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ABSTRACT 30 

Humans daily life is characterized by a succession of voluntary actions. Since energy resources 31 

are limited, the ability to invest the appropriate amount of effort for selecting and executing these 32 

actions is a hallmark of adapted behavior. Recent studies indicate that decisions and actions share 33 

important principles, including the exchange of temporal resources when the context requires it. 34 

In the present study, we test the hypothesis that the management of energy resources is shared 35 

between decision and action too. Healthy human subjects performed a perceptual decision task 36 

where they had to choose between two levels of effort to invest in making the decision, and report 37 

it with a reaching movement. Crucially, motor difficulty gradually increased from trial to trial 38 

depending on participants’ decision performance. Results indicate a relatively mild impact of the 39 

increasing motor difficulty on the choice of the non-motor (decision) effort to invest in each trial 40 

and on decision performance. By contrast, motor performance strongly decreased depending on 41 

both the motor and decisional difficulties. Together, the results support the hypothesis of an 42 

integrated management of energy resources between decision and action. They also suggest that 43 

in the context of the present task, the mutualized resources are primarily allocated to the decision-44 

making process to the detriment of movements.       45 
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INTRODUCTION 46 

Human daily behavior is characterized by a succession of decisions ultimately expressed by 47 

movements. This requires the expenditure of energy resources, whose amount vary depending on 48 

the difficulty of the task and on the effort that one is willing to invest in carrying out this interactive 49 

behavior 1. The notion that effort is costly is supported by extensive experimental data. For 50 

example, activities requiring effort increase the response of the sympathetic nervous system, 51 

particularly in relation to blood pressure and pupil dilation, and induce the release of 52 

norepinephrine 2. As a result, individuals usually tend to avoid cognitive or motor effort when 53 

possible (but see 3,4). In other words, if a task offers the same amount of reward but imposes 54 

different levels of effort to obtain it, subjects typically choose the option associated with the 55 

minimum level of effort 5–7. Importantly, the willingness of individuals to exert effort during an 56 

activity decreases with the amount of effort already invested in this activity 8. This indicates that 57 

the energy resources necessary for the production of a costly behavior are limited, and that the 58 

choice of the level of effort to invest in the decision and in the action is crucial to guarantee an 59 

adapted and effective behavior. 60 

Although decisions are always ultimately expressed via actions, cognitive and motor efforts are 61 

most often studied separately from each other. Recent behavioral studies, including ours, indicate 62 

however that decision and action are closely linked, sharing important principles and showing a 63 

high level of integration during goal-directed behavior 9–19. For instance, human subjects decide 64 

faster and with less precision in order to focus on their actions when the motor context in which a 65 

choice is made is demanding 16. Similarly, when the temporal cost of a movement is larger than 66 

usual, humans can shorten the duration of their decisions to limit the impact of these time-67 

consuming movements 18. Conversely, if the sensory information guiding the choice is weak and 68 

the decision takes time, humans and monkeys shorten the duration of the movements expressing 69 

this choice 12,17,20. Individuals thus seem capable of sharing temporal resources, movement time 70 

for decision time, and vice versa, in order to determine a global behavior duration rather than 71 

optimizing the durations of decisions and actions separately. This mechanism is conducive to 72 

reward rate optimization 21–23. 73 

The present study aims to test a complementary aspect of this hypothesis of an integrated control 74 

of decision and action. We propose that during decision between actions, the management of the 75 
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effort-related energy resources is also integrated at the decision and action level in order to insure 76 

proficient behavioral performances. Such integrated control can take several forms, leading to 77 

different predictions. For instance, a simple yet intuitive possibility is that available energy 78 

resources are equitably allocated between decision and action depending on the respective effort 79 

context in which the behavior takes place. In such case, choosing to devote a large amount of effort 80 

on a decision will impact the performance of movements executed to express this choice and, 81 

conversely, if the effort required to perform an accurate movement is increased, the choice to 82 

engage in a difficult decision and the performance on that decision should decrease (figure 1). 83 

Alternatively, if decision and action effort-related energy resources are managed independently 84 

from each other, one should observe weak interactions between variations of decisional and motor 85 

difficulties and subjects’ decisional and motor performances (figure 1).  86 

 87 

 88 

Figure 1: Predictions about the behavioral effects of an independent or integrated management of the 89 

decisional and motor effort-related energy resources. A. An independent management of resources predicts 90 

that the choice to engage in a difficult decision should not vary as a function of the effort required to perform 91 

an accurate movement. Alternatively, an integrated management of resources predicts that the choice to 92 

engage in a difficult decision will decrease if the effort required to perform an accurate movement increases. 93 

B. An independent management of resources predicts that decision performance should not vary depending 94 

on motor difficulty, regardless of the decision difficulty, easy (blue) or difficult (red). Similarly, motor 95 

performance should be only mildly impacted by an increased motor difficulty, because increasing resources 96 

can be allocated to the motor process when needed. In case of an integrated management of resources 97 
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however, decisional performances should decrease if motor difficulty increases, especially for difficult 98 

decisions. Additionally, motor performance should be impacted by both motor and decisional difficulty. 99 

 100 

RESULTS 101 

Thirty-two healthy human participants performed a new behavioral paradigm (figure 2) during a 102 

single experimental session. The goal of the subjects was to accumulate a total of 200 points to 103 

complete the session. To earn points, they had to choose at the beginning of each trial the amount 104 

of effort they wanted to invest in making a perceptual decision: either an effortful decision, 105 

potentially earning 5 points if correct, or an easy decision, earning only 1 point if correct. After 106 

making that choice, they had to make the corresponding perceptual decision and report it by 107 

executing an arm movement toward a visual target. Crucially and unknown to the subjects, the size 108 

of the movement targets was linearly and inversely indexed to the number of accumulated points 109 

during the session, progressively increasing the required motor control during the session. 110 

Importantly too, the points (5 or 1) that subjects chose to engage at the beginning of the trial were 111 

lost in case of a perceptual decision error, but not in case of an inaccurate movement, i.e. if they 112 

failed to reach the chosen target and stay in it within the required time windows. This task therefore 113 

allowed us to first observe the effect of the progressive increase of the motor accuracy requirement 114 

(or motor effort) on subjects’ choice of the non-motor effort to invest in a perceptual decision, and 115 

on their performance on that decisional process. Reciprocally, the task also allowed us to assess 116 

the effect of the perceptual decision difficulty on participants’ motor performance. Six additional 117 

participants performed the same procedure as the one described above except that the target size 118 

was smaller at the beginning of the session and did not evolve with the accumulation of points 119 

during the session. These subjects were tested to control that the reported effects were not due to 120 

fatigue or learning.  121 

 122 
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 123 

Figure 2. The top row illustrates the time course of a trial at the beginning of the session. Movement targets 124 

(a blue and a green circle) are first displayed to inform the subject about the accuracy requirement of the 125 

arm movement to execute later in the trial. The color of the targets at this stage is not informative of their 126 

color at the time of the perceptual decision. The diameter of the targets is 4cm during the first trial of the 127 

session. Difficulty options are then displayed. In this example the subject chooses “5”, which corresponds 128 

to a difficult (low coherence) perceptual decision to make. The decision circle containing 100 blue and 129 

green tokens, and the blue and green movement targets then appear. The dominant color among the tokens 130 

determines the correct target to select. The subject reports the decision by moving the handle in the target 131 

whose color corresponds to her/his choice. The subject earns the amount of points she/he chose (“5” in this 132 

example) if she/he accurately reaches to the correct target. She/he loses the points if she/he accurately 133 

reaches the target corresponding to the wrong decision. After the first trial, the size of the movement targets 134 

evolves from trial to trial, being linearly and inversely indexed to the number of points accumulated during 135 

the session. As a consequence, at the end of the session (bottom row), when the subject gets close to 200 136 

points, the target size is small (diameter close to 1cm) and the required motor control is high. As illustrated 137 

in this example, an integrated control of resources between decision and action predicts that subjects would 138 

choose in this situation an easy decision (“1”) more frequently than at the beginning of the session, when 139 

the require motor control was low. If the subject fails to reach or stop in the chosen target (whether correct 140 

or not), points are not deducted.        141 

 142 
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General observations 143 

Among subjects who experienced the reduction of target size with the accumulation of points 144 

(n=32), the median proportion of high effort choice during a session was 50%, with a large 145 

variability between subjects (min: 0%; max: 100%; SD = 35%, figure 3A). An integrated control 146 

of resources between decision and action predicted that subjects would adjust their choices of the 147 

effort to invest in the perceptual decision through the session, choosing the most difficult 148 

perceptual decision more frequently at the beginning of the session than at the end (as depicted in 149 

figure 2). This is because the motor control requirement is the lowest at the beginning of the session 150 

(movement targets being large) and the amount of points to earn to complete the session is high. 151 

However, we observed that out of 32 participants, 9 almost did not vary their effort choices through 152 

the session (6/32 subjects chose the easy option in more than 95% of the trials, 3/32 chose that 153 

option in less than 5% of trials).       154 

The median number of trials to reach 200 points across the population was 227, with a large 155 

variability between subjects (min = 98; max = 481; SD = 88 trials, figure 3B). Subjects who did 156 

not adjust their effort choices during their session showed a particularly large variability in terms 157 

of the number of trials needed to complete the session (min = 98; max = 481; SD = 101 trials, 158 

figure 3B). 159 

In the following analyses, we excluded the 9 subjects who systematically chose the same level of 160 

non-motor effort through their experimental session, as they were likely either insensitive (for the 161 

3 subjects who chose the high effort option in more than 95% of the trials) or too sensitive (for the 162 

6 subjects who chose the high effort option in less than 5% of the trials) to the decisional and/or 163 

motor difficulties manipulated in the experiment.   164 
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 165 

Figure 3. A. Distribution of the proportion of difficult perceptual decision choices (option “5”) among the 166 

32 subjects who performed the main version of the task. The striped (dotted) bar highlights subjects who 167 

chose the difficult option more (less) than 95% of the trials.  B. Distribution of the number of trials executed 168 

by the 32 subjects to earn 200 points and complete the session. Same convention as in A. C. Left panel: 169 

Comparison of subjects’ decision accuracy as a function of decision difficulty (Difficult: ordinate; Easy: 170 

abscissa). Circles illustrates individual subjects’ data. Black circles highlight subjects for which the 171 

difference between conditions is statistically significant (Chi-squared test, p<0.05). Right panel: 172 

Comparison of subjects’ decision duration as a function of decision difficulty (Difficult: ordinate; Easy: 173 

abscissa). Crosses illustrates individual subjects’ medians ± SD. Black crosses highlight subjects for which 174 

the difference between conditions is statistically significant (rank-sum test, p<0.05). D. Effect of the number 175 

of completed trials on subjects’ movement accuracy (black) and on target size (violet). Trials are sorted 176 

chronologically and a normalization is performed by grouping them in 5 quantiles. The open circles show 177 

median values for each quantile of trials across the population. The filled dots show individual subjects’ 178 

data for each quantile of trials.         179 

 180 
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Effect of decision difficulty on subjects’ decision behavior 181 

We first verified that the two difficulty levels of the perceptual decision impacted the decision 182 

behavior of the 23 remaining subjects. To do so, we analyzed their decision duration and accuracy 183 

as a function of these two levels. As expected, we found that participants’ decision accuracy was 184 

usually lower when they made a difficult perceptual decision compared to when they had to make 185 

an easy one (medians: 65 versus 100%; Chi-square test for independence on the population: χ2 = 186 

1124, p < 0.0001; Chi-square tests for independence on individual subjects, 21/23 with p < 0.05, 187 

figure 3C, left panel). Unsurprisingly too, subjects were overall slower to decide when faced with 188 

difficult perceptual decisions compared to when decisions were easy (medians: 662 versus 588ms, 189 

respectively; Wilcoxon rank-sum test on the population: Z=4.4, p < 0.0001; Wilcoxon rank-sum 190 

tests on individual subjects, 20/23 with p < 0.05, figure 3C, right panel). Given these results, we 191 

make the assumption in the following paragraphs that difficult decisions required the subjects to 192 

invest more non-motor effort compared to easy decisions.  193 

Effect of motor difficulty on subjects’ motor behavior 194 

We then verified whether or not the motor accuracy requirement that increases with the number of 195 

accumulated points in this task impacted participants’ motor behavior. To do so, we analyzed their 196 

movement kinematics and accuracy as a function of the size of the targets. Because target size 197 

continuously varied from trial to trial, we normalized the number of trials performed by each 198 

subject by chronologically grouping them in 5 quantiles. As shown in figure 3D, the first 20% of 199 

trials were trials for which target size was the largest (because subjects’ scores were the lowest); 200 

Conversely, the last 20% of trials were the trials for which the target size was the smallest. As 201 

expected, the proportion of correct movements across the population significantly decreased 202 

depending on the number of trials performed during the session (Kruskal-Wallis test on the 203 

population, χ2 = 67.1, p < 0.0001). There was also a trend for movement speed to decrease and 204 

duration to increase with the number of trials performed, but without reaching the level of 205 

significance (Kruskal-Wallis tests, χ2 = 5.6, p = 0.22; χ2 = 4.6, p = 0.33, respectively, 206 

supplementary figure 1, see also figure 5 for an analysis with trials grouped by decision difficulty). 207 

Given these results, we make the assumption in the following paragraphs that the smaller the target 208 

size, the more motor effort the subjects had to invest to execute accurate movements.         209 
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Effect of increasing motor difficulty on decision behavior 210 

Next, we investigated whether the increasing motor accuracy requirement (or motor effort) 211 

impacted the subjects’ willingness to invest effort in the perceptual decision-making. The 212 

prediction of an integrated control of decision and action-related energy resources was that with 213 

more motor effort, subjects would choose to make effortful perceptual decisions less frequently 214 

since they would have to devote more resources to face the more challenging actions (figure 2). 215 

However, we found at the group level that the proportion of difficult decision choices did not 216 

significantly vary depending on the level of motor difficulty (Kruskal-Wallis test, χ2 = 6.5, p = 217 

0.16), despite the fact that a tendency for a decrease of that proportion with the increase of motor 218 

effort is visible (figure 4A). Indeed, at the individual level, we found that motor effort affected the 219 

proportion of difficulty choices in 15 out of 23 subjects (Chi-squared tests for independence, p < 220 

0.05). Among them, the vast majority (12/15) overall decreased their proportion of high effort 221 

choices with the increase of motor effort. The duration of effort choices and the kinematics of 222 

movements directed to the effort options are shown for each effort option and against the session 223 

trials in supplementary figure 2. 224 

 225 

Figure 4. A. Proportion of difficult decision choices as a function of motor difficulty. As in figure 3D, trials 226 

are sorted chronologically and normalized by grouping them in 5 quantiles. Because target size strongly 227 

co-varies with the number of completed trials (figure 3D), trial number is a proxy of the motor accuracy 228 

requirement, and thus motor difficulty. Gray lines illustrate linear regressions through the data for each 229 

individual subject. The open dots show the median values for each trial quantile across the population. The 230 

violet line represents the hypothetical result of a perfectly shared management of resources between 231 

decisions and actions (figure 1): resources are initially only devoted to the decision part of the task because 232 

targets are big and movements easy; subjects thus only choose the difficult decision option; resources are 233 
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linearly devoted to the movements as targets get smaller, and the proportion of difficult decision choices 234 

decreases; at the end of the session, resources are only devoted to movements because targets are small, 235 

subjects thus only choose the easy decision option to prioritize their invested efforts in executing accurate 236 

movements. B. Left panel: Proportion of correct perceptual decisions as a function of motor difficulty, with 237 

trials sorted as a function of decision difficulty (blue: easy; red: difficult). Right panel: Perceptual decision 238 

duration as a function of motor difficulty, with trials sorted as a function of decision difficulty (blue: easy; 239 

red: difficult). Same conventions as in figure 3D. 240 

 241 

An integrated control of decision and action-related energy resources also predicted that with the 242 

increasing motor effort, the accuracy of the perceptual decisions would decrease and their duration 243 

would increase, especially for the most difficult ones. This is again because subjects would have 244 

to progressively devote more resources to face the increasingly challenging actions to execute to 245 

report these decisions, and consequently less resources would have been available to accurately 246 

make the perceptual decisions. Contrary to this prediction, we observed at the group level that 247 

difficult and easy decision performances were not affected by the increasing motor effort (Kruskal-248 

Wallis test, χ2 = 6.27, p = 0.18; χ2 = 2.37, p = 0.67, respectively; figure 4B, left panel). Similarly, 249 

decision durations were not significantly impacted by the increasing motor difficulty through the 250 

session, regardless of the decision difficulty level (Kruskal-Wallis test, χ2 = 6, p = 0.2 for easy 251 

decisions; χ2 = 3.41, p = 0.49 for difficult decisions; figure 4B, right panel).       252 

Effect of the categorical decision difficulty on motor behavior   253 

Finally, we analyzed the effect of the perceptual decision difficulty level on the way participants 254 

reported these decisions by reaching to the visual targets. To this aim, we analyzed the effect of 255 

motor difficulty on subjects’ movement accuracy, duration, speed and amplitude by grouping trials 256 

depending on the perceptual decision difficulty (figure 5). We observed more movement errors 257 

when participants’ reported a difficulty decision compared to when they expressed easy ones 258 

(ANCOVA, Difficulty: F=14.9, p = 0.0002). This effect did not depend on the size of the target, 259 

as no interaction between decision and action difficulties was observed (Difficulty x Trials: 260 

F=1.29, p=0.34). Interestingly, the effect is even more pronounced when only error decisions are 261 

included in the Difficult decision category (Difficulty x Trials: F=18.9, p<0.0001). We also 262 

observed a significant decrease of amplitude when movements followed difficult decisions 263 

compared to when they followed easy ones (Difficulty: F=12.2, p = 0.006), regardless of motor 264 
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difficulty (Difficulty x Trials: F=0.23, p=0.63). Decision difficulty did not significantly impact 265 

movement speed (Difficulty: F=0.01, p = 0.95) nor duration (Difficulty: F=0.02, p = 0.89).  266 

 267 

 268 

Figure 5: Effect of motor difficulty on subjects’ movement accuracy (top-left panel), duration (top-right), 269 

speed (bottom-left) and amplitude (bottom-right) with trials sorted according to the perceptual decision 270 

difficulty (red: difficult; blue: easy) and outcome (dotted red: difficult, wrong decisions). Same conventions 271 

as in Figure 4B, except that shaded areas illustrate the standard error around median values. 272 

 273 

Control subjects 274 

To control that the effects reported above were not confounded by fatigue and/or learning, we 275 

describe in this last paragraph the behavior of 6 participants who performed the task in the exact 276 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted February 4, 2023. ; https://doi.org/10.1101/2023.02.03.526983doi: bioRxiv preprint 

https://doi.org/10.1101/2023.02.03.526983
http://creativecommons.org/licenses/by-nc-nd/4.0/


13 
 

same conditions as those described above, except that for them movement targets were smaller 277 

than those experienced by regular subjects at the beginning of the session and the size was kept 278 

constant during the session (i.e. it was not inversely and linearly related to the points accumulated 279 

during the session). 280 

The median number of trials needed to reach 200 points across the six subjects was 194 ± 47, 281 

which is close to the median session duration experienced by subjects who performed the main 282 

experiment (227 ± 88 trials). The analysis of control subjects’ movement accuracy as a function 283 

of trials did not show any significant effect (Kruskal-Wallis test, χ2 = 2.46, p = 0.65), suggesting 284 

that movement accuracy did not significantly suffer because of fatigue nor improved because of 285 

practice (supplementary figure 3A). Similarly, we found that the proportion of high effort choices 286 

did not significantly evolve as a function of session duration (Kruskal-Wallis test, χ2 = 2.13, p = 287 

0.71, supplementary figure 3B). Interestingly, control subjects overall chose the high effort option 288 

less frequently at the beginning of their session compared to the 23 subjects who performed the 289 

main experiment. This makes sense in the light of an integrated management of resources between 290 

decision and action, as the size of the targets was smaller at session onset for the control subjects, 291 

facing them with more demanding motor control, probably discouraging them to choose the most 292 

effortful decision option. 293 

Finally, we found that fatigue or learning did not impact the control subjects’ perceptual capacities, 294 

as their perceptual decision duration and accuracy did not significantly vary through the time 295 

course of the sessions (Kruskal-Wallis tests, χ2 = 4.6, p = 0.32; χ2 = 2.9, p = 0.57, supplementary 296 

figure 3C). Together, these analyzes on control subjects indicate that neither fatigue nor learning 297 

were the main factors explaining the results obtained on the 23 subjects who performed the main 298 

experiment. 299 

DISCUSSION 300 

Summary 301 

In the present study, we asked healthy human subjects to choose the difficulty of perceptual 302 

decisions to make in individual trials, to make those decisions, and to report them with arm 303 

movements directed to visual targets in order to accumulate 200 points. Difficult decisions were 304 

worth 5 points, compared to only 1 point for easy ones. Crucially, the motor accuracy requirement 305 
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increased with the accumulation of points. At the group level, we found that motor difficulty only 306 

mildly affected the proportion of difficult decisions chosen by participants, and had no significant 307 

impact on their decision duration and accuracy. By contrast, we found that motor difficulty 308 

strongly impacted movement accuracy, and that movement accuracy and amplitude were 309 

significantly reduced when a difficult decision was reported compared to when movements 310 

reported an easy one. Control analyses on additional subjects indicate a minor role of fatigue and/or 311 

learning in these effects.     312 

The interaction between decisional and motor difficulties in the present work was designed to 313 

investigate the level of integration of the effort-related energy resource management between 314 

decision and action. According to the hypothesis of an integrated control of decision and action 315 

15,20,22, resources are shared in a flexible and adapted way between these two processes, depending 316 

on the task demands. More specifically, an equitable distribution of resources predicts that 317 

increasing motor difficulty will force one to invest more effort in the motor process, leading to less 318 

frequent choices of the most difficult decision. It also predicts that performance while making 319 

these difficult decisions will decline with an increased motor effort. Alternatively, an independent 320 

management of the resources predicts that the proportion of difficult decision choices and decision 321 

performance will not vary depending on motor difficulty, and that movement accuracy and 322 

kinematics will not be influenced by decision difficulty (figure 1).   323 

The present results do not fully support any of these two alternatives. Indeed, there is a trend for 324 

effort choices to be influenced by motor difficulty (figure 4A and supplemental figure 2B), but 325 

this influence is not as strong as expected if resources were equitably shared across decisions and 326 

actions. Moreover, the perceptual decision behavior appears very stable despite the increase of 327 

motor difficulty. If this argues at first sight for an essentially independent management of 328 

resources, the strong influence of decision difficulty on motor behavior (movement accuracy and 329 

amplitude) is not compatible with such independent management hypothesis.  330 

One possible way to reconcile these results is to conceive that resources are shared between 331 

decision and action but not equitably, favoring in the present task the decision process over 332 

movements. In this view, subjects prioritized the allocation of their resources to the decision 333 

process, resulting in effort choices biased toward the difficult option despite the increase of motor 334 

difficulty, and, when a difficult decision was chosen, a maintenance of the decision accuracy figure 335 
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4A and 4B, left panel). Interestingly, this consistent accuracy is likely not the result of a simple 336 

speed-accuracy tradeoff that would have allowed subjects to compensate for less resources 337 

available for the decision by making longer decisions, resulting in constant accuracy24. Indeed, 338 

decision durations were overall stable within the time course of sessions too (figure 4B, right 339 

panel). A consequence of a prioritization of resources on the decision process is the “sacrifice” of 340 

the motor function. We indeed observed that movement accuracy was almost linearly reduced as 341 

a function of the increasing motor difficulty (figure 5, top-left panel). If resources were 342 

independently managed or equitably shared between decision and action depending on the task 343 

needs, we would have probably observed more stable movement performance through the 344 

sessions, at least until relatively late in these sessions. Finally, we observed that for a given target 345 

size, movements accuracy was lower and amplitude shorter when subjects reported difficult 346 

decisions compared to when they made easy ones, regardless of the size of the targets (figure 5, 347 

top-left and bottom right-panels). This suggests that the choice to allocate resources to make fast 348 

and accurate difficult decisions impaired participants’ ability to subsequently execute as accurate 349 

and ample movements as when they made easy decisions. Together, these results support the 350 

hypothesis of an integrated, but biased, management of the effort resources between decisions and 351 

actions, favoring in the present task decisions over actions.          352 

The results discussed in the previous paragraphs indicate an important link between decision-353 

making and motor control. Recent computational, behavioral, neurophysiological and clinical 354 

studies support this view, indicating that decision and action strongly influence each other9,12,16–355 

20,25–30, operate according to the same ecologically-relevant principles13,15,31, share neural 356 

substrates32–42 and are often jointly altered in various neurological conditions22,43. For example, 357 

Thura and colleagues12,17 demonstrated in both monkeys and humans that when decision duration 358 

is long because of weak evidence, subjects shorten the duration of their movements to limit the 359 

loss of time on each trial and thus conserve their rate of reward at the session level. A similar 360 

interaction between decision and movement durations has been recently described in Parkinson’s 361 

patients20. Conversely, Reynaud and colleagues16 have shown that decisions are shortened and less 362 

likely to be correct when the motor context in which they are reported is demanding, requiring 363 

slow and accurate movements. The same authors then isolated the role of movement duration from 364 

effort in this effect, and showed that when the duration of the movement is lengthened, subjects 365 

shorten their decisions to limit the temporal devaluation of behavior18. Interestingly, the authors 366 
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did not observe any consistent interaction between the decision and the action when the effort of 367 

the movement was manipulated. To explain this lack of effect, the authors proposed that unlike 368 

durations, effort-related energy costs were not as directly “exchangeable” between decisions and 369 

actions in the task they used. They also raised a key difference between effort and time, the fact 370 

that for a given behavioral success probability, effort is not necessarily always perceived as a cost 371 

(i.e. the effort “paradox” 3) when time usually is44–46.  372 

The present study validates both of these two explanations. Indeed, with a new behavioral task 373 

specifically designed to investigate the control of decision and motor-related energy resources, we 374 

observed that human subjects can exchange energy resources between decision and action 375 

depending on the task demands. This observation thus adds to our previous results showing that 376 

individuals are capable of sharing temporal resources in order to optimize their rate of succes16–18.  377 

The integrated control of effort-related resources described in the present report might be even 378 

more elaborated than a simple “dispatcher” of resources to each process considered in isolation. 379 

Indeed, this control seems to operate in a biased way, favoring in the present task decisions over 380 

actions. The most likely reason for such bias is that subjects strongly considered that decision 381 

outcomes had more task-goal implications than movement outcomes; a perceptual decision itself 382 

(i.e. regardless of the movement accuracy) allowing to earn or loose points whereas movement 383 

accuracy by itself was not rewarded nor penalized. 384 

The present work also suggest that effort is probably not perceived as univocally penalizing across 385 

the population. Indeed, we often observed a large variability between the subjects, especially when 386 

we analyzed the choice of effort level to invest in the perceptual decision, both dependently and 387 

independently of the motor difficulty. As mentioned above, effort is generally felt to be aversive 388 

and difficult, which is why it tends to be avoided5–7. However, providing a lot of effort in a 389 

behavior can sometimes add value, and doing hard work can cause greater satisfaction than 390 

executing effortless tasks or even rest 3,4. Moreover, studies that investigated the impact of physical 391 

activity on cognitive abilities report that movements improve non-motor functions47,48. As a 392 

consequence, in some cases, or among some individuals, effort can be sought rather than avoided 393 

49. This difference in value associated with effort may be one of the factors of variability we report 394 

between subjects. 395 
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A possible limitation of the study, related to the design of the task, concerns a possible learning-396 

related familiarization with the decisional and motor difficulty experienced by the subjects through 397 

the time course of a session. However, several measures have been employed to limit this 398 

possibility (the training phase and the trial-to-trial variability of the decisional and motor 399 

difficulties) and the data obtained on 6 control subjects do not indicate a major impact of learning. 400 

The same is true for a potential role of motor and non-motor fatigue in this task. Data from control 401 

subjects do not indicate a decline in decisional and motor performance for a comparable length of 402 

experiment. 403 

Another limitation of the study concerns the difficulty parameters of the decisions and actions 404 

which were the same for all subjects. As a consequence, difficulty levels and the resulting efforts 405 

were not necessarily perceived in the same way across the population. This probably explains part 406 

of the observed inter-subject variability, in particular the fact that 9 subjects did not change their 407 

proportion of difficult decision choices as a function of motor difficulty during their session. 408 

Another study using a staircase-type procedure to adapt the levels of difficulty to each subject 409 

could be more effective on this point.  410 

Our results suggest a “sacrifice” of the motor system for the benefit of the cognitive system, 411 

possibly to prioritize the allocation of resources on the process allowing to earn or loose the points 412 

in the task. It would be interesting to assess whether or not the cognitive system can also sacrifice 413 

itself for the motor system. To this end, a complementary study in which difficulty parameters and 414 

task rules are switched between the decision and the action could be undertaken. 415 

Finally, a distinction has been proposed between an account of effort based on computational or 416 

on metabolic costs1. Unlike physical effort, there does not appear to be a global metabolic cost for 417 

executing demanding non-motor tasks compared to automatic and effortless ones. In other words, 418 

the brain’s overall metabolic demands appear to change only mildly during engagement in non-419 

motor behavior1,50. In the present task, motor difficulty was manipulated by means of varying the 420 

required level of movement accuracy, or movement control. This type of manipulation is probably 421 

different compared to a manipulation of load or resistance on the movements. It is thus possible 422 

that physical effort such as loaded or resistive movements induce more metabolic costs than motor 423 

control per se. By contrast, the cost of motor control is perhaps captured more accurately along the 424 

computational dimension, similar to that of perceptual decisions, which would have facilitated the 425 
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integrated aspect of resource control between decisions and actions in our task. A very interesting 426 

question for future experiments is thus whether the present results are generalizable to other types 427 

of non-motor and motor efforts, tapping into different amounts of computational and metabolic 428 

costs. 429 

METHODS 430 

Participants 431 

Thirty-height healthy human subjects (median age ± STD: 25 ± 4; 32 females; 35 right handed) 432 

participated in this study. All gave their consent before starting the experiment. The ethics 433 

committee of Inserm (IRB00003888, IORG0003254, FWA00005831) approved the protocol on 434 

June 7th 2022. Each participant was asked to perform one experimental session. They received a 435 

monetary compensation (10 euros per completed session) for participating in this study.  436 

Setup 437 

The subjects sat in a comfortable armchair and made planar reaching movements using a handle 438 

held in their dominant hand. A digitizing tablet (GTCO CalComp) continuously recorded the 439 

handle horizontal and vertical positions (100 Hz with 0.013 cm accuracy). The behavioral task was 440 

implemented by means of LabVIEW 2018 (National Instruments, Austin, TX). Visual stimuli and 441 

handle position feedback (black cross) were projected by a DELL P2219H LCD monitor (60 Hz 442 

refresh rate) onto a half-silvered mirror suspended 26 cm above and parallel to the digitizer plane, 443 

creating the illusion that stimuli floated on the plane of the tablet. 444 

Behavioral task 445 

Participants performed multiple trials of a multi-step decision-making task (figure 1). Each trial 446 

began with a small (Ø = 3cm) black circle (the starting circle) displayed at the bottom of the screen. 447 

To initiate a trial, the subject moved the handle in the starting circle and maintained the position 448 

for 300ms. Two colored circles (the movement targets: one blue, one green) were then displayed 449 

180⁰ apart of the starting circle for 200ms. The distance between the starting circle center and each 450 

movement target center was 10.9cm, with a trial-to-trial variability of 0.9cm. At this point subjects 451 

were informed about the accuracy requirement of their future movement (see how the size of the 452 

movement targets was determined below). The color of the targets at this stage is not informative 453 

of their color at the time of the perceptual decision. 454 
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Then the two movement targets disappeared and two rectangles appeared above the starting circle, 455 

separated from each other by 10 cm. In each rectangle a text informed the subject about the 456 

difficulty of the perceptual decision that she/he had to make in each trial: “1” for an easy decision, 457 

or “5” for a difficult decision. The subject had 1s to move the handle in the chosen rectangle and 458 

hold it for 500ms to validate this choice. She/he then returned to the starting circle and maintain 459 

the position for another 500ms to continue the trial.  460 

Next, both rectangles disappeared and a large (Ø = 9cm) circle appeared on the screen (the decision 461 

circle). The decision circle was filled with 100 green and blue tokens, with different ratios between 462 

the two colors depending on the difficulty chosen at the beginning of the trial. “Difficult” decisions 463 

(“5”) were those in which the stimulus coherence (the ratio between the numbers of tokens of the 464 

two colors) was 53%, with a trial-to-trial variability of 2%; “Easy” decisions (“1”) were those in 465 

which the coherence was 75%, with a trial-to-trial variability of 2%. The subject task was to 466 

determine the dominant color in the decision circle, either blue or green. To express this perceptual 467 

decision, the participant moved the handle in the lateral target whose color corresponded to her/his 468 

choice and maintained this position for 500ms. The dominant color (blue or green) as well as the 469 

position of the green and blue movement targets relative to the starting circle were randomized 470 

from trial to trial. The maximum decision duration allowed (the time between the decision circle 471 

onset and movement onset) was 1s. The maximum movement duration allowed (the time between 472 

movement onset and offset) was 750ms. 473 

At the end of the trial, a visual cue informed the subject about the outcome of the trial. The chosen 474 

target was surrounded by a green circle if she/he accurately reached the correct target, and by a 475 

red one if she/he accurately reached the wrong target. The subject earns the number of points 476 

corresponding to the chosen difficulty if the correct target was accurately reached. The goal of the 477 

subject was to earn a total of 200 points. In case of wrong decision (regardless of the accuracy of 478 

the movement), the number of points chosen at the beginning of the trial was subtracted. If the 479 

subject failed to reach or stop in the chosen target (inaccurate movement, whether it was the correct 480 

target or not), both movement targets turned orange and no points were deducted. To move on to 481 

the next trial, the subject moved the handle back in the starting circle and maintained the position 482 

for 500ms. 483 
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In the main experiment, performed by 32 out of 38 participants, the number of points accumulated 484 

by the subject determined the size of the movement targets. The diameter of these circles was set 485 

to 4 cm at the beginning of the session and it linearly decreased with the accumulation of points, 486 

reaching 1 cm at 200 points. As a consequence, the required motor control, and thus the motor 487 

difficulty, increased with the size reduction of the movement targets. We assumed that subjects 488 

increased their motor effort as movement targets get smaller with the number of trials performed 489 

and the number of points earned during the session. Six additional subjects performed the exact 490 

same task as the one described above except that the diameter of the movement targets was set to 491 

2.5cm at the beginning of the session and was kept constant through the entire experiment. This 492 

control experiment was aimed to estimate effects that would not be a consequence of the increase 493 

of motor effort, such as fatigue or learning.  494 

Instructions provided to the subjects 495 

To familiarize each participant with the task and with the manipulation of the lever on the tablet, 496 

a training phase was proposed prior to the experimental phase per se. During this training phase, 497 

subjects performed about 20 training trials where they could choose the difficulty of the decision 498 

to make (easy or difficult) and report these decisions by executing reaching movements to targets 499 

of 2.5 cm in diameter. The training phase was prolonged if subjects required so. During the 500 

experimentation phase, each subject was instructed to perform the task described above and they 501 

were informed that they needed to earn a total of 200 points to complete the session. Importantly, 502 

the 32 subjects who performed the main version of the task were not told about the decreasing size 503 

of the motor targets indexed to the accumulation of points. They were also not told about their 504 

number of points accumulated after each trial. We informed the subjects that there would be no 505 

scheduled breaks during the session, except in case of discomfort or real fatigue. No subject 506 

requested a break during their session. 507 

Data analysis and statistics 508 

Data were collected by means of LabVIEW 2018 (National Instruments, Austin, TX), stored in a 509 

database (Microsoft SQL Server 2005, Redmond, WA), and analyzed off-line with custom-written 510 

MATLAB scripts (MathWorks, Natick, MA). Unless stated otherwise, data are reported as 511 

medians ± standard deviation. 512 
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Arm movement characteristics were assessed using the subjects’ movement kinematics. 513 

Horizontal and vertical arm position data (collected from the handle on the digitizing tablet) were 514 

first filtered using a tenth-degree polynomial filter and then differentiated to obtain a velocity 515 

profile. Onset and offset of movements were determined using a 3.75 cm/s velocity threshold. Peak 516 

velocity and amplitude was determined as the maximum value and the Euclidian distance between 517 

movement onset and offset, respectively.  518 

An accurate movement is defined as a movement that reached a target (whether it is the correct 519 

target or not) and stayed in it for 500ms. In the main text of this report we only refer to movements 520 

executed to report the perceptual decisions. Kinematics of movements executed to select the 521 

difficulty of the decision at the beginning of the trial are illustrated in supplementary figure 2. 522 

Decision duration is defined as the time between the onset of the stimulus providing the visual 523 

evidence to the subject (the decision circle containing the 100 tokens) to the onset of the movement 524 

executed to report the decision. A decision is defined as correct if the correct target is chosen, 525 

regardless of the accuracy of the movement.      526 

Chi-squared tests for independence were used to assess the effect of decision difficulty (easy or 527 

difficult) on individual subjects’ decision accuracy. Wilcoxon rank sum tests were used to assess 528 

the effect of decision difficulty on individual subjects’ decision duration. Chi-squared tests for 529 

independence were used to test the effect of motor difficulty, evaluated by chronologically 530 

grouping trials in 5 quantiles, on individual subjects’ movement accuracy and proportion of 531 

difficult choices. At the population level, Kruskal-Wallis tests were used to test the effect of motor 532 

difficulty on movement accuracy, decision accuracy, proportion of difficult choices, and on 533 

decision duration. Analyses of covariance (ANCOVAs) were used to assess the effect of decision 534 

difficulty, motor difficulty and their interaction on movement accuracy and kinematics (speed, 535 

duration, amplitude). The significance level of all statistical tests was set at 0.05, and highest levels 536 

of significance are reported when appropriate. 537 
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