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54.1 Introduction

Keyboards have been around for over 100 years and
are in widespread use both on typewriters and as input
devices to computers, Early refinements of the type-
writer keyboard aimed at improving its mechanical ac-
tion so that it would operate mote smoothly with fewer
malfunctions. Later work focused on improving typing
speed and accuracy.

This chapter describes keyboard design factors that
affect skilled typing and data entry. The information
presented should apply equally well to typewriter and
computer keyboards. Some data also apply (o tele-
phones and other specialized keypads used for data
entry tasks.

54.2 Keyboard Layouts

The locations of letters and numbers on keys has been
a matter of research, theory, debate, contests and patent
applications since the appearance of the first conven-
tional typewriter keyboard. Although other typewriters
existed previously, the design patented in 1868 by
Sholes, Glidden, and Soule was the first to include
many of the characteristics of modern typewriters
(Yamada, 1980). The letters originally had an alpha-
betic arrangement.
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54.2.1 The Standard (QWERTY) Layout

Fast: typists ran into trouble with the early design of the
Sholes keyboard because the typebars of successive
keystrokes would interfere with each other. The current
QWERTY layout (named for the top left-most row of
letters) increased the spacing between common paits of
letters to reduce the frequency of jamming sequentially
struck typebars!. Touch typing on the Sholes keyboard
was not common until around 1900 (Yamada, 1980).
The first patent showing the QWERTY layout ap-
peared in 1878 (Cooper, 1983; Noyes, 1983b). There
have been several attempts to improve the keyboard
layout by developing non-QWERTY arrangements.

54.2.2 The Dvorak Simplitied Keyboard
Layout

The most well known of these attempts was the Dvorak
Simplified Keyboard (known as DSK). August Dvorak
received a U.S. patent for his design in 1936, Dvorak
designed his layout using principles’ of time-and-mo-
tion study and scientific measurement of efficiency
(Dvorak, 1943). Dvorak assumed for his analyses ten-
fingered touch typing.

The principles underlying Dvorak’s layout in-
cluded assumptions such as simple motions are easier
to learn and perform rapidly than more complex mo-
tions, and rhythmic motions are less fatiguing than er-
ratic ones. With the DSK layout, typists use the right
hand more than the left, with fingers assigned propor-
tionate amounts of work, Almost 70% of the typing is
on the home row. The placement of vowels and fre-
quently-used consonants on opposite halves of the key-
board increases the frequency of two-handed typing
sequences?.

Many experiments, field trials and analytical stud-
ies have compared the DSK with the QWERTY ar-
rangement. Dvorak conducted some of his own tests
with reportedly positive results. Five other studies
comparing DSK and QWERTY keyboards appear be-
low.

! There arc other theories about how QWERTY came into exis-
tence. For a summary, see Noyes {1983). Alleviation of typebar
jamming problems was the explanation appearing most frequently
in the literature,

2 The Dvorak measurements assume English text. For recent appli-
cations of Dvorak-like principles to the design of non-English key-
boards, see Kan, Sumei, and Huiling, 1993; Lin, Lee, and Chou,
1993; and Marmaras and Lyritzis, 1993.
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The Navy Department Study

In the 1940s, the Navy Department compared two
groups of typists who received on-the-job training
(U.S. Navy Department, 1944a, 1944b). The first group
consisted of QWERTY-trained typists who learned the
DSK layout, The second group of QWERTY typists
received additional training on the standard keyboard.

Increases in typing speeds and decreases in error
rates were higher for the DSK group. However, the
gain in net words per minute (nwpm) was not statisti-
cally significant. Also, there were pre-existing differ-
ences between the two groups because the DSK typists
initialty were faster on QWERTY than the other group.

The Navy Department report did not focus on the
final nwpm, but instead described differences between
the groups in terms of percentage gain in nwpm as a
function of the number of hours of additional training.
In measuring this learning rate, the researchers used
zero as the baseline for the DSK group because they
had never used DSK before. The QWERTY group
baseling was their typing rate before additional train-
ing. The use of different baselines affected the calcula-
tion of learning rate. Also, the initial learning rate for
the DSK group could have been quite high because
some previously learned typing skills (such as finger
movements) would be relevant for learning DSK. Later
performance might not show such a rapid rate of
learning.

Navy Department researchers also calculated the
costs and benefits of retraining compared to additional
QWERTY training. However, the cost figure was
“corrected” by subtracting the value of increased pro-
duction during the latter part of the retraining period
for the DSK group only. That is, once typists in the
DSK group exceeded their original QWERTY typing
rates, the increase in production received a dollar
value. The correction factor was the number of hours
each typist worked at greater than 100% of QWERTY
typing speed multiplied by the individual’s hourly
wage. Without this correction factor, the average cost
of retraining was actually cheaper per hour for addi-
tional QWERTY training ($1.27/hour DSK and
$0.90/hour QWERTY).

The Navy Department report concluded with
highly favorable statements about DSK retraining and
recommendations for implementing such retraining.
The following facts invalidate this conclusion: a) dif-
ferences in final typing performance were not statisti-
cally significant; b) measures of learning rates unfairly
favored the DSK group; and c) calculations of costs
and benefits unfairly favored the DSK.
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The Strong Study

Strong (1956) conducted his study for the U.S. General
Services Administration. Strong trained QWERTY typ-
ists on DSK keyboards until they reached their previous
QWERTY typing performance levels. This took an av-
erage of about 28 days. In the second part of the experi-
ment, the DSK group received additional instruction
time to increase their speed and accuracy on DSK. A
comparable group of QWERTY typists began the ex-
periment in the second half and received only this addi-
tional training (but on QWERTY). After training, the
QWERTY group performed better on typing tests than
the DSK group (Aldén, Daniels, and Xanarick, 1972;
Noyes, 1983b). Strong concluded that there were no ad-
vantages to the DSK and that “brush up” training on
QWERTY was more effective (Yamada, 1980). -

Other researchers have questioned the Strong re-
port. Some tried to obtain the original experimental
data for re-evaluation, but learned that all the data had
been destroyed. There has been speculation that the

study unfairly favored QWERTY (Noyes, 1983b) and .

that Strong himself was “hardly an unbiased investiga-
tor” (Yamada, 1980, p. 188). Regardless of whatever
motivated Strong to write such a report, it clearly was a
major blow to public acceptance of DSK and the adop-
tion of DSK by the U.S. government (Cassingham,
1986; Yamada, 1980).

Kinkead’s Simulation

It is difficult 1o conduct a fair experiment to compare
DSK and QWERTY due to QWERTY's widespread
use. Previous experience could affect both DSK retrain-
ing and additional QWERTY training in unknown ways.
To circumvent the methodological difficulties of training
and retraining typists on each keyboard, Kinkead (1975)
collected data on the times required for the fingers to
type each possible sequence of two letters (called a
“digram” or “digraph”) on the QWERTY keyboard. The
second part of the analysis was to obtain the frequency
with which each digraph occurs in English.

Kinkead (1975) assumed that the time to make a
particular finger motion (“keystroke time™) would be
the same for both DSK and QWERTY. That is, the

keys and rows have the same arrangement on both key- -

boards, so they require the same finger motions. The
only difference between layouts was the assignment of
letters to the key locations and thus the frequency of
use for each finger motion. Kinkead used the sum of all
“digraph frequency x keystroke time” values to esti-
mate the typing speed for each keyboard layout.
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The results of this analysis indicated that, at best,
DSK is 2.3% faster than QWERTY. (This value of
2.3% appears below his table of calculations; in the
text, the number is 2.6%.) There are some minor dis-
crepancies between these values and calculations based
on the numbers in Kinkead’s (1975) report. For exam-
ple, using the same numbers as Kinkead, the advantage .
of DSK over QWERTY could be either 3.1% or 3.2%,
depending on the use of Kinkead’s first (155
msec/keystroke) or second (151 msec/keystroke) esti-
mate of average keystroke time.

Another difficulty in interpreting the Kinkead
(1975) data stems from the effect of context on typing
speed and the “leveling effect”. The context surround-
ing a character affects the speed of typing that charac-
ter. If the size of the affecting context is larger than a
digraph, then Kinkead’s estimates might not be accu-
rate. Gentner (1983) reported that the size of the effec-
tive context is two letters before and one character
after the currently typed character. Calculations for tri-
graphs (three-letter sequences) show that when a par-
ticularty slow keystroke occurs, other keying sequences
surrounding it also slow down. Fast keying sequences
tend to speed up surrounding keystrokes (Hiraga, Ono,
and Yamada, 1980). This tendency to maintain a con-
stant typing speed from one keystroke to the next is the
leveling effect. The context and leveling effects could
explain why Kinkead obtained such a low estimate for
DSK’s advantage over QWERTY, because the analysis
used digraphs only.

A Computer Simulation

Norman and Fisher (1982) performed another compari-
son of DSK and QWERTY using “a computer simula-
tion of the hand and finger movements of a skilled
typist” (p. 154). Their model accounted for the context
effect because it “allows for the simultaneous move-
ment of the fingers and hands toward different letters
of the word being typed, thus capturing the parallel,
overlapping movements seen in high-speed films of
expert typists” (p. 515). They calculated that DSK
provides about a 5.4% advantage in typing speed over
QWERTY. Application of the model resulted in a typ-
ing rate of about 58 words per minute {wpm) for DSK
compared to about 56 wpm for QWERTY.

This study addressed some of the criticisms of the
Kinkead (1975) report. The computer model took into
account more than just digraph frequencies in deter-
mining speed of finger motions. Note, however, that
both simulations (Kinkead, 1975; Norman and Fisher,
1982) address only typing speed of expert typists.
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An Automated Search for the Best Key Layout

Noel and McDonald (1989) used an artificial intelli-
gence search procedure to discover the best possible
key layout for the standard keyboard configuration.
Their algorithm used the typing model developed by
Norman and Fisher (1982) to direct the search. Their
program considered 50,000 keyboard layouts from the
first to the final iteration of the search. The results in-
dicated that the DSK was about 10% better than
QWERTY, and that the best possible layout was 1.2%
better than DSK.

Conclusions

Most studies have confirmed that DSK is faster than
QWERTY. However, there is disagreement about the
size of the difference between the two keyboard lay-
outs. Earlier accounts claimed that DSK was from 15%
to 50% faster than QWERTY (Yamada, 1980). More
recent calcolations give much smaller numbers, rang-
ing from 2.3% to 7% (Kinkead, 1975; Norman and
Fisher, 1982; Yamada, 1980). Because the best design
their search procedure could turn up was only 1.2%
better than the DSK, the results of Noel and McDonald
(1989) suggest that it would be fruitless to attempt to
develop a layout in the standard keyboard configura-
tion significantly superior to the DSK.

Because there are so many unknowns (such as how
long it will take a particular typist to retrain), a switch
to DSK would probably not provide a practical im-
provement in productivity. With an estimated 5 10 10%
increase in output over QWERTY (Noel and McDon-
ald, 1989; Norman and Fisher, 1982), the switch might
be cost effective for some typists, but essentially

“worthless for most. Fokexample, a typist with an aver-

age speed of 50 wpm would, after complete retraining,
produce 52.5 to 55 wpm. At roughly 800 words per
single-spaced page, this hypothetical retrained typist,
typing nonstop for eight hours per day, would increase
production from about 30 pages per day up to 31.5 o
33 pages per day. Also, a typist trained on QWERTY
can easily transfer his or her skill to any other standard
keyboard, but a typist trained on DSK could not.

54.2.3 Alphabetical Keyboards

Another method of designing a keyboard is to place
letters on the keys in alphabetical order. Such a layout
has appeared on some children’s toys, on a stockbro-
ker’s quotation terminal, on some portable data de-
vices, and sometimes appears as the default on-screen
keyboard for some touchscreen applications.

Chapter 54. Keys and Keyboards

Research Comparing QWERTY and Alphabetical
Keyboards

Hirsch (1970) tested one group of non-typists on
QWERTY and another group on an alphabetically ar-
ranged keyboard. After seven hours of practice, the
QWERTY group improved their typing speed from 1.47
to 1.99 keystrokes per second. The alphabetical group,
however, did not even reach their pre-experimental
QWERTY typing rates (1.47 keystrokes per second for
QWERTY compared to 1.11 for alphabetical).

Michaels (1971) expanded on the work of Hirsch
by including people with a broader range of typing
skills, ages and backgrounds. Results showed that both
the high- and medium-skill groups were significantly
faster on QWERTY, while the low-skill group showed
no significant difference in typing speed on the two
keyboards. Also, skilled typists were faster at keying
numerical sequences on QWERTY than on the alpha-
betical keyboard even though the number keys were
exactly the same on both typewriters, a result that
might haye been due to a leveling effect.

Norman and Fisher (1982) tested non-typists on
four different keyboards: QWERTY, Alphabetical-
Horizontal (letters A through Z. arranged from left to
right starting with the letier keys at the upper left of the
keyboard), Alphabetical-Diagonal (with letters ar-
ranged from top to bottom and then from left to right
starting at the upper left of the keyboard), and a Ran-
dom keyboard (letters assigned to letter keys at ran-
dom). Typing was more than 65% faster on QWERTY
than on any of the other layouts. Statistical tests re-
vealed that the first three keyboards were all signifi-
cantly better than the random arrangement, and that
QWERTY was better than both alphabetical layouts
{which were not significantly different).

A study of small keypads for an enhanced tele-
phone application compared QWERTY and alphabeti-
cal layouts (Francas, Brown, and Goodman, 1983). The
size of the keypads limited typing to a one- or two-
finger strategy. The 2{} participants in the study had
keyboard experience ranging from those who had not
used a keyboard in the previous year to those who used
a keyboard daily. The average time for entering sen-
tences was 54.4 seconds for QWERTY and 97.5 sec-
onds for the alphabetical layout. The typists in the
study strongly preferred the QWERTY to the alpha-
betical layout. The advantage for QWERTY did not
appear to be a function of the typists® experience,

Recent interest in portable data devices and on-
screen keyboards for touch screens have led to addi-
tional research in the evaluation of nonstandard alpha-
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betic arrangements. Lewis, Kennedy, and LaLomia
(1992) used a cost function based on Fitts’ Law? and
English digraph frequencies to evaluate (1) the alpha-
betical arrangement created by replacing the QWERTY
letters with alphabetically-sequenced letters and (2) the
alphabetical arrangement created by placing the letters
in a roughly 5 x 5 key matrix (with “Z” placed just
outside the square matrix, and (3) the standard
QWERTY arrangement given expert (completely
learned) typing with a stylas or a single finger
(hereafter referred to as stylus-typing). (Note that the
problems associated with Kinkead’s (1975) use of di-
graphs are primarily a consequence of typing with ten
fingers, and do not apply to typing with a stylus or one
finger.) For expert stylus-typing, the cost function
predicted that the conventional alphabetic arrangement
would be 3% slower than QWERTY, but that the
roughly square alphabetic arrangement would be about
13% better than QWERTY.

Because one assumption of the cost function was
expert performance, Lewis (1992) studied initial user
preference and performance with the layouts. Although:
predicted expert performance is important in selecting
a typing-key layout, it is also important to evaluate us-
ers’ initial performance with and preference for com-
peting layouts. This is especially true if it is unlikely
that users will work with a device enough to develop
an expert level of performance. In the study, 12 par-
ticipants used a stylus to tap keys on paper models of
the layouts to type four sentences. All the participants
had previous experience with the QWERTY layout,
and had self-reported typing speeds ranging from 10 to
65 wpm. The participants (who were at this point, non-
expert stylus-typists) performed better with and pre-
ferred the QWERTY layout. Thus, initial performance
differed from predicted expert performance, with ini-
tial performance favoring the QWERTY layout. Even
though this study evaluated only initial performance,
stylus typing with the square alphabetic arrangement
was significantly faster than that for the conventional
alphabetic arrangement, as predicted by the user
mode). There are no data on how long a person would
have to practice with these nonstandard layouts to
achieve expert performance.

Coleman, Loting, and Wiklund (1991} also found an

3 Fius' Law (Fitts, 1954) is a model of human performance that describes
the time required to touch a target accurately. Specifically, Fitts' Law states
MT = a + bloga(2A/W), where MT is movement lime, A is the amplitude
(distance to the target), W is the size (width) of the target, and a and b are
empirically determined constants. The law essentially states that increasing
A or decreasing W increases movement lime in a specific and definable
way. See Welford (1976) for a detailed description of this and other ver-
sions of Fitts™ Law.,
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advantage for a touch-screen QWERTY arrangement
over an alphabetical arrangement using a matrix seven
keys across and four keys high. Their experiment, how-
ever, had a confounded variable because only the alpha-
betical layout had an embedded numeric pad, making it
slower for typing numbers. MacKenzie et al. (1994)
compared a touch-screen QWERTY arrangement with
an alphabetical arrangement 13 keys across and 2 keys
high. Fifteen participants with prior QWERTY experi-
ence typed sentences (lower case only, no punctuation)
significantly faster with the QWERTY layout and sig-
nificantly preferred the QWERTY. Quill and Biers
(1993) had 24 participants (both touch and non-touch
typists) use a mouse and cursor keys to select characters
from an on-screen QWERTY layout, a 3-row
(QWERTY-like) alphabetical arrangement, and a 1-row
alphabetical arrangement to type a mixture of words and
nonwords, presented one at a time. The participants sig-
nificantly preferred the QWERTY layout to both alpha-
betical arrangements, with no significant difference
between the alphabetical layouts. Input with the mouse
was always faster than with the cursor keys. Using the
mouse, the typing speed results were the same as the
preference results. For the cursor keys, typing speeds
with the QWERTY and I-row alphabetical arrangements
were not significantly different, but both were signifi-
cantly faster than the 3-row, standard alphabetical ar-
rangement. '

Conclusions

Alphabetically arranged keyboards (apparently regard-
less of specific arrangement) provide no advantages
over QWERTY, even for unskilled typists using a re-
duced-size keypad (Francas et al., 1983), or for typists
restricted to using a stylus or mouse (Lewis, 1992;
MacKenzie et al., 1994; Quill and Biers, 1993). Per-
formance on QWERTY might be better than alphabeti-
cal keyboards because the QWERTY arrangement is
not random, reducing the difficulty of search. Another
possible explanation is that most people, even inexpe-
rienced typists, have some experience using a
QWERTY keyboard. Overall, the evidence suggests
that in most sitnations designers should provide a
QWERTY rather than an alphabetical layout.

54.2.4 Other Keyboard Layouts

A few researchers have developed nonstandard layouts
in nonstandard arrangements for special purposes. Get-
schow, Rosen, and Goodenough-Trepagnier (1986} used
an artificial intelligence search procedure (the “greedy”
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algorithm) to develop a layout that minimized the
weighted average distance between English digraphs
(with keys occupying a roughly 5 x 5 key square matrix).
Theoretically, this should be the best tayout for an expert
typing with a stylus or a single finger, but Getschow et
al. did not perform any user testing with the layout.

Lewis et al. (1992) used a path-analysis program to
design a minimum-distance layout similar to that de-
veloped by Getschow et al. (1986). Using a cost func-
tion based on the frequency of English digraphs and
Fitts’ Law, Lewis et al. estimated that, for stylus typing
by a highly practiced expert, this minimum-distance
layout would be 27% faster than a QWERTY layout.
Using the same assumptions (highly practiced stylus
typing with the layout), Lewis (1992) estimated that a
layout based on that developed by Getschow et al.
would be 31% better than QWERTY.

The cost function of Lewis et al. (1992) predicts
expert stylus typing performance, but is not applicable
to initial, nonexpert typing. Because a designer might
consider a nonstandard arrangement for situations in
which typists might not acquire an expert level of skill,
it is important to understand initial wser performance
with such layouts. In an assessment of initial user pref-
erence and performance with the layouts (Lewis,
1992), however, 12 typists using paper models of the
layouts significantly preferred and performed better
with the QWERTY layout (and had their second-best
performance with a 5 x 5 alphabetical arrangement).
There was no performance difference between the
Lewis et al. and Getschow et al. layouts, but partici-
pants significantly preferred the layout by Lewis et al.

Matias, MacKenzie, and Buxton (1993) developed
a one-handed keyboard called the Half QWERTY, de-
signed to take advantage of a typist’s existing skill with
the QWERTY layout, Taking advantage of cross-hand
skill transfer, the Half QWERTY has two character
functions on each key from the left half of the
QWERTY layout, with a mirror image of the right half
placed on the left half. For example, the Q key is also
the P key; the T key is also the Y key; the B key is also
the N key. Typists press a key as usual to get the nor-
mal letter associated with the key, but press and hold
the space bar to get the alternate, mirror-image letter.
Ten participants learned to use the Half QWERTY as
they typed sentences presented by a computer program
for ten sessions, with each session lasting about an
hour. The average typing speed at the end of the first
session was 13.2 wpm with 16% errors. The average
speed after the ienth session was 34.7 wpm with 7.4%
errors.  Subjects reached 50% of their two-handed
typing speed after about eight hours,
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Montgomery (1982) proposed a wipe-activated ca-
pacitive keyboard. The “keyboard” is a flat tablet that
the fingers glide across or wipe to create characters. To
take advantage of the wiping motion, Montgomery also
developed a new character layout to enable the input of
many small words with a single wiping motion. An al-
ternative method of operation is to use a stylus to inter-
act with the keyboard. Because it has no moving parts,
this device can be almost any size. This keyboard has
undergone no tests other than analyses comparing
number of wipes to number of keystrokes required on
standard keyboards.

Conclusions

The concepts discussed in this section are interesting,
and might have application under certain unusual cir-
cumstances, However, designers should always assess
an alternative layout against 2 QWERTY layowt de-
signed to fit in the same physical dimensions as the ai-
ternative before committing to an alternative design,
especially if it is not reasonable to expect users of the
keyboard to become expert.

w

54,2,5 Keyboard Layouts: Conclusions .

Given the structure of the standard keyboard (three
rows of leiters with an upper row of numbers), there
are many ways to arrange the alphabetic keys. By
starting from an alphabetically ordered arrangement,
then rearranging keys to reduce type bar jamming, the
inventors of the standard keyhoard created the
QWERTY layout. Even if their intention was to reduce
typing speed as well as reduce jamming, separating
commonly co-occurring letters increases the frequency
with which a typist strikes characters with fingers be-
tween hands (from hand to hand). Analysis of skilled
typists has shown that typing with fingers on alternate
hands is faster than typing with fingers on a single
hand (which is faster than typing with a single finger)
(Cooper, 1983), Thus, the inventors of the standard key-
board seem to have accidentally created a layout that
allows skilled touch typists to type with about %0% of
the speed theoretically attainable with the best possible
layout for touch typing (Noel and MacDonald, 1989).
Most recent estimates suggest that Dvorak’s design
closed the gap to about 95 to 99% of the maximum
possible touch-typing speed. To date, no other key-
board layout has received more attention than DSK as
an alternative to QWERTY, but it appears that most
typists do not believe that the relatively minor benefit
of learning the DSK would overcome the costs. Other
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than as an academic exercise, any further redesign of
the QWERTY layout for touch typing appears to be a
fruitless effort, a conclusion consistent with the
ANSIUHES 100-1988 standard’s recommendation to
use the QWERTY layout for typing keyboards (Human
Factors Society, 1988).

A remarkable finding from the more recent evalua-
tions that have compared the QWERTY layout with
other layouts for reduced-size devices and on-screen
keyboards (both alphabetically ordered and digraph or-
dered) is the consistent superiority of the QWERTY lay-
out, at least in the short term, Clearly, the first choice for
designers providing a keyboard or typing layout for al-
most any purpose is the QWERTY layout.

54.3 Data-Entry Keypads

In addition to the main alphanumeric section, most
computer keyboards have a separate numeric keypad
for data entry. Also, use of push-button telephones as
remote terminals to computers continues to rise (a phe-
nomenon originally reported by Bayer and Thompson,
1983; Hagelbarger and Thompson, 1983). This section
considers the design of keypads for telcphone and
other applications.

54.3.1 Layout of Numbers and Letters

Lutz and Chapanis (1955) tested six key configuraticns
to determine where people expected cach letter and
number to appear on ten-button keysets for use by
long-distance telephone operators. The key arrange-
ments were two hotizontal rows of five keys, two ver-
tical rows of five keys, or three rows of three keys with
a single key placed at the top, bottom, left or right of
the block of nine keys. In general, people placed letters
and numbers on keys in the same order as they read
text (that is, from left to right and from top to bottom)
regardless of the key configuration. When numbers
were already on the keys: a) people consistently placed
letters on the keys from left to right and from top to
bottom when the numbers had that arrangement; and b)
if the arrangement of numbers was not from left to
right and top to bottom, about half of the people placed
the letters to be consistent with the ordering of the
numbers, and the other half persisted in arranging the
letters from left to right and from top to bottom. The
most frequent number arrangement was that found on
the majority of modern U. S. telephones.

Detweiler, Schumaker and Gattuse (1990) asked
telephone company employees to assign by memory
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the alphabetic letters of the telephone keypad (which
does not list “Q” or “Z”) on a blank representation of-
the keypad. Only 18% of these subjects were able to
correctly place the letters on the keys with 100% accu-
racy on the first trial. After subsequent training, how-
ever, 72% of the participants achieved 100% accuracy.
Detweiler et al. concluded that despite the thousands of
interactions that people have with the telephonc key-
pad, few people really have learned the mappings be-
tween the leiters and keys.

Other studies have compared performance with the’

“telephone layout (I, 2, 3 across the top with 0 at the

bottom) and the common calculator layout (7, 8, 9 across
the top). Conrad and Hull (1968} asked housewives to
enter numeric codes and found the telephone layout was
superior in both speed and accuracy. Paul, Sarlanis, and
Buckley (1985) tested air traffic controllers and found
that the telephone layout was better for entry of letters
and mixed (letter and number) dala, but that perform-
ance was the same for entry of numbers only.

A related study (Goodman, Dickinson, and Fran-
cas, 1983) used a simulation methodology to determine
the best layout of keys for Telidon (Canadas Videotex
system) keypads. They tested both a horizontal (1
through 0 in a single row) and a telephone arrange-
ment. Speed and accuracy were slightly better on the
telephone layout in a reaction-time task. However, dif-
ferences in more realistic performance were not statis-
tically significant. Preferences were strongly in favor
of the telephone arrangement for a problem-solving
task that simulated expected use of the Telidon system,
but were slightly in favor of the horizontal arrangement
for the reaction-time task.

Magyar (1986a) compared numeric entry through-
put and error rate by typists performing an extended
numeric entry task (5-digit numbers) using either the
keyboard’s horizontal top row of numbers or the sepa-
rate 10-key calculator keypad. Half of the test partici-
pants had experience using a 10-key numeric keypad.
The typists worked as they normally would with the’
two configurations, using both hands to enter numbers
from the top row and one hand to enter numbers with
the calculator keypad. Although the participants tended
to commit fewer keying errors with the 10-key keypad,
there were no significant differences between overall
speed and accuracy with the two methods. Reanalysis
of the data to evaluate performance differences attrib-
uted to user experience revealed that keying time for
experienced keypad users was significantly faster on
the keypad than with the top row. Keypad entry speed
for experienced participants was faster than that by the
inexperienced operators. Although keying speed for in-
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experienced users was faster with the top-row keys
than with the numeric keypad, overall speed and accu-
racy for the top-row keys were equivalent for both
groups. Similar to the findings of Goodman et al.
(1983), the participants strongly preferred using a cal-
culator keypad for the numeric entry task rather than
the top row keys, citing increased speed and accuracy
as the primary reasons for their preference.

Conclusions

The design and use of data-entry keypads depends to a
great extent on the keying task required. For numeric
and mixed input, the telephone layout is slightly supe-
rior to the calculator layout, especially for people who
are not familiar with calculators or adding machines.
Experienced keypad users who need to perform exten-
sive numeric entry tasks appear to benefit from having
a separate numeric-entry keypad on their keyboards.
These data and conclusions are consistent with the
ANSVHFS 100-1988 standard's recommendation to
provide a numeric keypad when the primary task in-
cludes the entry of numeric data, and to consider the
application when choosing the calculator or telephone
layout (Human Factors Society, [988).

54.3.2 Alphanumeric Entry with Telephone
Keypads

Because telephone keypads contain more than one letter
on each key, their use for alphanumeric data entry re-
quires a strategy for designating which letter goes with
each keypress (or sequence of keypresses). Procedures
for differentiating letters located on the same key are
“disambiguation” techniques. Davidson (1966) sug-
gested using the two extra keys on push-button tele-

phones as control keys. The left (*) button would

indicate the first letter, the right (#) button would indi-
cate the third letter, and a keypress without a control key
would indicate the middle letter. Francas, Brown, and
Goodman (1983) compared Davidson’s suggested
method with both a miniature QWERTY keypad and an
alphabetically arranged one. For entering alphabetic
data, the telephone keypad with left and right control
keys was significantly slower than either the QWERTY
or alphabetical keysets, but accuracy was the same for
all entry methods. The authors concluded that the tele-
phone keypad was not suitable for entering letters in
their application. However, for tasks that primarily re-
quire accuracy and have severe space limitations (or
simply require the use of a standard telephone), the tele-
phone keypad with control keys might be acceptable.

Chapter 54. Keys and Keyboards

A particular problem with using the standard tele-
phone keypad for alphabetic data is the absence of the
letters “Q’ and “Z” as well as other punctuation marks
such as hyphens or apostrophes. Marics (1990) exam-
ined the ways that users would attempt to enter special
names (e.g. O'Brien or Razzler) using the traditional
telephone keypad. Results did not indicate a clearly
preferred method of entering the Q, Z, and Hyphen.
About one third of the subjects chose a non-alphabetic
character key (such as “*") for these letters while an-
other third chose the key where the letter should have
been (for example, by pressing “7” (PRS) for “Q”).
Eighty percent of the participants ignored (did not en-
ter) characters such as apostrophes. Thus, there is no
clearly superior method for assigning missing alpha-
betic and punctuation characters to the numeric and
non-numeric keys of the standard telephone keypad,
and a standard has yet to emerge.

A study of data entry for aircraft cockpits com-
pared three keypads designed for one-handed keying
(Butterbaugh and Rockwell, 1982). Task performance
was fastest and most accurate with a keyboard having
separate keys for each letter and number. However,
further analyses showed that this difference was mainly
due to the fact that the two other multifunction keypads
required more keystrokes to enter each letter. Raw
keypressing speed (but not letter input) was fastest
with a telephone layout with letters assigned horizon-
tally to the number keys. Butterbaugh and Rockwell
recommended using a full keyboard if at all possible. If
a space requirement forced the use of a smaller keypad,
they suggested a telephone layout with letters assigned
from left to right and from top to bottom. They also
recommended using three control keys (for left, mid-
dle, and right characters) located in the top row of
keys. .
Brown and Goodman (1983) compared several

methods of entering alphabetic text through a tele-

phone keypad by employing various arrangements of
control keys located above the telephone keypad. In
one condition, subjects entered letters by pressing a
single control key, then pressing the telephone key
with the desired letter on it the number of times corre-
sponding to the position of the letter in its group of
three. In the two-control key arrangement, participants
pressed either the “left control” key (for the first of the
triplet letter per key) or the “right control” key (for the
third letter) or both control keys (for the second letter)
before each letter, then pressed the key with the se-
lected letter. In the three-control key condition, letters
were selected by pressing the “left”, “centetr”, or
“right” control key, then the number key with the given
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letter. Alphabetic data entry using the two-control key
arrangement was significantly faster and showed sig-
nificantly greater improvement with practice than ei-
ther the single-key or the three-control key
arrangements, which did not differ in entry speed. Ac-
curacy across all three conditions was comparable,
however, and there were no Significant differences in
error tates, Although the two-control key method ap-
peared superior to the three-key method recommended
by Butterbaugh and Rockwell (1982), the authors con-
cluded that the slow speeds of less than 10 wpm for all
three of the arrangements were clearly impractical for
tasks requiring extended text entry.

Detweiler, Schumacher, and Gatusso (1990)
evaluated five different strategies for entering alpha-
betic letters (but not mixed alphanumeric data)} from a
telephone keypad. Because some methods (such as the
“Repeat-Key” method) specified a purely cognitive
strategy of entering alphabetic data (to press the key
containing the letter the number of times corresponding
to its ordinal position on the key), but others (such as

the “Modal-Position” method) specified the use of

“control” keys (to press the *, (, or # key to designate
the first, second or third letter on the next numeric key
pressed), it is difficult to compare or generalize these
performance findings to other studies that employed
separate or additional control keys to allow for mixed
alphanumeric entry on the same telephone keypad.
Although there were few statistically significant differ-
ences in performance among the methods investigated,
Detweiler et al. recommended (with qualifications) the
Repeat-Key method. As they pointed out, however, the
Repeat-Key method does not provide a clear way to
enter the letters or other special characters not repre-
sented on the telephone keypad and requires users to
pause for a detectable period of time between the entry
of letters that appear on the same key.

Alternative ‘approaches to disambiguation have in-
vestigated methods that do not require the user to learn a
particular cognitive strategy or to use separate control
keys on the keypad. Instead, a computer system incorpo-
rates statistical techniques to “predict” the word or name
that a user is entering by examining unigue key combi-
nations, consulting an internal dictionary, and using tri-
gram-based transistional probabilities to generate the
most likely word for a combination of keystrokes
(Minneman, 1985). Current models using statistical dis-
ambiguation techniques can achieve 90% correct pre-
diction rates, but the extent to which the errors affect
overall performance is unknown (Foulds, Soede,
Balkom, and Boves, 1987). Because statistical disam-
biguation is not perfect, telephone keypads with statisti-
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cal disambiguation systems need either {1} a key to al-
low users to signal disambiguation errors or (2) voice
prompts to guide users through structured transactions,
including the identification of disambiguation errors.

Conclusions

For the entry of letters or mixed alphanumeric data,
telephone (and other small multifunction) keypads are
no match for even reduced-size QWERTY or alpha-
betic keyboards. If speed is not important, but accuracy
and space are critical, then a telephone keypad might
be acceptable for limited data entry. The telephone
keypad appears to be acceptable (but not optimal) for
use as a remote terminal. Using a telephone keypad for
limited alphanumeric entry will require adequate Jabel-
ing of keys (or user instruction) to allow the entry of all
the letters of the alphabet and a means for performing
character disambiguation.

Physical Features of Keys and
Keyboards

544

This section summarizes experimental and rational in-
vestigations of physical aspects of keys and keyboards.
Because research has not provided comprehensive data
on how the features might interact in affecting typing
performance, each aspect receives separate discussion,

54.4.1 Keyboard Height and Slope

Scales and Chapanis (1954) conducied an experiment
to determine the best slope for keysets used by long-
distance telephone operators. People who had no pre-
vious experience with this keyset entered sequences of
letters and numbers with the keyset sloped at either 0,
5, 10, 15, 20, 25, 30 or 40 degrees for each session.
There were no differences in speed or errors among the
eight slope conditions. All participants preferred some
slope over a flat (zero degree) keyset; half of them pre-
ferred an angle between 15 and 25 degrees.

Galitz (1965) tested a computer keyboard at 9, 21,
and 33 degrees. Although there were no performance
differences due to keyboard slope, typists preferred the
21-degree angle. This slope was closest to the 16- to
17-degree angle on equipment the typists normally
used. Galitz recommended that computer keyboards

4t is also possible to apply disambiguation techniques to the de-
sign of special-purpose keyboards that do not conform to the layout
reslrictions of a telephone keyset. For an example, see Kreifeldt,
Levine, and Iyengar (1989). '
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have a slope adjustable between 10 and 35 degrees to
satisfy individual preferences.

Emmons and Hirsch (1982) compared three slopes
for an IBM 30 mm keyboard. Because a change in an-
gle also resulted in a different home-row height, their
height (angle) settings were 30 mm (5 degrees), 38 mm
(12 degrees), and 45 mm (18 degrees). They also used
a non-IBM 30 mm (5 degrees) keyboard. Tests of 12
experienced typists revealed no differences in error
rates among the three angles/heights. With regard to
typing speed, the 38-mm and 45-mm keyboards re-
sulted in faster rates than either of the 30-mm key-
boards. Typists preferred the 45-mm keyboard most
and the 38-mm keyboard second-most. When asked
about discomfort, five participants found everything
uncomfortable, five said the 30-mm keyboard caused
discomfort, one reported the 45-mm keyboard as un-
comfortable, and one person had no discomfort wi?h
any of the keyboards. \

Milter and Suther (1981; 1983) examined prefei-
ences for keyboard slope and height. U.S. and Japanese
participants from the 5th, 50th, and 95th percentiles in
height (compared to their respective populations) ad-
justed a workstation to their preferred settings and then
transcribed some text from a written document into a
computer terminal. Keyboard slope settings ranged
from 14 to 25 degrees with an average of 18 degrees,
Preferred slope significantly correlated with seat height
(r=.71) and with individual statare (r=.43). Short peo-
ple or people who preferred lower seat heights also
liked to have a keyboard with a steeper slope. Because
stature correlates with hand length, a steeper slope
makes it easier for short-handed people to reach all of
the keys. They recommended that keyboard slope be
adjustable up to at least 20 degrees (with 25 degrees
being better) to suit individual preferences. The key-
board used in the study was 77 mm high. Preferred
home-row height was 637 to 802 mm above the floor,
with an average of 707 mm. Keyboard height signifi-
cantly correlated with stature (r=.71), preferred seat
height (r=.74), and preferred CRT height (r=57). They
recommended that keyboards be as thin as possible to
satisfy table-height requirements and that users be able
to independently raise and lower the keyboard-support
surface relative to the display.

In Suther and McTyre (1982), experienced typists
used a thin-profile (30 mm) keyboard at 5, 10, and 25
degrees and a thick-profile keyboard at 15 degrees.
There were no differences in typing performance for
the four angles. None of the typists preferred the 5-
degree keyboard. One person liked 25 degrees best,
and the rest of the typists rated the 10- and 15-degree
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keyboards as preferable, This study also found prefer-
ences related to stature and hand length. Taller people
and those with long hands tended to like the lower
slope, but short people and those with short hands liked
the steeper slope. Suther and McTyre recommended
that keyboards have an adjustable slope between 10
and 25 degtees.

Abernethy (1984) and Abernethy and Akagi (1984)
compared a 30-mm (8 degrees) keyboard with a 66-mm
(12 degrees) keyboard. They reported that typists’
hands tended to “curl” more with the 30-mm keyboard.
That is, “the fingers curved around more as though
they were forming a {loose] fist . . . for the lower key-
board” (C. N. Abernethy, personal communication,
September 12, 1985).

A comparison of the same 30-mm keyboard with a
44.5-mm (8 degrees) keyboard showed that the wrist
angle “pronated” more with the lower keyboard. Pro-
nation describes the motion of the hand turning inward
about the axis of the wrist, such that “the wrist angle
flattened out, becoming more parallel to the floor, from
the:higher to the lower keyboard height” (C. N. Aber-
nethy, personal communication, September 12, 1985).
Pronation was greater when the keyboards were on a
lower typing stand than when they were at desk height
(8 degrees pronation compared to 5 degrees pronation).
In another test, a modified 30-mm keyboard allowed
adjustment of the slope from 8 to over 30 degrees, The
average angle chosen by participants was 16.]1 degrees
at desk height and 14.4 degrees at typing stand height.

Najjar, Stanton, and Bowen (1988) examined typ-
ing performance and preference for standing typists
using three keyboard home row heights (74, 99, and
125 ¢m) and three keyboard angles (O-, negative 13-
and positive 15- degree slopes). At the lowest home
row height, performance with O- and negative 15-
degree slopes was significantly better than with the
positive 15 degree slope. Participants preferred typing
on the O-degree and positively sloped keyboards at the
medium and highest home row. Using a positively
sloped keyboard at the lowest home row height ap-
peared to result in significant wrist dorsiflection (hands
bent upward at the wrist), producing discomfort for the
standing operators.’

In an experiment designed to simulate dual-task
conditions in aircraft cockpits, Hansen (1983} tested
three slopes for a small keypad. There were no per-
formance differences between 0-,; 15- and 33-degree
slopes, but 75 percent of the pilots tested preferred the
15-degree slope.

Burke, Muto, and Gutmann (1984) tested a key-
board with a fixed 11-degree slope at four heights (35,
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Figure 1. Keyboard profiles.

64, 84, and [04 mm). Again, there were no significant
differences in either speed or accuracy of performance.
The participants expressed the least preference for the
height of 35 mm and the greatest preference for the
height of 84 mm. The 64-mm keyboard also received
high ratings.

Conclusions

The results of this research show that a wide range of
keyboard heights and slopes do not appear to affect
typing performance. Typists appear lo prefer some
slope in a keyboard. The angle of slope should be ad-
justable to at least 15 degrees, and perhaps even
steeper to accommeodate individual preferences. These
conclusions are consistent with the ANSIHFES 100-
1988 standard’s recommendation to provide a key-
board slope between 0 and 25 degrees (preferably lim-
ited to the range of 0 to 15 degrees) (Human Factors
Society, 1988).

The height and slope of keyboards became a matter
of debate when the West Germans announced their re-
quirement for low-profile (30 mm) keyboards having a
slope of no more than 15 degrees, enforcing this since
January 1, 1985. Long-term comfort and avoidance of
muscular strain appear to be the primary considerations
behind the law. Although the 30-mm requirement
caused quite a stic when first proposed, keyboard de-
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signers, manufacturers, rescarchers and users have
come to accept low-profile keyboards (Paci and Gab-
brielli, 1984).

54.4.2 Detachable Keyboards

There is no research available on the need for key-
boards that are detachable from the display housing.
The purpose of detachable keyboards is to satisfy in-
dividual sizes, preferences and task needs for locating
the keyboard on the work surface.

The advantage of a detachable keyboard might be
limited by the selection of work surfaces. Although a
separate keyboard-support surface increases flexibility
for height of the keyboard, it can reduce flexibility for
placing the keyboard to one side of the workstation;
Locating the keyboard support at the center of a work-
station might interfere with tasks that do not require
the use of a keyboard.

Another important point is that it is not always
necessary to have a detachable keyboard. For office
tasks that are brief or infrequent, users might not need
a detachable keyboard. Laptop computers might be
more difficult to use if the keyboards were separate.
For public access terminals, a detachable keyboard
might even be a liability. ‘

Keyboard Profile

The relative angles and placement for different rows of
keys on the keyboard create the keyboard profile. Most
keyboard profiles conform to either a flat (on which
keytops are parallel to keyboard slope), dished, or
stepped design (see Figure 1).

Only two studies to date have tested different key-
board profiles. Paci and Gabbriclli (1984) evaluated
performance by three typists using either a stepped or a
dished profile keyboard. The angle at which the typ-
ists’ fingers touched the keys ranged from 2 to 13 de-
grees on the stepped keyboard and from 8 to 11
degrees on the dished keyboard. Performance was re-
portedly better with the dished profile, and the typists
expressed a preference for this keyboard. However,
these effects might be the resuit of a difference in
slopes because the stepped keyboard had a 9-degree
slope and the dished keyboard had a 12- degree slope.
Paci and Gabbrielli recommended the dished profile
for the alphanumeric keys, the stepped profile for the
numeric keypad (because this is common for calcula-
tors), and a flat profile for function keys because visual
requirements (such as labeling and readability) are
more important for these keys.
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Magyar (1985) compared performance and prefer-
ence of twelve typists using a flat, a dished, or a
stepped keyboard profile. Each operator performed
twenty timed typing trials per day with each of the
three keyboard profiles. The typists received feedback
on throughput and error rates after each trial, and
completed a questionnaire daily after using each key-
board. Throughput performance with the flat keyboard
was significantly lower than that for either the dished
or stepped keyboards, which were not significantly dif-
ferent. Although detected error rates were comparable
across all three profiles, undetected errors with the flat
keyboard were significantly higher. Deficits inherent in
the configuration of the keyboard used for the test pre-
vented the detection of a clear-cut preference for any
particular keyboard profile. Typists complained that
the size and placement of the backspace, enter, and
shift keys made typing difficult independent of the dif-
ferences in the specific keyboard profile. Nevertheless,
it appeared that the stepped and dished keyboard pro-
files were superior to the flat profile.

Conclusions

Although there might be subtle performance differ-
ences between flat, stepped, and dished keyboards,
recommendations generally agree that the stepped and
dished profiles are acceptable. There is insufficient
data, however, to warrant a firm conclusion regarding
the purported superiority of the dished and stepped de-
signs over the flat profile. The data suggest that the in-
fluence of keyboard profile on- user performance and
preference might be minimal relative to the influence
of other keyboard parameters.

54.4.3 Key Size and Shape

With the proliferation of portable devices, keyboard
designers have a great desire to reduce the size of their
keyboards by reducing the size of keys, but need to un-
derstand the impact of reduced key size on typing per-
formance. Because the keytops are the point of
immediate contact between a user and a keyboard, the
size and shape of the key might have a lot to do with
typing performance. However, relatively little research
has addressed this hypothesis {with less for shape than
size). Alden et al. (1972) stated that the design of in-
dividual keys depended more on “design convention
rather than empirical data” (p. 280).

Clare’s Proposals

Clare (1976) proposed four goals for the design of key
shapes:
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[

The operator should be able to see the key Iabel.

2. The finger should be able to locate the key without
hitting other keys or fingers.

3. The distribution of pressure on the finger should
indicate the focation of the finger on the key.

4. The force of pressing the key should be distributed

to the proper portion of the finger.

Clare recommended that key tops should be 12.7
mm square and have a distance of 19 mm between
keytop centers. Smaller keytops (such 9.5 mm) were
“less satisfactory” (p. 102).

Calculator Key Size

Deininger (1960) tested different key sizes and shapes
for a ten-key numeric keypad. Keying times and accu-
racy improved when key size increased from 9.5 to 12.7
min. To provide guidance for the development of nu-
meric keypads for portable computers, Loricchio and
Lewis (1991) had 15 participants use three commercial
calculators with different key spacing and key size.
There were no significant accuracy differences, but user
preference and speed improved as the key size increased
from 10 mm square to a key measuring 14 x 10 mm.

Alphanumeric Keyboards

PC Magazine (Rosch, 1984) reported the results of a
typing test to evalvate various computer keyboards.
Typing performance was much poorer with keyboards
having small keys. When typists used these same key
mechanisms with larger keys, performance was among
the best for the eleven keyboards tested. Loricchio and
Kennedy (1987) investigated the effect of reducing
vertical key spacing from 19 to 15 mm. They found no
difference in keying rates or errors after 2.5 hours
practice, but there was a strong user preference for the
standard 19 mm key spacing. Wiklund, Dumas, and
Hoffman (1987) conducted a walk-up-and-use (no
practice) evaluation of four commercially available
keyboards for both two- and one-handed wse. Key
spacing ranged from 19 x 19 mm to 13 x 12 mm. Al-
though Wiklund et al. conducted no statistical analyses,
the reported mean lyping rate was greater for the larg-
est keys, regardless of whether participants used one or
two hands. For all keys except the smallest, two-
handed typing was faster than one-handed typing.
Some guidelinés cite round keys as acceptable, but
square keys might be better because they provide more
surface arca within the same amount of space between
keytop centers (Cakir, Hart, and Stewart, 1980). In an
evaluation that included keycap differences, typists
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preferred keycaps that ‘“resemble the somewhat
rounded, dished keycaps of earlier model Selectric
typewriters” (Texas Instruments, 1983, p. 26). The next
most preferred keys were those with large, square
touch surfaces with a cylindrical indentation from front
to back. The keyboard with round keytops received the
worst ranking.

Conclusions

The center-to-center spacing of keys on standard al-
phanumeric keyboards is generally 19 mm. Use of
smaller center-to-center spacing will result in slower
typing. There are no data available on upper limits for
key size, but there is little incentive to explore the up-
per limit. Designers usually seek to minimize rather
than maximize the size of their keyboards (especially
in the development of portable devices). Clearly, de-
signers should strive to provide fuli-size (19 mm spac-
ing) keys for the major typing areas of their keyboards
{certainly the alphanumeric area and, if possible, the
numeric keypad). This conclusion is consistent with
the recommendation provided in ANSI/HFS 100-1988
(Human Factors Society, 1988) that horizontal spacing
should be between 18 and 19 mm and vertical spacing
should be between 18 and 21 mm. The ANSI-HFS 100-
1988 recommendation for the minimum striking sur-
face width is 12 min.

With regard to the shape of keys, there is some
evidence that they should fit the shape of the finger tip
for ease of location and finger placement. Preferences
appear to lean toward keys that have spherical indenta-
tion as opposed to those having a cylindrical indenta-
tion. The ANSI/HES 100-1988 standard (Human
I‘actors Society, 1988) makes no recommendation re-
garding indentation, and states that any keytop shape
(square, round, or rectangular) is acceptable as long as
the keys conform to the recommended key spacing.

54.4.4 Key Force, Travel and Tactile Feedback

The “force/displacement” function of a key describes
the force with which a finger must press the key to ac-
tuate it and the distance the key travels before, during
and after actuation. A generalized force/ displacement
function appears in Figure 2, which shows: ‘

» on the horizontal axis, the distance the key travels

* on the vertical axis, the force applied to the key

e separate curves for the downstroke and upstroke of
the key (arrows show the direction of travel)

» the key’s actuation point {“switch closed”)

KEY FORCE
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switch closed

switch opan

KEY TRAVEL DISTANCE

Figure 2. A generalized force-travel function,

¢ the “switch open” point at which pressing the key
creates another character

s changes in the slope of the function correspondmg
to the “feel” of the key at different points along its
travel

* tactile feedback cavsed by a rapid drop in force bc—
fore the “switch closed” point and a subsequent in-
crease in force beyond this point

e hysteresis, that the “switch open” and “switch
closed” points occur at different places along the
key’s travel

Swdies on the etfects of different force/ displace-
ment functions have not been systematic, so it is difficult
to create a model of how a particular aspect of the func-
tion will affect keying performance or preference. Re-
search has uncovered ranges within which neither the
amount of key force nor the distance of travel affects
performance. Other investigations have compared key-
boards for which the entire forceftravel function varied.

Studies on Key Force and Displacement

A study of telephone usage and occasional data entry
(Deininger, 1960) found no performance differences
due to either a decrease in maximum force from 14.1 to
3.5 ounces (400 to 100 grams) or a decrease in maxi-
mum travet from 0.19 to 0.03 inches (4.8 to 0.8 mm).
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Kinkead and Gonzalez (1969) found key pressing
performance was best at low levels of force and travel.
They recommended values between 5.3 and 0.9 ounces
(150.3 and 25.5 grams) for force and between 0.25 and
0.05 inches (6.4 and 1.3 mm) for key travel.

In a similar study, Loricchio (1992) compared text
entry typing on keyboards having identical key travel
(2.7 wm) but different operating-point key forces (58
grams vs. 74 grams). Although there was no difference
in error rates between the two keyboards, throughput
speed was significantly faster on the 58 gram keyboard.
Test participants also highly preferred the lighter force
keyboard over the heavier touch keyboard. Because
Loricchio compared only two forces, however, the data
in this study did not indicate if further decrements in
force would continve to improve or degrade perform-
ance (but see Akagi, 1992, below).

Switch Technology or Key Force?

Brunner and Richardson (1984) compared three switch
technologies: a snap-spring keyboard that had a very
slight drop-off in force before the point of actuation
and a gradual increase in force after this point; a linear-
spring keyboard that had no change in the
force/displacement function to indicate tactile feed-
back; and an elastomer switch that provided distinct
tactile feedback. Considering both speed and errors, the
elastomer keyboard was about 2% to 6% better than
the other keyboards. Incorrect insertions of characters
occurred more often on the linear-spring keyboard.
Ratings by typists indicated that the elastomer key-
board was acceptable relative to the other keyboards
tested. It is not possible, however, to determine exactly
which keyboard features caused the performance dif-
ferences reported in this study,

A factor that might have influenced the results of
this study was the different key force for each type of
keyboard. A snap-spring keyboard key force is typi-
cally about 70 grams, an elastomer-dome keyboard key
force is about 60 grams, and a linear-spring key force is

about 30 grams (Akagi, 1992). Using this reasoning,

Akagi compared preference and performance of four
keyboards having different key forces and travel char-
acteristics. He had participants type with two linear-
spring keyboards, one with low force (42.5 grams) and
one with high force (70.9 grams), and with two snap
(tactile) action keyboards, one with low force (33.5
grams), and one with high force (70.9 grams). While a
majority of the test participants typed faster on the lin-
ear-spring keyboards, typing speed was not signifi-
cantly different between the tactile and linear-spring
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action keyboards. Error rates, however, were signifi-
cantly higher on the low force keyboards than on high
force keyboards for both the tactile and linear-spring
action keyboards. The typists distributed their prefer-
ences evenly among the four keyboards tested. Akagi
suggested that an optimally designed keyboard should
be a tactile-spring keyboard having a key force midway
between the values he used in his test (approximately
57 grams). This recommendation is consistent with the
results provided by Loricchio (1992, see above), who
reported that a tactile action keyboard having a key
force of 58 grams produced superior performance over
a similar keyboard with heavier key force (74 grams).

Key Movement

In another study, typists rated smooth key movement as

a highly important facet of keyboard quality (Monty,

Snyder, and Birdwell, 1983; Texas Instruments, 1983).

Comparing six keyboards, the factors that seemed to be

most important to users were:

1. key switches that do not have noisy key bottoming

2. tactile-snap feedback caused by an abrupt change
in the force required to actuate the key

3. a force/displacement curve shaped like a “roller
coaster”

4. a smooth force/displacement curve uncdisturbed by
jitter

5, keycaps with minimal lateral wobble

Because the performance data showed a speed-
accuracy tradeoff, it was impossible to determine the
specific effects of different force/travel curves on per-
formance. '

Experiments with Capacitance and Membrane
Technologies

Touch keys that lack key travel (such as capacitance
and membrane technologies) appear to cause slower
keying performance than conventional mechanical keys
(Cohen, 1982; Pollard and Cooper, 1979). Although
the disadvantage of these switches decreases as users
adapt to the absence of tactile feedback, the addition of
cues such as embossed edges, metal domes, and tones
or clicks on actuation can reduce the early negative ef-
fects (Roe, Muto, and Blake, 1984).

Barrett and Krueger (1994) compared performance
and acceptance by touch typists or casval users using
either a tactile keyboard having full travel and kines-
thetic feedback or a flat piezo-electric keyboard with-
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out any tactile or kinesthetic feedback. Throughput
performance and accuracy by both subject groups were
significantly higher on the conventional keyboard, and
the flat keyboard had a more adverse effect on touch
typists’ than casual users’ performance. In contrast to
previous reports, however, performance on the flat
keyboard did not improve with practice, and the
authors concluded that touch typists were unable to
adapt to the absence of tactile feedback. Analysis of
the subjects’ video data suggested that the reason for
the subjects’ failure to adapt was that the removal of
kinesthetic feedback effectively reduced their level of
skill (from touch typist to casual user) by increasing
their dependence on visnal feedback from the flat key-
board. Adding peripheral cues to a non-tactile key-
board (via audio feedback, embossed edges on keys,
etc.) should consequently enhance performance by re-
ducing the need for typists to look at the keyboard. In-
deed, there is mounting evidence that auditory
feedback in part may influence or interact with the de-
gree of tactile feedback reported by typists (Brunner
and Richardson, 1984; Magyar, 1986d; Pollard and
Cooper, 197%; Roe, Muto, and Blake, 1984).

Key Force and Finger Force

Clare (1984) recommended that force/ displacement
curves should differ for different fingers and key loca-
tions. According to Clare, upper keys should have
shorter travel and lower keys should have longer travel
to produce the same feel for the fingers.

Actual measurement of the finger force that typists
exert on the keys indicates that the force-displacement
characteristics of the keyboard can affect the degree of
fingertip forces applied during typing performance.
Rempel and Gerson (1991) collected peak fingertip
forces for each keystroke using strain gauge load cells
while subjects typed on three keyboards that differed in
terms of key force and travel characteristics. While the
results showed that the average peak fingertip forces
applied by subjects were more than three times greater
than the force required for key activation, keyboards
requiring less activation force and shorter key travel
actually resulted in reducing the subjects’ peak finger-
tip force by as much as 18%.

A subsequent study (Armstrong, Foulke, Martin,
Gerson, and Rempel, 1994) replicated the previous re-
sults, and found that average peak keystroke forces
were lowest on keyboards requiring the least amount of
activation force. This study also found that peak forces
corresponding to each keystroke were 2.5 to 3.9 times
the required activation force, indicating that subjects
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consistently displaced the keys to their mechanical

limits. Although it is not clear whether the subjects

failed to respond to the key breakaway force or

whether the range of motion following the key activa-

tion point was of insufficient distance for the finger to -
stop, the authors concluded that key force exerted by

typists is largely related to the design and stiffness of

the keys.

Conclusions

The literature on actuation force and travel indicates
minimal effect on performance within a wide range of
these parameters. Recommended values range from
about 1 to 5 ounces (about 28 to 142 grams) of force
and about (.05 to 0.25 inches {(about 1.3 to 6.4 mm) of
travel. The increased error rates for Akagi’s (1992)
light touch keyboards combined with Loricchio‘s
(1992) results suggest that about 55 to 60 grams is a
good design point for key force, but 35 grams is too
light. These data and conclusions are consistent with
the ANSI/HFS 100-1988 standard’s recommendation
to provide a key travel between 1.5 and 6.0 mm

(preferred 2.0 to 4.0 mm) and key forced between 25
and 153 grams (preferred 50 to 60 grams) (Human
Factors Society, 1988), particularly with respect to the
preferred key force.

More important than the armount of force and travel
is the tactile feedback caused by a gradual increase in
force followed by a sharp decrease in force required to
actuate the key (the breakaway force) and a subsequent
increase in force beyond this point for cushioning. The
result is a curve shaped like a roller coaster. From the
data available, keyboards should provide tactile feed-
back because it improves keying performance and typists
prefer it. Capacitive and membrane keys that require
only a minimal touch and little or no travel are inferior
to conventional keys in terms of typing performance.
Because a number of factors appear to affect the percep-
tion of tactile feedback, and because many factors could
have influenced the results of the relevant studies, more
research in this area would clearly be useful.

54.4.5 Auditory Feedback

Auditory clicks, beeps and tones for typewriter key-
boards are unnecessary for skilled typists in high speed
data entry tasks (Alden et al., 1972). The sound gener-

5 The ANSIHFS 100-1988 standard expresses key force in New-
tons, with an acceptable force between .25 and 1.5 N, and a pre-
ferred key force between .5 and .6 N.
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ated by the typewriter’s print hammer striking the pa-
per platen provides a sufficiently loud and correlated
auditory feedback signal following each key press.
However, the advent of personal computers eliminated
the auditory feedback provided by impact printers and
introduced newer keyboard technology (such as elas-
tomer, capacitive, and membrane switches) that al-
lowed designers to create truly silent key action. These
keyboards can have auditory feedback as an add-on
feature to turn on and off. Some also allow adjustment
of the volume of the click. Performance data with such
keyboards indicate that typing is significantly faster
and more accurate with auditory feedback on than with
it off (Monty, Snyder, and Birdwell, 1983; Roe, Muto,
and Blake, 1984). Moreover, most typists prefer andi-
tory feedback, but they also want the ability to turn it
off depending on its physical characteristics and the
environment in which they use the keyboard.

For telephone keypads there is some evidence that
adding a single tone allows faster keying than a click or
a visual signal (Pollard and Cooper, 1979). When the
user cannot see the keys for dialing telephone numbers,
speech feedback reduces keying errors (Nakatani and
O’Connor, 1980).

The Timing of Auditory Feedback

The amount of time lag between a key press and the
auditory feedback from the print hammer or keyboard
is an important variable. If the lag is too long, it can
interfere with typing performance (Clare, 1976; Texas
Instruments, 1983). Long (1976) showed that when the
print mechanism of a teletype was delayed or irregular
in relation to typing on the keyboard, speed of typing
slowed for both unskilled and experienced typists. The
effect disappeared with practice, but only for skilled
typists.

Magyar (1982) noted a similar disruption in typing
performance for an electronic typewriter that substi-
tuted an ink-fet printing mechanism for the standard

mechanical impact printer and a relatively silent mem-.

brane keyboard instead of a mechanical keyboard. As
in Long’s (1976) study, the irregular and delayed
auditory feedback of the ink-jet printhead following
keystrokes resulted in decreased typing speed and in-
creased error rates. Modifying the keyboard to generate
a distinct acoustic click after cach keypress resulted in
significant performance improvements. In trials with
the clicker turned “On,” typing speed immediately in-
creased and the error rate decreased. Turning the
clicker “Off” resulfed in immediate decrements in
typing speed with simultaneous increases in error rate.
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Magyar speculated that the quality of the auditory
feedback appeared to be important. Operators preferred
keyboards providing short duration, low frequency
(less than 1000 Hz) auditory feedback sounds such as
“clicks” and showed less preference for high frequency
(greater than 2500 Hz) “beeps” or tones.

The Interaction of Auditory and Tactile Feedback

Although it is generally accepted that tactile feedback
is more important for keying speed than is auditory
feedback, there is mounting evidence suggesting that
the two variables may exert significant interactions in-
fluencing both performance and preference {Roe et al.,
1984, Magyar, 1986d; Walker, 1989),

Brunner and Richardson (1984) evaluated per-
formance and preference for experienced and occa-
sional typists across several keyboards having different
levels of tactile feel and auditory feedback. They re-
ported that auditory feedback was the most important
determinant of a user’s initial reaction to a keyboard.
The importance of auditory feedback, however, dimin-
ished over time. Although there was no difference in
typing performance across keyboards for either group,
the occasional typists rated their performance as better
on keyboards having auditory feedback.

Schuck (1994) examined the effect of auditory
feedback on the performance of operators typing on a
touch-screen keyboard having no key travel. Results
revealed that the feedback did not affect ervor rates, but
the addition of auditory feedback to a typing task did
improve typing speed under all tested conditions.
These resultés might not generalize to a more skilled
typing population. The actual experience level of the
typists was not clear because operators rated their own
level of typing skill. It seems likely that the typists
were not highly skilled because throughput speeds
during the test appeared to be rather slow (12-25 wpm}).

In a test comparing a buckling-spring keyboard
having tactile feel against a much quieter membrane
keyboard with little tactile feel, Magyar (1986d) ini-
tially reported an even split of the preferences of expe-
rienced typists across the two keyboards. The typists
who preferred the buckling-spring keyboard cited its
superior touch and feel, while those who preferred the
membrane keyboard liked its qnietness. In a replication
of the study (using the same keyboards), typists lis-
tened to “white noise” played through headphones to
mask differences in anditory feedback between the two
keyboards. Results of the second study revealed a shift
in preference to the buckling-spring keyboard, with the
majority of typists citing supetior touch and feel as the
















































