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Abstract Skilled typing is controlled by two hierarchi-
cally structured processing loops (Logan & Crump,
2011): The outer loop, which produces words, com-
mands the inner loop, which produces keystrokes. Here,
we assessed the interplay between the two loops by
investigating how visual feedback from the screen
(responses either were or were not echoed on the
screen) and the hands (the hands either were or were
not covered with a box) influences the control of skilled
typing. Our results indicated, first, that the reaction time
of the first keystroke was longer when responses were
not echoed than when they were. Also, the
interkeystroke interval (IKSI) was longer when the
hands were covered than when they were visible, and
the IKSI for responses that were not echoed was longer
when explicit error monitoring was required (Exp. 2)
than when it was not required (Exp. 1). Finally, explicit
error monitoring was more accurate when response ech-
oes were present than when they were absent, and
implicit error monitoring (i.e., posterror slowing) was
not influenced by visual feedback from the screen or
the hands. These findings suggest that the outer loop
adjusts the inner-loop timing parameters to compensate
for reductions in visual feedback. We suggest that these
adjustments are preemptive control strategies designed
to execute keystrokes more cautiously when visual feed-
back from the hands is absent, to generate more cau-
tious motor programs when visual feedback from the
screen is absent, and to enable enough time for the
outer loop to monitor keystrokes when visual feedback
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from the screen is absent and explicit error reports are
required.

Keywords Hierarchical control - Skilled performance - Motor
control - Visual feedback - Typing

Successful motor performance depends on monitoring feed-
back from our actions and their environmental effects to
ensure that goals are met and errors are detected and corrected
(Lashley, 1951; Miller, Galanter, & Pribram, 1960). For novel
behaviors, the cognitive system uses explicit processes to
monitor feedback consciously. For skilled behaviors, the cog-
nitive system uses explicit processes to monitor some feed-
back consciously and uses implicit processes to monitor other
feedback unconsciously. In the present work, we investigate
how the availability of visual feedback influences the explicit
and implicit components of skilled typing performance.

Humans are capable of acquiring skill in a great number of
motor behaviors, from playing the piano or guitar to playing
basketball or golf. Most people are not skilled musicians or
athletes, but most Westerners are skilled typists. Today, the
average college student receives formal touch-typing training
in grade school, hones the typing skill on a laptop computer,
and has at least 10 years of typing experience (Logan &
Crump, 2011). As a result, students are able to execute ap-
proximately 5-6 keystrokes a second with a high degree of
accuracy. The mechanisms that enable such skilled perfor-
mance become tuned to the kinds of feedback that are typi-
cally available: visual feedback from the screen, visual feed-
back from the hands on the keyboard, and kinesthetic feed-
back from the hands on the keyboard (Diehl & Seibel, 1962;
Logan & Crump, 2010; Long, 1976; Rabbitt, 1978; Tapp &
Logan, 2011; West, 1967). Here, we test how removing visual
feedback from the screen and hands influences the way that
skilled typing is controlled.
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Hierarchical control of skilled typing

Many researchers have suggested that hierarchically struc-
tured cognitive processes control skilled, sequential behav-
iors, such as typing (e.g., Keele, Cohen, & Ivry, 1990; Logan
& Crump, 2011; Miller, Galanter, & Pribram, 1960;
Rosenbaum, Cohen, Jax, Weiss, & van der Wel, 2007;
Rumelhart & Norman, 1982; Salthouse, 1986; Shaffer,
1976; Sternberg, Knoll, & Turock, 1990). Logan and Crump
(2011) proposed a hierarchical, two-loop theory in which two
nested control loops govern skilled typewriting (see Fig. 1a).
The two loops can be dissociated in a number of ways: Outer-
loop processes are generally explicit. Inner-loop processes are
generally implicit. The outer loop operates at the level of
words, the inner loop operates at the level of keystrokes
(Crump & Logan, 2010a; Snyder & Logan, 2013; Tapp &
Logan, 2011). The outer loop harnesses language comprehen-
sion and generation processes to produce a series of words,
whereas the inner loop codes motor programs (Keele et al.,
1990; Miller et al., 1960; Snyder & Logan 2014) to produce a
series of keystrokes. The outer loop monitors visual feedback
from the screen to ensure that the words are produced accu-
rately, and the inner loop monitors kinesthetic feedback from
the hands to ensure that the keystrokes are executed accurately
(Crump & Logan, 2010b; Logan & Crump, 2010).

Many studies have demonstrated dissociations between the
two loops (e.g., Abrahamse, Ruitenberg, de Kleine, &
Verwey, 2013; Crump & Logan, 2010a, b; Logan & Crump,
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Fig. 1 (a) lllustration of the two-loop theory of skilled typewriting. (b)
Latency measures from the discrete typing task.

2009, 2010; Snyder & Logan, 2013; Tapp & Logan, 2011;
Verwey, 1999; Yamaguchi & Logan, 2014; Yamaguchi,
Logan, & Li 2013b), but few studies have addressed
how they work together to control typing (Yamaguchi,
Crump, & Logan 2013a). The inner loop is subordinate
to the outer loop (Logan & Crump, 2011), so inner-loop
processes are subject to outer-loop processes. The outer
loop specifies the word that should be typed, and the
inner loop identifies and orders the corresponding key-
strokes. The outer loop also adjusts the timing parameters
within which the inner loop must operate to compensate
for atypical typing conditions: For instance, the typing rate
can approximate an experimentally manipulated tempo
(Yamaguchi & Logan 2014) and can slow to allow
enough time to monitor individual keystrokes explicitly
(Crump & Logan 2010b; Snyder & Logan, 2013; Tapp
& Logan, 2011). The purpose of the present study was
to test whether the outer loop will also adjust inner-loop
timing parameters to compensate for the absence of visual
feedback.

The present study

In the present study, we used a discrete typing task in which
skilled typists typed single target words that were displayed on
a computer screen one at a time. We manipulated the avail-
ability of visual feedback on the screen: Typists’ responses
were either echoed on the screen, so the letter that
corresponded to each keystroke appeared below the target
word, or the echoes were withheld, so that nothing appeared
on the screen. We also manipulated the visual feedback from
the hands: Typists’ hands and the keyboard were either visible
or covered with a box. We thus created four conditions, one
for each combination of keystroke echoes present or absent
and hands visible or covered. These conditions were blocked,
and typists were told what combination of feedback would be
available before they began each block.

We assessed the inner- and outer-loop processes with four
measures: reaction time (RT), interkeystroke interval (IKSI),
explicit error report, and posterror slowing. RT is the latency
between stimulus onset and the first keystroke, which reflects
the time the outer loop takes to encode a word plus the time the
inner loop takes to program the corresponding motor program
and to execute the first keystroke (see Fig. 1b). IKSI is the
average time between successive keystrokes, which reflects
the time the inner loop takes to execute each keystroke.
Explicit error report is a typist’s judgment of typing accuracy,
reflecting error detection in the outer loop. Posterror slowing
is the extended interkeystroke interval following an error
(Rabbitt, 1966), which reflects error detection in the inner
loop (Crump & Logan, 2013; Gordon & Soechting, 1995;
Yamaguchi & Logan, 2014).
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Experiment 1

In the first experiment, we manipulated the visual feedback
from the screen by echoing or not echoing the keystrokes that
typists typed on the screen below the word that they copied.
We manipulated the visual feedback from the hands by cov-
ering or not covering the typists’ hands and keyboard with a
box. There were four blocks of trials, one for each combina-
tion of keystrokes echoed versus not echoed and hands cov-
ered versus not covered. We assessed how visual feedback
influenced the generation of the motor program by measuring
RT, the implementation of the motor program by measuring
IKSI, and implicit error detection by measuring posterror
slowing.

If the outer loop adjusts inner-loop parameters to compen-
sate for the availability of visual feedback from the screen,
RTs should be affected. RT reflects the time it takes the outer
loop to encode the word and the time it takes the inner loop to
generate a motor program and execute the first keystroke.
When keystrokes are echoed on the screen, the inner loop
can afford to generate motor programs rapidly, because little
cost is associated with correcting an error: The outer loop sees
the error and specifies how the inner loop should correct it.
When keystrokes are not echoed on the screen, this strategy is
not possible. The outer loop may compensate by instructing
the inner loop to take more time, to generate motor programs
more cautiously. If so, RTs should be longer when response
echoes are absent than when they are present.

Visual feedback from the screen should not affect IKSI,
which reflects the time it takes the inner loop to execute
keystrokes. The inner loop typically uses kinesthetic feedback
from the hands to monitor keystrokes implicitly (Crump &
Logan, 2010a; Logan & Crump, 2010, 2011). Therefore, the
presence or absence of response echoes should not influence
the rate at which keystrokes are executed.

Visual feedback from the hands should influence IKSI.
Visual feedback from the hands on the keyboard is not nec-
essary for skilled typing (Tapp & Logan, 2011), but it is
helpful for aligning the fingers to the keys (Tapp & Logan,
2011; see also Long, 1976) and for correcting the trajectories
of finger movements (Fautrelle & Bonnetblanc, 2012). There-
fore, keystrokes should be less accurate when the hands are
covered than when they are visible. There is a speed—accuracy
trade-off in typing (Yamaguchi et al. 2013a, b), so the outer
loop may compensate by slowing the rate at which the inner
loop executes keystrokes. Thus, IKSIs should be longer when
the hands are covered than when they are visible.

Visible feedback from the screen and hands should not
influence posterror slowing, which reflects error detection in
the inner loop. The inner loop ensures typing accuracy by
implicitly monitoring kinesthetic feedback from the hands on
the keyboard (Logan & Crump, 2011). Therefore, posterror
slowing should not differ when response echoes are present or
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absent. Posterror slowing should also not differ when the
hands are visible or covered.

Method

Subjects Twenty-four touch-typists were recruited from the
Vanderbilt University community; they reported being able to
touch-type at least 40 words per minute (WPM). The typists
were also required to have had formal typing training: 13 had
completed an elementary school course, eight had completed
a middle school course, two had completed a high school
course, and one had completed a home computer program.
Typing skill was verified with a test in which the typists typed
short paragraphs (Logan & Zbrodoff, 1998). Their mean
typing speed was 76.5 WPM (range = 41.8-117.7 WPM)
and mean accuracy was 91.9 % (range = 81.5 %-96.5 %).
All typists were compensated with course credits or were paid
$12 for 1 h of participation. All of the typists had normal or
corrected-to-normal vision and spoke English as a first
language.

Apparatus and stimuli The experiment was conducted indi-
vidually in a cubicle under normal fluorescent lighting on a
Dell Vostro 200 personal computer. Typists sat approximately
55-60 cm in front of a 19-in. color monitor and made re-
sponses on a standard QWERTY keyboard. The stimuli were
five-letter words, presented by an experimental program writ-
ten by METACARD. A pool of 150 five-letter words was
compiled from the MRC Psycholinguistic Database (Wilson,
1987). The mean word frequency per million words was 53.1
(range = 0.87-488.2; Davies, 2008). The words were present-
ed in black 44-pt. Helvetica font within a 24.1 x 19.7 cm gray
window that was opened by the experimental program. In
some of the trials, typists’ hands and the keyboard were
covered by a 10.8 x 27.9 x 44.5 cm box that did not constrain
hand movements.

Procedure Each typist completed four blocks of trials, in
which two variables were manipulated in a factorial manner.
The first factor was the visibility of the hands interacting with
the keyboard. Typists” hands and the keyboard were visible in
the keyboard visible condition and were covered by a box in
the keyboard covered condition. The second factor was the
presence of typing response echoes. Letters typed by the
typists were displayed on the computer screen 6.4 cm below
the target word in the echo-present condition and were not
displayed on the screen in the echo-absent condition. Each
block consisted of 150 trials. All stimuli in the pool were
presented in a random order in each block. The order of the
four blocks was counterbalanced using a Latin square design.

Each trial began with a 500 ms blank screen, followed by
the presentation of a fixation cross that appeared 6.4 cm from
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the top of the window for 500 ms. After a second 500 ms
blank screen interval, a target word appeared at the center of
screen. Typists were to type the target word as quickly and as
accurately as possible and then to press the spacebar. The
backspace key was disabled so that the typists were unable
to correct errors. Trials were considered correct only if all
letters were typed in the correct order. After typists had com-
pleted the four blocks of trials, they performed a typing test,
which assessed their typing skill. The keyboard was visible
and typed letters were echoed during the typing test. Each
session lasted approximately 1 h.

Results and discussion

Measures and analyses We calculated the mean RT, IKSI,
error rate, and posterror slowing for each typist. The RT was
the interval between the stimulus onset and when the first
keystroke was executed. An ANOVA comparing correct and
error RTs revealed no significant difference between correct
and error trials and no interactions, so we report analyses that
were conducted on RTs from correct trials only. The average
RT for each condition is presented in Table 1 and plotted
above Position 1 in Fig. 2a. The IKSI is the slope of the linear
function that relates each keystroke’s timing to its position in a
word (see Fig. 2a), reported as time per keystroke (i.e., IKSI =
ms/keystroke). IKSI was calculated from the interkeystroke
intervals of correct trials only. The interkeystroke intervals
from error trials were analyzed separately in the posterror
slowing analyses. The error rate was the percentage of trials
in which at least one typing error was committed. The RTs and
IKSIs from correct trials and arcsine-transformed error rates
were submitted to 2 (keyboard: visible vs. covered) x 2 (echo:
present vs. absent) analyses of variance (ANOVAs). A sum-
mary table for the ANOVAS is presented in Table 2.
Posterror slowing was the prolonged interkeystroke inter-
val that followed an error relative to the interkeystroke interval
that had preceded the error. The error keystroke (E) was
defined as the keystroke that corresponded to the first letter
typed that deviated from the letter that was supposed to be

Table 1 Mean reaction times for the first keystroke (RT), mean
interkeystroke intervals (IKSI), and mean error rates (ER) for each
condition for Experiment 1

Condition Measure

Keyboard Echo RT (ms) IKSI (ms/keystroke) ER (%)
Visible Present 613 138 11.7
Visible Absent 627 142 9.2
Covered Present 623 150 15.7
Covered Absent 636 154 17.0
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Fig. 2 (a) Average latency measures for correct responses in Experiment
1. (b) Mean interkeystroke intervals per letter for the keystroke preceding
an error (E — 1), the error keystroke (E), and the two keystrokes following
the error (E + 1, E + 2) for Experiment 1. Data from the keyboard-visible
trials are represented with black lines, and data from the keyboard-
covered trials are represented with gray lines. Data from echo-present
trials are represented with solid lines, and data from echo-absent trials are
represented with dashed lines.

typed, regardless of the type of error committed (e.g., substi-
tutions, omissions, transpositions, etc.). The mean IKSI for the
keystroke before an error (E — 1), the error keystroke (E), and
the two keystrokes following an error (E + 1 and E + 2) are
displayed in Fig. 2b. The IKSI for error trials was estimated by
calculating the differences between the times at which those
keystrokes occurred (i.e., IKSI = RT, — RTy_). Posterror
slowing was assessed with a 2 (keyboard: visible vs. covered)
x 2 (echo: present vs. absent) x 2 (position: E— 1 vs. E + 1)
ANOVA. The summary table is presented in Table 3.

Visual feedback from the screen If the outer loop adjusts
inner-loop parameters to compensate for the availability of
visual feedback from the screen, RTs should be longer when
response echoes are absent than when they are present. As is
indicated in Table 2, the RT was significantly longer when
echoes were absent (M = 632 ms) than when they were present
(M = 618 ms). The inner loop relies on kinesthetic feedback
from the hands (Logan & Crump, 2011), so visual feedback
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Table 2 Summary table for the 2 (keyboard: visible vs. covered) x 2 (echo: present vs. absent) analyses of variance conducted on reaction times to the

first letter (RT), interkeystroke intervals (IKSI), and arcsine-corrected error rates (ER) data from Experiment 1

RT IKSI ER
Effect MSE F Ny MSE F Ny MSE F Ny

Keyboard (K) 2,469.5 <l 039 711.6 47 169 .09 6.7 226
Echo (E) 6752 6.8" 229 146.8 2.7 103 02 1.5 060
KxE 445.1 <l .003 39.1 <l .000 01 35 131

Degrees of freedom for each effect = 1, 23; “p < .05

from the screen should not influence the IKSI, error rates, or
posterror slowing. IKSIs did not differ significantly between
the echo-absent (M = 148 ms/keystroke) and echo-present (M
= 144 ms/keystroke) conditions. Error rates also did not differ
significantly between the echo-absent (M = 13.2 %) and echo-
present (M = 13.7 %) conditions. The posterror slowing
analysis (see Table 3) revealed a significant main effect of
position, such that the IKSI of the keystroke that followed the
error (M = 385 ms/keystroke) was significantly longer than the
IKSI of the keystroke that preceded the error (M = 165 ms/
keystroke). This finding was indicative of posterror slowing.
We found no significant effect of echo or significant interac-
tion between position and echo. These findings suggest that
posterror slowing was not influenced by the presence or
absence of response echoes.

Visual feedback from the hands and keyboard The two-loop
theory states that neither loop principally relies on visual
feedback from the hands and keyboard (Crump & Logan,
2010a; Logan & Crump, 2010, 2011), so covering the hands
and keyboard should not influence RTs, IKSIs, or posterror
slowing. However, the inner loop uses visual feedback from
the hands to align the fingers with the keys (Long, 1976) and
guide keystroke trajectories (Fautrelle & Bonnetblanc, 2012).

Table 3 Summary table for the 2 (keyboard: visible vs. covered) x 2
(echo: present vs. absent) x 2 (position: E — 1 vs. E + 1) ANOVA
conducted on the IKSIs of the keystrokes that preceded and followed
error keystrokes for Experiment 1

Effect MSE F n

Keyboard (K) 14,656.2 13 055
Echo (E) 21,755.8 1.1 047
Position (P) 49,683.6 46.7° 670
KxE 16,467.3 1.7 068
K xP 10,434.9 <1 000
ExP 20,629.3 1.4 058
KxPxE 17,848.5 13 053

Degrees of freedom for each effect =1, 23; " p < .05

@ Springer

Therefore, the outer loop might adjust the inner-loop param-
eters to favor accuracy over speed (Yamaguchi et al. 2013a).
As a result, IKSIs should be longer when the hands and
keyboard are covered than when they are visible. As is indi-
cated in Table 2, IKSIs were significantly longer when the
hands and keyboard were covered (M = 152 ms/keystroke)
than when they were visible (M = 140 ms/keystroke).

There was a similar effect on RTs. The time that it takes the
inner loop to execute the first keystroke is included in the RT,
so any variable that affects IKSI should also affect RT by the
same amount. The variability in RT was larger than the vari-
ability in IKSI because RT reflects both outer- and inner-loop
processes, whereas IKSI reflects only inner-loop processes
(Logan & Crump, 2011). Thus, the variability of RT might
wash out the statistical significance of the effect. Indeed, RTs
were longer when the hands and keyboard were covered (M =
630 ms) than when they were visible (M = 620 ms) by an
amount similar to the effect in IKSI (10 ms in RT vs. 12 ms/
keystroke in IKSI). Yet, the effect was not statistically signif-
icant (see Table 2).

Keyboard visibility did affect error rates (see Table 2),
which were significantly lower when the hands and keyboard
were visible (M = 10.5 %) than when they were covered (M =
16.4 %). However, keyboard visibility did not affect posterror
slowing (see Table 3), and no significant effect of keyboard or
significant interaction between position and keyboard
emerged.

Conclusions

The results of Experiment 1 supported the notion that the outer
loop adjusts the parameters of inner-loop processing to com-
pensate for the availability of visual feedback. Visual feedback
from the screen influenced RT. We suggest that motor pro-
grams were planned more cautiously when typing responses
were not echoed on the screen. Visual feedback from the
hands influenced IKSI and the IKSI component of RT. Be-
cause the time that it takes to execute the first keystroke is
included in the RT, visual feedback from the hands affected
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RT by the same magnitude as the effect on IKSI: The effect on
IKSI was 12 ms/keystroke, and the effect on RT was 10 ms.
We suggest that keystroke execution was disrupted when
typists could not rely on vision to align their fingers with the
keys (Long, 1976) or to guide keystroke trajectories (Fautrelle
& Bonnetblanc, 2012). To compensate, the outer loop adjust-
ed the inner-loop timing parameters to allow for slower, and
more accurate, keystroke execution.

Visual feedback from the screen or from the hands did not
influence implicit error detection. Researchers have suggested
that implicit error detection relies on haptic feedback to the
fingers (Gordon & Soechting, 1995; Logan & Crump, 2010),
and the present results confirmed that it does not depend on
visual feedback. Skilled typing also depends on explicit error
detection that relies on visual feedback from the screen
(Rabbitt, 1978). In Experiment 2, we tested explicit and im-
plicit error detection.

Experiment 2

In Experiment 2, we investigated how visual feedback influ-
ences outer- and inner-loop processes when typists are re-
quired to provide explicit error reports. This requirement
should provide more incentive for the outer loop to modify
inner-loop timing (Snyder & Logan, 2013). We used the same
discrete typing task as in Experiment | but prompted the
typists to report whether or not they typed the word correctly
after they finished typing each word.

Visual feedback from the screen should influence explicit
error reports. Explicit error detection is associated with outer-
loop processing (Crump & Logan, 2013; Logan & Crump,
2011). The outer loop ensures accurate typing by explicitly
monitoring visual feedback from the screen (Crump &
Logan, 2010a; Logan & Crump, 2010, 2011). This strategy is
not possible when keystrokes are not echoed on the screen.
Thus, explicit error reports should be less accurate when
echoes are absent than when they are present (Logan &
Crump, 2010).

As in Experiment 1, visual feedback from the screen should
influence RT, and neither source of visual feedback should
influence posterror slowing. However, unlike Experiment 1,
visual feedback from the screen should influence IKSI in
Experiment 2. When typists are required to give explicit error
reports and response echoes are absent, the outer loop must
monitor keystrokes. Keystrokes are typically executed too
rapidly to be monitored explicitly (Keele, 1968; Keele &
Posner, 1968; Snyder & Logan, 2013), so the outer loop
compensates by slowing the rate at which the inner loop
executes keystrokes so that explicit monitoring is possible
(Logan & Crump, 2009; Snyder & Logan, 2013; Tapp &
Logan, 2011). Thus, IKSI will be longer when response
echoes are absent than when they are present.

Method

Subjects A new group of 24 touch-typists were recruited from
the same subject pool as in Experiment 1. Again, the typists
were required to have had formal touch-typing training: 11
had completed an elementary school course, nine had com-
pleted a middle school course, three had completed a high
school course, and one had completed a home computer
program. Their mean typing speed, as assessed by the same
typing test as in Experiment 1, was 83.8 WPM (range =49.9—
124.6 WPM), and their mean accuracy was 93.9 % (range =
88.1 %98.2 %).

Apparatus, stimuli, and procedure The apparatus and stimuli
were the same as in Experiment 1, except that a probe screen
was inserted after typists typed the target word and pressed the
space bar on each trial. The probe presented the question, “Did
you make an error,” and typists had 2 s to type “Y”” if they had
made an error during the previous trial, or to type “N” if they
had not. The next trial started 2 s after the probe was
presented.

Results and discussion

Measures and analyses RTs, IKSIs, error rates, and posterror
slowing were calculated and analyzed in the same manner as
was described for Experiment 1. The means across typists are
presented in Table 4, and the mean times at which each
keystroke occurred are displayed in Fig. 3a. The RTs and
IKSIs for correct trials and arcsine-corrected error rates were
subjected to 2 (keyboard: visible vs. covered) x 2 (echo:
present vs. absent) ANOVAs. A summary table for the
ANOVAs appears in Table 5. Posterror slowing was assessed
with a 2 (keyboard: visible vs. covered) x 2 (echo: present vs.
absent) x 2 (position: E — 1 vs. E + 1) ANOVA, and the
summary table appears in Table 6. The mean IKSIs for E —
1,E,E+ 1, and E + 2 are displayed in Fig. 3b.

Explicit error detection was measured by calculating the
percentage of trials in which typists reported correct

Table 4 Mean reaction times for the first keystroke (RT), mean
interkeystroke intervals (IKSI), and mean error rates (ER) for each
condition in Experiment 2

Condition Measure

Keyboard Echo RT (ms) IKSI (ms/keystroke) ER (%)
Visible Present 617 127 8.8
Visible Absent 645 143 4.8
Covered Present 631 136 9.9
Covered Absent 650 152 10.3
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Fig. 3 (a) Average latency measures for correct responses in Experiment
2. (b) Mean interkeystroke intervals per letter for the keystroke preceding
an error (E — 1), the error keystroke (E), and the two keystrokes following
the error (E + 1, E + 2) for Experiment 2. Data from keyboard-visible
trials are represented with black lines, and data from keyboard-covered
trials are represented with gray lines. Data from echo-present trials are
represented with solid lines, and data from echo-absent trials are repre-
sented with dashed lines

performance when their performance actually was correct and
the percentage of trials in which typists reported making an
error when they actually made an error. The mean percentages
for correct and error responses are presented in Table 7. A 2
(keyboard: visible vs. covered) x 2 (echo: present vs. absent) x
2 (response: error vs. correct) ANOVA was conducted on the
explicit report accuracies, with a summary table presented in
Table 8.

Visual feedback from the screen As in Experiment 1, RTs
were significantly longer when keystroke echoes were absent
(M = 648 ms) than when they were present (M = 624 ms).
However, unlike in Experiment 1, IKSIs were also signifi-
cantly longer when keystroke echoes were absent (M =
148 ms/keystroke) than when they were present (M =
132 ms/keystroke). Also unlike in Experiment 1, error rates
were significantly higher when keystroke echoes were present
(M = 9.3 %) than when they were absent (M = 7.6 %). The
significant interaction between keyboard and echo for error
rates (see Table 5), combined with the IKSI results, is consis-
tent with the notion that the outer loop adapted to the avail-
ability of visual feedback by adjusting the inner-loop param-
eters. As in Experiment 1, the IKSI of the keystroke that
followed an error (M = 438 ms/keystroke) was significantly
longer than the IKSI of the keystroke that preceded an error
(M = 153 ms/keystroke), indicating posterror slowing. As in
Experiment 1, posterror slowing was not significantly affected
by echo (see Table 6).

Overall, the explicit error report analysis (see Table 7)
indicated that typists detected correct performance on nearly
all of the trials in which their performance was correct (M =
99.0 %) and detected errors less often (M = 75.7 %). As is
indicated in Table 8, error detection accuracy was higher when
keystrokes were echoed (M = 89.4 %) than when they were
not (M = 62.1 %).

Visual feedback from the hands and keyboard As in Experi-
ment 1, IKSIs were significantly longer when the hands and
keyboard were covered (M = 144 ms/keystroke) than when
they were visible (M = 135 ms/keystroke). Again, the effect on
IKSI was also evident in RT. RTs were longer when the hands
and keyboard were covered (M = 641 ms) than when they
were visible (M = 631 ms), by an amount similar to the effect
in IKSI (10 ms in RT vs. 9 ms/keystroke in IKSI), but this
difference was not statistically significant (see Table 5).
Posterror slowing was not significantly affected by covering
the keyboard; the interaction between position and hand was
not significant (see Table 6). Explicit error reports were not
significantly affected by covering the keyboard, either (see
Table 8).

Table 5 Summary table for 2 (keyboard: visible vs. covered) x 2 (echo: present vs. absent) analyses of variance conducted on reaction times to the first
letter (RT), interkeystroke intervals (IKSI), and arcsine-corrected error rate (ER) data from Experiment 2

RT IKSI ER

Effect MSE F n MSE F Mo MSE F n
Keyboard (K) 1,018.6 23 .089 212.9 9.1 284 08 22 .089
Echo (E) 2,345.7 54" .190 216.1 27.3" 542 .03 63" 216
KxE 973.1 <1 024 71.7 <1 .001 .03 43" 157

Degrees of freedom for each effect = 1, 23; “ p < .05
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Table 6 Summary table for the 2 (keyboard: visible vs. covered) x 2
(echo: present vs. absent) x 2 (position: E — 1 vs. E + 1) analysis of
variance conducted on the IKSIs of the keystrokes that preceded and
followed error keystrokes for Experiment 2

Effect MSE F Ny

Keyboard (K) 16,2134 52 185
Echo (E) 13,673.1 32 123
Position (P) 29,7692 30.7" 571
KxE 19,332.9 <1 004
K xP 8,510.4 <1 016
ExP 19,827.6 14 057
KxPxE 13,105.5 13 103

Degrees of freedom for each effect = 1, 23; *p < .05

Effect of explicit monitoring The purpose of the present work
was to assess whether the outer loop adjusts the inner-loop
timing parameters to compensate for the availability of visual
feedback. Therefore, we had to determine whether outer- or
inner-loop processes are affected by visual feedback. To do so,
we conducted 2 (keyboard: visible vs. covered) x 2 (echo:
present vs. absent) X 2 (measure: RT vs. IKSI) ANOVAs for
the two experiments separately (see Table 9). Interactions
between measure and keyboard or echo would indicate a
selective effect of feedback on the outer loop, if the effect
was stronger for RT than for IKSI. Null interactions between
measure and keyboard or echo would indicate a selective
effect of feedback on the inner loop, prolonging IKSI and
the inner-loop component of RT by the same amount. For
Experiment 1, the interaction between echo and measure was
significant, indicating stronger effects on RT than on IKSI.
This suggests that echo affected the outer loop or an inner-
loop process that is not reflected in IKSI, perhaps prolonging
the time that it took to generate a motor program. For
Experiment 2, the interaction between echo and measure
was not significant, suggesting that echo affected an inner-
loop process that is reflected in both RT and IKSI, as the
aforementioned analysis of IKSIs indicated.

The interaction between echo and measure was significant in
Experiment 1 but not in Experiment 2, suggesting that the

Table 7 Mean percentages of correct error reports in Experiment 2 for
error responses and correct responses

Condition Response

Keyboard Echo Error (%) Correct (%)
Visible Present 88.7 99.6
Visible Absent 63.3 99.2
Covered Present 90.0 99.3
Covered Absent 60.9 97.8

Table 8 Summary table for the 2 (keyboard: visible vs. covered) x 2
(echo: present vs. absent) X 2 (response: error vs. correct) analysis of
variance conducted on the explicit error reports in Experiment 2

Effect MSE F ny

Keyboard (K) 129.6 <1 .008
Echo (E) 227.6 41.8" 645
Response (R) 273.7 94.7° .805
K xE 120.2 <1 024
K xR 138.5 <1 .000
ExR 218.9 37.9" 622
K xE xR 127.7 <1 .006

Degrees of freedom for each effect = 1, 23; " p < .05

outer loop compensated for reductions in visual feedback
differently in each experiment. To test whether this was the
case, we conducted a 2 (keyboard: visible vs. covered) x 2
(echo: present vs. absent) ANOVA with Experiment as a
between-subjects factor on the RT and IKSI data (see
Table 10). For RT, the interaction between echo and experi-
ment was not significant, which suggests that echo influenced
the generation of motor programs in the same way for both
experiments. For IKSI, the interaction between echo and
experiment was significant, which suggests that echo influ-
enced keystroke execution more in Experiment 2 than in
Experiment 1. Thus, when explicit error detection is required,
the outer loop compensates for the lack of visual feedback
from the screen by monitoring keystrokes explicitly, adjusting
the inner-loop timing parameters to allow enough time to
discover what the fingers are doing (Snyder & Logan, 2013).

To determine whether the requirement to give explicit error
reports influenced implicit error detection in the inner loop,
we conducted a 2 (keyboard: visible vs. covered) x 2 (echo:
present vs. absent) x 2 (position: E— 1 vs. E+ 1) ANOVA with
Experiment as a between-subjects factor. The Position x
Experiment interaction was not significant, F(1, 44) =

Table 9 Summary table for the 2 (keyboard: visible vs. covered) x 2
(echo: present vs. absent) x 2 (measure: RT1 vs. IKSI) analysis of
variance conducted for both experiments

Experiment 1 Experiment 2

Effect MSE  F n MSE F Ny
Keyboard (K) 2,701.2 2.1 083 6862 62" 428
Echo (E) 5664 68" 228 15662 114" 723
Measure (M)  6,385.7 1,7253" 987 56615 2,0857" .010
K xE 2578 <l 003 5561 <l 020
KxM 4739 <1 004 5453 <1 167
ExM 2556 45 165 9956 <1 355
KxExM 2264 <l 003 4886 <l 000

Degrees of freedom for each effect = 1, 23; “ p < .05
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Table 10 Summary table for the 2 (keyboard: visible vs. covered) x 2
(echo: present vs. absent) analyses of variance with Experiment as a
between-subjects factor conducted on the raw RT and IKSI data

RT IKSI
Effect MSE F ny ~ MSE F Ny

Keyboard (K)  1,744.0 2.7 055 4622 112" 1%
K x Exp <1 .000 <1 004
Echo (E) 1,510.5 108" 190 1814 2677 358
E x Exp <1 014 9.0" 163
KxE 709.1 <1 013 554 < .000
K x E x Exp <1 005 <1 .000

Degrees of freedom for each effect = 1, 23; * p<.05

3.1, MSE = 14,876.05, p = .085. Thus, implicit error
detection was not affected by the requirement to report errors
explicitly.

Conclusions

Consistent with Experiment 1, posterror slowing was unaf-
fected by visual feedback from the screen or the hands, sug-
gesting that implicit error detection does not depend on visual
feedback. Explicit error reports showed that typists had sig-
nificantly higher percentages of detecting errors when key-
strokes were echoed than when they were not. This finding
suggests that visual feedback from the screen is an important
source of information for explicit error detection (Logan &
Crump, 2010, 2011; Long, 1976; Rabbitt, 1978; Rieger,
Martinez, & Wenke, 2011). The fact that typists were able to
detect errors in the absence of visual feedback from the screen
suggests that explicit error detection can also utilize visual or
kinesthetic feedback from the hands. However, the extended
IKSIs that occurred in these instances indicate that when the outer
loop monitors keystrokes, it must adjust the inner-loop timing
parameters to slow keystroke execution (Snyder & Logan, 2013).

General discussion

The present study investigated how the availability of visual
feedback from the screen and hands influences the way that
skilled typing is controlled. The two-loop theory of skilled
typing (Logan & Crump, 2009, 2011) states that an explicit
outer processing loop generates words and monitors visual
feedback from the screen to ensure that words are typed
correctly. Indeed, we found that visual feedback from the
screen did affect explicit error reports (Exp. 2). The two-
loop theory also states that an implicit inner processing loop
generates keystroke sequences and monitors kinesthetic feed-
back from the hands to ensure that keystrokes are executed
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correctly. Consistent with this tenet of the two-loop theory, we
found that visual feedback from the screen and hands did not
affect posterror slowing in either experiment. These findings
are consistent with the many typing studies that have demon-
strated dissociations between the outer and inner loops (e.g.,
Abrahamse et al., 2013; Logan & Crump, 2009; Snyder &
Logan, 2013; Tapp & Logan, 2011; Verwey, 1999).

The two-loop theory (Logan & Crump, 2011) states that the
inner loop is nested within the outer loop, so the outer loop
dictates what the inner loop should do and sets restrictions for
how it should be done. Indeed, previous studies have shown
that the outer loop can adjust the parameters within which the
inner loop must operate to adapt to task requirements (Logan
& Crump, 2009; Snyder & Logan, 2013; Tapp & Logan,
2011; Yamaguchi et al. 2013a, b). The present study extends
these findings, demonstrating that the outer loop also adjusts
inner-loop timing parameters to compensate for reduced visu-
al feedback. In Experiments 1 and 2, RTs were longer when
response echoes were absent than when they were present. We
suggest that this finding reflects adjustments in the time allot-
ted for the inner loop to generate motor programs more
cautiously. In Experiment 2, IKSIs were longer when response
echoes were absent than when they were present. We suggest
that this finding reflects adjustments in the time allotted for the
inner loop to produce keystrokes so that the outer loop could
monitor them explicitly (Logan & Crump, 2009; Snyder &
Logan, 2013; Tapp & Logan, 2011). Feedback conditions
were blocked, so typists knew what feedback would be avail-
able before they began each block. Therefore, we suggest that
processing rate adjustments are indicative of a preemptive
strategy rather than a reflexive calibration. Such an interplay
between higher- and lower-level processes is an aspect of
hierarchical control of skill that has been insufficiently inves-
tigated, so future investigations should focus more on this
factor.

Yesterday’s professional typists and today’s skilled typists

The question of how visual feedback influences the control of
skilled typing was investigated in the 1960s and 1970s (Diehl
& Seibel, 1962; Long, 1976; Rabbitt, 1978; West, 1967). The
present study differed from these earlier studies in three re-
spects: First, the earlier studies used a continuous typing task
in which typing performance was only measured via IKSIs
and error rates. IKSI reflects inner-loop processes more di-
rectly than outer-loop processes. As a result, measuring only
IKSIs and error rates makes it difficult to separate the effects
of visual feedback on outer- and inner-loop processes. Our
experiments used a discrete typing task in which typing perfor-
mance was measured by RTs, IKSIs, explicit error reports, and
posterror slowing. This design allowed us to distinguish the
effects of visual feedback on outer- and inner-loop processes:
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Analyzing RTs and IKSIs allowed us to distinguish control
processes in the two loops. Analyzing explicit error reports and
posterror slowing allowed us to distinguish monitoring pro-
cesses in the two loops.

Second, we tested a different population of typists. The
previous studies tested professional typists who were drawn
from a special population. Professional typists’ training
emphasized not looking at their hands. We tested college
students who were drawn from a larger population. Modern
typists’ training places less emphasis on not looking at their
hands.

Third, our typists typed on different machines than the
typists in previous studies. Modern keyboards require less
force and shorter finger movements than the electric type-
writers of the 1960s and 1970s and the mechanical typewriters
of earlier decades. These differences change the haptic, kin-
esthetic, and proprioceptive feedback and might influence the
relative importance of visual feedback.

Despite the many differences between modern typists and
the professional typists of yesteryear, most of our findings
were consistent with those of the classical studies. However,
there was one notable exception. We found that removing
visual feedback from the screen resulted in longer IKSIs.
Classic typing studies had shown no such effect (Diehl &
Seibel, 1962; Long, 1976; West, 1967). Thus, modern typists
may rely more on visual feedback than professional typists
did. A possible explanation for this difference is that profes-
sional typists typed on typewriters, so the text they copied was
separate from the text that they produced, and looking be-
tween documents could cause them to lose their place. Mod-
em typists type on computers, where the texts they copy and
produce can be close together, so there is no need to look away
from the screen or the keyboard. Modern typists also compose
text more often than they copy it (Logan & Crump, 2011), and
that may encourage them to keep their eyes on the screen to
evaluate their composition as they type it. Hence, the results
suggest that changes in the devices and purposes of typing
have influenced how typing is controlled.

Conclusions

The present work has provided three novel contributions to
the literature. First, it provides a two-loop theory account of
the differential effects of visual feedback on the control of
skilled typing. Second, it demonstrates that the availability of
visual feedback may lead the outer loop to adjust the param-
eters within which the inner loop must operate. Third, it
suggests that modern typists rely on visual feedback more
than had the professional typists of yesteryear. The task of
typing has remained largely unchanged since the 1900s, but
the technology that typists interact with has evolved consid-
erably. It appears that the cognitive system is able to adapt to

the technological context by tailoring the ways in which it
utilizes feedback to control skilled behavior, compensating for
the available feedback to optimize performance.
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