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The role of acquired error-detection capabilities in skill learning was investigated by manipulating
the delay of knowledge of results (KR). Compared with delayed feedback, instantaneous KR
should be detrimental to the learning of error-detection capabilities because it should tend to
block spontaneous subjective evaluation of response-produced feedback. Weaker error-detection
capabilities should then be evident on delayed no-KR retention tests. During acquisition, one
group of subjects received KR after a delay of a few seconds while another group received KR
instantaneously; then both were evaluated on several retention tests. Using a timing task with
two reversals in direction (Experiment 1) and a coincident-timing task (Experiment 2), we found
that, relative to delayed feedback, instantaneous KR degraded learning as measured on delayed
retention tests. Although the KR-delay interval has traditionally been considered of minor
importance for skill learning, the present findings suggest that very short KR-delays interfere
with learning, perhaps by degrading the acquisition of error-detection capabilities.

During the 1970s, numerous researchers suggested that skill
learning not only results in more effective movement performance but also is manifested in terms of heightened sensitivity
of the learner to detect and correct errors. Since then, several
attempts have been undertaken to measure the strength of
error-detection capabilities by means of subjective-error estimations (e.g., Newell, 1974; Newell & Boucher, 1974; Newell
& Chew, 1974; Schmidt & White, 1972; Schmidt & Wrisberg,
1973). Using this technique, Schmidt and White (1972) found
that correlations between objective and estimated error increased with practice on a ballistic-timing task, which was
interpreted as the acquisition of the capability to detect errors
with task experience. Various theories of motor learning
(Adams, 1971; Schmidt, 1975) accounted for these findings
by assuming that response-produced feedback (from the moving limbs, audition, vision, etc.) can be related to information
about the success of the movement in terms of the environ-

mental goal (given by knowledge of results, KR), leading to
the acquisition of the long-term capability to detect one's own
errors, or what has been termed subjective reinforcement
(Adams, 1968, 1971, 1976; Adams & Goetz, 1973; Schmidt,
1975). After sufficient practice, this error-detection capability
can be useful in several ways—especially on delayed tests of
retention, if feedback is withdrawn, or if some forgetting of
the movement has occurred since the acquisition session.
Under these situations, subjective-error information may allow the learner to detect errors in performance on initial trials
so that performance on later trials is more accurate and
effective, leading to heightened performance on the retention
test as a whole. In addition, this error-detection capability
may even provide informational support for continued learning in the absence of KR (Adams, 1978; Schmidt, 1975).
These studies of subjective error-detection capabilities have
increased our insight into recognition processes in motor
behavior. However, an unresolved issue concerns what principles underlie the learning of these capabilities and how they
contribute to overall task performance as measured on a
retention test. One notion is that requiring subjects to estimate
their own errors forces the processing of (intrinsic) responseproduced feedback and leads to an increased capability to use
this information to detect errors on future performances. An
initial study in this area was by Hogan and Yanowitz (1978),
who had subjects learn a ballistic-timing task of 200-ms
duration. After each trial (but before KR was presented),
subjects of one group gave a verbal estimate of their own justproduced movement time, while those of another group repeated three nonsense letters, presumably unrelated to the
movement task. When subjects were given a no-KR retention
test, those who estimated maintained the performance level

This research was supported by Contract MDA903-85-K-0225
from the U.S. Army Research Institute (Basic Research) to Richard
A. Schmidt and Diane C. Shapiro. Further support was provided
through a Collaborative Research Grant from the NATO Scientific
Affairs Division (Contract No. 86/732) for cooperation between the
Motor Control Laboratory, Department of Psychology, University of
California, Los Angeles, and the Motor Learning Laboratory of the
Institute of Physical Education, Catholic University of Leuven, Leuven, Belgium.
We wish to thank three anonymous reviewers for their constructive
comments on an earlier draft of this article.
Correspondence concerning this article should be addressed to
Stephan P. Swinnen, Labo Motorisch Leren, Instituut voor Lichamelijke Opleiding, Groep Biomedische Wetenschappen, Catholic
University of Leuven, Tervuurse Vest 101, 3030 Heverlee, Belgium.
706

707

INSTANTANEOUS FEEDBACK AND LEARNING
reached at the end of acquisition, while those who did not
estimate showed performance deterioration. One interpretation was that subjects who were required to estimate their
own errors developed a stronger error-detection capability.
When KR was available, these stronger capabilities were not
revealed because subjects in both conditions could use the
more accurate KR to detect errors prior to the next movement. However, this enhanced capability became evident on
the retention test when KR was removed. These data provided
an early indication that variables operating during acquisition
can influence the learning of recognition processes and suggested how such capabilities could benefit performance in
retention.
Unfortunately, several potential methodological difficulties
with the Hogan-Yanowitz experiment reduce our confidence
in these interpretations. Certainly the major weakness is that
the two treatment groups were not evaluated under similar
conditions in the no-KR retention test as is customary in
studies of learning. Rather, the groups continued to estimate
errors or repeat nonsense letters, respectively. Thus it is not
clear whether the estimation subjects benefited from an enhanced long-term error-detection capability or whether it was
simply the act of estimating in retention that was beneficial
to performance on the trials without KR. In addition, having
subjects repeat nonsense letters is a questionable no-estimation control, because it is unclear whether estimating errors
enhanced performance or repetition of letters degraded it. An
"empty" interval control group would have been preferable.
These issues motivated us to examine the effects of error
estimation again. We (Schmidt & Shapiro, 1986) used experimental designs in which subjects were required to estimate
or not in acquisition, and then were transferred to various
no-KR retention tests, with different groups performing under
identical conditions where estimation was either required or
not. In general, this series of six studies provided only mixed
support for the hypothesis that required estimation of errors
(before giving KR) in acquisition enhanced the learning of
timing movements (see also, Swinnen, 1987, 1988); however
there was never evidence that subjective estimation was detrimental to learning. In addition, in those experiments where
beneficial effects were noted, the gains seemed to be strongest
on the most-delayed retention tests, as if the increased errordetection capabilities were counteracting forgetting losses
across the retention interval. A difficulty in all these experiments was that, even though subjects in the no-estimation
conditions were not instructed to estimate errors, postexperiment interviews indicated that most did so spontaneously,
often overtly. Consequently, requiring or not requiring estimation in acquisition may have provided a relatively weak
manipulation of the processes leading to the development of
error-detection capabilities and may have contributed to the
relatively small differences found.
Previous researchers in this area have generally sought to
manipulate variables (chiefly required estimation) that would
enhance error-detection capabilities over and above a noestimation control condition, and then differences in performance on a retention test were examined. In contrast, in the
experiments reported in the present article we have taken the
opposite approach. That is, we manipulated variables in acquisition that would systematically prevent subjects from

estimating their own errors—which should degrade the learning of error-detection mechanisms—and then we searched for
decrements in learning as measured on long-term retention
tests. In both experiments here, we manipulated the delay of
information feedback defining movement success (i.e., KR),
either presenting KR instantaneously after the completion of
the action or delaying it by several seconds, on the basis of
the rationale derived from our previous work. These earlier
studies suggest that when KR is delayed, subjects engage in
spontaneous (perhaps even unavoidable) subjective-estimation procedures, the benefits of which are perceptual learning
about their own response-produced feedback and the eventual
development of error-detection capabilities. Presumably, subjects process their own response-produced feedback (visual,
auditory, kinesthetic, etc.) in order to derive an estimate of
their error prior to the experimenter's report, if one is to be
given, or to provide themselves with an estimate of their
performance if KR is to be withheld. However, subjects given
instantaneous feedback are not motivated to perform—or are
perhaps even "blocked" from performing—such informationprocessing activities, for two reasons. First, the goal of these
processing activities—the subject's estimate of error for that
trial—is provided instantly after the movement via KR from
the experimenter, so why should the learner expend effort to
provide another estimate of the same error? Second, the KR
from the experimenter is the single most accurate measure of
performance, and the subject should presumably prefer it to
his or her own estimates that are bound to be in error to some
extent. Thus, subjects given instantaneous feedback should
abandon processing activities leading to subjective-error estimation, resulting in decreased learning of error-detection
capabilities.
A second motivation for the present experiments concerns
the general literature on the delay of feedback. Interestingly,
the above predictions from a perspective on error detection
tend to contradict the general empirical findings on KR delay
in motor learning (e.g., Salmoni, Schmidt, & Walter, 1984),
where delaying KR has consistently been found to have
negligible effects on learning. However, previous researchers
in this area have never considered extremely short KR delays,
having been mainly concerned with delays of a few seconds
up through several minutes or more. Even when "instantaneous KR" has been provided (e.g., Boulter, 1964), the processes involved in reading the score from the apparatus and
speaking it to the learner can require several seconds. Thus,
the present experiments extend this literature by examining
very short KR-delay intervals (i.e., literally zero vs. several
seconds), where processes governing learning might be considerably different than in those conditions with longer KR
delays.
Experiment 1
In an attempt to manipulate the development of errordetection capabilities during practice, Experiment 1 contained
three conditions: (a) an instantaneous KR condition in which
subjects received KR immediately after response completion,
(b) a delayed KR condition in which subjects had an "empty"
KR-delay interval of 8 s, and (c) an estimation condition in
which subjects were required to estimate their movement
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time during an 8-s KR-delay interval. Learning was evaluated
on immediate and delayed no-estimation retention tests without KR. Relative to the condition with an empty KR-delay
interval, providing KR instantaneously should degrade learning, and requiring estimation of errors should induce increased processing of response produced cues, and thereby
benefit learning.

Method
Subjects
Undergraduates (N = 76) at University of California, Los Angeles
participated in the study in exchange for credit toward a course in
kinesiology. Subjects were randomly assigned to conditions with the
criterion that gender be equated between groups. Subjects were not
told of the purposes of the experiment, and none had received
previous experience with the task.

Apparatus and Task
The apparatus consisted of a slide that moved on a horizontal,
linear track. The track, 1.3 m in length and formed by a 12-mm
diameter metal rod mounted between two vertical supports, was
attached to a desk and positioned parallel to the subject's frontal
plane. The freely moving slide, consisting of a Thompson Ball Bushing, contained a vertical handgrip and a pointer. At the beginning of
each trial the slide was aligned next to a microswitch at the subject's
right side of the track. When the handle moved away from the
microswitch two millisecond timers were activated, which continued
to run until the handle passed through an endpoint microswitch at
the left side of the track. One timer was mounted 5 cm above the
endpoint position; it was either visible to subjects during and instantaneously after the movement, or it was shielded to withhold information during the movement and the KR-delay interval. The second
timer provided identical information to the experimenter.
The task consisted of moving the slide along the linear track and
making reversals between two 5-cm target zones before passing
through the endpoint, with a total movement time goal of 1,000 ms.
From the start position, subjects moved 65 cm to the left, reversed
direction and moved 20 cm to the right, reversed direction again and
then moved through the endpoint (84 cm to the left of the start
position). No attempt was made to measure spatial accuracy of the
reversal points; however, the experimenter ensured that all subjects
changed directions within the 5-cm target zones, and no failures to
reverse direction were ever noted. Subjects were instructed to initiate
the movement shortly after the illumination of a "go" light, but
reaction times were neither stressed nor measured. The timing of all
intervals within and between trials, and the illumination of the "go"
light, were controlled by a Lafayette interval timer.
Procedures
Subjects in all groups received feedback, via the millisecond timer
mounted above the endpoint position, after each of 90 acquisition
trials. Subjects in the instantaneous KR condition could read the
movement time immediately after the slide passed the endpoint, the
timer running in the subject's full view during the movement and
stopping when the endpoint switch was activated. The post-KR
interval, and thus the intertrial interval, was 13 s. Subjects in the
delayed KR and estimation conditions had KR delayed by covering
the timer's display with a shield both during the movement and the

8-s KR-delay interval; the former subjects had an "empty" KR-delay
interval, while the latter subjects were asked to estimate their movement time (in milliseconds) and report it to the experimenter 4 s after
the movement ended. No attempt was made to measure the latency
of these subjective reports. On initial practice trials, a few subjects
had difficulty estimating their errors within the imposed time constraints, but after the first 10 trials all subjects were able to comply.
The post-KR interval was 5 s, so that the intertrial interval was again
13 s. This design potentially confounds viewing the timer during the
movement with the KR-delay interval; the numerals were generally
illegible when the timer was running, so it was unlikely that any
meaningful timing information could be gained during the movement, but this display information could have been distracting.
Immediate and delayed retention tests were held 10 min and 2 days
after acquisition (30 no-KR trials each); estimation was not required
for any subjects on this test.

Data Analysis
The data were analyzed by using two dependent measures computed on successive blocks of 5 trials. Absolute constant error (ICE |)
was computed as the absolute value of the subject's (signed) deviations
from the goal and was used as a measure of average bias without
respect to its direction; and variable error (VE) was computed as the
within-subject SD of the subject's scores about his or her own mean,
used as a measure of performance consistency (Schutz, 1979). The
acquisition data were analyzed with a 3 x 18 (Group x 5-Trial Block)
analysis of variance (ANOVA) with repeated measures on the last
factor. Each retention session was analyzed separately by 3 x 6 (Group
x Trial Block) ANOVAS with repeated measures on the last factor.

Results
Acquisition Performance
Absolute constant error. The 18five-trialblocks of acquisition are shown in Figure 1 (left portion). Except for early
practice, subjects in the estimation group performed with
slightly larger error than did subjects under the other conditions. On the initial trial blocks, the instantaneous group
performed with more error than the other groups, but toward
the end of practice their performance closely resembled that
of the delayed KR group. Overall means for the instantaneous,
delayed, and estimation groups were 61.0, 45.0, and 58.0 ms,
respectively; this group effect did not reach significance, F(2,
75) = 1.37, MSC = 24,695, p > .05. All groups displayed a
decrease in |CE| across trial blocks, resulting in a significant
trial block effect, F(17, 1275) = 32.47, MSC = 4,335, p < .01.
Also, the Group x Trial Block interaction was significant,
F(34, 1275) = 1.86, MSt = 4,335, p < .01, probably because
the instantaneous group performed with higher error than did
the other groups during the first trial blocks, and performance
decreased more rapidly than in the other groups with continued practice.
Variable error. The pattern of VE scores closely resembled
that of |CE|. Again, the estimation group performed with
highest VE, the instantaneous group performed with lowest
VE, while the delayed group had scores positioned in between.
Overall means for the estimation, delayed, and instantaneous
groups were 57.6, 55.4, and 50.7 ms, respectively. Again, the
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Figure 1. Mean |CE| scores for the three conditions of Experiment 1 during acquisition when KR
was present, and for immediate and delayed retention when KR was withdrawn. (|CE| = absolute
constant error, KR = knowledge of results.)

group effect failed significance, ^(2,75) = 1.29, MSC = 4,555,
p > .05. All groups showed a large decrease in VE across
practice, with a major reduction at the second trial block. The
trial block effect was significant, F(17, 1275) = 33.2, MSC =
1,308, p < .01. The Group X Trial Block interaction was not
significant, F(34, 1275) = 1 . 1 8 , MSC = 1,308, p > .05.

Immediate Retention
Absolute constant error. The six 5-trial blocks of immediate retention are shown in Figure 1 (middle portion). Although all three groups had similar |CE| scores in the first
trial block, the instantaneous and delayed groups performed
with increased |CE| toward the end of immediate retention.
The largest increase in error was displayed by the instantaneous group. On the other hand, error scores of the estimation
group tended to stabilize across trial blocks. Group means
were 88.4, 70.8, and 72.0 ms for the instantaneous, delayed,
and estimation groups, respectively, and they showed no
significant differences F(2, 75) < 1, MSC = 16,284. The trial
block effect was significant, indicative of an overall increase
in |CE| across the retention test, F(5, 375) = 4.19, MSC =
1,276, p < .01. The Group x Trial Block interaction reached
borderline significance levels, F(10, 375) = 1.8, MSC = 1,276,
p = .06.
Variable error. All groups performed with similar VE
across trial blocks. Means for the instantaneous, delayed, and
estimation groups were 41.8, 40.1, and 39.3 ms, respectively,
and they showed no reliable differences, F(2, 75) = 0.26, MSC
= 963, p > .05. The trial block effect, F(5, 375) < 1, MSe =
297, and the Group x Trial Block interaction, F(10, 375) <
1, MSe = 297, were not significant either.

Delayed Retention
Absolute constant error. Compared with immediate retention, between-groups differences were more prevalent in the
delayed retention test (Figure 1, right portion). Subjects who
had received KR instantaneously performed with highest
error (156.9 ms), and their error scores increased toward the
end of the delayed retention test. The estimation group performed with lowest error (90.8 ms), while the delayed group's
performance was located between those of the other groups
(131.3 ms). Both the estimation and delayed group did not
show any important changes across blocks. The group effect
was significant, F(2, 75) = 3.80, MSe = 45,556, p < .05.
Pairwise Tukey a posteriori tests indicated that only the
difference in mean |CE| between the instantaneous and the
estimation conditions was significant (p < .05). The trial
block effect was significant, F(S, 375) = 4.04, MSC = 1,523,
p < .01, but the Group x Trial Block interaction was not,
F(10, 375) = 1.24, MS, = 1,523, p > .05.
Variable error. An overall decrease in VE was evident
between Trial Blocks 1 and 2 after which VEs became reasonably stabilized. Means for the instantaneous, delayed, and
estimation groups were 43.8, 39.1, and 38.8 ms, respectively.
The group effect was not significant, F(2, 75) < 1, MSC =
1,751, but the trial block effect was significant, indicative of
an overall downward trend in VE across trial blocks, F(5,
375) = 4.00, MSe = 445, p < .01. The Group x Trial Block
interaction was not reliable, F(l0, 375) = 1.26, MSC = 445,
p > .05.

Discussion
Providing KR instantaneously did not affect performance
significantly during acquisition, but there was a (nonsignifi-
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cant) tendency for instantaneous KR to be detrimental to
learning as measured on the retention tests, especially when
retention was delayed. (This effect was reliable in Experiment
2). One interpretation is that instantaneous KR may have
blocked, or interfered with, information-processing activities
leading to the learning of error-detection capabilities. According to this idea, because KR was available instantaneously,
subjects did not evaluate their responses as frequently or
intensively as subjects in the delayed or estimation conditions,
because the end result of this activity was already available
through KR without any additional processing of responseproduced feedback.
With respect to the effects of estimation, although there
was a tendency for estimation subjects to have less error than
delayed subjects in delayed retention, these differences were
not statistically reliable, as several earlier findings have indicated (Schmidt & Shapiro, 1986; Swinnen, 1988). Also, although the interaction of group and trial block in the delayed
retention test was not significant, subjects in the instantaneous
group tended to drift from the target more than did the
estimation subjects, a fact which suggests a benefit for the
estimation condition in terms of enhanced error-detection
capabilities. Again, it is likely that any benefits of forced
estimation were counteracted by the tendency of the subjects
in the delayed group to estimate spontaneously; thus the
potency of this variable for learning was reduced. Together,
the results are consistent with the notion that the acquisition
of error-detection capabilities is an important factor in movement learning, with a tendency for instantaneous feedback to
degrade this acquisition process.
Experiment 2
Although Experiment 1 suggested that instantaneous KR
was detrimental to learning, we were concerned that the design
confounded the potentially distracting information received
from the timer during the movement with the KR-delay
interval length. During acquisition, the instantaneous group
practiced with the millisecond timer running in their view;
possibly this resulted in the increased error seen during the
initial blocks of acquisition trials (see Figure 1, Blocks 1-3).
This decrement in performance in early practice could have
led to the reduced learning as measured on the retention tests.
In the second experiment this possible confound was avoided
by providing feedback to all groups only after the movement
was completed, via a computer terminal.
We also wanted to examine KR-delay effects in a task that
seemed more similar to real-world actions, where the task
goal could be produced with numerous kinematic degrees of
freedom, and where subjects could benefit from an increased
number of practice trials. Also, to determine the possible longterm effects of instantaneous KR, a third retention test was
held 4 months after acquisition. Because the main focus here
shifted more completely to determining whether error-detection processes could be degraded by providing instantaneous
KR, only two KR conditions were used: instantaneous and
delayed.

Method
Subjects
Participants were right-handed UCLA undergraduates (20 males
and 20 females) of whom 23 received credit towards a course in
kinesiology while the remainder were paid for their services ($5.00/
session). Subjects were randomly assigned to either an instantaneous
or delayed condition, with the restriction that groups be equated for
gender. Subjects were not informed about the purposes of the experiment, and none had received previous experience with the task.

Apparatus and Task
The apparatus represented a laboratory analog of many common
ball-bat tasks (e.g., American baseball) where an approaching object
is to be struck at a defined coincidence point (see Schmidt, Shapiro,
Winstein, Young, & Swinnen [1987], Young & Schmidt [in press],
or Schmidt & Young [1990] for a more complete description). To
simulate an approaching object, a row of 32 sequentially illuminated,
red LEDs (1 mm in diameter, 4.5 cm apart) mounted in a black
metal box (6.5 cm x 8.5 cm x 152 cm) faced the seated subject
(Figure 2). The end of the box nearest the subject was placed on a
desk surface, while the far end was elevated 45°. The apparent velocity
of the light sequence was 115 cm/s toward the subject, with the total
time to the coincidence point being 1,176 ms.
One end of a horizontal aluminum lever was attached to a vertical
axle mounted in ball bushings which were secured to a desk, allowing
the lever to be moved horizontally across the light display. At the
other end of the lever was a vertical handgrip and a pointer containing
a small red lamp; the lamp was adjusted so that it was aligned with
the 30th LED in the light display (i.e., the 3rd LED from the lower
end), which was defined as the coincidence point. The axle was
attached to a potentiometer, whose output as well as signals from the
LED display were sampled at 250 Hz by a DEC 11/23 laboratory
computer.
The task began with the seated subject facing the LED display,
grasping the handle with the right hand, and resting the forearm on
the lever with the elbow over the axle. In the start position, the lever
was positioned to the right of the LED display at 90° (0° being to the
subject's right), with the subject's forearm perpendicular to his or her
frontal plane. An auditory "warning" signal was presented, and then
500 ms later the LED sequence was initiated. The subject's task was
to backswing leftward to any point past the row of lights, reverse
direction, and move to intercept the approaching light at the coincidence point, with a follow-through to the right. The subject could
initiate the movement at any time after the first LED was illuminated,
could backswing to any distance beyond the target light (but not
beyond 180°), and could use any pattern of movement he or she
desired.
The goal of the task was to "proper the ball to the right as far as
possible, accomplished either by (a) increasing the angular velocity of
the lever at the coincidence point or (b)reducingthe spatial errors at
the coincidence point, or both. These two factors were combined to
generate an overall score that was analogous to the distance that a
ball is propelled. On each trial, the computer measured (a) the
instantaneous velocity of the lever as it crossed the coincidence point
and (b) the absolute spatial error, defined as the absolute distance (in
degrees) between the lever's position and the coincidence point at the
moment that the LED illumination arrived there. The subject's score
for any trial was the mathematical product of the instantaneous
velocity and a weighting coefficient which itself was a function of
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Diagram of the apparatus used in Experiment 2.

spatial error (see Figure 3). This function was constructed so that
when absolute spatial error was less than 5°, the weight was 1.0 (a
"solid" contact in the analogy); when the absolute spatial error was
between 5° and 20°, the weight was reduced linearly to 0 (a "glancing"
contact); and when the spatial errors were greater than 20°, the weight
was 0 (a complete miss). Thus, there was no one movement that
would achieve a given score. This score was computed on each trial
and was used as the measure of overall performance, the subject's
goal being to maximize it with practice.

Procedure
Prior to the experiment, subjects were instructed carefully about
the task goal, were shown the weighting function used, and were
informed of the methods for overall-score computation. On each of
2 days of acquisition, subjects performed 90 trials, with KR about
the overall score given after each trial. No information was ever given
about the components of the score (spatial error and velocity), but
subjects could probably detect these to some extent without experimenter-supplied feedback, because substantial learning can occur in
this task without any KR at all (Young & Schmidt, in press). To
evaluate learning, 30-trial retention tests without KR were administered 10 min, 2 days, and 4 months after the second day of acquisition.
During acquisition, the outcome score (KR) was displayed on a
digital computer screen for 4 s after each trial. The instantaneous
group received KR 210 ms after the subject crossed the coincidence
point, whereas the delayed group received the same information
delayed by 3.2 s. The intertrial interval was held constant between
groups at 13 s (controlled by a Lafayette interval timer), so that during
acquisition the KR delay was covaried with the post-KR-delay interval (as in Experiment 1).

Data Analysis
Trials were grouped into 15-trial blocks for analysis. The data were
analyzed by using three dependent measures—the overall score and

the values for velocity and spatial error—but the emphasis here will
be on the overall score only.1 Data of each acquisition phase were
analyzed separately by means of 2 x 6 (Group x Trial Block) ANOVAS
with repeated measures on the last factor, while separate 2 x 2 (Group
x Trial Block) ANOVAS with repeated measures were used for each of
the retention tests.

Results
Acquisition Phase
As shown in Figure 4 (left portion), subjects improved
performance during the first day of acquisition, resulting in a
significant trial block effect, F(5, 180) = 26.87, MSe = 1,673,
p < .01. Although increases in performance were less pronounced on the second day of acquisition, the trial block
effect was again significant, F(5, 180) = 6.21, MSt = 1,833,
p< .01. Toward the end of the first day of acquisition, slightly
higher scores were found for the delayed group in comparison
with the instantaneous group. But overall, groups performed
equivalently; mean scores for the delayed and instantaneous
groups were 215 and 204, respectively, which were not signif-

1

Similar analyses were conducted by using the two dependent
variables that constituted the overall score—velocity and absolute
spatial error. Generally, velocity paralleled the overall score during
both acquisition and retention phases, with the delayed group displaying higher velocities than the instantaneous group. However, the
group effect failed significance for all of the performance phases (p >
.05). With respect to absolute spatial errors, no significant group effect
was identified, although errors were generally smaller for the delayed
group in comparison with the instantaneous group (p > .05).
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p < .01, as seen in Figure 4. Mean overall scores for the
delayed and instantaneous groups were, respectively, 301 and
234. No significant changes across trial blocks were found,
F(l, 36) = 1.38, MSC = 1,815, p > .05. Although the scores
of the delayed group improved from Block 1 to 2, while scores
of the instantaneous group decreased, the Group x Trial
Block interaction did not reach significance, F(l, 36) = 2.69,
MSC= 1,815, p>. 05.

Delayed (2-Day) Retention
For the 2-day retention test shown in Figure 4, subjects
who received KR with a 3.2-s delay were more successful than
subjects who were given KR instantaneously, F(l, 36) = 5.34,
MSt = 11,385, p < .05, with scores for the delayed and
instantaneous groups being 290 and 234, respectively. In
comparison with the trends on the 10-min retention test, both
groups began at a lower performance level, but there was a
tendency toward improvement from Block 1 to 2, F{\, 36) =
3.73, MSC = 2,847, p = .06. The Group X Trial Block
interaction was not significant, F(l, 36) < 1, MSC = 2,847.

0.0

5

10

15

20

25

Absolute Spatial Error (O)

Figure 3. The relation between absolute spatial errors and the
weighting coefficient used to compute the scores in Experiment 2.

icantly different, F(l, 36) < 1, MSt = 19,324. Between-groups
differences emerged during the second day of acquisition in
favor of the delayed group, where mean scores were 293 and
244 for the delayed and instantaneous groups, respectively,
resulting in a significant group effect, F(l, 36) = 7.61, MSC =
19,564, p < .01. The Group x Trial Block interaction did not
reach significance on the first day of acquisition F{5, 180) =
1.83, MSt = 1,673, p > .05, or on the second day, F(5,
180)< l,MSc= 1,833.

Delayed (4-Months) Retention
Only 32 of the original 40 subjects (16 in each condition)
participated in the final retention test held 4 months after
acquisition because others could not be located and scheduled
for testing. As shown in Figure 4, a decrement in performance
was evident for both groups relative to the previous retention
tests. However, subjects who received delayed KR were still
more successful than subjects who were given KR instantaneously. Mean scores for the delayed and instantaneous
groups were 248 and 217, respectively, but these differences

Immediate (10-Min) Retention
The more effective performance by the delayed KR group
during the later stages of acquisition was again evident on the
10-min no-KR retention test, F(l, 36) = 8.56, MSC = 10,407,
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Figure 4. Mean overall scores for the instantaneous and delayed conditions of Experiment 2 during
acquisition when KR was present and during the 10-min, 2-day, and 4-month retention tests when KR
was withdrawn. (KR = knowledge of results.)
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no longer achieved statistical significance, F(l, 28) = 1.33,
MS,, = 11,659, p > .05. For both groups, performance improved from Block 1 to 2, F(l, 28) = 11.81, MSC = 2,368,
p < .01, but the Group x Trial Block interaction was not
significant, F(l, 28) < 1, MSC = 2,368.

Discussion
Experiment 2 showed that delaying KR instead of providing
it instantaneously produced superior learning, as measured
by performance on numerous tests of long-term retention.
The higher performance scores of the delayed-KR group
emerged during the second day of acquisition, continued into
the immediate and delayed no-KR retention tests, and showed
a tendency to be present even after 4 months without practice.
Additional analyses of velocity and spatial error scores revealed roughly the same trends as found for the overall score
analysis (see Footnote 1). Because no potentially interfering
information was presented during the movement, these results
suggest that the effects here and in Experiment 1 were not
due to any differential interfering information during the
action, but rather were due to the KR-delay manipulation
perse.
As with Experiment 1, these data support the hypothesis
that instantaneous KR interfered with the learning of the task
in one of several possible ways. First, the effects seen on the
retention tests are consistent with the hypothesis that instantaneous KR degraded the learning of error-detection capabilities, which become of increasing importance when KR is
removed in a retention test. However, KR-delay effects were
also present in the acquisition phase (Day 2) when KR was
present. These findings suggest that the KR-delay effects were
not only operating to enhance error-detection capabilities, but
were also operating to enhance capabilities underlying the
movement execution itself. Thus, unlike most of the experiments on manipulations of KR, where effects can be seen
only when KR is removed in a retention test (see Salmoni et
al., 1984, and Schmidt et al., 1987, for reviews), the effects in
this experiment were strong enough to be present even though
KR was provided on Day 2. Our interpretation is that instantaneous KR degraded task learning on Day 1, and this benefit
was manifested on initial Day 2 trials, as well as in the
remainder of the experimental sessions.
General Discussion
The main goal of the present experiments was to examine
the possible role of subjective-error processes for skill learning.
On the basis of our earlier observations that subjects are
actively involved in evaluating the response-produced feedback after performance completion—with these activities
probably leading to the learning of error-detection capabilities—we attempted to interfere with learning by providing
KR essentially instantaneously. The hypothesis held that instantaneous KR, because it provides the learner with information about the success of the just-completed movement,
would reduce (or eliminate) the subject's motivation to determine information by the less-certain processes associated with
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the subjective analysis of response-produced feedback. Thus,
information processing should be reduced, thereby degrading
the learning of error-detection capabilities that are dependent
on the subject's familiarity with his or her own responseproduced feedback. During the acquisition phase when KR is
present, any reduced capability for subjective evaluation on
task performance should tend to be masked by the guiding
properties of KR because any deficiency in the capability to
detect error is nullified by the experimenter's subsequent
report. But on the retention tests where KR is withdrawn,
subjects presumably rely more strongly on subjective analysis
of errors, so deficiencies in this capability should become
increasingly evident. This is certainly not the entire explanation, however, because these benefits for delayed feedback
were also present during the second day of acquisition where
KR was always present. Although these differences could be
due to the temporary effects of KR delay, another possibility
is that Day 1 learning of the movement's execution—more
or less independent of the capabilities to detect errors—was
facilitated by delayed feedback as well.

Error-Detection Mechanisms and Skill Learning
We have argued that instantaneous KR degraded learning
because it degraded the development of error-detection capabilities, the learning of movement control, or both. However, for the instantaneous versus the delayed groups in these
experiments, with the intertrial interval being held constant,
there is a potential confound between the duration of the KRdelay and post-KR intervals. This confound is unavoidable
when two of the three interdependent intervals are manipulated in this kind of research. However, in their review on the
effects of these three interval durations, Salmoni et al. (1984)
concluded that the intertrial interval was most influential for
skill learning, while no clear effects were demonstrated for the
post-KR delay interval unless it was very short. This suggested
that we should attempt to hold the intertrial interval constant
here, allowing the relatively impotent post-KR-delay interval
to be confounded with the KR-delay variation of major
interest. Whereas we cannot be certain that the effects are not
caused by concomitant variations in post-KR delay, it is
unlikely that this variable has had effects over the range
studied in this experiment (i.e., from 5 s to 13 s), and thus
the effects are probably best attributed to variations in KR
delay.
These findings are consistent with earlier evidence in the
verbal learning domain by Brackbill and associates (Brackbill,
Boblitt, Davlin, & Wagner, 1963; Brackbill, Isaacs, & Smelkinson, 1962; Brackbill & Kappy, 1962; Brackbill, Wagner, &
Wilson, 1964). These authors argued that delayed reinforcement resulted in improved retention performance because it
enabled subjects to use distinctive response-produced cues
during this interval. In these experiments, such use of response-produced cues could have led to the development of
error-detection capabilities. The particular cues used in Brackbill's studies were probably related mainly to speech and
audition, whereas a different array of modalities may be
involved in the motor-performance skills used in the present
experiments (e.g., auditory, visual, tactile, and propriocep-
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tive), but the principle of operation in these cases may be very
similar. Enhanced error-detection capability may allow the
learner to detect potential errors at recall and perhaps to
correct them before they are actually emitted. These so-called
"tip-of-the-tongue" phenomena, where a response may be
evaluated (and corrected, if necessary) before it is actually
evoked, is a key element in Adams and Bray's (1970) closedloop theory of verbal learning, and such processes could
account for the more effective eventual performance at recall
for the conditions with stronger error-detection capabilities.

A Reassessment of the KR-Delay Interval
Atfirstglance, our results showing reliable KR-delay effects
on learning appear to contradict earlier findings from a relatively large body of literature on human skill acquisition. This
work generally shows no effect of KR-delay manipulations
on performance and learning (e.g., Newell, 1976, 1981; Salmoni et al., 1984, Schmidt, 1988) and has led to the acceptance of the general view that KR delay is of relatively minor
importance for learning. However, several factors can account
for the inconsistency between the present findings and earlier
ones.
First, the majority of published studies did not test the
effects of KR-delay manipulations under conditions where
KR has been withheld, or at least under a transfer test where
the conditions are equated between groups (see Salmoni et
al., 1984). Of those studies that did use transfer designs
(Boulter, 1964; Dyal, 1966; Dyal, Wilson, & Berry, 1965;
Koch&Dorfman, 1979;McGuigan, 1959; McGuigan, Crockett, & Bolton, 1960; Schmidt, Christenson, & Rogers, 1975;
Schmidt & Shea, 1976), the retention test was usually held
only a few minutes after acquisition or even within the same
experimental session. By contrast, in both experiments reported here, the effects were larger as the retention interval
increased. In fact, effects of KR delay were found only after
the first day of practice. Thus, the failure to identify benefits
of delayed KR on no-KR retention tests in the earlier literature may be due to the fact that the retention intervals (given
on Day 1) were too short to allow the effects on retention to
be seen.
Second, the shortest KR-delay intervals studied here were
far shorter than those used in the earlier studies. We used
these procedures so that if information processing in these
tasks occurs very rapidly, we would provide KR before much
of this processing was completed, with the result that instantaneous KR would have the greatest chance of blocking the
evaluation of response-produced feedback. Although a number of past studies have compared the effects of so-called
instantaneous KR with a lengthened KR-delay interval, these
studies have usually examined experimenter-reported KR in
which some time is required for reading the recording devices
and speaking the result to the subject (Dyal, 1966; Dyal et al.,
1965; McGuigan, 1959; McGuigan et al., 1960). Although
these reports can be done reasonably quickly, they may allow
sufficient time for the learner to process response-produced
feedback during these short delays, allowing the acquisition
of error-detection capabilities. If so, then the potency of the
delay variable would be greatly minimized in these earlier

experiments because both delay conditions would have the
capability to perform such processes. Perhaps this is why
providing KR very quickly in our experiments, relative to
delaying it a few seconds, degraded retention performance.
The third reason for the discrepancy between the present
and earlierfindingsconcerns the experimental tasks used. The
earlier studies have typically used extremely simple movement
tasks such as linear positioning, generally where only a single
degree of freedom has to be controlled (e.g., movement distance, movement time, etc.); it is at least reasonable to suggest
that our tasks were somewhat more "complex" kinematically
than those used earlier. In Experiment 1, a timing task with
two reversals in direction was used, together with added spatial
constraints. In Experiment 2, subjects learned a coincidentanticipation task, which required subjects to control and
decide about many features of the movement (how far to
backswing, how fast to move, when to initiate the forward
swing, etc.) and which provided very few constraints on the
kinematic pattern chosen. This argument is a relatively weak
one, however, because we have not seen effective operational
definitions of "complexity" that would span the numerous
task dimensions under consideration here. Thus, the concept
remains dangerously circular because "complexity" is defined
only in terms of performance outcomes, with manipulations
producing poorer performance being judged as "more complex." In any event, the tasks used here seemed to require
more practice before asymptotic performance was achieved
(especially the coincident-timing task in Experiment 2). If
these responses are—in some sense—"more complex," then
evaluation processes necessary to detect errors in these movements should become more elaborate as well. Thus, it is likely
that effects of KR delay in the earlier work were not seen
because the error-detection processes in the tasks were simple
and quickly learned.
This notion of task complexity can also be applied to the
differences in findings between Experiments 1 and 2. Aside
from the stronger effects of instantaneous KR on retention in
Experiment 2, group differences were revealed on Day 2 when
KR was provided on every trial. In most of the earlier research
on KR using simple tasks, KR has been extremely dominant
(when present), possibly because errors were reported about a
single dimension, and simple corrections in the action were
easily implemented on the next trial(s). However, on relatively
more complex tasks such as used in Experiment 2, errors
signaled by KR are not easily corrected on the next trial
because KR does not inform the learner as to which of the
many degrees of freedom to correct (Fowler & Turvey, 1978).
Thus, the KR manipulation may have influenced more fundamental aspects of motor control, and this benefit can be
demonstrated regardless of the KR conditions because the
role of KR for immediate performance is minimized (see also
Winstein & Schmidt, 1990, Experiment 3, for another example). We suspect that this will be an important strategic
point in coming to an understanding of how feedback functions in very complex, real-world activities; studies of KR in
relatively simple tasks will likely fail to reveal some of the
important principles because KR is so dominant for immediate performance. For this reason, more complex learning
tasks are to be preferred.
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The Guidance Hypothesis ofKR
The properties of KR that generate guidance-like effects of
feedback during practice have been underscored in previous
work by Holding (1965) and Annett (1969). More recently,
however, Salmoni et al. (1984) and Schmidt, Young, Swinnen, and Shapiro (1989; see also Schmidt et al., 1987) have
suggested that such effects may actually be detrimental to
learning, particularly (but not only) if learning is measured
on no-KR retention tests. Under this guidance hypothesis,
KR has a strong informational capability to guide or direct
performance when it is present, helping the learner to maintain performance at or near the target. However, KR may at
the same time produce certain negative "side effects" that
interfere in various ways with longer-term learning such as
would be required for performance on a test of retention or
transfer. Several such negative effects have been suggested,
discussed next with respect to the present results.
One such negative effect involves the finding that, at least
in simpler tasks, frequent KR requires or at least encourages
the subject to change behavior frequently in an attempt to
eliminate errors. Some of these corrections are for relatively
large errors in performance, and these serve to drive the
behavior toward the performance goal. However, other errors
indicated by KR are far smaller, and may even be smaller
than inherent "noise" processes associated with neuromuscular variability (Schmidt, Zelasnik, Hawkins, Frank, &
Quinn, 1979), and thus are strictly not correctable at all.
These latter adjustments tend to hold performance near the
target in the short term, but—because they represent compensations for "noise"—may prevent or reduce the learning of
response stability that is critical for performance in retention.
Providing KR instantaneously, rather than delaying it for
several seconds, may heighten the tendency for frequent feedback to drive future corrections, further degrading movement
learning. Studies in which feedback is withheld for several
trials, presumably generating a series of trials for which these
"maladaptive short-term corrections" are not required, produce gains in learning as measured on retention performance,
as compared to every-trial feedback conditions (e.g., Schmidt
etaL, 1987, 1989; Winstein & Schmidt, 1990).
A second negative effect—the one we emphasize here—is
the tendency for frequent KR to dominate information-processing strategies during practice. KR has various properties
that make this source of information inherently attractive,
and the learner's attention seems biased toward it. Providing
KR instantaneously may heighten this attention to external
feedback, especially in situations such as Experiment 2, where
the information was presented in a large, bright display that
would be difficult to ignore. In addition, because KR's informational properties make performance very accurate, subjects
are encouraged to use this information for performance enhancement during practice because this is a clearly stated goal
in most experiments. Instantaneous feedback demands further attention because it is such a clear and immediate indicator of success. However, for both of these reasons, the use
of frequent or instantaneous feedback can discourage the
processing of other kinds of information, such as intrinsic
response-produced feedback that would lead to the learning

of the capability to detect errors in future performances. Other
evidence supports this viewpoint; as compared with everytrial feedback, when feedback is given in a summary form
after a series of no-feedback trials, the learner's capability to
detect their own errors in retention is strengthened (Schmidt,
Lange, & Young, in press). Overall, the present experiments
suggest that, immediately after a trial is completed, learners
spontaneously (perhaps even unavoidably) process responseproduced feedback that leads to the evaluation of errors on
that trial and that instantaneous KR tends to inhibit such
processes.
Consequently, several instructional variations that can be
interpreted as making KR "difficult" to use or that prevent
subjects from relying on KR so heavily seem to benefit
learning as revealed on retention tests, even though they may
sometimes be detrimental to performance in acquisition (see
Schmidt et al., 1989; Winstein & Schmidt, 1990; Young &
Schmidt, in press). If so, this may have implications for
various practical settings. Instead of informing subjects instantaneously about their degree of success in achieving a
goal, it may be advantageous to allow time for processing the
features of performance that lead to overall outcome, perhaps
even encouraging subjects to estimate their own errors before
feedback is given. Similarly, attempts to design simulation
devices that enhance feedback and that provide such feedback
instantaneously may be effective during practice but ineffective for learning and retention because rapid delivery of
feedback may interfere with mental processes during practice.
Other mechanisms to explain these instantaneous-KR effects
are, of course, possible as well, and it will be a task for future
research efforts to detect the exact processes operating in these
situations.
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