compared to all other keyboards except MaxTER keyboard
in the context of text entry rate. However, SpErOpT keyboard outperforms all
other keyboards for error rate and text entry rate for correctly typed characters. It

establishes the efficacy of our proposed SpErOpT keyboard over other keyboards.
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Chapter 6
Conclusion and Future Work

In this thesis, designing of an efficient virtual keyboard (SpErOpT keyboard) for
maximizing text entry rate and minimizing typing error rate in Bengali has been
proposed. Text entry rate is computed by Fitts-digraph model [12]. However,
no model exist to predict the typing error on different virtual keyboard design
parameters. To overcome this limitation, there is a need to identify the design
parameters which put significant influence on typing error rate. To accomplish
this, we have listed typing error influencing design parameters. Then, we have
performed several experiments on those identified parameters with users having
different level of expertise. Moreover, statistical analysis on those experimental
results has been carried out which establishes that there are four virtual keyboard
design parameters which play a significant role on user typing errors during text
entry. The parameters are key size, space between keys, distance between GSC
pairs and key grouping.

Next, a predictive error model based on those identified parameters using
ANN-GA hybrid soft computing approach has been developed. This model is
able to predict the typing error rate for a virtual keyboard instance with different
combination of design parameter values. To judge the efficiency of our proposed
model, similar model using ANN approach is also developed. The models are
validated with both in-domain and out-domain data on the basis of various
statistical performance metrics like MAPE, MSE, SDE and R. The experimental
result concludes that for both in-domain and out-domain data, proposed model

performs better than ANN model for each performance metric.
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Then, we design a multi-objective optimized Bengali virtual keyboard
(SpErOpT) using NSGA-II to maximize text entry rate and minimize typing error
rate. Text entry rate and typing error rate are measured using Fitts-digraph
model [12,24] and our proposed error model, respectively. To judge the efficacy of
the SpErOpT keyboard, we design another alternate virtual keyboard ( MazTER)
by employing GA to maximize text entry rate only. Then, empirical studies
have been carried out with the existing virtual keyboards to measure text entry
rate, error rate and text entry rate for correctly typed text. The empirical result
substantiates that SpErOpT keyboard has 29.04%, 42.29%, 42.58%, 17.59% more
average text entry rate compared to Awvro, Lipik, Gate2Home, iLiPi-B keyboards,
respectively. However, it has 3.26% lesser text entry rate than MazTER. Moreover,
SpErOpT keyboard has 46.07%, 64.28%, 61.62%, 44.76%, 49.74% lesser typing
error rate and 37.25%, 62.08%, 60.07%, 24.69%, 3.50% more average text entry
rate for correctly typed characters compared to Awvro, Lipik, Gate2Home, iLiPi-B,
MazTER keyboard, respectively. The above discussed empirical results reveal that
our proposed SpFErOpT keyboard perform much better than all other keyboards
except MarzTER keyboard in context of text entry rate only. However, SpErOpT
keyboard outperforms all other keyboards for error rate and text entry rate for
correctly typed characters. The result establishes the efficacy of our proposed
SpErOpT keyboard over other keyboards. This chapter summarizes the major

contributions of our work and future scope for extending the research.

6.1 Contribution of Our Work

Several contributions have been made in order to design multi-objective optimized
virtual keyboard (SpErOpT keyboard). The contributions are listed below.

e Virtual keyboard design parameter identification: Several typing
error influencing virtual keyboard design parameters are listed. Then,
several empirical studies and ANOVA tests have been carried out on those
parameters, which establish that there are four parameters which have
significant influence on typing error rate. The parameters are key size, space

between keys, distance between GSC pairs and key grouping.
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e Modeling of typing error: A predictive error model based on those
identified parameters using ANN-GA hybrid soft computing approach has
been developed. The model is capable of predicting the user typing error
rate for a virtual keyboard instance with different combinations of design

parameter values.

e Character panels and multi-zonal architecture: Different panels and
multi-zonal architecture of Bengali virtual keyboard is proposed to properly
position the large alphabet set into single tap virtual keyboard. The
keyboard layout is divided into three panels namely character, inflexion and
punctuation panel. Moreover, the character panel is divided into three zones
namely, Zone 1, Zone 2 and Zone 3. Characters are grouped according to
their frequency, i.e. higher, medium, lower, and placed in Zone 1, 2, 3,

respectively.

e Keyboard Design to Maximize Text Entry Rate: A Bengali virtual
keyboard design (MazTER keyboard) is proposed to maximize text entry
rate by employing GA in each Zone separately and final solution comes out

by merging the solution of each Zone together.

e Keyboard design to maximize text entry rate and minimize error
rate: We design a virtual keyboard (SpErOpT keyboard) based on multi-
objective optimization using NSGA-II algorithm based on two optimality
metrics, maximizing text entry rate and minimizing user error rate influenced
by design parameters. Here, text entry rate is computed by Fitts-digraph

model [12] and typing error rate is computed by our proposed error model.

6.2 Future Work

We have designed a multi-objective optimized virtual keyboard SpErOpT
using NSGA-IT algorithm to maximize text entry rate and minimize error
rate. Apart from Genetic Algorithm approach (NSGA-IT), multi-objective
optimization problem can be solved through many other ways like Simulated
Annealing [105], Ant Colony Optimization algorithm [62,106] and Particle
Swarm Optimization algorithm [107], Multilevel Programming [108] etc.
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Investigating the applicability of solving current problem by other multi-
objective optimization approaches may be the avenue of future work. We
proposed an error model using ANN-GA hybrid approach to predict the
typing error rate for a virtual keyboard. The error model is created for
single-tap Bengali virtual keyboard. In future this model can be extended
for multi-tap virtual keyboard for mobile devices. Further, our approach to
design multi-objective optimized virtual keyboard can easily be extended to

many other Indian languages as well as other languages.
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