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Abstract 30 

In sensorimotor adaptation tasks, feedback delays can cause significant reductions in 31 

the rate of learning. This constraint is puzzling given that many skilled behaviors have 32 

inherently long delays (e.g., hitting a golf ball). One difference in these task domains is 33 

that adaptation is primarily driven by error-based feedback, whereas skilled 34 

performance may also rely to a large extent on outcome-based feedback. This 35 

difference suggests that error- and outcome-based feedback may engage different 36 

learning processes, and these processes may be associated with different temporal 37 

constraints. We tested this hypothesis in a visuomotor adaptation task. Error feedback 38 

was indicated by the terminal position of a cursor, while outcome feedback was 39 

indicated by points. In separate groups of participants, the two feedback signals were 40 

presented immediately at the end of the movement, after a delay, or with just the error 41 

feedback delayed. Participants learned to counter the rotation in a similar manner 42 

regardless of feedback delay. However, the aftereffect, an indicator of implicit motor 43 

adaptation, was attenuated with delayed error feedback, consistent with the hypothesis 44 

that a different learning process supports performance under delay. We tested this by 45 

employing a task that dissociates the contribution of explicit strategies and implicit 46 

adaptation. We find that explicit aiming strategies contribute to the majority of the 47 

learning curve, regardless of delay; however, implicit learning, measured over the 48 

course of learning and by aftereffects, was significantly attenuated with delayed error-49 

based feedback. These experiments offer new insight into the temporal constraints 50 

associated with different motor learning processes. 51 

 52 
  53 
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Introduction 54 

 Learning to link actions with their respective outcomes is necessary for 55 

successfully interacting with the world. Feedback delays can present a significant 56 

problem in learning action-outcome associations, yet such delays are ubiquitous in 57 

motor control. Feedback from proprioception and vision are inherently delayed due to 58 

neural transmission and integration time. Even if these delays are relatively short, the 59 

control system faces a significant problem due to potentially destabilizing effects arising 60 

from body and environmental dynamics. 61 

 One prominent solution for handling delayed feedback in the sensorimotor 62 

learning literature centers on the idea of an adaptive forward-model, a representation 63 

that allows the system to anticipate or predict the sensory consequences of an action 64 

through sensory-prediction errors (Wolpert and Miall 1996). However, various lines of 65 

evidence indicate that this solution is subject to severe temporal constraints. Modest 66 

additional delays in feedback can significantly slow or attenuate motor learning (Held 67 

and Durlach 1989; Held et al. 1966; Honda et al. 2012; Kitazawa et al. 1995; Kitazawa 68 

and Yin 2002). For example, Kitazawa et al. (1995) estimated that, during prism 69 

adaptation, a 50 ms delay of the visual feedback results in a 50% reduction in the 70 

learning rate. This is rather surprising given that delivering common types of feedback 71 

(e.g., knowledge of results or endpoint feedback of position) in a sensorimotor 72 

adaptation task is inherently delayed to some extent since the action has to occur 73 

before feedback is delivered and processed by the individual.     74 

 The impact of feedback delay is also important to consider given that many motor 75 

skills entail substantial delays between the action and feedback concerning the 76 

consequences of that action. In golf, for example, there is a considerable delay between 77 

the moment at which the ball is struck and the time at which the golfer is able to 78 

evaluate the quality of the shot (at least for the novice who may not have a good sense 79 

of the “feel” of a good shot). A similar problem holds in a range of skills such as dart 80 

throwing, bowling, and baseball pitching.   81 

 How is learning accomplished in motor tasks with significant feedback delays? 82 

One possibility is that learning reflects the operation of multiple processes that operate 83 

on different sources of feedback, and these sources may be subject to different 84 
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temporal constraints. Task success, or outcome-based feedback is known to play an 85 

important role in many motor learning tasks, and the literature suggests that this type of 86 

information is subject to a much softer temporal constraint than error-based feedback 87 

(Bilodeau et al. 1966; Bilodeau 1956; Salmoni et al. 1984). For example, Bilodeau and 88 

colleagues delivered feedback in an intermittent fashion, frequently with several 89 

intervening trials between the action and feedback about its specific outcome. Not only 90 

was learning possible under such conditions, but retention and transfer was greater 91 

compared to when the feedback was provided on every trial (Anderson et al. 2005; 92 

Guay et al. 1992; Salmoni et al. 1984). 93 

 Task outcome information is central to reinforcement learning. In reinforcement 94 

learning, reward-prediction errors are used to learn a value function so that an actor can 95 

select an action to maximize expected reward (Sutton and Barto 1998). This outcome-96 

based information stands in contrast to the error-based information (i.e., sensory-97 

prediction errors) thought to be essential for the adaptation of an internal model (Izawa 98 

and Shadmehr 2011; Mazzoni and Krakauer 2006; Schlerf et al. 2012a). Whereas the 99 

former is emphasized in learning models of action selection, the latter is central in 100 

learning models of action execution.  101 

 Recent work has highlighted how processes such as reinforcement learning can 102 

influence performance in sensorimotor adaptation tasks (Galea et al. 2015; Huang et al. 103 

2011; Izawa and Shadmehr 2011; Nikooyan and Ahmed 2015; Shmuelof et al. 2012). 104 

Izawa and Shadmehr (2011) showed that learning to compensate for a visuomotor 105 

perturbation can be supported by either outcome-based or error-based feedback. 106 

Interestingly, forward model adaptation, measured by shifts in perceived hand position 107 

and generalization, only occurred in the latter condition. Similarly, outcome feedback, in 108 

the form of graded points, appears to speed the rate of learning in a visuomotor rotation 109 

task and affects the degree of retention (Galea et al. 2015; Shmuelof et al. 2012).  110 

However, this form of feedback does not appear to influence forward model adaptation 111 

(Nikooyan and Ahmed 2015; Izawa and Shadmehr 2011). 112 

 The preceding discussion suggests that outcome-based feedback may not 113 

influence motor adaptation directly, but, rather, influences other learning processes that 114 

operate during sensorimotor adaptation tasks such as operant conditioning (Shmuelof 115 
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et al. 2012) and explicit strategic aiming (Bond and Taylor 2015; McDougle et al. 2015; 116 

Taylor and Ivry 2011; Taylor et al. 2014). Moreover, these other processes may have 117 

different temporal constraints than that associated with adaptation, allowing learning to 118 

occur under conditions with significant feedback delays. However, previous studies of 119 

delayed feedback have always manipulated outcome- and error-based feedback in a 120 

confounded manner. That is, participants are not informed of either the success/failure 121 

of their action until the time they receive information about the sensory consequences of 122 

the movement (e.g., cursor position). Dissociating these variables provides a novel 123 

opportunity to examine whether outcome- and error-based feedback are subject to 124 

different temporal constraints.  125 

 Here, we conducted three visuomotor rotation experiments in which we provided 126 

error- and outcome-based feedback. In experiments 1 and 2, error-based feedback was 127 

based on the presentation of a cursor, indicating hand position. Outcome-based 128 

feedback was binary, signaled by the accrual of points when an unseen cursor 129 

terminated within a target region. For different groups of participants, the two types of 130 

feedback were presented with no delay, a 5 s delay, or in a hybrid condition in which the 131 

outcome feedback was available with no delay, but the error feedback was delayed by 5 132 

s. In contrast to previously reported findings, we find that learning was supported in all 133 

conditions regardless of the form of feedback. However, the size of the aftereffect, the 134 

signature measure of motor adaptation, differed between conditions, suggesting that 135 

learning with delayed feedback may have been supported by other learning processes. 136 

We tested this idea in experiment 3, using a task designed to dissociate adaptation and 137 

explicit aiming (Taylor et al. 2014). Explicit aiming, a form of strategy use, accounted for 138 

a considerable amount of the learning regardless of delay, while implicit learning was 139 

attenuated with delayed error-based feedback. 140 

 141 

Methods 142 

Participants 143 

 One hundred and thirty participants (76 Females/54 Males, ages 18-34) were 144 

recruited in exchange for course credit or payment from the human research 145 

participation pool maintained by the Department of Psychology at Princeton University. 146 
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All participants were right-hand dominant, verified by the Edinburgh Handedness 147 

Inventory (Oldfield 1971), and had normal or corrected-to-normal vision. All of the 148 

participants provided informed consent prior to the experiment under a protocol 149 

approved by the Princeton University Internal Review Board. 150 

 151 

Experiment 1 (n=30) 152 

Apparatus  153 

 Participants made reaching movements to visually displayed targets by moving 154 

the handle of a two-link robotic manipulandum (Kinarm, Bkin Technologies, Kingston, 155 

ON). The manipulandum recorded hand position data at 2000 Hz for on-line processing 156 

and 1000 Hz for off-line analyses. Stimuli, including the position of the starting location, 157 

target location, and hand position (real or perturbed), appeared on a horizontal mirror 158 

positioned 25 cm above the plane of the manipulandum (approx. chest height, occluding 159 

vision of the hand). This mirror was located 25 cm below an overhead LCD monitor (LG, 160 

Englewood Cliffs, NJ). This created the illusion such that the visual display appeared to 161 

be in the plane of the movement. 162 

 The high sampling rate of the robotic device and software system allowed us to 163 

control feedback timing with considerable precision. Using an LCD camera (GoPro HD 164 

Hero2, San Mateo, CA), we determined that the lag between the sampling time of the 165 

handle and the time at which the position of that sample could be displayed on the 166 

computer monitor was approximately 8.3 ms.  167 

 168 

Procedure 169 

 At the start of each trial, the robotic manipulandum gently moved the participant’s 170 

hand to the start position, a grey annulus (1.2 cm in diameter) that appeared at the 171 

center of the workspace. When the hand entered the starting position, the annulus 172 

brightened and a white cursor (0.74 cm in diameter) appeared, representing the current 173 

position of the hand. The participants had to maintain the feedback cursor within 0.25 174 

cm of the start position for 0.5 s. Once this criterion was achieved, a blue target (1 cm in 175 

diameter) appeared on screen. The target could appear at one of eight possible 176 

positions separated by 45° along an invisible ring (22.5°, 67.5°, 112.5°, 157.5°, 202.5°, 177 
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247.5°, 292.5°, 337.5°), with a radius of 10 cm from the starting position. The sequence 178 

of target locations was pseudorandomly selected, such that a particular target location 179 

never repeated on consecutive trials. The sequence of locations was randomized 180 

across participants. 181 

 The participant was instructed to make a fast reaching movement to the target, 182 

“slicing” through the target. Once the movement exceeded 5 cm/s, visual feedback of 183 

the cursor position was removed. The participant was instructed to remain at the 184 

terminal position of the movement until the end of the feedback display (which differed 185 

between groups depending on the imposed delay—see below). There were two types of 186 

feedback on all trials, endpoint feedback and outcome feedback. For endpoint 187 

feedback, the feedback cursor reappeared at a position along the invisible ring (e.g., 188 

when the movement amplitude had reached 10 cm). This position was either at the 189 

location where the hand intersected the ring (no perturbation trials) or offset in the 190 

clockwise direction from the hand position (rotation trials, see below). For outcome 191 

feedback, the target turned green if the feedback cursor overlapped any part of the 192 

target region; otherwise the target turned red. In addition, on “hit” trials, the display 193 

indicated that the participant had received one point. 194 

 We imposed two temporal criteria on the participants’ behavior. First, the 10 cm 195 

reach had to be completed within 3.5 s of the onset of the target (reaction time plus 196 

movement time). If this criterion was exceeded, the trial was immediately aborted and 197 

the error message, “TOO SLOW!” was displayed on the screen. Second, if the 198 

participant moved their hand after completion of the movement, regardless of the 199 

imposed delay in feedback (see below), the trial was aborted and the error message, 200 

“HOLD STILL” was displayed. A running tally of points earned was displayed between 201 

each trial.  202 

 The experiment was divided into three blocks: baseline, rotation, and washout, 203 

with the form of feedback held constant within each group for all three blocks (see 204 

below). To familiarize participants with the task, veridical feedback was presented 205 

during a 64-trial baseline block. For the next 160 trials (rotation block), a 30° counter-206 

clockwise (CCW) rotation was imposed between the endpoint position of the hand the 207 

position of the feedback cursor. The session concluded with a 64-trial washout block in 208 
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which the rotation was suddenly removed and cursor feedback was again veridical. 209 

Participants were not informed of the transition from rotated to veridical feedback. 210 

 211 

Experimental Conditions 212 

 Participants were randomly assigned to create three groups of ten that differed 213 

with respect to the timing of the error- and outcome-based feedback. For two groups, 214 

the two feedback signals were presented synchronously. Participants in the No-Delay 215 

group received outcome feedback and error feedback as soon as movement amplitude 216 

reached 10 cm (Figure 1A). Participants in the Both-Delay group received error and 217 

outcome feedback 5 s after movement amplitude reached 10 cm (Figure 1B). For both 218 

of these groups, the two types of feedback signals were visible for 2 s. For the Cursor-219 

Delay group, the two feedback signals were asynchronous: Outcome feedback was 220 

delivered with no delay and remained visible for 7 s whereas error feedback was 221 

delayed by 5 s (presented at a location based on when movement amplitude reached 222 

10 cm) and remained visible for 2 s (Figure 1C). For all groups, the screen blanked at 223 

the end of the feedback interval and the robot moved the hand back to the start position. 224 

The overall rate of the experiment was kept constant across groups by imposing a fixed 225 

duration of 10 s from the start of one trial to the start of the next trial. Thus, the time 226 

from the end of the feedback period to the start of the next trial was longer for the No-227 

Delay group compared to the other two groups. For example, if the movement was 228 

completed 1 s after target onset, participants in the No-Delay group would have to wait 229 

9 s before the start of the next trial (2 s with immediate feedback, 7 s wait period).  230 

Participants in the other two groups would have to first wait 5 s to receive feedback 231 

(delayed only for error feedback in the Cursor-Delay; cursor and outcome in the Both-232 

Delay), have 2 s to process the feedback and then wait an additional 2 s before the start 233 

of the trial. This confound — longer delay from feedback onset to start of next trial for 234 

the No-Delay group compared to delay groups— is unavoidable in tasks that manipulate 235 

delay (see Salmoni et al. 1984). Note that we did not include a ‘Reward-Delay’ group 236 

since outcome information (hit/miss) can be inferred from the error feedback. 237 

 238 

 239 
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Experiment 2 (n=60) 240 

 The apparatus and experimental conditions were the same as in Experiment 1.  241 

We increased the sample size such that sixty participants were randomly assigned to 242 

one of three equal-sized groups, No-Delay, Cursor-Delay, and Both-Delay.   243 

 The baseline and rotation blocks were unchanged. Following the rotation block, 244 

we included a no-feedback block during which error and outcome feedback were 245 

withheld for 40 trials. This block of trials was preceded by a message on the screen that 246 

read, “On the next set of trials, please aim directly for the target. You won’t receive 247 

feedback on your performance and you won’t be scoring points. The target will change 248 

color only to indicate that you’ve reached far enough.” The experimenter verbally 249 

instructed the participants to stop using any “aiming” strategy they may have adopted 250 

and reach until the target color changed from blue to purple, which occurred when the 251 

movement amplitude reached 10 cm. The cumulative score and percentage score were 252 

also withheld during these 40 trials. This no-feedback block provides an assay of the 253 

size of the aftereffect while minimizing two possible sources of contamination (see 254 

Taylor et al 2014). First, the instructions should minimize any persistent use of an 255 

aiming strategy, should the participants have spontaneously adopted one. Second, the 256 

aftereffect is measured in the absence of unlearning since the visual feedback is 257 

removed.  258 

 Following the no-feedback block, feedback was restored for the final 24 trials and 259 

presented in a format identical to that used in the original baseline block for each group 260 

(washout block). Participants were not provided with any additional instructions for the 261 

washout block. 262 

 263 

Experiment 3 (n=20) 264 

Apparatus 265 

 Participants made reaching movements to visually displayed targets by moving 266 

their hand across a digitizing tablet while holding onto a a digitizing pen (Intuous Pro, 267 

Wacom, Vancouver, WA, USA). The tablet recorded hand position at 100 Hz. The visual 268 

workspace appeared on a 17-inch, 1024x768 pixel resolution LCD computer monitor 269 

with a refresh rate of 60 Hz (Dell, Dallas, TX, USA). The monitor was horizontally 270 
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mounted 25.4 cm above the tablet. With this arrangement, vision of the hand was 271 

occluded by the monitor. The visual display and task was controlled by custom software 272 

written in Python (http://python.org). Using an LCD camera (GoPro HD Hero2, San 273 

Mateo, CA), we measured the lag between the sampling time of the tablet and the time 274 

at which the position of that sample was displayed on the computer monitor. This lag, 275 

approximately 70 ms, was considerably longer than the lag associated with the robotic 276 

manipulandum setup. Despite this additional lag, we chose to use the tablet setup, as 277 

opposed to the robotic manipulandum, because our prior work employing verbally-278 

reported aiming strategies was implemented with this equipment. 279 

 280 

Procedure 281 

 At the start of each trial, participants positioned their hand within a start position 282 

(0.41 cm radius grey circle), located at the center of the visual workspace and tablet. 283 

Participants were guided to the start position by a circle whose diameter changed as a 284 

function of the distance between the participant’s hand and the start position. In this 285 

way, participants were provided with radial, but not angular information about the 286 

location of their hand. Once the hand was within 0.5 cm of the start position, the ring 287 

was replaced by a white cursor (0.31 cm radius circle) that appeared at the center of the 288 

start position. Participants were instructed that this cursor represented the position of 289 

their hand. However, the cursor position did not change once the participant entered the 290 

start circle, even if there were slight movements of the hand. We did this to eliminate 291 

information about the visuomotor rotation at the start circle. If participants moved their 292 

hand outside of the start position, the guiding circle reappeared and participants were 293 

required to find the start position again. After participants held their hand within the start 294 

position for 1 s, a green target (0.60 cm radius circle) was presented at one of eight 295 

locations (0°, 45°, 90°, 135°, 180°, 225°, 270°, 315°). The distance to the targets was 296 

reduced to 7 cm to fit within the limits of the drawing tablet.  297 

 Participants made fast reaching movements, attempting to “slice” through the 298 

target. If participants failed to reach 7 cm within 400 ms after leaving the start position, 299 

they were provided with an auditory warning,“too slow.” Note that, in contrast to 300 

experiments 1 and 2, participants received feedback (cursor or points) on trials in which 301 
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the movements were too slow. Endpoint feedback was similar to that used in 302 

experiments 1 and 2, a static, small red circle at the angular position of the hand when 303 

the movement amplitude reached 7 cm. Outcome feedback was modified in experiment 304 

3 such that the amount of points earned on a trial corresponded to the angular error, the 305 

absolute value of the difference between the cursor and target location. This point-306 

based feedback was calculated based on the equation (similar to Nikooyan and Ahmed 307 

2015):   308 

The point score was displayed midway between the start position and target for 0.5 s 309 

after the hand crossed 7 cm. In addition, when the cursor overlapped with the target, a 310 

pleasant “ding” sound was played; otherwise, an unpleasant “buzz” sound was played.  311 

The total points accumulated during each block was displayed every 40 trials and at the 312 

end of each the block. Prior to the start of the experimental task, the experimenter used 313 

a diagram to explain the point system to the participants. 314 

 To assess the use of aiming strategies, we employed an aiming report task (see 315 

Taylor et al 2014; Bond and Taylor 2015; McDougle et al 2015). The visual display 316 

included numbered landmarks presented on the virtual ring (Figure 1D). Participants 317 

were required to report their aiming location prior to initiating the reaching movement. 318 

Visual instructions were presented on the screen every 40 trials to remind the 319 

participants that the the goal of the task is to get the red cursor on the green target and 320 

that aiming directly at the target may not be effective. If the participant failed to report a 321 

number before moving, the experimenter provided a reminder prior to the next trial. 322 

These trials were excluded from the analyses and, overall, occurred on 1.3% of trials. 323 

 Note that with the tablet setup, participants must actively find the start position for 324 

each trial, rather than be passively moved to this location by the robotic manipulandum.  325 

In addition, the aiming report task required a verbal report on each trial. Because of 326 

these two changes, we did not employ a fixed inter-trial time. Rather the interval was 327 

dictated by the time required for the participant to reach the start location, plus the 500 328 

ms hold period within this position prior to the onset of the target.  329 
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 There were seven blocks of the experiment. The experiment started with two 330 

short blocks to familiarize the participants with the experimental apparatus. The first 331 

block was composed of reaches with veridical online cursor feedback and the second 332 

was composed of reaches with veridical endpoint cursor feedback. In the third block 333 

(baseline block), the both groups continued to receive endpoint feedback for 32 more 334 

trials. The aiming report task was introduced in the fourth block (baseline-report block), 335 

composed of eight trials in which the participants reported the aiming target (usually the 336 

target location since there was no perturbation). In the fifth block (rotation block), a 45° 337 

counterclockwise rotation was imposed for 320 trials. Participants were instructed to 338 

continue to report their aiming location prior to each reach. In the, sixth block (no-339 

feedback block), the numbered landmarks, the rotation, and all feedback were removed.  340 

In addition, participants were instructed to aim directly for the target. In the final, seventh 341 

block (washout block), feedback was restored, with the type of feedback for each group 342 

the same as that used in the baseline block. 343 

 344 

Experimental Conditions (n=20) 345 

 Twenty participants were equally divided into two groups, No-Delay or Delay.  346 

Cursor feedback and points were provided as soon as the movement amplitude 347 

reached 7 cm (subject to the apparatus delay) in the No-Delay group. The points and 348 

the cursor feedback was delayed by 1 s in the Delay group. We chose to impose only a 349 

1 s delay so that we could obtain sufficient trials within the experimental session to fully 350 

characterize the implicit and explicit learning curves (see Taylor et al 2014). 351 

  352 

Analysis 353 

 Kinematic and statistical analyses were performed with Matlab (MathWorks, 354 

Natick, MA). To assess task performance, we focused on the initial heading angle of the 355 

hand, defining this angle with respect to the target location. Each movement trajectory, 356 

regardless of the actual target location, was rotated to a common reference axis with 357 

the target location set at 0°. A line was drawn between two referent points along the 358 

observed trajectory, one positioned 1 cm from the start position and one positioned 3 359 

cm from the start position. The angular difference between this line and a line between 360 
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the start position and target defined the heading angle. Positive angles indicate a 361 

clockwise deviation from the target and negative angles indicate a counterclockwise 362 

deviation from the target. 363 

 To quantify effects of delay, we focused on the early and late performance in the 364 

rotation block, and washout/no-feedback block. Early and late performance in the 365 

rotation block were defined as the average heading angle of the hand over the first and 366 

last eight trials (epicycle) in the rotation block, respectively. To account for individual 367 

reach biases in baseline performance, we subtracted the average hand heading angle 368 

over the last epicycle in the baseline block for each measure. These baseline-corrected 369 

measures serve as a proxy to quantify the rate and extent of learning. An alternative 370 

approach would be to fit functions (e.g., exponential) to the learning curves, but this 371 

procedure tends to be highly variable when applied to individual data (Taylor et al. 372 

2014), often providing poor and potentially misleading fits (Gallistel et al. 2004). Early 373 

and late aftereffects were similarly quantified in the washout block, averaging the first 374 

and last epicycle of the washout block and subtracting the average hand heading angle 375 

of the last epicycle of the baseline block. The early and late corrected heading angle 376 

scores were submitted to a mixed factorial ANOVA with Delay as a between-subjects 377 

factor and Time (early vs. late) as a within-subjects factor. Separate ANOVAs were 378 

conducted on the data from the rotation and washout blocks. 379 

 In experiment 2, early and late performance in the rotation block was calculated 380 

in the same manner as for experiment 1. For the no-feedback block, we restricted the 381 

analysis to just the first epicycle (again, subtracting the last epicycle of the baseline 382 

block) since our interest was in the size of the initial aftereffect and not in unlearning. 383 

We performed a two-step analysis on these data. We first used one-sample t-tests to 384 

determine if aftereffects were present for each group individually. We then used a one-385 

way ANOVA to test if the aftereffects were different between groups. When appropriate, 386 

pairwise comparisons were computed by separate t-tests using a Bonferroni correction 387 

based on the number of comparisons. To report the correction, we multiplied the 388 

uncorrected p-value by the number of comparisons to maintain the customary 0.05 level 389 

of significance. We report both the uncorrected and corrected values. 390 
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 In experiment 3, early and late performance in the rotation block was calculated 391 

in the same manner as for experiments 1 and 2. The aiming report data and estimates 392 

of implicit learning were also binned in the same manner. To baseline correct the aiming 393 

reports, we subtracted the average aiming angles over the last epicycle of the baseline-394 

report block. The aftereffect data were analyzed in the same manner as in experiment 395 

2, again limited to the first epicycle of the no-feedback block. 396 

 To evaluate consistency across participants during the rotation block in 397 

experiments 1 and 2, we examined the variance between participants. For this analysis, 398 

movements in the rotation block were binned into eight-trial epicycles and then 399 

averaged within a bin for each participant. The variance of these epicycles was then 400 

computed across participants. 401 

 We also computed target error, reaction time, movement time, and peak 402 

movement speed during the baseline block of 32 trials. Target error was defined as the 403 

angular difference between the position of the hand at 10 cm (exps. 1 and 2) or 7 cm 404 

(exp 3) and the target location. Reaction time was defined as the interval between target 405 

appearance and when hand velocity exceeded 5 cm/s. Movement time was defined as 406 

the interval between when hand velocity exceeded 5 cm/s and movement amplitude 407 

reached the radial distance of the target. Peak velocity was defined by deriving a 408 

continuous measure of movement velocity with a 4th-order Savitsky-Golay filter, a 409 

method that introduces less noise than basic differentiation (Savitzky and Golay 1964).  410 

To compare these dependent variables between groups, the values were submitted to 411 

one-way ANOVAs for experiments 1 and 2, and two-sample t-tests for experiment 3. 412 

 In experiment 1, we determined minimum sample sizes for sufficient power 413 

based on the change in learning observed the Kitazawa et. al. (1995) study of feedback 414 

delays. We estimated the power for an independent samples t-test using a one-tailed 415 

alpha of 0.05. Based upon the correction rates from Kitazawa et al (1995), the effect 416 

size is approximately d=1.57 (based on estimated group means and standard 417 

deviations), requiring a sample size of at least ten participants. For experiment 2, we 418 

estimated power for an independent samples t-test using a one-tailed alpha of 0.05 419 

based on the size of the aftereffect over the first eight trials of the washout block 420 

observed in experiment 1. The effect size is d=1.09 (based on group means and 421 
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standard deviations), requiring a sample size of at least twenty participants. For 422 

experiment 3, we estimated power for an independent samples t-test using a one-tailed 423 

alpha of 0.05 based on the size of the aftereffect over the first eight trials of the no- 424 

feedback block observed in experiment 2. The effect size is d=1.6 (based on group 425 

means and standard deviations), requiring a sample size of approximately 10 426 

participants. 427 

 For all dependent measures, we report the median and the 95% confidence 428 

interval. 429 

 430 

Results  431 

 432 

Experiment 1 433 

 The different delay conditions did not have an appreciable effect on kinematic 434 

features of the movements (Table 1). We analyzed the various measures using the data 435 

from the last epicycle of the baseline block. None of the measures showed significant 436 

differences between groups, although there was a marginal effect for slower reaction 437 

times for groups with delayed feedback (F2,27=3.02, p=0.065). Importantly, there were 438 

no differences between hand heading angles in the baseline block (F2,27=0.15, p=0.86). 439 

 During the 160-trial rotation block, the participants in all three groups modified 440 

their behavior in a task-appropriate manner, moving in a direction opposite to the 441 

counterclockwise rotation (Figure 2A). The baseline-corrected heading angle data 442 

during the first and last epicycles were submitted to a mixed factorial ANOVA with the 443 

between factor Group and repeated measure Time (Figure 2B). All three groups 444 

significantly changed their heading angle during the rotation block (Time: F1,27=89.8 445 

p<0.001) such that the feedback cursor ended up much closer to the target location by 446 

the end of the rotation block. There was also a significant Group effect (F2,27=3.48, 447 

p=0.038), while the interaction term was only marginally significant (F1,27=2.82 p=0.069). 448 

 The Group effect is likely due to smaller changes in hand angle for the Both-449 

Delay group compared to the other two groups. However, this effect should be qualified.  450 

As can be seen from the confidence intervals in Figure 2A, as well as dispersion of 451 

individual data points for the late rotation data in Figure 2B, there is considerable 452 
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variability between participants in the Both-Delay group. Variance, calculated on an 453 

individual basis, initially increased for all groups at the start of the rotation block, but 454 

only remained elevated throughout the rotation block for the Both-Delay group (Figure 455 

3A). The large between-participant variability for this group reflects the fact that some of 456 

the participants exhibited minimal changes in their behavior in response to the rotation.  457 

 To objectively distinguish between participants who learned and those who 458 

didn’t, we computed a one-sample t-test on individual data sets, comparing the hand 459 

heading angles between the last epicycle of the baseline block and last epicycle of the 460 

rotation block. Based on this measure, four out of ten participants in the Both-Delay 461 

group were considered non-learners as they failed to show a significant change in the 462 

hand heading angle over the course of the rotation block (p>0.1). In contrast, the other 463 

six participants in this group showed a significant change in hand heading angle 464 

(p<0.05), and, in fact, their performance looks similar to that of the other groups 465 

(compare Figures 3B and 2A).  Indeed, when the basic ANOVA is restricted to just 466 

those participants that learned, we find only a main effect of Time (F1,23=147, p<0.001) 467 

and no effect of Group (F2,23=0.01, p=0.99) or interaction (F1,23=0.77, p=0.47). 468 

 Following the rotation block, the rotation was abruptly removed. All groups 469 

exhibited significant aftereffects, measured as the difference between the first epicycle 470 

of the washout block and the last epicycle of the baseline block (Figure 2B; p<0.03). 471 

Using the baseline-corrected heading angle data from the first and last epicycles in the 472 

washout block, there was a main effect of Time (F1,27=13.0, p<0.001), and a marginal 473 

effect of Group (F2,27=3.07, p=0.055). The interaction was not significant (F1,27=0.31 474 

p=0.74). When this analysis was repeated, but, for the Both-Delay group, restricted to 475 

the six participants who showed significant learning, there was an effect of Time 476 

(F1,23=11.0 p=0.002), but no effect of Group (F2,23=1.37, p=0.26) nor an interaction 477 

(F1,23=0.09, p=0.92). 478 

 Performance changes during the rotation block and the size of the aftereffect are 479 

generally assumed to provide two measures of adaptation. We evaluated this in the 480 

current experiment by computing the correlation between the heading angle data from 481 

the late epoch in the rotation block and early epoch in the washout block. Surprisingly, 482 

the correlation was modest (r=0.11, p=0.08), and likely inflated by the inclusion of the 483 
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four participants in the Both Delay group who showed minimal learning (Figure 4).  484 

When these four participants are excluded, the correlation drops to 0.04, suggesting 485 

that performance changes during the rotation and washout blocks may reflect different 486 

learning processes (note that the correlations are low when calculated within each 487 

group, an issue we address in the General Discussion). However, our measure of the 488 

aftereffect is problematic since feedback was present, allowing participants to unlearn 489 

the rotation during the first epicycle. We address this issue in experiment 2. 490 

 491 

Experiment 2 492 

 Experiment 2 was identical to experiment 1 with two exceptions. First, there were 493 

20 participants in each group, providing increased power. Second, we included a no-494 

feedback block immediately after the rotation block. This block provides a stronger 495 

assessment of the size of the aftereffect since error-based unlearning is precluded by 496 

the absence of visual feedback (Kitago et al. 2013). During this block, the participants 497 

were asked to aim directly to the target and to refrain from using an aiming strategy they 498 

may have developed during the rotation block (Taylor and Ivry 2011; Taylor et al. 2014). 499 

 Similar to experiment 1, movement kinematics at the end of the baseline block 500 

were similar across the three groups (Table 1), with the exception that movement time 501 

was longer for the Both Delay group (F2,57=3.23, p=0.047). There were no differences 502 

between hand heading angles in the baseline block (F2,57=0.69, p=0.50). 503 

 All groups learned to counter the rotation over the course of the rotation block 504 

(Figure 5A). Using the same analysis as in experiment 1, we first analyzed the baseline-505 

corrected heading angle data for the early and late phases of rotation. The main effect 506 

of Time was significant (F1,57=75.11, p<0.001), but the effect of Group was not 507 

(F2,57=0.79, p=0.45), nor did the two factors interact (F1,19=0.04, p=0.97). Thus, the 508 

three groups changed performance in response to the rotation to a similar degree and 509 

at a similar rate.  510 

 Similar to experiment 1, there was considerable variability between participants, 511 

and this was now evident for the Cursor-Delay group as well as the Both-Delay group 512 

(Figure 6A). We again classified participants as “learners” and “non-learners” by 513 

determining if the participant showed a significant change in hand heading angle 514 
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between the last epicycle of the rotation block compared to the baseline block. This 515 

analysis revealed that five of the 20 participants in the Cursor-Delay group (Figure 6B) 516 

and six of the 20 participants in the Both-Delay group (Figure 6C) failed to show a 517 

significant change in performance over the rotation block (p>0.1; Figures 6B and 6C).  518 

 The first epicycle of the washout block provides the cleanest measure of 519 

adaptation since visual feedback was absent and participants were instructed to aim 520 

directly at the target location. We first tested for the presence of aftereffects for each 521 

group separately, using one sample t-tests of the difference between the first epicycle of 522 

the no-feedback block and the last epicycle of the baseline block. A significant 523 

aftereffect was observed for the No-Delay (t19=7.15, p<0.001) and Cursor-Delay 524 

(t19=3.81, p=0.001) groups. The effect was only marginally significant for the Both-Delay 525 

group (t19=2.07, p=0.052). As can be seen in Figure 5B, the size of the aftereffect was 526 

quite small in either group with delayed feedback.  527 

 Next, we used a one-way ANOVA to compare the size of the aftereffects 528 

between groups. There was a main effect of Group (F2,57=5.0, p=0.01). Post-hoc t-tests 529 

revealed that aftereffects were greater in the No-Delay group compared to the Both-530 

Delay group (t18=4.2, p=0.002 uncorrected, p=0.007).  None of the other contrasts were 531 

significant (p>0.1). Since the delay groups include a mixture of learners and non-532 

learners, we repeated this analysis but restricted the data to the learners. Here, there 533 

remained a main effect of Group (F2,43=5.85, p=0.006). While participants in the delay 534 

groups showed sizable changes in performance during the rotation block, these groups 535 

showed minimal aftereffects. Moreover, as observed in experiment 1, the correlation 536 

between the degree of final learning in the rotation block and the aftereffect was modest 537 

(r=.17; p=0.19; Figure 7), providing further evidence that the degree of learning during 538 

the rotation block may not reflect ‘true’ motor adaptation. 539 

  540 

Experiment 3 541 

 The results of experiments 1 and 2 demonstrate that learning was possible when 542 

there were significant delays in error-based feedback, regardless of when outcome-543 

based feedback was available. However, the size of the aftereffect — the standard 544 

marker for implicit motor adaptation — was reduced in experiment 2 when error 545 
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feedback was delayed. This suggests that learning with delayed error feedback may not 546 

be the result of implicit motor adaptation, but rather reflects the operation of a different 547 

learning process or learning processes. We designed experiment 3 to examine one 548 

such process, an explicit aiming strategy. To this end, we employed an aiming report 549 

task that allows for the continuous assessment of how participants modify their aim 550 

when faced with a visuomotor perturbation and, by inference, allows a continuous 551 

estimate of implicit adaptation (Taylor et al 2014, Bond and Taylor 2015; McDougle et al 552 

2015). Since the timing of outcome-based feedback did not produce marked effects on 553 

the various measures of learning in experiments 1 and 2, we only tested participants in 554 

the No-Delay and Delay conditions.  555 

 Prior to introduction of the rotation, participants in the two groups practiced 556 

reaching to each target location with veridical feedback while reporting where they were 557 

aiming. For both groups, participants reported aiming directly at the target for the 558 

majority of the time (80% of trials). On the remaining trials, the aiming angle was almost 559 

always towards a neighboring location (~5° from the target). Reaching accuracy, 560 

measured in terms of heading angle, was not affected by the delay (t18=1.25, p=0.26).  561 

There were no appreciable differences in reaction time, movement time or peak speed 562 

between groups, although we note that we did not put constraints on these dependent 563 

variables (Table 1; p>0.1). 564 

 Both groups learned to counter the rotation during the 320-trial rotation block, 565 

moving their hand approximately 45° in the clockwise direction from the target location 566 

(Figure 8A). To determine if the groups differed in the rate or final degree of learning, 567 

we submitted the baseline-corrected heading angle data for the first and last epicycle of 568 

the rotation block to a two-way ANOVA with factors of Time and Delay (Figure 8B). 569 

There was a main effect of Time (F1,18=62, p=<0.001), but no effect of Delay (F1,18=1.78, 570 

p=0.19) or interaction (F1,18=0.29, p=0.60). Thus, despite the differences in the 571 

conditions, participants learned to counter the rotation at a similar speed and to a similar 572 

degree. 573 

 Following the rotation block, participants performed a no-feedback block. The 574 

numbered landmarks were no longer visible and participants were explicitly instructed to 575 

aim directly at the target. Based on one sample t-tests of the difference between the first 576 
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epicycle of the no-feedback block and the last epicycle of the baseline block, both 577 

groups displayed significant aftereffects (No-Delay: t9=4.40, p=0.002; Both-Delay: 578 

t9=3.03, p=0.014). However, a two sample t-test revealed that the No-Delay group 579 

exhibited a larger aftereffect than the Both-Delay group, even when corrected for 580 

multiple comparisons (t18=2.70, p=0.014 uncorrected, p=0.03 corrected). 581 

 The aiming report task allowed us to monitor how participants adjusted their aim 582 

following the introduction of the perturbation. Participants in both groups rapidly 583 

adjusted their aiming strategy to offset the rotation. Moreover, the use of an aiming 584 

strategy persisted throughout the rotation block (Figure 8C, D). The mixed factor 585 

ANOVA of these data revealed a main effect of Time (F1,18=45.5, p<0.001). 586 

Interestingly, neither the effect of Delay (F1,18=0.1, p=0.76) nor the interaction (F1,18=1.5, 587 

p=0.22) were significant. Note that while the mean data show a marked increase in the 588 

aiming angle from the early rotation to the last rotation epicycles (main effect of Time), 589 

the rise is actually quite early and falls off slightly over the course of the rotation block 590 

(Figure 8c). Thus, by the end of the rotation block, much of the change in performance 591 

for both groups is due to changes in aiming.  592 

 Subtraction of the explicit aiming strategies from the time series of hand angles 593 

provides an indirect estimate of implicit motor adaptation (Taylor et al 2014). This 594 

procedure revealed a gentle increase in the estimate of implicit learning over the course 595 

of the rotation block (Figure 8E). There was a main effect of Time (F1,18=9.84, p=0.003) 596 

and Delay (F1,18=696, p=0.012), but no interaction (F1,18=84, p=0.36). Thus, delaying 597 

error feedback led to less implicit learning, which is consistent with the aftereffect data. 598 

Indeed, there was a strong correlation (r = 0.83, p<0.0001) between the degree of 599 

implicit learning and the size of the aftereffect (Figure 9A). This correlation is not 600 

observed between overall performance gains and the aftereffect (r=0.33, p=0.15; Figure 601 

9B). 602 

  603 

 604 

 605 

 606 

Discussion 607 
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Summary 608 

 Delayed feedback has been shown to be disruptive to sensorimotor learning. In 609 

previous studies, the effect of delaying error and outcome information has been 610 

confounded. In the current study, we separated these two sources of information by 611 

including a condition in which participants received immediate feedback concerning 612 

whether they hit or missed the target (outcome information), but delayed feedback 613 

concerning the actual endpoint of the movement (error information). We found that 614 

learning to counter the rotation was possible when error and outcome feedback were 615 

delayed, as well as when only error feedback was delayed. However, learning was 616 

more variable between participants in the delay conditions. Indeed, a number of 617 

participants in these groups showing minimal evidence of learning, suggesting that 618 

learning with delayed feedback was not obligatory. Moreover, when the aftereffect was 619 

tested in the absence of feedback (experiment 2), the groups with delayed error 620 

feedback showed minimal aftereffects. Similar performance gains with different 621 

aftereffects suggests that learning may be supported by different processes when 622 

feedback is delayed or based on outcome feedback.  623 

 To explore this hypothesis, we employed a task in experiment 3 that allowed us 624 

to continuously measure participants use of aiming strategies and, by inference, 625 

adaptation. A change in aim accounted for the lion’s share of learning in all conditions.  626 

Overall, the estimates of implicit learning increased over the course of the rotation 627 

block, although this increase was only significant for the No-Delay group. In addition,  628 

while both groups showed significant aftereffects, the aftereffect was smaller when the 629 

feedback was delayed. Thus, the results of experiment 3 provide further evidence that 630 

learning with delayed feedback is especially disruptive to adaptation.  631 

 632 

Learning versus adaptation 633 

The results of these experiments underscore the importance in distinguishing 634 

between motor learning and motor adaptation, terms that are frequently used 635 

interchangeably. Overall, performance improved during the rotation block for all groups 636 

in the three experiments, with participants adjusting their hand direction to counter the 637 

direction of the rotation. However, the groups with delayed error feedback feedback 638 
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showed substantially smaller aftereffects. Aftereffects have been considered the 639 

hallmark signature of motor adaptation, reflecting changes to an internal model based 640 

on sensory prediction errors from cursor feedback (Krakauer and Mazzoni 2011). By 641 

this definition, participants with delayed outcome and error feedback were capable of 642 

learning but did so without significant adaptation. The results are more ambiguous when 643 

outcome feedback was presented immediately and only the error feedback was 644 

delayed. In experiment 1, this group exhibited an aftereffect. However, the more 645 

sensitive probe used in experiment 2 showed only minimal adaptation with delayed 646 

error feedback, even when participants were immediately informed of the outcome. 647 

Small, or negligible aftereffects were also observed in experiment 3 when cursor 648 

feedback was delayed or withheld.   649 

 We believe the small aftereffects observed in experiment 1 for the groups with 650 

delayed feedback were a product of the task design and not adaptation per se. 651 

Experiment 1 is similar to most studies of motor adaptation, with the washout block 652 

initiated by simply turning the rotation off unexpectedly. Under such conditions, 653 

participants would be expected to continue to reach in the same manner as on the 654 

previous trial of the rotation phase, making the initial heading angle similar to that at the 655 

end of the rotation block. In addition, providing feedback during the washout block 656 

allows learning processes to continue to operate. As such, the aftereffect measures in 657 

experiment 1 conflate different processes. In experiment 2, we removed the visual 658 

feedback and instructed the participants to aim directly towards the target. Here, we 659 

found that aftereffects were minimal for groups with delayed feedback, consistent with 660 

the hypothesis that the performance changes during the rotation block for these groups 661 

were not due to adaptation. The time course of implicit adaptation, as estimated in 662 

experiment 3, showed minimal change over the course of the rotation block when 663 

feedback was delayed, and the aftereffect, while significant, was small and considerably 664 

less compared to when feedback was not delayed. Finally, the estimate of implicit 665 

adaptation correlated strongly with the size of the aftereffect, but did not correlate with 666 

overall performance further underscoring the difference between multiple learning 667 

processes. 668 
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 It should be noted that, in all experiments the size of the aftereffect for the No-669 

Delay group was substantially less than the performance change observed during the 670 

rotation block. Indeed, in experiments 2 and 3, participants showed less than a 10° 671 

aftereffect. Recent work from our lab, using the same method as in experiment 3, has 672 

shown that implicit motor adaptation appears to plateau at a level of approximately 15-673 

20° under conditions of endpoint feedback, regardless of the size of the rotation (Bond 674 

and Taylor 2015). This result, consistent with those found in the present study, suggest 675 

that visuomotor adaptation may operate over a limited extent. When the perturbation 676 

exceeds this range, other learning processes may need to be recruited in order to 677 

improve performance (at least within a single session of training).    678 

 Alternatively, implicit motor adaptation may have failed to fully compensate for 679 

the full extent of the rotation in the present experiments because we used endpoint 680 

feedback. This feedback is inherently delayed in that it occurs after the movement has 681 

ended. In contrast, online, continuous feedback of cursor position during the movement 682 

is, by definition, less delayed, present during the movement. It is possible that online 683 

feedback may allow implicit motor adaptation to fully compensate for the rotation, or at 684 

least compensate for the rotation to a greater extent that that observed with endpoint 685 

feedback. In a previous study, we found that, while online feedback led to stronger 686 

learning than endpoint feedback, it still remained incomplete by the end of training 687 

(Taylor et al. 2014). It remains unclear if additional training, would have led to full 688 

adaptation. Finally, Honda and colleagues (2012) found that participants could fully 689 

recalibrate to expect delayed feedback when it was delivered in a continuous fashion. 690 

Thus, the limited extent of implicit motor adaptation observed in the present studies 691 

could be due to the inherent delay that occurs with endpoint feedback.  692 

 693 

Temporal constraints on different processes for motor learning 694 

 The motor system is inherently challenged to handle delayed information when 695 

incorporating visual and proprioceptive feedback into on-going motor commands. This 696 

problem has motivated the idea that the motor system employs forward models to 697 

anticipate the sensory consequences of actions (Wolpert and Miall 1996). The 698 

cerebellum has been hypothesized to play a critical role in this process, both for the 699 
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control of movement and for sensorimotor learning (Schlerf et al. 2012b; Taylor et al. 700 

2010; Tseng et al. 2007).    701 

 The strong temporal constraints on sensorimotor learning are consistent with the 702 

idea that the cerebellum is essential for representing temporal relationships (Ivry 1997; 703 

Ivry and Keele 1989). Indeed, studies of cerebellar-dependent learning have suggested 704 

a strong constraint with respect to the timing of stimulus information. The rate of 705 

acquisition in cerebellar-dependent eyeblink conditioning is significantly decreased 706 

when the time interval between the conditioned stimulus (CS) and unconditioned 707 

stimulus (US) increases beyond a half second (Schneiderman and Gormezano 1964). 708 

For longer CS-US intervals, learning becomes dependent on extracerebellar inputs 709 

such as the hippocampus (Moyer et al. 1990; Solomon et al. 1986), prefrontal cortex 710 

(Kronforst-Collins and Disterhoft 1998), and medial prefrontal cortex (McLaughlin et al. 711 

2002; Powell et al. 2001). In fact, recent studies suggest that the cerebellum requires 712 

nearly coincident inputs to learn the conditioned response when extracerebellar regions 713 

are lesioned (Kalmbach et al. 2009). 714 

 Similar results have been obtained in various sensorimotor learning tasks (e.g, 715 

see (Howard et al. 2012) that appear to be cerebellar dependent (Baizer and Glickstein 716 

1974; Martin et al. 1996; Smith and Shadmehr 2005; Weiner et al. 1983). The rate of 717 

prism adaptation decreases as the time interval between termination of a reaching 718 

movement and resultant visual feedback is delayed. In monkeys, learning is nearly fully 719 

abolished if the delay exceeds 0.5 s (Kitazawa and Yin 2002). Humans can tolerate 720 

longer delays, but also show a reduction in adaptation with increasing delay (Kitazawa 721 

et al. 1995). The reduced susceptibility to delays in humans may be the result of the 722 

operation of learning processes that are less temporally constrained. For example, 723 

assuming explicit aiming strategies are less sensitive to delays and can remain 724 

relatively stable over time (Morehead et al 2015), they may be sufficient to support the 725 

required changes in performance to sustain goal-oriented behavior. Alternatively, 726 

extracerebellar systems may be able to modulate error-based learning in the 727 

cerebellum, perhaps by sustaining the memory or error trace (Gerwig et al. 2008; 728 

Kalmbach et al. 2009). Thus, the temporal extent of an error-based learning system 729 

might be extended, albeit in compromised form.   730 
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 To date, little work has compared temporal constraints on other learning 731 

processes linked to motor learning. Despite the reduction observed in adaptation with 732 

delayed error feedback, the participants were still able to modify their performance to 733 

substantially reduce error introduced by the perturbation. Thus, a delay of 5 s was not 734 

sufficient to affect performance gains in experiments 1 and 2.  Moreover, the delay 735 

appeared to have no impact on participants’ ability to use an aiming strategy, with 736 

aiming measures similar for delayed and immediate feedback. Previously, we have 737 

shown that target error, rather than a sensory prediction error, is the critical source of 738 

information for adjusting aiming strategies (Taylor and Ivry 2011; Taylor et al. 2014). 739 

This suggests that abstract forms of feedback, even with delay, can be utilized by 740 

participants to adjust an aiming strategy, even though it is not sufficient to drive implicit 741 

motor adaptation.  742 

 Given that we only tested two delays (5 s in exps. 1-2; 1 s in exp. 3), our design 743 

is limited for specifying in detail the how variation in feedback timing impacts different 744 

learning processes engaged during motor learning. A more fine-grained analysis such 745 

as that employed by Kitazawa and colleagues (1995) would be required to plot out the 746 

costs of error and outcome feedback delays. Such studies will also add to current efforts 747 

to dissociate changes in task performance from true motor adaptation. 748 

 Manipulations of delayed feedback have also been employed in studies of 749 

category learning (Ashby et al. 1998), another task domain in which performance has 750 

been shown to reflect the operation of multiple learning processes. Interestingly, 751 

delayed feedback on such tasks is also selectively disruptive to implicit forms of learning 752 

in which categorization is based on the development of stimulus-response associations. 753 

In contrast, explicit, rule-based learning has been shown to be minimally affected by 754 

feedback delays (Maddox et al. 2003). Taken together with the current results, the 755 

category learning work further suggests that delayed feedback may present a useful 756 

tool for dissociating multiple learning processes across task domains.  757 

 The current results raise interesting questions concerning the utility of error-758 

based learning for skills in which the feedback is delayed. For example, in golf, 759 

feedback may be delayed by several seconds as the player awaits seeing where the 760 

ball lands (or, for beginners, even succeeds in tracking the shot). Of course, 761 
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proprioceptive information is immediately available and the player may catch the early 762 

trajectory of the ball (although lifting the head would be ill-advise) but these sources of 763 

information would still have to be associated with a delayed task outcome. Thus, it is 764 

unlikely that these sources of error feedback could entirely support learning. However, 765 

participants can accurately predict the outcome when observing the actions of another 766 

person (Aglioti et al. 2008; Jalali et al. 2015; Knoblich and Flach 2001). It is currently 767 

unclear if this is truly the result of a skilled motor system predicting the outcome (Aglioti 768 

et al. 2008), or some form of perceptual learning system (Jalali et al. 2015).  769 

 We also recognize that sensorimotor adaptation tasks, which appear to be 770 

heavily dependent on error-based feedback, may not be an appropriate model task for 771 

understanding skill acquisition. Indeed, recent work has revealed that learning to 772 

compensate for complex perturbations require processes that are quite distinct from 773 

those used to to learn visuomotor rotations (Gutierrez-Garralda et al. 2013; Kasuga et 774 

al. 2015; Telgen et al. 2014). For example, leaning a mirror reversal is much slower, 775 

accompanied by large changes in reaction time, exhibits significant offline 776 

improvements, and, most importantly, results in a shift in the speed-accuracy tradeoff 777 

curve (Telgen et al. 2014). These features may reflect the development of new 778 

strategies (Taylor et al. 2014) and control policies (Telgen et al. 2014), processes that 779 

are essential for skill acquisition and are, as suggested here, tolerant to temporal 780 

delays.    781 
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Figure Legends 782 

 783 

Figure 1: Experimental conditions. A) No-Delay condition: Participants were provided 784 

with outcome and error feedback as soon as movement amplitude reached 10 cm radial 785 

from the start location. The former was indicated by a color change at the target location 786 

(green=hit; red=miss), as well as a +1 point increment on hit trials. The latter was 787 

provided by displaying a cursor to indicate hand position. In the example shown, the 788 

cursor is rotated clockwise by 30° (e.g., start of rotation block). B) Both-Delay condition: 789 

Outcome and error feedback were delayed by 5 s. C) Cursor-Delay condition: Outcome 790 

feedback was provided immediately while error feedback was delayed by 5 s. D) 791 

Experiment 3 task workspace. Participants were instructed to verbally report the number 792 

corresponding to where they planned to aim to get their cursor on the target. The 793 

numbers always flanked each side of the target and rotated along with the target such 794 

that 1 and -1 were always adjacent to the target. 795 

 796 

Figure 2: A) Hand heading angle over the course of experiment 1. Hand angles were 797 

binned into trials of eight (epicycle) for each participant and then combined across 798 

participants. Median (solid line) and 95% confidence interval for the No-Delay (red), 799 

Cursor-Delay (purple), and Both-Delay (blue) conditions. The rotation was present 800 

between the two vertical dashed lines. B) Hand heading angle during the baseline, early 801 

and late phase of the rotation block, and the first epicycle of the washout block. Bar 802 

graphs indicate median values and dots individual participants. Colors as in A. 803 

 804 

Figure 3: A) Variability in hand angle over the course of experiment 1 for the three 805 

groups. B) Performance functions for participants in the Both-Delay group after division 806 

into two subgroups, ‘Learners’ (blue, N=6) and ‘Non-learners’ groups (cyan, N=4). 807 

 808 
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Figure 4: Experiment 1: Relationship between mean hand angle during final epicycle in 809 

rotation block and first epicycle of the washout block (i.e., aftereffect), calculated across 810 

all participants. Dots represent individual participants with colors indicating group 811 

membership (Red: No-Delay; Purple: Cursor-Delay; Blue: Both-Delay) and solid line 812 

represents the regression.   813 

 814 

Figure 5: A) Hand heading angle over the course of experiment 2. B) Hand heading 815 

angle during the baseline, early and late phase of the rotation block, and the first 816 

epicycle of the no-feedback block. 817 

 818 

Figure 6: A) Variability in hand angle over the course of experiment 2 for the three 819 

groups. Performance functions two subgroups of B) ’Learners’ (N=15) and ‘Non-820 

learners’ (N=5) for the Cursor-Delay group and C) ’Learners’ (N=14) and ‘Non-learners’ 821 

(N=6). 822 

 823 

Figure 7: Experiment 2: Relationship between mean hand angle during final epicycle in 824 

rotation block and first epicycle of the no-feedback block (i.e., aftereffect), calculated 825 

across all participants. Dots represent individual participants with colors indicating group 826 

membership (Red: No-Delay; Purple: Cursor-Delay; Blue: Both-Delay).  The solid line is 827 

the regression line, calculated across all participants.   828 

 829 

Figure 8. A) Hand heading angle over the course of experiment 3 for the No-Delay (red) 830 

and Delay (blue) conditions. B) Average hand heading angles for the last epicycle of the 831 

baseline block, the first epicycle and last epicycle of the rotation block, and the 832 

aftereffect measured during the first epicycle of the no-feedback block. Explicit aiming: 833 

Angle of aiming location, relative to target location (C) and average aiming angle for 834 

baseline-report, and first and last epicycle of the rotation block (D). Implicit learning: 835 

Adaptation as estimated by subtracting aiming direction from hand heading angle (E), 836 

along with average values for baseline-report, and first and last epicycles of the rotation 837 

block (F). Bars represent the group mean of each 8-trial bin (epicycle) and circles 838 

represent the individual participants. 839 
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 840 

Figure 9: A) Experiment 3: Relationship between between estimate of implicit learning 841 

during the final epicycle in rotation block and first epicycle of the no-feedback block (i.e., 842 

the aftereffect), calculated across all participants. B) Relationship between hand 843 

heading angle (i.e., performance) during the final epicycle in rotation block and and first 844 

epicycle of the no-feedback block. Dots represent individual participants with colors 845 

indicating group membership (Red: No-Delay; Blue: Delay). Solid lines are the 846 

regression lines, calculated across all participants.   847 
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 871 

Table 1: Kinematic features of the movements for each group during the baseline block. 872 

  873 

Table 1 

Experiment 1      

 Heading Angle (°) Target Error (°) Peak Speed 
(cm/s) 

Reaction Time 
(ms) 

Movement Time 
(ms) 

No Delay 1.66±0.58 1.17±0.55 81.9±3.9 473±55 317±51 

Error Delay 1.68±0.65 1.20±1.21 84.1±5.6 494±48 314±46 

Both Delay 2.25±1.24 1.90±0.93 84.3±5.6 593±109 352±53 

      
Experiment 2      

 Heading Angle (°) Target Error (°) Peak Speed 
(cm/s) 

Reaction Time 
(ms) 

Movement Time 
(ms) 

No Delay 1.61±0.63 1.56±0.96 67.4±3.9 611±56 350±81 

Error Delay 1.45±1.08 1.26±1.43 70.6±5.0 697±90 344±61 

Both Delay 1.28±0.76 0.97±0.86 70.9±3.9 740±76 400±61 

      
Experiment 3      

 Heading Angle (°) Target Error (°) Peak Speed 
(cm/s) 

Reaction Time 
(ms) 

Movement Time 
(ms) 

NoDelay 1.16±2.73 1.13±2.43 34.4±4.34 1382±1080 276±47 

Delay 2.10±1.22 1.81±1.19 36.6±2.42 678±445 270±23 
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