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Abstract

To determine in a user study whether proposed keyboard layouts, such as
OPTI, can surpass QWERTY in performance, extended training through
longitudinal studies is crucial. However, addressing the challenge of cre-
ating trained users presents a logistical bottleneck. A common alternative
involves having participants type the same word or phrase repeatedly. We
conducted two separate studies to investigate this alternative. The findings
reveal that both approaches, repeatedly typing words or phrases, have limi-
tations in accurately estimating trained user performance. Thus, we propose
the Guided Evaluation Method (GEM), a novel approach to quickly estimate
trained user performance with novices. Our results reveal that in a matter
of minutes, participants exhibited performance similar to an existing longi-
tudinal study — OPTT outperforms QWERTY. As it eliminates the need
for resource-intensive longitudinal studies, our new GEM thus enables much
faster estimation of trained user performance. This outcome will potentially
reignite research on better text entry methods.
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1. Introduction

Text entry is today an essential component of people’s everyday life and
related activities range from texting, sending emails, writing reports and
other documents, to an alternative means of communication for people with
limited muscle control [1, 2, 3, 4]. Currently, most text is entered either via
physical or soft keyboards. Although several more or less optimal layouts
have been presented in the literature [5], the QWERTY keyboard layout and
its variations continue to be the primary means of inputting text to this day
for languages that use the Latin-script alphabet [6, 7].

The main reason behind this predominance is the wide availability of
QWERTY keyboards for more than a century. Thus, many people have
been trained on this layout and it is habitually used in their everyday lives
[7]. The text entry speed achievable via QWERTY is not only very familiar
to users but is also considered to be the most appropriate baseline for anyone
experimenting with unfamiliar keyboard layouts.

Previous research has shown that alternative keyboard layouts that are
theoretically more efficient than QWERTY can offer significant advantages,
but only after substantial training [8]. For example, users needed an average
of 4 hours of practice with a new keyboard layout called OPTI to achieve
the same typing speed as with QWERTY [8]. In the context of touch-based
typing [5, 8], OPTI has been predicted to be approximately 30% faster than
QWERTY, but this speed advantage is typically only achieved after a total of
17 hours of training. Such long training periods make it difficult to persuade
regular computer and smartphone users to commit to such training, especially
when the current typing speed offered by QWERTY is already deemed to be
satisfactory for most situations.

Yet, for input techniques that are more challenging to use, like eye-gaze-
based pointing or brain—computer interfaces for individuals with limited mus-
cle control [1, 2, 3, 4], optimal keyboard layouts have the potential for a
proportionally higher impact on typing speeds and may therefore justify
the effort required to learn a new layout. Still, as previously mentioned,
evaluating the performance potential of unfamiliar layouts suffers a major
methodological bottleneck. Demonstrating the performance potential of a
given layout requires novices (i.e., first-time or beginner-level users of a sys-
tem) to undergo some form of training that can range from about 30 minutes
per participant per layout to up to 7.5 hours of each participant’s time over
14 days, or similar time commitments, e.g., [8, 9, 10, 11, 12, 13, 14, 15, 16,



17, 18, 19, 20, 21, 22, 23, 24, 25]. Thus, conducting studies that require par-
ticipants to be extensively trained is logistically expensive, especially when
comparing novel or unfamiliar layouts to QWERTY [8, 21|, even more so
when comparing multiple different layouts within the same study.

To investigate whether it is possible to speed up the evaluation process
of unfamiliar layouts, we first define a more precise meaning of a few terms.
In the text entry literature, participants who have been trained over a few
sessions on the same day or via a typical text entry longitudinal study have
been (loosely) referred to as “experts”, e.g., [17, 26, 27, 28, 29]|. We disagree
with this definition and instead support the notion that to become an expert
one needs to train for years, or go through approximately 10,000 hours or
more practice [30]. Thus, we refer to longitudinal study participants [4, 8, 16,
17, 18, 19, 20, 21, 22| or users who have been trained for a time frame that
is comparable to such studies, simply as “trained users”. Similarly, we refer
to participants who have undergone training only through multiple sessions
on the same day (6, 9, 10, 11, 12, 13, 14, 15| as “minimally trained users”.

To reduce the logistical burden of a longitudinal study, some researchers
have used an approach that requires participants to only type the same
word(s) /phrase(s) repeatedly, e.g., [14, 21, 27, 28, 31|. Yet, this approach
for estimating trained user performance through repeatedly typing the same
word /phrase has not been validated before. More specifically, it is still un-
known if repeatedly typing the same word/phrase provides a good estimate of
trained user text entry performance for a given keyboard layout. To address
this gap in the literature, we first investigate whether this approach provides
a good estimate of a layout’s potential performance with trained users. To-
wards this goal, and similar to previous work [§], we compare OPTI and
QWERTY by tasking participants to type the same word/phrase repeatedly.

The outcomes of a first repeated phrase typing study show that this ap-
proach does not accurately estimate trained user-level text entry performance
within a single day’s training. Still, this approach can potentially produce
good estimates, but only through a longitudinal study that takes multiple
days [32]. We then investigate the approach of repeated word typing. When
we analyze the data word-by-word, i.e., weighting all words the same re-
gardless of their length, the results came close to that of previous work [§].
Yet, we note that this is a biased outcome, as word length distributions are
not uniform in human languages, and analyzing the data word-by-word thus
does not appropriately estimate real keyboard usage. Once we take the word
length into account in the analysis, the results are far from what was reported



in the literature [8].

Building on these outcomes, we investigate a different approach to bypass
the need for longitudinal studies. One core difference between novices and
trained /expert users in terms of their keyboard usage is that trained/expert
users are able to locate keys more quickly than novices, incurring substan-
tially less average visual search time [33, 34]. To reduce the visual search
time, and in the process, address the lengthy time requirements for longi-
tudinal studies, we introduce here our novel Guided Evaluation Method
(GEM) that allows researchers to empirically evaluate the performance of
trained users in a more efficient manner. The GEM simply highlights all the
keys in a target text that are yet to be typed. Also, instead of presenting
a whole phrase, the GEM tasks participants to type individual words and
requires them to first plan the typing pattern of that word before actually en-
tering it (see Figure 1). All these features combined significantly reduce the
visual search time of novice users and contribute towards making such users
perform like trained users. Yet, although the GEM potentially simulates the
typing behavior of a trained user, we acknowledge that the GEM involves a
typing experience that is not typical for real-life typing. Thus, we emphasize
that the GEM is intended solely as an evaluation method to quickly assess
trained user performance and/or for the comparison of different keyboard
layouts.

To investigate whether this novel evaluation approach estimates the per-
formance of a trained user correctly, we replicate here an existing longitudinal
study with the GEM [8]. Beyond assessing two other evaluation methods for
text entry systems, our main question is whether the GEM approach can es-
timate trained user performance correctly and if the GEM reduces the effort
during the evaluation of text entry systems in research on novel keyboard
layouts.

Our main contributions include: 1) showing that the popular approach of
repeatedly typing the same phrase does not accurately estimate trained user-
level text entry performance within a single day’s training, 2) demonstrating
that the repeated word typing approach is limited in terms of validity and
reliability if analyzed at the word level, and does not yield accurate estimates
when the word length distribution is accounted for in the analysis, and,
3) proposing the GEM approach and demonstrating that it can accurately
estimate trained user-level performance for text entry studies in a matter of
minutes.
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Figure 1: The two keyboard layouts used in our three user studies, where only Study 3
involved the Guided Evaluation Method (GEM) with key highlighting. The GEM high-
lights all the keys in the target word that are yet to be typed in white. With the GEM,
participants are also asked to first plan the typing pattern of each target word before they
start typing and then to type the word as quickly as possible. In (a), as the letter ‘L’ has
already been typed and, as it does not exist elsewhere in the remainder of the target word,
its corresponding key is no longer highlighted.



2. Literature Review

2.1. FEwvaluation Methods for Text Entry Systems

Previous text entry studies typically trained novices from 30 minutes
to up to 7.5 hours per participant per layout to evaluate the performance
of a given text entry method/layout. This training was either conducted
on the same day, e.g., [6, 9, 10, 11, 12, 13, 14, 15|, or, following a more
externally valid approach, over several days through a longitudinal study,
e.g., [4, 8,16, 17, 18, 19, 20, 21, 22|. Kjeerup et al.’s work [35] provides a
comprehensive literature review of such longitudinal studies.

MacKenzie and Zhang [8] compared the QWERTY keyboard to the theo-
retically more optimal OPTI layout in such a longitudinal study. There, five
participants used a stylus to type on each of the two keyboards. A single
session consisted of two 20-22 minute long typing rounds, one for each layout.
Each of the 20 sessions per participant was separated by an interval ranging
from two hours to two days. The results showed that the average typing speed
for OPTI increased from 17.0 words per minute (WPM) in the first session to
44.3 WPM in the 20'" one, while QWERTY started at about 27.5 WPM and
ended at about 40 WPM in the final session. The participants were able to
type faster with OPTT after about 4 hours of practice, i.e., starting from the
11*" session. However, according to MacKenzie and Zhang [8], even though
participants had about 7 hours of practice with OPTT across the 20 sessions,
i.e., they were trained users, this surely does not make them true experts. To
address this, the authors used the power law of learning [4, 18, 19, 21, 36| to
extrapolate the data up to the 50" session and suggested Equations 1 and 2
for QWERTY and OPTI, respectively.

WPM qwrrry = 27.597 x session”'**", R* = 0.9802 (1)

WPM opry = 17.24 x session®**? R? = 0.9974 (2)

In Equations 1 and 2, R? is the squared correlation coefficient and session
corresponds to the number of 20-22 minute training sessions required. Ac-
cording to these equations, after 17 hours of practice, QWERTY and OPTI
could potentially reach 44.8 WPM and 60.7 WPM, respectively. Thus, for
touch-based keyboards, MacKenzie and Zhang showed that theoretically
more optimal keyboard layouts can outperform the more popular QWERTY
layout [8], but only after lengthy training.



In a different effort, and to improve the speed of dwell-based systems
for gaze-based keyboards, Majaranta et al. [16] conducted a longitudinal
study where the participants were allowed to adjust the dwell time required
to select a key according to their preference. Eleven participants typed on
a QWERTY keyboard on ten separate days with each session/day lasting
15 minutes. The results showed that their typing speed improved from 6.9
WPM during the first session to 19.9 WPM in the last. The average dwell
time decreased from an average of 876 ms to 282 ms in the 10" session. Still,
this study took again substantial time, specifically, ten days per participant,
to perform.

To reduce the logistical burden of such a longitudinal study, researchers
have experimented with an approach that only requires participants to re-
peatedly type the same word(s)/phrase(s), e.g., [14, 21, 27, 28, 31]|. However,
typing just one phrase does not accurately reflect the frequency of characters
in the language, i.e., English in our context. Therefore, this approach cannot
reliably evaluate real keyboard usage. To address this, Yu et al. [14] used a
slightly modified approach where each participant was given a unique phrase
to transcribe 12 times. A further improvement was presented in a later work
[37], where the participants were tasked with typing the same ten phrases in
each session for eight sessions.

However, as speculated by Jokinen et al. [18|, while repeatedly typing the
same word on an unfamiliar keyboard layout “may” demonstrate performance
that outperforms QWERTY, typing the same phrase over and over may not
exhibit the same results. Recently, we verified Jokinen et al.’s speculation
that the approach of repeatedly typing the same phrase on an unfamiliar lay-
out like OPTI does not outperform QWERTY within a single day’s training
[32]. That work also indicated that this approach is able to provide a good
estimate of trained user performance and can do so faster than traditional
training with different phrases [32]. Yet, doing this still requires training par-
ticipants over several days, which is still equivalent to a longitudinal study,
albeit a comparatively shorter one.

Mathematical models (e.g., [5, 18, 33, 36, 38, 39]) and empirical studies
relying on a system that simulates a perfect recognizer [9] have also been
used to predict the performance potential of a given layout. In the context of
touch-based text entry, Rick [5] developed a model that predicted that swipe-
based typing (e.g., [40]) has the potential to achieve faster text entry speeds
compared to tap-based typing. For example, a 17.3% gain over tapping is
expected for QWERTY. Yet, if a “more suitable” layout is used, e.g., OPTI
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I, a much higher typing speed could be achieved. More specifically, OPTI
II is predicted to enable typing at a 29.5% faster rate than QWERTY.

Magnien et al. [41] introduced another approach that provides visual
clues to novice participants. Once the user has inputted a few characters,
the system highlights the next few probable characters in bold, which re-
duces the visual search space. Their results demonstrated that this approach
could significantly decrease the time required to enter text. A similar study
was conducted recently by Griineis et al. [42], too. They showed that a
visual clue presented either as a pop-up animation or with an enlarged font
size achieved the best performance, and improved the typing speed by ap-
proximately 36% and 34%, respectively. In our GEM approach, we build on
the idea of providing visual clues [41, 42] to reduce the visual search space.
However, the methods proposed in previous work [41, 42] do not replicate
the actions of a trained/expert user since users still need to visually search
for the next key (albeit among a comparatively smaller subset of keys). We
mitigate the issue of the required visual search time to some extent in the
GEM approach by requiring participants to first also plan their typing of a
word, before actually starting to enter the word.

2.2. Touch-Based Text Entry

Previous work has presented multiple novel methods for typing text on
touch-based devices. This includes but is not limited to: hand-posture adap-
tive keyboards [43, 44|, key-target resizing keyboards [45], tap-stroke hybrid
keyboards [46|, gesture keyboards [47, 48, 49, 50, 51|, and different keyboard
layouts |20, 52, 53, 54|. However, the focus of such studies is on improving
typing speeds or exploring new text input methods. In contrast, our objec-
tive is not to develop an improved touch-based text entry system. Instead,
we take advantage of the ubiquity of touch-based systems to validate the
GEM by building on MacKenzie and Zhang’s [8] work. Yet, with the GEM,
we are presenting a methodology that can accelerate the search for better
text entry layouts and/or techniques that support this area of research.

3. User Study 1 — Phrase Repetition

Our first study [32| was designed to evaluate the approach of typing the
same phrase repeatedly for the two keyboard layouts used by MacKenzie
and Zhang [8], OPTI and QWERTY. We chose (a slightly modified ver-

sion of) the method used in MacKenzie and Zhang’s study and its results



[8] as a comparison point for two reasons. First, this choice allowed us to
compare our results with the findings of an independently performed and
thus more externally valid longitudinal study. Also, unlike, e.g., work on T9
[55], this study utilizes a form of touch-based input, which matches today’s
smartphone-based text entry methods reasonably well.

3.1. Apparatus

To ensure that participants were using a device that they were familiar
and comfortable with from their everyday use and to make it also easier to
recruit remote participants, we asked them to perform the experimental task
using their personal smartphone.

3.2. Keyboard Designs

To ensure comparability to MacKenzie and Zhang’s work [8|, we aimed
to replicate their work as closely as possible. Therefore, we deliberately did
not consider typing disambiguation methods, such as tap positions [5] or
language models [40], as including these could have confounded the results.

In our study, participants typed on both the OPTI and QWERTY key-
board layouts with the device held in landscape mode. To ensure both layouts
fit comfortably onto the screen, we limited the study to smartphones with
a display size of at least 6" diagonally. However, to accommodate the key-
boards onto a 6" screen, we had to reduce the key sizes by 0.2 cm compared
to the original design by MacKenzie and Zhang [8|, resulting in keys that
were 0.8 x 0.8 cm. This slight decrease in key size should not significantly
impact the results, as suggested by Fitts’ law [56, 57, 58, 59, 60| and pre-
vious research [29, 33]. We also introduced a gap of 0.1 cm between keys
to prevent unintended selections when users touched the edge between two
keys. Additionally, we provided auditory feedback in the form of a subtle
click for each key press. We also replaced the F1 key in the original OPTI
layout with a backspace key to facilitate error correction. Following typical
smartphone QWERTY layouts, the backspace key was added next to the
character ‘M’. We showed participants their task progress in the top-right
corner of the screen. The design of the two keyboard layouts is illustrated in
Figure 1. We developed the Android app for the study using Unity.

3.3. Participants

Eight participants (7 male), aged 31.4 £ 5.21 years, took part in the study.
They were recruited via word of mouth or ads over social media platforms



and email and were compensated $15 for their participation. All participants
had over nine years of experience with typing on a physical /soft QWERTY
keyboard, but none had experience with the OPTI keyboard prior to this
study.

3.4. Procedure

Participants started by filling out a consent form and a demographic ques-
tionnaire, including questions regarding their age, gender, and experience
using OPTI and QWERTY layouts. Then, they typed using both OPTI
and QWERTY, presented in counterbalanced order in a within-subjects ex-
perimental design with a single independent variable — the two keyboard
layouts. Each participant typed the same phrase 96 times over eight sessions
(i.e., 12 times per session) for each of the two layouts. Participants were in-
structed to type an extra “space” after the last word, to also denote the end
of that phrase [24]. Participants were asked to rest for 2 minutes between
sessions.

The phrases were randomly selected from MacKenzie and Soukoreft’s set
[61], which consists of a total of 500 phrases. The minimum, maximum,
and average phrase lengths in that set are 16, 43, and 28.6 characters, re-
spectively, and the average word length is 4.45 characters. To increase the
external validity, we followed Yu et al.’s approach [14] and ensured that every
participant was given a different /unique phrase to transcribe.

Instead of the stylus used by MacKenzie and Zhang [8], participants were
instructed to use their dominant hand’s index finger [18] to type on the mo-
bile screen. They were also instructed to correct any mistakes immediately
if they noticed them but to ignore mistakes that occurred two or more let-
ters back. We made this choice to avoid the cumulative effect of too many
corrections, which in the process can substantially affect the typing speed
[62]. Participants performed the task while sitting in a chair and holding the
phone with their non-dominant hand. Participants were asked to rest for at
least 5 minutes between the two keyboard conditions.

At the end of the experiment, we conducted a short semi-structured in-
terview where participants were asked to share thoughts about their typing
experience with the two layouts. The experiment took about an hour per
participant, including the demographic questionnaire and the interview.
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3.5. Performance Metrics

In this study, we chose the following metrics to evaluate the text entry
performance of the two keyboard layouts:

Words per minute (WPM) represents the number of words typed per
minute. Here, a single word is defined as a sequence of any 5 characters.
This includes spaces but excludes backspaces [63].

Keystrokes per character (KSPC) is the average number of key selec-
tions required to (correctly) type in a single character. More precisely,
KSPC is the ratio of the total number of selected keys to the length
of the typed text [64]. Thus, KSPC takes into account the number of
times the backspace key was hit.

Minimum String Distance Error Rate (MSD ER), where the MSD rep-
resents the minimum amount of changes, including insertions, deletions,
and substitutions, needed to convert one string to another. We use the
MSD ER metric formulation proposed by Soukoreff and MacKenzie [65]
to compute the difference between the target and the entered phrase.

Table 1: WPM results for each session, overall totaling about 25 minutes of typing on
each keyboard. Also, projections via Equations 1 and 2 of how many (22 minutes long)
sessions or how much time would be required to reach the corresponding WPM with the
traditional approach of typing different phrases during training.

Typing Speed Projected No. of | Projected Training
(WPM) Training Sessions Time (hours)

Session OPTI QWERTY | OPTI | QWERTY | OPTI | QWERTY
1 19.1 £ 5.85 | 33.7 £ 6.37 1.4 5.0 0.50 1.83
2 22.9 £7.01 | 36.0 £ 6.35 24 8.6 0.89 3.14
3 254 £ 711 | 35.1 £ 6.12 3.3 7.0 1.23 2.56
4 25.7 £7.24 | 36.7T £ 6.15 3.5 10.0 1.27 3.67
5 27.9 £ 8.08 | 35.5 £ 5.76 4.5 7.6 1.64 2.80
6 31.0 £ 797 | 344+ 7.73 6.2 5.9 2.28 2.16
7 30.8 £7.86 | 34.1£56 6.1 5.5 2.22 2.03
8 31.0 £8.64 | 33.0 £ 5.94 6.2 4.3 2.27 1.57
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3.6. Results and Discussion

Our results are presented in Table 1 and Figure 2. As per Figure 2a,
although repeatedly typing the same phrase improved participants’ perfor-
mance for OPTI, the speed for OPTI never approached the performance
achieved with QWERTY. In other words, participants’ typing speed using
the QWERTY layout was always above the typing speed achieved using
OPTI throughout the eight sessions.

As can be seen in Table 1 and Figure 2a, participants’ average typing
speed with OPTI was 19.1 + 5.85 WPM in the first and 31.0 + 8.64 WPM
in the last session. The speed achieved in the last session was also the
fastest average typing speed across participants in that condition. The fastest
individual participant reached an average speed of 41.1 + 5.12 WPM in the
8% session with OPTI. Using QWERTY, participants achieved on average
33.7 + 6.37 WPM in the first and 33.0 + 5.94 WPM in the last session.
The fastest average typing speed of 36.7 & 6.15 WPM was achieved by the
participants on the 4™ session with QWERTY (see Table 1). The fastest
individual participant was able to reach an average typing speed of 42.6 +
7.87 WPM on the 4" session as well with the QWERTY layout.

For both OPTI and QWERTY layouts, no noteworthy trends were ob-
served in terms of KSPC and MSD ER. Other than a few exceptions, i.e., in
sessions 1 and 3-5 in Figure 2b, and sessions 3 and 8 in Figure 2c, the curves
for both keyboards look fairly similar to each other. Also, the average MSD
ER for both keyboard layouts was below 2% for all sessions (see Figure 2c),
showing that the participants were quite careful when using both keyboard
layouts [40].

When referencing our results with Equations 1 and 2, which are based
on MacKenzie and Zhang’s work [8], the average typing speed of the last
session is equivalent to 4.3 (20-22 minute long) sessions for QWERTY and
6.2 sessions for OPTI (see Table 1). For QWERTY, where the fastest session
was the 4" session, we estimate that it would take 10 sessions to reach that
speed of 36.7 WPM. This shows that repeatedly typing the same phrase for
about 30 minutes can — at best — achieve comparable results to 3.67 hours
of normal/traditional training (i.e., training with different phrases) with a
known keyboard layout, i.e., QWERTY, or 2.27 hours of traditional training
with an unknown layout, in this case, OPTI.

In contrast to our results, MacKenzie and Zhang [8] found OPTI was able
to outperform QWERTY starting from the 11*" (20-22 minute) session and
eventually reached 44.3 WPM in the 20*" session, with QWERTY achieving
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about 40 WPM on the same session. The typing speed of our participants did
not even get close to the performance of the trained users in MacKenzie and
Zhang’s study [8] for either keyboard. The results of our study thus indicate
that — although repeatedly typing the same phrase improves performance —
this approach is not suitable for reliably estimating trained user performance
for unfamiliar keyboard layouts. Thus, our results support Jokinen et al.’s
[18] speculation that repeatedly typing the same phrase on an unfamiliar
layout, e.g., OPTI, does not demonstrate that it can surpass QWERTY’s
performance, at least not within a single day’s training. More importantly,
the approach of repeatedly typing the same phrase does not yield a good esti-
mate of trained user-level text entry performance with a single day’s training.

The change in typing speed over time for OPTI in Figure 2a showed an
increasing trend until the 6" session. From there onwards, the curve flattened
out completely. We see this as evidence that continuing the experiment for
a few more sessions probably would not have increased OPTI’s performance
any further. As for QWERTY’s trend over time in Figure 2a, the typing
speed shows a slight increase from the 1% to the 4'" session. However, a
decreasing trend can be observed from the 5" session onwards.

We probed this issue in our semi-structured interviews, where one partic-
ipant mentioned that “the task very quickly got boring and frustrating as it
seemed like it was never going to end.” Another shared “My mind kept wan-
dering off. It was very hard to continuously keep my concentration on the
task.” Similarly, another participant explained “After a couple of sessions,
QWERTY was especially hard as there was no challenge associated with the
task, ... , unlike OPTI, where I felt there was still scope for improvement.”
Others also gave similar feedback about the experimental task. Given these
insights, the downward trend of QWERTY’s typing speed starting from the
5" session is most likely associated with participants’ fatigue and the lack of
challenge in the experimental task. This brings up the question of whether
this fatigue had an effect on the results for the flattening trend of OPTI
starting from the 6*® session.

To investigate this issue, we fit a regression based on the power law of
learning through the WPM data [8, 18, 19, 21, 36], see Figure 3, which yielded
the following two equations:

WPM qwerry = 35.684 x session” %%, R* = 0.0517 (3)

WPM oprr = 15.64 x session®3*™, R? = 0.9596 (4)
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In Equations 3 and 4, a single session comprises repeatedly typing the
same phrase 12 times, and R? represents the squared correlation coefficient.
According to the R? value in Equation 4, approximately 96% of the variance
is accounted for in the fitted learning model, which means that the model
predicts user behaviors very well. Equation 4 predicts that it would require
~~24 sessions (289 repetitions, 8 sessions per day = a little over 3 days)
of repeatedly typing the same phrase with OPTI before participants would
reach the typing speed of 44.3 WPM, which was reported by MacKenzie and
Zhang [8] after twenty (20-22 minute) normal/traditional sessions of training,
i.e., training with different phrases. In other words, although repeatedly
typing the same phrase can eventually provide a good estimate of trained
user performance and can do so faster than traditional training, this approach
still requires training participants over several days and therefore does not
eliminate the need for a longitudinal study.

Yet, typing the same phrase repeatedly on a known layout, in this case,
QWERTY, had detrimental effects on learning. This is evident by the (small)
negative exponent (i.e., -0.016) and a very small R? value in Equation 3.
Thus, we suggest not to use the repeatedly typing the same phrase task for
more than 4 sessions, i.e., 48 repetitions, for QWERTY or any other layout
that is already highly familiar to a participant. Overall, our analysis based
on the power law of learning showed that the observed flattening trend of
OPTTI’s typing speed from 6" session and the decreasing trend of QWERTY
from 5% session onwards are most probably due to the fatigue associated
with the experimental task of typing the same phrase repeatedly.

The repetitive phrase typing approach has been used in the past either
with complete novices [31], or with participants who first trained for a few
sessions using the traditional approach of typing different phrases and then
typing the same phrase for a few more sessions, e.g., [14, 21, 27, 28|. In our
study, we chose the former method [31] which uses a single phrase repet-
itively. We did this as we wanted to investigate an approach that has a
higher probability of quickly reaching trained user performance. Further, we
also ensured that the total number of repetitions for a single phrase was sub-
stantially larger than the combination of phrases and repetitions typically
employed by other studies [14, 21, 28|.
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4. User Study 2 — Word Repetition

The results from Study 1 identify that the repeated phrase typing method
is not a good substitute for longitudinal studies, specifically within a single
day of training. Thus, in the second study presented here, we investigated
the approach of repeatedly typing the same word |28], a method that Jokinen
et al. [18] postulated to be potentially more promising compared to repeated
phrase typing.

For this study, we (again) conducted a modified replication of MacKenzie
and Zhang’s study [8], with the difference of employing the repeated word
typing approach. This choice also permits us to validate the effectiveness of
the repeated word typing approach relative to previous work. Here, we out-
line the study’s specifics and the methodology used to assess the performance
of the two keyboard layouts, OPTI and QWERTY.

4.1. Participants

7 females and 7 males, i.e., 14 participants aged 22.7 + 3.24 years, took
part in the word repetition study. 10 participants had experience with typ-
ing on a physical and/or soft QWERTY keyboard for over nine years, two
participants had been typing for 7-9 years, and another two for 5-7 years.
All participants typed on the OPTI keyboard for the first time in this study.
They received a compensation of $15 for their participation.

4.2. Apparatus, Keyboard Designs, and Procedure

The same apparatus and keyboard design from Study 1 were employed
in this study. Participants started by completing a consent form and a de-
mographic questionnaire covering information such as their age, gender, and
familiarity with the OPTI and QWERTY layouts. Subsequently, partici-
pants proceeded to type six phrases (randomly chosen from MacKenzie and
Soukoreff’s set [61]) on each of the two keyboards presented in counterbal-
anced order. In this study, the phrases were presented to them one word
at a time, and each such word was presented repeatedly. Unlike work that
used the approach of typing a random word (or the same phrase) repeatedly
[14, 27, 28, 31, 32|, our choice of using the approach of presenting phrases
word-by-word still ensures that the character frequency, sequence, and length
of the typed content closely resemble real keyboard usage and thus our re-
sults should match many other existing text entry studies, e.g., |8, 16, 40],
as closely as possible.
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Once each target word had been entered, we asked participants to type a
“space” to clearly denote the end of that word, like in Study 1. The reason
why we chose “space” to end each word is not only because that is how words
typically end, but also because it is the most frequently typed key [8, 66]. For
each word, participants were tasked to repeatedly type that word 10 times,
after which the next word in the current /next phrase appeared. At the end of
repeatedly typing a word 10 times, the keyboard disappeared for 200 ms and
then reappeared again to give participants a visual cue that the target word
had changed. We also asked them to memorize each target word, including
its spelling, if necessary.

The participants did not undergo practice trials; instead, we treated all
ten repetitions of all the words of the first phrase as practice, i.e., the whole
first phrase, and excluded that data from the analysis [14, 67|. Participants
were asked to rest for at least 5 minutes between the two keyboard layouts.
After completing the experiment, participants filled out a brief questionnaire,
sharing their preferences and providing feedback on aspects such as ease of
interaction, frustration, mental, and physical fatigue, as well as perceived
speed and precision for each keyboard, using 7-point Likert scales. On aver-
age, participants spent approximately 20 minutes typing on each keyboard.
The entire experiment, encompassing the demographic pre-questionnaire and
post-questionnaires, took about an hour.

For all other aspects, we adhered to the same procedure as in Study 1,
which involved restricting touch typing to the index finger of the dominant
hand and focusing correction efforts solely on mistakes within the last two
letters.

4.3. Performance Metrics

We used the same performance metrics as in Study 1, i.e., WPM, KSPC,
and MSD ER, here as well. However, we used two different approaches to
analyze the data:

o Word-level — With this approach, we calculated the results word-by-
word for every repetition, similar to existing word repetition studies

128].

e Phrase-level — In this approach, we combined the words, which were
presented separately to the participants, across each repetition into
the target phrase. So, all third repetitions of each word of the phrase
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were “assembled” into the third instance of the whole phrase. Then, we
calculated the results for the entire phrases. This approach matches
how text entry results are typically analyzed in most studies, e.g., [6,
8,9, 10, 11, 12, 13, 15, 16, 17, 20, 21, 23, 24, 25, 28, 68, 69|, and thus
enables comparisons of our results with a wide range of work in the
literature.

More importantly, in the phrase-level approach, combining the words into
phrases ensures that the word length distribution of a given language, i.e.,
English in our case, is also taken into account in the calculation of the re-
sults. In other words, the word-level approach considers every word, irrespec-
tive of its length, to have the same weight in the calculation of the average
WPM/KSPC/MSD ER. In contrast, the phrase-level approach weighs each
word by its length, preserving the word length distribution in its calculation,
thus computing an appropriately weighted average. With our approach, we
also address a limitation of a previous word repetition study [28], where the
average and maximum word lengths of the chosen 20-word set were just 3.3
and b5, respectively, whereas the average word length is 5.1 in the English
language 70|, which means that this previous study may have biased results
towards shorter words (that are easier to enter).

4.4. Ezxperimental Design

We used a within-subjects design for our evaluation, with two independent
variables — the keyboard layout and the repetition number. As dependent
variables, we measured participants’ WPM, KSPC, and MSD ER. For each
of these performance metrics, we calculated the word-level and phrase-level
averages for each of the 10 word-by-word repetitions of the five typed phrases,
i.e., ignoring the first practice phrase. On average, each participant typed
27.2 words ten times for each layout, with the average word length being
5.38.

4.5. Results

We first present an analysis of the main objective measures followed by
the subjective ones. The objective measures were analyzed using two-way
repeated measures (RM) ANOVA with o = 0.05 in SPSS 29. The subjective
measures data was analyzed using dependent t-tests with a = 0.05 using
the same software. We considered data to be normally distributed when
Skewness (S) and Kurtosis (K) values were within +1.5 [71, 72|. For RM
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ANOVA, upon violation of Mauchly’s sphericity test, we applied Huynh-
Feldt correction where € < 0.75, and all post-hoc analyses were conducted
with the Bonferroni method. For dependent variables that did not have a
normal/log-normal distribution, data was transformed using Aligned Rank
Transform (ART) [73]. For brevity, we detail only statistically significant
results.

Table 2: Word-level RM ANOVA results for the two Keyboard Layouts and ten Repeti-
tions.

Keyboards Repetitions Keyboards x Repetitions
WPM F1113:: 088, n.s., F3.80,49.4 = 50.8,p < 0.001, F3,53,45.g = 53.0,p < 0.001,
n? = 0.064 n? = 0.796 n? = 0.803
MSD ER Fi13 :28.38,p < 0.05, Fy 117 = 2.25,p < 0.05, Fy117 = 1.78,n.s.,
n* = 0.392 n? = 0.147 n? =0.121

Table 3: Word-level WPM results for each repetition, overall totaling about 20 minutes
of typing on each keyboard. Also, projections via Equations 1 and 2 of how many (22
minutes long) sessions or how much time would be required to reach the corresponding
WPM with the traditional approach of typing different phrases during training.

Typing Speed Projected No. of | Projected Training
(WPM) Training Sessions Time (hours)

Repetition OPTI QWERTY | OPTI | QWERTY | OPTI | QWERTY
1 23.6 & 15.5 | 36.3 &+ 10.8 2.6 9.1 0.97 3.34
2 373 £16.9 | 38.6 £10.3 | 11.0 15.0 4.05 5.50
3 39.5 £ 168 | 38.1 £10.2 | 13.1 13.5 4.82 4.95
4 40.3 £ 15.5 | 38.0 &+ 10.3 14.0 13.2 5.12 4.85
5 40.5 + 14.7 | 37.5 £ 9.54 14.2 12.0 5.21 4.39
6 41.3 £ 145 | 37.8 £ 942 | 151 12.7 5.54 4.65
7 414+ 142 | 381 +£9.70 | 152 13.6 5.57 4.98
8 40.9 £ 14.3 | 37.8 £ 899 | 14.7 12.7 5.38 4.65
9 42.0 £ 13.2 | 37.6 £ 9.24 15.9 12.3 5.84 4.51
10 424+ 134 | 376 £ 883 | 164 12.1 6.02 4.44

4.5.1. Word-level Analysis of WPM, KSPC, MSD ER, and Required Num-
ber of Traditional Training Sessions

All significant results for our main object measures are presented in Tables

2 and 3, and Figures 4 and 5. According to Table 3 and Figure 4a, partici-

pants started significantly slower with OPTI (23.6 £ 15.5 WPM) compared

to QWERTY (36.3 & 10.8 WPM). Yet, starting from the 3¢ repetition, they
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were quickly able to exceed their corresponding QWERTY’s typing speed.
Still, OPTT only exhibited significantly better performance over QWERTY
for repetitions 6 through 10. The curve for OPTI also starts to show a flat-
tening trend from the 3™ repetition onwards. As for QWERTY, except for
the 2" repetition, the data seems to be more or less flat throughout.

The fastest average typing speed of 42.4 + 13.4 WPM achieved using
the OPTI layout was on the very last repetition. Yet, for QWERTY the
fastest speed (38.6 & 10.3 WPM) was already observed in the 2°¢ repetition.
The fastest individual participant reached an average speed of 56.0 + 11.6
WPM in the 10* repetition with OPTI. Similarly, for QWERTY, the fastest
individual participant typing speed of 45.7 & 9.90 WPM was observed in the
3*4 repetition.

When comparing our results with Equations 1 and 2 from MacKenzie
and Zhang’s research [8], the average typing speed of the final repetition
corresponds to 12.1 (20-22 minute long) sessions of normal/traditional train-
ing (i.e., training with different phrases) for QWERTY and 16.4 sessions for
OPTI (see Table 3). Specifically, for QWERTY, where participants achieved
their highest speed in the 2" repetition, we estimate that reaching a speed
of 38.6 WPM would require 15 sessions.

Interestingly, OPTT’s typing speed performance showed a downward trend
with increasing word length, as can be seen in Figure 5. Yet, the typing
speed for QWERTY was more similar for all the word lengths (except for
word length 12). For words that had a length of 5 or less, OPTI exhibited
superior typing speed over QWERTY within the ten repetitions. For words
with a word length of greater than 5, the curves crossed over each other, with
QWERTY exhibiting superiority over OPTI.

A two-way RM ANOVA across keyboards and repetitions did not reveal
significant differences for KSPC for the two dependent variables nor an in-
teraction. As for MSD ER (see Table 2), with the exceptions of the 2" and
the 9" repetitions where OPTI exhibited significantly more errors than QW-
ERTY (see Figure 4e), no other significant differences were found between
the two keyboard layouts in the post-hoc analysis. Still, the MSD ER was
throughout well below 2% for both the keyboards, allowing us to conclude
that both KSPC (see Figure 4¢) and MSD ER did not reveal any noteworthy
trends.
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Table 4: Phrase-level RM ANOVA results for the two Keyboard Layouts and ten Repeti-
tions.

Keyboards Repetitions Keyboards x Repetitions
WPM F1’13 = 8.45,p < 0.05, F5.30,68.9 = 40.7,p < 0.001, F9’117 = 29.0,p < 0.001,
n? = 0.394 n? = 0.758 1n? = 0.690
F1’13 = 974,p < 0.01, F9,117 = 2.58,p < 0.01, Fg’117 = 1.84771.8.7
MSD ER n? = 0.428 n? = 0.165 n? =0.124

4.5.2. Phrase-level Analysis of WPM, KSPC, MSD ER, and Required
Number of Traditional Training Sessions

Tables 4 and 5 and Figure 4 present the results for the phrase-level per-
formance metrics. According to Table 5 and Figure 4b, participants’ typing
speed was significantly slower in the first four repetitions with OPTT com-
pared to QWERTY. Starting from the 5" repetition until the end, no signif-
icant differences in typing speed between OPTI and QWERTY were found.
In other words, the two keyboard layouts exhibited similar performance from
the 5" repetition onwards. In short, according to this measure OPTI was
never able to outperform QWERTY.

The curve for OPTI showed a flattening trend starting from the 5% rep-
etition. Although there was a slight increase in typing speed on the 9"
repetition, the slope of the curve flattened out again on the 10*" repetition.
Conversely, the data for QWERTY was pretty flat throughout the ten repe-
titions.

The highest average typing speed of 35.2 £ 8.69 WPM attained using
the OPTTI layout occurred in the final repetition. For QWERTY, the highest
speed of 35.2 &+ 5.60 WPM was observed on the 8% repetition. Among
individual participants, the fastest average speed reached 51.0 £+ 5.08 WPM
in the 10" repetition with OPTI. Similarly, with QWERTY, the highest
individual participant typing speed (43.4 £+ 5.43 WPM) was recorded on the
7™ repetition.

When comparing our results with Equations 1 and 2 8|, the fastest aver-
age typing speed corresponds to 7.1 (20-22 minute long) sessions of traditional
training for QWERTY and 9.2 sessions for OPTI (see Table 5).

Similar to our word-level KSPC results, a two-way RM ANOVA (again)
did not reveal significant differences for phrase-level KSPC. As for MSD ER
(see Table 4), OPTI exhibited significantly more errors than QWERTY in
the first four and the 9* repetition (see Figure 4f). For repetitions 5-8 and 10,
we did not observe significant differences between the two keyboard layouts.
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Again, in all the repetitions for both keyboards, the MSD ER never reached
2%. This indicates that the participants were quite careful when typing on
each of the two keyboards [40].

Table 5: Phrase-level WPM results for each repetition, overall totaling about 20 minutes
of typing on each keyboard. Also, projections via Equations 1 and 2 of how many (22
minutes long) sessions or how much time would be required to reach the corresponding
WPM with the traditional approach of typing different phrases during training.

Typing Speed Projected No. of | Projected Training
(WPM) Training Sessions Time (hours)

Repetition OPTI QWERTY | OPTI | QWERTY | OPTI | QWERTY
1 15.4 £+ 4.67 | 31.8 £ 5.63 0.7 3.1 0.26 1.14
2 26.1 +£8.99 | 33.9 £+ 6.32 3.6 5.3 1.33 1.93
3 29.5 £ 10.3 | 34.0 £ 6.93 5.3 5.4 1.95 1.96
4 29.8 +9.34 | 34.3 + 6.09 5.5 5.8 2.01 2.12
5 32.3 £9.81 | 33.8 £ 5.34 7.1 5.2 2.59 1.89
6 33.1+£9.83 | 347+ 6.24 7.6 6.4 2.79 2.35
7 334+ 104 | 34.8 £ 5.59 7.8 6.5 2.85 2.39
8 33.0 £ 9.67 | 35.2 + 5.60 7.5 7.1 2.75 2.61
9 34.9 4+ 8.46 | 34.2 4+ 5.45 9.0 5.6 3.28 2.06
10 35.2 + 8.69 | 34.8 + 4.82 9.2 6.5 3.38 2.37

4.5.3. Learning Curves

We also fit a regression based on the power law of learning through the
word-level and phrase-level WPM data [8, 18, 36|, see Figures 6a and 6b.

This yielded Equations 5 and 6 for word-level analysis:

WPM qwerry = 37.177 x repetition®*®! R* = 0.0767

WPM opr; = 24.688 x repetition® 33 R? = 0.6358

and Equations 7 and 8 for phrase-level analysis:

WPM gwrrry = 31.682 x repetition®****, R* = 0.6762

WPM opr; = 14.813 x repetition®3%°!, R? = 0.7998

(8)

In the above equations, repetition is the number of times the word is

repeatedly typed, and R? represents the squared correlation coefficient.
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4.5.4. Subjective Measures

11 out of the 14 participants preferred the QWERTY layout, and only
3 preferred OPTI. Justifications for selecting QWERTY included “muscle
memory,” “habituation with [the| existing method,” and “I use this layout
every day, so I am pretty familiar with it.” Subjects who preferred OPTI
mentioned “the spacebars and the alphabet location, in particular, helped me
[type] faster,” and “there were four spacebars ... and the letters were better
arranged.”

When participants were asked about their perceived ease of interaction
with each keyboard using a 7-point Likert scale (1: very difficult, 7: very
easy), the subjective feedback indicated a notable preference for QWERTY,
which was perceived as significantly easier than OPTI (t13 = 4.09,p <
0.001,d = 1.09). Regarding frustration levels (1: very frustrating, 7: very
satisfied), participants found QWERTY to be significantly less frustrating
than OPTI. (t13 = 2.73,p < 0.05,d = 0.73). Similarly, in terms of mental fa-
tigue (1: very fatiguing, 7: very relaxing; t13 = 2.79,p < 0.05,d = 0.75) and
perceived speed (1: very slow, 7: very fast; t13 = 3.40,p < 0.01,d = 0.91),
QWERTY again outperformed OPTI. The remaining two subjective mea-
sures, namely physical fatigue and perceived precision (1: very imprecise, 7:
very precise), did not reveal significant differences. A graphical representa-
tion of the subjective outcomes is depicted in Figure 7.

4.6. Study 2 Discussion

In this study, we investigated whether repeatedly typing the same word
provides an accurate estimation of trained user performance for unfamiliar
keyboard layouts. To do this, we replicated MacKenzie and Zhang’s study
[8] with repeated word typing and analyzed the data following two different
approaches, i.e., at the word- or phrase-level.

Results revealed that word-level analysis matches the findings of MacKen-
zie and Zhang [8] more closely. As previously mentioned, MacKenzie and
Zhang [8] found participants were able to reach 44.3 WPM and about 40
WPM for OPTI and QWERTY, respectively, after 20 (20-22 minute) ses-
sions of traditional training. The highest speed achieved in our study was
42.4 WPM for OPTT and 38.6 WPM for QWERTY (see Table 3 and Figure
4a). To reach such speeds, we can estimate (using Equations 1 and 2 [§])
that about 16 and 15 sessions, i.e., about 6 and 5.5 hours, of traditional
training would be required, respectively (see Table 3). Moreover, and similar
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to MacKenzie and Zhang’s findings [8], our results also indicated that OPTI
is superior to QWERTY.

Yet, we caution that word-level analysis is limited in terms of validity and
reliability. The reason is that it does not take the word length distribution
of a language into consideration and considers every word, whether of length
two or ten, to have the same weight in the calculation of the averages. In
other words, word-level analysis does not resemble the results of real-world
keyboard usage well enough. Instead, a more valid and more widely compa-
rable approach is a phrase-level analysis where the words are combined into
their respective phrases.

However, the phrase-level analysis was unable to identify a superior key-
board nor did it provide accurate performance estimates (see Table 5 and
Figure 4b). The main reason for this seems to be OPTI’s deteriorating per-
formance for longer words, as evident in Figure 5. Thus, taking the word
length distribution in the phrase-level analysis into account resulted in dif-
ferent estimates. Our outcome also indicates that using only shorter words
in a typing study [28] can bias the outcome of a study substantially (the
OPTI data in Figure 5 is on average never below QWERTY for words up
to 5 letters), and thus we do not recommend using only shorter words. Al-
though not reported here, we also calculated word-level weighted averages of
the typing speed, where the weights were set to the lengths of each word.
From this, we found quite similar results to that of our phrase-level analysis
presented in Figure 4b, matching the pattern of the curves similarly well.

The learning curves for word-level and phrase-level analysis in Equations
5, 6, 7, and 8 also show that phrase-level analysis fits the performance data
better than word-level analysis, as evident through the higher R? values. This
again shows that phrase-level analysis is potentially a more valid approach
than word-level analysis.

One reason the curve for QWERTY was fairly flat in both Studies 1 and
2 (see Figures 3 and 6) is attributable to the fact that the QWERTY layout
did not involve much learning, due to participants’ prior familiarity with the
layout. Thus, QWERTY was also highly preferred and rated as evident in
the subjective outcomes of this study.

5. Guided Evaluation Method (GEM)

The findings of Study 2 discourage the use of the repeated word typing
approach for text entry studies, as this approach was unable to accurately
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estimate trained user performance (if word length distributions were cor-
rectly accounted for). Thus, we introduce here a new approach: the Guided
Evaluation Method (GEM). The GEM is designed to be less resource-
consuming than traditional evaluation approaches. To reduce a novice’s vi-
sual search time for finding keys on an unfamiliar keyboard [33, 34|, the
GEM builds on the idea of providing visual clues [41, 42| and guides the
user by highlighting all the characters of the target word, more specifically,
the keys that are yet to be typed (see Figure 1). Thus, with a target word
of “ELECTIONS” and as shown in Figure la, when “EL” has already been
typed, the letter ‘L’ is no longer highlighted as it does not exist elsewhere in
the remaining part of the target word. If participants make a mistake, keys
are not de-highlighted from the mistake onwards. This helps participants
realize that a mistake had occurred earlier in the word and does not require
them to constantly check whether the typed and the target text matched.

Similar to Study 2, once the target word was typed, we asked participants
to type in a space character to denote the end of the word. Also, we (again)
randomly chose complete phrases from MacKenzie and Soukoreft’s set [61],
but (again) presented only one individual word at a time.

We chose to present only a single word at a time because we did not want
to overburden our novice participants with the need to remember the whole
phrase — after all, they are simultaneously dealing with the unfamiliar OPTI
keyboard layout, which already increases cognitive overhead. Thus, having
to memorize only a single word (instead of a phrase) is more likely to reveal
representative typing speeds, as participants need to memorize less text at
a time. Furthermore, typing only a single word at a time also requires less
going back and forth to check whether the typed and the target text match,
again avoiding extra time that is not representative of skilled typing.

In our first pilot study during the development process of the GEM, we
tried to highlight only the next letter, i.e., highlight a single key /letter of the
target word at a time. Yet, this did not work well, as our novice participants
took a lot of time to first perceive and react to each new highlight, i.e., the
time needed to process a new visual stimulus 74, 75|, before pressing the
corresponding key. As the time interval required to respond to a new visual
stimulus is not representative of trained /expert user behavior, we decided to
use a different approach.

In a subsequent pilot study, we asked participants to first plan the typing
pattern of each target word before they started typing that word without
highlighting any letters. We encouraged them to take as long as they needed
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to plan the typing pattern. Once the planning was done, they were asked
to type the target word as quickly as possible. Yet, this approach also did
not work well, as we noticed that participants were not able to remember
the typing pattern beyond four or five letters of the target word. In other
words, participants frequently got “lost” after they typed four/five letters and
started acting like pure novices, i.e., scanned the entire keyboard layout for
each next target letter.

To address this issue and to simultaneously compensate for the above-
mentioned per-key reaction times, we asked participants to plan the typing
pattern for each word before typing it and also highlight all the keys of the
target word on the keyboard that are still to be typed. Highlighting all
keys to be typed permits us to de-highlight all keys that have already been
typed — as long as they do not exist elsewhere in the target word. This
significantly reduces the visual search space and thus (largely) mitigates the
issue of participants getting lost after typing four or five letters.

In summary, GEM comprises three main features — typing only a single
word at a time, planning before typing, and reducing the search space by
highlighting all necessary keys but also de-highlighting keys that have already
been typed. These three properties of the GEM allow us to substantially
reduce learning effects and thus the need for a longitudinal study, which
enables us to use the GEM to directly compare different keyboard layouts,
e.g., OPTI vs. QWERTY. In other words, GEM-based user studies with
novice users have the potential to enable designers to quickly estimate a
layout’s performance with trained users.

6. User Study 3 - GEM

In this study, we again replicated MacKenzie and Zhang’s study [8], but
this time with the proposed GEM approach. This choice, just as in Studies
1 and 2, allowed us to compare our results with their findings [8] and, in
the process, helped us to validate the GEM approach. Here, we describe the
details of the study and how we evaluated the two keyboard layouts, OPTI
and QWERTY, with the GEM.

6.1. Participants

14 participants (10 male, 4 female), aged 30.3 + 5.01 years, took part in
this study. All of them had experience with typing on a physical and/or soft
QWERTY keyboard for over nine years, except one who has been typing for

25



3-5 years. For all participants, this study was the first time they typed on an
OPTI keyboard. Each participant was compensated with $10 for their time.

6.2. Apparatus, Keyboard Designs, and Procedure

The same apparatus and keyboard design as in Studies 1 and 2 were used,
except for the addition of the key highlighting associated with the GEM (see
Figure 1). At the beginning of the study, participants filled out a consent form
and a demographic questionnaire. Participants then typed eleven phrases on
each of the two keyboards. We again instructed participants to memorize
each target word (and if needed its spelling) and to plan the typing pattern of
each word before they started typing it. We encouraged them to take as long
as they needed during the planning phase. We (again) asked participants to
type each word of the randomly chosen phrases [61] in sequence, by revealing
only a single word at a time.

Participants were not given practice trials. Instead, we again considered
the first phrase as practice and discarded it from the analysis [14, 67|. Similar
to Study 2, at the end of the experiment, participants filled out another short
questionnaire. On average, participants typed for about 5 minutes on each
of the two keyboards. In total, the experiment took less than 30 minutes, in-
cluding the demographic pre-questionnaire and the post-questionnaires. Ev-
erything else was the same as in the previous two studies.

6.3. Performance Metrics

Other than the phrase-level WPM, KSPC, and MSD ER measures used
in Studies 1 and 2, we also recorded the planning time in this study to eval-
uate the text entry performance of the two keyboard layouts. The Planning
Time is the time taken by the participants to plan the typing pattern for a
word in the GEM. In other words, it is the time taken from the presentation
of a word to the first key press for entering said word. Note that the planning
time is not taken into account in the calculation of WPM. Similar to Studies
1 and 2, the WPM measure just considers the time taken by the participants
to type the word — from the first key press to the last key press (i.e., the
spacebar).

6.4. Experimental Design

We used a within-subjects design in this study. As dependent variables,
we measured participants’ WPM, KSPC, MSD ER, and planning time. For
each of these performance metrics, we calculated the overall average of the
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ten typed phrases, i.e., ignoring the first practice phrase. As the overall
performance data can be confounded by the properties of each individual
phrase (see below), we used a 5-phrase moving average (5-PMAvg) for WPM,
KSPC, MSD ER, and planning time to analyze participants’ performance
over time. Thus, for the overall averages and the subjective measures, we had
a single independent variable — the keyboard layout. As for the 5-PMAvg, we
had two independent variables — the keyboard layout and the phrase number.

The reason we chose a moving average over a simple average for each
individual phrase is that the latter suffers a similar problem as the repeatedly
typing the same phrase approach [32] — it does not represent real keyboard
usage as the average is calculated based on typing just a single phrase. Thus,
confounding factors like the characters, length, and number of words of the
particular phrase could have a higher impact on the results than desirable. To
mitigate this issue, we used a moving average for each of the four performance
metrics. For the first four phrases, we calculated the moving average only
up to that point. For example, the moving average for the third phrase is
thus the average of only the first three phrases. We also chose to calculate
the moving averages over five phrases because several existing studies, e.g.,
[11, 25, 24], define a single session to comprise of typing five phrases, and we
wanted to support comparability of our results with the literature.

6.5. Results

We analyzed the data using t-tests for the overall averages and the sub-
jective measures. For the 5-PMAvg, we analyzed the data using two-way
RM ANOVA. For both the t-tests and RM ANOVA, we analyzed the data
in the same manner as in Study 2. We used Bonferroni corrections for the
ANOVAS to prevent the inflation of type I errors.

6.5.1. WPM, KSPC, MSD ER, and Required Number of non-GEM Sessions

According to Figure 8a, participants’ overall average typing speed across
all ten phrases was significantly faster (t;3 = 4.15,p < 0.001,d = 1.11) for
OPTI (44.6 £+ 2.60 WPM) compared to QWERTY (39.3 + 1.61 WPM). The
fastest participant was able to type at an overall average of 58.7 + 10.3 WPM
with OPTI and 46.5 £+ 7.84 WPM with QWERTY. As per Figures 8b and 8c,
no significant differences were observed for the overall KSPC (OPTI: 1.020
+ 0.013, QWERTY: 1.034 + 0.022) and MSD ER (OPTI: 0.29 + 0.39%,
QWERTY: 0.13 £ 0.27%) measures.
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When looking at how typing speed varies over time (see Tables 6 and 7),
the results of the 5-PMAvg reveal that participants started typing signifi-
cantly faster with OPTI starting from the 6™ phrase (see Figure 9a). The
fastest participant was able to type at a 5-PMAvg of 64.8 £+ 7.50 WPM with
OPTI and 48.9 + 7.50 WPM with QWERTY. No significant differences for
a 5-PMAvg of KSPC and MSD ER were observed (see Figures 9b and 9c).

When we compare our overall average WPM results for the GEM with ex-
trapolations through Equations 1 and 2 (which do not include the GEM), it
would take 19.1 (20-22 minute) sessions for OPTI (i.e., 7.02 hours of training)
and 17.5 sessions for QWERTY (i.e., 6.42 hours of training) for participants
to reach the same typing speed. For the 5-PMAvg WPM results, the corre-
sponding number of MacKenzie and Zhang’s sessions and total training time
[8], is presented in Table 7.

Table 6: 5-phrases Moving Average RM ANOVA results for the two Keyboard Layouts
and ten Phrases.

Keyboards Phrases Keyboards x Phrases
WPM Fy9=7.71,p <0.05, | Fyi5196 = 0.63,n.5., | F361,32.5 = 3.04,p < 0.01,
n? = 0.461 n? = 0.066 n?> = 0.253
. . Fy9=39.1,p <0.001, | Fr9122 = 1.40,n.s., F306275 = 0.58,n.s.,
Planning Time n? = 0.813 = 0.135 n? = 0.060

6.5.2. Planning Time Analysis

The comparison of the overall average planning time for all the phrases
showed that participants took significantly longer (t13 = 4.61,p < 0.001,d =
1.23) to plan their typing with the OPTI keyboard (21.4 + 2.65 seconds)
compared to QWERTY (12.9 + 1.84 seconds; see Figure 8d). When looking
at a 5-PMAvg of planning time (see Table 6), OPTI required significantly
more time to plan for all phrases over QWERTY (see Figure 10a). Further,
Figure 10b shows that the planning time increased with increasing word
length.

6.5.3. Subjective Measures

Among our 14 participants, 10 preferred QWERTY, 3 preferred OPTI,
and 1 mentioned that both were the same. Example reasons for the choice of
QWERTY were “Using [QWERTY] for more than 10 years”,  Familiarity,
wide availability”, it is the “same as a laptop/phone keyboard”, and it “felt
natural and easy.” Subjects who preferred OPTI mentioned “the keyboard
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Table 7: 5-phrases Moving Average of WPM results for each phrase, overall totaling about
5 minutes of typing on each keyboard. Also, projections via Equations 1 and 2 of how many
(22 minutes long) sessions or how much time would be required to reach the corresponding
WPM with the traditional approach of typing different phrases during training.

Typing Speed Projected Projected
No. of Training Training Time
(WPM) .
Sessions (hours)
Phrase OPTI QWERTY | OPTI | QWERTY | OPTI | QWERTY

1 40.5 £ 7.21 | 41.0 £ 8.59 | 14.2 24.7 5.20 9.07
2 41.7 +£9.18 | 41.2 + 747 | 155 25.6 5.69 9.39
3 41.9 + 9.28 | 40.0 £ 7.50 | 15.7 20.0 5.77 7.33
4 41.9 +£ 9.46 | 39.6 + 6.58 | 15.8 18.4 5.79 6.75
5 41.9 £9.75 | 394 £5.76 | 15.8 17.7 5.81 6.51
6 44.0 £9.31 | 388 £ 541 | 18.4 15.7 6.73 5.74
7 44.2 + 7.61 | 38.3 +4.29 | 18.6 14.1 6.84 5.18
8 45.8 £ 7.77 | 38.8 £3.75 | 20.8 15.8 7.63 5.79
9 453 £ 7.38 | 39.1 £4.48 | 20.0 16.6 7.35 6.09
10 45.6 + 5.86 | 39.0 = 4.34 | 20.5 16.4 7.50 6.01

responds faster”, “ Letters are closer”, and “ Four [spacebars| ... helped me to
get to the next word faster.” The participant who did not have a particular
preference said that “both are easy to learn.”

When asked about the ease of interaction with each keyboard on a 7-
point Likert scale (1: very difficult, 7: very easy), the subjective responses
showed that QWERTY was perceived to be easier than OPTI (t13 = 2.26,p <
0.05,d = 0.61). In terms of frustration (1: very frustrating, 7: very satisfied),
QWERTY was less frustrating than OPTI (¢35 = 2.23,p < 0.05,d = 0.60).
Similarly, for mental fatigue (1: very fatiguing, 7: very relaxing), QWERTY
was again better than OPTTI (¢35 = 3.31,p < 0.01,d = 0.88). The other three
subjective measures, i.e., physical fatigue, perceived speed (1: very slow, 7:
very fast), and precision (1: very imprecise, 7: very precise) did not exhibit
significant differences. A plot of the subjective results is presented in Figure
10c.

6.6. Study 3 Discussion

In this study, we investigated whether we can accurately estimate trained
user-level performance for unfamiliar keyboards with the GEM approach.

To evaluate the GEM, we first compare our results with those of MacKen-
zie and Zhang’s study [8]. Our findings with the GEM are quite close: 44.6
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WPM with GEM vs. 44.3 WPM in MacKenzie and Zhang’s 20'" session for
OPTI, respectively 39.3 vs. 40 WPM for QWERTY. These results demon-
strate that a ~5-minute session with the GEM for each keyboard is able to
identify very similar results to those that were reached after about 7 hours of
a longitudinal study per participant without the GEM. We also confirmed that
OPTI can reach speeds that are overall significantly faster than QWERTY
(see Figure 8a). We cannot directly compare this finding with MacKenzie
and Zhang [8], as the authors did not report such statistical differences in
their work.

In terms of the 5-PMAvg, OPTI exhibited significant differences com-
pared to QWERTY starting from the 6" phrase (see Figure 9a and Ta-
ble 7). Consequently, we recommend running the GEM for at least siz
phrases but acknowledge that this number can vary depending on the ex-
act interaction/pointing/selection technique. Thus, the number of phrases
used with the GEM is best determined by running pilots as more phrases
may be needed, e.g., to differentiate between very similar layouts/selection
techniques.

The highest 5-PMAvg typing speed for OPTI was 45.8 WPM on phrase
8, while it was 41.2 WPM on phrase 2 for QWERTY. Thus, in the context
of touch-based typing and in comparison to a longitudinal study, our results
validate that the GEM 1is a lot more efficient for estimating the trained user
performance of a text entry system. However, the results with the GEM did
not get close to the expert-level performance of 60.7 WPM with OPTI and
44.8 WPM with QWERTY predicted by MacKenzie and Zhang [8| nor to the
text entry rates of 55.6-58.93 WPM reported for experts in other literature
[76, 77]. Thus, we can only state that the GEM estimates the performance
of trained users, i.e., users trained via a typical text entry longitudinal study,
and not that of true experts.

It is also illustrative to compare the predictions from the GEM with the
model proposed by MacKenzie and Zhang’s [8|. To reach the overall average
typing speed achieved with the GEM, participants would need to train for
19.1 and 17.5 non-GEM sessions (each 20-22 minutes), i.e., train for 7.02
and 6.42 hours, for OPTI and QWERTY with MacKenzie and Zhang’s 8|
approach, respectively.

Similarly, for the highest 5-PMAvg result, participants would need to go
through 20.8 non-GEM sessions (i.e., 7.63 hours) with OPTI and 17.7
sessions (i.e., 6.51 hours) with QWERTY (see Table 7). These results
also illustrate how much time the GEM can save for empirically estimating
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trained user-level performance on novel/unfamiliar keyboard layouts.

As shown in Figure 9a and Table 7, the typing speed of participants with
the OPTI keyboard did improve over time. However, the speed decreased
with increasing time for QWERTY. This is probably explained by the slightly
higher KSPC for QWERTY compared to OPTI (see Figure 9b). Based on
our observations, the potential reason for the higher KSPC, although not
significantly different from OPTI, is that participants felt more confident with
this keyboard layout. Thus, they tended to type faster, which led to more
mistakes [28] and, therefore, more corrections [16], which slowed their overall
performance [46]. Still, the typing speed for QWERTY was consistently
above 38 WPM, see Table 7, unlike our word-level analysis in Study 2 (see
Figure 4a and Table 3). In other words, the performance observed with the
GEM is quite close to the previously reported speed of about 40 WPM for
regular QWERTY users [§].

The GEM also did not counteract participants’ years of experience with
the QWERTY layout. This is evident in the results of the subjective measures
(see Figure 10c) for each keyboard, where most of the participants preferred
QWERTY over OPTI. QWERTY was also rated significantly better than
OPTTI for ease of interaction, frustration, and mental fatigue.

Beyond participants’ familiarity with the QWERTY layout, another rea-
son why QWERTY was rated better is likely the increased effort (and time)
required to plan the typing pattern for the OPTI keyboard. Not only was the
overall planning time significantly less for QWERTY (see Figure 8d), it also
took participants significantly less time to plan throughout the ten phrases
compared to OPTI (see Figure 10a). We believe that this higher planning
time for OPTI is one of the key reasons that led to participants exhibit-
ing a faster typing speed within the GEM relative to QWERTY. After all,
trained /expert users will typically either explicitly plan execution in advance
or implicitly use muscle memory, e.g., [78]. Thus, we believe this does not
invalidate the GEM as an evaluation method — in contrast, it emphasizes
that the GEM uses a methodology that is more commensurate with trained
user behaviors. Moreover, according to Figure 10b, the time required to plan
to type a word on the OPTI keyboard also seems to increase as the length of
the word to be typed increases, and notably so for words that are 9 letters
or longer. Similar observations were made for typing speed in our study,
where the WPM decreased with increasing word length for both OPTI and
QWERTY.
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7. General Discussion and Future Work

In this paper, we first showed that the approach of repeatedly typing
the same phrase could estimate trained user-level text entry performance
with data gathered for more than three days of usage from each partici-
pant. Yet, this is still effectively a longitudinal study. We then investigated
the repeated word typing approach. Results indicated that when the data
were analyzed at the phrase-level, and not at the word-level (which ignores
word length distributions), this approach failed to estimate trained user per-
formance accurately. Towards more efficient evaluations of novel keyboard
layouts, we then proposed and validated a novel approach, the Guided Eval-
uation Method (GEM), which empirically estimates how fast trained users
can type with a new layout through a study with novice users in a matter of
minutes. Thus, the GEM greatly reduces the need for longitudinal studies
in text entry research.

In Study 2, all significant differences of the main objective measures ex-
hibited large effect sizes (n* > 0.14; see Tables 2 and 4). Similarly, in Study
3, we found significant differences between the two keyboards for overall av-
erage typing speed with a large effect size (d = 1.11) with 14 participants as
well, a number consistent with much other work [79]. In terms of 5-PMAvg of
typing speed, the effect sizes were also large (* > 0.14; see Table 6). These
robust findings make us believe that our results are likely replicable.

In Study 2, the phrase-level model for OPTI, i.e., Equation 8, achieved
the highest R? value of 0.7998. This equation predicts that it would take
approximately 16 repetitions of typing the same word for participants to
reach speeds of 44.3 WPM, as reported previously [8]. However, given the
flattening trend of the OPTI curve starting from the 5% repetition, we have
strong doubts about whether the prediction would actually play out in reality.
Based on our observations of the participants and listening to the auditory
feedback provided by the system on each key press, participants tended to
get into a rhythm by the 5% /6" repetition. For example, participants typed
the first 3-5 letters in one go, paused ever so slightly, and typed the rest of
the letters in another go. This rhythm was continued for the remaining repe-
titions. To mitigate this, we recommend future work to introduce a planning
phase every five repetitions, similar to our GEM approach. We speculate
that planning the typing pattern after every fifth repetition would improve
participants’ performance further, possibly even matching our learning mod-
els in Equations 7 and 8. More importantly, this could even provide more
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accurate phrase-level estimates of trained user performance.

Although the GEM was quite accurate in estimating trained user-level
text entry performance, it was unable to predict the performance of true
experts, i.e., users who have years-long training. Still, the GEM is ver-
satile enough to be easily integrated into different types of prototype text
entry systems that utilize different interaction techniques, e.g., touch/tap,
swipe, eye-gaze-based techniques, and others. Thus, researchers can now use
the GEM to focus directly on the training of an interaction technique over
multiple sessions and can (largely) ignore the potential confound of layout
learning. A longitudinal study with the GEM could then potentially answer
the question of whether the true expert typing speeds predicted by previous
work [5, 8] for different layouts could actually be achieved, something that
is very difficult to do with other techniques as participants otherwise need
to spend (even more) time to learn both the layout and the interaction tech-
nique. Thus, we recommend future work to investigate if and how quickly
users can achieve the speed of a true expert with the GEM.

As mentioned before, the GEM relies on three main features — typing
a single word at a time, planning before typing, and reducing the search
space by highlighting all necessary keys but also de-highlighting keys that
have already been typed. Although we found in our pilots that each of these
individual features is not sufficient to predict the performance of a trained
user on its own, it would still be interesting to investigate in the future how
much each of these three components contributes to the successful predictions
of the GEM approach.

Through other unreported pilot studies that we performed before the
studies reported here, we learned quickly that the GEM is not a good means
for inducing learning of a keyboard layout, specifically because the GEM
— as presented above — involves only typing a few phrases. We also need
to acknowledge here that the GEM involves a typing experience that is not
the same as real-life typing. Thus, we highlight that the GEM approach
is currently only designed to be an evaluation method to quickly estimate
trained user performance and/or compare different keyboard layouts and
that the GEM in its current form should not be used as a training method to
learn a new layout. Still, it might be interesting to analyze in future work if
something like the GEM, or more specifically highlighting target keys, could
have benefits for training users on unfamiliar keyboard layouts.

To enable direct comparisons with existing studies, we chose to present
phrases word by word with the GEM. Still, further work should investigate
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the influence of word length on planning time and typing speed on unfa-
miliar keyboards. Additionally, a combination of repeatedly typing the same
word /phrase and the GEM might allow for an even better /faster trained/expert
user performance estimation. Again, further studies are required to verify
this.

8. Limitations

Although the GEM provides an accurate estimation of the text entry
speed for a given layout, one limitation of the approach is its bias towards a
lower error rate. Previous work has demonstrated that expert users tend to
make more mistakes when typing very fast [28] and thus require more correc-
tive actions [16]. Yet, according to our data shown in Figures 8c and 9c, our
participants made substantially fewer errors compared to, for example, the
trained users of MacKenzie and Zhang [8] or the corrective actions performed
by the trained users of Majaranta et al. [16]. We believe that the reason why
users made fewer mistakes with the GEM is that, as the keys are highlighted
in GEM and unlike real-world typing, users are less likely to make mistakes
that involve keys outside that limited sets of highlighted keys. Therefore, we
recommend using GEM predominantly to make rapid a priori predictions for
the text entry speed potential of a text entry technique in the early stages of
the development process.

Another approach to estimating expert user performance for text entry is
to use model-based approaches, such as the KLM model [80] or variants [81],
including those adapted to touch screens [82]. Yet, such models are targeted
(only) at expert performance, i.e., focus mostly on motor movement time,
and do not take learning into account nor model the performance of users
that have received only a specified amount of training, i.e., trained users. On
the surface, it seems feasible to adopt these approaches to take learning into
account, e.g., by modeling the decrease of the mental effort (and thus time)
to recall a character’s location on the keyboard. Yet, this is a simplistic
approach, as it assumes that recall is always perfect. Previous models for
text entry learning built on cognitive architectures for human memory, such
as ACT-R [83], e.g., modeling memorization and also the interference effect
from distractors encountered during learning (84, 85, 86, 87].

While the repeated word/phrase typing approach involves a memory re-
call component, it relies predominantly on the immediate preceding trials.
In contrast, the GEM bypasses the issue of letter location recall by mov-
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ing memory recall and/or visual scanning (mostly) into the planning phase
before the word is entered. In essence, this a-priori planning improves our
novice participants’ execution time, yielding results that are close to trained
user performance. Still, we (again) acknowledge that these performance es-
timates are achieved by the GEM by simulating a typing experience that is
not the same as real-life typing. We further recognize that the GEM involves
a mechanism that is somewhat different from the behavior of a real trained
user, e.g., because trained users typically remember letter locations while the
GEM only highlights them, and thus, users have to remember them only for
the current word.

Another limitation of this work is that to validate both the repeated
word /phrase typing approaches as well as the GEM, we compared our re-
sults to that of MacKenzie and Zhang [8]. Although we tried to replicate
their work [8] as closely as possible, we still had to make some modifications
that potentially confounded the results to some extent. For example, the
keyboard design was slightly modified as the dimension of the keys had to
be reduced a bit (0.2 cm), and a small gap (0.1 cm) between the keys needed
to be introduced. Another difference was we asked participants to use their
dominant hand’s index finger instead of the stylus used by MacKenzie and
Zhang [8]. The difference in technological advances since their work [8] and a
smaller user sample, though not uncommon in longitudinal studies [20, 35],
could also be factors as well. Still, we believe that these factors do not in-
validate our work. Not only were our findings very similar to previous work
[5, 8, 38|, but also the fact that our absolute novice participants were able to
type significantly faster with OPTT compared to QWERTY starting from just
the 6'® phrase makes us believe that our study is very comparable. This is
evidence that the GEM unquestionably mitigates participants’ lack of layout
knowledge. Still, we encourage future work to conduct a longitudinal study
with the same apparatus and participants to further validate our work.

9. Conclusion

To reduce the logistical bottleneck of longitudinal studies in text entry re-
search for reliably estimating the performance potential of a given text entry
system, we investigated multiple approaches here. First, we showed that the
popular approach of repeatedly typing the same phrase would still require
training participants for more than three days to estimate trained user text
entry performance. Therefore, it does not eliminate the need for a longitudi-
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nal study. Next, we found that the approach of repeatedly typing the same
word does not provide accurate estimates of trained user performance when
the data is analyzed at a phrase-level, which is more valid than analysis at
the word-level, where word length distributions are ignored.

We then proposed a novel approach, the Guided Evaluation Method
(GEM), and showed that it can accurately estimate the performance of
trained users in a user study with novice users in just a matter of min-
utes. Thus, the GEM greatly reduces the need for longitudinal studies and
enables researchers to quickly perform text entry studies with different inter-
action techniques and layouts. Given this, we conclude by stating that the
GEM has the potential to be a game changer in the investigation of novel key-
board layouts and interaction techniques and maybe even text entry research
in general.
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Figure 2: Results of Phrase Repetition Study, i.e., Study 1, for (a) WPM, (b) KSPC,
and (c¢) MSD ER over eight sessions of typing the same phrase. The error bars show the
standard error of means.
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Figure 4: Results of Word Repetition Study, i.e., Study 2, for word-level (a) WPM, (c)
KSPC, and (e) MSD ER, and phrase-level (b) WPM, (d) KSPC, and (f) MSD ER over
ten repetitions of typing the same word. Significance levels are shown as *** for p < 0.001,
** for p < 0.01, and * for p < 0.05. The error bars show the standard error of means.
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Figure 6: (a) Word-level and (b) phrase-level WPM in Word Repetition Study, i.e.,

Study 2, over ten repetitions along with an extrapolation of the learning curve to the 30"
repetition.
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Figure 7: Results of Word Repetition Study, i.e., Study 2, for Subjective Measures of the
OPTI and QWERTY keyboards. Significance levels are shown as *** for p < 0.001, **
for p < 0.01, and * for p < 0.05. The error bars show the standard error of means.
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Figure 8: Results of GEM Study, i.e., Study 3, for overall average (a) WPM, (b) KSPC, (c)
MSD ER, and (d) Planning Time of all the phrases for OPTI and QWERTY. Significance
levels are shown as *** for p < 0.001, ** for p < 0.01, and * for p < 0.05. The error bars
show the standard error of means.
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Figure 9: Results of GEM Study, i.e., Study 3, for 5-phrases Moving Average of (a) WPM,
(b) KSPC, and (c) MSD ER. Significance levels are shown as *** for p < 0.001, ** for
p < 0.01, and * for p < 0.05. The error bars show the standard error of means.
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Figure 10: Results of GEM Study, i.e., Study 3, for (a) 5-phrases Moving Average of
Planning Time, (b) Planning Time for each Word Length, and (c) Subjective Measures
for OPTI and QWERTY keyboards. Significance levels are shown as *** for p < 0.001,
** for p < 0.01, and * for p < 0.05. The error bars show the standard error of means.
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