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Abstract
One persistent curiosity in visuomotor adaptation tasks is that participants often do not reach maximal performance. This
incomplete asymptote has been explained as a consequence of obligatory computations within the implicit adaptation system,
such as an equilibrium between learning and forgetting. A body of recent work has shown that in standard adaptation tasks,
cognitive strategies operate alongside implicit learning. We reasoned that incomplete learning in adaptation tasks may primarily
reflect a speed-accuracy tradeoff on time-consumingmotor planning. Across three experiments, we find evidence supporting this
hypothesis, showing that hastened motor planning may primarily lead to under-compensation. When an obligatory waiting
period was administered before movement start, participants were able to fully counteract imposed perturbations (Experiment
1). Inserting the same delay between trials – rather than during movement planning – did not induce full compensation,
suggesting that the motor planning interval influences the learning asymptote (Experiment 2). In the last experiment
(Experiment 3), we asked participants to continuously report their movement intent. We show that emphasizing explicit re-
aiming strategies (and concomitantly increasing planning time) also lead to complete asymptotic learning. Findings from all
experiments support the hypothesis that incomplete adaptation is, in part, the result of an intrinsic speed-accuracy tradeoff,
perhaps related to cognitive strategies that require parametric attentional reorienting from the visual target to the goal.
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Introduction

One of the persistent curiosities in studying the human mind is
the idea of canonical computations, that is that the brain

applies similar computations to perform a wide range of dif-
ferent tasks. Most examples for such canonical computations
(e.g., Carandini & Heeger, 2011; DiCarlo & Johnson, 2000;
Miller, 2016; Movshon et al., 1978; Pack & Bensmaia, 2015;
Ringach &Malone, 2007) have been identified in the fields of
neuroscience and artificial intelligence but have largely eluded
scientists in psychology.

One example of a reliable law in psychology is the speed-
accuracy tradeoff, the inverse relation between the accuracy of
an action and the time taken to produce it (for a review, see
Heitz, 2014). The speed-accuracy tradeoff has been shown to
shape behavior across domains from motor control (Fitts,
1954; Plamondon & Alimi, 1997) and perception (Grosjean
et al., 2007) to memory (Hacker, 1980) and mental imagery
(Cerritelli et al., 2000), as well as across species from insects
(e.g., Ings & Chittka, 2008) and rodents (e.g., Rinberg et al.,
2006) to monkeys (Heitz & Schall, 2012) and humans
(Wickelgren, 1977).

Another example is the law of practice, according to which
performance improvements are generally larger early during
practice before they become systematically smaller as practice
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progresses giving rise to a negatively accelerated relationship
between performance and the number of practice trials
(Crossman, 1959, Chen et al., 2005). Regardless of its actual
parameters, all versions of the law of practice postulate that
performance improvements asymptote at some point. While it
is almost impossible to determine the absolute maximum level
of performance for complex skills such as swimming, in ex-
perimental paradigms like visuomotor transformation tasks
(e.g., force field adaptation or rotations of visual feedback),
individual performance improvements are evaluated relative
to an absolute maximum. That is, there is a quantifiable level
of complete adaptation to the transformation (Shadmehr,
Brashers-Krug, & Mussa-Ivaldi, 1994).

Interestingly, one common observation in this context is
that of an incomplete asymptote: If individuals are required
to make reaching movements while compensating for a
visuomotor rotation, their performance curve tends to asymp-
tote below full compensation (Holland et al., 2018; Huberdeau
et al., 2015; Haith et al., 2015; van der Kooij et al., 2016),
leaving a residual performance error significantly different
from zero (Hinder et al., 2010; Shmuelof et al., 2012; Spang
et al., 2017; van der Kooij et al., 2015; Vaswani et al., 2015).

One approach to explain this is to leverage state-space
models of adaptation, which are incremental Markovian learn-
ing algorithms that balance both learning and forgetting dur-
ing adaptation (Smith et al., 2006). When fit to human learn-
ing data, most parameter values can produce a steady-state
equilibrium at an arbitrary asymptote. Consequently, these
models provide a natural description of the commonly ob-
served undershoot, via an assumption that some amount of
forgetting (i.e., reversion to baseline) is inevitable on each trial
of the task. This interpretation suggests that incomplete com-
pensation during motor learning is simply a built-in feature of
the underlying learning mechanism.

However, Vaswani et al. (2015) demonstrated that humans,
in principle, possess the capacity to overcome this incomplete
asymptote. In their study, the cursor controlled by the partic-
ipant moved in a fixed trajectory toward the target or to a
nearby location with participants only controlling the ampli-
tude. If the trajectory of the cursor had no variability, individ-
uals appeared to adopt a new learning strategy that allowed
them to fully counteract a novel visuomotor transformation.
The authors proposed that this exploratory learning mecha-
nism is typically suppressed by error-based learning. The pu-
tatively suppressed process only contributes to performance
when error-based learning is disengaged, which in their study
was caused by a persistent residual error in combination with a
contextual change (i.e., the introduction of a lack of natural
movement variability).

In the present study, we examined an alternative account of
how humans might overcome incomplete asymptotic perfor-
mance, where the level of performance achieved at later stages
of visuomotor adaptation primarily reflects an intrinsic speed-

accuracy tradeoff driven by time-consuming movement
planning.

In line with this, research in perceptual decision-making
has established that choice reaction time reflects a tradeoff
between waiting for more information and acting early in or-
der to speed up the accumulation of (uncertain) rewards on
future trials (Churchland et al., 2008; Cisek et al., 2009; Thura
et al., 2012; Thura & Cisek, 2017). While visuomotor adap-
tation tasks traditionally are not studied in the framework of
decision-making, recent research has highlighted an important
role for volitional decision-making strategies in adaptation
tasks (i.e., the explicit re-aiming of movements to counteract
perturbations; Bond & Taylor, 2015; Heuer & Hegele, 2009;
Heuer & Hegele, 2015; McDougle et al., 2015; Schween &
Hegele, 2017; Taylor et al., 2014). Further evidence suggests
that in the context of adaptation to a novel visuomotor rota-
tion, such strategies may take the form of mentally rotating the
aiming direction of the reaching movement (McDougle &
Taylor, 2019), which has been known to require long prepa-
ration times (Fernandez-Ruiz et al., 2011; Haith et al., 2015;
McDougle & Taylor, 2019). Thus, an incomplete learning
asymptote could arise from hurried movement initiation lead-
ing to prematurely terminating mental rotation of an abstract
aiming trajectory during movement planning (Leow et al.,
2017).

We tested our hypothesis over three behavioral experi-
ments where we artificially extended planning time. We pre-
dicted that this simple manipulation would alleviate incom-
plete asymptotic learning (i.e., asymptotic reaching angles that
undershoot the ideal angle). In Experiment 1, we introduced a
mandatory waiting period between target presentation and
movement onset. In Experiment 2, we sought to exclude ef-
fects of the total experiment duration by emphasizing the role
of within-trial movement planning time versus between-trial
consolidation. Finally, in Experiment 3, we used an aiming
report method (Taylor et al., 2014) to promote the application
of explicit motor learning strategies before movement execu-
tion and elucidated their influence on the learning asymptote.

General methods

Participants

A total of 90 neurologically healthy, right-handed students
(Experiment 1: N = 36, Experiment 2: N = 36, Experiment
3: N = 18) from the Justus Liebig University Giessen partic-
ipated in this study. They were recruited as participants and
received monetary compensation or course credit for their
participation. Written informed consent was obtained from
all participants before testing. The experimental protocol
was approved by the local ethics committee of the
Department of Psychology and Sport Science.
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Apparatus

Participants sat on a height-adjustable chair facing a 22-in.
widescreen LCD monitor (Samsung 2233RZ; display size:
47.3 cm × 29.6 cm; resolution: 1,680 × 1,050 pixels; frame
rate 120 Hz), which was placed at eye level 100 cm in front of
them. Their right hand held a digitizing stylus, which they
could move across a graphics tablet (Wacom Intuos 4XL).
Their hand position recorded from the tip of the stylus was
sampled at 130 Hz. Stimulus presentation and movement re-
cording were controlled by a custom-built MATLAB script
(R2017b), displayed above the table platform, thus preventing
direct vision of the hand (left panel Fig. 1A).

Task

Participants performed center-out reaching movements from a
common start location to targets in different directions. They
were instructed to move the cursor as quickly as possible from
the start location in the direction of the displayed target and
“shoot through it.” On the monitor, the start location was in
the center of the screen, marked by the outline of a circle of

7 mm in diameter. On the table surface, the start location was
20–25 cm in front of the participant on the body midline. The
screen target location, marked by a filled green circle of 4 mm
in diameter, varied from trial to trial. Targets were placed on
an invisible circle with a radius of 100 mm around the start
location; target directions were 0°, 45°, 90°, 135°, 180°, 225°,
270°, and 315° (0° is from the start location to the right, 90° is
forward, 270° is backward; right panel Figure 1A). On base-
line and adaptation trials, visual feedback was given by a
cursor (filled white circle, radius 2.5 mm).

Design and procedure

The experiment consisted of three phases: baseline training,
training with a 45° clockwise (CW) visuomotor rotation, and
post-tests (Fig. 1B). Baseline training had veridical hand-
cursor mapping and was organized into three blocks of eight
trials each. Each block consisted of a random permutation of
the eight target directions without any direction being repeated
in successive trials. Training of the visuomotor rotation of 45°
CW consisted of 40 blocks of eight trials each.

Fig. 1 Schematic display of the experimental setup (A), overall protocol
(B), and sequence of one trial (C). Each participant performed center-out
reaching movements with a stylus on the tablet. Visual stimuli and the
cursor were presented on a monitor. The visual cursor was displaced
according to the protocol (B). During baseline, cursor and stylus position
were veridical, during adaptation, the cursor was rotated 45°clockwise
relative to the stylus position.Within-trial timing differed between groups
(C). Group-dependent differences within one trial occurred during either
the pre- or the post-movement interval. Whereas the FREE and WAIT_

ITI groups had no specific task during the pre-movement interval,
WAIT_PLAN1 and WAIT_PLAN2 groups were required to wait 2.5 s.
During the post-movement interval, only the participants in the WAIT_
ITI group were required to wait 2.5 s, whereas all other groups continued
with the next trial immediately. The AIM group is not presented in this
figure as their manipulation did not refer to any time constraints. Panel A
is adapted from Schween, Taylor, and Hegele (2018) under CC-BY-4.0
license

836 Psychon Bull Rev  (2021) 28:834–844



The post-test phase consisted of two types of trials: an
explicit test (see below) comprising three blocks of eight trials
each with each target location occurring once per block, and
three blocks of eight after-effect test trials without visual feed-
back, with the instruction that the cursor rotation would be
absent. In the explicit test trials (Hegele & Heuer, 2010;
Heuer & Hegele, 2008), start and target locations were pre-
sented together with a white line, centered in the start location
with its length corresponding to target distance. Initially, the
line was presented at an angle of 180° CCW of the respective
target’s direction. Participants instructed the experimenter to
adjust the orientation of the line to match the direction of the
movement they judged to be correct for the particular target
presented.

Each single-movement trial started with the presentation of
the start circle in the center of the screen, serving as the
starting position for the subsequent reaching movement. In
order to help guide participants’ movements back to the start,
a white concentric circle appeared after feedback presentation,
scaling its radius based on the cursor’s distance from the start
circle. The cursor was displayed when it was within 3 mm of
the start location. Once the start position was held for 300 ms,
a tone (440 Hz, 500-ms duration) was presented, followed by
a target appearing in one of the eight target positions and the
start circle disappeared.

The cursor was visible until it exceeded a movement am-
plitude of 3 mm, after which it disappeared. When the partic-
ipant’s hand crossed an invisible circle that contained the tar-
get, the cursor froze and reappeared in red, providing endpoint
feedback for 1,250 ms. Movements that fell outside the range
of instructed movement time (MT) criteria (MT < 100 ms or >
300 ms) were followed by an error message on the screen and
the trial was aborted. Those trials were neither repeated nor
used in subsequent analyses. If participants moved too soon in
one of the waiting groups (before the appearance of the target
or the go cue, see below), they were reminded to wait and the
trial was repeated.

Data analysis

The position of the stylus on the tablet surface was recorded
and each trial was separately low-pass filtered (fourth-order
Butterworth, 10 Hz) using Matlab’s filtfilt command and then
numerically differentiated. Tangential velocity was calculated
as the Euclidean distance of x- and y-velocity vectors.
Behavior was analyzed in terms of two parameters: response
time and endpoint error measured as final hand position.
Response time was calculated as the interval between target
presentation and movement onset, which was defined when
tangential velocity exceeded 30 mm/s for at least five frames
(38.5 ms). Endpoint error was calculated as the angular differ-
ence between the vector connecting the start circle and the

target, and the vector connecting the start circle and the end-
point position. Endpoint errors were calculated for both train-
ing trials and the after-effect trials. The outcome variable of
the explicit perceptual judgment test was calculated as the
angular difference between the participant-specified line ori-
entation on the screen and the vector connecting the start and
target positions.

For each block of training trials and for the post-test, means
were computed for each participant following screening for
outliers. This screening ensured that single outlier movements
were excluded before further analysis. Movements whose
endpoint fell outside three standard deviations of the partici-
pants’ individual mean endpoint in that phase were considered
outliers and removed. A total of 1.08% of all trials was detect-
ed and eliminated this way. To compare different levels of
asymptote, the last five blocks of the training phase were me-
dian averaged and compared between groups using a two-
sample Wilcoxon’s rank-sum test. To interpret the results, an
effect size r and its 95% confidence interval were calculated.
Statistical analyses were done inMatlab (R2017b) and R (ver-
sion 3.5.1, http://www.R-project.org/). As a normal
distribution was not always observed, all results are based
on nonparametric tests.

Experiment 1

According to the speed-accuracy tradeoff hypothesis, we ex-
pected prolonging response times to have a facilitating effect
on adaptation. Experiment 1 investigated this hypothesis by
manipulating participants’ response times in two groups and
comparing their results. We predicted that the dependent var-
iable (final hand position) would display less asymptotic error
in a group in which response time was prolonged by the ma-
nipulation, relative to a group with no such constraint.

Methods

One group was instructed to move straight to the target after it
appeared, with no additional time constraints before moving
(FREE, N = 19). The other group (WAIT_PLAN1, N = 17)
was instructed to wait until they heard a high-pitched tone
(1,000 Hz, 500-ms duration) that served as a go-signal.
Based on previous work indicating that participants were able
to aim 90° away from a visual target within ~1.3 s (McDougle
& Taylor, 2019), we chose a 2.5-s wait interval to provide
ample planning time for the 45° rotation task at hand. The
go-signal was presented after this wait interval.

Results

Data from one participant of the FREE group were excluded
due to a large number of irregular trials (21% of premature
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movement initiations, moving too fast or too slow). Including
this participant in the analyses (not shown) did not alter the
results qualitatively.

As shown in Fig. 2A, the FREE group displayed the typical
incomplete asymptote (M = 41.15, SD = 8.28) (Table 1),
whereas the WAIT_PLAN1 (M = 46.66, SD = 5.85) group
achieved a greater asymptote (W = 244, p = 0.001, r = -0.42,
CI = [-0.67, -0.13]). Hand directions late during practice were
significantly less than 45° in the FREE (W = 32.5, p = 0.02 r =
-0.61 CI = [-0.84, -0.21]) group, while the WAIT_PLAN1
group did not differ significantly from 45° (W = 108, p =
0.62, r = 0.12, CI = [-0.33, 0.53]) (Table 2).

In the explicit judgment test (Fig. 2G), the FREE group
estimated the rotation to be significantly smaller relative to
the WAIT_PLAN1 group (W = 83, p = 0.04, r = -0.36, CI =
[-0.62, -0.031]). Implicit after-effects (Fig. 2G) did not differ
significantly between the groups (W = 179, p = 0.59, r = 0.09,
CI = [-0.24, 0.39]) (Table 2).

Discussion

Forcing participants to prolong their response time before
movement onset on each trial led to an increase in asymptotic
learning. Furthermore, this also led to an increase in

accumulated explicit knowledge. While these results are con-
sistent with our speed-accuracy tradeoff hypothesis, they can-
not rule out an unspecific effect of time on task.

Experiment 2

To further investigate whether the elevated asymptote from
Experiment 1 was a nonspecific effect of time or in fact due
to longer planning times, Experiment 2 aimed to delineate this
by comparing two groups with matched intertrial intervals.
According to the speed-accuracy tradeoff hypothesis, we pre-
dicted that, similar to Experiment 1, the outcome measure of
final hand position would show less residual error in a group
with prolonged response time compared to a group with an
imposed post-movement intertrial interval even though total
trial length was matched.

Methods

Experiment 2 manipulated the trial duration in two groups: the
WAIT_PLAN2 group (N = 22) was a replication of the
WAIT_PLAN1 group in Experiment 1. Participants in the
second group (WAIT_ITI, N = 20) could initiate movements
as soon as the target had appeared on the screen replicating the
planning interval of the FREE group from Experiment 1.
Critically, the WAIT_ITI experienced an additional 2.5 s
waiting period after the presentation of the endpoint feedback.
Thus, the two groups, WAIT_PLAN2 and WAIT_ITI, had
matched trial lengths but different planning intervals. During
the 2.5-s inter-trial delay in the WAIT_ITI group, only the
target was visible on the screen and participants were told to
maintain their final hand position.

Results

Inserting waiting time into the planning phase led to an asymp-
tote not significantly different from 45° (M = 46.33, SD = 3.99),
whereas inserting the waiting time into the intertrial interval led
to an asymptote significantly less than 45° (M = 43.96, SD =
3.01) (Table 1). Those two asymptotes were significantly differ-
ent from each other (W = 311, p = 0.01, r = -0.34, CI = [-0.59, -
0.05]) (Table 2).

On the post-test for explicit knowledge (Fig. 2H), the tem-
poral locus of the additional waiting time did not have a sig-
nificant effect: Both groups appeared to accumulate equiva-
lent amounts of explicit knowledge (W = 231, p = 0.79, r =
0.04, CI = [-0.25, 0.36]), but showed greater explicit estima-
tions than the FREE group in Experiment 1 (FREE,
WAIT_PLAN2: W = 85, p = 0.03, r = -0.37, CI = [-0.63, -
0.06]; FREE, WAIT_ITI: W = 93, p = 0.03, r = -0.37, CI = [-
0.63, -0.08]), whose trial structure did not contain any addi-
tional waiting interval. Furthermore, after-effects in

Table 1 Mean and standard deviation for each experimental group at
asymptote level, for the explicit judgment and the implicit after-effect
post-tests

Group Mean SD

Asymptote

FREE 41.15 8.28

WAIT_
PLAN1

46.66 5.85

WAIT_
PLAN2

46.33 3.99

WAIT_ITI 43.96 3.01

AIM 46.63 4.12

Explicit Judgment

FREE 24.78 5.45

WAIT_
PLAN1

30.65 8.33

WAIT_
PLAN2

30.88 10.21

WAIT_ITI 30.53 8.57

AIM 28.32 10.95

Implicit After-Effects

FREE 9.99 3.81

WAIT_
PLAN1

9.35 3.67

WAIT_
PLAN2

7.63 3.87

WAIT_ITI 8.45 4.77

AIM 8.87 3.29
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Experiment 2 did not differ significantly between groups (W=
214, p = 0.89, r = -0.02, CI = [-0.34, 0.36], Fig. 2H).

Discussion

The absence of significant asymptotic error in the
WAIT_PLAN2 group replicated the effect of additional plan-
ning time observed in Experiment 1. Comparing the
WAIT_ITI group with the FREE group across experiments
suggests that extending the intertrial interval may have had
an unspecific effect on learning as indicated by greater explicit
learning in the WAIT_ITI group.

Importantly, the significant difference between groups and the
fact that the WAIT_ITI group displayed an incomplete asymp-
tote shows that most of the benefit of added time in Experiment 1
was not a mere consequence of a prolonged intertrial interval,
suggesting a specific benefit of additional time for movement
planning in line with our speed-accuracy tradeoff hypothesis.

Experiment 3

As both preceding experiments hinted toward an unspecific
effect of time on task on learning due to accumulating more

explicit knowledge, this experiment sought to account for the
possibility that it is in fact not time per se but the increased
participation of explicit processes that raises the level of as-
ymptote. To this end, we used the reporting paradigm as this
procedure requires active explicit engagement during the plan-
ning interval. We hypothesized that the dependent variable of
final hand position would thus show close to no residual error.

Methods

A single group of participants (AIM group, N = 18) was asked
to report their aiming direction prior to movement initiation
(Bond & Taylor, 2015; McDougle et al., 2015; Taylor et al.,
2014). The participants in this group saw a numbered ring of
visual landmarks. The numbers were arranged at 5.63° inter-
vals with the current target positioned at the 0° position.
Clockwise the numbers became larger and counterclockwise
the numbers became smaller (up to 32°, -32°, respectively),
forming a circle 20 cm in diameter. Participants were
instructed to verbally report the number theywere aiming their
reach at before moving (see Taylor et al., 2014, for further
information on this task). Verbal reports were manually reg-
istered by the experimenter on each reporting trial. In
Experiment 3, baseline training included three additional

Figure 2 Mean hand direction (panels A-C) and mean movement re-
sponse times (panels D-F) during practice plotted separately by experi-
ments and groups. Panel G-I show the median hand direction during
explicit and implicit posttests, separately and the individual data from
single participants. The horizontal dashed lines in panels A-C and H-I

indicate ideal compensation for the 45° cursor rotation. In panels D-F,
they indicate the imposed waiting times of 2.5 seconds in the WAIT_
PLAN groups. Shaded error bands in panels A-F represent standard de-
viation of the mean.
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blocks in which participants had to report their aiming direc-
tion prior to movement onset.

Results

Participants in the AIM group completely compensated the
rotation. Adaptive shifts in hand positions were significantly
larger than 45° (M = 46.63, SD = 4.12, W = 125, p = 0.05, r =
0.41, CI = [-0.08, 0.75]) (Table 2), suggesting that adaptation
at asymptote was complete and, in fact, some participants
overcompensated for the rotation (Fig. 2C). Explicit judg-
ments of required compensation (Fig. 2I) were significantly
less than 45° (M = 28.32, SD = 10.95, W = 0, p < 0.01, r = -
0.88, CI = [-0.88, -0.87]) (Table 2).

To test whether the reporting task influenced the outcome
of the explicit judgment tests, we compared the post-test
values between the AIM group and those of the other groups
in Experiments 1 and 2. There was a significant difference in
the explicit judgments between the AIM group and the FREE

group from Experiment 1 (W = 197.5, p = 0.03, r = 0.39, CI =
[0.05, 0.60]). Across the AIM group and WAIT_PLAN2 (W
= 160.5, p = 0.76, r = -0.05, CI = [-0.36, 0.27]) andWAIT_ITI
(W = 190.5, p = 0.85, r = -0.03, CI = [-0.34, 0.28]) groups in
Experiment 2, there were no differences in the explicit judg-
ment tests (Table 2).

Discussion

By instructing participants to verbally report their movement
aim prior to movement execution trial-by-trial (Taylor et al.,
2014), we potentially primed the explicit component of adap-
tation by getting subjects to attend to angular deviations. We
reasoned that this would serve as an opportunity to replicate
our findings, in that requiring active explicit reporting also
extends the planning interval. Our results suggest that exper-
imentally querying the explicit process of adaptation does not
qualitatively alter the explicit learning balance, but does act to

Table 2 Parameters for Wilcoxon’s rank-sum tests between groups
(compared groups are separated with a comma) and against 45° (complete
compensation). Two-sided alternatives are represented with an unequal

sign (≠ ), directed hypotheses are marked with a greater or smaller than
symbol (> or <).

Wilcoxon’s rank-sum Test W p Effect size r 95% confidence interval

Asymptote

FREE, WAIT_PLAN 1 244 0.001 -0.42 [-0.67, -0.13]

Free < 45 32.5 0.02 -0.61 [-0.84, -0.21]

WAIT_PLAN1 ≠ 45 108 0.62 0.12 [-0.33, 0.53]

WAIT_PLAN2, WAIT_ITI 311 0.01 -0.34 [-0.59, -0.05]

WAIT_PLAN2 ≠ 45 235 0.28 0.25 [-0.18, 0.66]

WAIT_ITI < 45 63 0.02 -0.44 [-0.75, -0.05]

AIM > 45 125 0.05 0.41 [-0.08, 0.75]

Explicit Judgment

FREE, WAIT_PLAN 1 83 0.04 -0.36 [-0.62, -0.031]

WAIT_PLAN2
WAIT_ITI

231 0.79 0.04 [-0.25, 0.36]

FREE, WAIT_PLAN2 85 0.03 -0.37 [-0.63, -0.06]

FREE, WAIT_ITI 93 0.03 -0.37 [-0.63, -0.08]

AIM, FREE 197.5 0.03 0.39 [0.05, 0.60]

AIM, WAIT_PLAN1 160.5 0.76 -0.05 [-0.36, 0.27]

AIM, WAIT_PLAN2 160 0.57 -0.09 [-0.39, 0.22]

AIM, WAIT_ITI 190.5 0.85 -0.03 [-0.34, 0.28]

AIM ≠ 45 0 < 0.01 -0.88 [-0.88, -0.87]

Implicit After-Effects

FREE, WAIT_PLAN 1 179 0.59 0.09 [-0.24, 0.39]

WAIT_PLAN2, WAIT_ITI 214 0.89 -0.02 [-0.34, 0.36]

FREE, WAIT_PLAN 2 227.5 0.08 0.29 [-0.02, 0.58]

FREE, WAIT_ITI 256.5 0.05 0.34 [0.03, 0.62]

AIM, FREE 140.5 0.69 -0.07 [-0.39, 0.27]

AIM, WAIT_PLAN1 167.5 0.93 -0.02 [-0.35, 0.31]

AIM, WAIT_PLAN2 221 0.24 0.19 [-0.11, 0.52]
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improve the adaptation asymptote by promoting planning and
prolonging the movement planning interval.

Concluding discussion

This study was designed to investigate whether previously
reported findings of incomplete asymptotic visuomotor learn-
ing may be reframed as an instantiation of the speed-accuracy
tradeoff. In line with this hypothesis, artificially prolonging
the waiting period prior to goal-directed movement onset ele-
vated asymptotic learning and appeared to eliminate residual
errors. This benefit was specific to prolonging motor planning
(prior to a go-signal). Prolonging the interval between visual
feedback and the start of the next trial did not provide the same
benefit. Our results suggest that time-consuming planning
processes are a major cause of incomplete asymptotic
learning.

Why did hasty planning result in consistent undershooting
rather than, for example, increased movement variability? We
suggest that parametric mental computations might explain
this phenomenon: In visuomotor rotation tasks, participants’
response times increase linearly with the magnitude of im-
posed rotations (Georgopoulos & Massey, 1987; McDougle
& Taylor, 2019), reflecting a putative mental rotation process
(Shepard & Metzler, 1971). A previous study by McDougle
and Taylor (2019) demonstrated that reaction time in a free
condition appeared to decompose into a ~1-s baseline reaction
time plus ~200 ms for a ~45° mental rotation (their Fig. 4b).
Thus, the potential savings by rotating incompletelymay seem
small; however, it is consistent with our response-time results
(Fig. 2D), and it is also consistent with decision-making re-
search that shows similar amounts of time being saved in
reward-based speed-accuracy tradeoff tasks (Thura, Cos,
Trung, & Cisek, 2014). Interestingly, in another experiment
by McDougle and Taylor (2019), participants reliably rotated
movements to around ~75° when a forced total reaction time
of ~350 ms was imposed for a 90° perturbation. This may
indicate that urgency imposed by the forced response task
independently modulates the baseline preparation time.
Overall, this mental rotation interpretation is further supported
by the results of our third experiment, in which emphasizing
the application of explicit aiming strategies prior to movement
initiation led to qualitatively similar asymptotic learning as in
the groups with prolonged response times. Finally, we note
that delayingmovement initiation did not only cause full com-
pensation, but induced overcompensation, suggesting perhaps
that implicit processes superimposed onto an accurate explicit
rotation strategy may have caused reach angles to drift, grad-
ually adapting the hand further in the direction of compensa-
tion (cf. Mazzoni & Krakauer, 2006).

The idea of a speed-accuracy tradeoff prematurely
interrupting putative mental rotation processes during motor

planning also provides an explanation for previously observed
age-related differences in visuomotor learning: Hegele and
Heuer (2013) used explicit instructions and cognitive
pretraining prior to learning a novel visuomotor rotation to
boost explicit knowledge of the transformation. Older adults
with full explicit knowledge of the transformation turned out
to be less efficient in applying it for strategic corrections of
their aiming movements. This age-related difference with re-
spect to the behavioral exploitation of explicit knowledge be-
came manifest only when participants had almost perfect ex-
plicit knowledge, but not when they had only poor explicit
knowledge and showed minimal strategic adjustments. Given
the present results, one could speculate that the reduced ex-
ploitation of explicit knowledge for strategic corrections in
older participants is due to a combination of age-related
slowing in mental rotation and the premature termination of
(slowed) mental rotation during motor planning.

Traditionally, the incomplete asymptote phenomenon has
been explained by state-space models of adaptation (Smith
et al., 2006). As subsequent studies indicated that this model
alone is insufficient for explaining incomplete asymptotic be-
havior, alternatives were proposed: among others, that spatial
error-based learning processes suppress other mechanisms
that could drive full compensation (Shmuelof et al., 2012;
Vaswani et al., 2015). In our study, participants in all groups
received similar spatial error feedback. Thus, a potential sup-
pression should have affected all groups equally, making this
explanation insufficient to explain the modulations in asymp-
tote we observed.

Another approach to the state-space model suggests that
residual errors in adaptation paradigms are caused by implicit
processes that tune the motor system’s sensitivity to errors
until it reaches an equilibrium with constant forgetting
(Albert et al., 2019). These authors manipulated the variability
of the perturbation and found that residual errors increase with
the perturbations’ variance. Without having considered this a
priori, we note that our hypothesis could potentially be
adapted to account for these variations in asymptote (e.g.,
experiencing perturbation variability could affect the benefit
that learners expect from planning, and thus the time they
spend on it). However, in one experiment that study also
showed a speed-accuracy tradeoff by obtaining larger residual
errors when the reaction time was artificially shortened com-
pared to free response times, regardless of the variance of
perturbation. Thus, we believe that additional planning time
is an essential element in eliminating residual errors to achieve
full compensation, though it is likely not the only thing deter-
mining the exact asymptotic value.

Moreover, we also note that consistent undershooting rel-
ative to the perturbation, as observed here and in previous
studies, is critically not seen in experimental paradigms de-
signed to isolate the implicit component of visuomotor adap-
tation (Morehead et al., 2017) – indeed, even when rotational
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perturbations are as small as ~1.75°, implicit adaptation ap-
pears to asymptote around ~15° (Kim et al., 2018). In the
current study, results from the implicit post-test were unaffect-
ed by changes in the response-time interval. Thus, it may be
that incomplete compensation relative to the visual error
mainly involves explicit cognitive processes that succumb to
speed-accuracy tradeoffs, whereas asymptotic dynamics of
the implicit system require a separate explanation.

Recent accounts have framed motor planning as a time-
consuming optimization process from which a reduction in
movement accuracy arises naturally when constraints are im-
posed (Al Borno et al., 2019). Our findings suggest that sim-
ilar principles apply when one is intentionally choosing to
perform a movement in another direction than the one implied
by the target presented, and that learners naturally constrain
their planning time even in seemingly unconstrained condi-
tions. Haith and colleagues (Haith et al., 2016) recently
showed that movement preparation and initiation are indepen-
dent, i.e., that, instead of complete preparation triggering
movement initiation, humans appear to determine a time for
movement initiation based onwhen they expect planning to be
completed. This view naturally implies the possibility for pre-
mature movement initiation. The planning time chosen may
therefore trade off the achieved accuracy within a given time
and the urgency to move on (Churchland et al., 2008; Cisek
et al., 2009; Thura & Cisek, 2017).

Many of the common explanations for incomplete asymp-
tote outlined above imply that it is a fundamental property of
learning. Psychology and kinesiology traditionally distinguish
performance effects (the behavioral act of executing a skill at a
specific time in a specific situation) from learning effects (the
change in the unobservable underlying capability to perform a
skill, which is indirectly inferred from a relatively permanent
improvement of performance). For example, with respect to
the asymptotic reaching behavior of two groups in our exper-
iments, their underlying knowledge could be identical while
retrieval processes in specific test conditions can lead to dif-
ferent performance profiles (Magill & Anderson, 2017;
Schmidt & Lee, 2011). Even though our experiments were
not specifically designed to distinguish learning from perfor-
mance, our findings suggest that both may contribute to an
incomplete asymptote in adaptation: If our results reflected a
performance effect alone, the manipulation should have af-
fected behavior in the adaptation phase but not in the post-
test results. In Experiment 1, however, explicit estimates of
the rotation magnitude were increased with added response
time, suggesting that perhaps some of the benefit of longer
response times may be due to learners honing their explicit
knowledge. However, the observation that explicit knowledge
was similarly increased regardless of whether additional time
was added at the beginning or end of a trial in Experiment 2
indicates that this learning effect may be a non-specific con-
sequence of longer intertrial intervals (it is), and that the

remaining increase in asymptote is indeed a performance ef-
fect. A recent paper analyzing preparatory neural states in
rhesus monkeys performing visuomotor learning tasks also
found that longer preparation times not only yielded smaller
variance on the current trial, but also smaller errors on the
subsequent trial, supporting a learning effect (Vyas et al.,
2020). Future research could attempt to better delineate learn-
ing from performance effects in human motor adaptation.
Moreover, the post-tests reported here should be interpreted
with caution: Recent work suggests that measurements of ex-
plicit visuomotor learning components are contingent on the
methodology used (Maresch, Werner, & Donchin, 2020).

Lastly, we emphasize that we are not claiming that other
learning mechanisms cannot contribute to asymptotic behav-
ior (Albert et al., 2019; Emken et al., 2007), nor that a state-
space model with gradual decay towards zero is invalid
(Brennan & Smith, 2015). What we do suggest is that a po-
tentially major aspect determining the magnitude of asymp-
totic errors in visuomotor learning is a speed-accuracy
tradeoff. Since this decision process is likely to be relevant
across a broader range of motor tasks, we speculate that our
results extend beyond motor adaptation, and that simple inter-
ventions, like explicitly prolonging response times to allow
for complete planning, could improve asymptotic perfor-
mance in a range of motor learning tasks.

Acknowledgements The authors thank the editor and two anonymous
reviewers for very helpful comments on the manuscript. The authors also
thank Kevin Ross, Rebekka Rein, Simon Rosental, Johannes Keck,
Annika Studt, and Annika Schnalke for their careful help with data col-
lection. LL, RS, and MH were supported by the Deutsche
Forschungsgemeinschaft (DFG; project number 222641018-SFB/TRR
135 Project B6) and by the DFG Priority Program 1772 (HE7105/1-2).

Author Contributions LL, JM, MH, SDM, and RS conceived and de-
signed the research; LL collected data; LL, JM, MH, SDM, and RS
analyzed the data; LL, JM, MH, SDM, and RS interpreted the results of
the experiments; LL prepared the figures; LL drafted the manuscript; LL,
JM, MH, SDM, and RS edited and revised the manuscript; LL, JM, MH,
SDM, and RS approved the final version of manuscript; SDM and RS
contributed equal amounts of supervision and therefore share senior
authorship.

Funding information Open Access funding enabled and organized by
Projekt DEAL.

Compliance with ethical standards

Disclosures None of the authors declare any conflicts of interest, finan-
cial or otherwise.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing, adap-
tation, distribution and reproduction in any medium or format, as long as
you give appropriate credit to the original author(s) and the source, pro-
vide a link to the Creative Commons licence, and indicate if changes were
made. The images or other third party material in this article are included
in the article's Creative Commons licence, unless indicated otherwise in a

842 Psychon Bull Rev  (2021) 28:834–844



credit line to the material. If material is not included in the article's
Creative Commons licence and your intended use is not permitted by
statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Al Borno, M., Vyas, S., Shenoy, K. V., & Delp, S. L. (2019). High-
fidelity musculoskeletal modeling reveals a motor planning contri-
bution to the speed-accuracy tradeoff. bioRxiv. http://biorxiv.org/
lookup/doi/10.1101/804088

Albert, S. T., Jang, J., Sheahan, H., Teunissen, L., Vandevoorde, K., &
Shadmehr, R. (2019). An implicit memory of errors limits human
sensorimotor adaptation. bioRxiv. http://biorxiv.org/lookup/doi/10.
1101/868406

Bond, K. M., & Taylor, J. A. (2015). Flexible explicit but rigid implicit
learning in a visuomotor adaptat ion task. Journal of
Neurophysiology, 113(10), 3836-3849. https://doi.org/10.1152/jn.
00009.2015

Brennan, A. E., & Smith, M. A. (2015). The decay of motor memories is
independent of context change detection. PLOS Computational
Biology, 11(6), e1004278. https://doi.org/10.1371/journal.pcbi.
1004278

Carandini, M., & Heeger, D. J. (2011). Normalization as a canonical
neural computation. Nature Reviews Neuroscience, 13(1), 51-62.
https://doi.org/10.1038/nrn3136

Cerritelli, B., Maruff, P., Wilson, P., & Currie, J. (2000). The effect of an
external load on the force and timing components of mentally rep-
resented actions. Behavioural Brain Research, 108(1), 91-96. https://
doi.org/10.1016/S0166-4328(99)00138-2

Chen, H.-H., Liu, Y.-T., Mayer-Kress, G., & Newell, K. M. (2005).
Learning the pedalo locomotion task. Journal of Motor Behavior,
37(3), 247-256. https://doi.org/10.3200/JMBR.37.3.247-256

Churchland, A. K., Kiani, R., & Shadlen, M. N. (2008). Decision-making
with multiple alternatives. Nature Neuroscience, 11(6), 693-702.
https://doi.org/10.1038/nn.2123

Cisek, P., Puskas, G. A., & El-Murr, S. (2009). Decisions in changing
conditions: the urgency-gating model. Journal of Neuroscience,
29(37), 11560-11571. https://doi.org/10.1523/JNEUROSCI.1844-
09.2009

Crossman, E. R. F. W. (1959). A theory of the acquisition of speed-skill.
E rgonomic s , 2 , 153 -166 . h t t p s : / / do i . o r g / 10 . 1080 /
00140135908930419

DiCarlo, J. J., & Johnson, K. O. (2000). Spatial and temporal structure of
receptive fields in primate somatosensory area 3b: Effects of stimu-
lus scanning direction and orientation. Journal of Neuroscience,
20(1), 495-510. https://doi.org/10.1523/JNEUROSCI.20-01-
00495.2000

Emken, K. L., Benitez, R., Sideris, A., Bobrow, J. E., & Reinkensmeyer,
D. J. (2007). Motor adaptation as a greedy optimization of error and
effort. Journal of Neurophysiology, 97(6), 3997-4006. https://doi.
org/10.1152/jn.01095.2006

Fernandez-Ruiz, J., Wong, W., Armstrong, I. T., & Flanagan, J. R.
(2011). Relation between reaction time and reach errors during
visuomotor adaptation. Behavioural Brain Research, 219(1), 8-14.
https://doi.org/10.1016/j.bbr.2010.11.060

Fitts, P. M. (1954). The information capacity of the human motor system
in controlling the amplitude of movement. Journal of Experimental
Psychology, 47(6), 381–391. https://doi.org/10.1037/h0055392

Georgopoulos, A. P., & Massey, J. T. (1987). Cognitive spatial-motor
processes. 1. The making of movements at various angles from a

stimulus direction. Experimental Brain Research, 65(2), 361-370.
https://doi.org/10.1007/BF00236309

Grosjean, M., Shiffrar, M., & Knoblich, G. (2007). Fitts’s law holds for
action perception. Psychological Science, 18(2), 95-99. https://doi.
org/10.1111/j.1467-9280.2007.01854.x

Hacker, M. J. (1980). Speed and accuracy of recency judgments for
events in short-term memory. Journal of Experimental
Psychology: Learning, Memmory, and Cognition, 6, 651-675.
https://doi.org/10.1037/0278-7393.6.6.651

Haith, A.M., Huberdeau, D.M., &Krakauer, J. W. (2015). The influence
of movement preparation time on the expression of visuomotor
learning and savings. Journal of Neuroscience, 35(13), 5109-5117.
https://doi.org/10.1523/JNEUROSCI.3869-14.2015

Haith, A. M., Pakpoor, J., & Krakauer, J. W. (2016). Independence of
movement preparation and ovement initiation. Journal of
Neuroscience, 36(10), 3007-3015. https://doi.org/10.1523/
JNEUROSCI.3245-15.2016

Hegele, M., & Heuer, H. (2010). Implicit and explicit components of dual
adaptation to visuomotor rotations. Consciousness and Cognition,
19(4), 906-917. https://doi.org/10.1016/j.concog.2010.05.005

Hegele, M., & Heuer, H. (2013). Age-related variations of visuomotor
adaptation result from both the acquisition and the application of
explicit knowledge. Psychology and Aging, 28(2), 333–339.
https://doi.org/10.1037/a0031914

Heitz, R. P. (2014). The speed-accuracy tradeoff: history, physiology,
methodology, and behavior. Frontiers in Neuroscience, 8. https://
doi.org/10.3389/fnins.2014.00150

Heitz, R. P., & Schall, J. D. (2012). Neural mechanisms of speed-
accuracy tradeoff. Neuron, 76(3), 616-628. https://doi.org/10.1016/
j.neuron.2012.08.030

Heuer, H., & Hegele, M. (2008). Adaptation to visuomotor rotations in
younger and older adults. Psychology and Aging, 23(1), 190-202.
https://doi.org/10.1037/0882-7974.23.1.190

Heuer, H., & Hegele, M. (2009). Adjustment to a complex visuo-motor
transformation at early and late working age. Ergonomics, 52(9),
1039 - 1054. https://doi.org/10.1080/00140130902912795

Heuer, H., & Hegele, M. (2015). Explicit and implicit components of
visuo-motor adaptation: An analysis of individual differences.
Consciousness and Cognition, 33, 156-169. https://doi.org/10.
1016/j.concog.2014.12.013

Hinder, M. R., Riek, S., Tresilian, J. R., de Rugy, A., & Carson, R. G.
(2010). Real-time error detection but not error correction drives
automatic visuomotor adaptation. Experimental Brain Research,
201(2), 191-207. https://doi.org/10.1007/s00221-009-2025-9

Holland, P., Codol, O., & Galea, J. M. (2018). Contribution of explicit
processes to reinforcement-based motor learning. Journal of
Neurophysiology, 119(6), 2241-2255. https://doi.org/10.1152/jn.
00901.2017

Huberdeau, D. M., Haith, A. M., & Krakauer, J. W. (2015). Formation of
a long-termmemory for visuomotor adaptation following only a few
trials of practice. Journal of Neurophysiology, 114(2), 969-977.
https://doi.org/10.1152/jn.00369.2015

Ings, T. C., & Chittka, L. (2008). Speed-accuracy tradeoffs and false
alarms in bee responses to cryptic predators Current Biology,
18(19), 1520-1524. https://doi.org/10.1016/j.cub.2008.07.074

Kim, H. E., Morehead, J. R., Parvin, D. E., Moazzezi, R., & Ivry, R. B.
(2018). Invariant errors reveal limitations in motor correction rather
than constraints on error sensitivity. Communications Biology, 1,
19. https://doi.org/10.1038/s42003-018-0021-y

Leow, L-A., Gunn, R., Marinovic,W., & Carroll, T. J. (2017). Estimating
the implicit component of visuomotor rotation learning by
constra ining movement preparat ion t ime. Journal of
Neurophysiology, 118(2), 666-676. https://doi.org/10.1152/jn.
00834.2016

Magill, R. A., & Anderson, D. (2017). Motor learning and control: con-
cepts and applications. McGraw-Hill Education.

843Psychon Bull Rev  (2021) 28:834–844

https://doi.org/
http://biorxiv.org/lookup/doi/10.1101/804088
http://biorxiv.org/lookup/doi/10.1101/804088
http://biorxiv.org/lookup/doi/10.1101/868406
http://biorxiv.org/lookup/doi/10.1101/868406
https://doi.org/10.1152/jn.00009.2015
https://doi.org/10.1152/jn.00009.2015
https://doi.org/10.1371/journal.pcbi.1004278
https://doi.org/10.1371/journal.pcbi.1004278
https://doi.org/10.1038/nrn3136
https://doi.org/10.1016/S0166-4328(99)00138-2
https://doi.org/10.1016/S0166-4328(99)00138-2
https://doi.org/10.3200/JMBR.37.3.247-256
https://doi.org/10.1038/nn.2123
https://doi.org/10.1523/JNEUROSCI.1844-09.2009
https://doi.org/10.1523/JNEUROSCI.1844-09.2009
https://doi.org/10.1080/00140135908930419
https://doi.org/10.1080/00140135908930419
https://doi.org/10.1523/JNEUROSCI.20-01-00495.2000
https://doi.org/10.1523/JNEUROSCI.20-01-00495.2000
https://doi.org/10.1152/jn.01095.2006
https://doi.org/10.1152/jn.01095.2006
https://doi.org/10.1016/j.bbr.2010.11.060
https://doi.org/10.1037/h0055392
https://doi.org/10.1007/BF00236309
https://doi.org/10.1111/j.1467-9280.2007.01854.x
https://doi.org/10.1111/j.1467-9280.2007.01854.x
https://doi.org/10.1037/0278-7393.6.6.651
https://doi.org/10.1523/JNEUROSCI.3869-14.2015
https://doi.org/10.1523/JNEUROSCI.3245-15.2016
https://doi.org/10.1523/JNEUROSCI.3245-15.2016
https://doi.org/10.1016/j.concog.2010.05.005
https://doi.org/10.1037/a0031914
https://doi.org/10.3389/fnins.2014.00150
https://doi.org/10.3389/fnins.2014.00150
https://doi.org/10.1016/j.neuron.2012.08.030
https://doi.org/10.1016/j.neuron.2012.08.030
https://doi.org/10.1037/0882-7974.23.1.190
https://doi.org/10.1080/00140130902912795
https://doi.org/10.1016/j.concog.2014.12.013
https://doi.org/10.1016/j.concog.2014.12.013
https://doi.org/10.1007/s00221-009-2025-9
https://doi.org/10.1152/jn.00901.2017
https://doi.org/10.1152/jn.00901.2017
https://doi.org/10.1152/jn.00369.2015
https://doi.org/10.1016/j.cub.2008.07.074
https://doi.org/10.1038/s42003-018-0021-y
https://doi.org/10.1152/jn.00834.2016
https://doi.org/10.1152/jn.00834.2016


Maresch, J., Werner, S. & Donchin, O. (2020). Methods matter: Your
measures of explicit and implicit processes in visuomotor adaptation
affect your results. European Journal of Neuroscience, 00: 1– 15.
https://doi.org/10.1111/ejn.14945

Mazzoni, P., & Krakauer, J. W. (2006). An implicit plan overrides an
explicit strategy during visuomotor adaptation. Journal of
Neuroscience 26(14), 3642-3645. https://doi.org/10.1523/
JNEUROSCI.5317-05.2006

McDougle, S. D., Bond, K. M., & Taylor, J. A. (2015). Explicit and
implicit processes constitute the fast and slow processes of sensori-
motor learning. Journal of Neuroscience 35(26), 9568-9579. https://
doi.org/10.1523/JNEUROSCI.5061-14.2015

McDougle, S. D., & Taylor, J. A. (2019). Dissociable cognitive strategies
for sensorimotor learning. Nature Communications, 10(1), 40.
https://doi.org/10.1038/s41467-018-07941-0

Miller, K. D. (2016). Canonical computations of cerebral cortex. Current
Opinion in Neurobiology, 37, 75-84. https://doi.org/10.1016/j.conb.
2016.01.008

Morehead, J. R., Taylor, J. A., Parvin, D. E., & Ivry, R. B. (2017).
Characteristics of implicit sensorimotor adaptation revealed by
task-irrelevant clamped feedback. Journal of Cognitive
Neuroscience, 29(6), 1061-1074. https://www.mitpressjournals.
org/doi/full/10.1162/jocn_a_01108

Movshon, J. A., Thompson, I. D., & Tolhurst, D. J. (1978). Receptive
field organization of complex cells in the cat’s striate cortex. Journal
of Physiology, 283(1), 79-99. https://doi.org/10.1113/jphysiol.
1978.sp012489

Pack, C. C., & Bensmaia, S. J. (2015). Seeing and feeling motion: canon-
ical computations in vision and touch. PLOS Biology, 13(9). https://
doi.org/10.1371/journal.pbio.1002271

Plamondon, R., & Alimi, A. M. (1997). Speed/accuracy tradeoffs in
target-directed movements. Behav Brain Sci, 20(2), 279-303.
https://doi.org/10.1017/S0140525X97001441

Rinberg, D., Koulakov, A., Gelperin, A. (2006). Sparse odor coding in
awake behaving mice. Journal of Neuroscience, 26(34) 8857-8865.
https://doi.org/10.1523/JNEUROSCI.0884-06.2006

Ringach, D. L., &Malone, B. J. (2007). The operating point of the cortex:
neurons as large deviation detectors. Journal of Neuroscience,
27(29), 7673-7683. https://doi.org/10.1523/JNEUROSCI.1048-07.
2007

Schmidt, R. A., & Lee, T. D. (2011). Motor Control and Learning: A
Behavioral Emphasis. Human Kinetics.

Schween, R., & Hegele, M. (2017). Feedback delay attenuates implicit
but facilitates explicit adjustments to a visuomotor rotation.
Neurobiology of Learning and Memory, 140, 124-133. https://doi.
org/10.1016/j.nlm.2017.02.015

Schween, R., Taylor, J. A., & Hegele, M. (2018). Plan-based generaliza-
tion shapes local implicit adaptation to opposing visuomotor trans-
formations. Journal of Neurophysiology, 120(6), 2775–2787.
https://doi.org/10.1152/jn.00451.2018

Shadmehr, R., Brashers-Krug, T., & Mussa-Ivaldi, F. A. (1994).
Interference in learning internal models of inverse dynamics in

humans. Advances in neural information processing systems 7,
1117-1124.

Shepard, R. N., & Metzler, J. (1971). Mental rotation of three-
dimensional objects. Science, 171(3972), 701-703. https://doi.org/
10.1126/science.171.3972.701

Shmuelof, L., Huang, V. S., Haith, A. M., Delnicki, R. J., Mazzoni, P., &
Krakauer, J. W. (2012). Overcoming motor “forgetting” through
reinforcement of learned actions. Journal of Neuroscience, 32(42),
14617-14621a. https://doi.org/10.1523/JNEUROSCI.2184-12.2012

Smith, M. A., Ghazizadeh, A., & Shadmehr, R. (2006). Interacting adap-
tive processes with different timescales underlie short-term motor
learning. PLOSBiology, 4(6), e179. https://doi.org/10.1371/journal.
pbio.0040179

Spang, K., Wischhusen, S., & Fahle, M. (2017). Limited plasticity of
prismatic visuomotor adaptation. i-Perception, 8(2). https://doi.org/
10.1177/2041669517701458

Taylor, J. A., Krakauer, J. W., & Ivry, R. B. (2014). Explicit and implicit
contributions to learning in a sensorimotor adaptation task. Journal
of Neuroscience, 34(8), 3023-3032. https://doi.org/10.1523/
JNEUROSCI.3619-13.2014

Thura, D., Beauregard-Racine, J., Fradet, C. W., & Cisek, P. (2012).
Decision making by urgency gating: theory and experimental sup-
port. Journal of Neurophysiology, 108(11), 2912-2930.

Thura, D., & Cisek, P. (2017). The basal ganglia do not select reach
targets but control the urgency of commitment. Neuron, 95(5),
1160-1170.e5. https://doi.org/10.1016/j.neuron.2017.07.039

Thura, D., Cos, I., Trung, J., Cisek, P (2014). Context-dependent urgency
influences speed–accuracy tradeoffs in decision-making and move-
ment execution. Journal of Neuroscience, 34 (49), 16442-16454;
https://doi.org/10.1523/JNEUROSCI.0162-14.2014

van der Kooij, K., Brenner, E., van Beers, R. J., & Smeets, J. B. J. (2015).
Visuomotor adaptation: how forgetting keeps us conservative.
PLOS ONE, 10(2). https://doi.org/10.1371/journal.pone.0117901

van der Kooij, K., Overvliet, K. E., & Smeets, J. B. J. (2016). Temporally
stable adaptation is robust, incomplete and specific. European
Journal of Neuroscience, 44(9), 2708-2715. https://doi.org/10.
1111/ejn.13355

Vaswani, P. A., Shmuelof, L., Haith, A.M., Delnicki, R. J., Huang, V. S.,
Mazzoni, P., Shadmehr, R., & Krakauer, J. W. (2015). Persistent
residual errors in motor adaptation tasks: Reversion to baseline and
exploratory escape. Journal of Neuroscience, 35(17), 6969-6977.
https://doi.org/10.1523/JNEUROSCI.2656-14.2015

Vyas, S., O’Shea, D. J., Ryu, S. I., & Shenoy, K. V. (2020). Causal role of
motor preparation during error-driven learning. Neuron, 106(2),
329-339. https://doi.org/10.1016/j.neuron.2020.01.019

Wickelgren, W. A. (1977). Speed-accuracy tradeoff and information pro-
cessing dynamics. Acta Psychologica, 41(1), 67-85. https://doi.org/
10.1016/0001-6918(77)90012-9

Publisher’s note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.

844 Psychon Bull Rev  (2021) 28:834–844

https://doi.org/10.1111/ejn.14945
https://doi.org/10.1523/JNEUROSCI.5317-05.2006
https://doi.org/10.1523/JNEUROSCI.5317-05.2006
https://doi.org/10.1523/JNEUROSCI.5061-14.2015
https://doi.org/10.1523/JNEUROSCI.5061-14.2015
https://doi.org/10.1038/s41467-018-07941-0
https://doi.org/10.1016/j.conb.2016.01.008
https://doi.org/10.1016/j.conb.2016.01.008
https://www.mitpressjournals.org/doi/full/10.1162/jocn_a_01108
https://www.mitpressjournals.org/doi/full/10.1162/jocn_a_01108
https://doi.org/10.1113/jphysiol.1978.sp012489
https://doi.org/10.1113/jphysiol.1978.sp012489
https://doi.org/10.1371/journal.pbio.1002271
https://doi.org/10.1371/journal.pbio.1002271
https://doi.org/10.1017/S0140525X97001441
https://doi.org/10.1523/JNEUROSCI.0884-06.2006
https://doi.org/10.1523/JNEUROSCI.1048-07.2007
https://doi.org/10.1523/JNEUROSCI.1048-07.2007
https://doi.org/10.1016/j.nlm.2017.02.015
https://doi.org/10.1016/j.nlm.2017.02.015
https://doi.org/10.1152/jn.00451.2018
https://doi.org/10.1126/science.171.3972.701
https://doi.org/10.1126/science.171.3972.701
https://doi.org/10.1523/JNEUROSCI.2184-12.2012
https://doi.org/10.1371/journal.pbio.0040179
https://doi.org/10.1371/journal.pbio.0040179
https://doi.org/10.1177/2041669517701458
https://doi.org/10.1177/2041669517701458
https://doi.org/10.1523/JNEUROSCI.3619-13.2014
https://doi.org/10.1523/JNEUROSCI.3619-13.2014
https://doi.org/10.1016/j.neuron.2017.07.039
https://doi.org/10.1523/JNEUROSCI.0162-14.2014
https://doi.org/10.1371/journal.pone.0117901
https://doi.org/10.1111/ejn.13355
https://doi.org/10.1111/ejn.13355
https://doi.org/10.1523/JNEUROSCI.2656-14.2015
https://doi.org/10.1016/j.neuron.2020.01.019
https://doi.org/10.1016/0001-6918(77)90012-9
https://doi.org/10.1016/0001-6918(77)90012-9

	Prolonged response time helps eliminate residual errors in visuomotor adaptation
	Abstract
	Introduction
	General methods
	Participants
	Apparatus
	Task
	Design and procedure

	Data analysis
	Experiment 1
	Methods
	Results
	Discussion

	Experiment 2
	Methods
	Results
	Discussion

	Experiment 3
	Methods
	Results
	Discussion

	Concluding discussion
	References


