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ABSTRACT 30 

  Adapting hand movements to changes in our body or the environment is essential for 31 

skilled motor behavior, as is the ability to flexibly combine experience gathered in separate 32 

contexts. However it has been shown that when adapting hand movements to two different 33 

visuomotor perturbations in succession, interference effects can occur. Here we investigate 34 

whether these interference effects compromise our ability to adapt to the superposition of the 35 

two perturbations. Participants tracked with a joystick a visual target that followed a smooth 36 

but unpredictable trajectory. Four separate groups of participants (total n = 83) completed one 37 

block of 50 trials under each of three mappings: one in which the cursor was rotated by 90° 38 

(ROTATION), one in which the cursor mimicked the behavior of a mass-spring system 39 

(SPRING), and one in which the SPRING and ROTATION mappings were superimposed 40 

(SPROT). The order of the blocks differed across groups. Although interference effects were 41 

found when switching between SPRING and ROTATION, participants who performed these 42 

blocks first performed better in SPROT than participants who had no prior experience with 43 

SPRING and ROTATION (i.e., composition). Moreover, participants who started with 44 

SPROT exhibited better performance under SPRING and ROTATION than participants who 45 

had no prior experience with each of these mappings (i.e., decomposition). Additional 46 

analyses confirmed that these effects resulted from components of learning that were specific 47 

to the rotational and spring perturbations. These results show that interference effects do not 48 

preclude the ability to compose/decompose various forms of visuomotor adaptation.  49 

 50 

 51 

NEW AND NOTEWORTHY 52 

 The ability to compose/decompose task representations is critical both for cognitive 53 

and behavioral flexibility. Here we show that this ability extends to two forms of visuomotor 54 

adaptation in which humans have to perform visually guided hand movements. Despite the 55 

presence of interference effects when switching between visuomotor maps, we show that 56 

participants are able to flexibly compose or decompose knowledge acquired in previous 57 
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sessions. These results further demonstrate the flexibility of sensorimotor adaptation in 58 

humans.     59 

INTRODUCTION 60 

A critical issue that is still unresolved in the field of sensorimotor control pertains to 61 

the modularity of sensorimotor mappings, and especially whether multiple internal models 62 

can interact, be flexibly combined and whether they can be stored in common vs. separate 63 

working memory systems (Burgos et al. 2018; Davidson and Wolpert 2004; Flanagan et al. 64 

1999; Haruno et al. 2001; Imamizu et al. 2007; Pearson et al. 2010; Wolpert and Kawato 65 

1998).  66 

One type of paradigm that has long been used to address the degree of modularity and 67 

independence between sensorimotor representations is that of interference (Duncker et al. 68 

2020; Krakauer et al. 1999, 2019; Lerner et al. 2020). Generally, when participants are 69 

sequentially exposed to a perturbation (e.g., force-field or visuomotor rotation) and its mirror-70 

reversal soon thereafter, adaptation to the second perturbation is hampered (anterograde 71 

interference) or memory of the first one is impaired (retrograde interference) (Krakauer et al. 72 

2005; Miall et al. 2004). There have been multiple explanations for this phenomenon, with 73 

early work emphasizing that interference arises whenever error signals for each perturbation 74 

are encoded via the same sensory modality (proprioception, vision) or within the same 75 

reference frame (intrinsic, extrinsic) (Krakauer et al. 1999). Later work brought nuance and 76 

suggested that the critical factor may not be the sensory modality (or reference frame) per se, 77 

but the state variable of the perturbation. For instance, interference has been shown to occur 78 

for different types of perturbations (force-field and visuomotor rotation) if they are both made 79 

to depend on the same state variable, being position, velocity or acceleration (Tong et al. 80 

2002). In more recent work, the notion of context (e.g., color of background or target) and 81 

task goal (e.g., location in the workspace) have been brought forward, with evidence that two 82 

perturbations interfere when they affect movements that are directed toward a common goal, 83 
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or more subtly when they share common motor preparatory activity (Howard et al. 2012; 84 

Krakauer et al. 2019; Sheahan et al. 2016). 85 

 Another type of paradigm that has been used to address the modularity of 86 

sensorimotor mappings is that of composition/decomposition, in which participants are 87 

sequentially exposed to separate single sensorimotor mappings or one that consists of their 88 

combination. An early study by Flanagan and colleagues (Flanagan et al. 1999) showed that 89 

participants can flexibly compose and decompose adaptation to different types of 90 

perturbations, namely a dynamic viscous force-field and a kinematic 60° visuomotor rotation, 91 

even though they influence behaviour in opposite directions. For instance, after participants 92 

had adapted to each single perturbation separately, they exhibited immediate benefits on the 93 

combined perturbation as compared to naïve participants. A critical factor in their study, 94 

which may have facilitated composition, was that the perturbations were “orthogonal” to each 95 

other, influencing different state variables and being mediated by different sensory modalities, 96 

thus minimizing potential interference between the two (an issue which was not explicitly 97 

tested in their study).  98 

Hence, it remains unclear whether composition and decomposition remain possible 99 

when two perturbations share attributes and interfere with each other. To address this issue, 100 

we used two kinematic perturbations that pertained to the same sensory modality (visual), for 101 

which the state variables were partially shared, and for which all features pertaining to task 102 

goal and context were the same. The first one is a visuomotor rotation, in which a cursor is 103 

rotated by 90° with respect to hand motion. The second one consists of a cursor that mimics 104 

the behaviour of a damped mass-spring system. Although this perturbation is less 105 

conventional, several reports have shown its relevance for motor learning (Dingwell et al. 106 

2002, 2004; Huang et al. 2007; Landelle et al. 2016; Nagengast et al. 2010). In contrast to the 107 
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visuomotor rotation which relies on a single state variable (cursor position), the effect of the 108 

mass-spring mapping depends upon position, velocity as well as acceleration.  109 

We used a pursuit tracking task in which participants had to keep the cursor as close as 110 

possible to a moving target that followed an unpredictable trajectory (Danion and Flanagan 111 

2018; Mathew et al. 2018). Although this task differs from more traditional discrete reaching 112 

tasks  in the sense that it relies more heavily on feedback control rather than feedforward 113 

control (Yang et al. 2020), pursuit tracking has nonetheless been shown to be under adaptive 114 

control as demonstrated by the presence of potent aftereffects, a hallmark of adaptation 115 

(following a 90° visuomotor rotation; Gouirand et al. 2019; Mathew et al. 2018; Yang et al. 116 

2020). One of the main advantages of using this task is that it minimizes the possibility for 117 

exploiting explicit mechanisms known to be at play during visuomotor adaptation, such as 118 

cognitive strategizing and re-aiming (Fernandez-Ruiz et al. 2011; Haith et al. 2015; Leow et 119 

al. 2017; McDougle and Taylor 2019), thereby unmasking the low-level implicit updating of 120 

internal models. 121 

Results revealed that even though adaptation to the two perturbations led to 122 

interference, participants could still successfully compose and decompose them, 123 

demonstrating that the brain is able to segregate the two mappings even when they rely on the 124 

same sensory modality, partially share state variables, and are learned under the same task 125 

goals and context. 126 

 127 

METHOD  128 

Participants 129 

Four groups of right-handed participants took part in this study (Group 1, N=20, Age: 22.8 ± 130 

4.9 yrs., 12 female; Group 2, N=21, Age: 22.7 ± 6.2 yrs., 12 female; Group 3, N=21, Age: 131 

22.3 ± 5.0 yrs., 14 female; Group 4, N=21, Age: 23.1 ± 45.8 yrs., 13 female). Although no 132 

formal a priori power analysis was performed, based on our previous experience using the 133 
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tracking task (Gouirand et al. 2019; Mathew et al. 2018, 2019a) and pilot testing, we aimed 134 

for a sample size of at least n = 20 per group. We were able to collect 21 participants per 135 

group but had to drop one participant of Group 1. Handedness of participants was verified 136 

using the Oldfield Handedness Inventory with a mean laterality quotient of 96.0 ± 6.7%. None 137 

of the participants had neurological or visual disorders. They were naïve as to the 138 

experimental conditions and hypotheses, and had no previous experience with oculo-manual 139 

tracking tasks. The experimental paradigm (2016-02-03-007) was approved by the Ethics 140 

Committee of Aix-Marseille University and complied with the Declaration of Helsinki. All 141 

participants gave written consent prior to participation. Each experimental protocol lasted 142 

about one hour, and participants were compensated 10€ for their participation.  143 

 144 

Apparatus 145 

 The experimental setup is similar to the one used in our previous studies (Gouirand et 146 

al. 2019; Mathew et al. 2018, 2019b), thus we will only report key information. Our setup is 147 

illustrated in Figure 1a. Participants were seated comfortably in a dark room facing a screen 148 

(ACER Predator, 1920×1080, 27” inch, 240Hz) positioned in the frontal plane. Head 149 

movements were restrained by a chin rest and a padded forehead rest. In order to block direct 150 

vision of their hands, a horizontal shield was positioned under the participants' chin. 151 

Participants were required to hold a joystick (Series 812, Megatron, France, with ± 25° of 152 

inclination along X-Y axes) with their right hand positioned horizontally on a table in front of 153 

them. Both right and left forearms were resting on the table. The output of the joystick was 154 

fed into a data acquisition system (Keithley ADwin Real Time, Tektronix) and was sampled 155 

at 1000 Hz.  156 

 157 

Procedure 158 
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Throughout the experiment, participants had to perform a tracking task (Figure 1b) 159 

that consisted of moving the joystick with the right hand so as to keep the cursor (red disk, 160 

0.5cm in diameter) as close as possible to a moving target (blue disk, 0.5cm in diameter). The 161 

motion of the target resulted from the combination of sinusoids: two along the X axis (one 162 

fundamental and a second or third harmonic) and two along the Y axis (same procedure; see 163 

Figure 1b for axes). We used the following equations to construct target motion: 164 𝑥௧ = 𝐴ଵ௫𝑐𝑜𝑠𝜔𝑡 + 𝐴ଶ௫cos (ℎ௫𝜔𝑡 − 𝜑௫)  (1) 165 𝑦௧ = 𝐴ଵ௬𝑠𝑖𝑛𝜔𝑡 +  𝐴ଶ௬sin (ℎ௬𝜔𝑡 − 𝜑௬) (2) 166 

This technique was used to generate pseudo-random 2D patterns while preserving 167 

smooth changes in velocity and direction (Danion and Flanagan 2018; Mrotek and Soechting 168 

2007; Soechting et al. 2010). A total of five different patterns with a mean tangential velocity 169 

of 16cm/s were used throughout the experiment (see Table 1 and Figure 1c). The order of 170 

patterns was randomized across trials and participants while ensuring that each pattern was 171 

presented equally often within each experimental condition.    172 

Four types of hand-cursor visual mappings were tested: NORMAL, ROTATION, 173 

SPRING, and SPROT. Under the NORMAL mapping the gain of the joystick was such that a 174 

25° change in the inclination of the joystick resulted in a 15cm change on the screen. This 175 

gain prevented the cursor from moving outside the screen. For the NORMAL mapping the 176 

angular relationship between the joystick orientation and its visual consequences on the 177 

screen was one-to-one and thus intuitive: if the joystick was inclined to the left, the cursor on 178 

the screen also moved to the left. Under the ROTATION mapping, the relationship between 179 

the joystick orientation and the position of the cursor was altered by a 90° counter-clockwise 180 

visuomotor rotation (Ogawa and Imamizu 2013). As a result, if the participant moved the 181 

joystick forward, the cursor moved leftward on the screen. Under the SPRING mapping, the 182 

cursor behaved as a mass attached to the hand by means of a spring. We used the following 183 
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parameters for the simulation: mass = 1 Kg, stiffness = 40 N/m, damping = 1.66 N/m/s, 184 

resting length = 0 m. This parameter setting results in a 1Hz resonance frequency (F) as 185 

imposed by the following equation: 186 

 
m
kF

π2
1=  (3) with m accounting for the mass, and k for the stiffness.  187 

This parameter setting is consistent with previous studies investigating the 188 

manipulation of non-rigid objects (Danion et al. 2012, 2017; Dingwell et al. 2002, 2004; 189 

Landelle et al. 2016; Mathew et al. 2019a; Nagengast et al. 2009). Finally the fourth mapping, 190 

SPROT, resulted from the combination of the ROTATION and SPRING mappings, meaning 191 

that the cursor was both rotated and behaving like a mass-spring. Supplemental videos 192 

depicting representative trials of participants in the NORMAL mapping as well as during the 193 

first and last trials of each of the three perturbed mappings can be found here 194 

https://zenodo.org/record/5138123#.YP75VI5KiUk. 195 

After 4-5 trials of familiarization, each participant began with a baseline block of 10 196 

trials under the NORMAL mapping (see Figure 2). Then they completed one block of 50 197 

trials under each of the 3 experimental conditions: SPRING, ROTATION, and SPROT. 198 

Group 1 and Group 2 were tested for the ability to compose sensorimotor adaptation, with 199 

participants completing SPRING and ROTATION before they were tested on SPROT. 200 

Conversely, Group 3 and Group 4 were tested first on SPROT then on SPRING and 201 

ROTATION, so as to test the ability to decompose sensorimotor adaptation. After completing 202 

these 4 blocks, all participants performed a washout block with 10 trials under the NORMAL 203 

mapping. Overall a total of 170 experimental trials were collected per participant. Each trial 204 

lasted 10 seconds. The total duration of the experiment averaged 60 min.  205 

 206 

At the end of the experiment, there was an informal debriefing. Participants were asked the 207 

following open question: “Please describe the perturbation(s) you experienced”. Our main 208 
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interest was to evaluate whether participants could report that one perturbation was the 209 

combination of two others. 210 

 211 

Data analysis 212 

Because participants were explicitly instructed to always minimize the cursor-target 213 

distance, our primary dependent variable to characterize performance across all types of 214 

perturbations was hand tracking error. To quantify hand tracking error (E) we measured the 215 

distance in cm (in two dimensions; x and y) between the cursor (C; moved by the hand) and 216 

the target (T) at each instant (t) using the following equation: 217 

𝐸௧ = ට(𝐶௫௧ − 𝑇௫௧)ଶ + ൫𝐶௬௧ − 𝑇௬௧൯ଶ  (4)
 

218 

 

219 

We averaged this error across time for each trial while excluding the first second of 220 

data from each trial. 221 

In addition to hand tracking error, two additional metrics were used in an effort to 222 

isolate components of learning that would be specific to either the SPRING or ROTATION 223 

perturbations. The first metric was directional error, which consisted in rotating the cursor 224 

data (around the center) with respect to the target data in each trial, and determining the angle 225 

which minimized hand tracking error (a method inspired from Yang et al. 2020). Here, by 226 

convention, a positive directional error indicates that cursor data had to be rotated clockwise 227 

to match the target data. It was hypothesized that this metric would show strong modulations 228 

during adaptation to the ROTATION and SPROT perturbations, but not during the SPRING 229 

perturbation. The second metric was cursor velocity (i.e., mean tangential velocity in each 230 

trial) because hand/joystick velocity is amplified at the cursor level by the dynamics of the 231 

spring (Landelle et al. 2016; Mathew et al. 2019a). Following this line of reasoning, it was 232 

hypothesized that under initial exposure to the SPRING and SPROT mappings cursor velocity 233 
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would substantially exceed target velocity (16 cm/s), while this would not be the case under 234 

ROTATION or Baseline. Similar to tracking error, directional error and cursor velocity were 235 

assessed while excluding the first second of data from each trial. 236 

 237 

Statistical analysis 238 

Baseline, as well as washout performance was compared across groups with a 4 Group 239 

x 10 Trial two-way ANOVA with trial as a repeated-measures. Then, to test our main 240 

hypotheses regarding composition/decomposition, we compared adaptation to each of the 241 

three mappings (SPRING, ROTATION, SPROT) across groups. To do so, for each mapping, 242 

adaptation performance was tested with a 4 Group x 2 Phase (Early, Late) two-way ANOVA 243 

with phase as a repeated-measures. Early adaptation consisted of the mean error across the 244 

first 10 trials (1-10), whereas Late adaptation consisted of the mean error across the last 10 245 

trials (41-50). To provide insight regarding the relative complexity of the SPRING and 246 

ROTATION perturbations, we compared performance of naïve participants performing their 247 

first block under each of these mappings, that is Group 1 under SPRING vs. Group 2 under 248 

ROTATION. This was done using a 2 Group x 2 Phase (Early, Late) two-way ANOVA with 249 

phase as a repeated-measures. Finally, to address the possibility of anterograde interference 250 

between ROTATION and SPRING, we compared the performance of participants in each 251 

mapping depending on whether or not learning was immediately preceded by prior exposure 252 

to the other mapping. Namely, we pooled the data of Groups 1 and 3 (in which ROTATION 253 

was immediately preceded by SPRING) as well as those of Groups 2 and 4 (in which 254 

SPRING was immediately preceded by ROTATION) and performed a 2 Order (First vs. 255 

Second) x 2 Phase (Early vs. Late) two-way ANOVA with phase as a repeated measure. This 256 

analysis was done separately for SPRING and ROTATION. 257 
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Whenever relevant, post-hoc tests were done with two-tailed unpaired t-tests and the 258 

Benjamini-Hochberg procedure [i.e., false discovery rate (FDR); (Benjamini and Hochberg 259 

1995)] was used to correct for multiple comparisons. For ANOVAs, effect sizes are reported 260 

as partial eta squared (𝑛ଶ ; Fritz et al. 2012; Lakens 2013), whereas for targeted comparisons 261 

(i.e., t-tests), effect sizes are reported as Cohen’s d. For all analyses, the threshold for 262 

significance was set to α = 0.05. 263 

 264 

RESULTS 265 

Baseline tracking 266 

During the first block all participants performed the tracking task under the NORMAL 267 

mapping. The two-way ANOVA (Group by Trial) revealed no systematic difference in 268 

tracking performance between the groups (F(3,79) = 0.512, p = 0.675, 𝑛ଶ = 0.019). Averaged 269 

across groups, mean hand tracking error during baseline trials was 1.68cm. There was a main 270 

effect of Trial (F(9,711) = 5.307, p < 0.001, 𝑛ଶ  = 0.06) revealing a decrease in tracking error, 271 

however this improvement was similar across groups as revealed by a lack of Group x Trial 272 

interaction (F(27,711) = 0.611, p = 0.941, 𝑛ଶ  = 0.02). Post-hoc analysis of the Trial effect 273 

revealed that while there was a significant decrease in tracking error from trial 1 to 3 (p < 274 

0.05), there was no significant difference between any of the trials from 3 to 10 (all p > 0.22). 275 

This capacity to achieve asymptotic performance after only two trials suggests that 276 

participants were adept at the task and that meta-learning (or mere practice with the tracking 277 

task) is unlikely to account for the learning curves during exposure to perturbations. 278 

 279 

Adaptation to the SPRING mapping 280 

Figure 3a compares the time course of tracking error for each of the 4 groups under the 281 

SPRING mapping. The two-way ANOVA revealed a main effect of phase (F(1,79) = 402.772, 282 



 12

p < 0.001, 𝑛ଶ = 0.836), with a decrease in tracking error as a function of exposure. There was 283 

also a main effect of Group (F(3,79) = 3.001, p = 0.035, 𝑛ଶ = 0.102), as well as a significant 284 

interaction (F(3,79) = 10.996, p < 0.001, 𝑛ଶ = 0.295). Specifically, post-hoc tests revealed that 285 

during Early adaptation, hand tracking error in Group 3 was significantly smaller than in 286 

Groups 1 (t(39)  = 2.401,  p = 0.021, Cohen’s d = 0.77), 2 (t(40)  = 5.317,  p < 0.001, Cohen’s d = 287 

1.65) and 4 (t(40)  = 3.347,  p = 0.002, Cohen’s d = 1.05; see Figure 3b). Based on these 288 

observations we conclude that Group 3 who experienced the SPRING immediately after the 289 

SPROT mapping is the only group that demonstrated an advantage when adapting to 290 

SPRING. As for Late adaptation, post-hoc tests revealed no difference across groups (all 291 

p > 0.5; see Figure 3c). This suggests that, irrespective of the previous exposure to other 292 

mappings, all groups were able to adapt to the SPRING to a similar extent. 293 

 294 

Adaptation to the ROTATION mapping 295 

Figure 4a compares the time course of tracking error for each of the 4 groups under the 296 

ROTATION mapping. The two-way ANOVA revealed a main effect of phase (F(1,79) = 297 

507.556, p < 0.001, 𝑛ଶ = 0.865), with a decrease in tracking error as a function of exposure. 298 

There was no main effect of Group (F(3,79) = 2.501, p = 0.065, 𝑛ଶ = 0.087), but a significant 299 

interaction (F(3,79) = 21.991, p < 0.001, 𝑛ଶ = 0.455). Specifically, post-hoc tests revealed that 300 

during Early adaptation, hand tracking error in Group 4 was smaller than in Groups 1 301 

(t(39)  = 4.672,  p < 0.001, Cohen’s d = 1.26), 2 (t(40)  = 3.650,  p = 0.001, Cohen’s d = 0.91) and 302 

3 (t(40)  = 2.457,  p = 0.017, Cohen’s d = 0.75; see Figure 4b). Based on these observations we 303 

conclude that Group 4 who experienced the ROTATION immediately after the SPROT 304 

mapping, is the only group that demonstrated an advantage when adapting to ROTATION. As 305 

for Late adaptation, post-hoc tests revealed no difference across groups (all p > 0.3; see 306 
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Figure 4c). This suggests that, irrespective of the previous exposure to other mappings, all 307 

groups were able to adapt to the ROTATION to a similar extent. 308 

 309 

Adaptation to the COMBINED (SPROT) mapping 310 

Figure 5a compares the time course of tracking error across groups under the SPROT 311 

mapping, which results from the combination of SPRING and ROTATION. The two-way 312 

ANOVA revealed a main effect of phase (F(1,79) = 240.580, p < 0.001, 𝑛ଶ = 0.753), with a 313 

decrease in tracking error as a function of exposure. There was a main effect of Group (F(3,79) 314 

= 18.652, p < 0.001, 𝑛ଶ = 0.415), as well as a significant interaction (F(3,79) = 14.882, 315 

p < 0.001, 𝑛ଶ = 0.361). Specifically, post-hoc tests revealed that during Early adaptation, hand 316 

tracking error in Groups 3 and 4 was smaller than in Groups 1 and 2 (all  p < 0.001, all 317 

Cohen’s d > 1.77; see Figure 5b). Based on these observations we conclude that Groups 1 and 318 

2 who had prior experience with the SPRING and ROTATION mappings demonstrated a 319 

clear advantage for the combined mapping. Moreover, it seems that the order in which the 320 

groups experienced the SPRING and ROTATION mappings was not critical for this 321 

composition effect. This benefit was long-lasting, as revealed by the fact that in Late 322 

adaptation, Groups 1 and 2 still presented significantly smaller errors than Groups 3 and 4 (all  323 

p < 0.05, all Cohen’s d > 0.70; see Figure 5c). 324 

 325 

Washout of adaptation 326 

At the end of the experimental sessions, all groups performed a washout block in 327 

which the NORMAL mapping was restored unexpectedly. A two-way ANOVA (Group x 328 

Trial) revealed no systematic difference in tracking performance across groups during this 329 

block (F(3,79) = 0.239, p = 0.869, 𝑛ଶ = 0.009). However, there was a main effect of Trial 330 

(F(9,711) = 93.292, p < 0.001, 𝑛ଶ  = 0.541) revealing a decrease in tracking error, as well as a 331 
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significant Group x Trial interaction (F(27,711) = 2.744, p < 0.001, 𝑛ଶ  = 0.09). Post-hoc 332 

analysis revealed that this effect originated from the fact that during the first washout trial, 333 

tracking was less impaired in Group 4 (who had experienced SPRING just before washout) as 334 

compared to all three other groups  (3.06 vs. 4.26cm; p < 0.001) which in the latter case were 335 

not different from each other (all p > 0.57). Averaged across groups, mean tracking error 336 

during the last washout trial was 1.99cm, a value significantly greater than during Baseline 337 

(p < 0.001). Overall these analyses confirm that, no matter the order of the SPRING, 338 

ROTATION, and SPROT mapping, all groups presented potent and long lasting aftereffects 339 

during the washout block.  340 

 341 
Comparison between SPRING and ROTATION in naïve participants 342 

To assess the relative complexity in adapting to the SPRING and ROTATION 343 

mappings, Figure 6a represents how naïve groups adapted to each perturbation, that is Group 344 

1 under SPRING was compared to Group 2 under ROTATION. As can be seen, initial 345 

tracking error was larger under the ROTATION mapping than SPRING. The two-way 346 

ANOVA revealed a main effect of phase (F(1,39) = 291.679, p < 0.001, 𝑛ଶ = 0.882), with a 347 

decrease in tracking error as a function of exposure for both perturbations. There was a main 348 

effect of Group (F(1,39) = 6.400, p = 0.016, 𝑛ଶ = 0.141), as well as a significant interaction 349 

(F(1,39) = 48.492, p < 0.001, 𝑛ଶ = 0.554). Specifically, in Early adaptation errors were 350 

approximately 40% higher for ROTATION than for SPRING (t(39)  = 4.309,  p < 0.001, 351 

Cohen’s d = 0.96; see Figure 6b), however in Late adaptation, tracking performance was 352 

similar under both mappings (p = 0.922; see Figure 6c). This suggests that although the 353 

ROTATION mapping was initially more challenging than the SPRING mapping, participants 354 

exhibited similar tracking accuracy at the end of exposure.      355 

    356 

Anterograde interference between SPRING and ROTATION 357 
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 To test for anterograde interference between ROTATION and SPRING, we compared 358 

adaptation to each mapping depending on whether or not learning was immediately preceded 359 

by prior exposure to the other mapping. Specifically, data from Groups 1 and 3 (in which 360 

ROTATION was immediately preceded by SPRING) were pooled and compared to those of 361 

Groups 2 and 4 (in which SPRING was immediately preceded by ROTATION) using a 2 362 

Order (First vs. Second) x 2 Phase (Early vs. Late) two-way ANOVA with phase as a 363 

repeated measure.   364 

For SPRING (Figure 7a), the ANOVA revealed a main effect of Order (F(1,81) = 8.121, 365 

p < 0.006, 𝑛ଶ = 0.091), a main effect of Phase (F(1,81) = 316.561, p < 0.001, 𝑛ଶ = 0.796), and 366 

an interaction (F(1,81) = 7.513, p < 0.008, 𝑛ଶ = 0.085). Specifically, in Early adaptation (Figure 367 

7b), errors were lower when SPRING was done before ROTATION (Groups 1 and 3) as 368 

compared to when SPRING was done after ROTATION (Groups 2 and 4) (t(81)  = 3.732,  369 

p < 0.001, Cohen’s d = 0.82). However, the influence of Order was temporary, as there was 370 

no difference in Late adaptation (t(81)  = 1.480,  p = 0.143, Cohen’s d = 0.33; see Figure 7c).  371 

For ROTATION (Figure 7d), the ANOVA revealed a main effect of Order (F(1,81) = 372 

4.557, p < 0.036, 𝑛ଶ = 0.053), a main effect of phase (F(1,81) = 213.820, p < 0.001, 𝑛ଶ = 373 

0.725), but no interaction (F(1,81) = 0.152, p < 0.698, 𝑛ଶ = 0.002). Specifically, errors were 374 

lower when ROTATION was done before SPRING (Groups 2 and 4) as compared to when 375 

ROTATION was done after SPRING (Groups 1 and 3), an effect that was present both in 376 

Early and Late adaptation (Figure 7e and 7f). Altogether, although SPRING perturbed 377 

ROTATION for a longer period than ROTATION perturbed SPRING, these data provide 378 

clear evidence of anterograde interference between SPRING and ROTATION, in the sense 379 

that prior exposure to one of these two mappings impaired learning of the other mapping.  380 

 381 

Additional analyses 382 
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Directional errors 383 

In order to provide further insight regarding composition and decomposition of a 384 

component that is specific to the rotational perturbation, directional errors were assessed. 385 

Figure 8 compares the time course of directional errors for the four groups under the three 386 

mappings. As a first qualitative assessment, it can be seen that directional error is near-zero 387 

and similar across groups during Baseline. As expected, directional errors emerge under 388 

ROTATION and SPROT, that is when a rotational perturbation is applied, but tend to 389 

decrease as a function of adaptation. Interestingly, directional errors change polarity during 390 

SPRING in Groups 2, 3 and 4 (which have had previous exposure to the rotation), suggesting 391 

the presence of carry-over effects. The absence of directional errors in Group 1 upon “naïve” 392 

exposure to SPRING is noteworthy, as it demonstrates that this variable is solely influenced 393 

by the rotation perturbation, but not the spring. Composition is exemplified by the fact that 394 

directional errors are lower under SPROT for Groups 1 and 2 (prior experience with rotation) 395 

as compared to Groups 3 and 4 (no prior experience with rotation). Decomposition is 396 

exemplified by the fact that directional errors tend to be lower under ROTATION for Groups 397 

3 and 4 (prior experience with the rotational perturbation under SPROT) as compared Groups 398 

1 and 2 (no prior experience with the rotational perturbation). Hence, these data argue for 399 

composition and decomposition effects that arise from a component of learning that is specific 400 

to the rotational perturbation. 401 

Statistical analyses largely confirmed these qualitative assessments. Specifically, for 402 

Baseline, a two-way ANOVA (Group by Trial) revealed no main effect of Group (F(3,79) = 403 

0.990, p = 0.402, 𝑛ଶ = 0.036), no main effect of Trial (F(9,711) = 1.132, p = 0.337, 𝑛ଶ  = 0.01) 404 

and no interaction (F(27,711) = 0.808, p = 0.744, 𝑛ଶ  = 0.03). 405 

For SPRING, a 4 Group x 2 Phase (Early, Late) two-way ANOVA with phase as a 406 

repeated-measures revealed a main effect of Phase (F(1,79) = 198.840, p < 0.001, 𝑛ଶ = 0.716), a 407 
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main effect of Group (F(3,79) = 20.504, p < 0.001, 𝑛ଶ = 0.438), and an interaction (F(3,79) = 408 

19.922, p < 0.001, 𝑛ଶ = 0.431). Specifically, post-hoc tests revealed that during Early 409 

adaptation, all groups differed (p < 0.01) except Groups 2 and 4 (p = 0.926). During Late 410 

adaptation, directional errors were smallest in Group 1, being significantly different from both 411 

Groups 2 and 4 (p < 0.01). Directional errors were also significantly smaller in Group 3 than 412 

Group 4 (p < 0.05). As mentioned earlier, a notable finding here is the null directional errors 413 

for Group 1, which underwent SPRING without having been previously exposed to the 414 

Rotation in any way. This confirms that that this particular metric is specific to the rotation 415 

perturbation. 416 

For ROTATION, the ANOVA revealed a main effect of Phase (F(1,79) = 32.232, 417 

p < 0.001, 𝑛ଶ = 0.290), no effect of Group (F(3,79) = 1.327, p = 0.272, 𝑛ଶ = 0.048), but an 418 

interaction (F(3,79) = 3.509, p < 0.05, 𝑛ଶ = 0.118). Specifically, post-hoc tests revealed that 419 

during Early adaptation, Group 4, which was exposed to ROTATION immediately after 420 

SPROT, presented significantly lower directional errors than Group 1 (p = 0.027), suggesting 421 

decomposition. There were no significant differences during Late adaptation. 422 

Concerning SPROT, the ANOVA revealed a main effect of Phase (F(1,79) = 66.902, 423 

p < 0.001, 𝑛ଶ = 0.459) and a main effect of Group (F(3,79) = 4.704, p < 0.01, 𝑛ଶ = 0.152), but 424 

no interaction (F(3,79) = 2.573, p = 0.06, 𝑛ଶ = 0.089). Specifically, post-hoc tests revealed that 425 

directional errors in Groups 1 and 2 (which had been previously exposed to the rotation 426 

perturbation), were significantly lower that in Groups 3 and 4 (all p < 0.05). This is a potent 427 

demonstration of composition. 428 

Finally, during washout directional error changed polarity with respect to ROTATION 429 

and SPROT, an observation consistent with the presence of aftereffects. The two-way 430 

ANOVA (Group by Trial) revealed a main effect of Group (F(3,79) = 5.372, p < 0.01, 𝑛ଶ = 431 

0.169), a main effect of Trial (F(9,711) = 48.453, p < 0.001, 𝑛ଶ  = 0.38) and an interaction 432 
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(F(27,711) = 2.352, p < 0.001, 𝑛ଶ  = 0.08). Specifically, Group 4 presented significantly less 433 

directional error than all other groups during the first 6 trials (all p < 0.05), which is consistent 434 

with the fact that this group was tested immediately after SPRING (rather than SPROT or 435 

ROTATION).  436 

 437 

Cursor velocity 438 

In order to provide further insight regarding composition and decomposition of a 439 

component that is specific to the spring perturbation, cursor velocity was assessed. Figure 9 440 

compares the time course of cursor velocity for the four groups under the three mappings. As 441 

a first qualitative assessment, it can be seen that cursor velocity is similar during Baseline 442 

across groups, and that its value is similar to mean target velocity (16 cm/s). As expected, 443 

cursor velocity  increased substantially under  initial exposure to the SPRING and SPROT 444 

mappings, consistent with the amplificative effect of the spring dynamics. It should be noted, 445 

however, that this variable was not exclusively modulated by the spring perturbation, as an 446 

increase (albeit smaller) was observed in Group 2 during “naïve” exposure to ROTATION. 447 

Nevertheless, composition is reflected by the fact that cursor velocity was lower during the 448 

first ~5 trials of SPROT for Groups 1 and 2 (prior experience with SPRING) as compared to 449 

Groups 3 and 4 (no prior experience with SPRING). Decomposition is exemplified by the fact 450 

that cursor velocity is lower under SPRING for Groups 3 and 4 (prior experience with the 451 

spring perturbation under SPROT) as compared to Groups 1 and 2 (no prior experience with 452 

the spring perturbation). Hence, these data argue for composition and decomposition effects 453 

that arise from a component of learning that is predominantly influenced by the spring 454 

perturbation. 455 

Statistical analyses largely confirmed these qualitative assessments. Specifically, for 456 

Baseline, a two-way ANOVA (Group by Trial) revealed no main effect of Group (F(3,79) = 457 
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0.798, p = 0.499, 𝑛ଶ = 0.029), no interaction (F(27,711) = 1.051, p = 0.395, 𝑛ଶ  = 0.038), but a 458 

main effect of Trial (F(9,711) = 2.881, p = 0.002, 𝑛ଶ  = 0.035), revealing that all groups slightly 459 

reduced their cursor velocity over the first 4 trials. 460 

For SPRING, a 4 Group x 2 Phase (Early, Late) two-way ANOVA with phase as a 461 

repeated-measures revealed a main effect of Phase (F(1,79) = 120.303, p < 0.001, 𝑛ଶ = 0.604), a 462 

main effect of Group (F(3,79) = 11.722, p < 0.001, 𝑛ଶ = 0.308), and an interaction (F(3,79) = 463 

10.890, p < 0.001, 𝑛ଶ = 0.293). Specifically, post-hoc tests revealed that during Early 464 

adaptation, cursor velocity in Groups 3 and 4 was significantly lower than for Groups 1 and 2 465 

(all p < 0.01). During Late adaptation, cursor velocity in Group 3 was significantly lower than 466 

for Groups 1 and 2 (both p < 0.05), while it was also significantly lower for Group 4 than for 467 

Group 2 (p < 0.05). These data reflect decomposition since Groups 3 and 4, which were 468 

exposed to the spring perturbation during SPROT and thus learned to reduce cursor velocity, 469 

carried this effect over to the SPRING condition. 470 

For ROTATION, the ANOVA revealed a main effect of Phase (F(1,79) = 4.760, 471 

p < 0.05, 𝑛ଶ = 0.057), a main effect of Group (F(3,79) = 11.963, p < 0.001, 𝑛ଶ = 0.312), and an 472 

interaction (F(3,79) = 14.291, p < 0.001, 𝑛ଶ = 0.352). Specifically, post-hoc tests revealed that 473 

during Early adaptation, Group 1 significantly differed from Groups 2 and 3 (both p < 0.01), 474 

while Group 2 significantly differed from all other Groups (all p < 0.01). During Late 475 

adaptation, Groups 1 and 2 differed from Group 3 (both p < 0.05). Here again, the fact that 476 

cursor velocity for Groups 1, 3 and 4 was lower than for “naïve” Group 2 during early 477 

ROTATION (sometimes below baseline levels), suggests the presence of carry-over effects 478 

resulting from prior exposure to the spring perturbation. 479 

Concerning SPROT, the ANOVA revealed a main effect of Phase (F(1,79) = 102.703, 480 

p < 0.001, 𝑛ଶ = 0.565) no effect of Group (F(3,79) = 0.080, p = 0.971, 𝑛ଶ = 0.003), and a 481 

significant interaction (F(3,79) = 5.649, p < 0.001, 𝑛ଶ = 0.177). Although cursor velocity was 482 
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lower for Groups 1 and 2 as compared to Groups 3 and 4 during the first ~5 trials of SPROT, 483 

suggesting composition, this effect did not reach statistical significance when considering our 484 

operational definition of Early adaptation (trials 1-10) (all p > 0.2). As for Late adaptation, 485 

there was a tendency for cursor velocity to differ between Groups 1 and 2 vs. Group 3, but it 486 

did not reach significant levels (both p > 0.07). 487 

Finally, during washout cursor velocity was below baseline levels, which is indicative 488 

of aftereffects. The ANOVA revealed no main effect of Group (F(3,79) = 2.353, p = 0.078, 𝑛ଶ = 489 

0.082), but a significant main effect of Trial (F(9,711) = 17.952, p < 0.001, 𝑛ଶ  = 0.185) and an 490 

interaction (F(27,711) = 2.365, p < 0.001, 𝑛ଶ  = 0.082). Specifically, Group 3 presented 491 

significantly less aftereffects than all other groups during the first 4 trials (all p < 0.05), which 492 

is consistent with the fact that this group was tested immediately after ROTATION (rather 493 

than SPRING or SPROT).   494 

 495 

DISCUSSION 496 

        The main objective of this study was to investigate interference effects as well as 497 

modularity of sensorimotor adaptation in manual tracking under two separate visual 498 

perturbations (SPRING and ROTATION) and their combination (SPROT). First, evidence for 499 

anterograde interference was found whenever participants switched from SPRING to 500 

ROTATION, and vice versa. Second, evidence for modularity was found both in terms of 501 

composition and decomposition. Indeed, irrespective of the order of presentation, prior 502 

exposure to each single mapping clearly benefited to learning the combined mapping. 503 

Conversely, prior exposure to the combined mapping facilitated learning of the single 504 

mapping that immediately followed. More fine-grained analyses revealed that the composition 505 

and decomposition effects were attributable to components of learning that were specifically 506 

acquired through exposure to either the rotational perturbation (i.e., directional error) or the 507 
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spring perturbation (i.e., cursor velocity), excluding the possibility that these effects be solely 508 

due to task-irrelevant improvements in motor acuity or meta-learning (Braun et al. 2009; 509 

Turnham et al. 2012). Together, these results demonstrate that even though two perturbations 510 

interfere with each other, they can still be composed and decomposed advantageously. 511 

 512 

Interference between SPRING and ROTATION 513 

Our results provide evidence for anterograde interference, in that exposure to either 514 

one of the single mappings (SPRING or ROTATION) impaired subsequent learning of the 515 

other single mapping (see Figure 7). While it is likely that interference arose from a 516 

combination of the previously identified factors (i.e., same sensory modality of the errors, 517 

partially shared state variables, common task goal and context), it suggests that shared neural 518 

populations (or at least neural populations whose dynamics occupy a shared subspace; 519 

Duncker et al. 2020) were involved in adapting to the SPRING and ROTATION mappings. 520 

Nonetheless, as will be discussed in the next sections, interference did not preclude 521 

participants’ capacity to compose or decompose these novel sensorimotor representations. In 522 

that sense our results extend the findings of Flanagan et al. (1999) who found evidence for 523 

modularity in the context of force field and visuomotor adaptation (two “orthogonal” 524 

perturbations), in absence of direct evidence of interference between the two. Thanks to our 525 

additional analyses of directional error and cursor velocity (Figures 8 and 9), it could be 526 

confirmed that the interference effects found at the task level (i.e., hand tracking error, see 527 

Figure 7) specifically resulted from carry-over effects inherent to each perturbation. Indeed, 528 

following exposure to the ROTATION and SPROT mappings, participants exhibited a 529 

negative directional bias in cursor motion, which likely accounted for the impairment in 530 

tracking performance under SPRING (and Washout). Similarly, following the SPRING and 531 

SPROT mappings, participants tended to unnecessarily slow down their cursor motion, an 532 
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effect again likely to have altered tracking performance under ROTATION (and Washout). 533 

Altogether, although anterograde interference is expected when sequentially adapting to 534 

opposite visuomotor rotations (Krakauer et al. 2005; Miall et al. 2004; Wigmore et al. 2002), 535 

we show here that carry-over effects along different dimensions of hand behavior (direction 536 

vs. velocity) can also lead to interference at the task level.  537 

No matter their origin, interference effects in our task were not symmetrical, as prior 538 

exposure to the SPRING mapping seems to have had a more detrimental effect on learning of 539 

the ROTATION mapping than the contrary. Indeed, the interference effect from SPRING to 540 

ROTATION was present both in early and late adaptation, whereas the interference effect 541 

from ROTATION to SPRING was only present in early adaptation. This asymmetry may 542 

result from differences in the complexity of the two perturbations, as suggested by distinct 543 

time course of tracking error in naïve participants. Indeed, as shown in Figure 6, the SPRING 544 

mapping appeared less challenging than ROTATION, with lower initial tracking errors and 545 

fewer trials needed to reach asymptotic levels of performance. Given that asymptotic 546 

performance has been shown to initiate consolidation processes and promote anterograde 547 

interference (Leow et al. 2013; Shibata et al. 2017), the more extensive period at asymptote 548 

for SPRING may have led to its stabilization, and ultimately to greater impairment to 549 

ROTATION than the contrary. A second possibility may stem from differences in the state 550 

variables being influenced by each mapping, with ROTATION and SPRING relying on a 551 

common state variable (i.e., position), but SPRING depending upon additional variables (i.e., 552 

velocity and acceleration). It may be that SPRING had a greater impact on ROTATION 553 

because it interfered with its unique state variable, conversely ROTATION interfered less on 554 

SPRING because many more state variables were involved. 555 

 556 

Composition and decomposition of visuomotor adaptation 557 
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Irrespective of the order of exposure to the SPRING and ROTATION mappings, 558 

participants of Groups 1 and 2 exhibited a strong and reliable advantage for learning the 559 

combined mapping as compared to naïve participants of Groups 3 and 4 (see Figure 5). Not 560 

only was this advantage observed during early exposure, but it persisted throughout the entire 561 

adaptation session. Evidence for composition supports the idea that even though the two 562 

perturbations may have involved partially overlapping neural substrates (thus causing 563 

interference), they were somehow combined advantageously when facing the SPROT 564 

mapping.  565 

In addition, following adaptation to the combined mapping, participants of Groups 3 566 

and 4 exhibited an advantage when subsequently tested in either one of the single mappings 567 

(see Figures 3 and 4). This decomposition effect indicates that the SPROT mapping was not 568 

learned as a third entity independent from each single mapping. In contrast, it suggests that 569 

during SPROT the sensorimotor system was seemingly able to pick out error signals 570 

associated with each of the single mappings even though they were superimposed, perhaps 571 

due to the fact that they influenced partly different state variables. Nonetheless, it should be 572 

noted that this effect occurred completely outside of participants’ capacity to identify the 573 

perturbations, as none of them was able to report that two mappings were superimposed, let 574 

alone what their underlying nature was. Although these verbal reports do not formally rule out 575 

the use of explicit strategies, they still suggest that cognitive processes, such as re-aiming, 576 

played a negligible role in the gradual improvement in performance observed here. Rather, 577 

they point to the possibility that adaptation was due to the implicit update of an internal 578 

model. This is further supported by the potent and long-lasting aftereffects for each 579 

perturbation during washout, which are generally ascribed to implicit adaptation. Importantly, 580 

these aftereffects were not only observed for tracking error, but also for directional error and 581 

cursor velocity, which respectively pertained to the ROTATION and SPRING mappings. The 582 
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rotational aftereffects are notable since large perturbations such as the one used here (90° 583 

visuomotor rotation) have been suggested to be mediated to a large extent by strategic/explicit 584 

processes, at least in reaching tasks (Bond and Taylor 2015). Note that even in the case of 585 

reaching movements, the use of stringent (i.e., low) reaction time constraints prevents the 586 

expression of the strategic/explicit component (Leow et al. 2017). This latter observation 587 

echoes with our pursuit tracking task in which participants had to constantly keep track of the 588 

target and update their cursor position, rendering the use of cognitive strategizing and re-589 

aiming unlikely given that they are time-consuming processes (Fernandez-Ruiz et al. 2011; 590 

Haith et al. 2015; Leow et al. 2017; McDougle and Taylor 2019). In direct support of our 591 

interpretation, recent work has shown that during manual tracking, rotational perturbations of 592 

90° lead to potent directional aftereffects (unlike for a mirror-reversal perturbation), leading 593 

the authors to suggest that it was subtented by genuine adaptive mechanisms rather than de 594 

novo learning (Yang et al. 2020).  595 

To some extent, the SPROT mapping can be conceived as a 90° visuomotor rotation 596 

with added noise, given the non-linear hand-cursor spatial relationship incurred by the 597 

SPRING perturbation. In that light, the decomposition effect observed for ROTATION 598 

indicates that despite this increase in noise, participants could reliably extract error signals 599 

specifically pertaining to the visuomotor rotation. This observation is reminiscent of a study 600 

showing that participants could adapt their reaching movements to a visuomotor rotation even 601 

when combined with a 200 ms visual delay (Honda et al. 2012). Moreover, as in our case, that 602 

study revealed that adaptation to the combined perturbation was facilitated by prior exposure 603 

to the visual delay (hence a form of composition). However, that study did not investigate 604 

decomposition of the combined perturbation into each of the two perturbations. 605 

An interesting finding is that the decomposition effect was clear for the single 606 

mapping that immediately followed exposure to SPROT but did not extend to the subsequent 607 
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single mapping. Two non-exclusive reasons may account for this. First, this may have 608 

resulted from two simulateous effects, namely the enhanced tracking performance in the 609 

individual mappings due to prior practice with the combined perturbation (i.e., 610 

decomposition), along with anterograde interference. Indeed, given the observed anterograde 611 

interference between SPRING and ROTATION, it is likely that extraction of one of the single 612 

mappings following SPROT counteracted the subsequent extraction of the other single 613 

mapping. Second, as time elapsed, the memory of the combined mapping may have gradually 614 

decayed, favoring the extraction of the first single mapping as compared to the second one. 615 

Future experiments will be needed to clarify the respective contribution of these two 616 

mechanisms. 617 

 Finally, we observed an asymmetry in the relative strength of the composition and 618 

decomposition effects, with decomposition being more fragile than composition. This effect 619 

may stem from the fact that decomposing a mapping is presumably more complex (from a 620 

computational perspective) than composing two mappings. Indeed although SPROT can 621 

theoretically be decomposable into an infinite set of mappings, combining ROTATION and 622 

SPRING can only lead to a single deterministic outcome. This issue (i.e., inverse problem) 623 

has already been raised in the context of forward/inverse models in conjunction with modular 624 

learning (Miall 2002; Wolpert and Kawato 1998).   625 

 626 

Modularity in continuous and discrete actions 627 

It has been suggested that “the differentiation between discrete and continuous 628 

movements is one of the pillars of motor behavior classification” (Huys et al. 2008). Although 629 

modularity of adaptation was initially uncovered through reaching (Flanagan et al. 1999), a 630 

discrete movement, here we show that manual tracking, a continuous movement, is also prone 631 

to composition and decomposition effects. The extent to which discrete and continuous 632 
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movements are distinct is a subject of heated debate (Cohen et al. 2019; Howard et al. 2011; 633 

Huys et al. 2008; Ikegami et al. 2010; Schaal et al. 2004; Sternad and Schaal 1999; Yang et al. 634 

2020; Yoo et al. 2021a). On the one hand, continuous and discrete movements are thought to 635 

belong to different movement categories because they seem to rely on different control 636 

processes (Huys et al. 2008; Sternad and Schaal 1999; Yang et al. 2020), as well as neural 637 

structures (Hatsopoulos et al. 2004; Schaal et al. 2004). On the other hand, continuous 638 

movements are sometimes considered as a mere concatenation of discrete actions (Miall et al. 639 

1993; Zimnik and Churchland 2021), or similarly discrete movements are seen as truncated 640 

continuous movements (Hogan and Sternad 2007). With regard to pointing and tracking 641 

movements, we believe that a key difference lies in how planning and execution processes 642 

operate. During fast pointing movements, planning is essentially performed before hand 643 

movement starts, so that planning and execution operate sequentially. In contrast during 644 

pursuit tracking, planning has to operate while the hand is already moving, so that planning 645 

and execution must operate in concert. Although the current dataset certainly does not settle 646 

the discrete/continuous debate, it suggests that, despite potential key differences between 647 

pointing and tracking movements, both types of movement seem to follow the same general 648 

principles with respect to the modularity of sensorimotor adaptation. 649 

 650 

Concluding comments 651 

 To summarize, the present study shows that interference effects can coexist with the 652 

ability to compose/decompose two visuomotor mappings that partially share the same state 653 

variables, and for which the task goals and context are the same. This indicates that the brain 654 

is not only able to flexibly combine multiple visuomotor mappings but is also able to partition 655 

sources of error when dealing with complex visuomotor mappings, allowing participants to 656 

cope efficiently with a fraction of this mapping. More generally this study reinforces the view 657 
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that modularity is ubiquitous in neuroscience (d’Avella et al. 2015), ranging from cognitive 658 

(Barrett and Kurzban 2006; Coltheart 1999) to sensorimotor processes (d’Avella 2016; 659 

Duncker et al. 2020; Flanagan et al. 1999; Lemke et al. 2019), which in the latter case seems 660 

to encompass both discrete and continuous actions. Finally, we hope that, in addition to its 661 

ecological relevance (Land 1992; Wardill et al. 2017; Yoo et al. 2021b), this study further 662 

demonstrates the relevance of pursuit tracking to address key issues in sensorimotor control 663 

and learning (Engel and Soechting 2000; Mathew et al. 2018; Miall et al. 2001; Yang et al. 664 

2020; Yoo et al. 2021a).  665 

  666 
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FIGURE CAPTIONS 825 

Figure 1. A. Overhead view of the experimental setup. B. Example trajectory of a moving 826 
target as well as a hand cursor on the screen. Note that the white trajectory was not presented 827 
to participants. C. The five target trajectories employed for pursuit tracking. The blue dot 828 
shows the position of the target at the trial start, and the arrow shows its direction (see 829 
methods for more details).  830 
 831 
Figure 2. Experimental design. Each box represents one block, along with the number of 832 
trials in each block. 833 
 834 
Figure 3. Tracking error under the SPRING mapping. A. Time course of tracking error as a 835 
function of trial and experimental group. B. Comparison of tracking error during early 836 
exposure (mean of first 10 trials) across groups. C. Same as B for tracking error during late 837 
exposure (mean of last 10 trials). Black dots indicate individual participants, and error bars 838 
correspond to SEM. Asterisks indicate significant differences (p < 0.05). Note the lower 839 
initial tracking error in Group 3 who was exposed to the SPRING mapping immediately after 840 
the SPROT mapping.  841 
 842 
Figure 4. Tracking error under the ROTATION mapping. A. Time course of tracking error as 843 
a function of trial and experimental group. B. Comparison of tracking error during early 844 
exposure (mean of first 10 trials) across groups. C. Same as B for tracking error during late 845 
exposure (mean of last 10 trials). Black dots indicate individual participants, and error bars 846 
correspond to SEM. Asterisks indicate significant differences (p < 0.05). Note the lower 847 
initial tracking error in Group 4 who was exposed to the ROTATION mapping immediately 848 
after the SPROT mapping.  849 
 850 
Figure 5. Tracking error under the SPROT mapping. A. Time course of tracking error as a 851 
function of trial and experimental group. B. Comparison of tracking error during early 852 
exposure (mean of first 10 trials) across groups. C. Same as B for tracking error during late 853 
exposure (mean of last 10 trials). Black dots indicate individual participants, and errors bars 854 
correspond to SEM. Asterisks indicate significant differences (p < 0.05). Note the lower 855 
tracking error in Groups 1 and 2 who previously experienced the SPRING and ROTATION 856 
mappings separately.  857 
 858 
Figure 6. Tracking error under SPRING and ROTATION mappings in naïve participants. A. 859 
Time course of tracking error as a function of trial and experimental group. B. Comparison of 860 
tracking error during early exposure (mean of first 10 trials) across groups. C. Same as B for 861 
tracking error during late exposure (mean of last 10 trials). Black dots indicate individual 862 
participants, and errors bars correspond to SEM. Asterisks indicate significant differences 863 
(p < 0.05). Note the larger initial tracking error in ROTATION (G2) than SPRING (G1). 864 
 865 
Figure 7. Evidence for anterograde interference. A. Time course of tracking error under the 866 
SPRING mapping depending on whether the ROTATION mapping was tested immediately 867 
beforehand (G2G4) or not (G1G3). B. Comparison of tracking error during early exposure to 868 
SPRING (mean of first 10 trials) across each group pair. C. Same as B for tracking error 869 
during late exposure (mean of last 10 trials). D. Time course of tracking error under the 870 
ROTATION mapping depending on whether the SPRING mapping was tested immediately 871 
beforehand (G1G3) or not (G2G4). E. Comparison of tracking error during early exposure to 872 
ROTATION (mean of first 10 trials) across each group pair. F. Same as E for tracking error 873 
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during late exposure (mean of last 10 trials). Black dots indicate individual participants, and 874 
errors bars correspond to SEM. Asterisks indicate significant differences (p < 0.05). Note in 875 
both cases the detrimental effect of prior exposure on learning of the other mapping.  876 
 877 
Figure 8. Time course of directional error as a function of mapping and experimental group. 878 
The table inset provides the order of mapping for each group. Errors bars correspond to 879 
SEM. Under SPROT note the smaller directional error in Groups 1 and 2 who previously 880 
experienced the ROTATION mapping. Note also under SPRING the negative polarity of 881 
directional error in Groups 2, 3 and 4 which previously experienced SPROT, ROTATION, or 882 
both.   883 
 884 
Figure 9. Time course of cursor velocity as a function of mapping and experimental group. 885 
The table inset provides the order of mapping for each group. Error bars correspond to SEM. 886 
Early under SPROT (first ~5 trials) note the smaller cursor velocity in Groups 1 and 2 who 887 
previously experienced the SPRING mapping. Note also under SPRING the lower cursor 888 
velocity in Groups 3 and 4 who previously experienced SPROT. 889 
 890 
 891 
TABLE CAPTION 892 

Table 1. Target trajectory parameters. 893 





















 

Trajectory A1x (cm) A2x (cm) h୶ φ୶ (°) A1y (cm) A2y (cm) h୷ φ୷ (°) 

1 5 5 2 45 5 5 3 -135 
2 4 5 2 -60 3 5 3 -135 
3 4 5.1 3 -60 4 5.2 2 -135 
4 5 5 3 90 3.4 5 2 45 
5 5.1 5.2 2 -90 4 5 3 22.5 

 

Table 1. Target trajectory parameters. 
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