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Abstract 32 

It has become increasingly clear that learning in visuomotor rotation tasks, which induce an 33 

angular mismatch between movements of the hand and visual feedback, largely results from the 34 

combined effort of two distinct processes: implicit motor adaptation and explicit re-aiming. 35 

However, it remains unclear how these two processes work together to produce trial-by-trial 36 

learning. Previous work has found that implicit motor adaptation operates automatically, 37 

regardless of task relevancy, and saturates for large errors. In contrast, little is known about the 38 

automaticity of explicit re-aiming and its sensitivity to error magnitude. Here we sought to 39 

characterize the automaticity and sensitivity function of these two processes to determine how 40 

they work together to facilitate performance in a visuomotor rotation task. We found that implicit 41 

adaptation scales relative to the visual error, but only for small perturbations – replicating prior 42 

work. In contrast, explicit re-aiming scales linearly for all tested perturbation sizes. Furthermore, 43 

the consistency of the perturbation appears to diminish both implicit adaptation and explicit re-44 

aiming, but to different degrees. Whereas implicit adaptation always displayed a response to the 45 

error, explicit re-aiming was only engaged when errors displayed a minimal degree of 46 

consistency. This comports with the idea that implicit adaptation is obligatory and less flexible, 47 

while explicit re-aiming is volitional and flexible.  48 

.CC-BY-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted April 27, 2018. ; https://doi.org/10.1101/308510doi: bioRxiv preprint 

https://doi.org/10.1101/308510
http://creativecommons.org/licenses/by-nd/4.0/


Sensitivity of Explicit Re-Aiming and Implicit Adaptation 

Page 3 of 20 
 

Introduction 49 

 Compensating for movement errors is critical to the motor learning process. Thus, 50 

characterizing the sensitivity of the behavioral response to these errors should reveal fundamental 51 

principles and constraints of the motor system. For over twenty years, the motor control field has 52 

sought to characterize this sensitivity function using system identification techniques borrowed 53 

from engineering. These techniques generally consist of imposing a transient and often varying 54 

perturbation on the system to observe the behavioral response. 55 

 Despite employing this theory-driven and elegant approach, the observed sensitivity 56 

functions have been highly variable and appear to depend on a number of experimental factors. In 57 

a seminal study, Scheidt and colleagues (2001) found that the motor system adapted to transient 58 

and random force perturbations on a trial-by-trial basis in a force-field-adaptation task. This 59 

adaptive response appears to be sensitive to the direction of the perturbation, but insensitive to 60 

both the timing and magnitude (i.e., strength) of the perturbation (Fine and Thoroughman, 2006). 61 

However, if the perturbations are drawn from a non-zero mean distribution (Fine and 62 

Thoroughman, 2007), occur frequently (Fine and Thoroughman, 2007), or are applied in a 63 

consistent fashion (Castro et al., 2014), then the adaptive response becomes more sensitive. 64 

 Similar results have been found in studies of visuomotor rotations: The adaptive response 65 

appears to be highly sensitive to the direction of the rotation, but less sensitive to its magnitude 66 

(Butcher and Taylor, 2018). In fact, the time course of adaptation begins to saturate in response to 67 

rotations greater than ~ 6° (Wei and Kording 2010; Marko et al., 2012; Morehead et al., 2017; Kim 68 

et al., 2018), despite prolonged periods of training with both non-zero mean and consistent 69 

rotational perturbations (Morehead and Smith, 2017). This was made clear by employing a task-70 

irrelevant error clamp task, in which cursor feedback of the supposed hand’s position is 71 

consistently offset from the target path by a fixed angular value regardless of the hand’s true 72 

location (Morehead et al., 2017). Despite the task-irrelevance of this feedback, robust adaptation 73 

is observed even when movement angles are uncorrelated with the angle of the rotational 74 

perturbation.  75 

At first glance, the lack of sensitivity of this adaptive response is puzzling given the variety 76 

of motor behaviors and skills we can employ. However, when subjects have control of the angular 77 

position of the cursor – thus, making it task-relevant – sensitivity is restored (Morehead et al. 78 

2017). This suggests that additional learning processes, such as explicit re-aiming, may play a role 79 
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in making the appropriate behavioral response given the demands of the task (Heuer and Hegele, 80 

2008; Taylor et al., 2014; Bond and Taylor, 2015). Indeed, the varying sensitivity functions 81 

measured in the aforementioned studies vacillated around conditions when the subjects could 82 

potentially affect the outcome in the task. For example, Wei and Körding (2009) used a task in 83 

which visual error changed randomly on every trial. In this situation, aiming anywhere except 84 

straight toward the target would actually be counter-productive. In contrast, the adaptive response 85 

become more proportional when force perturbations have a non-zero mean (Fine and 86 

Thoroughman 2007). Similarly, when force perturbations were made to be more consistent, by 87 

increasing the number of trials in a row for which a particular perturbation is present, the learning 88 

rate increased (Castro et al., 2014).  89 

While we note that there are other substantial differences between these aforementioned 90 

studies, such as rotational versus force perturbations, we hypothesize that controllability over 91 

performance is a critical factor, which, in turn, engages explicit re-aiming to restore performance. 92 

Specifically, we propose that explicit re-aiming may only play a role when the perturbations are 93 

consistent and the visual errors are quite large (and/or implicit adaptation is saturated). Here, in 94 

two experiments, we set out to test these ideas by examining the sensitivity functions of both 95 

explicit re-aiming and implicit adaptation to a range of perturbations that varied in their degree of 96 

consistency.  97 

 98 

Materials and Methods 99 

Participants 100 

Eighty human subjects [57 women, mean age 20.4 (SD 3.24) yrs.] were recruited for 101 

Experiment 1, and 26 subjects [18 women, mean age 19.69 (SD 1.35) yrs.] were recruited for 102 

Experiment 2. The sample size for Experiment 1 was guided by the typical convention of 10-20 103 

subjects per condition (4 conditions) for visuomotor adaptation tasks. The sample size for 104 

Experiment 2 was determined by an a priori power analysis using the slope of explicit re-aiming 105 

sensitivity function from Experiment 1 between the Consistent-2 and Consistent-7 conditions. This 106 

analysis determined that we needed 13 subjects per condition to obtain robust power. All subjects 107 

were drawn from the research participation pool maintained by the Department of Psychology at 108 

Princeton University and received either course credit or monetary compensation for participating. 109 

Subjects were right handed, as verified by the Edinburgh handedness Inventory (Oldfield 1971), 110 
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and self-reported having normal or corrected-to-normal vison. The experimental protocol was 111 

approved by the Princeton University Institutional Review Board and all subjects provided written, 112 

informed consent.  113 

 114 

Apparatus 115 

 Subjects preformed horizontal movements in a center-out reaching task. These movements 116 

were recorded with a digitizing pen and Wacom tablet, with the tablet sampling movement 117 

trajectories at 60 Hz. All stimuli were displayed by a 17-in., Planar touch sensitive monitor with a 118 

refresh rate of 60 Hz and computed by a Dell OptiPlex 7040 machine running Windows 7. The 119 

touch sensitive monitor allowed subjects to report their intended movement by simply tapping on 120 

the screen (Fig. 1; Bond and Taylor, 2017). Visual feedback of the hand was obstructed by the 121 

monitor, which was mounted 25 cm above the tablet. A small circular cursor (0.15-cm radius) 122 

provided feedback information to subjects. The game was controlled by custom software coded in 123 

Matlab Psychtoolbox (The Mathworks, Natick, MA).   124 

 125 
Figure 1. Experimental setup for both experiments. The subject holds a digitizing pen in his right hand, 126 
which is covered by the touch screen. The left hand is used to tap the touch screen on the blue ring to report 127 
aiming location before each trial. After the subject taps on the screen, the blue aiming ring would disappear 128 
and the target would turn green.  129 
 130 

Procedure 131 

 Subjects began each trial with their right hand at the center of the visual workspace. After 132 

holding this position for 500ms, a circular orange target (0.25 cm radius) appeared 7 cm from the 133 

starting position. Appearing along with the target, an “aiming” ring consisting of a blue circle that 134 
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was centered on the starting location and had a radius of 7 cm (Fig. 1). Subjects were instructed to 135 

report their intended aiming location by tapping the aiming ring on the surface of the touch screen 136 

with their left hand. Once a touch was recorded, the target turned from orange to green, the aiming 137 

ring disappeared, and subjects were able to reach with their right hand. If a subject attempted to 138 

reach with their right hand prior to tapping the touchscreen with their left hand, a message 139 

“Remember to report aim” was displayed and the trial was restarted.  140 

Subjects were instructed to make a fast, straight “shooting” movement through the target 141 

with their right hand. They were informed that it was not necessary to stop on the target, but that 142 

they should be careful to move far enough to pass completely through the target. Subjects were 143 

provided with continuous, online feedback of the cursor throughout the movement. Once the 144 

subject’s hand passed 7 cm, endpoint feedback was displayed for 1 s. If the final position of the 145 

cursor overlapped with the target, subjects heard a pleasant “ding” sound; otherwise, they heard 146 

an unpleasant “buzz.” If the time from leaving the start position to reaching out 7 cm exceeded 147 

800 ms, the feedback “too slow” was given (this occurred on approximately 1% of trials, and these 148 

trials were excluded from further analysis). Following feedback presentation, subjects were guided 149 

back to the start position by a white ring that was centered on the starting location and whose 150 

radius represented the distance between subjects’ hand position and the starting location. Veridical 151 

feedback of the cursor was restored once the hand was within 1 cm of the starting position.  152 

We pseudorandomized the target locations across the workspace and across subjects so that 153 

any potential visual or biomechanical biases would average out. On each trial, the target could 154 

appear in one of eight locations on the aiming ring. However, the angular configuration of the 155 

target locations differed across subjects. There were five sets of target configurations, where the 156 

‘first’ target could be located at 0°, 9°, 18°, 24°, or 36° relative to the x-axis and the targets were 157 

always spaced 45° apart. Each subject was exposed to only one configuration of target locations. 158 

To assay the sensitivity function of implicit adaptation and explicit re-aiming, an angular 159 

rotation of ± 0°, 2°, 4°, 8°, and 16° was imposed on the cursor in Experiment 1. These rotation 160 

sizes were chosen to correspond to the set of lateral displacements used in Wei and Körding (2009). 161 

Furthermore, the rotations were counterbalanced such that the mean rotation size over the 162 

experiment was 0°. For experiment 2, a 32° rotation was exchanged for the 2° rotation, such that 163 

the rotational perturbations imposed during the task were ± 0°, 4°, 8°, 16°, and 32°. 164 
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A secondary goal of this experiment was to determine if the sensitivity function changed 165 

based on the consistency of the rotation (i.e., how frequently the rotations changed during training), 166 

which has been reported by prior studies (Fine and Thoroughman, 2007; Castro et al., 2014). To 167 

this end, in Experiment 1 subjects were equally divided into four groups: Consistent-1, Consistent-168 

2, Consistent-3, and Consistent-7. In the Consistent-1 condition, the rotation changed on every 169 

trial, effectively making this an inconsistent condition; though the target location remained the 170 

same for 7 trials. In the Consistent-2, Consistent-3 and Consistent-7 condition, each “mini-block” 171 

consisted of 2, 3 or 7 trials, respectively, where the rotation changed after each mini-block. For 172 

these conditions, the target location also changed at the onset of each mini-block. In all cases, 173 

visual perturbations were pseudo-randomly generated such that no rotation size was immediately 174 

repeated and each rotation size occurred at each target location at least once. Experiment 2 175 

consisted of only the Consistent-2 and Consistent-7 conditions, which had mini-block lengths of 176 

2 and 7 trials, respectively.  177 

The experiments proceeded by first providing veridical feedback for eight familiarization 178 

trials and then pseudo-random visual rotations of the cursor for 504 trials in the Consistent-1 and 179 

Consistent-7 conditions and 432 trials in the Consistent-2 and Consistent-3 condition. The 180 

discrepancy in trial length is the result of complete counter-balancing. The entire experiment took 181 

approximately one hour.  182 

Note, subjects were informed that the mapping between their hand and the cursor may 183 

change during the experiment and that they should tap on the aiming ring where they intend to aim 184 

in order to hit the target. Subjects were not told the nature of the visual perturbation nor when the 185 

visual disturbance would be in effect during the experiment.  186 

 187 

Data and statistical analyses 188 

All data and statistical analyses were performed in Matlab. The digitizing tablet recorded 189 

the trajectory of the right hand and the touchscreen monitor recorded the terminal position of the 190 

location tapped with the left hand. These data were transformed to define heading hand angles and 191 

aiming angles during training as follows: The hand angle trajectories and aiming locations were 192 

transformed from Cartesian to polar coordinates and rotated to a common axis with the convention 193 

that the target was positioned at 0° (directly to the right). As our primary interest concerns only 194 

the feedforward portion of the reach, we focused on the initial heading of the hand angle by 195 
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examining the average angle of the hand between 1 and 3 cm into movement. Aiming angle was 196 

defined as the angle between the target and the tapped location on the touchscreen. Implicit 197 

adaptation was calculated by subtracting the subjects’ aiming angle from their hand angle (Taylor 198 

et al., 2014; Bond and Taylor, 2017). For all measures, positive angles indicate a counterclockwise 199 

deviation from the target. As we have only two measured values, with implicit adaptation being 200 

computed as the subtraction of aiming angle from hand angle, we performed statistical analyses 201 

only on aiming angles and implicit adaptation angles – our primary variables of interest – and we 202 

report hand angles only for completeness.   203 

In the following statistical analyses, unless otherwise specified, only the second trial of 204 

each block was used. This allowed us to control for the confounding additive effects inherent in 205 

having different length mini-blocks for each condition. For predictive purposes, the rotation size 206 

is considered to be the rotation size of the mini-block. Thus, subjects experienced the rotation on 207 

the first trial of the mini-block and we evaluated their response on the next (second) trial. For the 208 

Consistent-1 condition, the rotation size is considered to be the rotation experienced on the 209 

previous trial (n-1, where n is the trial being evaluated).  210 

To quantify the sensitivity function for each consistency condition, we fit separate linear 211 

functions to each subject’s aiming angles and implicit adaptation angles with respect to the rotation 212 

size. A significant slope indicates that the subject changed their behavior in response to the error. 213 

Differences in slopes between consistency conditions were evaluated by submitting the slopes to 214 

a one-way ANOVA; post-hoc t-tests were conducted when appropriate and corrected using the 215 

Bonferroni method. We also sought to determine if the overall slope of the sensitivity function was 216 

similar across rotation sizes. Previous studies have reported that the sensitivity of the response 217 

scales with the rotation size before reaching a saturation point at higher rotation magnitudes (Wei 218 

and Kording 2009; Morehead et al., 2017). To assess this possibility, we adopted the method of 219 

Wei and Kording (2009) where they fit a second linear function to the range from -4 to 4°, which 220 

corresponds to lateral displacement between -2 and 2 cm in their study. The slopes of this second 221 

function and the overall function were compared with a pairwise t-test.  222 

The intercept (or offset) of these functions is of less interest, but significant intercepts could 223 

be viewed as an accumulation of learning throughout training or the development of a more general 224 

bias during training (Ghilardi et al. 1995).  225 

 226 
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Results 227 

Experiment 1 228 

In this experiment, we sought to assess the sensitivity of implicit adaptation and explicit 229 

re-aiming as a function of the magnitude and consistency of rotational perturbations, which ranged 230 

from 0-16° within a subject and changed every 1, 2, 3, or 7 trials across subjects. Subjects 231 

attempted to counteract these perturbations for all consistency conditions, as can be seen by the 232 

change in the angle of the hand in response to the imposed error (Fig. 2A). For the majority of 233 

conditions, these changes in hand angle are the result of the combined output of implicit adaptation 234 

(Fig. 2B) and explicit re-aiming processes (Fig. 2C). To quantify the sensitivity of these processes, 235 

we fit a linear function to each process for each subject over the imposed rotations. For all 236 

consistency conditions, we found that the slope of the sensitivity function was significant for both 237 

implicit adaptation (p < 0.01) and explicit re-aiming (p < 0.001; see Table 1). The intercept of 238 

these linear fits was not different from zero, except in the case of Consisitent-1 which had a small 239 

yet significant positive shift for both implicit adaptation (mean = 0.209°; t(19) = 2.573, p = 0.02) 240 

and explicit re-aiming (mean = 0.29°, t(19) = 3.218, p = 0.005), suggesting that learning largely 241 

did not accumulate throughout the experiment.  242 

243 
Figure 2. Responses to imposed visual perturbations of -16 to 16° for each consistency condition: 244 
Consistent-1 (red), Consisten-2 (green), Consistent-3 (blue), and Consistent (purple). A) Angle of the hand 245 
heading direction. B) Angle of calculated implicit adaptation (hand angle – explicit re-aiming). C) Angle 246 
of explicit re-aiming, which was reported by touching screen with left hand. Shaded regions represent 247 
standard error. 248 

 249 
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 250 
Table 1. Statistics for the slope of the linear fit between imposed rotation and response: implicit adaptation 251 
or explicit re-aiming. The linear equation was fit to the data of each subject.  252 

 253 

Despite finding significant slopes for all the implicit adaptation sensitivity functions, it can 254 

be seen in Figure 2B, that they are do not appear to be perfectly linear: The sensitivity appears to 255 

saturate for large rotations, which has been observed in previous studies (Wei and Kording 2009; 256 

Morehead & Smith 2017). To determine if implicit adaptation sensitivity is better described as a 257 

piecewise function, we followed the method of Wei and Kording (2009) to compare the slope for 258 

small rotations versus the overall function. We find that these slopes are different for the 259 

Consistent-1 (t(19) = 2.971, p = 0.008), Consistent-2 (t(19) = 3.227, p = 0.004), and Consistent-3 260 

conditions (t(19) = 2.941, p = 0.008). Note, the Consistent-1 condition is nearly identical to the 261 

study by Wei and Kording (2009), replicating their findings. However, the slopes were not 262 

different for the Consistent-7 condition. Given the visual similarity in the functions between 263 

consistency conditions, we suspect that this is likely attributable to noise – an issue we will address 264 

in Experiment 2. We performed the same comparisons between slopes within each consistency 265 

condition for explicit re-aiming and found no significant differences (all ps > 0.05), although it 266 

appears that there may be differences in the slopes between consistency conditions.  267 

To determine if there were significant differences in the slope of the sensitivity function 268 

between consistency conditions, we submitted the slopes for both implicit adaptation and explicit 269 

re-aiming to separate one-way ANOVAs. For implicit adaptation, while we find a significant 270 

difference between conditions (F(3) = 3.55, p-value = 0.02), this effect is driven by the difference 271 

between the Consistent-1 condition and all other conditions: Consistent-2 (t(38) = 2.958, p-value 272 

Mean Confidence inverval Mean r-value Percent of p-values < 0.05
Consistent 1 -0.192 -0.214 to -0.170 0.894 95.0%
Consistent 2 -0.298 -0.365 to -0.231 0.824 90.0%
Consistent 3 -0.335 -0.423 to -0.248 0.869 95.0%
Consistent 7 -0.300 -0.363 to -0.237 0.789 80.0%

Mean Confidence inverval Mean r-value Percent of p-values < 0.05
Consistent 1 -0.028 -0.045 to -0.012 0.488 25.0%
Consistent 2 -0.374 -0.508 to -0.240 0.794 75.0%
Consistent 3 -0.230 -0.352 to -0.108 0.702 60.0%
Consistent 7 -0.152 -0.232 to -0.071 0.651 55.0%

Implicit Adaptation - Slope of Linear Fit

Explicit Re-Aiming - Slope of Linear Fit
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= 0.005), Consistent-3 (t(38) = 3.099, p-value = 0.003), Consistent-7 (t(38) = 3.166, p-value = 273 

0.003). This suggests an overall reduction in the sensitivity of implicit adaptation when there is no 274 

consistency in error (Fig. 2B). Explicit re-aiming also differs with consistency (F(3) = 8.15, p < 275 

0.001). Interestingly, post-hoc t-tests reveal that increasing the consistency by a single trial 276 

radically increases the sensitivity, compare Consistent-1 and Consistent-2 conditions (t(38) = 5.02, 277 

p < 0.001,  Fig. 2C). However, as the consistency is further increased the sensitivity function tends 278 

to decrease, comparing Consistent-2 with Consistent-3 (t(38) = 1.561, p = 0.13), Consistent-2 with 279 

Consistent-7 (t(38) = 2.789, p = 0.008), and Consistent-3 with Consistent-7 (t(38) = 1.05, p = 0.30, 280 

Fig. 2C). 281 

We compared the slope of implicit adaptation and explicit re-aiming within each condition 282 

to determine if one was more sensitive to the imposed perturbation. Implicit adaptation was 283 

significantly more sensitive to perturbation size than explicit re-aiming in the Consistent-1 284 

condition (t(19) = 11.620, p < 0.001) and in the Consistent-7 condition (t(19) = 2.433, p = 0.02). 285 

Greater sensitivity of implicit adaptation over explicit re-aiming in the Consistent-1 condition 286 

suggests that explicit re-aiming can be “turned off” when it is not useful, while implicit adaptation 287 

proceeds regardless. There was no difference in the slopes of implicit adaptation and explicit re-288 

aiming in the Consistent-2 (t(19) = 0.810, p = 0.43) and Consistent-3 conditions (t(19) = 1.078, p 289 

= 0.30). The relative magnitude of explicit re-aiming and implicit adaptation are generally 290 

equivalent when learning is useful to task performance.  291 

 It is worth noting that our analysis of sensitivity focused only on the changes in behavior 292 

following the first experience with a new rotation in a mini-block. For the Consistent-2, -3, and -293 

7 conditions, the same rotational perturbation continued for additional trials. Thus, somewhat 294 

trivially, subjects could continue to implicitly adapt and explicitly re-aim. This is apparent in 295 

Figure 3, although the response appears to negatively accelerate with continued training in the 296 

mini-block, which is likely attributable to progressively decreasing visual errors. Consequently, 297 

these trials become increasingly contaminated by prior performance and thus provide an impure 298 

measure of the error sensitivity function. Therefore, we limited our error sensitivity function 299 

estimations to only the second trial of the mini-block.  300 
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 301 
Figure 3. Time course of A) implicit adaptation and B) explicit re-aiming throughout each mini-block. Each 302 
mini-block is the average of the trials in a row for which each rotation size was consistent (2 trials for 303 
Consistent-2, 3 trials for Consistent-3, 7 trials for Consistent-7). Shaded regions represent standard error.  304 

 305 

Although not considered in our statistical analyses, Figure 3A does highlight the degree of 306 

sensitivity that implicit adaptation shows for rotation magnitude. This can be seen in the separation 307 

of the time course for each rotation magnitude. There is even clear differentiation between 308 

rotations as close as 2° and 4° (Kim et al., 2018). Re-aiming, however, does not show as clean a 309 

separation (Fig. 3B). 310 

 Next, we were interested in determining if the change in explicit re-aiming sensitivity as 311 

a function of consistency was due to a fundamental feature of the learning process or as a result of 312 

a statistical property of the training environment. One possible explanation is that explicit re-313 

aiming is actually sensitive to the magnitude of changes in apparent visual error between trials. 314 

For example, in the Consistent-7 condition, visual error was progressively smaller within a mini-315 

block, but quite large in-between mini-blocks. In contrast, in the Consistent-1 condition, every trial 316 

was effectively in-between mini-blocks and, thus, larger visual errors were experienced more 317 

frequently. Indeed, the cumulative distribution of visual errors (CDF) varied significantly by 318 

condition for both means (F(3) = 87.98, p < 0.001) and standard deviations (F(3) = 8.11, p < 0.001, 319 

Fig. 4B). Most notably, the mean of the CDF for Consistent-2 is larger than the means the of 320 

Consistent-3 (t(38) = 3.032, p = 0.004) and Consistent-7 (t(38) = 10.2, p < 0.001). The standard 321 

deviation of the CDF for Consistent-2 condition was also larger than that of Consistent-3 (t(38) = 322 
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2.251, p = 0.03), and Consistent-7 (t(38) = 3.348, p = 0.002). These cumulative distributions 323 

suggest that decreasing the consistency of the perturbation increased the average change in visual 324 

error. This may account for the increase in the magnitude of the aiming response, with the caveat 325 

that this relationship breaks-down when the visual error is completely unpredictable. It should be 326 

noted that we cannot produce a causal claim with this experimental setup as changes in visual error 327 

are by definition influenced by aiming behavior.  328 

 329 
Figure 4. Empirical cumulative distribution function for A) imposed rotation magnitude and B) visual error 330 
magnitude. The imposed rotations are jittered for clarity.  331 
 332 

 In sum, we found that error sensitivity of implicit adaptation was largely invariant across 333 

consistency conditions. These findings are consistent with previous studies employing procedures 334 

to isolate implicit adaptation, although using prolonged block designs (Bond and Taylor, 2015; 335 

Morehead et al., 2017). Furthermore, we found that sensitivity functions for three out of the four 336 

consistency conditions tended to saturate for implicit adaptation, which is largely consistent with 337 

results from previous studies (Wei and Kording 2009; Morehead et al., 2017; Kim et al., 2018). 338 

However, the sensitivity function for implicit adaptation at the most consistent condition did not 339 

significantly saturate. In contrast, the sensitivity of explicit re-aiming changed as a function of 340 

consistency but showed linearity as a function of rotation size. To clarify these issues, we 341 

conducted a follow-up study (Experiment 2) to both replicate our central findings and extend them 342 

by including larger rotation sizes. Here we limited the study to two consistency conditions: 343 

Consistent-2 and Consistent-7.  344 

 345 
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Experiment 2 Results 346 

Similar to Experiment 1, implicit adaptation and explicit re-aiming were sensitive to the 347 

rotational perturbations for both consistency conditions. The average slope of implicit adaptation 348 

was significant for the Consistent 2 (t(12) = 7.389, p < 0.001) and Consistent-7 (t(12) = 3.827, p = 349 

0.002) conditions (Fig. 5 and Table 2). Likewise, the slopes were significant for explicit re-aiming 350 

in the Consistent-2 (t(12) = 6.907, p < 0.001) and Consistent-7 conditions (t(12) = 3.685, p = 351 

0.003). This replicates the sensitivity of implicit adaptation and explicit re-aiming to rotation size 352 

from the first experiment.  353 

354 
Figure 5. Responses to imposed visual perturbations of -32 to 32°. A) Angle of the hand heading direction. 355 
B) Angle of calculated implicit adaptation (hand angle – explicit re-aiming). C) Angle of explicit re-aiming. 356 
Shaded regions represent standard error. 357 

 358 
Table 2. Statistics for the slope of the linear fit between imposed rotation and response: implicit adaptation 359 
or explicit re-aiming. The linear equation was fit to the data of each subject.  360 

 361 

Unlike in Experiment 1, the intercepts of the linear fits to implicit adaptation were 362 

significantly larger than zero for both Consistent-2 and Consistent-7 conditions, although quite 363 

small (mean = 1.436° and 1.552° respectively). The intercept of the linear fits to explicit re-aiming 364 

Mean Confidence inverval Mean r-value Percent of p-values < 0.05
Consistent 2 -0.176 -0.223 to -0.129 0.782 84.6%
Consistent 7 -0.196 -0.296 to -0.096 0.750 61.5%

Mean Confidence inverval Mean r-value Percent of p-values < 0.05
Consistent 2 -0.451 -0.579 to -0.323 0.910 92.3%
Consistent 7 -0.310 -0.475 to -0.145 0.692 69.2%

Implicit Adaptation - Slope of Linear Fit

Explicit Re-Aiming - Slope of Linear Fit
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were significantly below zero for the Consistent-2 condition (mean = -1.342˚, t(12) = 2.881, p = 365 

0.01) but not the Consistent-7 condition. These results suggest that the accumulation of learning 366 

or a bias did not strongly develop over training.  367 

The non-linearity of implicit adaptation replicated in the Consistent-2 condition. Non-368 

linearity was found when comparing the average slope between rotations of ±4° and the full range 369 

(±32°; t(12) = 3.124, p = 0.008), as well as when comparing between ±8° and the full range (t(12) 370 

= 3.886, p = 0.002). As in Experiment 1, the Consistent-7 condition did not show this effect for 371 

the comparison of the partial range ±4° to the full range (t(12) = 1.815, p = 0.09). However, the 372 

range from ±8° did have a significantly different average slope from the full range (t(12) = 3.878, 373 

p = 0.002). The same tests performed on explicit re-aiming produced no significant results, 374 

consistent with the findings from Experiment 1: Implicit adaptation shows a strong tendency to 375 

saturate at relatively larger perturbation sizes, while explicit re-aiming continues to contribute 376 

proportionately to learning throughout the whole range.  377 

To compare sensitivity as a function of consistency, we submitted the slopes of implicit 378 

adaptation and explicit re-aiming to separate two-sample t-tests. As in Experiment 1, we found 379 

that the sensitivity of implicit adaptation did not change as a function of consistency (t(24) = 0.350, 380 

p = 0.73). Unlike Experiment 1, however, explicit re-aiming behavior between Consistent-2 and 381 

Consistent-7 was not significant (t(24) = 1.327, p = 0.20). This suggests that the subtle scaling of 382 

sensitivity of implicit adaptation and explicit re-aiming as a function of consistency, which we 383 

observed in Experiment 1, is not a robust effect. 384 

A within-condition comparison between implicit adaptation and re-aiming showed that 385 

explicit re-aiming was more sensitive to these large perturbations than was implicit adaptation in 386 

the Consisitent-2 condition (t(12) = 3.844, p = 0.002). However, this did not hold for the 387 

Consistent-7 condition (t(12) = 0.932, p = 0.37).  As in the first experiment, we do not see a reliable 388 

pattern indicating that implicit adaptation is more or less sensitive than explicit re-aiming when 389 

adaptive learning is relevant to task performance.  390 
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 391 
Figure 6. Time course of A) implicit adaptation and B) explicit re-aiming throughout each mini-block. 392 
Shaded regions represent standard error.  393 

 394 

Finally, in Figure 6A we can see that implicit adaptation saturates to the larger perturbation 395 

sizes used in this experiment. This is in stark contrast to what was seen for the smaller perturbations 396 

in the previous experiment (Fig. 3A). Explicit re-aiming, on the other hand, does not saturate and 397 

shows a clean differentiation in the time courses for large perturbation sizes (Fig. 6B). 398 
 399 

Discussion  400 

 To determine the sensitivity function of implicit adaptation and explicit re-aiming we 401 

probed the motor system with small visual perturbations. In addition, we investigated the impact 402 

of error consistency on the aforementioned sensitivity of implicit and explicit processes by 403 

manipulating the number of trials in a row for which the perturbation was consistent. In two 404 

experiments, we perturbed visual feedback during center-out reaching movements. Both explicit 405 

re-aiming and implicit adaptation are sensitive to and respond differentially depending on the size 406 

the visual errors. By varying the consistency of the perturbation, we found that the sensitivity of 407 

implicit adaptation to small visual errors is impeded when the environment is completely 408 

unpredictable but stereotyped over all other levels of consistency. Likewise, the sensitivity of 409 

explicit re-aiming was practically null when the environment was inconsistent but stabilized with 410 

increased consistency in the perturbations. These results suggest that both implicit adaptation and 411 

explicit re-aiming are sensitive to very small perturbations, although implicit adaptation saturates 412 
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for larger perturbations, and only minimal consistency of the perturbations is needed to stabilize 413 

these sensitivity functions.  414 

Implicit adaptation was most sensitive to changes in error at very small error magnitudes 415 

and saturated between eight and sixteen degrees, in keeping with previous results (Wei and 416 

Kording 2009, Marko et al., 2012; Morehead et al., 2017; Kim et al., 2018). This non-linearity of 417 

implicit adaptation largely replicated across both experiments in most consistency conditions, with 418 

the only exception being the Consistent-7 condition. We suspect that the failure of this condition 419 

to replicate is likely the result of sampling error, as the general shape of its sensitivity curve is 420 

similar to those of the other conditions. Unlike implicit adaptation, explicit re-aiming showed 421 

greater sensitivity to large errors and produced a smaller differential response to changes in small 422 

errors (<8 deg.). These findings are consistent with previous studies suggesting that implicit 423 

adaptation is much more rigid than explicit re-aiming (Bond and Taylor 2015, 2017). 424 

We hypothesized that previous accounts of environmental consistency influencing motor 425 

learning could be fully attributable to explicit processes. However, we found that implicit 426 

adaptation was also affected by consistency. Changing error magnitude on every trial produces 427 

less implicit adaptation than when there is some consistency to allow for predictive responses. This 428 

suggests that there is a minimum amount of error consistency necessary to achieve the full possible 429 

amount of implicit adaptation. Once this minimum consistency requirement is met, however, 430 

additional consistency does not produce greater adaptation. This finding modifies previous work 431 

suggesting that implicit adaptation is extremely stereotyped and insensitive to environmental 432 

features or task demands (Morehead et al., 2017).  433 

Consistency was important to the magnitude of the re-aiming response. Moving from no 434 

error consistency to two trials in a row with the same error magnitude produced a sharp increase 435 

in explicit re-aiming. Surprisingly, further increases in error consistency decreased this response, 436 

as found in Experiment 1 (a similar trend was seen in Experiment 2). We believe that this reduction 437 

in sensitivity with increasing error consistency is the result of the statistical properties of our task: 438 

While the mean of the errors and the mean change in error from one trial to the next was zero for 439 

all conditions, the relative size of the change in error was larger for conditions with lower 440 

environmental consistency (see Fig. 4). This resulted in more circumstances where the error 441 

magnitude was very high in conditions with low error consistency as compared to those with high 442 

error consistency. Assuming, as previously argued, that the explicit re-aiming is more engaged 443 
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when performance suddenly changes this would explain the modest increase in explicit re-aiming 444 

in low-consistency conditions.  445 

Although not tested in these experiments, the sensitivity function of explicit re-aiming may 446 

be related to possible reward in the environment. Recent work has shown that explicit re-aiming 447 

is sensitive to bivalent feedback (Holland et al., 2018). One reason that explicit re-aiming is 448 

seemingly not sensitive to very small perturbations could be that the system categorizes these 449 

errors as “close enough” and treats them as correct (i.e. within the subject’s natural motor noise), 450 

allowing implicit adaptation to “clean up” the residual error. Under this framework, explicit re-451 

aiming would be expected to begin making adjustments when movement is perceived to be 452 

sufficiently off-target. This phenomenon would likely be different across individuals and contexts.   453 

The trade-off between implicit adaptation, which is most sensitive at small error sizes, and 454 

explicit re-aiming, which is most sensitive to large errors, suggest that the two may be 455 

fundamentally linked. Particularly, implicit adaptation allows for small updates to the internal 456 

model, necessary to avoid accumulation of small errors and to avoid drift in the system, while the 457 

explicit system can take over for fast learning of large perturbations. Whereas slow, gradual 458 

adaptation is sufficient for most learned tasks, sometimes a leap in learning is necessary to 459 

accommodate a radical environmental change. Whether implicit adaptation and explicit re-aiming 460 

are independent of one another, or if one relies on feedback from the other to successfully function, 461 

is an important question for future research.  462 

Given mounting evidence, in this paper and others, that implicit adaptation saturates around 463 

the point at which explicit re-aiming is most sensitive suggests that the main function of implicit 464 

adaptation is calibrating to small errors. How then can we accomplish the full remapping necessary 465 

for skill learning? This re-mapping has been experimentally shown to be possible: Long-term 466 

adaptation studies conducted with subjects practicing throwing movements while wearing prism 467 

goggles showed that after weeks of practice subjects are able to make similarly precise movements 468 

immediately after donning the disrupting prism goggles as when they are not wearing them (Martin 469 

et al. 1996). One possibility is that implicit adaptation does eventually constitute the fully 470 

remapped motor behavior, but that this process proceeds on a far longer time-scale than usually 471 

studied in visuomotor adaptation experiments. However, recent work examining the time series of 472 

implicit adaptation under error-clamp conditions does not show the continuous, if slow, rise 473 

expected if implicit adaptation were to be eventually fully responsible for learning (Morehead et 474 

.CC-BY-ND 4.0 International licensea
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under 

The copyright holder for this preprint (which was notthis version posted April 27, 2018. ; https://doi.org/10.1101/308510doi: bioRxiv preprint 

https://doi.org/10.1101/308510
http://creativecommons.org/licenses/by-nd/4.0/


Sensitivity of Explicit Re-Aiming and Implicit Adaptation 

Page 19 of 20 
 

al., 2017).  An extended, multi-day examination of explicit and implicit processes may provide 475 

insight into this open question.  476 

 477 
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