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Abstract - An error-correction strategy that can be applied to
existing chord-based text-entry systems is proposed. The strategy
is capable of correcting 99.1% of all single bit-errors (insertions
and deletions) and 98.1% of certain double bit errors
(substitutions) occurring in words. The strategy compares the
entered words against entries in a reference wordlist. A genetic
algorithm is used to search for the close-to-optimal chord-to-
character mapping in terms of single-bit errors, certain double
bit-errors and mean fingers per chord (effort). The paper also
explores the magnitude of the error-correcting degradation that
occurs with multiple bit-errors per word. The chord-to-character
mappings proposed is capable of correcting 0.6% more single-bit
errors than the classic microwriter design, and one design is
presented that result in about 17% fewer finger movements.

I. INTRODUCTION

Text entry is an important aspect of human computer
interaction. Since the invention of the typewriter researchers
have attempted to improve the way in which text is entered on
machines. One strategy which is as old as the typewriter is the
idea of chording and the chord keyboard, which was used by
the US postal system more than 100 years ago [1].
Unfortunately, the popularity and the widespread use of the
QWERTY keyboard suffocated most other ideas including the
chording techniques [2]. However, chording did not
completely vanish. Chording is currently used by stenographs
that for instance take notes in courtrooms [3], where there are
demands for extreme text entry rates. Further, chord
keyboards have found a use among physically disabled users
who find it difficult if not impossible to use a conventional
two handed QWERTY keyboard [4]. For instance, users might
not have the ability to move the fingers across a keyboard, or
may not have both hands available.

In recent years there has been a renewed interest in text
entry strategies including the chord keyboard [5, 6]. Mobile
users - that is, users that are on the move share many
characteristics with the physically disabled users. They are
operating portable miniature devices, which are operated
under difficult circumstances. Numerous creative strategies
have been proposed such as various multi-tap techniques [7-
11], tilt [12], virtual touch screen keyboards [13], gestures [14,
15] and icons [16],

Although the chord keyboard has been around for a very
long time, and it has found its specific target domain, there has
not been much work published addressing the errors
associated with chording and chord keyboards, besides the
classic performance measurements reported by Seibel [171.
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Errors and the correction of errors on chord keyboards are
therefore the topics of this study.

II. BACKGROUND

A. Chord keyboards
A basic one-handed chording keyboard has the following

characteristics. There are five keys, where each finger on the
hand is assigned a unique key. Text is entered by pressing key
combinations without moving fingers between different keys
on the keyboard. In contrast, such finger movements are
necessary on conventional QWERTY keyboards. With five
keys it is possible to enter 31 (25-1) unique chord
combinations. In other words, one can enter 31 unique
symbols, which is sufficient for most English text, including
the 26 letters of the alphabet, punctuation symbols, space and
backspace. Strengths of chord keyboards include fast typing,
as fingers remain in the same position, and eyes free
operation, as the users do not need visually scan the keyboard
for the desired key. Five keys can easily be accommodated on
miniature devices. Fitt's law [18] can be used to demonstrate
that the typing error rate is higher on devices with smaller
keys than larger keys. Portable devices with full QWERTY
keyboards are difficult to use and results in high error rates.

Chording keys are two-state components, with the states
up or down and they are naturally represented using bits with
binary values. The term bits and finger-key presses will be
used interchangeably in this paper. The term word will
exclusively be used to refer to a literary word and not a data-
word (two bytes).

B. Typing Errors
Research into automatic spelling error detection and

correction classifies typing mistakes into three categories -
deletions, insertions and substitutions [19]. Deletions occur
when the author by accident, or by ignorance, omits a letter in
a word. Insertions refer to the situations where the user
accidentally, or out of ignorance, inserts an additional
character in a word, and substitutions are situations where a
user by accident, or out of ignorance, replaces a character in a
word with an incorrect character. On conventional keyboards
the two main sources of typing errors are inaccurate spelling
and incorrect finger manoeuvres. Therefore, traditional
spelling error detection and correction research focus on
character level errors. Character level errors detection and
correction is however not the topic of this paper. For a detailed
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overview of spelling error detection and correction the reader
should consult the very excellent survey by Kukich [20].

C. Chording Errors
The topic of this paper is chording level errors. Three

types of errors will be discussed, namely insertions, deletions
and substitutions. Insertion refers to situations were the user
accidentally presses too many fingers while composing a
chord, deletions refer to situations where the system fails to
detect required keystrokes and substitutions refer to situations
where users press the wrong keys. Only single errors per word
will be considered in the fundamental architecture, but the
experimental assessment demonstrates that the proposed
method is also capable of correcting multiple errors and mixed
error types within the same word at the expense of additional
computational effort.

D. Error Types
The insertion and deletion errors in a chord can be viewed

as one-bit errors. i.e., if there is an insertion or a deletion in a
chord, then the Hamming distance between the typed chord
and the desired chord is one.

Substitutions can be viewed as special-case two-bit errors.
It is assumed here that a substitution only occurs for
neighbouring fingers, i.e., the user for instance accidentally
presses the ring finger instead of the index finger or vice
versa. This simplification results in the following two
characteristics: First, the substituted fingers are neighbours.
Second, the total number of bits set is the same in both the
incorrect and the desired chord.

The consequence of a chording level error is that the
chord entered by the user is interpreted as a different character
than the one the user intended to type.

E. Correction ofChording Errors
It is difficult, if not impossible, to correct chord errors

based on a single chord in isolation. However, in this paper we
propose to incorporate a language model in the form of a
dictionary or a wordlist. The assumption is that for each word
there is only likely to be none or very few errors in practice,
and that the redundancy in the language is sufficient to detect
and correct any potential errors. Most error correction
strategies rely on some degree of redundancy, such as spell
checkers or traditional eiTor correction codes which rely on
redundant parity bits. English is the language used in this
study, but the strategy is applicable to most other phonetically
transcribed languages as well.

The choice of using a language model in a chording text
input system is well justified; advances in miniaturisation
means that current portable and mobile consumer electronics
devices are generally powerful enough to accommodate large
dictionaries, and this was not possible 20 years ago, let alone
100 years ago when the principle of the chord keyboard was
first introduced.

Given a word-list and a correctly typed word, then it is
trivial to confirm the correctness of the word by looking it up
in the dictionary. However, if the word comprises a one-bit
error (either an insertion or a deletion) then all the words in
the dictionary with a Hamming distance of 1 with respect to

their chord bit-pattern can be found. However, this requires a
complete scan of the dictionary. A more efficient approach is
to generate all chord bit-vectors from the word with a distance
of 1 to the word. This is simply done by toggling each bit in
the bit-vector in turn. For each of the alternative bit vectors the
respective interpreted word is looked up in the dictionary,
which can be efficiently implemented using a hash-table. One-
bit-errors will in this instance be detected and corrected,
unless there is an ambiguity where two or more words are at a
distance of one-bit from the erroneously typed word.

00011 00110 - No match
(DQ)

Flip bits

10011 00110
01011 00110

00011 00010
00011 00100 Match"DO"

Fig. 1. Correction of single bit errors.

Fig. 1 illustrates how single bit errors are corrected using
the microwriter design. The user enters two chords "D" and
"Q", while intending to type "DO", but unintentionally makes
an insertion. Each bit in the vector is toggled and the resulting
vector is checked against the wordlist until a match is found.
In this example the system detects that the second last bit is
erroneous.

Double bit errors can be detected and corrected as
follows. For each chord making up the typed word, traverse
the bits of the chords. At each step of the traversal toggles the
bit and its immediate successor if their bit values are different.
For each of the derived bit vectors the corresponding words
are looked up in the dictionary.

00011 00010 -> No match (DE)

Check single bit errors -* No match

Continue double bit check

00101 00010
00011 00100 - Match "DO

Fig. 2. Correction ofdouble bit errors.

Fig. 2 illustrates how double bit errors are corrected using
the microwriter design. The user accidentally makes a
substitution and types "DE" instead of "DO". First, the system
attempts to correct single bit errors. As no single bit errors are
found the system moves on to correct double bit errors. For
each chord we search for two consecutive bits that have
complimentary values and the bits of this bit pair are then
toggled. The first such situation is detected in position 3.
However, toggling bits 3 and 4 does not yield a match in the
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dictionary. The second such situation occurs in the second
chord in position 3 as well. When toggling bits 3 and 4 in
chord two a match is found and the system has detected the
two errors that occurs at positions 3 and 4 in the second chord.

F. Complexity analysis
Assuming that single bit errors occur at a rate of ri, double

bit errors at a rate of r, and other errors at a rate of rn , then the
mean number of wordlist lookups L can be expressed as:

L=1+rL1 +r2(L+L1,,a)+r,/Lj,ax+L2,a) (1)

since we first check for correctness, then single bit errors and
finally double bit errors, were L, is the mean number of
lookups for single bit errors, Li,inax is the maximum number of
lookups for single bit errors, L4 is the mean number of lookups
for double bit errors and L ,,ma is the maximum number of
lookups for double bit errors. These parameters are estimated
as follows:

For single bit errors the maximum number of dictionary
lookups L10u for words with a mean length is 25, because
there are five bits in a chord and the mean word length is 5.
However, we can abort the search once a match is found and
the mean number of lookups L, is therefore 12.5.

The number of dictionary lookups for detection and
correction of double bit errors depends on the bit pattern. In
the best case there are no lookups, if all the bits in the chords
are set, i.e. if the user presses all the keys simultaneously, then
the user cannot have made a substitution error. The worst case
is four lookups per chord, and this is the scenario where every
alternating bit is set and unset. Therefore, in the worst case 20
lookups are needed for a word with mean length. The
approximate maximum mean number of lookups for double-
bit errors L, is 10, although this value depends on the chord-
to-character mapping being used. Further, once a match is
found the search can be terminated and the overall mean
number of lookups needed for double bit errors L2 is therefore
5 lookups.

Assume for the sake of illustration that the user types with
an error rate of 4% with an equal distribution of insertions,
deletions, substitutions and other errors, then the mean number
lookups required to correct the mean word is 1.9, or 0.4
lookups per character. Modern embedded hardware should be
able to handle such computational loads easily as this
translates to an extreme maximum of 6.6 table lookups per
second for expert typists with several years of practice,
capable of 200 words per minute.

G. Visualfeedback
One valid criticism of a word-level error detection and

correction facility is that the user needs to complete the word
before corrections take effect, and the user will be able to see
the incorrectly written characters. However, chord keyboards
are intended to be used eyes free at high speeds, and a typical
user will not necessarily stare at the typed text continuously as
the characters are entered, but merely make occasional visual
checks. Other text entry techniques however, are highly
dependent on continuous visual feedback to the user - for

instance when entering text on mobile phones using a numeric
keypad.

H. Chord-to-character mapping
In the previous sections a strategy for correcting errors

was established. In subsequent sections the usefulness of the
proposed error correction characteristic will be investigated.
Further, the experiment described herein was designed to also
determine the impact of the chord-to-character mapping.
Clearly, the chord-to-character mapping can affect the ease
and speed of use, namely, that frequently typed characters
should be assigned chords that are easy to enter.

III. EXPERIMENTAL ASSESSMENT

In this study three measures for determining the quality of
the chording strategy given a specific chord-to-character
mapping are proposed, namely ratio of uncorrected one-bit
errors, ratio of uncorrected double-bit errors and the mean
fingers per chord, which is intended to signal the ease of using
the chording strategy with the given character to chord
mapping.

The ratio of uncorrected single-bit errors is computed by
traversing the words in the wordlist. For each word the bits of
its chord vector are toggled individually and the resulting
vectors are checked against the wordlist. If there is no unique
match (ambiguity) then the error count is increased. The ratio
of errors versus the total number of tests conducted make up
the single-bit error ratio. Note that the measure used herein
does not take probability of a word occurring into
consideration.

The ratio of uncorrected double bit errors is computed by
traversing the words in the word-list. For each chord in each
word the four neighbouring bit pairs are investigated. If their
values differ, then both bit values are toggled simultaneously
and the resulting word is checked against the word-list. If
there is no unique match then the error count is increased. The
ratio of errors versus the total number of tests conducted make
up the double bit error rate.

The mean number of keystrokes per chord K can be
computed by multiplying the number of fingers used, or bits
set, in each chord with the probability of that particular letter
occurring in normal text. The sum of these products will then
represent the mean number of fingers used per chord.

A. Multiple Errors
Although it is simple to correct single and a selected set of

double bit errors, more effort is required to correct multiple
(two or more) errors within the same word. The proposed
lookup scheme can be employed, but the number of modified
chord vectors and their associated table lookups grows large.

When correcting more than two-bit errors per word it is
easier to simply traverse the wordlist and select the word with
the shortest Hamming distance to the erroneous word. To test
the ability of the Hamming distance to correct multiple bit
errors per word the following scheme was employed. Exactly
3000 words were selected randomly from the dictionary and
processed sequentially. Each word was converted into the
chord bit vector and the bit vector was subjected to noise.
Each bit was toggled with a given probability, namely the
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input noise-rate. Then the distorted chord bit vector was
matched against the entries in the word list and the closest
match was retrieved. Ties were resolved by selecting the first
word encountered. If the corrected word did not match the
original word the error was counted and the error ratio for
each of the 3000 words were computed. The noise-rate was
varied from 0 to 1 in steps of 0.02, which represents
everything from no modification of the bit vector to the
compliment of the bit vector, in steps of half a bit error per
word. A word is assumed to comprise five letters.

Eirnr correction degradation
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of 0.1) were used together with tournament selection
(tournament size of 2). Population size was 100 and the
genetic search was run for 1000 generations in each case.

The word-list used in these experiments is based on the
mobile text phrases test suite by McKenzie [21].

TABLE I
CHARACTERISTICS OF CHORD-TO-CHARACTER MAPPINGS

1 bit error 2 bit errors effort
Microwriter 0.016 0.030 1.92
Chording glove 0.082 0.090 1.98
1 bit error optimised 0.008 0.022 2.50
2 bit error optimised 0.012 0.019 2.21
Effort optimise-d 0.013 0.037 1.59

__ _____ _______ -_____ ____ Table I shows the results of these measurements. The table
lists the measures applied to the classic microwriter chord
patterns, the chording glove patterns [6, 22], and the chord

_______ ___________ design obtained using the GA with respect to one-bit errors
(ratio of uncorrected errors), two-bit errors (ratio of

________________________ __________ uncorrected errors) and effort (mean fingers per chord).
The results reveal that the classic microwriter design

works well with the proposed error correction scheme for
noise rate single bit errors (98.4%), although not so good for double bit

errors (97.0%). Further, its effort is quite satisfactory with a
ig. 3. Error correction degradation as a fimction of noise. mean of only 1.92 simultaneous keystrokes per chord.

The widely cited chording glove design surprises with a
ows that the system corrects more than 90% of all very poor error correction capability of only 91.8% of single
long as the noise ratio is less than 0.1 errors per bit. bit errors and only 90.0% for double bit errors. Further, its
noise ratio reaches 0.2 errors per bit the error mean number of simultaneous keystrokes per chord is slightly
degrades rapidly and is only able to correct about worse than the microwriter, with a mean of 1.98 keystrokes

ie errors. Once the noise level reaches 0.3 errors per per chord.
bit the error correction capability is only able to fix about 30
% of the errors. One needs to reach a noise rate of 0.6 in order
to not be able to make any corrections. However, these results
are quite encouraging. A noise rate of 0.1 errors per bit is
equivalent to one-bit error per two chords, which is really
quite a high error rate in practice. Even when there on average
is one-bit error per chord (a noise level of 0.2 errors per bit)
the system is capable of correcting more than half of the
erroneous words.

B. Chord-to-character Assignment
A genetic algorithm (GA) was used to search for the

close-to-optimal chord-to-character mapping in terms of single
bit errors, double bit errors and effort. The open source
package ECJ12 by Sean Luke of the George Mason University
was used as the underlying genetic engine. An indirect priority
chromosome scheme was used to code the problem. A simple
integer vector chromosome representation was used with allele
values in the range of 0 to 100, and a chromosome size of 31.
Each gene represents the priority of assigning a chord to a
character. The gene position of the gene with the highest value
represents the chord index of the first letter, the gene position
of the gene with the second highest value represents the chord
index of the second letter, etc. A simple one-point crossover
operator anid a value-replacing mutation operator (probability

error correction degradation
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Fig. 4. Error correction degradation as a function of noise.

The explanation for this poor result is probably due to the
fact that both letters K and L are both mapped to the same
chord. Whether this is a mistake in the original paper by
Rosenberg [6] or whether it is intentional is hard to say, but
the same table is used and reproduced in a more recent study
by Shin and Hong [22].
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Fig. 4 shows how the five designs respond to larger
amounts of noise. The illustration shows that the plots follow
quite similar trajectories with a small difference between the
worst-design (chording glove) and the best designs (one and
two-bit error optimised designs).

The results can be interpreted as follows. By introducing a
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the fewest error. The results show that the improvements are
marginal. When choosing a chord mapping it is probably
better to choose a simple mapping with a low mean finger per
chord count that is less error prone.
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A pPENDIX

Table shows the GA-derived chord-to-character mappings
discussed herein: a one-bit error optimized mappings and an

effort optimized mapping. The mapping for the microwriter

and the chording glove are provided for reference. The chords

represent the thumb to the little finger from right to left.

Asterisks are used do indicate finger down (keystroke) and

underline is used to indicate finger up (released key).

TABLEHI
CHORDS-TO-CHARACTER MAPPINGS

ch Micro-wirter Chording
glove

1 bit error Effort

A * * * * * * *

B * * * * * * * * *

C * * * * * * * * * * *

D * * * * * * * * *

E * * * * * *

F * * * * * * * * * * * * * *

G* * * * * * * * * * *
I-I * * * * * * * * *

I * * * * * *
J * * * * * * * * * * * *

K * * * * * * * * * * * * *

L * * * * * * * * * * * * *

M * * * * * * * * * * * * *

N * * * * * * *

0 * * * * * * * * *
p * * * * * * * * * * *

Q * * * * * * * * *

R * * * * * * * * * * *

S * * * * * *

T * * * * * * * * * *

U * * * * * * * * *

V * * * * * * * * * *

w * * * * * * * * * * * *

x * * * * * * * * * * * * *
Y * * * * * * * * * *

z * * * * * * * * * *
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