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Abstract 33 

In general, speed-accuracy tradeoff adjustments in decision-making have been studied separately 34 

from those in motor control. In the wild however, animals coordinate their decision and action, 35 

freely investing time in choosing versus moving given specific contexts. Recent behavioral studies 36 

support this view, indicating that humans can trade decision time for movement time to maximize 37 

their reward rate at the level of entire experimental sessions. Besides, it is established that choice 38 

outcomes largely impact subsequent decisions. Crucially though, whether and how a decision also 39 

influences the subsequent motor behavior, and whether and how a motor error influences the next 40 

decision is currently unknown. Here we address these questions by analyzing trial-to-trial changes 41 

of choice and motor behaviors in humans instructed to perform successive perceptual decisions 42 

expressed with reaching movement whose duration was either bounded or unconstrained in 43 

separate tasks. Results indicate that after a bad decision, subjects who were not constrained in their 44 

action duration decided more slowly and more accurately. Interestingly, they also shortened their 45 

subsequent movement duration by moving faster. Conversely, we found that movement errors not 46 

only influenced the speed and the accuracy of the following movement, but those of the decision 47 

as well. If the movement had to be slowed down, the decision that precedes that movement was 48 

accelerated, and vice versa. Together, these results indicate that from one trial to the next, humans 49 

are primarily concerned about determining a behavioral duration as a whole instead of optimizing 50 

each of the decision and action speed-accuracy trade-offs independently of each other.  51 
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Introduction 52 

Choosing one action among several options and executing that action are usually considered as 53 

two distinct functions, most often studied separately from each other (e.g. Franklin & Wolpert, 54 

2011; Ratcliff et al., 2016). However, recent behavioral studies indicate that decision and action 55 

are instead tightly linked, sharing important principles and showing a high level of integration 56 

during goal-oriented behavior (Choi et al., 2014; Cos et al., 2011; Haith et al., 2012; Morel et al., 57 

2017; Shadmehr et al., 2010, 2019; Shadmehr & Ahmed, 2020; Yoon et al., 2018). For example, 58 

human subjects decide faster and less accurately to focus on their actions when the motor context 59 

in which a choice is made is demanding (Reynaud et al., 2020). Similarly, when the temporal cost 60 

of a movement is significantly larger than usual, humans often reduce the duration of their 61 

decisions to limit the impact of these time-consuming movements (Saleri Lunazzi et al., 2021). 62 

Conversely, if the sensory evidence guiding the choice is weak and the deliberation takes time, 63 

humans and monkeys shorten the duration of the movement expressing that choice (Thura, 2020; 64 

Thura et al., 2014). Individuals thus seem to be primarily concerned about determining a global 65 

behavior duration rather than optimizing decision and action durations separately, even if the 66 

resulting decision or movement accuracy must slightly suffer. This “holistic-heuristic” policy may 67 

serve what matters the most for decision-makers during successive decisions between actions, the 68 

rate of reward (Balci et al., 2011; Carland et al., 2019; Thura, 2021).  69 

Importantly, most of the adjustments mentioned above occur between blocks of tens to hundreds 70 

of trials, depending on stable contexts favoring a fixed movement or decision speed-accuracy 71 

trade-off. But can these adjustments also occur on shorter time scales, from trial to trial, depending 72 

on the very local one’s decision and motor performance?  73 
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Indeed, performance history is known to exert a large influence on subsequent behavior (e.g. 74 

Danielmeier & Ullsperger, 2011; Jentzsch & Dudschig, 2009; Urai et al., 2019). The most well-75 

known post-outcome adjustment is a reduction of behavior speed after committing an error, 76 

namely post-error slowing (PES). PES is sometimes accompanied by changes in accuracy, 77 

although conditions leading to PES-related increase or decrease of accuracy are still unclear 78 

(Danielmeier & Ullsperger, 2011; Fievez et al., 2021). Notably, post-outcome adjustments have 79 

been mostly described as the effect of a choice on the decisional performance in the following trial 80 

(Dutilh et al., 2012; Laming, 1979; Rabbitt & Rodgers, 1977; Thura et al., 2017; Urai et al., 2019), 81 

but the influence of a movement outcome on the motor performance in the following trial did not 82 

receive the same attention (Ceccarini & Castiello, 2018). Importantly, the consequences of either 83 

a decision or a motor outcome on both subsequent decisions and movements have never been 84 

investigated. These are important questions to address in order to further evaluate the level of 85 

integration of the decision and the action functions during goal-directed behavior.   86 

In the present report, we thus aim at investigating the consequences of a decision outcome on the 87 

next trial decision and motor performance. We also aim at analyzing the effect of a motor outcome 88 

on the next trial decision and motor performance. Because we make the hypothesis that humans 89 

decide and act in a “holistic-heuristic” way, we predict that any adjustment due to a decision or a 90 

motor outcome will be shared and integrated across the decision and the movement in the next 91 

trial. This hypothesis also predicts that the integrated post-outcome adjustments will depend on 92 

the capacity of the subject to “freely” share decision time for action time, and vice versa, if needed.  93 

To test this hypothesis, we analyzed datasets from two recent studies of our group during which 94 

human subjects made successive perceptual decisions between actions. In the first experiment 95 

(Reynaud et al., 2020; Thura, 2020), participants could invest up to 3s in the decision process and 96 

.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 January 24, 2022. ; https://doi.org/10.1101/2022.01.24.477509doi: bioRxiv preprint 

https://doi.org/10.1101/2022.01.24.477509
http://creativecommons.org/licenses/by-nc-nd/4.0/


5 
 

had up to 800ms to execute the reaching movement expressing a choice. In the other experiment 97 

(Saleri Lunazzi et al., 2021), the decision component of the task was similar but subjects' reaching 98 

duration was strictly bounded. By analyzing changes of several decision and motor parameters, 99 

we found multiple context-dependent post-decision and post-movement outcome adjustments of 100 

both subsequent decision and motor speed-accuracy tradeoffs. 101 

Material and methods 102 

Participants 103 

Two groups of healthy, human subjects participated in the two experiments described in this report. 104 

Twenty subjects (ages: 20-41; 16 females, 4 males; 18 right-handed) performed the free-movement 105 

duration (FMD) task and thirty-one other subjects (ages: 18-36; 20 females, 11 males; 29 right-106 

handed) performed the constrained-movement duration (CMD) task. All gave their consent orally 107 

before starting the experiment. The ethics committee of Inserm (IRB00003888) approved the 108 

protocol on March 19th 2019. Each participant performed two experimental sessions of the same 109 

task. They received monetary compensation for completing each session (either 40€ for the FMD 110 

task or 30€ for the CMD task). 111 

Datasets 112 

The decision and motor behaviors of these subjects have been described in three recent 113 

publications reporting the effects of the decisional context on movement properties (Thura, 2020) 114 

and the effects of the motor context on decision strategies (Reynaud et al., 2020; Saleri Lunazzi et 115 

al., 2021). In these reports, subjects’ behavioral adjustments are described either within a given 116 

trial (i.e. the relation between a decision duration and the duration of the movement produced to 117 

express that decision) or between specific conditions designed to set stable decision or motor 118 
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speed-accuracy contexts in blocks of tens of trials. Here, we aim at describing adjustments of 119 

subjects’ behavior from trial to trial, depending on their decision and/or motor performance.   120 

 121 

 122 

Figure 1. Methods. A. Experimental apparatus, common to both the FMD and CMD tasks. B. Time course 123 
of a trial in the decision task. Tokens jump one-by-one from the central decision circle to one of the two 124 
lateral ones. Subjects move a cursor from a central movement target to one of the two lateral ones to express 125 
their choice. All the decision and action outcomes are illustrated in bottom panels (please refer to the main 126 
text for details). MD: Movement duration; sMD: Spontaneous movement duration. C. Temporal profile of 127 
success probability (SP) in one example trial of the choice task. At the beginning of the trial, each target 128 
has the same success probability (0.5). When the first token jumps into one of the two potential targets (the 129 
most leftward vertical dotted line), the success probability of that target increases to ∼0.6. Success 130 
probability then evolves with every jump. Subjects execute a reaching movement (red trace) to report their 131 
choice. Kinematic data allow to compute movement duration (MD) and movement peak velocity (VP). 132 
Non-decisional (ND) delays, determined in a separate reaction time task, allow to estimate decision duration 133 
(DD) and success probability (SP) at decision time. Only 10 out of 15 jumps are illustrated on this SP 134 
profile. D. Average reach velocity profiles aligned on reaching movement onset. Correct and “unreached” 135 
movements executed in the FMD task are compared in the top left panel; Correct and “inaccurate” 136 
movements executed in the FMD task are compared in the top right panel. Correct and “too slow” 137 
movements executed in the CMD task are compared in the bottom right panel. Correct and “too fast” 138 
movements executed in the CMD task are compared in the bottom left panel.  139 

 140 

 141 
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Setup and tasks 142 

The experimental apparatus (figure 1A), identical in the two tasks, as well as visual displays (figure 143 

1B), are detailed and illustrated in the previous publications mentioned above (Reynaud et al., 144 

2020; Saleri Lunazzi et al., 2021; Thura, 2020). The subjects sat in an armchair and made planar 145 

reaching movements using a handle held in their dominant hand. A digitizing tablet (GTCO 146 

CalComp) continuously recorded the handle horizontal and vertical positions (100 Hz with 0.013 147 

cm accuracy). Target stimuli and cursor feedback were projected by a LCD monitor onto a half-148 

silvered mirror suspended 26 cm above and parallel to the digitizer plane, creating the illusion that 149 

targets floated on the plane of the tablet. Participants were faced with a visual display consisting 150 

of three blue circles (the decision circles) placed horizontally at a distance of 6 cm from each other. 151 

In the central blue circle, 15 tokens were randomly arranged. Positioned below, three black circles, 152 

organized horizontally as well, defined the movement targets. The central black circle radius was 153 

0.75 cm. The size and location of the lateral black circles could vary in blocks of trials depending 154 

on the task. In the free-movement duration (FMD) task, that size was set to be either 0.75 or 1.5 155 

cm of radius, and distance from the central circle was varied to be either 6 or 12 cm (as mentioned 156 

above, effects of target size/position on subjects’ behavior are not included in the present report). 157 

In the constrained-movement duration (CMD) task, we analyzed trials for which the target size 158 

was set to be 1.5 cm of radius and distance from the central circle was set to 6 cm. 159 

In both the FMD and the CMD tasks (figure 1B), implemented by means of LabView 2018 160 

(National Instruments), subjects initiated a trial by holding the handle into the black central circle 161 

(starting position) for 500 ms. Tokens then started to jump, one by one, every 200 ms, in one of 162 

the two possible lateral blue circles. Subjects had to decide which of the two lateral blue circles 163 

would receive the majority of the tokens at the end of the trial. They reported their decisions by 164 
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moving the lever into the lateral movement target corresponding to the side of the chosen decision 165 

circle. Crucially, participants were allowed to make and report their choice at any time between 166 

the first and the last token jump. Once a target was reached, the remaining tokens jumped more 167 

quickly to their final circles (figure 1C, gray line), implicitly encouraging subjects to decide before 168 

all tokens had jumped to save time and increase their rate of reward at the session level. In the 169 

FMD task, tokens could speed up either a lot (a jump every 50 ms) or a little (a jump every 150 170 

ms) in given blocks of trials. These block-related effects are not included in the present report. In 171 

the CMD task, the remaining tokens jumped every 50 ms.   172 

In the free-movement duration (FMD) task, subjects had up to 800 ms to reach a target and report 173 

their choices. If no target was reached within 800 ms, trials were classified as “unreached” trials, 174 

regardless of the direction of the movement with respect to the starting position. If the subject 175 

reached a target but failed to stop in it within 800 ms, the trial was classified as “inaccurate” trial, 176 

regardless of the choice made, correct or incorrect (figure 1B). 177 

In the constrained-movement duration (CMD) task, participants were instructed to reach a target 178 

within a 75-ms time interval around their spontaneous mean movement duration, computed in 179 

dedicated trials (please see Saleri Lunazzi et al., 2021 for details). So, if for a given subject we 180 

estimated a mean spontaneous reaching duration of 400 ms for the 6 cm long movements, then this 181 

subject had to report each of her/his choices by executing a movement whose duration was strictly 182 

bounded between 325 and 475 ms. In this CMD task, a trial was thus considered as a movement 183 

error trial when the subject did not meet these temporal constraints, even if the correct decision 184 

was made. We distinguished either “too slow” and “too fast” movement errors (figure 1B).  185 

At the end of each trial of both tasks, a visual feedback about decision success or failure (the 186 

chosen decision circle turning either green or red, respectively) was provided to the subject after 187 
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the last token jump, assuming a correct movement. In the FMD task, a movement error was 188 

indicated by visual feedback. The chosen movement target turned orange in “inaccurate” trials, the 189 

two movement targets turned red in “unreached” trials. In the CMD task, a movement error was 190 

indicated by both a visual and a 500 ms audio feedback (both movement targets turned red and an 191 

800 or 400 Hz sound indicating that movement was too fast or too slow, respectively, was played). 192 

Subjects had to make a specific number of correct trials (either 320 trials in the FMD task or 160 193 

trials in the CMD task), indirectly motivating them to optimize successes per unit of time. 194 

Finally, subjects also performed in each of the two sessions of both tasks a simple delayed-reaching 195 

task (DR task, 100 trials for subjects performing the FMD task and 20 trials for subjects who 196 

performed the CMD task). This DR task was identical to the choice task described above, except 197 

that there was only one lateral decision circle displayed at the beginning of the trial (either at the 198 

right or at the left side of the central circle with 50% probability). All tokens moved from the 199 

central circle to this unique circle at a GO signal occurring after a variable delay (1000 ± 150 ms). 200 

This DR task was used to estimate the sum of the delays attributable to response initiation (i.e. 201 

non-decision delays). 202 

Subsets of trials based on decision and movement outcomes 203 

We first defined three subsets of trials common to both tasks (FMD and CMD), based on decision 204 

or movement outcomes: (1) “Correct decision” trials, when the subject chose the correct target and 205 

reported her/his choice with a correct movement; (2) “Incorrect decision” trials, if the participant 206 

chose the incorrect target with a correct movement. Note that for these two subsets, bad movement 207 

trials are excluded because no feedback was provided to the subject to indicate whether or not 208 

she/he chose the correct target. By contrast, a salient feedback was provided at the end of the trial 209 
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to indicate the movement error (see above and figure 1B); (3) “Correct movement” trials, when 210 

the subject adequately reached the correct or the incorrect target.  211 

We defined two other subsets of trials based on movement errors in the FMD task specifically: (1) 212 

“Unreached” trials, when the subjects failed to reach a target (correct or incorrect) before the end 213 

of the movement duration deadline (800 ms); (2) “Inaccurate” trials, when the subjects reached a 214 

target (correct or incorrect) but failed to stop in it.  215 

Finally, two subsets of trials were defined based on movement errors in the CMD task specifically: 216 

(1) “Too fast movement” trials and (2) “Too slow movement” trials, when the subjects reached a 217 

target (correct or incorrect) before the minimum instructed duration time and after the maximum 218 

instructed duration time, respectively. 219 

Data analysis 220 

Data were analyzed off-line using custom-written MATLAB (MathWorks) and R (https://www.r-221 

project.org/) scripts. Reaching horizontal and vertical positions were first filtered using polynomial 222 

filters and then differentiated to obtain a velocity profile. Onset and offset of movements were then 223 

determined using a 3.75 cm/s velocity threshold. Reaching movement duration (MD), peak 224 

velocity (VP) and amplitude (Amp) were respectively defined as the duration, the maximum 225 

velocity value and the Euclidean distance between these two events (figure 1C). Reaching 226 

movement accuracy was defined as the Euclidian distance separating the target center from the 227 

movement endpoint location (CED). 228 

Decision duration (DD) was computed as the duration between the first token jump and the time 229 

at which subjects committed to their choice (figure 1C). To estimate this commitment time in each 230 

trial, we detected the time of movement onset as mentioned above, defining the subject’s reaction 231 
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time, and subtracted from it her/his mean sensory-motor delays estimated based on her/his reaction 232 

times in the DR task performed the same day and in the same condition.  233 

To assess the influence of sensory evidence on subjects’ choices, we computed the success 234 

probability profile of each trial experienced by participants with respect to the chosen target, as 235 

well as their decision success probability (SP) at the time of commitment time (figure 1C), using 236 

Equation 1. For instance, for a total of 15 tokens, if at a particular moment in time the target chosen 237 

by the subject contains Nchosen tokens, whereas the other target contains Nother tokens, and there are 238 

NC tokens remaining in the center, then the probability that the chosen target will ultimately be the 239 

correct one, i.e. the subject’s success probability (SP) at a particular time is as follows:  240 

 

𝑝(Chosen|𝑁𝑐ℎ𝑜𝑠𝑒𝑛, 𝑁𝑜𝑡ℎ𝑒𝑟 , 𝑁𝐶) =
𝑁𝐶!

2𝑁𝐶
 ∑

1

𝑘! (𝑁𝐶 − 𝑘)!

min(𝑁𝐶,7−𝑁𝑜𝑡ℎ𝑒𝑟)

𝑘=0

 (1) 

To ensure that the difficulty of decisions was homogeneous among subjects and experimental 241 

conditions, we controlled the sequence of trials experienced by each participant in each session of 242 

both tasks. Especially, we interspersed among fully random trials (~20% of the trials in which each 243 

token is 50% likely to jump into the right or the left lateral circle) three special types of trials, easy, 244 

ambiguous and misleading, characterized by particular temporal profiles of success probability. 245 

Subjects were not told about the existence of these trials. Please refer to Reynaud et al., 2020 and 246 

Saleri Lunazzi et al., 2021 for a detailed description of these trial types and their proportions in the 247 

FMD and CMD tasks.  248 

To assess the impact of the outcome of each trial i on the decision and motor behavior of trial i+1, 249 

we calculated the difference of movement velocity peak (∆VP), duration (∆MD), amplitude 250 

(∆Amp), accuracy (∆CED), and the difference of decision duration (∆DD) and success probability 251 
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(∆SP) between them (e.g. ∆𝑉𝑃 = 𝑉𝑃𝑖+1 − 𝑉𝑃𝑖). We then calculated for each subject the average 252 

of each variable with respect to trial i outcome.  253 

Statistics 254 

To determine whether the behavioral adjustment from one trial to the following (∆VP, ∆MD, 255 

∆Amp, ∆CED, ∆DD and ∆SP) differs significantly from 0 in the different outcome conditions at 256 

the population level, we used one-sample Wilcoxon signed rank tests. The Levene’s test is used to 257 

test if the distributions of the post-correct and post-error decision and motor variables have equal 258 

variances. To directly investigate the relationship between motor (∆VP, ∆MD, ∆Amp, ∆CED) and 259 

decision (∆DD, ∆SP) adjustments following different outcomes, Pearson's correlation tests were 260 

used. For all statistical tests, the significance level is set to 0.05. Unless stated otherwise, data are 261 

reported as medians across the population. To estimate the difference between the average success 262 

probability profiles of two trial subsets (e.g. correct decision trials versus post-correct decision 263 

trials), we computed the distance between the two profiles (1 and 2) from token jump (𝑗) #1 to #15 264 

as the following chi-squared metric:  265 

 𝜒2 = ∑
(𝑦1,𝑗 − 𝑦2,𝑗)2

𝜎𝑗
2

15

𝑗=1

, (2) 

where 𝑦1 and 𝑦2 are the two SP profiles, averaged across subjects, and 𝜎𝑗
2 is the mean squared 266 

variance of the SP profiles, such as 𝜎𝑗
2 =

1

2
(𝜎1,𝑗

2 + 𝜎2,𝑗
2 ).  267 

Results 268 

Effect of a decision on the next decision and motor behaviors in the FMD task 269 
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We first describe the impact of the decision outcome (correct or incorrect choice) on participants’ 270 

subsequent decisional behavior when the motor temporal constraints were low (FMD task). As 271 

shown in figure 2A, subjects’ decision duration was significantly increased compared to a previous 272 

incorrect decision (median ∆DD=+70.6 ms, Wilcoxon signed rank test, Z=2.4, p=0.015). This 273 

slowdown of decision-making was observed despite that trials following an incorrect choice were 274 

easier, as can be seen on the averaged success probability (SP) profiles of the two trial subsets 275 

(𝝌2=2119, inset in figure 2A, top right panel; Suppl. figure 1 illustrates the SP profiles of the same 276 

trials computed with respect to the correct target). As a consequence, subjects’ SPs at decision 277 

time were increased following incorrect decisions (∆SP=+0.09, Z=3.9, p<0.001). By contrast, no 278 

significant difference of decision duration (∆DD=-2.8 ms) was observed following a correct 279 

decision. Together, this first analysis demonstrates that most subjects used a post-error slowing 280 

strategy to decide in this task, as can be seen when decision durations following either a correct or 281 

a bad choice are directly compared (suppl. figure 2). Interestingly, subjects did not adjust their 282 

decision duration following a correct trial despite that these trials were on average slightly more 283 

difficult (𝝌2=207, inset in figure 2A, bottom right panel). Participants’ success probability thus 284 

slightly decreased after a correct choice (∆SP=-0.02, Z=-3.9, p<0.001), indicating that they 285 

committed to a decision with less sensory evidence after a correct trial. 286 

 287 
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 288 

Figure 2. Effect of a decision outcome on the subsequent decision and motor behaviors in the FMD 289 
task. A. Left panels: Distribution and comparison of decision duration (top) and success probability 290 
(bottom) adjustments depending on the decision outcome of the previous trial (after a correct trial in green 291 
and after an incorrect decision in red). Arrows mark the population medians whose values are reported 292 
above. The dotted black line indicates zero difference between the trial i and i+1. If ∆ is positive, there is a 293 
post-outcome increase for a given metric X (Xi+1 – Xi >0) whereas a negative ∆ value indicates a decrease 294 
of that metric. Right panel, top: Comparison of the average ± SD success probability profiles between trials 295 
whose decision was incorrect (red solid line) and trials following an incorrect choice (black dotted line), 296 
computed across subjects with respect to the target they chose. Right panel, bottom: same comparison 297 
between correct decision trials (green solid line) and trials following a correct decision (black solid line). 298 
B: Same analysis as in A, left panels, for the post-decision outcome adjustments computed for movement 299 
peak velocity (top) and duration (bottom). 300 

 301 

We next investigate whether or not decision outcomes impact motor behavior as well. We found 302 

that following incorrect decisions, subjects made overall faster movements (∆VP=+0.28 cm/s, 303 

Z=2.4, p=0.01), thus reducing their reaching duration (∆MD=-10.2 ms, Z=3.5, p<0.001, figure 2B) 304 

despite a decrease of amplitude (∆Amp=-0.08 cm, Z=-3, p=0.002, suppl. figure 3). We also 305 

observed at the population level an increase of movement inaccuracy after an incorrect choice 306 

(∆CED=+0.06 cm, Z=3.1, p=0.002), but this effect was also observed for trials following correct 307 

decisions (∆CED=+0.06 cm, Z=3.9, p<0.001, suppl. figure 3). 308 

Effect of a movement on the next decision and motor behaviors in the FMD task 309 
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In the free-movement duration (FMD) task, we distinguished two types of movement error: 310 

“Inaccurate” trials, when a target was reached but subjects failed to stop in it, and “unreached” 311 

trials, when the subject failed to reach a target before the movement duration deadline (800 ms in 312 

the FMD task). “Inaccurate” movements were thus on average faster (26.8 vs 26 cm/s), larger in 313 

amplitude (9.2 vs 8.7 cm) and longer (557 vs 530 ms) compared to correct movements (figure 1D, 314 

top right panel). As expected, subjects corrected these inaccurate movements in the following trial 315 

(∆CED=-0.19 cm, Z=-2.6, p=0.01) by decreasing their reaching velocity peak (∆VP=-1.7 cm/s, 316 

p=0.001, Z=-3.2, figure 3A, top panels). Participants also reduced their movement amplitude 317 

(∆Amp=-1.1 cm, Z=-3.9, p<0.001) and duration (∆MD=-40 ms, Z=-3; p=0.002) in trials following 318 

an inaccurate movement (suppl. figure 4A). 319 

As illustrated in the bottom panels of figure 3A, population mean decision durations and success 320 

probabilities are much variable and distributed across the population in trials following an 321 

inaccurate movement compared to trials following a correct movement (SD=182 versus 4.6 ms, 322 

respectively; Levene’s test, F=21.7, p<0.0001). In terms of medians, decision durations following 323 

an inaccurate movement were overall shorter compared to trials for which a movement was 324 

inaccurate, but this difference is not significant (∆DD=-39 ms). We also observed a slight but 325 

significant increase of decision success probability (∆SP=+0.04, Z=2.8, p=0.005) following 326 

inaccurate movements, possibly because of the slightly higher SP profile of trials following 327 

inaccurate movements compared to the error movement trials (𝝌2=21.8, figure 3A, bottom right 328 

panel). To directly assess the relationship between motor and decision adjustments due to 329 

inaccurate movements, we computed linear regressions between all differences of motor (∆VP, 330 

∆MD, ∆CED, ∆Amp) and decision (∆DD, ∆SP) metrics. We found a significant negative 331 

correlation between ∆MD and ∆DD (Pearson correlation, R=-0.62, p=0.003) and a significant 332 
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positive correlation between ∆MD and ∆SP (R=0.66, p=0.003), indicating that subjects who 333 

decreased their subsequent reaching duration the most after an inaccurate movement increased 334 

their subsequent decision duration and decrease their subsequent decision success probability the 335 

most as well (suppl. figure 4B). 336 

 337 

Figure 3. Effect of movement errors on subsequent motor and decision behaviors in the FMD task. 338 
A. Top: Distribution and comparison of reaching movement end-point center distance (left) and peak 339 
velocity (right) adjustments depending on the movement outcome in the previous trial (after a correct 340 
movement in blue and after an “inaccurate” movement in red). Bottom: Distribution and comparison of 341 
decision duration (left) and success probability (right) adjustments depending on the movement outcome in 342 
the previous trial (after a correct movement in blue and after an “inaccurate” movement in red). The inset 343 
illustrates the average ± SD success probability profiles of inaccurate movement trials (red) and post-344 
inaccurate movement trials (black), computed across subjects. B. Same as A for the “unreached” trials. 345 

 346 

While various reasons could lead to “unreached” trials, we noticed that overall, movements in 347 

these trials were on average slower compared to correct movements (figure 1D, top left panel). 348 

Following these unreached trials, subjects significantly increased their movement accuracy in the 349 

next trial (∆CED=-0.92 cm, Z=-3.9, p<0.001) by increasing their reaching velocity peak 350 

(∆VP=+2.3 cm/s, Z=3.9, p<0.001, figure 3B, top panels). They also increased their reaching 351 

amplitude (∆Amp=+1 cm, Z=3.9, p<0.001) and duration (∆MD=+20 ms, Z=2.9, p=0.004) 352 

compared to the previous erroneous trials (suppl. figure 4C). 353 
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After an “unreached” movement, we did not observe significant adjustments of the decisional 354 

behavior in the next trial at the population level (∆DD=-23 ms, ∆SP=+0.01), although distributions 355 

of mean decision durations and success probabilities are broader in trials following an unreached 356 

movement compared to trials following a correct movement (SD= 83 versus 4.6 ms; Levene’s test, 357 

F=25, p<0.0001 figure 3B, bottom panels). We found however a significant positive correlation 358 

between the adjustment of peak velocities (∆VP) following an unreached movement trial and the 359 

adjustment of decision durations (∆DD) in the same condition (R=0.48, p=0.04, suppl. figure 4D), 360 

indicating that participants who increased their movement speed the most after an unreached 361 

movement trial also increased their decision duration the most. 362 

Post-outcome adjustments of decision and motor behaviors in the CMD task 363 

The previous paragraphs describe behavioral adjustments of subjects performing the free-364 

movement duration (FMD) task. In the following lines, we report the same analyses applied on a 365 

dataset collected in the constrained movement duration (CMD) task. In this task, the duration of a 366 

movement executed to report a choice was strictly bounded (see methods), increasing the difficulty 367 

of the motor aspect of the task. In the FMD task, the average error percentage was 25%, among 368 

which 18% of decisional errors and 7% of movement errors. In the CMD task however, the average 369 

error percentage was 50%, with only 12% of decisional errors but 38% of movement errors. 370 

We first assessed whether a decision outcome influenced the subsequent decision behavior in the 371 

CMD task. As shown in figure 4A, the slowdown of decisions observed following incorrect 372 

choices in the FMD task was not found in the CMD task (∆DD=-5 ms). Subsequent decision 373 

success probabilities were increased following incorrect decisions (∆SP=+0.12, Z=4.8, p<0.001), 374 

an adjustment likely due to post-incorrect decision trials that were easier compared to incorrect 375 

decision trials (𝝌2=767, inset in figure 4A, right panel). Despite that decision outcomes did not 376 
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influence the next decision in the CMD task, we observed that following incorrect choices, 377 

participants increased their reaching velocity peak (∆VP=+0.24 cm/s, Z=3, p=0.003), leading to a 378 

decrease of movement duration (∆MD=-13 ms, Z=-3.4, p<0.001, figure 4B).   379 

Figure 4. Effect of decision outcomes on 380 
subsequent decision and motor behaviors in 381 
the CMD task. A. Distribution and 382 
comparison of decision duration (left) and 383 
success probability (right) adjustments 384 
depending on the decision outcome in the 385 
previous trial (after a correct decision in green 386 
and after an error decision in red). The inset 387 
illustrates the average ± SD success probability 388 
profiles of incorrect decision trials (red) and 389 
post-incorrect decision trials (black), computed 390 
across subjects. B: Distribution and 391 
comparison of reaching peak velocity (left) and 392 
duration (right) adjustments depending on the 393 
decision outcome in the previous trial (same 394 
conventions as in A).  395 

 396 

In the last two paragraphs, we investigate the consequences of a movement error outcome in the 397 

CMD task, i.e. too fast or too slow movements, on subjects’ behavior in the next trial. As expected, 398 

following too fast movements, participants significantly decreased their reaching velocity peak 399 

(∆VP=-3.1 cm/s, Z=-4.8, p<0.001), leading to an increase of movement duration (∆MD=+62 ms, 400 

Z=4.8, p<0.001, figure 5A, top panels). This adjustment was accompanied by a decrease of 401 

amplitude (∆Amp=-0.35 cm, Z=-4.8, p<0.001) and a decrease of accuracy (∆CED=+0.2 cm, 402 

Z=4.8, p<0.001, suppl. figure 5A). The duration of decisions at the population level was 403 

significantly decreased following too fast movements in the CMD task (∆DD=-79 ms, Z=-3.7, 404 

p<0.001, figure 5A, bottom left panel). Crucially, this adjustment is not due to a difference of 405 

decision difficulty between the two trial subsets (𝝌2=1.2, inset in figure 5A, bottom right panel), 406 
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and no variation of decision success probability (SP) was observed following too fast movement 407 

trials. 408 

 409 

Figure 5. Effect of movement errors on subsequent motor and decision behaviors in the CMD task. 410 
A. Top: Distribution and comparison of reaching movement peak velocity (left) and duration (right) 411 
adjustments depending on the movement outcome in the previous trial (after a correct movement in blue 412 
and after a too fast movement in red). Bottom: Distribution and comparison of decision duration (left) and 413 
success probability (right) adjustments depending on the movement outcome in the previous trial (same 414 
convention as above). The inset illustrates the average ± SD success probability profiles of too fast 415 
movement trials (red) and post-too fast movement trials (black), computed across subjects. B. Same as A 416 
for too slow movement trials in the CMD task. 417 

 418 

After too slow movements, participants unsurprisingly increased their movement velocity peak 419 

(∆VP=+1.3 cm/s, Z=4.8, p<0.001), which reduced reaching durations (∆MD=-19 ms, Z=-4.4, 420 

p<0.001, figure 5B, top panels). Movement amplitude (∆Amp=+0.3 cm, Z=4.8, p<0.001) and 421 

accuracy (∆CED=-0.29 cm, Z=-4.8, p<0.001) were also significantly increased (suppl. figure 5B). 422 

Notably, following too slow movements, the duration of decisions was in this case significantly 423 

increased (∆DD=+31ms, Z=2.1, p=0.038), despite no difference between the SP profiles in the 424 

tow trial subsets (𝝌2=0.5), without a significant modulation of decision SP (figure 5B, bottom 425 

panels). 426 
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Discussion 427 

In the present study we first observed that in the free-movement duration (FMD) task, most 428 

subjects slowed down their choices following a decision error. Post-(decision) error slowing (PES) 429 

is a phenomenon commonly reported in the literature (Danielmeier & Ullsperger, 2011; Jentzsch 430 

& Dudschig, 2009; Laming, 1979; Purcell & Kiani, 2016; Rabbitt & Rodgers, 1977; Thura et al., 431 

2017), even if post-error speeding has been described as well (e.g. King et al., 2010). PES is often 432 

interpreted as an error-induced increase in response caution that allows one to improve subsequent 433 

performance. Interestingly, after a correct choice, subjects did not adjust their choice durations, 434 

but they committed with less sensory evidence. Because post-correct decision trials were slightly 435 

more difficult than correct trials, this result suggests that a successful behavior increased 436 

participants’ confidence, possibly promoting risk taking during upcoming trials (Bandura & 437 

Locke, 2003).  438 

The present report reveals the properties of the decision-related PES further by showing that 439 

participants did not adjust their decision duration following a bad decision in the constrained-440 

movement duration (CMD) task. To explain this observation, it could first be argued that post-441 

decision error trials were overall easier compared to trials in which a decision error occurred. 442 

Although possible, the difference of success probability profiles in the two trial subsets was similar 443 

in the FMD and CMD tasks, suggesting another reason for the lack of PES in the CMD task. 444 

Alternatively, it is known that PES partly depends on error frequency (Notebaert et al., 2009), and 445 

participants made more errors in the CMD task compared to the FMD task. However, errors in the 446 

CMD task concerned mostly movements, and decision error rates were similar in the two tasks. 447 

We thus believe that the lack of decision-related PES in the CMD task mainly relates to the strict 448 

duration constraints imposed on movements in this task (see below).  449 
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We also observed the expected, yet very robust, post-movement error adjustments in participants’ 450 

motor behavior. Generally, effects of behavior history on subsequent behavior have been 451 

investigated by means of cognitive tasks (Dutilh et al., 2012; Notebaert et al., 2009; Rabbitt & 452 

Rodgers, 1977), limiting the analysis to pre-movement processes  (but see Ceccarini & Castiello, 453 

2018). The present report describes, to our knowledge, the first analysis addressing the impact of 454 

decision and action outcomes on both the decision and action executed in the following trial. This 455 

is important because in most everyday life choices, decisions and movements expressing these 456 

choices are temporally linked, constituting a continuum separating an event from a potential 457 

reward (Cisek, 2007).  458 

We found that after a slower choice made in response to a decision error, movement duration, if 459 

unconstrained, is reduced. This result is consistent with recent reports in both human and non-460 

human primates showing that within blocks of trials defined by specific speed-accuracy tradeoff 461 

(SAT) properties, long decisions are expressed with vigorous, short movements (Thura, 2020; 462 

Thura et al., 2014). We show here that this policy can be established on a shorter time scale, from 463 

trial to trial, based on subject’s previous trial outcomes.  464 

Conversely, we found that when participants had to correct a bad movement, they not only 465 

adequately adjusted their movements in the following trial, but they also altered the decision made 466 

in this following trial, prior to the corrected movement expressing that choice. This observation is 467 

at first sight consistent with several studies showing that the cost of a movement executed to report 468 

a choice influences that choice in a given trial (Burk et al., 2014; Hagura et al., 2017; Marcos et 469 

al., 2015). But it actually differs by demonstrating for the first time the capacity of humans to 470 

preemptively compensate for a movement correction due to a motor error by altering the 471 

deliberation process of the post-error trial, before the execution of the corrected movement. 472 
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A possible functional interpretation of the reduction of movement duration accompanying a 473 

decision-related PES (in the FMD task) is that subjects aimed at compensating the extra time 474 

devoted to deliberation by executing faster movements, even if shortening movement duration 475 

usually leads to a slight decrease of accuracy. In ecological scenarios, individuals are often free to 476 

adjust the time they invest in deciding versus moving, and movements are parametrized following 477 

“economic” rules (e.g. Shadmehr et al., 2019), allowing to optimize what matters the most for 478 

individuals during successive choices, the rate of reward (Balci et al., 2011; Bogacz et al., 2010; 479 

Carland et al., 2019). 480 

In agreement with a reward rate maximization account, when a movement was corrected by 481 

increasing or decreasing its duration, most participants decreased or increased their decision 482 

duration, respectively, within the same trial. This is consistent with our previous reports in which 483 

compensatory effects are described across blocks of tens of trials defined by specific motor SAT 484 

constraints (Reynaud et al., 2020; Saleri Lunazzi et al., 2021). This suggests that one can flexibly 485 

share temporal resources between the decision and the action processes depending on both global 486 

and local contexts, even if these processes must slightly suffer in terms of accuracy (i.e. a good 487 

enough, or heuristic, approach, Gigerenzer & Gaissmaier, 2011). According to this mechanism, 488 

the absence of decision-related PES when movement duration was strictly bounded would mean 489 

that subjects anticipated that they could not compensate for a potential extension of their decision 490 

duration following a bad choice during the movement phase, discouraging them to slow down their 491 

decisions after a decision error. Intriguingly, they still produced faster and shorter movements after 492 

a bad choice, indicating here an adjustment of movement duration that does not depend on the 493 

decision determining this movement. It is possible that in this specific task where errors were 494 
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frequent (~50%), subjects aimed at limiting the waste of time due an erroneous trial by moving 495 

slightly faster in the next trial despite the strict constraints imposed on movement duration.  496 

Taken together, the present results indicate that following both decision and movement errors, 497 

humans are primarily concerned about determining a behavioral duration as a whole instead of 498 

optimizing each of the decision and action speed-accuracy trade-offs independently of each other, 499 

probably with the goal of maximizing their success rate. 500 

Open practices statement 501 

The data and materials for the two experiments are available upon request. None of the experiments 502 

was preregistered. 503 
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