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This study examines the influence of a word prediction feature on several measures of user
performance during text entry tasks. Fourteen subjects transcribed text with and without a word
prediction feature for seven test sessions. Eight subjects were able-bodied and used mouth-
stick typing, while six subjects had high-level spinal cord injuries and used their usual method
of keyboard access. Use of word prediction significantly decreased text generation rate for the
spinal cord injured (SCI) subjects and only modestly enhanced it for the able-bodied (AB) sub-
jects. While fewer selections were required with the word prediction system, each selection took
significantly longer to make, which we attribute to the additional cognitive and perceptual
processes associated with use of word prediction. Performance was further analyzed by deriv-
ing subjects’ times for keypress and list search actions during word prediction use. All subjects
had slower keypress times during word prediction use as compared to letters-only typing, and
SCI subjects had much slower list search times than AB subjects. Under the conditions of this
experiment, the cognitive cost of using word prediction largely overwhelmed the benefit pro-
vided by keystroke savings. SCI subjects appeared to incur higher cognitive costs than AB sub-
jects, possibly due to their prior expertise in letters-only typing.
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Augmentative and alternative communication
(AAC) systems have the potential to improve the qual-
ity pf life of individuals with severe disabilities by pro-
viding independent access to spoken communication,
written communication, and/or standard computer
software. However, the rate of communication
achieved with current systems is far from optimal, and
attempts to improve performance through system
_design often do not work as well in practice as they do
in theory, due to complexities in the interaction
between the user and the system. A better under-
standing of user-system interaction is needed for all
AAC interfaces to improve the design and promote the
recommendation of systems that best meet users’
needs.

This paper focuses on word prediction in particular,
as one example of a technique designed to enhance
text generation rate in AAC. Past research shows that
word prediction is successful in reducing the motor
requirements for use, but usually at the cost of intro-
ducing additional cognitive and perceptual loads
(Horstmann & Levine, 1991; Soede & Foulds, 1986).

The goal of this work is to provide greater insights into
how the trade-off between decreased motor and
increased cognitive loads affects user performance
with a word prediction system.

This goal is being pursued in two complementary
ways: through empirical measurement of actual user
performance under a range of conditions and by cre-
ating and validating quantitative models of user per-
formance with AAC systems. This paper presents
results from the empirical aspect of the project only,
although the study was designed to address both the
empirical and modeling goals. The empirical work
adds to the data that have been published to date on
user performance with word prediction and attempts
to fit this data into a theoretical framework. A subse-
quent paper will focus on the modeling aspect of the
project.

BACKGROUND

A major problem with AAC systems continues to be
the slow speed of text generation. For users with
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severe physical disabilities, reported rates for current
systems are well below those achieved by unimpaired
typists and speakers, commonly cited at 35 to 40
words/minute (wpm) for typing and 150 to 180 wpm
for speaking (Foulds, 1980). For example, well-trained
users of two-switch Morse code systems can achieve
text generation rates of approximately 12 wpm
(Levine, Gauger, Bowers, & Khan, 1986), while novice
users may reach only 2 wpm (Beukelman, Yorkston,
& Dowden, 1985). Reported rates for letter-based
scanning systems range from under 1 wpm to about
7 wpm (Goodenough-Trepagnier, Rosen, & Demsetz,
1982; Horstmann, 1990; Koester and Levine, 1994).

A variety of methods have been devised in the
attempt to enhance communication rate. While all of
these methods can significantly improve efficiency,
as measured by keystroke savings, their effect on
overall text generation rate is less clear. One common
technique is the use of fixed vocabulary sets of words
or syllables, either arranged in hierarchical menus or
on one large display (Chopra, Thomason, Kazemi, &
Alguindigue, 1988; Goodenough-Trepagnier, Tarry, &
Prather, 1982). While estimates of keystroke savings
with menu systems are as high as 50% (Pollak & Gal-
lagher, 1989), performance with menu systems has
been observed to be only the same as, and some-

times slower than, letter-by-letter spelling (Deroost &
Soede, 1989; Goodenough-Trepagnier, Rosen, &
Galdieri, 1986; Rowley, 1989).

A second technique is encoding, which involves
defining and memorizing abbreviations for a set of
words, phrases, and/or sentences, using alphanu-
meric codes (e.g., Vanderheiden & Kelso, 1987) or
graphic symbols (e.g., Baker, 1987). For alphanu-
meric codes, an estimated 20 to 50% of keystrokes
can be saved by abbreviating 200 words (Vanderhei-
den & Kelso, 1987), but the net effect on rate is
unknown, since a comparison of performance with
and without alphanumeric codes has not been pub-
lished, to our knowledge. There has been one com-
parison of a symbolic encoding system to letter-by-let-
ter spelling, in which the group using symbolic
encoding entered text 28% faster than the group using
letters only by the conclusion of the 6-week study
(Gardner-Bonneau & Schwartz, 1989). While this is a
notable improvement, it is considerably less than the
more than doubling of speed predicted based on key-
stroke savings alone (Baker, 1987).

A third technique, called word prediction, takes
advantage of the redundancy in the English language
to predict a set of words based on the letters entered
by the user. Word prediction choices are typically dis-
played in a short list and are refined as the user inputs
additional letters (Bentrup, 1987; Heckathorne, Voda,
& Leibowitz, 1987; Swiffin, Arnott, Pickering, &
Newell, 1987). Large reductions in inputs (or key-
strokes) required per word can be achieved, since
many words can be completed by selection from the
list rather than by single-letter spelling. However, as

with menu and encoding systems, keystroke savings
alone does not always yield a significant improvement
inrate. In 15 case reports, across several studies and
systems, the median keystroke savings was 38%
(range 23-58%), while the median improvement in
text generation rate was 4% (range —21-162%)
(Gibler & Childress, 1982; Koester & Levine, 1994:
Newell, Arnott, & Waller, 1992: Newell, Booth, & Beat-
tie, 1991; Scull & Hill, 1988; Venkatagiri, 1993). While
some users enjoyed substantial improvement relative
to letter-by-letter spelling, others improved only mar-
ginally or even decreased in speed.

These studies reveal several limitations in current
understanding of the effectiveness of different AAC
interface designs. In almost all reported cases, the
improvements in text generation rate were lower than
those expected based on efficiency improvements.
The problem is that improving efficiency (having fewer
selections to make) may increase the time it takes to
make each selection, due to changes in the cognitive,
perceptual, and/or motor processes required t_o use
the system. Therefore, efficiency must be considered
in tandem with user selection time when assessing
and predicting the effectiveness of an AAC system
design.

A simple cost-benefit model has been used to
describe the relationship between efficiency, user
selection time, and rate enhancement (Koester &
Levine, 1994). In this model, cost is defined as the per-
cent decrease in item selection rate, benefit as the per-
cent of keystrokes saved, and net gain as the percent
increase in text generation rate.” From these defi-
nitions, it can be shown that:

(Benefit — Cost)
(100 — Benefit)

The equation reveals the guideline that use of word
prediction (or any rate enhancement technlqu_e) will
only enhance text generation rate if the benefit in key-
stroke savings achieved by the user exceeds the cost
in item selection rate. _

The trade-off between cost and benefit in rate
enhancement techniques has been recognized by
other researchers as well (Soede & Foulds, 1986;
Vanderheiden & Kelso, 1987; Witten, Cleary, Darragh,
& Hill, 1982), but very little is known about its !mpact
on overall performance. Some quantitative guidance
on the size of the cognitive and perceptual Ioa_ds
associated with word prediction is provided by st_udles
in cognitive psychology and human-computer inter-
action. Much of the additional load is due to the need
to search the word list. The time required for a list
search can be estimated from studies of human visual

Net Gain =

100.

' Text generation rate is measured in characters generated per
unit time. ltem selection rate is the number of items selected per

unit time; for example, in a word prediction system, an item can be
a single letter or a word list selection.
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search performance (Card, 1982; Card, Moran, &
Newell, 1983; Neisser, 1963; Somberg, 1987). For a
short list (around six words), ordered either alpha-
betically or by frequency of use, unpracticed users
require approximately 1 second to locate a target
word. With practice, search times for fixed lists might
be expected to improve to around 0.5 seconds
('Horstmann & Levine, 1990; Koester, 1994). Addi-
tional time may be required to decide whether or not
to seal_rch the list and to shift attention between the
word list and the text generation task (Horstmann &
Llevme,_ 1991). Empirical support for extra selection
time within the context of word prediction use was
provided in a recent study of able-bodied (AB) users
of single-switch scanning, who took at least 0.7 extra
seconds to make selections with word prediction as
compgred to without (Koester & Levine, 1994).
Critical questions still remain regarding the balance
between cost and benefit with word prediction as well
as ot_her rate enhancement systems, but a compre-
hensive approach to finding the answers remains elu-
sive. A necessary component of a comprehensive
approach is to gather additional performance data,
since the available data is quite sparse in terms of the
number of subjects and conditions that have been
Stydle(_i. Only a few case studies have employed users
with disabilities, and only a subset of these have
reported quantitative performance (Mathy-Laikko,
West, & Jones, 1993; Newell et al., 1991, 1992; Scull
& Hill, 1988). The few group studies that have mea-
sured performance have generally involved only AB
subjects (Gardner-Bonneau & Schwartz, 1989;
Koegter & Levine, 1994). Additionally, since previous
Studies have measured performance only for specific
user-system combinations, the performance effects of
SyStem configuration changes or different user char-
acteristics remain unknown. More empirical perfor-
mance data must be acquired experimentally across a
range of conditions in order to gain a better under-
standing of the factors that determine user perfor-
mance. This paper presents the results of an experi-
ment intended to contribute to that understanding.

HYPOTHESES

_ The general hypothesis is that the additional cogni-

tive and perceptual loads imposed by word prediction
have a measurable effect on user performance as
compared to typing without the use of word prediction.
Th(s will be assessed through multiple indicators,
including several measures of performance time, an
indicator of mental workload, and users’ perception of
the difficulty of word prediction use. Both AB and
physically disabled subjects are employed across a
multisession protocol. The specific hypotheses to be
tested are listed below:

1. Text generation rate with word prediction will
show a positive relationship with keystroke sav-
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ings, but text generation rate will be slower than
that expected based solely on consideration of
keystroke savings.

2. ltem selection rate will be markedly slower with
word prediction than without, reflecting the addi-
tional time needed to make each selection.

3. The time required to search the word prediction
list will improve with practice to roughly 0.5 sec-
onds. Search times will be independent of a user's
physical disability.

4. Users will perceive word prediction to be some-
what more difficult to use than letters-only typing.

5. Performance with word prediction can be manip-
ulated by instructing users to employ a particular
strategy. A strategy involving fewer list searches
will impose lower cognitive/perceptual loads on
users, resulting in faster item selection rates than
a more search-intensive strategy.

6. Performance with word prediction will improve with
practice, and the effect of cognitive and perceptual
loads will decrease over time but not disappear.

7. The cognitive and perceptual loads incurred dur-
ing use of word prediction will be similar for users
with or without physical disabilities.

METHODS

To test these hypotheses, user performance was
measured with and without a word prediction feature
across a multisession protocol under a range of con-
ditions. These conditions were defined to include dif-
ferent subject characteristics, task characteristics, and
strategies of use. Subjects with physical disabilities
were included to represent at least a subset of the
actual user population. Because the differences in
these subjects’ abilities were expected to lead to
higher between-subject variance, an alternating treat-
ments design was used, allowing subjects to serve as
their own controls (Girden, 1992). AB subjects were
also employed in order to address potential problems
with between-subject variance and to assess the
extent to which AB subjects’ performance is similar to
that of users with disabilities. Subjects were taught a
particular strategy with which to use the word predic-
tion list in order to provide some insight into the influ-

ence of strategy on user performance.

Subjects

Fourteen subjects participated. All shared the follow-
ing characteristics: at least some college-level educa-
tion: high familiarity with the standard keyboard; no sig-
nificant prior experience with word prediction; and no
reported cognitive, perceptual, or linguistic impairments.
All received $75 at the completion of the protocol. Eight
of the subjects were able-bodied—four men and four
women, recruited from the university community. The
remaining six subjects had spinal cord injuries (SCls) at
levels ranging from C4 to C6. All were men recruited
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from the university community and from the client pop-
ulation seen at our center. These subjects incurred their
SCI at least 3 years before the start of the study, with
the average time since injury being 9.3 years.

User Interfaces

Two interfaces were employed: a “Letters-only” sys-
tem involving letter-by-letter spelling on a standard
computer keyboard and a “Letters+WP” system using
single letter entry augmented by a word prediction
feature. Predictions were based on overall frequency
of use in English (Beukelman, Yorkston, Poblete, &
Naranjo, 1984; Jones & Wepman, 1966; Kucera &
Francis, 1967) and presented in a fixed order in a six-
word vertical list at the top left corner of the screen, as
shown in Figure 1. Software implementing the inter-
faces was developed specifically for this project to
provide sufficient control over the system configura-
tion as well as the means of data collection. AB sub-
jects used mouthstick typing, while subjects with SCls
used their usual method of keyboard access, which
was mouthstick typing for two of the subjects and
hand splint typing for the other four.

Experimental Design

An alternating treatments design was used, in which
subject performance with and without word prediction
was recorded in each of seven test sessions. This
design was used for three major reasons: to allow a
direct comparison of performance with and without
word prediction at multiple points across time, to con-
trol for learning effects with both interfaces, and to
control for variability between subjects. The keystroke
savings provided by word prediction was fixed across
Sessions 1 to 4 and varied in Sessions 5, 6, and 7 (as

1: for
2: from
3: foot
4: feel
5: find
6: first

A dream can make the impossible come true.
That idea has been debated f

Figure 1. Schematic representation of the Letters+WP system
display. The six-word list is fixed in the upper left corner, with the
transcribed text displayed below the list. A sample of actual text
transcribed by subjects is shown, and the list contents are those
that follow selection of the letter “.”

discussed in more detail below). Each subject was
randomly assigned one of two strategies with which to
use the word prediction feature. Labels for the four
subject groups are shown in Table 1.

Procedures

Subjects were tested in individual sessions, con-
ducted in laboratory space for 11 subjects and at sub-
jects’ homes for three SCI subjects who had difficulty
arranging travel to the university. The protocol incor-
porated training and testing and spanned an average
of 21 days.

In the first part of training, subjects practiced using
the Letters-only system. Each AB subject was provided
with a 17” anodized aluminum mouthstick for the dura-
tion of the study.? Proper use of the mouthstick was
demonstrated for these subjects, and the keyboard was
tilted at an angle of 45 degrees relative to the desk sur-
face. The SCI subjects used their own mouthstick or
typing splints. The keyboard was placed to match their
normal set-up; all used a flat keyboard. Subjects were
instructed to type as quickly as possible, while keeping
mistakes to a minimum. They then practiced for 24
sentences, divided evenly into six blocks of text.

The second part of training introduced subjects to
the Letters+WP system and their assigned strategy
for its use. The rules for the two strategies were
defined as follows:

1. Always-search. Search the list before every selec-
tion.

2. Two-then-search. Choose the first two letters of a
word without searching the list, then search the
list before each subsequent selection.

A search was not required in either strategy when
the list was empty. These strategies were chosen to
be realistic enough to represent at least a subset of
actual user approaches and simple enough to be
learned in a single training session. Subjects were
asked to follow the rules as closely as possible, even
if they thought of other strategies to use. Subjects
practiced using their strategy for 16 sentences, which

2 AdLib Incorporated, 5142 Bolsa Avenue, Suite 106, Hunting-
ton Beach, CA 92649.

TABLE 1: The Four Subject Groups

Strategy SCI No SCl Yes

Always-search ABA SCH
(n=4) (n=3)

Two-then-search AB2 SCi2
(n=4) (n=3)

AB = able-bodied; SCI = spinal cord injured.
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proved sufficient for each to learn to use the strategy
correctly without prompting.

Each of the seven test sessions involved four sen-
tences of warm-up using word prediction, an eight-
sentence test with word prediction, then a two-sen-
tence typing test without word prediction. Unique text
blocks were developed for each session based on
published typing tests, matched with respect to syl-
lable intensity, average word length, and percent of
words that occur with high frequency (Lessenberry,
1975). These texts were revised to provide the levels
of k_eystroke savings shown in Figure 2. The keystroke
savings in Sessions 1 to 4 was intended to approxi-
mate the level that might be expected with an “aver-
age” word prediction system (Higginbotham, 1992).
Sgssmn 5 refiects a higher level of keystroke savings,
with Sessions 6 and 7 providing successively poorer-
than-average levels.

Sentences were presented singly on index cards,
WhI'Ch remained in view for reference throughout tran-
scription. Subjects had 20 seconds to read the sen-
tence before an audio cue signailed them to begin
transcription. Errors could be corrected by selecting
the ‘backspace” key as well as a special key for cor-
recting word list selections.

Data Collection

All items selected by subjects were timed and
stored by the software in real time. Entries were also
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Figure 2. Keystroke savings provided by the Letters+WP system
at each session for Strategy 1 and Strategy 2. Note that the text
transcribed was identical for users of both strategies, so the dif-
ference in keystroke savings between groups was due solely to dif-
ferences in the strategiés.

encoded to store various information such as the type
of selection made (i.e., a single letter or a word list
selection) and the number of words in the list when the
item was selected. The raw data were used to pro-
duce an entry log in which each line shows the
selected item, its various characteristics, and the time
at which it was selected.

An experimenter was present throughout each ses-
sion to record observations of subject behavior as
well as any comments made by subjects. After each
block of text, subjects were asked to rate the difficulty
of the task by making a mark on a continuous 7” scale
ranging from “very easy” to “very difficult.”

All sessions were videotaped with the camera
focused close enough on the subject’s face to deter-
mine the direction of eye gaze. ltem selections were
recorded on the video using a mirror to reflect a view
of the keyboard into the camera and a speech syn-
thesizer to echo the selecied item onto the audio track
(without being audible to the subject). The camera’s
clock was synchronized with the computer, so the
times on the videotape matched those on the entry
log. A diagram of the experimental set-up is shown in

Figure 3.
Data Filtering

The raw data were filtered to remove items judged
to be in any of the following three categories. The first
category was errors and error corrections, including
typographical and transcription errors. The second
included words that were not entered in a manner
consistent with the assigned strategy. ltems in these
two categories were identified by comparing a sub-
ject's generated text to an error-free template. The
final category consisted of “card reads,” when a sub-
ject referred back to the text card during transcription,
as identified using the videotape record. Carriage
returns and periods were filtered out as well.

The rationale for filtering arises from the planned
use of the data for both empirical measurement and

computer

display
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-
keyboard
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camera — " "

text card -]

mirror
/\

Figure 3. Overhead view of the experimental set-up.
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model validation. Empirically, the primary interest is in
error-free performance with the assigned strategy,
and filtering the “card reads” removes the influence of
a task artifact on performance. Additionally, valid
derivation of list search and keypress times (dis-
cussed below) requires the use of filtered data. From
a modeling standpoint, it is reasonable to initially vali-
date the model against error-free data to measure
accuracy under best case conditions. The amount of
filtered data was analyzed to guard against misleading
results, as presented below.

The first author and a trained assistant served as
raters for coding events to be filtered. Inter-rater reli-
ability was measured at 99.4%, based on a sample of
four sessions analyzed by both raters. A point-to-point
reliability measure was used in which the total num-
ber of agreements between raters was divided by the
total number of agreements and disagreements
(McReynolds & Kearns, 1983).

Dependent Measures and Statistical Analyses

Text generation rate and item selection rate were
measured in each session for both the Letters+WP
and Letters-only systems. Text generation rate was
defined as the number of characters generated during
the test divided by the total time required to generate
those characters. Iltem selection rate was defined as
the number of items selected (including letter and
word selections) during the test divided by the total
time. The percent change in each of these measures
with Letters+WP relative to Letters-only was also cal-
culated. Filtered items were not counted in the num-
ber of characters generated or in the total time.

In addition to these overall performance measure-
ments, durations for the component actions of list
search and keypress while using Letters+WP were
derived from the filtered data for each subject. The tech-
nique used for this followed the subtractive methods of
Card et al. (1983) and Olison and Nilsen (1988). Based
on the strategy used with Letters+WP, each selection
made was labelled according to whether it involved a
keypress preceded by a list search or a keypress with
no list search. For example, when using the “two-then-
search” strategy, the first two letters of every word
involve no list searches, so they are labelled as a key-
press only. The keypress time during use of Letters+WP
was then calculated by averaging the times for all key-
press-only selections in the session. The list search
time was derived by subtracting one keypress time from
the time recorded for each selection preceded by a list
search, then averaging the remaining times. Keypress
time during use of Letters-only was simply the average
time for all selections made in the session.

Subjects’ subjective ratings of difficulty were mea-
sured as the distance in inches from the “very easy”
mark to the subject’s rating mark. For example, a
“very easy” rating score would be 0, “average” would
be 3.5, and “very difficult” equal to 7.

Statistical differences in dependent measures
across subject groups, systems, and test sessions
were determined using a repeated measures analysis
of variance (ANOVA) technique. There were
four experimental factors, with strategy and
presence/absence of SCl as the between-subject
factors, and system and session as the repeated mea-
sures factors. Statistical significance for each effect
was judged at a family-wise p-value of .05, using the
Bonferroni procedure to divide by the number of
effects examined within the test (Girden, 1992). For
example, a test analyzing all four experimental factors
examines 14 different effects (4 main effects and 10
interactions), so the critical p-value used for any one
of these 14 would be .05/14 = .003. The cotrespond-
ing critical values for three- and two-factor tests were
.007 and .017, respectively. Additionally, all p-values
examined and reported are those adjusted based on
the Greenhouse-Geisser epsilon as an additional pre-
caution against Type I errors (Girden, 1992). None of
the third or fourth order interaction terms in any test
were statistically significant, so significant main effects
and two-factor interactions could be interpreted with-
out concern for confounding factors.

RESULTS
Filtering

The percentage of data removed from analysis was
16.3% of all Letters+WP selections and 7.3% of all
Letters-only selections, averaged across all subjects
and sessions.® The amount of data filtered was inde-
pendent of SCI (p = .31), strategy used (p = .70), Of
session (p = .38). Significantly more data were filtered
from Letters+WP selections than from Letter§-on|y
selections (p < .001). Part of the reason for this is that
Letters+WP had the additional category of strategy
compliance. The other factor is that subjects referred to
the text card over twice as often with Letters+WP, which
was a statistically significant difference (p < .001).
Errors comprised less than 5% of all selections, with no
difference in the error rate for the two systems (p = .66).

The performance results reported below are based
on filtered data. Graphic analysis of the unfiltered data
was performed, and it was found that filtering did not
change the pattern or apparent significance of the
results. Statistical tests were also performed for the
unfiltered data, yielding the same pattern of results as
for the filtered data.

3 For all dependent measures, average values across te_st'ses-
sions are reported, regardless of whether session has a statistically
significant effect. This is simply to provide an overall picture of the
resuits.
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Text Generation Rate

Figure 4a shows the average text generation rate for
the Letters-only system for the four subject groups.
Subjects with SCls were significantly faster at Letters-
only typing than the AB subjects (p = .005). SCI sub-
jects averaged 116 characters/minute (cpm) (20 wpm)
with a standard deviation of 34 cpm, as compared to
the AB subjects, who averaged 70 cpm (12 wpm) with
a st_andard deviation of 6 cpm. The finding that SCI
subjects were faster is not surprising given that they
had much more prior experience with their keyboard
access method than the AB subjects had with mouth-
stick typing. The large magnitude of the difference
was surprising, however, and indicates the high skill of
the SCI subjects at Letters-only typing.

'I:he average text generation rate with Letters-only
typing improved across the seven sessions by 11%
and 8% for the AB and SCI subjects, respectively.
Howe\(er, this modest improvement was not statisti-
cally significant, with p = .023 for the main effect of
session, which is greater than the Bonferroni critical
value of .007 for this test.

Subjects’ text generation rates with the Letters+WP
system were strikingly similar for both groups, as
shown in Figure 4b, averaging 71 cpm (12 wpm).
There were no statistically significant differences
between any of the groups due to strategy (p = .68)
Or.SC| (p = .52). Session was found to have a sig-
nificant effect (p < .001) across all seven sessions,
largely because the higher keystroke savings pro-

vided in Session 5 increased Letters+WP perfor-
mance for all subjects, while the lower keystroke sav-

A. Letters-only
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ings in Session 7 decreased it. Over the first four ses-
sions, in which keystroke savings was fixed, there
was also a moderate (13%), but statistically significant
(p < .001), increase in text generation rate with Let-
ters+ WP. As with Letters-only typing, variability
between subjects was larger for those with SCls, with
a standard deviation of 19 com as compared to 2 com
for AB subjects.

The net change in text generation rate using Let-
ters+WP relative to Letters-only for each subject
group is shown in Figure 5. There was a strong main
effect of SCI (p < .001), so data from AB and SCI sub-
jects were analyzed separately. For SCI subjects, use
of Letters+WP decreased text generation rate by an
average of 41%, as compared to Letters-only typing.
For the AB subjects, text generation rate was not sig-
nificantly affected by the use of word prediction,
except during Session 5, which had the highest level
of keystroke savings and improved rate by 32%, and
during Session 7, which had the lowest keystroke sav-
ings and inhibited rate by 14%. Strategy of using Let-
ters+WP had no effect on rate improvement for the AB
subjects, while SCI subjects who used the “two-then-
search” strategy had a statistically significant advan-
tage over those who used “always-search” (p = .014).
Across all subjects, the average text generation
rate improvement increased slightly across the
first four sessions, in which keystroke savings was
fixed, but the effect was not statistically significant
(p = .049 vs. criterion of .007).

The between-subject variability for text generation
rate improvements was quite consistent for the differ-
ent subject groups, illustrating the effectiveness of the

B. Letters+WP
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Figure 4. Average text generation rates achieved by each subject group for each session.

.
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Figure 5. Average improvement in text generation rate during
use of the Letters+WP system, relative to Letters-only rate.

alternating treatments design in controlling for varia-
tion between subjects. The standard deviation of sub-
jects’ average improvements in text generation rate
was 7% for SCI subjects and 8% for AB subjects.

Item Selection Rate

For letters-only typing, each selected item gener-
ates a single character, so the item selection rate
results for the Letters-only system are identical to the
text generation rate results shown in Figure 4a above.
For word prediction, each item generates an average
of more than one character, so item selection rate is
not the same as text generation rate. In this study,
item selection rate with Letters+WP averaged 46
items per minute (ipm) across all subjects, with a stan-
dard deviation of 10 ipm, as compared to the text gen-
eration rate average of 71 cpm. There was no signif-
icant effect of strategy (p = .10) or SCI (p = .48) on
item selection rate with word prediction. Session was
a statistically significant effect, as the average improved
from 42 to 50 ipm over the seven sessions.

For all subject groups, item selection rate was sig-
nificantly slower for the Letters+WP system than for
Letters-only (p < .001). Figure 6 illustrates this de-
crease as a relative percentage of the item selection
rate with Letters-only. This percent change is the cost
of word prediction use discussed above in the Back-
ground section. The effect of word prediction on item
selection rate was larger for the SCl subjects
(p < .001). Their item selection rate averaged 62%
slower with Letters+WP as compared to Leiters-only,
while for AB subjects, item selection rate was 32%
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Figure 6. Percent decrease in item selection rate with Let-
ters+WP relative to Letters-only.

slower with Letters+WP. The strategy with which Let-
ters+ WP was used also influenced the cost in item
selection rate (p < .003). For both AB and SCI sub-
jects, the cost in item selection rate with word predic-
tion was less for those who used the “two-then-
search” strategy, which involved fewer list searches.
Across all subjects, practice was a significant effect
(p =.001), as the cost in item selection rate decreased
across sessions. However, the average cost at the
end of seven sessions was still 30% for AB subjfacts
and 60% for SCI subjects. The standard deviations
were consistent across the four subject groups, aver-
aging 4% with a maximum of 7% for Group AB2.

The decrease seen in item selection rate means
that the time required to make each Letters+WP
selection was longer, on average, than each Letters-
only selection. For SCI subjects, each selection made
with the Letters+WP system took an average of 0.91
seconds longer than each Letters-only selection. For
AB subjects, this extra selection time was much lower,
at 0.41 seconds, but still appreciable.

List Search Time

Figure 7 shows the average list search times at
each session for each of the four subject groups. A
three-factor ANOVA analysis of list search times
showed that strategy of use did not significantly affect
list search time (p = .058). SCI, however, did have a
significant effect (p < .001); the average list search
times of subjects with SC| were an average of 96%
(560 msec) slower than the AB subjects. Across all
sessions, the average for SCI subjects was 1.14 sec-
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Figure 7‘. Average list search times during use of Letters+WP for
each subject group. SCI subjects had significantly stower search times.

onds with a standard deviation of 0.26 seconds, while
for AB subjects, the average was 0.58 seconds, with
a standard deviation of 0.13 seconds.

Because of the large difference between AB and SCI
subjects, within-subject effects for these two groups
were examined separately, using two-factor ANOVA
tests. For AB subjects, session had a significant main
effect (p < .001), with list search time improving by an
average of 27% (180 msec) from Session 1 to Session
7. For SCI subjects, however, average list search time
improved only 3% over these sessions, which was not
significant (p = .39). So, in addition to having slower list
search times overall, subjects with SCls did not signifi-
cantly improve their search time with practice.

Keypress-only Time

The average keypress times during use of Let-
ters+WP averaged 0.90 seconds across all subjects
with a standard deviation of 0.21 seconds. Keypress
time averaged 0.83 seconds (SD = 0.31) for SCI sub-
jects and 0.96 seconds (SD = 0.06) for AB subjects.
There were no statistically significant differences
between the groups, either on the basis of Let-
ters+WP strategy or SCI. The one significant differ-
ence that did emerge was a main effect of session
(p = .001), as keypress time improved an average of
18% from Session 1 to Session 7.

Keypress times during use of Letters+WP were sig-
nificantly slower than during Letters-only typing
(p < .001), by an average of 23%. The average key-
press delay across sessions is shown in Figure 8 for
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Figure 8. Average keypress delays for each subject group. Key-
press delay represents the extent to which keypress time was
slower during use of Letters+WP relative to Letters-only.

AB and SCI subijects. (The times are collapsed across
strategy of Letters+WP use for greater clarity, since
strategy had no significant effect [p = .63].) Keypress
times with word prediction relative to letters only were
an average of 46% (267 msec) slower for SCI sub-
jects and 10% (85 msec) slower for AB subjects. The
amount of delay also appeared to decrease with prac-
tice, particularly across Sessions 1to 4, but this effect
was not statistically significant (p = .006 vs. criterion
of .003).

Difficulty Ratings

On a scale of 0 (very easy) to 7 (very difficult), the
average rating for Letters-only across all subjects was
1.9, and the average for Letters+WP was 2.5. This
suggests that subjects found the transcription task to
be relatively easy with both systems. Letters+WP was
rated significantly more difficult overall (p < .001), but
the 0.60 average difference is relatively small, with a
standard deviation across subjects of 0.62. SCI sub-
jects in particular found Letters+WP to be more diffi-
cult than Letters-only (p < .001); the average differ-
ence for these subjects was 1.13, while the average
difference for AB subjects was only 0.23. The data
also suggest that subjects who used the “always-
search” strategy perceived Letters+WP to be more
difficult relative to Letters-only than did subjects who
used the “two-then-search” strategy, with average dif-
ferences of 0.93 and 0.42, respectively. However, this
effect was not statistically significant (p = .035).
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Ratings across the first four sessions suggest that
the task got easier for subjects with practice, and the
gap between Letters+WP and Letters-only also
decreased over these sessions, although neither of
these effects was statistically significant. The effect of
practice cannot be assessed at Sessions 5, 6, and 7
since the keystroke savings provided by Letters+WP
was manipulated during these sessions.

DISCUSSION

In this discussion, the overall effect of Letters+WP
on subjects’ performance is assessed to examine the
general question of how the increased cognitive and
perceptual ioads associated with this word prediction
feature affect performance. The main effects of user
strategy, practice, and presence of SCI on user per-
formance are then discussed. Alternative interpreta-
tions of these results are presented, foliowed by a

discussion of the limitations of this study and sug-
gestions for future work.

Overall Effect of Word Prediction

The cluster of results from this study supports the
hypothesis that word prediction can place additional
cognitive and perceptual loads on users, and that this
increase has a major impact on user performance
with word prediction. Every dependent measure
assessed in the study is consistent with this hypothe-
sis. For all subjects, any improvements in text gener-
ation rate with the Letters+WP system relative to Let-
ters-only were much less than would be expected
based on keystroke savings alone. AB subjects did
enjoy a statistically significant improvement in text
generation rate with word prediction in the test ses-
sion that provided a higher-than-average keystroke
savings (above 50%). However, in all other sessions,
AB performance with word prediction was not signifi-
cantly faster than without. For SCI subjects, text gen-
eration rate performance with Letters+WP was signifi-
cantly slower than for Letters-only typing, by over
40%. Thus, the benefit in keystroke savings was gen-
erally offset or even exceeded by the cost of making
each selection.

The item selection rate results provide a direct mea-
sure of this additional cost. AB subjects selected items
between 25 to 40% more slowly with Letters+WP
compared to Letters-only. For SCI subjects, this cost
ranged from 50 to 70%. Recalling from the cost-ben-
efit model that keystroke savings must be at least as
high as cost in order for word prediction to yield a net
gain in text generation rate, it is easy to see why word
prediction did not lead to large improvements in text
generation rate in this study.

Derivation of subjects’ list search and keypress
times during use of word prediction gives insight into
how the extra time per selection was spent. List
search represented a large portion of the item selec-

tion time with the Letters+WP system. By the end of
the study, the average search time for AB subjects
was 0.47 seconds, which is very close to the expected
0.5 seconds (Horstmann & Levine, 1990). For sub-
jects with SCls, however, search times were almost
twice as long as for AB subjects, which contributed to
the higher cost they incurred.

Extra time per selection was observed even for Let-
ters+WP items that did not involve a list search. These
include the first two letters of a word entered with the
“two-then-search” strategy and letters entered after
the prediction list was known to be empty. Each key-
press-only selection with Letters+WP took an average
of 0.17 seconds (or 23%) longer than keypress selec-
tions during Letters-only typing. As with list search,
this extra time was observed for all subjects, but was
especially pronounced for SCI subjects. The keypress
delay suggests that there may be some general cog-
nitive overhead involved in using Letters+WP that is
not required during Letters-only typing. This overhead
may be used for executive processing, such as deter-
mining whether or not to search the list for any given
selection or switching one's attention from the pre-
diction list to the keyboard (Card et al., 1983).

The other indicators of cognitive and perceptual
loads—subjects’ card reads and difficulty ratings—
are also consistent with a picture of increased loads
during use of Letters+WP. Subjects referred to the
text card significantly more often during word predic-
tion use, and often volunteered the comment that
searching the word lists interfered with their memory
for the transcription sentence. The Letters+WP sys-
tem was also rated more difficult than Letters-only
typing, although subjects found both systems rela-
tively easy to use.

Effect of Search Strategy

Search strategy had the expected effect on cogni-
tive and perceptual loads during use of Letters+WP,
as subjects who used the “two-then-search” strategy
had a lower cost in item selection rate than those who
used the “always-search” strategy. Additionally, “two-
then-search” users found the Letters+WP systen"l’
slightly easier to use than did the “always-search
users. For text generation rate performance, however,
strategy had only a limited effect; fewer searches led
to better overall performance for the SCI subjects, but
not for the AB subjects. One reason for this is that the
effect of strategy depends on the user’s characteris-
tics (e.g., their keypress and list search times). A
quantitative treatment of this relationship requires the
application of user performance models (Koester &
Levine, 1995) and is beyond the scope of this paper.
However, qualitative reasoning suggests that a strat-
egy that requires fewer searches and more key-
presses will favor individuals whose search times are
relatively slow and whose keypress times are rela-
tively fast. The SCI subjects in general had these
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characteristics, so they benefitted more from the “two-
then-search” strategy than the AB subjects.

Across all subjects, strategy was somewhat effec-
tive at mitigating the effect of cognitive and perceptual
loads, but the effect was not large. There may be, of
course, other prescribed strategies that would be
more successful at this. It is also possible that allow-
ing users to follow their own “natural” strategy in
searching the list would yield different results; this is
being investigated in a follow-up study.

Effect of Practice

As expected, practice across test sessions was a
factor in improving performance both with and without
word prediction. Text generation rates for both sys-
tems improved at a similar pace over the first four
sessions, so the net difference between the systems
did not change significantly with practice. The cogni-
tive and perceptual loads associated with word pre-
diction did decrease with practice but were still signifi-
cant factors by the end of the study, again as expected.
Over the seven test sessions, cost in item selection
rate decreased significantly (see Fig. 6). However, the
average decrease was only 3 to 6 percentage points.
List search times also improved with practice, although
for SCI subjects the improvement was only 3%.

Additional practice would likely have resulted in fur-
ther decrements in cognitive load. Visual search skills
might improve with increasing familiarity with the pre-
diction lists, and a user may also improve in the abil-
ity to anticipate the list contents (i.e, in deciding when
to search the list). In this study, the strategy rules lim-
ited the amount of anticipation that could be employed
by subjects, so these data do not directly address that
issue. Relative to visual search, human information
processing studies suggest that performance on a
visual search task of the sort required in word predic-
tion is unlikely to become truly automatic, even with
extended practice, because the words in the list serve
as both targets and distractors (Schneider & Fisk,
1982). This makes it unlikely that cognitive and per-
Ceptual loads with word prediction would become neg-
!lgible in skilled users, although more empirical work
is certainly necessary to address the complex and
critical question of long-term practice effects.

Effect of SCI

An interesting and unexpected result is the large dif-
ference in word prediction’s effect on SCI as com-
pared to AB subjects. On all dependent measures,
Letters+WP exacted greater cognitive and perceptual
loads on subjects with SCIs. Two phenomena con-
verged to produce this result. First, subjects with SCls
were faster at letters-only typing than AB subjects.
For the same search time, then, these SCI subjects
would incur a higher cost than the AB subjects. Sec-
ond, subjects with SCls in fact had much slower

search times and longer keypress delays than the AB
subjects, which further adds to the increased cost.

A major source of the disparity may be the differ-
ence in the groups’ expertise in the Letters-only con-
dition. All subjects had roughly equal familiarity with
the keyboard layout. However, the AB subjects had no
prior experience in mouthstick typing, while the SCI
subjects had extensive experience with their particu-
lar method of keyboard access and had highly devel-
oped skills in letter-by-letter typing using that method.
When the subjects with SCI were asked to use word
prediction, additional cognitive effort may have been
required to inhibit their habit of typing the word as
they normally would, above and beyond the loads
associated with word prediction itself. The AB sub-
jects would not incur these additional loads, since
they did not have highly developed motor patterns for
letter-by-letter mouthstick typing. Indirect support for
this hypothesis is provided by a few occasions in
which SCI subjects typed an entire word letter by let-
ter, forgetting to attend to the list.

One explanation for how prior skill with letters-only
typing could adversely affect performance with word
prediction is known as “negative transfer,” whereby
the skills learned for one system interfere with devel-
oping new skills necessary for a second system. This
has been observed when people trained on one form
of text editor are forced to switch to another one
(Singley & Anderson, 1988). However, the effect in
that study was relatively mild and decreased rapidly
with practice, while in this study the effect was large
and durable (for the experimental time course), at
least for the SCI subjects.

The strong negative transfer observed in the SCI
subjects may have been due to a qualitative shift in
their general mode of information processing in mov-
ing from the highly practiced skill of typing to the new
task of using word prediction. It is possible that for at
least some of these subjects, single-letter typing was
largely an “automatic process,” requiring a minimum
of cognitive effort, not unlike 10-finger touch typing. In
contrast, use of word prediction may have required
a mode known as “control processing,” which is slow-
er and more effortful than automatic processing
(Schneider & Fisk, 1982). AB subjects would not have
experienced this shift, since the relative novelty of
both mouthstick typing and word prediction would
require control processing with both systems.

In assessing the effect of word prediction, we have
focused on relative performance as compared to text
generation without word prediction, and it is in this rela-
tive sense that word prediction exacted a larger cost
from subjects with SCls. In absolute terms, SCI sub-
jects were able to achieve text generation rates with
word prediction that were only 5 to 10% slower than
those of AB subjects, despite having much slower list
search times. The reason for this is that their key-
press times during use of word prediction were an
average of 13% faster than those of AB subjects.
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Although the difference in keypress times was not as
dramatic as that for search times, it succeeds in coun-
teracting the effect of slower search times because
keypress time is a stronger factor in determining text
generation rate than is search time. A quantitative
understanding of the relative strength of the factors
that determine text generation rate is possible but
requires the use of analytical models. This is beyond
the scope of this paper but has been discussed in pre-
vious work (Koester, 1994; Koester & Levine, 1995)
and will continue to be a focus of our work.

Alternative Interpretations

In attributing the additional selection time in word
prediction to cognitive and perceptual loads, the
implicit assumption is that the motor components of
the task are the same with and without word predic-
tion. It is recognized, however, that part of the extra
selection time may be due to differences in motor
activities. For example, searching the word prediction
list requires the user to shift eye gaze and occasion-
ally head position. The time for these activities may
form a portion of the extra selection time and may
also be a reason for the higher difficulty perceived
during use of Letters+WP. Anecdotal observations of
subjects, however, suggest that users rarely moved
their head to search the list and they generally shifted
their eye gaze while completing the previous keypress,
which reduces the amount of extra time involved in
these processes.

An additional motor issue is that use of Letters+WP
required the use of the numerical as well as the alpha-
betical keys. Depending on a user’s range of motion
and other motor abilities, the need to reach the numer-
ical keys may influence average item selection times.
The extent to which this was a factor in this study was
not explicitly analyzed, but based on observations of
the ability and skill of these subjects, there was no
obvious reason to believe that the difficuity or speed
of pressing the keys was different for numerical and
alphabetical keys. (Note that the Letters+WP system
used the regular number keys, which are closer to
the alphabetical keys and presumably faster to access
than either the function keys or the numerical key-
pad, which are sometimes used in commercial word
prediction systems.)

Limitations of This Study

The focus here has been primarily on text genera-
tion rate and other time-based measures of user per-
formance. It should be noted that there are other fac-
tors that also contribute to a user's satisfaction and
success with a system. For example, for some users,
word prediction’s facilitation of spelling may be more
important than sheer speed. Improving motor effi-
ciency may reduce fatigue for some users, allowing
them to work longer or more comfortably. These are

all issues that deserve further empirical investigation.
However, time-specific measures of performance
remain important factors for many users and therefore
are worthy of careful attention.

While this study was carefully designed to provide
performance information across a relatively broad
range of usage conditions, its design also has features
that limit the general application of this result. Subjects
were constrained in the strategy they were to use with
Letters+WP, the text they were to generate, and the
number of sessions in which they used the systems.
The limited time course is perhaps the most important
of these factors, since none of the subjects could be
considered true word prediction experts by the end of
the experiment. Additionally, the SCI subjects repre-
sent only one subgroup of the actual user population,
which includes individuals with more variable motor
skills as well as those with cognitive impairments.

The implementation of the Letters+WP system is
another potential limitation. While these results may
not necessarily generalize to commercial systems,
the quality of the Letters+WP system used was com-
parable in many ways to existing systems. The sys-
tem dictionary contained a high percentage of the
words to be entered, and the keystroke savings
offered by the system across the first four sessions
was similar to that reported for some other systems
(discussed in Background above) (Higginbotham,
1992). The largest difference between the Let-
ters+WP system used in this study and many com-
mercial systems is that an adaptive prediction algo-
rithm was not used, so the word lists seen by subjects
were fixed throughout the study. Adaptive lists incor-
porate a cost-benefit trade-off of their own; they may
enhance the keystroke savings provided by the sys-
tem, but the dynamic lists may reduce subjects’ abil-
ity to learn the list contents, which may increase
search time. Further empirical and modeling work is
necessary to address the effect of adaptive lists.

These considerations highlight the need for contin-
ued empirical work, focusing on the performance of
users with different abilities and levels of expertise
than the subjects studied here as well as other imple-
mentations of word prediction, to either corroborate
these results or reveal conditions under which word
prediction provides a significant improvement in rate.
Additionally, these empirical limitations underscore
the motivation for developing modeling techniques
that can be used to understand the many situations
that cannot be empirically examined.

CONCLUSIONS

Subject performance under the conditions of this
experiment is consistent with the hypothesis that word
prediction can impose cognitive and perceptual loads
on its users. These loads are associated with a time
cost that can offset and even overwhelm the befnefit
provided by keystroke savings. SCI| subjects
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appeared to incur higher cognitive costs than AB sub-
jects, which we attribute to their prior expertise in let-
ters-only typing. The strategy with which word pre-
diction is used can affect the cognitive load imposed
on users, but since it also influences keystroke sav-
ings, strategy may not result in a net change in the
text generation rate achieved. Finally, the cognitive
and perceptual loads associated with word prediction
decreased with practice but were still significant fac-
tors by the end of the study. Further work is encour-
aged to assess the effects of system properties, user
characteristics, and usage conditions in greater depth.
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Recently, | read the book The Craft of Research (1995), written by Wayne Booth, Gregory Colomb, and Joseph Williams
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