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Abstract— We explore the space of keyboard character assign-

ments with evolutionary search. A simplified Fitts’ cost model is

used, and optimized key mappings are produced for Shakespearian

text and Linux kernel source. Internationalization issues are

discussed, and software for automatically generating UNICODE

key mappings from sample text is produced.
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I. I NTRODUCTION

The goal of this project was to create a genetic algorithm

for doing optimizing keyboard layouts. After a brief literature

review we decided to expand upon [1] to see if we could get

similar performance to their spring model algorithm.

For evaluation we focus on two classes of typists. The first

will be English language authors. For this corpus we will use

the complete works of Shakespeare[27] from Project Gutenberg

[23]. The second will be C programmers. For this corpus we

will use the Linux kernel version 2.6.11.7[24].

II. PHYSICAL LAYOUTS

For this study we will looked at two physical keyboard

layouts. The first is the ubiquitous QWERTY keyboard.

q w e r t y u i o p

a s d f g h j k l

z x c v b n m

The second is the FITALY keyboard which uses a 6 by 5

matrix of square keys.

z v c h w k

f i t a l y

n e

g d o r s b

q i u m p x

Both keyboards were modeled as integer coordinates corre-

sponding to the rows and columns. Keys that are adjacent in

a row or column have distance one. The Euclidean distance

between keys will be cost for traveling between them.

III. T HE COST MODELS

We chose a modification of the Fitts’ model[4] for this study.

The Fitts’ model was based on Shannon’s work with entropy

on information channels. It is a good model in that it takes into

account things like size, distance, and frequency. The drawback

is that it disregards any mental model of the language we are

trying to type in.

This is the full Fitts model:

t the average time cost per key press.

P is the probability matrix of going from one key to another.

D is the matrix of distances between keys.

W is an array of key sizes.

IP is the Fits performance index in bits per second.
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N is the size of our alphabet.

t =

N∑
i=1

N∑
j=1

Pi,j

IP
Log2(

Di,j

Wi,j
+ 1)

We simplify the model by settingW = IP = 1. This

way we only need to input a corpus probability matrix and

a keyboard distance matrix.

t̂ =

N∑
i=1

N∑
j=1

Pi,jLog2(Di,j + 1)

The modified Fitts’ model we have is for stylus input

keyboards.

With some work the model can be transformed for two

handed keyboards. According to Donald Norman and David

Rumelhart extra optimizations for two handed keyboards are

that:

-The loads on the right and left hands are equalized.

-The load on the home (middle) row is maximized

-The frequency of alternating hand sequences is maximized

and the frequency of same finger typing is minimized.

Norman’s model could fit on top of our modified Fitts’ model

by changing the keyboard distance matrix to include a load

penalty, middle row bonus, and a same hand & finger penalty.

IV. A E VOLUTIONARY ALGORITHM FOR KEYBOARD

LAYOUT

In [1] a monte-carlo algorithm on top of a spring model

was used to come up with optimized key mappings. We

propose the use of an evolutionary algorithm for the task.

Evolutionary algorithms mimic the process of natural selection

whereby members of a population with higher fitness have

a higher probability of surviving to the next generation. We

also simulate sexual reproduction by picking members of the

population, exchanging information they contain, and passing

them on to the next generation. Furthermore, offspring are

mutated to give widen the search space.

Our approach is to encode every character as a real number

between zero and one, and evolve this set of arrays. A static key

index map from (1,..., No. of Keys) will be given to the physical

keyboard, with each physical key given a unique number. The

real value encoded array will be sorted, and the sorted index

will correspond to a permutation. This permutation determines

which character is mapped to which key. This encoding would

also work with other real valued non-linear technique.

read in keyboard cost matrix

read in corpus probability matrix

for(runs=0;runs<5;runs++)

randomly initialize population

for(gens=0;gens<4000;gens++)

evaluate fitness of population

store genome and score of best member

roulette selection to keep 24 members

two point crossover for 12 members

apply mutations to children of tpc

With roulette selection you select members of the population

based on a roullete wheel model. Make a pie chart, where the

area of a member’s slice to the whole circle is the ratio of

the members fitness to the total population. As you can see if

a point on the circumfrence of the circle is picked at random

those population members with higher fitness will have a higher

probability of being picked. This ensures natural selection takes

place.

Two part crossover can be thought of as the sexual repro-

duction. Two members are picked from the population and

two points on their genome are taged for the crossover. Both

children keep the portion of its genome within these two inexes,

and exchanges the outside portion. Example:

Parent1:

ACCTTACCTTCA

Parent 2:

GATTACACCTGG

Xover points:

x x

Child 1:

GA|CTTACCT|TGG

Child 2:
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AC|TTACACC|TCA

Mutations are applied to each of the two point crossover

children by:

void mutate (member a)

i=rand();

switch(rand()%10){// pic a case

case 0: a[rand()%key_num]=drand();

break;

case 1:

case 2:

case 3:

case 4: //swap two

j=rand()%key_num;

tmp = a[i];

a[i]=a[j];

a[j]=tmp;

break;

case 5:

case 6:

case 7:

case 8:

case 9: //Randomly tweak

if(drand()>.5){

a[i]+=.1*drand();

if(a[i]>=1.0)

a[i]=.99;

}

else{

a[i]-=.1*drand();

if(a[i]<=0.0)

a[i]=.01;

}

break;

V. I MPLEMENTATION CHALLENGES

There were more than a few implementation challenges we

hit upon. The first was having to use the ANSI C wchar.h

library for Unicode characters. The learning curve wasn’t too

bad. Most familiar ANSI C functions are replicated by adding

a w somewhere in the name. For example:

int isalpha(char) vs int iswalpha(wchar\_t)

char fgetc(FILE*) vs wchar\_t fgetwc(FILE*)

The second challenge was to figure out what to do with

common keys that are mapped by control sequences. For

example, on a QWERTY keyboard the number of keys is

reduced by having upper case letters be mapped by pressing

the shift button before the desired character. For other keys

multiple mappings are not quite as intuitive. We decided to

handle double mappings of alpha keys in the standard way

of hitting the shift key before an alpha key to get a capital

letter. Functionality for this is provided in wchar.h by using

iswalpha(), and towlower() functions.

VI. CORPUS PREPARATION

We choose to generate our own corpora. We wanted corpora

based on large pieces of text, and not just on a hundred or so

pages. The Linux corpus contains 6,624,141 lines of text, the

the Shakespeare corpus contains 123,404 lines of text.

Our first corpus was the complete works of William

Shakespeare[27]. This was obtained from project

Gutenberg[23]. The header and footer with copyright

information was stripped along with copyright information

embedded before each act. The a corpus of the alpha characters

was constructed automatically converting upper case letters

to lower case. Shift characters, punctuation, and spacing

characters were ignored.

For our second corpus we used the Linux 2.6.11.7 kernel

source. The first two lines were cut off the tarball we obtained

from www.kernel.org. The resulting file had all files in the

kernel concatenated.

Some error was introduced in our corpus preparation because

of concatenated files. The character at the end of one file and

at the beginning of the next adds effects our probability matrix.

We disregard these errors as inconsequential.
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VII. G ENERATING THE CORPUS MATRIX

To generate the corpus matrix we wrote a program that

inputs a Unicode text file and outputs a the transition prob-

ability matrix for symbols in the document. We used a two

pass algorithm. On the first pass all symbols were put into a

list.

For the second pass a table is kept counting the number of

transitions from one letter to another. After this table is created

it is normalized by taking sum of each row and dividing all

elements of that row by the sum. This results in the creation

of our corpus transition probability matrix.

VIII. C ONSTRAINED KEYBOARDS

Our main experiment was generating constrained keyboards,

i.e. keyboards with no blank keys. Standard refers to the

standard keyboard mapping (QWERTY/FITALY), and random

refers to the average score of 1000 randomly generated key-

board mappings. Here are the results:

Evolved QWERTY Shakespeare

score=42.2747

q u p m s n d k c x

j r o t a i e v z

g f y h w l b

The evolved QWERTY Shakespeare keyboard puts OTAIE

in the middle of the home row, this seems to fit with the

English language where vowels A,I,E,O are frequently used.

Infrequently used letters such as X,Z, and Q can be seen in

the upper corners away from other letters.

Evolved QWERTY Linux

score=43.4699

k z e d v a m c x j

w r n i t s p u q

g h f o l y b

The evolved QWERTY Linux keyboard also seems to be an

intelligent design. The letters FOR are near each other. Also

frequently used variable names like N and I are together on

the home row.

Standard QWERTY

(Linux score=49.552376, Shakespeare score=51.069189)

q w e r t y u i o p

a s d f g h j k l

z x c v b n m

Evolved FITALY Shakespeare

score=41.041719

q u f g h c

j p o s t x

r a

y m e l i w

b z v d n k

The evolved FITALY Shakespeare keyboard puts vowels

A,I,O,and U on the upper main diagonal. Borrowing naming

convention from standard FITALY by taking the second row

we could call this keyboard JPOSTZ.

Evolved FITALY Linux

score=42.302176

k v s g h w

x c t n i f

a e

q u l d r z

j b m o p y

The evolved FITALY Linux keyboard puts common vari-

ables like N, I and A in the middle. Another feature is that the

word PRINT is contiguous except for a space between R and

I.

Standard FITALY Linux score= 44.504894

Standard FITALY Shakespeare score=43.943166

z v c h w k

f i t a l y

n e

g d o r s b

q i u m p x

The FITALY keyboard is very close, but not quite as good as

the evolved keyboards. Both standard FITALY and the evolved

FITALY keyboards soundly beat the random FITALY keyboard

on both corpora.
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keyboard corpus random standard GA

QWERTY Linux 50.1256 49.552376 43.4699

QWERTY Shakespeare 50.563567 51.069189 42.2747

FITALY Linux 47.782564 44.504894 42.302176

FITALY Shakespeare 48.161224 43.943166 41.041719

As we can see from the table standard QWERTY is slightly

better than random QWERTY for the Linux corpus. Also, the

standard QWERTY is WORSE than random for the Shake-

speare. This gives support to the urban legend that standard

QWERTY was designed to slow typing in the English lan-

guage.

It seems that our genetic algorithm was a success in evolving

high performance keyboards under our modified Fitts’ model.

No computation we did took more than a few minutes on a

PentiumIII 1Ghz. Memory requirements were not that taxing

because only the population and cost matrices needed to be

held in memory. Our optimization code takes O(n2) memory

where n is the number of keys on the keyboard. Thus, as

long as we stay with small languages memory should not be

a problem.

IX. EVOLVED UNCONSTRAINED KEYBOARD

As an example of how our program can evolve unconstrained

keyboards we fed in a 10 by 10 keyboard along with the Linux

corpus.

Unconstrained 10×10 Linux keyboard

score=40.105400

j

y p x k z

q u c e r w

b s t d n g

l a o i h

m v f

Note that the genetic algorithm is robust enough to group

the keys together. This allows us to do keyboards similar to

the Metropolis keyboard of [1] that was evolved with a spring

model.

Designs might be speeded up if we subtracted a sort of

Gaussian distribution starting at the center of the matrix and

going outward. This would further encourage keys to fall into

this middle “well”.

X. TUTORIAL

This is a tutorial of how to use our keyboard mapping

evolver. First you will need a corpus text and a 2D keyboard

layout or pre-computed distance matrix..

First download your corpus and 2D keyboard layout:

bash%wget http://myCorpus.txt

bast%wget http://myKeyboard.layout

Now create your corpus transition matrix and keyboard cost

matrix:

bash%corpus2matrix.exe myCorpus.txt

bash%keyboard2matrix.exe myKeyboard.layout

This process will create a file named corpus.dat and a file

named keyboard.dat. If you have precomputed one of these you

can copy them here now. Next we will evolve our keyboard.

bash%keyboarproj.exe

This produces an evolved keyboard mapping. The output is an

array of integers representing the Unicode values of the best

mapping found in order of how they map to the keyboard. Also

output is the score and a time-stamp of when the keyboard

was found. The pseudo-random number generator (a lagged

Fibonacci variant) is seeded by the clock, so multiple runs

will probably give you multiple keyboards.

Furthermore some extra tools are present. One of them

is the program nbbymkeyboard.exe. This program takes two

positive integer values and generates ann by m rectangualar

keyboard model. Keyboards such as QWERTY and FITALY
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are very close to a rectangular matrix, so only a few changes

are required.

Another helpfull tool might be unicode2int.exe. This pro-

gram takes file of Unicode charactors and outputs a file of the

charactors in integer form.

The other tool used for this paper is randomkeyscore.exe.

Given a corpus probability matrix and a keyboard cost matrix

it generates the average score of 1000 random key mappings.

This was usefull in getting an idea how good our keyboard

moiels were. Since we stripped the bitrate and key size out of

the Fitts’ model we no longer get a valid words per minute

score, so we need a baseline to judge from.

The last tool used was keymapscore.exe. This tool takes a

sequence of Unicode charactors as a mapping for a keyboard.

It applies this permutation to the corpus probability matrix,

and comes up with a modified Fitts’ score for that keyboard

mapping. This was usefull in determining the score of both the

standard Fitts’ mapping and the standard QWERTY mapping.

XI. I NTERNATIONALIZATION

As the content for mobile devices like cell phones evolves

toward the web and away from service providers it may soon

be critical that a keyboard has localization. Consumers will

migrate to devices with better local support as long as the

learning curve isn’t too great. With our keyboard evolver

creating devices with local support could be as:

1. Generate a corpus of local text with the current crude keypad.

Privacy and disk space could be helped by generating this

probability matrix directly.

2. Use the corpus to evolve a localized key mapping.

3. Use the optimized key mapping a a marketing tool.

We doubt that cellular phone makers in the US will go

beyond the keypad alphabetic order interface in the near future,

but if they do it might be nice to have faster keypads.

As with all models our modified Fitts’ doesn’t take into

account internal language representations. One reason US

device provider’s will be weary of switching key mappings

is that most users know their “ABC’s” and can find a key by

its alphabetical order, even if they are not familiar with the

keyboard.

Also, we must ask ourselves:,”What are the implications of

patents and trademarks on keyboard models and mappings?”

There could be a patent bonanza in the next few years coming

up with optimized keyboard mappings. This could have a

negative effect on consumers and service providers in 3rd world

countries. Users would have to pay more for their service, and

smaller local service providers would see their profits squeezed

by license fees.

We believe that optimized keyboard models should be used

as a marketing option, and not as patentable feature. As we

have shown in this paper, generating an optimized key mapping

will not take more than a few minutes given a corpus and

keyboard cost model.

A quick search of the US Patent and Trademark office web-

site yields 110,579 patents containing the word “keyboard”.

Furthermore, will efficient algorithms for generating key-

board mappings be patented? There is a big debate going on

in the EU right now about software patents. What effect will

this have on keyboard optimization research?

In the least our tool could help those not familiar with a

language to generate a decent keyboard for it. You may not

speak Greek, but if you can find a body of greek text, and you

have a keyboard, then you are set.

XII. F UTURE WORK

We have thought of many ways to extend the project.

The first is to make use of our Unicode ability. Take a

language like Armenian and generate an optimized keyboard

for it. Get in contact with someone that uses the language

and see what ingellegent exploits the keyboard found for the

language.

One might try Hooke-Jeeves pattern search, Flocking, or

other heuristic search non-linear optimization techniques. Also,

the choices for parameter values in our genetic algorithm

were arbitrary, so the reader might play around with them for

better performance. Improved mutation and crossover operators

would also be nice.
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Another idea is to do a depth first search of the whole

keyboard space. Naively the whole space is size n!, but with

keyboard symmetry and pruning it might be tractable for small

alphabets. The keyboard assignment problem is probably NP

complete, and is at least as hard as graph isomorphism. A quick

reduction to graph isomorphism:

Assume that your cost matrix is complement of your corpus

matrix, and that they have (0,1) values. Of course the rows

of the corpus matrix must add up to 1, so divide the rows

of both your corpus matrix by their row sums. Now permute

the keyboard distance matrix. The minimum cost mapping

you can get is when the zeros of each matrix are aligned

with the nonzero elements of the other matrix. This only

happens in automorphisms of the identity permutation for the

distance matrix, thus our problem is at least as bad as graph

isomorphism.

Another idea is to use the full Fitts’ model and develop a

Voronoi keyboard. The Metropolis keyboard[1] uses the opti-

mal centroidal voronoi tessellation for the uniform distribution

on the plane in its design (hexagon/honeycomb tessellation).

Given a corpus probability matrix evolve a set of points in the

unit disk, or unit square, so that the Voronoi diagram of the

points is the keyboard, and the Fitts’ cost is minimized.

Simplifying the search space might be another strategy. State

transitions which happen rarely could be dropped. Also, if the

keyboard space is symmetric then that symmetry should be

exploited in the search.

Further simplification could be done by putting the keys into

clusters and doing a top down design. Take a small and let each

“key” be one of these clusters. After the keys have been put

into optimized clusters each cluster could then be broken apart

and the keys inside given their own mapping.

Yet another idea: Initially, do a random assignment of letters

to keys. Then, for each letter in the corpus do the following

procedure:

1.Update the cost of that key press, i.e. the distance it had

to travel. Add this value to both the current and last key.

2. If the new key pressed has higher cost than an adjacent

key that is closer to the previous key pressed then swap the

labels of the two keys.

Variations on this might yield some interesting keyboards,

and might be faster than our optimization methods.

Yet another improvement would be to give a web interface

for our UNIX utility. It would only have to consist of a website

that took two parameters: a URL for the corpus text or pre-

computed corpus matrix and a URL for the a 2d keyboard

layout or a pre-computed keyboard cost matrix. It could output

the Unicode characters in order in a text box at the bottom.

The application shouldn’t take more effort than a small pearl

CGI script.

A downside to this is that people might start using your

website for scientific computation. There are probably many

problems that fit into the “permute a matrix to maximize its

elementwise product sum with a second matrix” model.

Another direction would be to implement the a two handed

model like the one outlined in the cost models section. It would

be interesting to see how this changes the fitness landscape. The

clusters partitions for each finger should be very interesting.

Source code of our project is located at

http://www.public.iastate.edu/c̃rb002/ie574/code/. It is

available for use under the General Public License version

2.0.
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