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Abstract. In this paper we address the possibility of writing program code for
instruction set architectures using the touchscreen as the input device. Instruc-
tion set architecture is the common name for a collection of resources computer
engineers use when developing code at the hardware level. One of the most im-
portant subsets among these resources are instructions which programmers use
to create algorithms. Students enrolled in computer engineering curricula are
trained to develop such solutions, using standard personal computers equipped
with keyboard and mouse, thus providing them with a high level usability
working environment. As technology progress has enabled the introduction of
mobile platforms in the educational process, touchscreen based m-learning be-
comes a viable tool. To that end, in our previous research we developed a spe-
cific keyboard VMK that supports entry of assembly language code, which is
based on mnemonic keys, with the aim to achieve a better efficiency of assem-
bly coding. In the present paper we present the outcome of an improved empiri-
cal research targeting the comparison of VMK and the standard QWERTY
keyboard. The results thus obtained show improved results of key usability
attributes of efficiency and subjective satisfaction.

Keywords: Technology enhanced learning, usability, mobile devices, touch-
screen keyboards.

1 Introduction

Though not lacking the computing power to leverage mobile learning principles
[1-3] to execute complex learning systems [4, 5], mobile devices are restrained by
inherent usability issues [6, 7] which are especially manifest when inputting text [8].
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As already noted elsewhere, virtual on-screen keyboards are “slow, uncomfortable,
and inaccurate” [9] and “even expert typists have to look down at their fingers instead
of feeling for the home row keys to situate their hands” [9]. Writing a small message
can easily turn to a rather daunting mission hence writing computer software code on
a touchscreen may seem like a rather impossible task.

Still, programming languages have considerably simpler grammar rules and a
much smaller vocabulary than natural languages. Furthermore, assembly program-
ming languages, which are the ones used at the Instruction Set Architecture (ISA)
level, consist of simple commands (instructions) represented by appropriate mnemon-
ics. Instructions are executed sequentially, in the order specified by the program, and
the responsibility of the programmer is to create this logical sequence of instructions.
Typically, creating an assembly language program involves the use of a text editor for
inputting instruction names (operators) and related operands, each in a separate line.
To reduce the amount of effort the user has to apply when writing assembly language
programs on touchscreen devices, we have devised a rather simple approach [10],
which is based on the reduction of the number of taps needed to input the instruction
mnemonic using a virtual mnemonic keyboard (VMK), where each key represents
one mnemonic (Fig. 1.). As assembly programs usually abound with mnemonic-only
instructions, writing such program code usually reduces on tapping mnemonic (soft)
keys mostly, eventually providing both efficiency and correctness of code entry.

SLEEP SWAPF RETURN RETFIE RETLW INCF INCFSZ IORWF IORLW Backspace
ADDWF SUBWF DECF RLF RRF GOTO BCF MOVWF MOVLW
ADDLW SUBLW ANDLW ANDWF DECFSZ CLRW CLRF BSF MOVF NOP
ADVANCED On XORWF XORLW CALL CLRWDT COMF BTFSS BTFSC T

Fig. 1. Mnemonic keyboard consisting of 35 keys (“soft” buttons), with each key representing
an assembly language instruction

2 Related Work

Many authors have contributed to the design of virtual keyboards and accompanying
interaction styles for touchscreen devices. Virtual keyboards displayed on device
screens are software generated, hence they have the ability to be transformed, mod-
ified and redesigned in many ways. The primary interaction technique for classic
QWERTY virtual keyboards is direct touch. Zhai introduced a major advancement for
faster writing, called Shape Writing, by using a sliding gesture technique [11]. Other
researchers and companies developed similar techniques (e.g. Swype [12] and SlidelT
[13]). The traditional concept of keyboard has also been abandoned in the Dasher
project [14], which selects “flying letters” in a 2D space using a zoom-and-point inte-
raction. To the best of our knowledge, however, no research on ISA code entry has
tackled the issues we address in this paper, as all of the known solutions utilize
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algorithms and prediction techniques suitable for general text entry such as writing
e-mails or SMSs, which makes them not exactly the most suitable for ISA code entry.

3 Design of Virtual Mnemonic Keyboard and Testing Tool

When creating a VMK (see Fig. 1.), we have based on the Microchip reduced instruc-
tion set computer architecture for PIC10, PIC12, and PIC16 microcontroller family
[15], see Fig. 1. The instruction set consists of 35 mnemonics, their lengths being
between 3 and 6 characters (letters) with an average of 4.6, while most of them are 5
letters long. Therefore, we could hypothesize that a VMK will decrease the time
needed for assembly language program entry approximately up to a factor of 5 (i.e.
replacing five taps with just one). However, there are additional aspects of human
perceptual, cognitive and motoric subsystem [16] which influence the effects of using
a VMK.

To evaluate our assumption, we have created a testing tool, which is an Android
mobile device application, as shown in Fig. 2. and Fig. 3. The application divides the
screen into two parts. The testing tool displays instructions randomly selected from a
previously generated list, which the user has to type, in the upper part of the screen
(approx. half of the screen real estate), while the keyboard resides in its lower half.
Users entering the ISA code can switch between these keyboard layouts at every mo-
ment using a dedicated “Advanced On/Off” key, which is placed in the lower right
corner of both keyboards. During the experiments, test users were however requested
not to press this key unless specifically instructed to do so.

Jgu AndroidPICEditor

return Task, a randomly selected line of
ISA code user has to type Standard keyboard
User score comprising total num- Numeric keys
Correct: 1 ber of test cases and the number of Text box showing
Wrong: 0 € correct and wrong lines entered entered text
No. of tries:1
L ije upisi zadanu naredbu é
o} w E R T % u 0 p 7 8 9 _
A S D F G H J K L 4 5 6 A
®
Caps Lock z X © % B N M Backspac 1 2 3
ADVANCED Off Tab SPACE , ; " 0

Fig. 2. Mobile device application for measuring ISA instructions reaction time and typing
speed when using a standard keyboard layout. The classic QUERTY keyboard is on the left
using approx. 2/3 of the available space, while its numeric part is on the right.
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Jgu AndroidPICEditor

return <—Task, a randomly selected line of

ISA code user has to type Mnemonic (ad-
vanced) keyboard
User score comprising total num-
Correct: 1 ber of test cases and the number of Text box showing
Wrong: 0 <& correct and wrong lines entered entered text
No. of tries:1
i.-.,-‘d je upisite zadanu naredbu %’
SLEEP SWAPF  RETURN  RETFIE RETLW INCF INCFSZ IORWF JORLW Backspace
ADDWF  SUBWF DECF RLF RRF GOTO BCF MOVWF  MOVLW
ADDLW  SUBLW  ANDLW  ANDWF  DECFSZ CLRW CLRF BSF MOVF NOP
ADVANCED On XORWF  XORLW CALL CLRWDT  COMF BTFSS BTFSC Iinfo

Fig. 3. Mobile device application for testing reaction time and speed of typing ISA instructions
when using a mnemonic (advanced) keyboard layout. Each ISA instruction is on the keyboard
represented by one key (soft button).

In the advanced mode ISA program code entry (activated with the “Advanced
On/Off” key), the testing tool automatically switches between standard virtual key-
board (VSK) and VMK: the user starts typing an ISA code line using VMK, while the
keyboard change from VMK to VSK is automatically performed after keying in the
instruction mnemonic, as it can be seen in Fig. 4. Such behavior is necessary as each
ISA code line comprises of the instruction mnemonic and (possibly) the accompany-
ing operands which can be e.g. (binary, hexadecimal, octal or decimal) numbers, reg-
ister names, labels etc.

Instruction mnemonic Operands

|
[ |

i n|e|f]|c|o]u[N|T],|F
After keying in the mnemonic

keyboard is automatically
switched to VSK

—

User starts inputting ISA line
of code using the VMK

Fig. 4. Automatic switching between VSK and VMK
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4 Experiment Setup and Values Measured

The initial comparison of standard desktop keyboard (DK) and standard virtual on-
screen keyboard for touchscreen device (VSK) with VMK described in [10] proved
that using the latter had positive effects on both the time needed to finish writing an
assembly language program and the number of corrections made. Encouraged by this
result we have pursued the issue further, by creating a, enhanced version of the testing
application exhibiting an improved interaction method for the VMK, as described in
the previous sections. The testing method has additionally been improved to reduce
the effort the study group has to invest into fulfilling the assigned tasks. In our first
pilot study [10] test subjects had to copy (transcribe) a 24 lines long assembly lan-
guage program from paper using three different methods. This experiment setup in-
evitably caused unnecessary strain on test subjects because of the constant need for
context changing between text on paper and its transcribed on-screen version. In the
improved testing application, instructions users have to transcribe appear on the
screen above the virtual keyboard she/he is using (as shown in Figs. 2 and 3), thus
enabling her/him to remain focused on the task. Testing of the desktop keyboard has
been dropped from this experiment.

Our study group comprised out of eight students, all male, averaging 20 years of
age, that have fulfilled all the requirements for the Computer Architecture course at
the BSc level; this allowed us to regard them as being acquainted with both the as-
sembly language for the Microchip 14 bit instruction microcontroller family and the
associated tools. The mobile device used for testing was an Android tablet computer
with a 10” screen and resolution of 1280x800 pixels (Toshiba AT100-100). The study
group was briefly introduced to the testing application by demonstration, while none
of the participants was allowed to use it before testing actually took place. This en-
sured that this was their first encounter with testing application.

During the experiment, the testing application presented test subjects a continuous
sequence of tasks, with each individual task consisting of one line of ISA code dis-
played on the screen. Tasks were randomly selected from a list of previously prepared
typical lines of ISA code. Displayed tasks had to be transcribed using one of the two
keyboards, either VSK or VMK.

Our primary point of interest during this experiment was to measure two values,
reaction time and typing speed expressed as characters per second (CPS). Reaction
time was measured as the time elapsed between the moment the task was displayed on
the screen and the one the user pressed the first key in order to complete the task (i.e.
the moment of pressing the “ENTER” button). The sum of reaction time and typing
duration was expressed as total task execution time.

The study group was instructed to: (i) keep the tablet computer on the desk in the
“landscape” orientation during the test, (ii) to use both hands for typing the ISA pro-
gram code as test users would do using the classic hardware keyboard, (iii) be fast and
accurate while performing the test tasks, (iv) not to rest between test tasks in order to
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complete as much tasks as possible. The latter request is of most importance for mea-
suring reaction time. As a new task is displayed immediately after completing the
previous one, it is very important that the members of the study group do not take a
rest between tasks.

5 Results and Discussion

The study group did not have any previous experience with VMK, hence we could
consider this to be the worst case scenario evaluation where learnability, satisfaction
and efficiency component of usability have to be tested [17].

The testing application uses the system clock (class android.os.SystemClock) to re-
trieve time data, by executing the related system call System.nanoTime(). The re-
trieved values were converted to milliseconds and logged into a comma separated
values (CSV) formatted file. After collecting data files from all of the devices used in
the experiment, the CPS value was calculated for each task using ordinary spreadsheet
software. Data was analyzed using IBM's Statistical Product and Service Solutions
Software (IBM SPSS).

5.1 Correlation of Reaction Time and Typing Speed

The primary goal of the study is to assess the impact of users’ first encounter with the
VMK. Due to the lack of tactile feedback, virtual keyboards displayed on touchscreen
devices create a number of difficulties to their users [8, 9], hence the reduction of the
number of keystrokes per character [18] (KSPC) should help users to enter the pro-
gram code in a more efficient way. Still, the effects of learnability and memorability
for a new keyboard and its layout cannot be neglected. To investigate this issue fur-
ther, we have examined the correlation of CPS and task reaction times for both VSK
and VMK.
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Fig. 5. Scatter plots of CPS values and reaction times for VSK and VMK



364 M. Kukec, V. Glavinic, and S. Ljubic

We found a moderate negative correlation between CPS and reaction time for the
standard keyboard (VSK): r(544) = —-0.461, p<0.0005 (see the left scatter plot on Fig.
5.). As for the mnemonic keyboard (VMK), we have found a small correlation be-
tween CPS and reaction time, r(544) = —0.219, p<0.0005 (see the right scatter plot on
Fig. 5.). The coefficient of determination in the first case is 21.2%, while in the
second case it is 4.8%. Both correlations are negative, which was expected, as more
proficient users will have higher CPS and lower reaction time. Undoubtedly, users are
more proficient in the case of VSK, hence this proficiency is observable as a higher
correlation determination of VSK. On the other hand, correlation determination be-
tween CPS values and reaction times is considerably lower for VMK, since users
have used the mnemonic keyboard for first time, and consequently had to apply am
additional amount of effort in finding the mnemonic keys.

5.2 Comparison of Reaction Times and Speed of Typing

Data gathered from the experiment was examined before proceeding to statistical
analysis. Lines of ISA code which were not typed correctly where removed from the
data set submitted to analysis. It must be noted that extreme values which were out-
side the three interquartile (3xIQR) range were also removed. Although not directly
observable from histograms (see Fig. 6.) gathered data across all combinations of
factor levels violates assumption of normality, as assessed by Shapiro-Wilk’s test, p <
0.005. However, given the robustness of the F test [19, 20] we consider the results of
RM-ANOVA to be valid.

Concerning task reaction time, test subjects while using VSK reacted in 2003.92
ms, SD = 991.802 ms, on the other hand while using VMK the reaction to the task
was slower: 3686.77ms, SD = 2323.744 ms. These values are depicted on Fig. 6.
showing boxplots with whiskers for both reaction time and CPS values for both types
of keyboards, VSK and VMK.

Repeated Measures ANOVA determined a significant difference between reaction
time for VSK and VMK, F(1, 545) = 258.164, p < 0.0005. The test showed that the
first encounter with VMK puts additional strain on the user trying to cope with the
unfamiliar keyboard commands and new layout, which is observable in a significant
increase of reaction time.

The mean CPS for VSK is 1.896, SD = 0.854. Compared to the findings described
in [8] this value is rather low. The size of touchscreen button of our VSK displayed on
the 10.1 inch screen was roughly 12 mm x 10 mm, while Lee and Zhai's test “soft”
keyboard buttons were displayed on a touchscreen device sized 16.5mm x 10.5mm
with average result of 2.6 CPS. Regarding the comparison of CPS values for VSK and
VMK, RM-ANOVA determined a significant difference between 1.896 CPS,
SD=0.854 for VSK and 3.057 CPS, SD=1.581 for VMK, F(1, 545) = 223.936, p <
0.0005, thus supporting our initial hypothesis which stated that VMK will have a
positive effect on the efficiency of ISA code typing on touchscreen devices.
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5.3  Comparison of Total Task Execution Time for VSK and VMK

The initial assumptions regarding the main differences between VSK and VMK
proved to be correct: RM-ANOVA showed a significant difference between reaction
time for VSK and VMK. In the case of latter, the reaction time is larger by a factor of
1.84. On the other hand, owing to the reduction of KSPC for writing ISA code, VMK
enables users to be significantly faster, namely by a factor of 1.61. These two factors,
i.e. reaction time and CPS, are moderately negatively correlated, which is more em-
phasized in the case of VSK. Taking into account these two factors, it cannot easily be
stated which approach (VSK or VMK) gives better overall result regarding the time
needed to enter ISA code. Hence, as shown in Fig. 8, we have compared the total task
time, which is calculated as the sum of reaction duration and typing duration, for both
keyboards.

2057
185
1657
1457
125
1057
85
65

457 l
257 i
0s

I T
WSK Total task time WIVIK Total task time

Fig. 8. Total task times for both VSK and VMK

The mean of total task times for VSK is 9.430s, SD=4.4s. For VMK, the mean of
total task times is 8.575s, SD=3.8s. RM-ANOVA conducted for total task times of
both conditions established a significant difference between these two mean times,
F(1, 545) = 12.579, p < 0.0005.

The analysis of total task time presumes equal lengths of ISA code lines in both
situations; however, as code lines (tasks) were generated randomly, we have ex-
amined instruction lengths for both of them. The mean instruction length for VSK
was 11.547 characters, SD=3.046, while the one for VMK was 12.022 characters,
SD=3.056. One way ANOVA showed significant difference between mean values of
instruction lengths for VSK and VMK, F(1, 1090)=6.612, p < 0.05.

Taking into account all of the above findings, it follows that users enter program
code 9% faster when using VMK than using the standard keyboard. This comes in
spite of the fact that during the first encounter with VMK, they spend 84% more time
on the average to look for the first key to type the instruction mnemonic, once they
have located it, however, the reduction of KSPC will eliminate this deficiency.
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Additionally, we must also note the statistically significant difference between task
lengths, as in the case of VMK the respective tasks were approximately 4% longer.

5.4  Qualitative Validation of VMK

The subjective attitude towards VMK was validated through short interviews with
study group members, after which students were asked to answer a questionnaire
based on a seven point Likert scale. The questionnaire builds upon the theory of
planned behavior (TPB) containing questions regarding: perceived ease of use, per-
ceived usefulness, attitude towards using VMK during study projects, instructor and
student readiness, subjective norm, perceived self-efficacy, learning autonomy, beha-
vioral control, and intention [21], an contains altogether thirty items (questions). In
the following we will describe student attitudes thus obtained through a short outline
of questionnaire results instead of a comprehensive analysis of each item.

Two facts became evident during the short interview with the study group. Firstly,
students claimed that testing was somewhat demanding: the requirement of being fast
and accurate while typing on an unfamiliar keyboard put additional strain on them,
thus they felt as losing pace towards the end of the test. However, the general conclu-
sion of the study group was that they would be much faster after spending some time
using VMK.

Secondly, the questionnaire results showed positive attitude towards perceived ease
of use and perceived usefulness of the VMK. The prevalent grading of items in this
category was within the upper part of the Likert scale (5, 6, or 7). Regarding students’
opinion about the instructor's readiness to embrace m-learning, values were equally
distributed around 5 which was the most used grade in this category, reflecting the
students' opinion about a positive instructors' attitude towards m-learning, but with
less confidence. Student readiness to embrace m-learning and subjective norm (an
individual’s attitude toward behavior) was mostly graded with 6 or even 7, thus em-
phasizing a very positive attitude towards use of mobile devices in learning. Self-
confidence in using such systems is very high among the participants of the study
group, and items in this category were rated mostly with grade 6 or 7, with no grade
lower than 5. Furthermore, readiness to use such a system was also very high among
students; again, most of the items were graded with a 6 or 7, and even fewer with
grade 5. There was no grade lower that 5 in this category.

6 Conclusion

Usability is one of the main four measures of software quality, along with correctness,
maintainability, and integrity [22, 23]. Inclusion of usability principles in the software
engineering process in general is of utmost importance. In this respect, software sys-
tems used in learning should provide users with usable interface and effective interac-
tion styles [24], while their subset — m-learning systems — suffer from even a greater
number of additional usability problems [6, 7] inherited from mobile devices [25],
that are their primary platform. The necessity of decreasing the cognitive overload
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[26] for m-learning systems becomes thus increasingly prominent. The design of both
the system interface and interaction methods must allow the user to focus her/his
energy solely to accomplish the requested learning outcomes and create new mental
structures regarding the knowledge she/he is trying to comprehend.

In this paper, we present results of quantitative and qualitative validation of a spe-
cially designed virtual mnemonic keyboard in the case of a user’s first encounter with
it. Using our testing system, users that had never before used such a keyboard were
even more proficient than in the case of using the classic QWERTY layout, thus giv-
ing us enough confidence to state that such keyboard layout can help in the reduction
of cognitive overload Indeed, test subjects involved in our experiment made similar
claims, stating a positive attitude towards our keyboard design for support ISA code
entry.
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