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Abstract (250 words) 25 

Motor exploration, a trial-and-error process in search for better motor outcomes, is known to serve a 26 

critical role in motor learning. This is particularly relevant during reinforcement learning where actions 27 

leading to a successful outcome are reinforced while unsuccessful actions are avoided. Although early 28 

on motor exploration is beneficial to find the correct solution, maintaining high levels of exploration 29 

later in the learning process might be deleterious. Whether and how the level of exploration changes 30 

over the course of reinforcement learning, however, remains poorly understood. Here, we evaluated 31 

temporal changes in motor exploration while healthy participants learned a reinforcement-based motor 32 

task. We defined exploration as the magnitude of trial-to-trial change in movements as a function of 33 

whether the preceding trial resulted in success or failure. Participants were required to find the optimal 34 

finger-pointing direction using binary feedback of success or failure. We found that the magnitude of 35 

exploration gradually increased over time when learning the task. Conversely, exploration remained low 36 

in participants who were unable to correctly adjust their pointing direction. Interestingly, exploration 37 

remained elevated when participants underwent a second training session, which was associated with 38 

faster relearning. These results indicate that the motor system may flexibly upregulate the extent of 39 

exploration during reinforcement learning as if acquiring a specific strategy to facilitate subsequent 40 

learning. Also, our findings showed that exploration affects reinforcement learning and vice versa, 41 

indicating an interactive relationship between them. Reinforcement-based tasks could be used as primers 42 

to increase exploratory behavior leading to more efficient subsequent learning. 43 

 44 

New & Noteworthy (75 words) 45 

Motor exploration, the ability to search for the correct actions, is critical to learning motor skills. Despite 46 

it, whether and how the level of exploration changes over the course of training remains poorly 47 

understood. We showed that exploration increased and remained high throughout training of a 48 

reinforcement-based motor task. Interestingly, elevated exploration persisted and facilitated subsequent 49 

learning. These results suggest that the motor system upregulates exploration as if learning a strategy to 50 

facilitate subsequent learning. 51 

 52 

Key words: Motor exploration, Trial-and-error, Reinforcement learning, Savings, Meta-learning53 
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Introduction 54 

When learning new motor behaviors, such as when trying a new sport or relearning daily activities after 55 

neurological injury, trial-and-error plays a pivotal role. This process, known as motor exploration, helps 56 

the motor system to identify the consequences of various actions and update their values based on each 57 

movement outcome. This, in turn, allows the person to regulate the expression of the probed actions 58 

(Dhawale et al. 2017). Motor exploration has been linked to reinforcement learning (Dhawale et al. 59 

2017), where actions leading to favorable outcomes (i.e., reward) are reinforced and become more 60 

frequently expressed, while those resulting in unfavorable outcomes are avoided (Sutton and Barto 61 

1998). 62 

 Previous animal and human studies have investigated the impact of motor exploration on motor 63 

learning outcomes. Courtship vocalization studies in songbirds indicate that rendition-to-rendition 64 

variability in the pitch of their vocalizations, thought to partly serve as motor exploration, supports 65 

continuous learning and further optimization of vocalization performance (Fiete et al. 2007; Tumer and 66 

Brainard 2007). Similarly, human behavioral studies demonstrated that the magnitude of movement 67 

variability or motor exploration is associated with learning rate in a reinforcement-based arm-reaching 68 

task that required movement modification toward an optimal pattern (Chen et al. 2017; Therrien et al. 69 

2016; Wu et al. 2014). 70 

 While exploration is critical for reinforcement learning, it is not completely understood whether 71 

and how the amount of motor exploration changes over the course of reinforcement learning. Learning-72 

related modification in motor exploration and its underlying neural circuit mechanisms were 73 

investigated in songbirds studies. Here, as learning proceeds exploratory variability in song production 74 

decreases, a change associated to shifts in the control of motor program away from the forebrain to 75 

descending motor pathways for vocal control (Aronov et al., 2008) via synaptic reorganization (Garst-76 

Orozco et al., 2014). Much less is known, however, about the interactions between exploration and 77 

reinforcement learning in humans. Considering the contribution of exploration on reinforcement 78 

learning, it is conceivable that the amount of exploratory behavior is elevated in the early stages of 79 

learning when action values are still unknown, but then reduces as one finds a motor pattern that more 80 

reliably leads to reward (i.e., optimal motor solution). Alternatively, it is possible that the amount of 81 

motor exploration remains elevated throughout training. This could occur if the motor system learns not 82 

only the specific task but also acquires knowledge to be exploratory, allowing it to quickly find an 83 

optimal solution when exposed to similar conditions in the future (e.g., learning-to-learn, (Braun et al. 84 
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2009; Braun et al. 2010; Krakauer and Mazzoni 2011). 85 

 In the present study, we investigated temporal changes in the amount of motor exploration while 86 

healthy participants trained on a goal-directed finger-pointing task. The task was designed to follow a 87 

reinforcement learning paradigm in which participants were required to adjust their pointing movement 88 

in a trial-by-trial manner toward a predetermined target direction (unbeknown to participants) relying 89 

solely on binary feedback about performance outcome (Izawa and Shadmehr 2011; Pekny et al. 2015; 90 

Therrien et al. 2016; Uehara et al. 2018). We defined exploration as the magnitude of trial-to-trial 91 

change in movement direction as a function of whether the preceding trial resulted in success or failure. 92 

We first studied whether and how the magnitude of motor exploration changes over the course of 93 

training on the task (Experiment 1). Secondly, we assessed the impact that modulation of motor 94 

exploration may have on subsequent training on the same task (Experiment 2) or on a task that required 95 

a different motor solution (Experiment 3). Finally, we reassessed how the magnitude of motor 96 

exploration changes over the course of longer task training (Experiment 4). 97 

 98 

Materials and Methods 99 

Participants 100 

The study was approved by the Johns Hopkins University School of Medicine Institutional Review 101 

Board and was in accordance with the Declaration of Helsinki. A total of 59 healthy participants (25.6 ± 102 

6.3 years, including 35 females, 53 right-handers (self-reported), means ± standard of deviation (SD)) 103 

were recruited for the study. All individuals were naïve to the purpose of the study. They provided 104 

written informed consent before participating in the study. None of the participants had a history of 105 

neurological disease and/or psychological disorders. 106 

 107 

Finger-pointing task 108 

Participants performed a center-out finger-pointing task, moving a visually displayed cursor from a 109 

central starting location through a target in a shooting movement (Fig. 1a). Participants sat 110 

approximately 45 cm in front of a vertical computer monitor (1280 × 1024-pixel resolution). They were 111 

instructed to move a digitizing stylus attached on the ventral surface of their index finger on the 112 

dominant hand over a horizontal digitizing tablet (48.8 × 30.5 cm active area, Intuos4 XL; Wacom, 113 

Saitama, Japan) located on a table. Thus, participants mainly moved the metacarpophalangeal joint of 114 

the index finger to control the stylus movement. To facilitate the motions while relaxing the hand, we 115 
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asked participants to rest their forearm on an arm support sling that allowed free movements of the arm 116 

while eliminating the need for gravitational support. The tablet and participants’ forearm were covered 117 

by a box to prevent participants from directly looking at their hand while performing the task. The 118 

position of the stylus, sampled at 60 Hz through a custom MATLAB program (R2015b; MathWorks, 119 

MA, USA), corresponded to the position of a yellow 1.5-mm-diameter cursor displayed on a black 120 

screen such that moving the stylus forward moved the cursor upward. The mapping between the stylus 121 

and the displayed cursor displacement (mm) was set as 1:2. 122 

In the task, participants attempted to rapidly move the displayed cursor from a white 3-mm-123 

square starting position centered in the middle of the screen toward a white 16-mm-diameter target in a 124 

straight line with no corrections (Fig. 1b). The visible target was always displayed at 90°, 10 cm 125 

superior to the starting position. The trials began when the cursor was held in the starting position for 126 

500 ms, leading to the appearance of the target on the screen. Upon presentation of the target, 127 

participants started to move their finger so that the cursor crossed through the target. However, the 128 

cursor disappeared immediately after participants moved out of the starting position (> 0.3 mm). In other 129 

words, participants did not receive online cursor feedback. Instead, reinforcing binary color feedback 130 

(green: success, red: failure) was presented to participants at the moment when the invisible cursor 131 

passed through the 10-cm radius boundary circle centered around the starting position (i.e. the 132 

movement endpoint). The target’s color turned green if the endpoint was within an invisible “success 133 

range” (e.g., between the target’s bounds) or red if it missed the range. If a participant’s movement was 134 

too fast (< 100 ms) or too slow (> 300 ms), a high- or low pitched auditory tone was provided. Thus, the 135 

task was designed so that the movements were not ballistic, but constrained to be executed within a 136 

predefined time period. We verbally instructed participants to prioritize task success and then, if possible, 137 

to complete the movement in the allowed time window (Table 1). After each trial, participants moved 138 

back to the starting position guided by a yellow ring that indicated the distance of the current cursor 139 

position from the central starting position. When the invisible cursor was within 1.25 cm from the 140 

central starting position, the ring was transformed into the visible cursor. 141 

 142 

Experimental procedure 143 

Experiment 1 144 

We examined whether and how the magnitude of motor exploration changed during training on the 145 

reinforcement-based learning task. Twenty participants (25.1 ± 5.7 years; including 14 females) 146 
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performed the finger-pointing task in two consecutive blocks (Fig. 1c). The first block started with a 40 147 

trial (one epoch) “baseline” phase (Base1) in which the invisible success range was kept constant 148 

between the visible target’s bounds (90° ± 4.5° on the screen). This was followed by a 320 trial (40 trials 149 

× eight epochs) “perturbation” phase (Perturb1) where the success range was gradually perturbed from 150 

the original range, unbeknown to participants. This was intended to have participants gradually learn a 151 

new pointing direction toward a predetermined target angle, set at 110° on the screen (20° counter-152 

clockwise rotation from the visible target) through a trial-and-error process (Therrien et al. 2016; Uehara 153 

et al. 2018). For this purpose, the left bound of the success range was rotated to 114.5°, whereas the 154 

right bound gradually shifted in a trial-by-trial manner according to a moving average of 10 previous 155 

pointing directions (i.e., in a “closed-loop” reinforcement schedule). Therefore, to obtain positive 156 

feedback, participants were basically required to adjust their pointing direction toward counter-157 

clockwise rotation beyond the average of their last 10 trials. When the moving average of 10 last trials 158 

fell within the range of 105.5° and 114.5° (the target angle ± 4.5°), this range became the success range 159 

so that pointing direction could stay around the target angle. If the moving average exceeded 114.5°, the 160 

success range was set between 105.5° and the angle of the moving average to lead pointing direction 161 

back to the target angle.  162 

After taking a few minutes break, the participants proceeded to the second block consisting of a 163 

100 trial “post-perturbation” phase (Post). During this phase, the target always turned black irrespective 164 

of pointing angles (i.e., no-feedback trials). Before starting the Post phase, we displayed written 165 

instructions to participants to repeat the same movements as previously done to make the target green. 166 

We implemented these trials to investigate whether adjusted pointing movements continued under the 167 

condition where no factor encouraging further motor adjustments was presented. To ensure participants 168 

maintain their motivation, we presented the percentage of successful trials on the screen at the end of the 169 

first block.   170 

 Note that the perturbed direction during the Perturb1 phase was set opposite for left-handers, 171 

guiding their pointing direction converged around 70° on the screen (20° clockwise rotation from the 172 

visible target). For simplicity’s sake, all other protocols are presented and illustrated in a setting for right 173 

hand dominant individuals. 174 

 175 

Experiment 2 176 
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Results in Experiment 1 showed that the magnitude of motor exploration was elevated and remained 177 

high throughout the Perturb1 phase. One possible explanation for this finding is that elevated 178 

exploration may persist in order to improve the efficiency of learning during subsequent exposures to 179 

the same training situation. To test this assumption, we recruited 15 new participants (27.3 ± 6.4 years; 180 

including 10 females) and asked them to perform the task in three consecutive task blocks (Fig. 1d). The 181 

first block was composed of the 40 trial Base1 phase and the 320 trial Perturb1 phase as in Experiment 1. 182 

In the second block, the 100 trial Post phase occurred first then followed by a 100 trial “washout” phase 183 

(Wash). During the Wash phase, the reinforcing binary feedback was presented again so that the 184 

participants were able to gradually get their pointing direction back to the baseline level (towards the 185 

visible target) under the same learning context as in the Perturb1 phase. For this purpose, the target 186 

angle was set at 90° and the success range was adjusted in a trial-by-trial manner on the basis of the 187 

closed-loop reinforcement schedule. The third block was composed of a 40 trial second baseline phase 188 

(Base2) and a 320 trial second perturbation phase (Perturb2). The perturbation rule for this block was in 189 

line with that implemented in the first block. The percentage of successful trials was presented to the 190 

participants at the end of each block. A few minutes of breaks were inserted between the blocks. 191 

 192 

Experiment 3 193 

Results in Experiment 2 showed that participants were able to relearn the same task more quickly in the 194 

second training session, in association with increased exploration from the beginning of the second 195 

exposure. It is possible, however, that the rapid relearning was not due to increased exploration, but 196 

rather to the presence of a directional bias toward the same rotation direction needed in the second 197 

training session. Indeed, previous studies suggested that directional bias in movement and/or in cortical 198 

motor representation can be formed via repetition of successful movements (Diedrichsen et al. 2010; 199 

Huang et al. 2011; Mawase et al. 2017; Verstynen and Sabes 2011). To rule out this confounder, we 200 

performed an additional experiment in which participants were required to adjust their pointing 201 

movement during the second training session in the opposite direction to that made in the first training. 202 

We recruited a new group of 14 participants (27.8 ± 7.8 years; including eight females) and asked them 203 

to perform a task in three consecutive blocks (Fig. 1e). The task setting in the first two blocks was 204 

exactly the same as in Experiment 2. The only difference in this experiment was in the third block where 205 

the target angle was set at 70° on the screen (20° clockwise rotation from the visible target) during the 206 

Perturb2 phase. 207 
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 208 

Experiment 4 209 

In the previous three experiments, we found that the magnitude of motor exploration was gradually 210 

elevated and stayed high throughout the first training. Thus, we asked whether the increased exploratory 211 

behavior changes when participants repeat the same tasks for longer periods of time. To investigate this, 212 

we recruited a new group of 10 participants (21 ± 0.0 years; including 3 females) and asked them to 213 

perform the same task as in Experiment 1, but with a double number of trials (Fig.1f). The first block 214 

was composed of the 40 trial Base1 phase, followed by the 320 trial Perturb1 phase, and then the second 215 

block of another 320 trial Perturb2 phase. The participants were allowed to have 2-3 minutes break 216 

between the blocks to prevent fatigue effects. 217 

 218 

Data analysis  219 

Task performance 220 

Task performance was quantified using pointing angle (PA), the angle between the line connecting the 221 

starting position to the center of the visible target and the line connecting the starting position to the 222 

endpoint. To analyze right- and left-handed dominances together, we flipped the left-handed data to 223 

correspond to right-handed participants. We excluded trials in which pointing angle exceeded |60 °| as 224 

outliers (< 0.5 % of trials among all the participants). To quantify learning rate during training sessions, 225 

we measured “initial deviation” in pointing angle as follows: Initial deviation (ID) = PA −226 PA , where PA  represents the mean pointing angle of the first epoch in the perturbation phases 227 

(trials 41-80) and PA  represents the mean pointing angle in the preceding baseline phase (trials 1-228 

40). Only for data in Experiment 3, we flipped the sign of the individual initial deviation from the 229 

second training session to match that of the first training session. We also assessed the training-related 230 

performance in terms of the mean percentage of successful trials for each of 40-trial epochs on which 231 

binary feedback was presented. 232 

 233 

Motor exploration 234 

For participants to learn the task they needed to actively explore new possible movement directions.  235 

Especially when the previous trial resulted in a negative outcome, they needed to change movements in 236 

search for a better pointing direction that more reliably led to a positive outcome. Therefore, we defined 237 

the magnitude of trial-to-trial change in pointing angle after failed trials as a measure of the amount of 238 
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motor exploration (Pekny et al. 2015; Sidarta et al. 2016). In addition, since we wanted to capture the 239 

true magnitude changes of the movement deviation regardless of direction, we computed the unsigned 240 

magnitude of pointing angle changes (|∆PA|) from trial n to trial n + 1 contingent upon trial n being 241 

success (S = 1) or failure (S = 0). We then calculated the mean of |∆PA| after successful or after failed 242 

trials respectively for each of 40-trial epochs to track changes in the amount of motor exploration over 243 

the course of task training. 244 

 245 

Statistical analysis 246 

To test whether and how the magnitude of motor exploration changes during task training, we performed 247 

a repeated-measures analysis of variance (RMANOVA) to |∆PA| across epochs during the perturbation 248 

phases. For Experiment 1, a two-way RMANOVA was performed with a within-participant factor of 249 

OUTCOME (success, failure) and EPOCH (8 epochs). For Experiment 2 and 3, a three-way RMANOVA 250 

was performed with a within-participant factor of OUTCOME, EPOCH, and SESSION (first and second 251 

training sessions).  252 

 Only for Experiment 2 and 3, we separately performed a paired-t test between |∆PA| of the first 253 

epoch in the Perturb1 and that in the Perturb2 to evaluate a priori hypothesis that exploratory behavior 254 

would be greater from the beginning of the second than the first training session. A paired-t test was also 255 

used to compare initial deviation (ID) in pointing angle (a proxy for learning rate) between the first and 256 

the second training sessions. To assess the relationship between the amount of exploration at the 257 

beginning of task training and learning rate, we applied Pearson’s correlation analysis between |∆PA| of 258 

the first epoch in the perturbation phase and initial deviation. This was separately performed for the first 259 

and the second training sessions, respectively. Finally, to test whether the changes in the magnitude of 260 

exploration from the first to the second training sessions was associated with changes in learning rate 261 

between the two sessions, we performed Pearson’s correlation analysis between ( |∆PA| −262  |∆PA| ) and (ID − ID ), where |∆PA|  and |∆PA|   represent |∆PA| of the first 263 

epoch in the Perturb1 and Perturb2 phases, and ID  and ID  represent initial deviation in 264 

pointing angle in the first and the second training sessions, respectively. 265 

 To determine whether participants maintained the learned pointing direction during the Post 266 

phase, we compared the average pointing angle of the first 40-trial epoch in the Post phase with the 267 

epoch of the Base1 phase using a paired-t test. Similarly, to determine whether pointing direction 268 

successfully returned to baseline level during the Wash and the subsequent Base2 phases, we compared 269 
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the epoch in the Base1 phase with the last 40-trial epoch in the Wash phase and the epoch in the Base2 270 

phase respectively using a paired-t test. 271 

All statistical analyses were performed using SPSS (version 20; IBM, Armonk, NY). All 272 

RMANOVA were tested for the assumption of homogeneity of variance using Mauchly’s Test of 273 

Sphericity. For those tests in which this assumption was violated, Greenhouse-Geisser corrections 274 

statistic was reported. Effects were considered significant if p ≤ 0.05. Effect sizes were reported in 275 

Cohen’s dz value (dz) for paired-t test, Cohen’s d value (d) for unpaired-t test, and partial eta squared 276 

value (ηp
2) for ANOVA, respectively.  277 

 278 

Results 279 

Classification of “learners” and “non-learners” 280 

As observed in our previous study (Uehara et al. 2018), we found a subset of participants who did not 281 

adjust their pointing angle sufficiently to reach the target angle in a limited number of perturbed trials. 282 

These non-learners were analyzed separately from the rest of the participants (learners). Moreover, they 283 

served as a control group for our investigation into the relationship between a modification in motor 284 

exploration and task learning, rather than simple task execution. We defined non-learners if the moving 285 

average of pointing angles did not exceed |18°| (90% of the target angle) during the Perturb1 phase (320 286 

trials). With this criterion, five out of 20 (Experiment 1), three out of 15 (Experiment 2), two out of 14 287 

participants (Experiment 3) were classified as non-learners respectively (about 20 % of the total 288 

participants, but no participants from Experiment 4), and all the non-learners were integrated into one 289 

group (Non-learner group, n = 10, 26.7 ± 7.1 years; including six females). Consequently, 15 (23.9 ± 3.7 290 

years; including 11 females), 12 (29.0 ± 6.9 years; including nine females) and 11 (26.7 ± 7.1 years; 291 

including six females) participants from Experiment 1, 2 and 3 were defined as learners and proceeded 292 

to the main analyses. Note that one participant from Experiment 3 was excluded as an outlier from the 293 

analysis since she/he did not show gradual and systematic learning of the task. Specifically, this 294 

participant’s moving average of 10 pointing angles moved back to the baseline level even after reaching 295 

the predetermined target angle once (20° counter-clockwise rotation) during the Perturb 1 phase. 296 

Furthermore, the participant moved into the clockwise rotation direction beyond the baseline angle. 297 

 298 

Motor exploration increased during training  299 
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In Experiment 1, we investigated whether and how the amount of exploratory behavior changes during 300 

training on the reinforcement-based motor task.  301 

 We first confirmed that the participants successfully learned the task, indicated by pointing angle 302 

shifts on trial-by-trial bases from the original toward the target direction while exposed to the 303 

perturbation (Fig. 2). During the Base1, the participants performed the task accurately given that 304 

pointing direction was within the visible target (mean pointing angle, −1.0 ± 0.7°, mean ± SE, Fig. 2a) 305 

with high accuracy (percentage of trial success, 70.2 ± 4.3%, Fig. 2b). During the Perturb1, pointing 306 

angle gradually shifted toward the predetermined target angle and finally converged on 18.9 ± 0.8° in 307 

the last 40-trial epoch (Fig. 2a). This resulted in significant errors early on, accompanied by a slight but 308 

gradual increase in the percentage of successful trials across epochs (Fig. 2b). This new movement 309 

direction was maintained during the subsequent Post phase (average of the first 40 trials, 13.4 ± 1.9°) as 310 

compared with the Base1 (paired-t test, t14 = 7.2, p < 0.001, dz = 1.85), indicating retention of the newly 311 

learned motor pattern. 312 

As a proxy for motor exploration, we computed the magnitude of trial-to-trial changes in 313 

pointing angle (|∆PA|) as a function of whether the initial trial resulted in success or failure. We found 314 

that on average |∆PA|  after failed trials was greater than that after successful trials (RMANOVA 315 

[OUTCOME (2) × EPOCH (8)], effect for the factor OUTCOME, F1, 14 = 52.4, p < 0.001, ηp
2 = 0.79, 316 

Fig. 2c). This was also revealed by broader probability distributions of |∆PA| for trials after failure than 317 

after success (top panels in Fig. 2d). These results indicate that failing to get positive feedback led to 318 

greater trial-to-trial movement changes, presumably in search for a better motor solution (Pekny et al. 319 

2015; Sidarta et al. 2016). Importantly, when we focused on temporal changes in |∆PA| over the course 320 

of training, we found that the magnitude of |∆PA| after failed trials was not constant but gradually 321 

increased across epochs and remained elevated throughout the Perturb1 phase (Fig. 2c). Though small, 322 

similar temporal change was observed in |∆PA| after successful trials (effect for the factor EPOCH, F7, 323 

98 = 2.7, p = 0.01, ηp
2 = 0.16; OUTCOME × EPOCH interaction, F7, 98 = 1.3, p = 0.25, ηp

2 = 0.09). This 324 

increase was qualitatively represented as a broader probability distribution of |∆PA| at the last (8th) 325 

epoch compared to the first epoch (top panels in Fig. 2d). In a similar vein, we found wider distribution 326 

in the signed magnitude of trial-to-trial changes (∆PA, bottom panels in Fig. 2d) into both positive and 327 

negative directions in the last epoch (standard deviation of ∆PA, 9.0 ± 1.0°) relative to the first epoch 328 

(5.7 ± 0.9°, paired-t test, t15 = 3.0, p = 0.01, dz = 0.76). Although there were small biases of the 329 

movement-correcting direction in the counter-clockwise direction particularly after failed trials (bottom 330 
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panels in Fig. 2d), the increase in |∆PA| can be regarded as increased exploratory behavior in both 331 

counter-clockwise and clockwise directions rather than in one particular direction.  332 

In sum, these results demonstrate that the amount of motor exploration is gradually up-regulated 333 

and remained elevated throughout training on the task.  334 

 335 

Increased exploration continued and facilitated relearning of the same task 336 

Given that the amount of motor exploration increased and persisted throughout training, in Experiment 2 337 

we tested whether this increase was maintained and benefited subsequent training on the same 338 

reinforcement-based task.  339 

 First, we replicated the results of Experiment 1 in a separate group of participants; that is training 340 

of the task resulted in a gradual increase in exploratory behavior during the first training exposure (Fig. 341 

3). During the Base1, the participants’ pointing direction converged on the visible target (mean pointing 342 

angle, 0.5 ± 0.9°, Fig. 3a) with high accuracy (percentage of trial success, 69.9 ± 4.8%, Fig. 3b). When 343 

exposed to the Perturb1, the pointing angle gradually shifted (initial deviation, 3.3 ± 0.9°, Fig. 3c) to end 344 

up near the target angle of 18.4 ± 1.0° in the last 40-trial epoch (Fig. 3a). This was accompanied by low 345 

number of successful trials early on with a gradual increase across epochs (Fig. 3b). The new pointing 346 

angle persisted to some degree during the subsequent Post phase (average of the first 40 trials, 9.8 ± 347 

1.7°), remaining significantly greater when compared to Base1 (paired-t test, t11 = 5.1, p < 0.001, dz = 348 

1.46). Importantly, as in Experiment 1, we found gradual increase in |∆PA| across epochs during the 349 

Perturb1 phase along with task learning (Fig. 3d and 3e). This increase was evident after failed trials, 350 

but not after successful trials.  351 

 Second, we found that during the second exposure to the same task, the participants were able to 352 

adjust their pointing direction more quickly than in the first training session (savings effect). Of note, we 353 

confirmed that before the second exposure, participants’ pointing angle returned to the baseline level 354 

during the Wash phase (i.e., learned movement pattern was washed out; average of the last 40 trials, 2.1 355 

± 1.0°; paired-t test comparing to Base1, t11 = 1.2, p = 0.25, dz = 0.35, Fig. 3a). This pointing angle 356 

persisted during the following Base2 phase (0.9 ± 0.7°; t11 = 0.3, p = 0.79, dz = 0.08) and resulted in high 357 

percentage of successful trials (69.0 ± 4.9%, Fig. 3b). When exposed to the Perturb2, however, pointing 358 

angle shifted toward the target direction more quickly (initial deviation, 7.8 ± 1.6°) than during the 359 

Perturb1 (paired-t test, t11 = 2.5, p = 0.03, dz = 0.71, Fig. 3c). At the end of training, the participants 360 

expressed similar amount of angular changes as in the Perturb1 (19.4 ± 1.4° in the last 40-trial epoch). 361 
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Strikingly, |∆PA| after failed trials remained increased throughout the Wash phase (last 40-trial epoch in 362 

the Perturb1, 7.9 ± 1.3°, Wash, 7.3 ± 1.4°; t11 = 0.3, p = 0.7, dz = 0.76). This was followed by greater 363 

error corrections from the onset of the Perturb2 (first epoch, 8.2 ± 1.2°) compared with that in the 364 

Perturb1 (4.7 ± 0.7°, paired-t test, t11 = 2.6, p = 0.02, dz = 0.76, Fig. 3d). Furthermore, this increased 365 

magnitude in |∆PA| after failed trials persisted throughout training, unlike the pattern observed during 366 

the first training session (RMANOVA [OUTCOME (2) × EPOCH (8) × SESSION (2)], interaction 367 

among three factors, F7, 77 = 3.4, p = 0.003, ηp
2 = 0.24; EPOCH × SESSION interaction, F7, 77 = 2.2, p = 368 

0.045, ηp
2 = 0.17; effect for the factor OUTCOME, F1, 11 = 32.6, p < 0.001, ηp

2 = 0.75). Additionally, 369 

we found no difference in the magnitude of |∆PA| after successful trials at the training onset between the 370 

two sessions (Perturb1, 3.9 ± 0.4°, Perturb2, 3.7 ± 0.4°; paired-t test, t11 = 0.5, p = 0.66, dz = 0.13). 371 

These changes in exploratory behavior were qualitatively visualized in a broader probability distribution 372 

of both unsigned and signed magnitude of trial-to-trial changes (Fig. 3e), albeit small biases of the 373 

movement-correcting direction in the direction of the perturbed success range could be observed 374 

(bottom panels in Fig. 3e).  375 

 To determine potential associations between learning rate and the amount of exploration, we 376 

performed a correlation analysis. In both the Perturb1 and the Perturb2 we found a positive correlation 377 

between |∆PA| after failed trials from the first epoch and initial deviation (r = 0.64, p = 0.03 and r = 378 

0.74, p = 0.01, respectively, Fig. 3f). Furthermore, the magnitude of changes in |∆PA| after failed trials 379 

from the first to the second training sessions was correlated with the difference in learning rate between 380 

the two sessions (r = 0.61, p = 0.04, Fig. 3g). In contrast, we did not find any significant correlations for 381 |∆PA| after successful trials (Perturb1, r = 0.35, p = 0.26; Perturb2, r = 0.10, p = 0.76; changes from 382 

Perturb1 to Perturb2, r = 0.53, p = 0.07).  383 

 In sum, these results demonstrate that elevated exploration during the first training session 384 

persists during subsequent bouts of training, and is associated with facilitation of subsequent learning.  385 

 386 

Increased exploration facilitated learning on a second task that required a different motor solution  387 

Although in Experiment 2 increased exploration was associated with learning facilitation during the 388 

second training, it is possible that this effect was simply due to the contribution of a directional bias 389 

toward the same rotation direction in the second training. To rule out this confounder, a new group of 390 

participants took part in Experiment 3 where the Perturb2 phase required adjusting the pointing direction 391 
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in the opposite direction to that made in the Perturb1 phase. In this manner, faster relearning would be 392 

attributed to increased motor exploration rather than a formed directional bias. 393 

 Similar to Experiments 1 and 2, the amount of motor exploration showed a gradual increase as 394 

the participants learned the task during the first training session (Fig. 4). During the first Base1 phase, 395 

the participants’ pointing direction converged on the visible target (pointing angle, 1.5 ± 0.9°, Fig. 4a) 396 

with high accuracy (percentage of trial success, 66.8 ± 5.2%, Fig. 4b). Then, when exposed to the 397 

Perturb1 phase, the pointing angle gradually shifted (initial deviation, 2.6 ± 1.5°, Fig. 4c) to end up near 398 

the target angle of 17.6 ± 1.1° at the last 40-trial epoch, Fig. 4a). This was accompanied by a low 399 

number of successful trials early on with a gradual increase across epochs (Fig. 4b). During the 400 

subsequent Post phase, the new pointing angle still persisted (average of the first 40 trials, 15.7 ± 2.1°) 401 

without returning to the level of the Base1 phase (paired-t test, t10 = 5.6, p < 0.001, dz = 1.68). 402 

Importantly, we replicated our previous findings that |∆PA| after failed trials showed a gradual increase 403 

across epochs throughout the Perturb1 phase (Fig. 4d).  404 

 When exposed to the second training session, the participants were able to learn the task more 405 

quickly than in the first training, similar to Experiment 2. We confirmed that the learned pointing angle 406 

was washed out, i.e., participants’ pointing angle returned to the level of the Base1 phase during the 407 

Wash phase (average of the last 40 trials, 1.5 ± 1.0°; paired-t test, t10 = 0.1, p = 0.94, dz = 0.02, Fig. 4a). 408 

This angle direction persisted during the subsequent Base2 phase (1.6 ± 0.6°; paired-t test, t10 = 0.1, p = 409 

0.95, dz = 0.02) and resulted in high percentage of task success (percentage of trial success, 68.0 ± 6.3%, 410 

Fig. 4b). Importantly, when exposed to the Perturb2, their pointing angle shifted toward the new target 411 

direction (initial deviation, 8.8 ± 1.4°) more quickly than during the Perturb1 (paired-t test, t10 = 4.0, p = 412 

0.002, dz = 1.22, Fig. 4c) even when the second training session required adjusting the pointing direction 413 

in the opposite direction (last 40-trial epoch, −18.6 ± 1.0°) to that in the first training. Moreover, 414 

accompanying this faster learning, |∆PA| after failed trials remained increased during the Wash phase 415 

(last 40-trial epoch in the Perturb1, 6.1 ± 0.4°, Wash, 6.2 ± 1.0°; t10 = 0.1, p = 0.9, dz = 0.03) and showed 416 

greater magnitude from the onset of the second training compared to the first training (the first epoch of 417 

the Perturb1, 4.0 ± 0.6 °, Perturb2, 5.8 ± 0.8°; paired-t test, t10 = 2.4, p = 0.04, dz = 0.71, Fig. 4d). 418 

However, unlike Experiment 2, |∆PA|  after failed trials continued to increase through the second 419 

training (RMANOVA [OUTCOME (2) × EPOCH (8) × SESSION (2)], effect for the factor SESSION, F1, 420 

10 = 10.4, p = 0.009, ηp
2 = 0.51). This temporal pattern was different from that of |∆PA| after success 421 

(OUTCOME × SESSION interaction, F1, 10 = 11.8, p = 0.006, ηp
2 = 0.54; a factor OUTCOME, F1, 10 = 422 
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41.5, p < 0.001, ηp
2 = 0.81) in which we found no difference in the magnitude at the onset between the 423 

two training sessions (the first epoch of the Perturb1, 2.5 ± 0.2 °, Perturb2, 3.0 ± 0.3°; paired-t test, t10 = 424 

1.3, p = 0.22, dz = 0.40). Similar to the previous two experiments, changes in exploratory behavior were 425 

qualitatively visualized in a broader probability distribution of the magnitude of trial-to-trial changes 426 

regardless of small biases of the movement-correcting direction (Fig. 4e). 427 

Consistent with Experiment 2 findings, we observed a positive correlation between |∆PA| after 428 

failed trials of the first epoch and initial deviation in both the Perturb1 and the Perturb2 (r = 0.87, p = 429 

0.001 and r = 0.61, p = 0.04, respectively, Fig. 4f). Furthermore, changes in |∆PA| after failed trials 430 

from the first to the second training sessions were correlated with changes in learning rate between the 431 

two sessions (r = 0.67, p = 0.03, Fig. 4g). We did not find any significant correlations between |∆PA| 432 

after successful trials and learning rate (Perturb1, r = 0.45, p = 0.16; Perturb2, r = 0.36, p = 0.27; 433 

changes from Perturb1 to Perturb2, r = 0.44, p = 0.18).  434 

Although we observed faster learning in the second training session, there still remains a 435 

possibility that the second task requiring movement adjustment toward clockwise rotation direction 436 

might be by default easier to learn as compared with the first task. To rule out this possibility, we re-437 

analyzed data from our previous work (Uehara et al., 2018) in which healthy participants (n = 12) 438 

performed the same task without a prior training session. The only difference was that in the previous 439 

study the target angle was set at 30°, instead of 20°, clockwise rotation from the visible target. The 440 

initial deviation in pointing angle showed comparable magnitude (4.9 ± 1.2°) to that of the first task in 441 

the present study (unpaired-t test, t25 = 0.5, p = 0.62, d = 0.20; t22 = 1.1, p = 0.28, d = 0.45; t21 = 0.8, p = 442 

0.24, d = 0.50, Experiment 1, 2 and 3, respectively). These results indicate that the faster learning during 443 

the second training session is not due to the specific training angle direction.  444 

Finally, to determine whether the small directional bias plays any effects on learning the second 445 

task, we directly compared the initial deviation in the Perturb2 phase between Experiment 2 and 3 using 446 

an unpaired-t test. The result revealed no significant differences between them (t21 = 0.5, p = 0.64, d = 447 

0.20), suggesting there was no clear benefit of the small directional bias to the learning facilitation in the 448 

second training session.  449 

Overall Experiment 3 revealed similar results as in Experiment 2; that is, faster learning of the 450 

second task and its association with the increased exploratory behavior. These results indicate that faster 451 

relearning in the second training is not largely attributed to a potential directional bias and retrieval of 452 

the original memory.  453 
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 454 

Increased exploration continued even after longer training of the same task 455 

In the prior experiments, we found that participants’ motor exploration increased and remained elevated 456 

throughout the first task training. Thus, we asked whether the magnitude changes with longer repetition 457 

of trials.   458 

 As found in the previous three experiments, participants’ pointing angle gradually shifted toward 459 

the predetermined target angle and converged on 17.2 ± 1.5° in the last 40-trial epoch during the 460 

Perturb1 phase (Fig. 5a). This was accompanied by a gradual increase in the percentage of successful 461 

trials across epochs (Fig. 5b). During the subsequent Perturb2 phase, the shifted pointing angle slightly 462 

improved and remain at the target until the end of the phase (last 40-trial epoch, 19.4 ± 0.7°). As found 463 

in the prior experiments, the magnitude of |∆PA| after failed trials showed gradual increases (Fig. 5c). 464 

Interestingly, this changed remained high during Perturb2 phase (first and last 40 trial epochs, 6.4 ± 1.1°, 465 

6.4 ± 0.8°), despite the continuous trial repetition in the same task. These results indicate that the 466 

magnitude of motor exploration persisted elevated even during longer training of the same task. Of note, 467 

the percentage of task success trials did not show a clear return to baseline levels (78.3± 4.5 %), even at 468 

the end of the Perturb2 phase (last epoch, 64.8 ± 4.9 %, paired-t test, t9 = 2.2, p = 0.055, dz = 0.70). 469 

 470 

Non-learners showed little exploratory behavior throughout training 471 

We analyzed the Non-learner group separately. This group constitutes the ideal control group to 472 

investigate whether the upregulated motor exploration during task training is associated with learning 473 

rather than simple task execution. 474 

 Task performance of the Non-learner group during the Base1 phase was similar to that of the 475 

learners from the three experiments. Indeed, their pointing angle converged on the visible target 476 

(pointing angle, 1.0 ± 0.9°, Fig. 6a) and resulted in high task accuracy (percentage of trial success, 70.3 477 

± 4.8%, Fig. 6b). However, their pointing angle did not show particular shifts toward the target angle 478 

when exposed to the Perturb1 phase, ending up with 5.8 ± 1.3° in the last 40-trial epoch (Fig. 6a). This 479 

was accompanied by no increase, but rather a decrease, in task accuracy throughout training (Fig. 6b). 480 

Additionally, unlike the learners, we did not find a gradual increase in the magnitude of |∆PA| either 481 

after failed or successful trials throughout training (RMANOVA [OUTCOME (2) × EPOCH (8)], 482 

OUTCOME × EPOCH interaction, F1.1, 10.2 = 0.9, p = 0.39, ηp
2 = 0.10, effect for the factor EPOCH, F1.2, 483 
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10.8 = 1.0, p = 0.36, ηp
2 = 0.10, Fig. 6c). This result supports the view that, rather than mere task 484 

execution, the learners’ gradual increase in exploratory behavior during task training was largely 485 

attributed to learning. Furthermore, in the Non-learner group, we found a comparable magnitude of 486 |∆PA| after failed trials to that after successful trials (effect for the factor OUTCOME, F1, 9 = 4.6, p = 487 

0.06, ηp
2 = 0.34). This result suggests that the Non-learner group may have less sensitivity to the 488 

negative feedback than the learners. 489 

 To further investigate feedback sensitivity of the Non-learner group and compared them with the 490 

learners, we extended trial-to-trial analysis for the magnitude of |∆PA| to include the history of past 491 

feedback (Pekny et al. 2015). Here, we considered all possible eight combinations of success and failure 492 

feedback for three consecutive trials. The feedback history for three consecutive trials was represented 493 

by variables S (n), S (n − 1), and S (n − 2), indicating whether task performance was successful in trials n, 494 

n − 1, and n − 2, respectively (Fig. 6d). For this analysis, we used trials only from the Base1 and 495 

Perturb1 phases that were completed by all the participants.  496 

 When we first analyzed |∆PA| as a function of the feedback in the learners, we did not find 497 

significant differences among the participants across the four experiments (a two-way mixed-effect 498 

RMANOVA [HISTORY (8 combinations) × EXPERIMENT (Experiment 1, 2, 3, and 4)], effect for the 499 

factor EXPERIMENT (F3, 44 = 1.3, p = 0.29, ηp
2 = 0.08), HISTORY × EXPERIMENT interaction (F4.5, 500 

65.7 = 0.4, p = 0.83, ηp
2 = 0.03). Therefore, we grouped all the learners from the three experiments into 501 

one group (Learner group, n = 38) and compared them with the Non-learners. We found that |∆PA| 502 

gradually increased as unsuccessful feedback history accumulated in the Learner group, whereas in the 503 

Non-learner group it showed little increase in response to failure feedback accumulation (RMANOVA 504 

[HISTORY (8) × GROUP (Learner, Non-learner)], HISTORY × GROUP interaction, F1.6, 60.2 = 6.4, p = 505 

0.005, ηp
2 = 0.10, Fig. 6d). This result indicates that the non-learners have less sensitivity to 506 

unsuccessful feedback, which may lead to less exploratory behavior and learning. 507 

 508 

Discussion 509 

Exploring for the correct motor actions is a critical element of reinforcement motor learning. However, 510 

whether and how the exploratory behavior changes as individuals learn a new task has not been well 511 

characterized. As predicted, we found that participants’ motor exploration gradually increased as they 512 

trained on a reinforcement-based motor task. However, the exploratory behavior remained elevated even 513 

after clear improvements, and stability, in task execution accuracy. Furthermore, participants showed 514 
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sustained increased motor exploration when they were exposed to a second bout of training in the same 515 

task. This effect was associated and proportional to faster relearning. In contrast, participants who were 516 

unable to sufficiently learn the task demonstrated few changes in exploratory behavior. This finding 517 

confirmed that exploration is critical to reinforcement learning and indicates that the gradual increase in 518 

motor exploration is not the result of mere task execution. In addition, our findings suggest that the 519 

motor system can upregulate the amount of motor exploration during learning a reinforcement-based 520 

motor task as if acquiring a beneficial strategy that facilitates subsequent learning.  521 

 In the motor domain, reinforcement learning has been described as the process in which actions 522 

leading to successful outcomes are reinforced while those leading to unsuccessful outcomes are avoided 523 

(Sutton and Barto 1998). This form of learning necessitates exploratory behavior through which the 524 

motor system identifies or updates values of potential actions in trial-by-trial manner based on each 525 

action outcome. Therefore, as observed here, an increase in motor exploration should be expected during 526 

reinforcement learning so that the motor system can identify the reward landscape in action space. 527 

However, previously it was not clear whether the increased exploratory behavior returns to baseline 528 

levels once the task has been learned (consistent high level of performance success).  529 

In this study, we found that the amount of exploration remained elevated throughout training. 530 

This was observed even when the percentage of successful trials continued to increase throughout 531 

training. At first glance, this result might seem contradictory to previous findings indicating that the 532 

amount of exploratory behavior can be regulated by an overall rewarding situation, e.g. the probability 533 

of reward. For instance, studies across a variety of species indicated that the overall trial-to-trial change 534 

in motor output tend to decrease under a condition where the probability for positive reward outcome 535 

increases (Galea et al. 2013; Gharib et al. 2001; Gharib et al. 2004; Pekny et al. 2015; Stahlman et al. 536 

2010; Stahlman and Blaisdell 2011; Takikawa et al. 2002). There are some important differences 537 

between those studies and ours. First, we measured trial-to-trial movement changes after failed trials as a 538 

proxy for exploratory behavior, whereas previous investigations measured trial-to-trial changes 539 

regardless of the previous outcome (i.e. overall variability). Second, we tracked changes in exploration 540 

as a function of learning-associated changes in reward, whereas previously overall variability was 541 

determined in separate blocks across a variety of experimentally-controlled rewarding conditions. 542 

Nevertheless, these previous findings showing the overall reduction on movement-to-movement 543 

variability do not contradict that changes after failure increase in magnitude and remain elevated in the 544 

presence of errors.  545 
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We found that the exploratory behavior started at a greater magnitude from the onset of the 546 

second training when compared to the first training, even when the movement directions were different. 547 

This initial increase in exploration was associated, and proportional, to faster learning of the second task 548 

relative to the first task. These results can be interpreted as the motor system learns not only a new task-549 

specific motor pattern, but also gains the strategy of being more exploratory. In other words, it acquires 550 

knowledge how to learn different tasks given the same context (e.g., learning-to-learn or meta-learning, 551 

(Braun et al. 2009; Braun et al. 2010; Krakauer and Mazzoni 2011)) to increase the efficiency of 552 

subsequent training. However, we cannot conclude whether the motor system actually “learned” the 553 

strategy or remained in a heightened exploratory state since the percentage of task success remained low. 554 

To determine this, in Experiment 4 participants repeated more training trials, to evaluate time-course 555 

changes in the magnitude of exploration while the success rate becomes substantially higher. We found, 556 

however, that the rate of task success still remained lower than baseline even after longer repetition of 557 

trials. Thus, we were unable to dissociate the effects leading to a heightened exploration; a lower success 558 

rate may have kept motor exploration greater, or alternatively greater exploration (i.e. greater magnitude 559 

of movement changes after failure) as a learned strategy may have resulted in a certain probability of 560 

task failure (i.e. lower success rate). Future studies should consider experimental designs to disentangle 561 

this relationship.  562 

The present study cannot clarify if the increased exploratory behavior represents “explicit” 563 

strategic changes that participants intentionally controlled. Interestingly, our results showed different 564 

patterns of motor performance during the Post phase (i.e. no-feedback trials) among the three 565 

experiments, such as a distinct drop relative to the end of the Perturb1 phase and/or an upward drift (Fig. 566 

2a, 3a and 4a). Although these results were somewhat unexpected because all the participants 567 

experienced exactly the same training schedule until the end of the Post phase, these seemingly 568 

contradictory results may be due to a different degree of dependency on explicit components across 569 

individuals during task training or during the subsequent Post phase. Indeed, a recent human behavioral 570 

study suggests that explicit strategy is partly engaged in the process of reinforcement learning, since 571 

motor patterns learned through reinforcement mechanisms were degraded when the use of explicit 572 

strategy was experimentally constrained or intentionally removed (Holland et al., 2018). On the other 573 

hand, generating identical movements in successive trials is virtually impossible. In other words, 574 

movements exhibit trial-to-trial variability regardless of outcomes in a preceding trial. This type of 575 

movement variability or “motor noise” is thought to be, in part, an inherent feature originated from the 576 
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fundamental properties of the neuro-muscular system (Dhawale et al. 2017; Faisal et al. 2008; Jones et al. 577 

2002; van Beers et al. 2004). Therefore, movement changes in response to failed outcomes include 578 

motor noise-related changes as well as exploratory action changes. We think the contribution of motor 579 

noise to the gradual increase in motor exploration after failed trials during training, however, is very 580 

limited. This is because motor noise is also present after successful trials and in the non-learner group, 581 

yet these two situations did not lead to changes in exploratory behavior. Thus, we interpret the increase 582 

in exploration after failed trials during learning largely related to an exploratory strategy, irrespective of 583 

the level of awareness, rather than simple motor noise. 584 

The increased exploratory behavior led to faster learning in subsequent practice exposures, a 585 

phenomenon known as savings (Krakauer et al. 2005; Mawase et al. 2014; Mawase et al. 2017; Zarahn 586 

et al. 2008). Although debate continues as to which mechanisms contribute to savings (Huang et al. 587 

2011; Leow et al. 2016; Morehead et al. 2015; Orban de Xivry and Lefevre 2015; Roemmich and 588 

Bastian 2015), a study suggested the potential contribution of movement direction bias resulting from 589 

successful movement repetitions (Huang et al. 2011). In addition, it is possible that the observed small 590 

biases in movement correction direction may have also contributed to faster learning. Although, this 591 

hypothesis cannot explain why participants experienced faster relearning in Experiment 3 where the 592 

biases were in the opposite direction to the appropriate movement corrections. The faster relearning in 593 

Experiment 3 also cannot be attributed to prior exposure to the Wash phase, where participants 594 

experienced movements in the same rotation direction as in the second training. This is because any 595 

tangible effect should have been then present in Experiment 2, where participants experienced a washout 596 

in the opposite direction to the second training, yet no negative effect of bias was observed in the second 597 

training exposure. Therefore, direction biases cannot fully explain the faster relearning observed in the 598 

second training. 599 

 Our Experiment 3 results further posit that the effect of increased motor exploration can be 600 

generalized to another task which requires a different motor solution but relies on the same 601 

reinforcement learning paradigm. Therefore, it is conceivable that training on reinforcement-based tasks 602 

could be used as a primer to increase exploratory behavior and enhance the efficiency of subsequent 603 

learning in the same contextual setting. It could be argued that our findings are specific to the nature of 604 

our current experimental paradigm testing reinforcement learning. Here, we used a task in which the 605 

target direction cannot be learned in any other ways except through exploration and reinforcing feedback. 606 

Therefore, the present findings might only be applicable to reinforcement forms of learning. 607 
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Generalization to other learning forms (e.g. error-based learning, use-dependent learning) should be 608 

done with caution and formally tested in future studies. 609 

 Interestingly, some participants were unable to reach the optimal motor pattern during the first 610 

training session. These individuals did not show a gradual increase in exploratory behavior throughout 611 

training. This group of participants seems to have less sensitivity to binary feedback, particularly to 612 

negative feedback. Although it cannot be distinguished whether the reduced susceptibility is accounted 613 

for by the level of perception or the level of motor planning integration, the finding can explain why the 614 

non-learners exhibited less learning efficiency and therefore no gradual increase in exploration during 615 

training.  616 

 In summary, the present study demonstrated that the motor system upregulates the amount of 617 

motor exploration during reinforcement learning. In turn, this effect is associated with improvements in 618 

learning efficiency during subsequent training in the same contextual setting. Although we cannot be 619 

conclusive, our findings might suggest that the motor system acquires knowledge to become more 620 

exploratory as if developing an overall strategy that can be useful to learn new motor actions, at least in 621 

the presence of similar context. The present results open an opportunity to design better training 622 

paradigms for healthy individuals as well as for people undergoing rehabilitation to speed up learning.  623 
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Figure legends 714 

Fig 1. Experimental protocols. a. Experimental setup. Participants moved a stylus on a digitizing tablet 715 

with their index finger. b. Finger-pointing task. Participants performed a pointing movement from a 716 

central starting position to around a visible white target. Binary feedback (target color) about task 717 

performance was presented instead of vector cursor feedback. Participants were instructed to obtain 718 

positive (green) color feedback at every trial c. Experiment 1. Participants performed the task in two 719 

blocks, composed of baseline (Base1), perturbation (Perturb1), and post-perturbation phases (Post). 720 

During the Perturb1, a range for success feedback (gray area) gradually shifted from the original range 721 

towards counter-clockwise direction according to a moving average of the previous 10 pointing 722 

direction (blue line). No-feedback trials were implemented for the Post phase. d. Experiment 2. 723 

Participants performed the task in three blocks, composed of Base1, Perturb1, Post, Washout (Wash), 724 

Base2, and Perturb2. During the Wash phase, the binary feedback was presented so that pointing 725 

direction returned to the baseline level. The task setting in the following Base2 and Perturb2 was exactly 726 

the same as in the Base1 and Perturb1. e. Experiment 3. Participants performed the task in a similar 727 

setting as in Experiment 2. The only difference was that the target angle was set at clockwise direction 728 

during the Perturb2. The numbers under each phase in the x-axis represent the amount of trials. The 729 

vertical axis represents rotation angle from the center of the visible target. Positive value indicates 730 

counter-clockwise rotation. Note that the direction of the perturbation was set to the opposite side for 731 

left-handed participants. f. Experiment 4. Participants performed the task in a similar setting as in 732 

Experiment 1 but with more number of trials for the Perturb phase. 733 

 734 

Fig 2. Gradual increase in exploratory behavior during task training. a. Pointing angle in the 735 

baseline (Base1), perturbation (Perturb1), and post-perturbation (Post) phases. Positive value indicates 736 

counter-clockwise direction relative to the target position. Dots and shaded area show the mean and 737 

standard errors of the mean (SEM) for each trial. Solid vertical line indicates time break between the 738 

blocks. b. Mean percentage of successful trials for each 40-trial epoch. c. Mean trial-to-trial unsigned 739 

changes in pointing angle (|∆PA|) for each epoch. Blue and gray open dots indicate trials after failure (S 740 

= 0) and success (S = 1) respectively. d. Probability distribution of unsigned (|∆PA|, top panels) and 741 

signed (∆PA, bottom panels) trial-to-trial changes in pointing angle (S = 0 in blue, S = 1 in gray) from 742 

the first (left panels) and the last (right panels) epochs during the Perturb1 phase. The fit of unsigned or 743 

signed changes to a folded normal or a normal distribution are plotted over the histogram. Data from all 744 
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the participants are pooled together on this analysis. Values inside the bottom panels show the mean and 745 

SEM of ∆PA across participants. 746 

 747 

Fig 3. Persistence of increased exploration and faster relearning during exposed to the second 748 

training of the same task. a. Pointing angle while training the task. Dots and shaded area show the 749 

mean and SEM for each trial in the Base1-Perturb1 (blue), Post-Wash (black), and Base2-Perturb2 (red) 750 

phases. Solid vertical lines indicate time break between the blocks. b. Mean percentage of successful 751 

trials for each epoch. c. Initial deviation in pointing angle for the Perturb1 (blue) and Perturb2 (red). d. 752 |∆PA| across epochs. Blue and red dots indicate trials after failure (S = 0) in the first and the second 753 

training sessions, respectively. Gray dots indicate trials after success (S = 1). e. Probability distribution 754 

of unsigned (|∆PA|, top panels) and signed (∆PA, bottom panels) trial-to-trial changes in pointing angle 755 

from the first and the last epochs during the Perturb1 and Perturb2 phases. The fit of unsigned or signed 756 

changes to a folded normal or a normal distribution are plotted over the histogram. Dashed lines indicate 757 

regression line. Values inside the bottom panels show the mean and SEM of ∆PA across participants. f. 758 

Relationship between |∆PA| (S = 0, first epoch) and initial deviation for the Perturb1 (blue) and the 759 

Perturb2 (red). g. Relationship between the magnitude of changes in |∆PA| (S = 0, first epoch) and 760 

changes in initial deviation from the first to the second training sessions.  761 

 762 

Fig 4. Increased exploration facilitated learning in the second task requiring a different motor 763 

solution. a. Pointing angle while training the task. Dots and shaded area show the mean and SEM for 764 

each trial during the Base1-Perturb1 (blue), Post-Wash (black), and Base2-Perturb2 (green) phases. b. 765 

Mean percentage of successful trials. c. Initial deviation in pointing angle during the Perurb1 (blue) and 766 

Perturb2 (green). d. |∆PA| across epochs. Blue and green dots indicate trials after failure (S = 0) from 767 

the first and the second training sessions, respectively. Gray dots indicate trials after success (S = 1). e. 768 

Probability distribution of |∆PA| (top panels) and ∆PA (bottom panels) from the first and the last epochs 769 

during the Perturb1 and Perturb2 phases. Values inside the bottom panels show the mean and SEM of 770 ∆PA across participants. f. Relationship between |∆PA| (S = 0, first epoch) and initial deviation for the 771 

Perturb1 (blue) and the Perturb2 (green). g. Relationship between the magnitude of changes in |∆PA| (S 772 

= 0, first epoch) and changes in initial deviation from the first to the second training sessions. Dashed 773 

lines indicate regression line.  774 

 775 
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Fig 5. Increased exploration remained elevated during longer repetition of trials. a. Pointing angle 776 

while training the task. b. Mean percentage of successful trials. c. |∆PA| after failure (S = 0, blue) and 777 

success (S = 1, gray) trials across epochs. Values show the mean and SEM for each trial or 40-trial 778 

epoch.  779 

 780 

Fig 6. Non-learners showed no changes in exploratory behavior. a. Pointing angle during task 781 

training. Dots and shaded area show the mean and SEM for each trial during the Base1-Perturb1 782 

(orange), Post (black) phases. Only the data collected in common across all the participants (i.e., Base1, 783 

Petrub1 and Post) are presented. b. Mean percentage of successful trials. d. |∆PA| for each epoch. 784 

Orange and gray dots indicate trials after failure (S = 0) and success (S = 1), respectively. d. 785 |∆PA| between trials n and n + 1 as a function of the feedback history for the three most recent trials [S 786 

(n), S (n − 1), S (n − 2)]. Orange and blue lines indicate data from the Non-learner and the Learner group, 787 

respectively. 788 
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Table 1. Movement time (ms) 

 Block1 Block2 Block3 

Experiment 1 251.8 ± 63.3 

(18.3 ± 8.5 %) 

198.9 ± 40.2 

(12.5 ± 7.6 %) 

 

 

Experiment 2 222.9 ± 35.8 

(13.1 ± 6.3 %) 

197.5 ± 28.8 

(9.8 ± 6.3 %) 

191.6 ± 36.0 

(11.2 ± 6.9 %) 

Experiment 3 257.5 ± 52.6 

  (15.4 ± 4.3 %) 

214.9 ± 39.1 

(9.2 ± 5.4 %) 

207.7 ± 51.0 

(11.1 ± 6.5 %) 

Experiment 4 224.2 ± 25.1 

(10.9 ± 3.3 %) 

199.6 ± 31.6 

(7.6 ± 4.8 %) 

 

 

Non-learners 264.4 ± 54.8 

(18.8 ± 7.2 %) 

221.2 ± 61.7 

(12.1 ± 7.4 %) 

 

Values indicate the average (± SD) movement time in msecs (top) and percentage of number of 

trials outside the time window (bottom) in each block. Note that participants included in 

Experiment 1-3 are only those classified as learners.  
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