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Abstract:  Optimised virtual keyboards are potentially efficient and fast for expert users, but they are difficult and 
slow for novice users due to the visual search requirement. Introducing structure and order to the layout may ease 
the visual searching process. By means of a Metropolis algorithm with an added alphabetical bias term to the 
Fitts-digraph energy function previously used (Zhai, Hunter, & Smith, 2000), we designed a keyboard layout with 
alphabetical ordering tendency with little movement efficiency cost.  In contrast to previous efforts that failed to 
find any alphabetical ordering advantage, our experiment demonstrated that the alphabetical ordering created by 
our design method indeed improves novice users’ performance and was preferred by most participants.  
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1 Introduction  
The need for efficiently entering text into the 
increasingly common handheld computing devices 
has motivated many researchers to look for virtual 
keyboard layout alternatives to QWERTY (Soukoref 
& MacKenzie, 1995; Zhang, 1998; TextwareSolutions, 
1998; Lewis, Kennedy, & LaLomia, 1999a; Zhai et al., 
2000). Virtual keyboards allow text entry by tapping 
graphical keys displayed on touch screens with a 
stylus. The primary goal of these research efforts has 
been to minimize the average stylus movement based 
on English digraph distributions and Fitts’ law. 

For expert users who have memorized the 
locations of the keys, keyboards optimized by 
movement efficiency could be very fast. For novice 
users, however, speed is determined mostly by the 
needs to search and find target keys rather than by 
the amount of motor movement. In fact, a keyboard 
optimized by movement efficiency may look rather 
arbitrary to a novice user and hence be difficult to 
search. 

The current work explores the possibility of 
easing the novice user’s search process by 
introducing alphabetical ordering to a virtual 
keyboard layout. This is not an entirely new idea. For 
example, Norman and Fisher studied a strictly 
alphabetical layout of the physical keyboard of a 

typewriter (Norman & Fisher, 1982). They expected, 
but did not find, that novice users typed faster on 
such a keyboard than on a standard QWERTY 
keyboard. The key problem with an alphabetical 
keyboard, they concluded, was that the keys were 
laid out sequentially in multiple rows. The location of 
a key depended on the length of each row – the break 
point from which the next letter had to start at the left 
end of the keyboard again.  

MacKenzie, Zhang, & Soukoreff (1999) studied a 
virtual keyboard where the letters were laid 
alphabetically in two columns.  Again, they did not 
find a performance advantage with the alphabetical 
layout. A confounding factor that might have 
diminished typing speed in this study was the 
elongated two-column shape that required an 
increased average movement time. Lewis, LaLomia, & 
Kennedy (1999a,b) proposed a 5 by 6 virtual 
keyboard layout with a strictly alphabetical sequence. 
Such a design should suffer from the same problem 
as discovered by Norman and Fisher – the 
alphabetical discontinuity caused by row breaks. 

Our current work differs from previous research 
on alphabetical layouts. Instead of strictly laying out 
the keys in an alphabetical sequence, we introduce an 
alphabetical ordering tendency in the optimization 
process. The resulting layout still maintains 



   
movement efficiency for expert users, while possibly 
offering a visual search advantage for novice users. 

In what follows we first review our optimization 
technique, and then we tune the optimization 
algorithm with an alphabetical bias. Two layouts, one 
with and the other without the alphabetical ordering, 
are compared in a text entry experiment with novice 
users. 

2 Layout Optimisation 
The structure of physical systems (molecules, 
crystals, etc.) can be estimated by computer 
simulations that search for the configuration of its 
components which has the lowest energy 
(Metropolis, Rosenbluth, Rosenbluth, Teller, & 
Teller, 1953). By analogy, we have applied the same 
method to automatically arrange the layout of a 
virtual keyboard (Zhai et al., 2000). Our algorithm 
treats the keyboard as a “molecule” with each key as 
an “atom”. The goal of the algorithm is to arrange the 
atoms so that the total “energy” among the atoms is 
at the minimum. In order to minimize movement time 
according to Fitts’ law and diagraph distribution 
(Soukoref & MacKenzie, 1995); (MacKenzie & 
Zhang, 1999), we defined the following average 
movement time per key as the “Fitts-digraph energy”: 
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in which Log2(Dij/Wj + 1) is the Fitts’ law prediction 
of time to move the tapping stylus from key i to key j 
for a given distance (Dij) and key size (Wj). IP is the 
Fitts’ law index of performance (Fitts , 1954). Pij is the 
frequency of digraph ij in English text. Its value was 
calculated from text corpora we collected on the 
Internet.  For this study, we use a text corpus from 
Internet relay chat rooms, which may be more 
representative of the typically informal language used 
in handheld devices. Our previous research, however, 
has shown that the efficiency of a virtual keyboard 
layout is not very sensitive to the text corpus used 
(See Zhai et al., 2000 for details).  

Driven by the energy function defined in 
Equation (1), our software system performs a 
“random walk” in the virtual keyboard design space 
(See Beichl & Sullivan, 2000 for a recent review of the 
Metropolis algorithm). In each step of the walk, the 
algorithm re -arranges the keys (by moving or 
swapping) and evaluates the change of the system 
energy. Whether the new configuration is kept as the 
starting position for the next iteration depends on the 
following Metropolis function: 
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In equation (2), W (A-B) is the probabilty of 
changing from configuration A (old) to configuration 
B (new), ∆E is the energy change, k is a coefficient, T 
is “temperature”, which could be interactively 
adjusted. The use of equation (2) means that the 
search for the optimal does not always move towards 
lower energy. It occasionally allows moves with 
positive energy change in order to be able to climb 
out of a local energy minimum. Furthermore, we can 
also apply interactive “annealing” as commonly used 
in the Metropolis searching process. The annealing 
process involves bringing “temperature” – T in 
equation (2) through several up and down cycles. 
When the temperature is brought up, the system has 
a higher probability of moving upwards in energy and 
jumping out of local minima. When the temperature is 
reduced, the system decends down to a lower energy 
level. This annealing process can be repeated until a 
sufficiently efficient keyboard layout is found.  

Layouts produced by this process were called 
Metropolis keyboards (Zhai et al., 2000). One of them 
is shown in Figure 1. Applying equation (1), we 
calculated the potential expert performance of this 
layout as 42.6 wpm, assuming 4.9 bits per second 
Fitts’ law index of performance (IP). This is a 50% 
improvement over QWERTY for stylus tapping (Zhai 
et al 2000). The QWERTY layout designed by 
Christopher L. Sholes, Carlos Glidden, and Samuel W. 
Soule in 1868 is probably a worst possible layout for 
virtual keyboards. This is because it was so arranged 
that many common digraphs appear in the opposite 
sides of the keyboard. The main purpose of this 
arrangement was to minimize mechanical jamming 
(Cooper, 1983) (Yamada, 1980). Accidentally, this 
design also facilitates the frequent alternation of the 
left and right hand on a physical keyboard, leaving 
little room for further improvement (Norman & Fisher 
1982). However, as a virtual keyboard, the idea of 
polarizing common digraphs means that the stylus 
has to travel back and forth more frequently and over 
greater distances than necessary.  



   

 
Figure 1:  An optimized layout without alphabetical 
ordering. 

Since our test text uses a period key “.” to 
segment sentences, a period key is added to the 
lower right corner of the layout, in the tradition of 
physical keyboards. Other punctuation keys can be 
added to the unoccupied spaces, but they are not 
relevant to this study. 

By the same method, we have designed a variety 
of layouts with different characteristics, all with 
similar speed performances. This means that it is 
possible to accommodate design considerations 
other than the Fitts-digraph energy function without 
sacrificing potential performance.  

Particularly relevant to the thesis of this paper is 
to find ways to introduce alphabetical order bias in 
the Metropolis random walk algorithm. To that effect, 
we add an additional term to the pervious energy 
function. For each key, the added term varies 
according to its place in the alphabet and its position 
on the keyboard: 
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where e is the previous energy term defined by 
equation (1). λ  is an empirically adjusted weighting 
coefficient, depending on how much alphabetical 
order is brought to consideration at the cost of the 
average movement time. )(iη  is an integer number 

representing the place of the letter in the alphabet, 
with 12)( −=aη , 11)( −=bη ,  …. 0)( =mη , 1)( =nη , 

… and 13)( =zη . ix and iy  are the coordinates of 

letter i with origin (0,0) at the center of the keyboard. 
The term 

iyi)((η )ix−  can be viewed as two forces. 

iyi)(η  produces a force pushing the first half the 

letters(a to m) upward and later half (n to z) 
downward, with a resulting energy  proportional to 
letter positions. For example, for letter a, 12)( −=aη . 

The lowest energy state for it is the uppermost 
position and the highest energy state lies in the 
lowermost position (negative iy ). The opposite is 

true for letter z. ( 13)( =zη ). Similarly, the other force, 

))(( ixi −η  pushes the first half the of letters (a to m) 

leftwards and later half rightwards.  
For the space key, a special case in this treatment, 

the alphabetic bias term is zero at the center of the 
keyboard, and increases exponentially with distance 
from the center. 

The result of equation (3) as an objective function 
is the general trend of letters starting out from the 
upper left corner moving towards the lower right 
corner. Figure 2 shows one example of such a design. 
Clearly the general tendency of alphabetical order is 
preserved by this approach. Note that such an 
ordering tendency is achieved without much sacrifice 
of the digraph speed performance. The potential 
performance of the layout with the alphabetical 
ordering shown in Figure 2 is 41.8 wpm, only 0.8 wpm 
slower than the layout without the alphabetical 
ordering in Figure 1. 

As we mentioned in the introduction, there are 
three characteristics to our alphabetical keyboards 
that differ from previous alphabetical keyboard 
designs (MacKenzie et al., 1999) (Lewis et al., 1999a). 
First, our layout presents a general tendency in 
alphabetical order from the upper left to the lower 
right corner, but not a strict alphabetical sequence.  
Second, our design does not substantially reduce the 
movement efficiency performance. Even if it does not 
offer much desired advantage to novice users, its 
cost in terms of eventual expert performance is 
minimal. Third, it does not have row breaks that 
discontinue the alphabetical sequence. 

 
Figure 2:  An optimized layout with alphabetical 
ordering. 

3 A Theoretical Analysis 
There are reasons to expect the alphabetically tuned 
keyboard to be beneficial. As proposed by Soukoref 
and MacKenzie (Soukoref & MacKenzie, 1995), the 
lower bound of the text entry speed for a novice user 
may be limited by two components – visual reaction 



   
time Tr  and movement time Tm. The total time to tap 
on one character can be approximated by T = Tr + Tm, 
notwithstanding the user may move the stylus while 
visually searching for the target. Tm can be calculated 
by equation (1).  According to the well-known Hick-
Hyman law (See (Keele , 1986) for a review), Tr is 
influenced by the distribution of target probability: 

   Tr = Ic H      (4) 
where Ic is a constant between 150 to 200 ms  (Card, 
Moran, & Newell, 1983) (Welford, 1968) and H is the 
information entropy (or uncertainty) in the n number 
of stimuli measured in bits: 
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p i is the probability for item i to be the target. The 
worst case is when all stimuli are equally probable to 
be the target.  In the current context, it is when the 
intended key can be any of  the keys in the keyboard.  
This could be true to a total novice user with the 
unordered keyboard (Figure 1). In such a case,  

 Hu = log2 ( n ) = log 2 ( 28 ) =4.81 bits (6) 
If we assume Ic = 200 ms, then  

 Tru = Ic Hu = 0.96  sec  (7) 
Applying equation (1), the average movement 

time Tum on the unordered keyboard (Figure 1) is 0.282 
sec (42.6 wpm), assuming 4.9 bits/sec Fitts’ IP. 
Therefore the total time for a novice user should be: 

 Tu = Tur + Tum = 0.96 + 0.282  
     = 1.24 sec,                 (8) 

which corresponds to 9.66 wpm. 
For the keyboard with alphabetical ordering 

(Figure 2), the prediction of Equation (1) of average 
movement time Tom is 0.287 sec (41.8 wpm). Due to the 
alphabetical ordering, a novice can expect the target 
key to be in a part, instead of the whole, of the 
keyboard.  This means pi in Equation (5) is distributed 
unevenly and over a smaller area, resulting in a 
lowered H value, which in turn results in a shorter Tr.  
To precisely estimate the probability distribution in 
Equation (5) for each key is difficult and it may 
depend on each target letter. The user may have a 
higher certainty for the first letters in the alphabet, 
such as a, b, c, d, and e , appearing in the upper left 
portion of the keyboard and the last letters, such as 

                                                                 
1 Note that a special case of the entropy measure,  log2(N),  
is often used (e.g. in Soukoref & MacKenzie, 1995).  This 
is only true when all items are equally probable to be the 
target.   When the probability distribution is non-uniform, 
which is likely to be the case of keyboard, the entropy is 
lower than log2(N). 

u, v, w, x, y, and z appearing in the lower right portion 
of the keyboard. 

In order to calculate one data point for a 
reference, let us assume  on average the user’s search 
area is one half of the entire keyboard and each of the 
keys in that area is equally probable to be the target, 
then the average reaction time for the ordered 
keyboard would be: 

Tor = Ic Ho = 0.2 log2 ( 14 ) = 0.76 sec (9) 
So the total time for a novice wo uld be: 

To = Tor + Tom = 0.76 + 0.287  
     = 1.05 sec,                (10)  

which corresponds to 11.46 wpm.  This is faster than 
the predicted speed of the unordered keyboard (9.66 
wpm). Again this is based on one hypothetical 
assumption that the search area on the ordered 
keyboard is one half of the unordered. The actual 
reaction time saving could be greater or smaller, but 
in any case it should not be negative by this 
information-theory (Hick-Hyman law) analysis. 

However, there are also reasons to expect a 
keyboard with alphabetical tendency to be 
detrimental. First, it is not strictly alphabetical due to 
the needs to optimize efficiency in terms of Fitts-
digraph energy, so the user’s expectation where a 
target letter may appear cannot be very strong. 
Second, when the user strongly expects the location 
of a letter but it is in fact not as expected, more time 
could be wasted. For example a is ahead of b in the 
alphabet, but it in fact appears at the lower right side 
of b (Figure 2). Third, alphabet sequence is ordered in 
one dimension, but the keyboard is two-dimensional. 
This problem is particularly acute for letters in the 
middle range, which can be anywhere along the lower 
left to upper right diagonal line.  Fourth, some users 
may not have a strong sense of each letter’s position 
in the alphabet. Finally, although different from our 
design, none of the previous studies has shown a 
typing speed advantage for alphabetical layouts 
(Norman & Fisher, 1982) (MacKenzie et al., 1999) 
(Lewis et al., 1999a) 

Clearly, an empirical study is needed to measure 
the effect of alphabetical ordering in optimized virtual 
keyboards. 

4 A Novice User Study 

4.1 Task and experimental conditions  
To simplify this study, we used the two reduced-
character-set keyboards shown in Figures 1 and 2.  
Only lower case letters were included in the stimulus 
text.  The only punctuation included was the period 



   
(full stop).  The shape of these keyboard layouts is 
the result of taking them from layouts that have 
additional punctuation characters around the edges 
of what is shown in the figures.  Each key is 30 pixels 
wide = 7.5 mm.  The keyboards are 208 pixels wide = 
54.5 mm. 

Text entry tasks were used to measure the typing 
performance of participants on the two keyboard 
layouts, one with (Figure 2) and one without (Figure 
1) alphabetical ordering, which constituted the two 
conditions for the study.  For each condition, the 
participants were asked to perform the following two 
tasks in this order:  

The first task, tapping the string 
abcdefghijklmnopqustuvwxyz.  

was given to measure how long it would take for the 
participant to find all of the keys, and to provide a 
brief warm-up before the beginning of the text -typing 
test.   

The second task was to type as much of the test 
text as they could in 15 minutes of continuous typing.  
The test text was: 

the quick brown fox jumps over the lazy dog. 
mary had a little lamb its fleece was white as 
snow. and everywhere that mary went the 
lamb was sure to go.  it followed her to 
school one day which was against the rules.  
it made the children laugh and play to see a 
lamb at school.  twinkle twinkle little star. how 
i wonder what you are. up above the world so 
high. like a diamond in the sky. twinkle 
twinkle little star. how i wonder what you are. 
we hold these truths to be self evident. that 
all men are created equal. that they are 
endowed by their creator with certain 
unalienable rights. that among these are life 
liberty and the pursuit of happiness. four 
score and seven years ago our fathers 
brought forth on this continent a new nation. 
conceived in liberty and dedicated to the 
proposition that all men are created equal. 
and so my fellow americans ask not what 
your country can do for you. ask what you can 
do for your country. and therefore never send 
to know for whom the bell tolls. it tolls for 
thee. 
The text was presented on the screen one 

sentence at a time, just above the graphical keyboard.  
Participants had to type the text as shown by tapping 
on the appropriate keys.  As each key was tapped, it 
changed briefly to black with a white character to 
provide visual feedback so the user could see that 
the tap had been sensed and that the intended key 
had been tapped.  As each letter was typed, it 

disappeared from the display of the text.  If an 
incorrect key was tapped, an error sound was 
produced instead.  After the period at the end of each 
sentence was typed, the next sentence was 
presented.  As each key was tapped, the position of 
the tap on the screen and the time of each tap were 
recorded.   

Each participant performed the two tasks under 
both conditions, in a balanced within subject design.  
Six used the keyboard with alphabetical ordering first, 
and six used the keyboard without alphabetical 
ordering first.  Each participant was allowed to adjust 
the position and angle of the pen tablet and chair to 
their liking.  Each tried tapping on the screen to 
become familiar with the operation of the pen tablet 
before the first keyboard layout was displayed.  In 
the test text typing task, each typed for 15 minutes 
except for one who finished the entire text on the 
keyboard with alphabetical ordering in 14 minutes.   

4.2 Experimental system 
The touch screen used for the experiments was a 
Wacom PL-400 USB pen tablet system, which 
combines an active matrix color liquid crystal display 
with an electronic stylus for pen-on-screen input.  
The system senses the x-y position of the pen above 
the screen and positions the mouse cursor at that 
position.  The system senses pressure on the tip of 
the pen and generates a mouse click when the user 
taps on the screen with the pen.  The viewing area of 
the display is 270 mm wide by 203 mm high, and has a 
resolution of 1024 by 768 pixels. A Margi Display-to-
Go adapter with a screen refresh rate of 60 Hz drove 
the display.   The pen tablet has a resolution of 258 
lines per mm.  

The keyboard program was run on an IBM 
ThinkPad 600 model 2645-51U computer containing a 
233 MHz Pentium II  processor running Windows 
98 .   

4.3 Participants  
12 people participated in the experiment. Four were 
female, 8 male. One used her left hand to hold the 
pen; the others used their right hands.  Their ages 
ranged from 13 to 43 with an average of 26 years.  
They were all fluent in reading and writing English, 
and were all familiar with computer applications such 
as email or internet relay chat.  None of the 
participants had previously seen either of the 
keyboard layouts used in the study. 



   

4.4 Results 
Initial alphabet tapping speed 
It was expected that participants’ tapping speed of 
the alphabetical string (a to z) at the beginning of the 
experiment would be faster with alphabetical ordering 
than without. If this were not true, there would little 
reason to expect any benefits of alphabetical 
ordering. Results show that participants indeed 
found and tapped on each and every key on the 
ordered keyboard (Figure 2) faster than the unordered 
keyboard (Figure 1). The mean speeds were 8.5 wpm 
(words per minute) with the alphabetical order and 
5.64 wpm without the alphabetical order. Variance 
analysis shows that the difference between the two 
conditions was statistically significant (F1,11 = 10.09, p 
< 0.05).  
Text tapping speed 
The time intervals between every two key taps were 
recorded during the text entry test. Eliminating error 
taps, the average speed of each participant in each 
condition was calculated. Figure 3 shows the twelve 
participants’ average speed in the first, second and 
last 5-minute periods of the session. The average 
speed for the unordered keyboard moved from 8.2 
wpm in the first 5 minutes to 9.6 wpm in the last 5 
minutes.  These numbers are lower than, but in the 
vicinity of 9.66 wpm, the theoretical based Hick-
Hyman law and Fitts’s law prediction  (Equation 8). 
This could mean either there are terms involved in the 
novice behaviour other than visual search modelled 
by Hick-Hyman law and motor movement modelled 
by Fitts’ law, or the coefficients we used, such as Ic, 
was inaccurate for the current context. 
 The average speed for the ordered keyboard 
moved from 9.0 wpm in the first 5 minutes to 10.4 wpm 
in the last 5 minutes.  Overall, participants’ speeds 
were faster on the ordered keyboard (Figure 2). The 
mean speeds were 9.7 wpm with the alphabetical 
order and 8.9 wpm without the alphabetical order. The 
difference (9%) between the two conditions was 
statistically significant (F1,11 = 6.74, p < 0.05) and was 
maintained throughout the testing session. 
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Figure 3: Participants’ tapping speed with and without 
alphabetical order. 
The 9% difference suggests than the ordered 
keyboard indeed reduces the entropy of visual 
search. This is equivalent to reducing the search area 
(assuming equal probability to each item in the area) 
to about two thirds of the entire keyboard, greater 
than the half search size reference point calculated in 
Section 3. 
Tapping error rate 
Since the participants were at the very early stage of 
learning of the keyboards, the performance was more 
likely to be closely guided by visual search. Their 
error rates were very low: 2% with the alphabetical 
order and 2.2% without the alphabetical order. The 
difference between the two conditions was not 
statistically significant (F1,11 = 0.55, p = 0.47).  
Subjective preference 
Although the speed difference was only 9%, it may 
well reflect a much greater difference in the effort of 
finding the target keys between the two layouts. We 
also collected participants’ subjective preference for 
layouts with and without alphabetical order. Figure 3 
shows the results. One participant had no preference, 
one preferred and one strongly preferred the layout 
without alphabetical order. The rest of the participant 
preferred (5), strongly preferred (2), or very strongly 
preferred (2) the layout with alphabetical order.  
unordered                                                  ordered 

 
very        strong        prefer                  prefer       strong       
very 
Figure 4: Individual’s subjective preference for layouts 
with and without alphabetical order on a scale of  no-
preference, prefer, strongly prefer, very strongly prefer. 



   

5 Discussions and Conclusions  
Our work has led us to the following conclusions. 
First, by means of the Metropolis random walk 
method, it is possible to design virtual keyboards 
with a general tendency of an alphabetical ordering of 
the keys, at minimal movement efficiency cost.    
Second, on average, the alphabetical ordering 
tendency does help novice users to search for the 
keys faster. Third, most of novice users also prefer 
the alphabetically ordered layout. With these benefits 
and little cost, it is safe to say a layout such as the 
one shown in Figure 2 is a superior design. 

Previous research has shown that the potential 
performance gain for expert users of an optimised 
virtual keyboard is very substantial – up 50% more 
efficient than QWERTY as a virtual keyboard (Zhai et 
al., 2000). However, novice users’ initial perception 
and performance may be critical to the acceptance of 
such a keyboard. The current work demonstrates that 
alphabetical ordering can serve as one way of 
improving novice users’ perception and performance. 

We were very conservative with our weighting on 
the alphabetical ordering as opposed to movement 
efficiency. Only 1.9% of movement efficiency was 
sacrificed for the ordering tendency. More “orderly” 
layouts can be produced by an increased λ  value in 
Equation (3), at a greater cost of movement.  

In summary, the current work demonstrates that it 
is possible to help novice users with some  
alphabetical ordering tendency in the layout. This is 
in clear contrast with previous efforts in designing 
strictly alphabetical keyboards that have failed to 
show any benefit. Furthermore, the alphabetical 
ordering tendency produced by our Metropolis 
design method was achieved with little decrease in 
movement efficiency that a strictly alphabetical 
keyboard has to substantially reduce. 

Other than alphabetical ordering, we need other 
parallel measures that may help the early learning 
stage so the users could truly benefit from the 
efficiency of optimized virtual keyboard, which calls 
for continued research. 
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