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Abstract	 Introduction: Due to the increasing popularization of computers and the internet expansion, Alternative 
and Augmentative Communication technologies have been employed to restore the ability to communicate 
of people with aphasia and tetraplegia. Virtual keyboards are one of the most primitive mechanisms for 
alternatively entering text and play a very important role in accomplishing this task. However, the text entry 
for this kind of keyboard is much slower than entering information through their physical counterparts. 
Many techniques and layouts have been proposed to improve the typing performance of virtual keyboards, 
each one concerning a different issue or solving a specific problem. However, not all of them are suitable to 
assist seriously people with motor impairment. Methods: In order to develop an assistive virtual keyboard 
with improved typing performance, we performed a systematic review on scientific databases. Results: We 
found 250 related papers and 52 of them were selected to compose. After that, we identified eight essentials 
virtual keyboard features, five methods to optimize data entry performance and five metrics to assess typing 
performance. Conclusion: Based on this review, we introduce a concept of an assistive, optimized, compact 
and adaptive virtual keyboard that gathers a set of suitable techniques such as: a new ambiguous keyboard 
layout, disambiguation algorithms, dynamic scan techniques, static text prediction of letters and words and, 
finally, the use of phonetic and similarity algorithms to reduce the user’s typing error rate. 
Keywords: Assistive technology, Keyboard layout, Motor impairment, Text prediction, Typing 

performance, Virtual keyboard.

Introduction
In recent times, much effort has been done in 

developing technologies and techniques in order 
to help social inclusion of people with disabilities 
(Galvão and Garcia, 2012). This trend led to a new field 
called Assistive Technology (AT). Cook and Polgar 
(2014) defines AT according to the concept created by 
Colker (1999): “a wide range of equipment, services, 
strategies and practices designed and implemented 
to reduce the functional problems encountered by 
individuals with disabilities”.

A sub-area of Assistive Technology is Augmentative 
and Alternative Communication (AAC). This area 
comprises the methods and technologies designed 
to assist or replace communication of people with 
speech limitation (Wilkinson and Hennig, 2007). 
According to Park et al. (2012), due to the increasing 
popularity of computers and the expansion of the 
Internet, several studies were developed to assist 
the communication of patients with aphasia and 
tetraplegia. Computer systems implemented to aid 
communication of individuals with such characteristics 

can be segmented into two distinct components: input 
devices and communication software.

Input devices are equipment used to capture any 
type of patient’s voluntary intent. Park et al. (2012) 
and Cipresso  et  al. (2011) presented researches 
using eye movements as input, while Mele and 
Federici (2012) presents a systematic review over 
this subject. The works of Al-Abdullatif et al. (2013), 
Blain et al. (2008), Schalk et al. (2008) and Usakli and 
Gurkan (2010) used patient’s brain activity to allow 
communication. The area responsible for creating a 
communication channel between the brain and the 
computer is called brain computer interface (BCI).

The communication software is the program 
developed to analyze the data captured by the input 
devices and turn them into information. These 
programs are diverse and range from virtual keyboards 
(Doval et al., 2010; Fu and Ho, 2009; Orhan et al., 
2012) to complex communication spreadsheets (Biswas 
and Samanta, 2008; Mason and Chinn, 2010).

According to Molina et al. (2009b) a virtual keyboard 
is a kind of software that shows a keyboard layout 
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on the computer screen. This sort of keyboard is one 
of the most primitive mechanisms for alternatively 
entering text (Ghosh, 2011). Studies like (Arif and 
Stuerzlinger, 2013; Kim et al., 2014; Kwon et al., 
2009) indicate that virtual keyboards shows lower 
typing performance than physical keyboards, even 
when users have no disability. The main reasons that 
make virtual keyboard slower than their physical 
counterpart are the small size of the virtual keys, 
absence of tactile feedback and occlusion of virtual 
keys by fingers (Kim et al., 2014; Kwon et al., 2009).

Entering performance is even slower for users 
with impairments, due to patient’s motor restrictions 
that limit their ability to interact with the keyboard 
software. There is a wide range of disabilities ranging 
from simple motor limitations, such as loss of arm 
movement, to even more serious limitations in which 
only eye movements are allowed. In order to grant 
patients communicate using the virtual keyboard, 
various interaction strategies are used.

Users with classic LIS produce only a single 
type of stimulus, so they are limited to communicate 
objectively (activate, deactivate) (Steriadis and 
Constantinou, 2003). For these patients, the computer 
must scan the keys of the virtual keyboard in such a 
way that, once the user identifies the desired key, he 
sends the stimulus to stop scanning and choose the key 
(Rivera et al., 2009). Then, the software recognizes 
the stimulus and selects the desired key (Miró-Borrás 
and Bernabeu-Soler, 2009). According to Rivera et al. 
(2009) and Miró-Borrás and Bernabeu‑Soler (2009), 
this sort of interaction technique limits the user writing 
performance. In order to maximize the number of 
words per minute that virtual keyboard users can 
type, several techniques can be applied.

This systematic review identified methods and 
techniques ranging from optimization of keyboard 
performance structure, like keyboard layouts and 
sequences of letters, to complex text prediction 
techniques. However, even using a huge variety of 
methods and techniques to optimize virtual keyboards, 
their typing performance is still low.

According to Simathamanand and Piromsopa 
(2011), Varcholik et al. (2012) and Hoste and Signer 
(2013), a physical keyboard can produce more than 
30 words per minute if operated by experienced typists. 
Assistive virtual keyboards operated by a person with 
motor impairment typically produce only 4 to 7 words 
per minute (Miró-Borrás and Bernabeu-Soler, 2009). 
The physical keyboard overcomes the assistive virtual 
keyboard in approximately 400%, in the best case.

There is still no definitive solution to solve the 
problem of low typing performance of virtual keyboards 
used by people with disability (Polácek et al. 2012). 

This study intends to identify the virtual keyboard 
characteristics that influence the entry performance, 
the main techniques used to optimize it and the main 
methods responsible for measuring the typing rate 
performance.

The results of our Systematic Review (SR) were 
used to design a new assistive virtual keyboard to the 
Brazilian Portuguese language proposed in this paper. 
This keyboard will be set with the most appropriate 
features brought up in the SR. It will also implement 
some optimization techniques gathered from the 
review in order to improve the data entry for people 
with motor disability. Then, the measures of text entry 
performance collected by this research will be applied 
to the new virtual keyboard in order to evaluate the 
performance of this new proposal.

This paper is structured as follows: Section 
Planning describes the planning of this review, the 
parameters adopted in the search engines and the 
criteria of selection. The systematic review and a 
preliminary selection are presented in Section Protocol 
Implementation. Section Data Analysis shows the final 
selection and also answers the research questions. 
Then, a new assistive virtual keyboard is derived 
from this analysis in Section Proposal of an Assistive, 
Optimized, Compact and Adaptive Virtual Keyboard. 
Finally, Section Conclusion brings the concluding 
remarks and suggestions of future works.

Planning
This SR was planned according to the protocol 

presented by Biolchini et al. (2007), and we state its 
main aspects in this section.

Research objectives

The aim of this work is to identify and analyze the 
characteristics of virtual keyboards that influence the 
typing performance, as well as the main computational 
techniques that have been applied to optimize data 
entry. Finally metrics and parameters for assessing the 
performance of virtual keyboards will be identified. 
Specifically we intend to:

•	 Objective 1: Identify a composition of virtual 
keyboard characteristics suitable for users 
with motor impairment.

•	 Objective 2: Gather the optimization methods 
and techniques applicable for assistive virtual 
keyboards.

•	 Objective 3: Elect two or more measures to 
assess the virtual keyboard performance.
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Formulation and research question: Scope 
and specificities

The main goal of the research questions is to 
identify the works that state about virtual keyboard:

•	 Research question 1: Which are the essential 
characteristics of a virtual keyboard?

•	 Research question 2: Which are the techniques 
and methods used to increase data entry 
performance of virtual keyboards?

•	 Research question 3: Which are the metrics 
used to evaluate the performance of data entry 
of virtual keyboards?

The first question was used to find the essential 
characteristics of a virtual keyboard. The second 
examines the techniques applied to improve the typing 
performance and, finally, the third intends to identify 
how to measure the input speed of a virtual keyboard. 
The specificities of this study are described below:

●	 Intervention: Virtual keyboards characteristics, 
optimization techniques and methods. Methods 
used to quantify the performance data input 
by virtual keyboards.

●	 Control: This research initially began with the 
work of Garay-Vitoria and Abascal (2006), 
MacKenzie and Tanaka-Ishii (2007), Miró‑Borrás 
and Bernabeu-Soler (2009), Prabhu and Prasad 
(2011) and Yang et al. (2013).

●	 Population: Virtual keyboards used by patients 
with physical disabilities.

●	 Results: Identify which virtual keyboard 
characteristics influence the text input and 
which optimization techniques have been, 
applied to improve the performance of data 
entry. Finally, we intend to discover which 
are the metrics used to quantify the typing 
performance.

●	 Application: This work will provide theoretical 
and practical resources for developers and 
researchers who want to implement an 
optimized virtual keyboard for patients with 
simultaneous motor impairment of the upper 
limbs and speech.

Search strategy for selecting studies

Initially, we defined the selection criteria and 
which searching methods (manual, electronic search 
engines, etc.) would be considered. Then, we chose the 

languages for which the search would be restricted. 
Finally, we set the keywords and search strings.

The keywords were defined according to the 
objectives and issues presented in this work. In order 
to identify more papers related to virtual keyboards, 
we used only the term “virtual keyboard” to perform 
the search. The choice of a single term had the goal 
to find any work related to virtual keyboards.

This strategy allowed us to identify valuable text 
entry optimization techniques, despite those works were 
not meant to assist people with impairment. Additionally, 
the search was carried out using additional terms 
like: Augmentative and Alternative Communication, 
Assistive Technology, Communication and Locked 
in Syndrome. Nevertheless only a few works were 
returned for this reason, only one keyword was used.

The search strategy and all its features are described 
as follows:

●	 Criteria for sources selection: only indexed 
databases and internet-based electronic search 
engines were selected.

●	 Search methods of sources: in databases and 
search engines, we used filters for data along 
with the keywords. The search was performed 
only on the titles and abstracts of the papers.

●	 Keywords: only a single entry - virtual keyboard.

●	 Sources: according to Kitchenham and Brereton 
(2013), we had better seek in specific search 
databases and use at least one general search 
engine. Then, we chosen IEEE Xplore as the 
specific database and both Science Direct 
Portal and Scopus database aggregator as 
general search engines.

●	 Study types: journal and conferences papers, 
patents, reviews, theses and dissertations.

●	 Language of the studies: English has been 
chosen due to its international acceptance for 
publishing scientific papers.

Criteria and procedures for selecting studies

With the aim of picking the most relevant works, 
we refined the search by applying inclusion and 
exclusion criteria to the title and abstract of each 
selected document. These criteria were suited to the 
search strategies lately described in this work. Then, 
we removed both the irrelevant papers for this review 
and those with incomplete electronic version. These 
criteria are described in the following:
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Inclusion criteria

The purpose of the inclusion criteria is to qualify 
the relevance of each work according to this systematic 
review.

●	 Inclusion Criterion 1 (IC1): papers must be 
digitally available for free on the internet or 
through institution agreements.

●	 Inclusion Criterion 2 (IC2): only full papers 
written in English must be considered.

●	 Inclusion Criterion 3 (IC3): Studies related 
to communication using virtual keyboards.

●	 Inclusion Criterion 4 (IC4): Present a method or 
technique that improves or has the intention to 
optimize virtual keyboard typing performance.

●	 Inclusion Criterion 5 (IC5): Present metrics 
to measure the typing performance of virtual 
keyboards.

Exclusion criteria

The aim of the exclusion criteria is discard papers 
that do not fit on this systematic review.

●	 Exclusion Criterion 1 (EC1): Use of virtual 
keyboards for different purposes than 
communication.

●	 Exclusion Criterion 2 (EC2): Techniques or 
methods that do not have the goal of improving 
the typing performance.

●	 Exclusion Criterion 3 (EC3): Optimization 
techniques that can not be adapted and applied 
to patients with motor disabilities.

Search string

The purpose of drafting the search string was to 
identify works related to virtual keyboards in general. 
Manual searches were carried out including several 
terms like “characteristics of virtual keyboards” 
and “optimized virtual keyboards”, however it was 
noticed that this search would miss many papers in 
this subject due to the specificity of the search string.

Therefore, we adopted a broader quest. To modify 
the string search we considered the control articles 
(Miró-Borrás and Bernabeu-Soler, 2009; Prabhu and 
Prasad, 2011; Yang et al., 2013). We modified the 
search string and checked if the new search retrieved 
these control articles. After various searches, the best 
approach was using a single term. Thus, we simply 
chose the term “virtual keyboard” as the search string.

Process for selecting studies

The search string was used for searching on 
indexed sources in the preliminary selection of the 
studies. After the selection process, the works were 
catalogued to ensure that each document was selected 
only once. Thus, the documents were distributed to two 
researchers who read their abstracts and conclusions.

Each researcher used the inclusion and exclusion 
criteria outlined in Section Criteria and procedures 
for selecting studies to decide whether the work was 
appropriate or not for this systematic review (SR). 
In case of disagreement, the different opinions were 
discussed until a consensus was achieved.

After evaluating all works, each researcher 
recorded his reasons of including or excluding each 
work. In the final selection, those documents included 
in the preliminary phase were integrally read and 
evaluated according to the two questions stated in 
Section Formulation and research question: Scope 
and specificities. Finally, this evaluation determined 
whether or not the work would be included in this SR.

Protocol implementation
Only the search engines and digital libraries 

accessible through CAPES portal we considered. 
Initially, we performed the search on the IEEE Xplore 
database. Then, we used the search string firstly 
in Science Direct and next in Scopus aggregator. 
We searched for works that were published between 
the years 2009 until 2014.

We retrieved a total of 250 papers: 58 on IEEE 
xplore; 12 on Science Direct and 180 on Scopus. Then, 
we used the reference manager JabRef 2.9.2/2013 to 
organize the documents retrieved.

We found 63 duplicate papers among the bases. 
After removing the duplicates, 187 papers remained. 
Reading their titles and abstracts allowed us to 
eliminate irrelevant references, leaving 52 papers to 
be fully read. Figure 1 illustrates the steps performed 
in implementing the search protocol.

After reading all papers, both researchers have 
developed a categorization sheet to classify the works 
according to the questions presented in this review. 
Three main categories were drawn up, they were: 
“Virtual keyboards characteristics”, “Methods and 
data entry optimization techniques” and “Data entry 
performance metrics”.

Papers in the “Virtual keyboards characteristics” 
category usually define, modify or enhance virtual 
keyboards features. Therefore, this category gathered 
works that state about: distribution of symbols, 
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position of keys, keys size, amount of symbols per 
key, navigation style and typing feedback.

The category “Methods and techniques to data 
entry optimization” comprised articles that describe 
techniques to maximize virtual keyboards data entry. 
They address the following issues: the definition 
of the best virtual keyboard layout, text prediction 
techniques, methods to minimize typing errors, error 
correction methods and software customization.

Finally, “Data entry performance metrics” category 
includes all papers that describe methods and formulas 
to measure the virtual keyboards input rate. Thus, this 
category bring together: papers that compare or analyze 
text entry speed in words or gestures and characters 
per minute, and works that measure the amount of 
errors inserted by the use of such keyboards.

Notice that one work can be classified into multiple 
categories. For instance, a paper that both describes 
a Text Input Optimization Method and evaluates its 
performance was assigned to the second and third 
category.

Out of the 52 fully read papers, 50 described 
or shown by figures the Characteristics of Virtual 
Keyboards, 30 commented about one or more 
Methods and Data Entry Optimization Techniques 
and 25  stated at least one method of Data Entry 
Performance Metrics. As shown in Tables 1-3, each 
category was split into subcategories.

Data analysis
This section aims to answer the key questions of 

this SR while summarizing the information collected 
in all works selected, as presented in Table 1.

Question 1: Virtual keyboards characteristics
Originally this systematic review concerns to 

elucidate the main features of a virtual keyboard 
regarding the typing performance. First, we define 
virtual keyboard characteristics as any attributes 
belonging to a virtual keyboard, essential for its use 
and display that can vary according to the set up of 
each keyboard.

Based on this concept, this review identified the 
following eight characteristics inherent to all virtual 
keyboards: positioning of keys, amount of keys, 
key size, distribution of symbols over the keyboard, 
special character presentation, number of symbols in 
each key, keyboard feedback and navigation style.

Several of these characteristics are related directly 
to the virtual keyboard layout. This layout involves 
the positioning of keys, amount of keys, key size, 
distribution of symbols over the keyboard and number 
of symbols in each key.

The positioning of keys is the characteristic that 
defines how the keys are visually positioned on the 
keyboard. We identified two ways of organizing 
the keys on the virtual keyboard: matrix or circular 
shape. Most of the works arrange the keys on matrix 
shape, while only few authors use the circular shape. 
The Figure 2 shows two distinct forms of circular 
keyboard.

Besides the geometry of the virtual keyboard, 
several studies are concerned with the key size, such 
that virtual keyboards can be set up using fixed size 
or variable size keys.

The distribution of symbols over the keyboard 
determines the order in which symbols are presented in 
the virtual keyboard. According to Joshi et al. (2011) 
this distribution occurs in two ways: by frequency 
or logically. However, the work of Bhattacharya 
and Laha (2012) adds another form of distribution 
called adaptive.

The distribution of symbols based on their 
frequency arranges the symbols by taking on 
account the frequency each symbol is used in a given 
language corpus (Joshi et al., 2011). According to 
Bhattacharya and Laha (2012), the language corpus 
is a representative collection of texts of different 
sizes and styles. This composition of texts aims to 
represent the language which it belongs. The frequency 
distribution makes easier to the virtual keyboard user 
to access the most frequent symbols (Bhattacharya 
and Laha, 2012).

The logical distribution of the symbols is based 
on the logic of the language used on the keyboard 
(Joshi et al., 2011). One instance of this approach is 
the arrangement in alphabetical order. The keyboards 

Figure 1. Steps performed in implementing the search protocol.
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Table 1. Papers related to characteristics categories.

Characteristics Options Works

Positioning of 
keys

Matrix

(An et al., 2013), (Arif and Stuerzlinger, 2013), (Bhattacharya and Laha, 2012), 
(Burgbacher and Hinrichs, 2014), (Rivera et al., 2009), (Faraj et al., 2009a), 
(Faraj et al., 2009a), (Faraj et al., 2009b), (Francis and Johnson, 2011), (Gelormini 
and Bishop, 2013), (Ghosh et al., 2010), (Ghosh, 2011), (Gizatdinova et al., 
2012a), (Gizatdinova et al., 2012b), (Guerrier et al., 2011), (Guerrier et al., 2013), 
(Guerrier et al., 2013), (Jain and Bhattacharya, 2010), (Janpinijrut et al., 2011b), 
(Kim et al., 2014), (Klima and Slovacek, 2009), (Kwon et al., 2009), (Merino et al., 
2010), (Merino et al., 2012), (Miró-Borrás and Bernabeu-Soler, 2009), (Nicolau et al., 
2013), (Panwar et al., 2012), (Phanchaipetch and Nattee, 2012), (Polácek et al., 
2012), (Sarafis and Markoulidis, 2010), (Sharma et al., 2010), (Sharma et al., 2012), 
(Simathamanand and Piromsopa, 2011), (Truong et al., 2013), (Usakli and Gurkan, 
2010), (Varcholik et al., 2012), (Vella and Vigouroux, 2013), (Wu et al., 2014), 
(Yang et al., 2013)

Circular (Prabhu and Prasad, 2011), (Topal et al., 2012)

Distribution of 
symbols

Frequency

(Bhattacharya and Laha, 2012), (Faraj et al., 2009c), (Francis and Johnson, 2011), 
(Ghosh et al., 2010), (Ghosh, 2011), (Guerrier et al., 2013), (Jain and Bhattacharya, 
2010), (Joshi et al., 2011), (Merino et al., 2010), (Merino et al., 2012), (Millet et al., 
2009), (Panwar et al., 2012), (Prabhu and Prasad, 2011), (Sarafis and Markoulidis, 
2010), (Simathamanand and Piromsopa, 2011), (Topal et al., 2012), (Vella and 
Vigouroux, 2013)

Logically

(Arif and Stuerzlinger, 2013), (Bhattacharya and Laha, 2012), (Burgbacher and 
Hinrichs, 2014), (Eklund et al., 2010), (Rivera et al., 2009), (Faraj et al., 2009a), 
(Gelormini and Bishop, 2013), (Gizatdinova et al., 2012a), (Gizatdinova et al., 2012b), 
(Guerrier et al., 2011), (Guerrier et al., 2013), (Joshi et al., 2011), (Kim et al., 2014), 
(Klima and Slovacek, 2009), (Krejcar, 2011), (Kwon et al., 2009), (Merino et al., 
2010), (Millet et al., 2009), (Nicolau et al., 2013), (Phanchaipetch and Nattee, 
2012), (Polácek et al., 2012), (Sarafis and Markoulidis, 2010), (Sharma et al., 2010), 
(Truong et al., 2013), (Usakli and Gurkan, 2010), (Varcholik et al., 2012), (Vella and 
Vigouroux, 2013), (Wu et al., 2014), (Yang et al., 2013)

Adaptative (Bhattacharya and Laha, 2012), (Faraj et al., 2009b), (Millet et al., 2009), 
(Polácek et al., 2012), (Sharma et al., 2012)

Amount of 
symbols per key

Ambiguous
(Burgbacher and Hinrichs, 2014), (Guerrier et al., 2011), (Janpinijrut et al., 2011a), 
(Joshi et al., 2011), (Klima and Slovacek, 2009), (Merino et al., 2010), (Miró-Borrás 
and Bernabeu-Soler, 2009), (Molina et al., 2009b), (Prabhu and Prasad, 2011)

Unambiguous

(An et al., 2013), (Arif and Stuerzlinger, 2013), (Bhattacharya and Laha, 2012), 
(Corley et al., 2012), (Eklund et al., 2010), (Faraj et al., 2009c), (Faraj et al., 2009a), 
(Faraj et al., 2009b), (Gelormini and Bishop, 2013), (Ghosh, 2011), (Gizatdinova et al., 
2012a), (Gizatdinova et al., 2012b), (Guerrier et al., 2011), (Guerrier et al., 2013), 
(Janpinijrut et al., 2011b), (Joshi et al., 2011), (Krejcar, 2011), (Kwon et al., 2009), 
(Merino et al., 2010), (Merino et al., 2012), (Molina et al., 2009a), (Nicolau et al., 
2013), (Panwar et al., 2012), (Phanchaipetch and Nattee, 2012), (Polácek et al., 2012), 
(Sarafis and Markoulidis, 2010), (Sharma et al., 2012), (Simathamanand and Piromsopa, 
2011), (Truong et al., 2013), (Varcholik et al., 2012), (Vella and Vigouroux, 2013), 
(Wu et al., 2014), (Yang et al., 2013)

Feedback
Audible (Topal et al., 2012)
Visual (Nicolau et al., 2013), (Topal et al., 2012)

Navigation style

Line (Gizatdinova et al., 2012a; 2012b), (Merino et al., 2010), (Miró-Borrás and Bernabeu-
Soler, 2009), (Molina et al., 2009a)

Row and 
column

(Rivera et al., 2009), (Francis and Johnson, 2011), (Merino et al., 2010), (Merino et al., 
2012), (Millet et al., 2009), (Molina et al., 2009a), (Polácek et al., 2012)

Three 
dimensional (Corley et al., 2012)

Amount of keys (Molina et al., 2009b), (Miró-Borrás and Bernabeu-Soler, 2009), (Bhattacharya and 
Laha, 2012)
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Table 1. Continued...

Characteristics Options Works

Display special 
characters

Yes

(An et al., 2013), (Arif and Stuerzlinger, 2013), (Corley et al., 2012), (Francis and 
Johnson, 2011), (Gelormini and Bishop, 2013), (Ghosh, 2011), (Guerrier et al., 
2013), (Janpinijrut et al., 2011b), (Kim et al., 2014), (Klima and Slovacek, 2009), 
(Merino et al., 2010), (Millet et al., 2009), (Nicolau et al., 2013), (Prabhu and Prasad, 
2011), (Sharma et al., 2012), (Simathamanand and Piromsopa, 2011), (Usakli and 
Gurkan, 2010), (Vella and Vigouroux, 2013), (Wu et al., 2014)

No

(An et al., 2013), (Arif and Stuerzlinger, 2013), (Arif and Stuerzlinger, 2013), 
(Bhattacharya and Laha, 2012), (Burgbacher and Hinrichs, 2014), (Corley et al., 
2012), (Eklund et al., 2010), (Faraj et al., 2009c), (Faraj et al., 2009a), (Faraj et al., 
2009b), (Francis and Johnson, 2011), (Gelormini and Bishop, 2013), (Ghosh, 2011), 
(Gizatdinova et al., 2012a), (Gizatdinova et al., 2012b), (Guerrier et al., 2013), (Jain and 
Bhattacharya, 2010), (Janpinijrut et al., 2011a), (Kim et al., 2014), (Klima and Slovacek, 
2009), (Merino et al., 2010), (Millet et al., 2009), (Miró-Borrás and Bernabeu-Soler, 
2009), (Molina et al., 2009b), (Nicolau et al., 2013), (Panwar et al., 2012), (Prabhu and 
Prasad, 2011), (Sarafis and Markoulidis, 2010), (Sharma et al., 2012), (Simathamanand 
and Piromsopa, 2011), (Usakli and Gurkan, 2010), (Vella and Vigouroux, 2013), (Vella 
and Vigouroux, 2013), (Wu et al., 2014)

Key size (Faraj et al., 2009c), (Faraj et al., 2009a), (Gelormini and Bishop, 2013), (Ghosh et al., 
2010), (Nicolau et al., 2013), (Varcholik et al., 2012), (Wu et al., 2014),, 

Table 2. Papers related to optimization categories.

Methods and 
techniques 

for data entry 
optimization

Implementation Works

Letter prediction

n-gram
(Arif and Stuerzlinger, 2013), (Janpinijrut et al., 2011b), (Miró-Borrás and Bernabeu-
Soler, 2009), (Molina et al., 2009a), (Phanchaipetch and Nattee, 2012), (Sarafis and 
Markoulidis, 2010), (Sharma et al., 2012)

k-gram (Molina et al., 2009a), (Miró-Borrás and Bernabeu-Soler, 2009)
Predition not 
specified (Janpinijrut et al., 2011b)

Word prediction

Frequency of 
Occurrence (Merino et al., 2012), (Sharma et al., 2010)

N-gram (Sharma et al., 2012), (Ghosh, 2011)
Regency of Use (Bhattacharya and Laha, 2012), (Sharma et al., 2010)
Words table 
probability (Guerrier et al., 2011), (Merino et al., 2010), (Truong et al., 2013)

Syntactic 
Probability Table (Sharma et al., 2010)

Prediction not 
specified

(Bhattacharya and Laha, 2012), (Guerrier et al., 2011), (Guerrier et al., 2013), 
(Guerrier et al., 2013), (Janpinijrut et al., 2011b), (Molina et al., 2009b), (Prabhu and 
Prasad, 2011), (Topal et al., 2012), (Topal et al., 2012)

Organization 
of keys and 
symbols

Evolutionary 
Algorithm (Guerrier et al., 2011), (Francis and Johnson, 2011)

N-gram (Sarcar et al., 2010), (Ghosh, 2011)
Digraph 
Frequency (Gelormini and Bishop, 2013), (Millet et al., 2009), (Sarcar et al., 2010)

Single character 
Frequency

(Gelormini and Bishop, 2013), (Ghosh et al., 2010), (Guerrier et al., 2013), (Jain 
and Bhattacharya, 2010), (Merino et al., 2012), (Millet et al., 2009), (Panwar et al., 
2012), (Prabhu and Prasad, 2011), (Topal et al., 2012)

Fitts’ Law (Faraj et al., 2009a, b), (Ghosh et al., 2010), (Ghosh, 2011)
Fitts’ Digraph 
Model (Ghosh et al., 2010), (Ghosh, 2011), (Jain and Bhattacharya, 2010)

Disambiguation 
methods

Disambiguation 
algorithm

(Merino et al., 2010), (Miró-Borrás and Bernabeu-Soler, 2009), (Molina et al., 
2009b), (Sarafis and Markoulidis, 2010)

Multi-tap (Burgbacher and Hinrichs, 2014), (Guerrier et al., 2011), (Molina et al., 2009b), 
(Prabhu and Prasad, 2011), (Sarafis and Markoulidis, 2010)

Keyboard user 
adaptation (Bhattacharya and Laha, 2012), (Ghosh et al., 2010), (Merino et al., 2010)

182 Res. Biomed. Eng. 2016 June;  32(2): 176-198



A virtual keyboard with optimization techniques

that adopt the alphabetical distribution present letters 
“a” to “z” sequentially distributed over the keyboard. 
Other example is QWERTY distribution. Keyboards 
that use the QWERTY distribution organize the letters 
in the sequence of letters adopted in their physical 
correlates. This approach facilitates learning and is 
easier to be remembered by those who already have 
experience in physical keyboards (Bhattacharya and 
Laha, 2012).

The adaptive distribution changes the sequence 
of letters according to the user behavior, such that the 
symbols order is dynamically adjusted (Bhattacharya 
and Laha, 2012). The idea is creating a keyboard that 
is suited to the way the user types.

The amount of symbols per key is also an important 
feature in the construction of virtual keyboards. 
Keyboards with a single symbol per key are classified as 

unambiguous (Molina et al., 2009a). On the other hand, 
those with multiple symbols per key are categorized as 
ambiguous keyboards (Molina et al., 2009a). Besides 
ambiguity, we noted that the amount of symbols in 
each key can be homogeneously or heterogeneously 
distributed. Homogeneously distributed keyboards 
have the same number of symbols per key, while 
heterogeneous arrangements have a different amount 
of symbols per key.

Another feature of ambiguous virtual keyboards 
is the variety in the amount of keys. In unambiguous 
keyboards, the amount of keys is equal to the number 
of symbols. However, in ambiguous keyboards, 
the number of keys may vary. Miró and Bernabeu 
(2008) made a keyboard using only two keys for text 
entry, while other works such as Miró-Borrás and 
Bernabeu‑Soler (2009) and Tanaka-Ishii et al. (2002) 

Table 3. Papers related to data entry performance metrics.

Data entry 
performance 

metrics
Works

Words per minute 
(WPM)

(Arif and Stuerzlinger, 2013), (Rivera et al., 2009), (Faraj et al., 2009c), (Faraj et al., 2009a), 
(Faraj et al., 2009b), (Ghosh, 2011), (Gizatdinova et al., 2012a), (Guerrier et al., 2011), (Hoste and 
Signer, 2013), (Jain and Bhattacharya, 2010), (Joshi et al., 2011), (Miró-Borrás and Bernabeu-Soler, 
2009), (Molina et al., 2009a), (Molina et al., 2009b), (Nicolau et al., 2013), (Panwar et al., 2012), 
(Sarafis and Markoulidis, 2010), (Sarcar et al., 2010), (Sharma et al., 2012), (Topal et al., 2012), (Vella 
and Vigouroux, 2013)

Characters per 
minute (CPM) (Bhattacharya and Laha, 2012), (Burgbacher and Hinrichs, 2014), (Polácek et al., 2012)

Gestures per 
character (GPC) (Polácek et al., 2012)

Keystrokes per 
character (KSPC) (Miró-Borrás and Bernabeu-Soler, 2009), (Molina et al., 2009a), (Sarcar et al., 2010), (Wu et al., 2014)

Total error rate 
(TER) (Arif and Stuerzlinger, 2013), (Biolchini et al., 2007)

Minimum string 
distance (MSD) (Gizatdinova et al., 2012a), (Nicolau et al., 2013)

Figure 2. Circular virtual keyboard.
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use four keys. The number of keys may increase, but 
is limited to the number of symbols in the alphabet.

The keyboard feedback is the way the keyboard 
communicate to the user that the key has been selected. 
In physical keyboards, the feedback is tactile, that 
is, the users can feel the keys being pressed by their 
fingers. Nevertheless, virtual keyboards are not able 
to provide this kind of feedback in a natural way and 
require alternative type of feedback. Some options 
include providing an audible or visual feedback. 
Audible feedback is usually provided by playing a 
sound as soon as a key is selected. Visual feedback 
is provided by highlighting the selected key in the 
virtual keyboard.

On the long run, effort reduction is much more 
important for many people with disabilities because 
it allows them to continue typing for a longer period 
with less effort and thus effectively produces more 
output (Sharma et al., 2010). In addition, there are 
patients who are able to provide only a single type of 
signal with active or inactive states. In these cases, 
the keyboard essentially requires a scanning system 
(Polácek et al., 2012). For this reason, the scanning 
method was considered an essential attribute of 
virtual keyboards.

Polácek  et  al. (2012) identified four scanning 
styles: linear, row and column, three dimensional and 
containment hierarchy. The linear scanning moves 
successively the cursor focus over the keyboard. At each 
focus movement, the focused key stays highlighted 
during a certain amount of time. The user selects 
the key by emitting a signal when the desired key is 

highlighted (Schadle, 2004). The Figure 3 shows this 
scanning style in four steps.

The row and column scan first moves the cursor 
focus along aligned symbol groups arranged in 
rows. Then, the selection of the desired key is done 
in two steps. The first step is to select the desired 
row. Once the row is selected, the software starts a 
linear scan along the columns to allow selecting the 
desired key (Schadle, 2004). This scanning style is 
shown in Figure 4.

According to Felzer and Rinderknecht (2009), 
scanning in three dimensions or in block is made 
by dividing the keyboard into n distinct quadrants. 
The selection procedure first highlights each quadrant 
and once the user sends a signal, the highlighted 
quadrant is selected. After block selection, row and 
column scan method is employed. The Figure  5 
presents this scanning approach.

The containment hierarchy method arranges the 
keys in a graph-shaped tree. Each node of the graph is 
associated with a key group and leaf nodes represent 
only one key. As shown in Figure 6, this scanning 
method starts by highlighting the top node and allows 
the user to perform a drill-down operation on the tree 
graph, highlighting each branch node until reaching 
a leaf and choosing the desired symbol (Baljko and 
Tam, 2006).

The scanning method can also be characterized 
as automatic or manual (Molina  et  al., 2009b). 
In automatic scanning, the user must select the keys 
while the software performs the navigation. In manual 

Figure 3. Linear scanning method in four steps. The scanning method passes the keys in sequence from letter q until letter r.
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Figure 4. Line and column scanning method in 4 steps. This method highlights the group of keys in line then the user chooses the line in 
which the letter is. After the first selection the system runs the linear scanning method on the selected group.

Figure 6. Containment hierarchy scanning method in 4 steps. This method starts by highlighting the group of characters according to the 
letter hierarchy. Once a group is selected the system starts the linear scanning method.

Figure 5. Three-dimensional scanning method in 4 steps. This method highlights blocks of keys. Once the user selects a block system 
performs line and column scanning method.
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scanning, the user is allowed to change the scanning 
direction, stop its progress or go backwards.

Another variable scan feature is the action 
after selecting a particular key. This attribute can 
be snap‑to‑home or persistent (Millet et al., 2009). 
Snap-to-home kicks the selection to the first key on 
the keyboard as soon as a selection is made. Persistent 
methods continue to scan from the selected key position.

Another important feature of the scanning methods 
is delay time spent in each key. This time is known 
as scanning delay and is related directly to the typing 
performance (Miró-Borrás and Bernabeu-Soler, 2009). 
Small scanning delays are intuitively associated to a 
higher typing speed, however very short delays usually 
lead to typing errors (Francis and Johnson, 2011).

Special characters are of significant importance 
for keyboard design and efficiency (Sarafis and 
Markoulidis, 2010). Aiming to improve the typing 
performance, virtual keyboards may or may not 
display special characters. Some studies remove 
special characters such as punctuation, navigation 
and formatting, allowing the scanning method to be 
optimized. However this approach avoid the user to 
enter formal texts.

Question 2: Methods and techniques for data 
entry optimization

Various methods have been investigated in order to 
optimize the data entry performance and minimize user 
interaction. This study mainly identified algorithms for 
predicting letters and words, methods for optimizing 
keyboard layouts, disambiguation methods, as well 
as dynamic and adaptive keyboards.

According to Sharma et al. (2010, 2012), prediction 
can be categorized into two types: syntactic and 
statistical. Statistical prediction is based on language 
models like n-gram, such that a list of suggested terms 
is generated based on the frequency of the words in 
the language corpus and/or the most recently used 
word is displayed (Sharma et al., 2012).

The purpose of syntactic prediction is to ensure 
that the system does not suggest a grammatically 
inappropriate word to the user (Sharma  et  al., 
2010). Letter prediction methods use only statistical 
prediction, while word prediction methods use both 
types of prediction.

The letter prediction algorithms help the user by 
suggesting the characters most likely to occur after 
the choice of a particular letter sequence. This study 
identified two language models underlying the prediction 
algorithms. These models are: n-grams and k-grams.

N-gram model is a widely used technique in language 
processing (Janpinijrut et al., 2011b). This model can 

be used to predict words or letters (Goodman et al., 
2002). N-grams suggest the following term of a given 
sentence based on its previous terms. The amount 
of terms used to calculate the suggestion may vary. 
Algorithms that use only one term are called unigram, 
two terms are called bigram, and trigram in case of 
three terms. The larger n, the more correct the statistic 
model produced and more system resources are used 
to process (Janpinijrut et al., 2011b).

The probability of a term is calculated using 
the corpus of the desired language and generates a 
probability table. The algorithm uses this table to 
analyze the previous terms and suggest which term 
is the most likely to appear after a certain sequence 
of terms.

Another language model used for text prediction 
is the k-gram. According to Miró-Borrás and 
Bernabeu‑Soler (2009) n-grams and k-grams are 
similar models. The difference between them is that 
k-grams make the suggestion based on the word being 
inserted, while n-grams consider the entire previous 
sentence. Therefore, the n-gram characters used for 
prediction can begin in any part of the word or even 
belong to another word.

According to Truong et al. (2013), word prediction 
algorithms suggest a set of words with high probability 
of occurrence based on a sequence of typed characters. 
This work identified 5 methods that are the basis for 
this type of algorithm. These methods are: prediction 
based on the frequency of occurrence, regency-of-use, 
word probability table, n-gram and syntactic probability 
table. Figure  7 shows the prediction algorithms 
according to their classifications.

Prediction algorithms consider the words and 
their frequency on a certain corpus of language to 
predict the word that is being writing (Garay-Vitoria 
and Abascal, 2006). This kind of prediction is used in 
conjunction with the method of the regency-of-use. 
Regency-of-use specify how recently the word has 
been used. If a word has been used recently, therefore 
it is highly probable that it will be needed very soon, 
so this word will have higher priority over the others 
(Sharma et al., 2010).

The word probability table consists of a list of 
two words and the likelihood of these terms occur 
in sequence Garay-Vitoria and Abascal (2006). 
For every word inserted using the keyboard the system 
searches which words have the highest probabilities 
of occurrence after the word entered and build a 
suggestion list with them. This method is the same 
as n-gram considering n equals to two.

The syntactic prediction is performed using a 
probability table using two types of statistics: the 
probability of each word and the relative probability 
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of occurrence of each syntactic category after another 
particular syntactic category (Garay-Vitoria and 
Abascal, 2006). When the user enters a word, the 
system calculates the next term using the probability of 
occurrence of the next word according to its category.

In an efficient virtual keyboard, the organization of 
keys and symbols should be done in order to maximize 
performance and minimize the typing effort (Ghosh, 
2011). In order to achieve this goal, the letters and keys 
must be optimally reorganized. We found 6 methods 
devoted to developing an optimized layout: Fitts’ law 
(Fitts, 1954), Fitts’ digraph (MacKenzie and Zhang, 
1999), frequency of a single character, frequency of 
digraphs, n-gram and evolutionary algorithms.

According to Simathamanand and Piromsopa 
(2011), Fitts law is a movement model for human 
computer interaction (HCI). It measures the movement 
time based on the distance and size of the keys. 
Many studies use this ratio to calculate the size and 
the distance between keys in order to optimize the 
typing performance. This review noted that Fitts’ law 
is generally used in conjunction with the techniques 
of frequency of both a single character and digraphs.

The frequency method for a single character 
calculates the probability of occurrence of a character 
on a language corpus. This calculation results in 
a probability table containing each letter and the 
corresponding frequency of occurrence. From the 
frequency table, the keys and letters are repositioned 
and/or resized in order to facilitate access.

The optimization method using digraphs is 
similar to the frequency method for a single character 
(Gelormini and Bishop, 2013). The digraphs method 
calculates the probability of occurrence of a digraph 
on a corpus of language. This calculation produces a 
table containing the digraphs and their corresponding 
frequency of occurrence. According to probability 
table, both keys and letters are repositioned and/or 
resized in order to optimally position the digraphs.

The Fitts’ digraph method is based both on Fitts’ 
law and digraphs frequency. This model, proposed by 
MacKenzie and Zhang (1999), estimates the typing 

performance based on the sum of the number of 
movements required by digraphs using the Fitts’ law 
weighted by the frequency of occurrence of digraphs.

The n-gram method calculates the likelihood of 
a letter based on the n previous terms. Based on the 
corresponding probability table, the keyboard layout 
is adjusted such that the letters most likely to occur in 
sequence are positioned close to each other.

Evolutionary algorithms are also used to optimize 
the keyboard layout, such as genetic algorithm and Hill 
Climbing algorithm. However, this type of algorithm 
requires objective functions to determine whether the 
proposed layout is a good solution. The evolutionary 
algorithm identified in this paper uses the Fitts’ law 
(Simathamanand and Piromsopa, 2011) and a particular 
function (Francis and Johnson, 2011) to determine 
the optimization of the keyboard layout.

Ambiguous keyboards, by their turn, require 
resolving the ambiguity of keys. Two disambiguation 
methods were identified: multi-tap and disambiguation 
algorithms.

In multi-tap method the user chooses a symbol 
by successively selecting one or more times the same 
key until the desired symbol is chosen (Kwon et al., 
2009). For instance, if a key corresponds to letters a, 
b and c, and someone wants to choose the character 
“b”, he will have to select the key twice.

Disambiguation algorithms are more complex. 
This approach uses a database of terms to find candidate 
words that fit to sequence of symbol groups attributed 
to the keys selected by the user (Molina et al., 2009b). 
In this case, users select only once the key containing 
the desired letter, while the algorithm provides a list 
of possible words using the chosen sequence of keys.

T9 disambiguation method (Grover et al., 1998) 
is used to perform disambiguation of words in phones 
with 9 keys. The TNK algorithm (acronym for Text in 
N Keys) is a generalization of the T9 method for any 
number of keys. For both algorithms, a word dictionary 
is required to provide the most likely word associated 
to the selected keys sequence (Molina et al., 2009b).

Figure 7. Prediction methods.
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Makenzie proposed a method named LetterWise 
to perform the disambiguation process. This method 
uses a prefix table to perform the disambiguation. 
The prefix is composed by the letters that precede the 
next key to be pressed. The algorithm stores the table 
prefixes and their occurrence probability. For instance, 
if the user presses the group of letters “d, e, f” after 
entering the letters “th” the most likely next letter is 
“e” because “the” in English is far more probable 
than either “thd” or “thf” (MacKenzie et al., 2001).

This work has identified two ways of adapting 
the user’s keyboard. The first kind of adaptation is 
performed before using the communication software. 
Some approaches allow keyboard customization, be 
it in the number of keys, the sequence of letters, as 
well as the kind of word or letter prediction. Another 
way is to adapt the keyboard during text entry. Studies 
were identified that adjust the sequence of letters or 
key size according to the text entered by the user.

Keyboards that adapt the keys and vary the 
position of the letters according to the user’s writing 
are known as dynamic. For example, when the user 
writes a particular word the keyboard repositions letters 
more likely to be chosen in order to facilitate the their 
selection. Language models as n-gram and k-gram 
can be used to relocate the keys and or rearrange the 
sequence of letters.

Question 3: Data entry performance metrics
We identified six types of metrics to evaluate virtual 

keyboard performance. They are: words per minute 
(WPM), characters per minute (CPM), gestures per 
character (GPC), keystrokes per character (KSPC), 
total error rate (TER), mistake string distance (MSD).

According to Wobbrock (2007), the number of 
words per minute is perhaps the most used method to 
measure the performance of typing. WPM is calculated 
by dividing the amount of transcribed symbols by the 
time spent to transcribe them in seconds, multiplied by 
60 that is the number of seconds in one minute, and 
then divided by average word length (Nicolau et al., 
2013). The average word length is considered to be 
5 symbols (Yamada, 1980). This measure considers 
the elapsed time between entering the first and the 
last symbol of a sentence.

1 1*60*
5

T
WPM

S
−

= 	 (1)

In Equation 1, T represents the number of 
transcribed symbols, S references the time elapsed 
between entering the first and the last symbol of a 
sequence in seconds.

Characters per minute measures the number of 
input characters per minute. Bhattacharya and Laha 

(2012) uses the same form of the WPM calculation, 
only suppressing the division by 5, the average number 
of characters per word. In Equation 2 T and S represent 
the same quantities they represent in WPM equation.

1
*60

T
CPM

S
−

= 	 (2)

The metrics WPM and CPM do not take into 
account the errors produced by users (Wobbrock, 
2007). Bhattacharya et al. (2008) points the importance 
of considering users’ mistakes to measure the typing 
performance of a virtual keyboard.

The metric KSPC (MacKenzie, 2002) proposes 
a ratio between the number of character transcripted 
and the amount of keystrokes to produce the text. 
This measure assesses the number of mistakes, since 
the calculation considers the number of times that the 
‘delete’ key has been pressed along with the other 
necessary keys to produce the text. Minimizing KSPC 
means reducing user effort to enter text (Wobbrock, 
2007).

IS
KSPC

T
= 	 (3)

In Equation 3 IS is equal to the amount of selected 
characters, including non-printable keys as the delete 
key. T represents the amount of transcribed characters.

An extension of KSPC is the metric Gestures by 
Character (Wobbrock, 2007). This metric considers 
the amount of shares or actions needed to input a 
text. The gesture is considered as an atomic action 
of interaction between the data entry system and the 
user. In order to use this metric, one must inform 
what exactly a gesture is to the system. For instance, 
a gesture can be an eye blink, a breath or a sign issued 
by the brain. This measure is intended to capture the 
system accuracy in relation to its communication 
mechanism (Wobbrock, 2007).

IS
GPC

T
= 	 (4)

In Equation 4 IS equals the total of gestures 
performed while typing text and T is equal the amount 
of transcribed characters.

The user error rate is measured using Equation 5 
(Bhattacharya and Laha, 2012), where INF represents 
the amount of incorrectly entered characters in the 
transcribed text. IF represents the amount of keystrokes 
related to non-printable characters, like delete and 
backspace. Finally, C is the amount of correctly 
transcribed characters.

*100INF IFTER
C INF IF

+
=

+ +
	 (5)

188 Res. Biomed. Eng. 2016 June;  32(2): 176-198



A virtual keyboard with optimization techniques

The Minimum String Distance (MSD) is a 
measure that assesses how accurate is the transcribed 
string when compared to the original text. Therefore, 
MSD provides the statistical distance between two 
strings determining the smallest amount correction 
operations needed to convert the transcribed string into 
the original one (Wobbrock, 2007). This distance is 
calculated using the algorithm proposed by (Soukoreff 
and MacKenzie, 2001).

Proposal of an assistive, optimized, 
compact and adaptive virtual 
keyboard

In this systematic review we identified several data 
entry optimization techniques and methods, which 
are the essential characteristics of virtual keyboards. 
In order to build a new assistive, optimized, compact 
and adaptive virtual keyboard for Portuguese language, 
we first define which are the best virtual keyboard 
features. Then we determine which input optimization 
techniques must be used in the keyboard. Finally, we 
discuss which techniques must be used to measure 
the new virtual keyboard performance.

Figure 8 shows the essential features of the virtual 
keyboard marked in boldface and what are the available 
options for each feature. Those options that we have 
chosen to be in our design proposal are marked with 
a V. In the following sections we will discuss every 
option that we chosen.

Amount of symbols per key

According to Molina et al. (2009b) and Topal et al. 
(2012), ambiguous virtual keyboards are more productive 
than unambiguous keyboards. Also, Bhattacharya 

and Laha (2012) states that one of the main goals of 
the assistive keyboard is to reduce the typing effort. 
Then, considering that the ambiguous approach 
may reduce the interaction between the user and the 
keyboard (Guerrier et al., 2011), we have chosen to 
adopt the ambiguous approach.

Disambiguation method
In order to minimize the interaction between 

the user and the virtual keyboard, we decided to 
use disambiguation algorithms, once, according 
to Molina et al. (2009b), the keyboards using this 
method show better performance than keyboards 
using multi-tap disambiguation.

Unlike the English language, Portuguese 
language has vowels that are often accentuated. 
The disambiguation method will solve this problem 
by identifying and accentuating words correctly. Thus, 
using the ambiguous keyboard will reduce the set of 
possible letters.

Letter sequence
Zhai  et  al. (2000) reports that using the letter 

frequencies to distribute them on the keyboard layout is 
a promising technique to improve typing performance. 
However, this review has not identified a method 
to optimally distribute the letters on the keys of an 
ambiguous virtual keyboard. Distributing the letters 
in alphabetical order is more used approach to assist 
disabled users. However, according to Topal et al. 
(2012), this limits the typing performance.

In order to define which way the letters will be 
distributed over the keys, we conducted an analysis 
using digrams on a dictionary of 65,000 words. 
We identified that the letters distribution in Portuguese 
words follow a pattern. 85% of the dictionary words 

Figure 8. Available features of the virtual keyboard.
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in this language are composed of a sequence of 
interspersed vowels and consonants. Therefore, we 
decided that we will group the vowels in a single key 
and to alphabetically distribute the consonants over 
the remaining keys.

Scanning method
This work proposes a new line scanning method: 

linear, automatic and dynamic. Automatic Scan tends 
to minimize the amount of interactions between the 
user and the virtual keyboard, as this kind of scan 
requires only the Selection stimulus from the user 
(Molina et al., 2009b).

On the other hand, some authors like Polácek et al. 
(2012) and Topal et al. (2012) report that dynamic 
keyboards do not have a good acceptance among 
users. Changing the letter sequence leaves the 
user confused and makes it hard to find the desired 
character (Polácek et al., 2012). Polácek et al. (2012) 
suggests using dynamic scanning with static methods 
and layouts. Therefore, we chose using a method of 
dynamic scan, instead of snap-to-home or persistent 
selection.

Scanning techniques are usually very slow as they 
reach only about 5-20 CPM (Polácek et al., 2012). 
In order to optimize the scanning method, Miró-Borrás 
and Bernabeu-Soler (2009) used a linguistic model 
to dynamically navigate over the keyboard. Based 
on Miró-Borrás and Bernabeu-Soler (2009), the 
new virtual keyboard will adopt a dynamic scanning 
method using the linguistic structure of Portuguese 
words proposed in this work. Therefore, whenever 
a consonant is selected, the keyboard focus will 
automatically move to the vowels key. Also, wherever 
a vowel is selected, the keyboard focus will move to 
the consonant keys.

Originally, the scanner delay is set by the caregiver 
according to the user capacity of interaction. However, 
we propose to dynamically adjust this delay according 
to the user’s choice speed. Therefore, the faster the 
keys are selected, the smaller the delay scanner. 
According to Francis and Johnson (2011), a good 
delay can be implemented considering a trade off 
between speed and the amount of user mistakes. 
Thus, the larger the amount of mistakes, the larger 
the delay scanner will be.

To measure the number of user’s miss type we will 
consider the amount of times that he will select the 
backspace button. Thus, every time the user chose this 
button the scanner delay will be increased. However, 
if the user types consciously without using this button 
the scanner time will be decreased.

We are also considering use the algorithm proposed 
by Ghedira  et  al. (2009) along with our scanning 

technic in future implementations. This algorithm 
increase and decrease the scanner delay based on 
the number of times that user make his choice in 
less then 100 mili seconds. The results obtained by 
Ghedira et al. (2009) confirms that their algorithms 
are effective in dynamically adapting a scan speed.

Keys size

Fitts’ law determines that the key size and the 
distance is very important for typing performance. 
Nonetheless, this rule applies to manual navigation 
keyboards. The distance between keys or their 
dimensions are not relevant when building keyboards 
with scanning methods, as the navigation is not done 
by the user.

In this case, instead of trying to minimize the 
movement of fingers according to Fitts’ Law, we 
will try to minimize the scanning cycles applying 
our scanning method. Because the number of scan 
cycles are the most time-consuming action in scanning 
keyboards (Miró-Borrás and Bernabeu-Soler, 2009).

Amount of keys

This work did not identify an ideal amount of 
keys for ambiguous keyboards. Nevertheless, it is 
known that lower scanning delays improve typing 
performance (Molina  et  al., 2009b). Therefore, to 
reduce the scanning time, we developed a modular 
selection such that the keyboard is divided into two 
distinct sets of keys: one for letters and another set 
for special characters, punctuation and correction.

The letter set contains 8 keys, being a key to the 
vowels, three keys for consonants, a key for special 
characters, a correction key, and two for navigation. 
A reduced number of keys should moderately reduce 
the search time by one character (Sharma et al., 2012).

Presentation of special characters

Punctuation and special characters will be displayed 
by selecting a button labeled “Caracteres Especiais”. 
Once this button is pushed, a matrix will be displayed 
with special characters as punctuation, numbers and 
tab characters. The row and column scanning method 
will allow user to select the desired characters.

If the users want to insert a new word they can select 
the button labeled “Nova palavra”. This button will 
allow them to insert new words using a row column 
scanner on a unambiguos keyboard. To correct the text, 
the user can use the “Correções” key. The navigation 
button “Salto” will lead the users to the letter set again.

Positioning of keys
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According to Hick-Hyman law (Hick, 1952; Hyman, 
1953), user reaction time is directly proportional to 
the number of objects in the interface. To reduce the 
reaction time, we must reduce the number of keys 
(Sharma et al., 2012). However, interface designers 
claim that a keyboard should contain all the necessary 
keys to compose a text (Sharma et al., 2012). In order 
to overcome this challenge, this paper proposes a 
layout that blends the matrix and circular shape 
keyboards (Figure 9).

The circular layout will show only the key group 
focused by the scanning. A circle formed by buttons 
will always be around the letter under insertion. 
This approach aims to minimize the time spent to 
view the text and choose the nearby keys.

The matrix arrangement of keys will show all the 
keyboard keys. This approach was adopted in order 
to decrease the learning curve for using the keyboard. 
In addition, it will serve as a guide to show the user 
all the keyboard options.

The user will be able to configure which arrangement 
style of keys will be display by the keyboard. Thus, 
patients may select circular or matrix layout, he also 
can choose both layouts at the same time. This option 
will be displayed at main menu in “Opções Gerais”.

One detail that must be noticed in Figure 9 is the 
“Salto” button. This keyboard uses linear scanning 
for shifting between keys. This scanning style take a 

long time to pass through all eight keys. To overcome 
this issue we add the “Salto” button. This button will 
allow the user to switch between the two group of 
keys. The first group of keys contains the letter keys 
and the other group is composed by special characters 
and correction buttons.

Feedback
According to Majaranta et al. (2003), the users 

type faster in the presence of both auditory and visual 
feedback (compared to their absence). Therefore, the 
keyboard feedback method will carry out both feedbacks 
auditory and visual. Every time a user presses a key, a 
button-pressing sound will be played by the software 
and the selected key will be highlighted.

Word prediction
Text prediction is one of the most widely used 

techniques to enhance the text entry rate in message 
composition systems using virtual keyboards 
(Sharma et  al., 2010). A dictionary containing the 
words frequency will be used to word prediction. 
We chose to use the dictionary often, because this 
technique is easy to implement, allows the inclusion 
of new words and assists in the implementation of 
disambiguation methods.

To calculate the frequency of each word, we 
analyzed the corpus of the Portuguese language in 

Figure 9. Mixed layout assistive virtual keyboard developed in this work. The circular keyboard involves the word being written. The matrix 
keyboard is below suggested word lists.
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Brazil. This corpus of over one billion words with  
3 million distinct words were taken from (Sardinha et al., 
2014). The dictionary was loaded with over 70,000 
distinct words and their corresponding frequencies.

In the word-level disambiguation mode, the dictionary 
could be reduced and dynamically adjusted to the user 
vocabulary in order to minimize the prediction list 
of words and reduce the position of the desired word 
in the list (Miró-Borrás and Bernabeu-Soler, 2009).

In order to optimize prediction and to make it 
adaptive to user while he writes, the keyboard will 
display three words suggestion lists. The first list will 
show the words most used by the user. The second list 
will provide the last word typed by the user. The last 
list will show the words with highest occurrence in 
the language corpus. The word frequencies will be 
dynamically updated during the use of the software. 
The number of words available in each list may vary 
from 5 to 15, according to the keyboard configuration.

Character prediction

This review identified some studies that used 
trigram as linguistic model for character prediction 
(Janpinijrut et al., 2011b; Phanchaipetch and Nattee, 
2012; Sarafis and Markoulidis, 2010) and had got 
significant results using this model. Therefore, we 
chosen to use the trigram for predicting the next 
characters to be entered.

As the keyboard proposed in this paper is 
ambiguous, the suggestion of characters will be held 
after the selection of a button. Once the user has made 
a choice, the system suggests one character with a 
high probability of being the next one to be entered. 
The user can accept the system suggestion or wait for 
the next character provided by the scanning method.

Disambiguation algorithm

According to Silfverberg  et  al. (2000), using 
disambiguation algorithm (T9) allows for larger rate 
of words per minute than using multi-tap. Besides, it 
minimizes the text entry effort (Harbusch and Kuhn, 
2003). Thus, in order to perform words disambiguation, 
we propose using the TNK algorithm (Molina et al., 
2009b). TNK is easier to implement and shows a good 
typing performance. Besides, it is better suited to the 
method of word prediction adopted in this paper.

Error handling
Several techniques increase the typing performance 

of virtual keyboards at the expense of accuracy. The work 
of Bhattacharya et al. (2008) reports a great number of 
works focused on increasing the typing performance 
but with no concern on reducing the amount of typing 

errors of the users. Then, we propose using phonetic 
and word similarity algorithms in order to minimize 
the amount of errors entered by users.

Phonological search algorithms index the words 
according to a phonetic code. Words with similar 
phonetic are easily identified. This method helps 
reducing the errors due to the user ignore the correct 
writing of a certain word. The phonetic algorithm 
will be based on Philips (2015) and on the work of 
Vasilévski (2008).

Similarity search algorithms identify the strings on 
a dictionary that best match a query string according 
to a given threshold of coincident characters (Okazaki 
and Tsujii, 2010). This algorithm will be used to 
reduce errors due to mistyped, excessive or omitted 
characters.

Adaptation of the virtual keyboard to user
The assistive virtual keyboard will allow adding new 

words on the dictionary from the user vocabulary, as 
well as changing the number of keys and the scanning 
delay. The addition of new words and vocabulary 
recognition will be made during text entry, while the 
remaining adjustments must be made offline.

Virtual keyboard measurements
According to Miró-Borrás and Bernabeu-Soler 

(2009) is difficult to assign differences between 
keyboard interfaces, because of they employ several 
scanners, different key types as well as various sizes 
of prediction dictionaries. Consequently, data available 
from scanning systems are quite inaccurate and hard 
to be compared between keyboards (Miró-Borrás and 
Bernabeu-Soler, 2009).

Despite these difficulties, most studies use WPM 
to compare virtual keyboard typing performances 
(Wobbrock, 2007). This can be seen in Table  3. 
Therefore, we decided to use WPM to measure 
keyboard performance. However, as WPM does not 
measure the amount of user mistakes, user’s errors 
should be rated in order to measure the efficacy of 
a design (Ghosh, 2011). Then, in order to assess the 
amount of user mistakes, we chose the measures TER 
and KBPS. The metric shortest distance between 
strings (MSD) does not suit this keyboard because 
the user can only enter words that are contained in 
the dictionary.

Conclusion
This systematic review focused on works on 

virtual keyboards that were published between the 
years 2009 and 2014. This study identified more than 
250 publications related to data entry using virtual 
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keyboards. Out of them, 52 publications were analyzed 
thoroughly in order to answer the search questions 
prepared according to our protocol.

At first, the search questions were answered in a 
broad way and, then, detailed in Section Data Analysis. 
We identified 50 papers related to essential features 
to build a virtual keyboard. We found 30 works with 
techniques usually employed to optimize the typing 
performance of those keyboards and 25 out of them 
were finally detailed in terms of input speed.

Based on the review, this paper proposed a new 
approach to assistive virtual keyboard that aims to 
optimize the performance of typing, reduce the typing 
errors and minimize the effort required to input text 
by patients with severe motor disabilities.

Entering performance will be optimized through 
the prediction of letters and words. The phonetic 
and similarity algorithms will help reducing user’s 
mistakes. Finally, a new dynamic scanning method 
has been proposed to both decrease the typing effort 
and increase the typing speed.

The keyboard we proposed in this paper is in the 
first phase of creating. The current interface is a start 
prototype and a better ergonomic release suitable for 
use in a real situation is being designed. For future 
work we will implement and test this new approach 
with people without any motor restriction. Then, 
the resulting virtual keyboard will be validated with 
real users.
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