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Sensorimotor strategy selection 
under time constraints 
in the presence of two motor 
targets with different values
Ryoji Onagawa1,2,3* & Kazutoshi Kudo1*

Goal-directed movements often require choosing an option from multiple potential goals under time 
constraints. However, there are limited studies on how humans change their time spent on decision-
making and movement patterns according to time constraints. Here, we examined how sensorimotor 
strategies are selected under time constraints when the target values are uncertain. In the double-
target condition, the values were uncertain until the movement onset and presented immediately 
afterwards. The behavior in this condition was compared to the single-target condition, in relation to 
time constraints and target-separation-angles. The results showed that the participants frequently 
used the choice-reaction even under tight time constraints, and their performance was consistently 
lower than that in the single-target condition. Additionally, in the double-target condition, differences 
in the movement trajectory depending on the time constraint and target-separation angle were 
confirmed. Specifically, the longer the time constraint, the higher the frequency of the intermediate 
behavior (to initiate movement toward the intermediate direction of two targets) or the change-of-
mind behavior (to change the aiming target during movement). Furthermore, the smaller the target-
separation angle, the higher the frequency of intermediate behavior, but the frequency of change-
of-mind was not affected by the target-separation angle. These results suggest that the participants 
initiated the movement at an incomplete value judgment stage in some trials. Furthermore, they 
seemed to select a strategy to utilize the information obtained during the movement, taking into 
account the time constraints and target-separation angle. Our results show a consistent cognitive 
bias in choosing a higher value when multiple alternatives have different values. Additionally, we also 
suggest flexibility and adaptability in the movement patterns in response to time constraints.

In many situations, decision making involves deciding on a single strategy among multiple action possibilities. In 
many studies of motor decision-making, the focus has been on how to output an action according to a prior gain 
function in advance1–9. On the other hand, in sports and other decision-making situations, it is necessary to col-
lect information about the value of potential goals in a limited time while planning and executing the movement.

In such situations, to maximize the performance, strategy selection is important for the speed-accuracy 
trade-off9–11, such as the relationship between movement speed and movement variability12,13 or between deci-
sion speed and decision accuracy10,14,15. For choice behavior, in particular, the Hick–Hyman law16,17 describes 
the fundamental human property whereby reaction times for making decisions become longer as the number of 
options increases because having more options requires more time to accumulate information.

In a situation where there are two alternatives, for example, the response strategy can be divided into two 
categories: a simple reaction, in which an individual quickly responds to the predetermined choice, and a choice 
reaction, in which an individual responds by choosing the more rewarding of the two choices. The simple reac-
tion strategy, while having temporal effectiveness, is disadvantageous in terms of the amount of information 
obtained. In contrast, the choice-reaction strategy allows us to choose better alternatives by increasing the amount 
of information available but at the cost of time. Therefore, in choosing such a strategy, the values of both time 
and amount of information should be considered.
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In our previous study10, we used a selective-response task between two alternatives with progressively decreas-
ing gains or probabilities of each option over time to test whether strategy optimization occurs in terms of reward 
maximization. By varying the rate of decrease in value from trial to trial and examining strategy switching, we 
found that although participants changed their response strategies according to the rate, there was a bias toward 
over-preferring the choice-reaction strategy in situations where the gain decreased over time. This bias may 
have stemmed from the difficulty of taking into account changes in value over time or from the known possible 
rewards for each target. Therefore, it is necessary to consider whether a similar bias occurs in situations where 
there is high uncertainty about value.

In situations in which obtaining information and executing an action exist simultaneously, two control strate-
gies can arise: go-after-you-know and go-before-you-know. The go-after-you-know refers to situations in which 
the action is carried out after the goal has been determined, and the go-before-you-know refers to situations 
in which the action is started before the goal is determined18. These control strategies were studied in separate 
experimental settings. In particular, motor planning and execution in a go-before-you-know situation have been 
examined in which the final target is informed after the movement onset (the possible targets are known before 
the movement onset). However, in some situations, it is possible to either start a movement after determining the 
final target or to determine the final target while moving and correcting the ongoing movement. Therefore, a new 
decision-making problem arises as to how to make a decision between the control strategy of starting a movement 
after determining the target (i.e., go-after-you-know) or before determining the target (i.e., go-before-you-know).

As shown above, various decision-making problems need to be solved to improve performance. First, an 
individual needs to decide on a strategy (e.g., a simple reaction or a choice reaction) regarding the speed-accuracy 
tradeoff depending on a given time constraint. It is also necessary to determine the strategy in the time sequence 
of target determination and movement onset (e.g., go-after-you-know control or go-before-you-know control). 
Furthermore, the execution strategies in each control phase, such as the input system (how to see), the processing 
system (how to judge), and the output system (how to move), are also involved. However, it is still unclear how 
such a wide variety of decisions are made and what their optimality is, given the freedom to choose strategies.

The current study aims to clarify how sensorimotor strategies are selected under time constraints in the pres-
ence of uncertainty in the value of the motor targets and to examine the optimality of the selected strategy. The 
sequence of the experimental tasks is shown in Fig. 1. In our task, targets were assigned value, and participants 
could obtain that value when they reached it within a time constraint. In the main condition (the double-target 
condition), the values of the two targets were uncertain before the start of the trial, and the values of the targets 
were presented randomly for each trial in the range of 20–80 points with a beep to signal the start of the trial. 
The two targets were set at ± 15°, ± 22.5°, or ± 30° to the direction straight above the starting point and 20 cm 
away from the starting point. Participants were instructed to intend to maximize the mean score (total score/
number of trials) in each set; to achieve this goal, the participants were allowed to freely decide on a strategy. 
Participants received a score for the target if they could reach the target within the time constraint assigned for 
each trial. To evaluate the optimality and the control strategy, we compared the behaviors in the double-target 
condition with those in the condition where only one target exists, which was performed as the control condition. 
From the interpretation of the behavioral patterns and the evaluation of the optimality of the strategies using a 
descriptive approach, we examined the mechanism of selecting a strategy for executing the behavior under time 
constraints and its optimality in a situation where there is uncertainty in value.

Figure 1.   Trial sequences. The upper row shows the double-targets condition, and the lower row show the 
single-target condition. In all conditions, (a) at the beginning of a trial, the cursor was moved to the starting 
position. (b) After a 1-s delay period, (c) two targets or one target and an indicator showing time constraint 
were presented. After 1800–2200 ms of the target appearance, (d, e) the score was presented on each target with 
the auditory go signal, and the yellow range of the indicator starts to decrease. After the auditory go signal, the 
participant could perform the reaching movement freely. If the participants passed through the target within 
the time constraint, they received the score assigned to that target. (f) After the completion of the movement, 
participants were given feedback on their success, failure, and score.
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The possible actions in the double-target condition could be classified into simple reaction and choice reac-
tion. In the case of “simple reaction,” the participant was expected to move toward the target in an almost 
straight trajectory with a short reaction time (RT). This strategy corresponds to the behavior when one target is 
completely ignored, which is consistent with the behavior in the single-target condition. In the case of “choice 
reaction,” a wide range of possible actions were predicted to be taken. For instance, the participant could choose 
one target over a longer RT than that in the simple reaction, then move toward that target in an almost straight 
line (go-after-you-know). Two other possible behaviors were considered as movement onset in incomplete target 
valuation. One is to initiate an intermediate direction between targets and then decide on a target and move 
towards it (go-before-you-know). The other is to initiate a movement toward one target and then make correc-
tions as needed (go-after-you-know with motor target correction). Notably, the simple reaction shortens the 
arrival time without considering the target value, and the choice reaction increase the probability of reaching a 
higher value target even if the arrival time was longer. Therefore, the difference between these strategies would 
clearly appear in the two behavioral indices of reach timing and probability of reaching a high-value target. We 
could also expect that the time constraint may modulate the selection between these strategies; furthermore, the 
longer the time constraint, the greater the choice reaction. Our previous study10 has shown that in a two-choice 
response task under time constraints, there is a bias to use a choice reaction even in situations where a simple 
reaction is desirable. Thus, we confirmed whether the same bias was observed in the current task.

Results
Summary of methods and hypotheses.  Participants (N = 12) performed single-target and double-
target trials. The unique setting of the current task was that the target value was presented at the same time as 
the start signal of the task, and that a different time constraint was assigned in each trial. Thus, to obtain better 
outcomes, participants needed to decide whether to determine a better target and take action to target it or to 
reach one of the targets without determining the value of the target, depending on the given time constraints.

The single-target and double-target trials were performed in a random order for each trial. The reason for this 
random sequence was to eliminate the possibility that behavior in the conditions of previous and posterior trials 
was influential (a problem that exists when using a block design) when differences in movement patterns between 
the two conditions in response to time constraints were present. The current study mainly aimed to examine the 
effects of time constraints on decision-making and motor execution strategies. The single-target trials were set as 
a control condition to examine whether to utilize the benefits of having two targets effectively. The participants 
performed 324 trials (54 trials × 6 sets) of the task. Each set contained 36 trials in the double-target trials and 18 
trials in the single-target trials. The directions of the targets were assigned evenly.

Modulation of movement patterns depending on time constraints and target‑separa-
tion‑angles.  The cursor trajectories for each condition are shown in Fig. 2. In the single-target condition, 
the trajectories were approximately straight, which is widely observed in a general reaching movement. In con-
trast, in the double-target condition, there were trials that started in the direction of movement closer to the 
center. This difference in trajectories indicates that the decision-making phase affects movement trajectories.

The time constraints were classified into five bins, and the histograms of the initial reach direction (IRD) 
within each bin are shown in Fig. 3. The IRD indicates the direction from the start position to the cursor 100 ms 
after the onset of movement. This variable is often used to describe the characteristics of the initial movement 
in a go-before-you-know situation19,20. In the single-target condition, the histogram of the IRD did not change 
considerably with the time constraint, whereas in the double-target condition, the IRD was closer to the middle, 
and this tendency was observed as the time constraint became longer. Figure 4 shows a comparison between the 
double-target and single-target conditions in terms of |ΔIRD| (i.e., the magnitude of deviation of the IRD from 
the middle) according to the time constraint in each angle condition. A three-way repeated-measures ANOVA 
(time constraint [5] × number of targets [2] × target-separation angle [3], the statistical values were shown in 
Table 1 in the supplementary information) on the |ΔIRD| showed significant main effects of the number of targets 
(P < 0.001) and target-separation angle (P < 0.001). There was a significant interaction between time constraint 
and number of targets (P = 0.006) Post-hoc test showed a simple main effect of number of targets in the four 
longer time constraints. These results indicated that initial movements in the double-target condition were more 
centered than those in the single-target condition.

Subsequently, whether the intermediate behavior frequency increases as the time constraint increased was 
verified, using the incidence of initial movement to the intermediate direction (i.e., intermediate behavior). 
Figure 5A shows the relationship between RT and IRD. In contrast to the single-target condition (shown in the 
bottom row in Fig. 5A), the double-target condition (shown in the upper row in Fig. 5A) showed that the initial 
movements’ frequency toward between targets was higher. It could also be observed that the initial movements 
toward between targets were more likely to existent at RTs above a certain level. An intermediate behavior was 
defined as movements when the absolute value of IRD was less than one-fourth of the target-separation angle. 
To verify that longer the RT, the more intermediate behaviors were implemented, the probability of the occur-
rence of intermediate behaviors was described as a function of the RT [upper panels (Fig. 5B)]. Notably, in this 
analysis, all trials for all participants were pooled, and incidence rates were calculated in five separate bins ranging 
from 200 to 650 ms. These figures showed that the intermediate behaviors were observed more frequently with 
longer RT for all target-angle conditions.

The frequency of change-of-mind behaviors was also examined [lower panels (Fig. 5B)]. Change-of-mind 
denoted that the participants changed their aiming target during movement, and trials in which the initial move-
ment direction and the final arrival target did not match were defined as trials in which change-of-mind occurred. 
The results showed that the frequency of change-of-mind tended to be highest at moderate RT. However, in the 
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case of long RT, the need for change-of-mind might have disappeared since sufficient essential information for 
value judgments was collected before the movement onset.

In a similar perspective, the modulation in movement strategies in response to time constraints was examined. 
The participants’ behaviors were classified into three movement patterns: the direct reaching, the intermediate 
behavior, and the change-of-mind behavior (Fig. 5C). The frequency of each movement pattern was calculated as 
a function of the time constraint. Two-way repeated-measures ANOVA (time constraint [5] × target-separation 
angles [3]) on the frequency of direct reaching revealed significant main effects for both factors (time constraint: 
P = 0.009, target-separation angles: P = 0.024) and no significant interaction (P = 0.19). Post-hoc comparisons 
on target-separation angles revealed significant differences in 30◦ vs. 45◦ and 30◦ vs. 60◦ and no significant dif-
ference in 45◦ vs. 60◦ . Post-hoc comparisons on time constraints revealed significant differences in 400 < τ < 640 
vs. 1120 < τ < 1360 and 400 < τ < 640 vs. 1360 < τ < 1600, 640 < τ < 880 vs. 1360 < τ < 1600, and 880 < τ < 1120 vs. 
1360 < τ < 1600, and there was no significant difference in other combinations.

Two-way repeated-measures ANOVA (time constraint [5] × target-separation angles [3], statistical values 
are shown in Table 2 in the supplementary information) on the frequency of intermediate behavior revealed 
significant main effects for both factors (time constraint: P = 0.011, target-separation angles: P = 0.027) and no 
significant interaction (P = 0.33). Post-hoc comparisons on target-separation angles revealed significant differ-
ences in 30◦ vs. 45◦ and 30◦ vs. 60◦ and no significant difference in 45◦ vs. 60◦ . Post-hoc comparisons on time 
constraints revealed significant differences in 400 < τ < 640 vs. 1120 < τ < 1360 and 400 < τ < 640 vs. 1360 < τ < 1600, 
and no significant difference in other combinations.

Two-way repeated-measures ANOVA (time constraint [5] × target-separation angles [3], statistical values are 
shown in Table 2 in the supplementary information) on the frequency of change-of-mind revealed significant 
main effects for time constraint (P = 0.002), but neither the main effect for target-separation angle (P = 0.455) 
nor interaction (P = 0.748) reached significance. Post-hoc comparisons on target-separation angles revealed sig-
nificant differences in 30◦ vs. 45◦ and 30◦ vs. 60◦ and no significant difference in 45◦ vs. 60◦ . Post-hoc comparisons 

Figure 2.   Trajectories in each target configuration. The cursor trajectories including all participants and all 
trials for each target configuration are shown. The upper row shows the double-target condition, and the lower 
row shows the single-target condition. In the single-target condition, participants made a linear trajectory, 
which is widely observed in general reaching movements. In contrast, in the double-target condition, although 
participants made many linear trajectories, there are trials in which participants selected a movement direction 
closer to the middle and trials in which the target is modified after the movement onset.
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on time constraints revealed significant differences in 400 < τ < 640 vs. 1120 < τ < 1360 and 400 < τ < 640 vs. 
1360 < τ < 1600, and there was no significant difference in other combinations.

Figure 5D showed the frequency of each movement pattern depending on target-separation-angles. To exam-
ine whether the frequency of movement patterns changes with target-separation-angle, all time contractions were 
pooled, and the mean frequency of each pattern was calculated for each participant in each target-separation-
angle. One-way repeated-measures ANOVA (statistical values are shown in Table 3 in the supplementary infor-
mation) revealed that there was a significant main effect of target-separation-angle on intermediate behavior 
(P = 0.023), but there was no significant effect on change-of-mind (P = 0.464). Post-hoc comparison revealed 
significant differences in 30◦ vs. 45◦ and 30◦ vs. 60◦ and no significant difference in 45◦ vs. 60◦ . These results sug-
gested that the narrower the target-separation-angles were, the more intermediate behavior was taken. Notably, in 
the single-target condition, these behaviors were rarely taken; therefore, this effect of target-separation-angles on 
intermediate behavior was not due to increased sensitivity to intermediate movements with the narrower angle.

These results showed that the frequency of intermediate behavior and change-of-mind increased with longer 
time constraints. Correspondingly, the frequency of direct reaching decreased with longer time constraints. In 
addition, the frequency of intermediate behavior increased with a narrower target-separation-angle, and the fre-
quency of direct reaching decreased accordingly, but change-of-mind was not affected by target-separation-angle.

Comparison of spatio‑temporal characteristics of behavior and performance between the 
double‑ and single‑target condition.  To examine the changes in the sensorimotor strategy according to 
the number of targets and time constraints, the reaction time (RT) was compared among the conditions (Fig. 6). 
The upper panel of Fig. 6 shows a scatter plot of time constraints and RT, and the middle and lower panels show 
bivariate histograms of time constraints and RT in the double-target and single-target conditions. From these 
results, it can be confirmed that the RT was comparable between the double- and single-target conditions when 
the time constraint is short, while the deviation of the RT between the conditions increased as the time con-
straint becomes longer.

The top row in Fig. 7 shows the probability of reaching the target with the higher score (Phigh-value) according 
to the time constraint, RT according to the time constraint, and Phigh-value according to the RT. The middle row 
shows the comparison of the initial movement velocity (IMV), movement time (MT), and path length (PL) of 
the trajectory at a 20-cm Euclidian distance from the start position (PL) according to the time constraint. The 
PL is a type of indicator of the curvature of movement. If the PL was exactly 20 cm, the movement was perfectly 
straight, and if it was higher than that, it indicated that the movement was performed in an indirect way. The bot-
tom row shows the comparison among conditions of the mean score (mean score), temporal accuracy (Ptemporal), 
and spatial accuracy (Pspatial) according to the time constraint. Notably, temporal success or failure was judged 
based on whether the arrival time was shorter than the provided time constraint, and Ptemporal denotes temporal 
success probability. Spatial success or failure was judged based on whether the shortest distance between the 
target and cursor was smaller than the target radius (1 cm), and Pspatial denotes spatial success probability. These 
figures were constructed by including all target angle conditions.

Phigh-value was defined as the probability of going to a higher value target, and if this was higher than the 
chance level (0.5), it could be interpreted that the participant performed in a choice reaction. One-sample t-tests 
(statistical values are shown in Table 4 in the supplementary information), with the Phigh-value (Fig. 7A) as the 
dependent variable, confirmed significant differences above chance levels (0.5) in the latter three time-constraint 
levels (P-values < 0.001), suggesting that a choice reaction strategy is used in conditions with long time con-
straints. The RT was also a factor that explained the difference between simple and choice reactions. Two-way 
repeated-measures ANOVA (time constraint [5] × number of targets [2]) on the RT (Fig. 7B) revealed significant 
main effects for both factors (number of targets: P < 0.001; time constraint: P < 0.001). Importantly, a significant 
interaction (P < 0.001) was also identified, indicating that the difference in strategy between single-target and 
double-target varied with the time constraint. Post-hoc tests revealed the simple main effects of the number of 
targets (P-values < 0.001) in all time-constraint levels. The RT and Phigh-value (Fig. 7C) had an relationship similar 
to that of a sigmoid curve, with Phigh-value approaching the chance level when the RT was short and Phigh-value 
approaching 1 as the RT increased. Since a sigmoidal relationship between the RT and Phigh-value (Fig. 7C) and 
a linear relationship between RT (Fig. 7B) and time constraint were observed, the Phigh-value had an increasing 
pattern similar to a sigmoidal curve with the time constraint (Fig. 7A).

The results for IMV and MT as indicators of characteristics with respect to the speed of movement are shown 
in Fig. 7D, E. A two-way repeated-measures ANOVA (time constraint [5] × number of targets [2], statistical 
values are shown in Table 5 in the supplementary information) on the IMV (Fig. 7D) showed a significant main 
effect for time constraint (P < 0.001), no significant main effect for number of targets (P = 0.74), and no significant 
interaction (P = 0.29). A two-way repeated-measures ANOVA (time constraint [5] × number of targets [2]) on 
the MT (Fig. 7E) showed a significant main effect for time constraint (P = 0.047), no main effect of the number 
of targets (P = 0.43), and a significant interaction (P = 0.047). Post-hoc tests revealed simple main effects of time 
constraints in both the double-targets condition and single-target condition (P-values < 0.001) and no simple 
main effects of the number of targets conditions at all time constraint levels. These results indicate that the num-
ber of alternatives did not significantly affect IMV and MT, although these values changed with time constraints. 
In other words, there was no change in movement speed that would compensate for the change in RT due to the 
difference in the number of targets.

The result for PLs as indicators of characteristics for the deviation from the direct path is shown in Fig. 7F. If 
the participant made a completely direct path, this value would be 20 cm (equal to Euclidean distance from the 
start position to target), but if a detour was taken, the value would be greater than 20. Two-way repeated-measures 
ANOVA (time constraint [5] × number of targets [2], statistical values are shown in Table 5 in the supplementary 
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information) on the PL (Fig. 7F) showed a significant main effect for both time constraints (P < 0.001) and num-
ber of targets (P = 0.005). Importantly, a significant interaction (P < 0.001) was also found. Post-hoc tests revealed 
simple main effects of time constraint in the single-target condition (P < 0.001). There were simple main effects 
of the number of targets conditions only in the longer three time-constraint ranges (880 < τ < 1120: P = 0.042; 
1120 < τ < 1360: P = 0.001; 1360 < τ < 1600: P = 0.005). These results suggest that different movement patterns were 
used between the double-target and single-target conditions as the time constraint increased. It should also be 
emphasized that the range of time constraints in which this difference occurred coincides with |ΔIRD| (Fig. 4) 
and the increase in the frequency of change-of-mind and centering initial movement (Fig. 5C).

Two-way repeated-measures ANOVA (time constraint [5] × number of targets [2], statistical values are shown 
in Table 5 in the supplementary information) on the mean score (Fig. 7G) showed a significant main effect for 
time constraint (P < 0.001) and no significant main effect for the number of targets (P = 0.952). A significant 
interaction (P < 0.001) was found. Additionally, there were simple main effects of time constraint in both types 
of target conditions (P-values < 0.001). There were simple main effects of the number of targets conditions only in 
the second and third time-constraint ranges (640 < τ < 880: P = 0.002; 880 < τ < 1120: P = 0.016). Two-way repeated-
measures ANOVA (time constraint [5] × number of targets [2], statistical values are shown in Table 5 in the sup-
plementary information) on the Ptemporal (Fig. 7H) showed significant main effects for both factors (number of 
targets: P = 0.002; time constraint: P < 0.001). A significant interaction (P < 0.01) was also found. There were simple 
main effects of time constraints in both types of target conditions (P-values < 0.001). There were simple main 
effects of the number of targets conditions only in the second and third time-constraint ranges (640 < τ < 880: 
P = 0.001; 880 < τ < 1120: P = 0.017). Two-way repeated-measures ANOVAs (time constraint [5] × number of 
targets [2], statistical values are shown in Table 5 in the supplementary information) on the Pspatial (Fig. 7I) 
showed significant main effects for both factors (number of targets: P = 0.027; time constraint: P < 0.001). There 
was no significant interaction (P = 0.74). These results suggest that, compared to situations in which the goal is 
predetermined, situations in which choices exist have a negative effect on temporal (especially in moderately 
tight time constraints) and spatial (in a wide range of time constraints) performance.

Discussion
The current study examined a sensorimotor strategy under time constraints in a situation where there was 
uncertainty about the value of the target. In the main task, there were two alternative targets, and target values 
were presented along with an auditory go signal that indicated the start of the trial. The target value of each 
target was not shown until after the go signal and participants had to reach the target within a time constraint 
that could vary from trial to trial. When the time constraint is short, it is desirable to adopt a simple-reaction 
strategy because the attempt to obtain information about the target’s values will not result in reaching the target 
in time. In contrast, if there is sufficient time to process the target values, it is preferable to accurately recognize 
the target information and choose the target that has a higher value (i.e., a choice-reaction strategy). Thus, time 
constraint is a key factor that determines the desired strategies for the participants. Moreover, in the current 
task, the participants were free to initiate actions at any time after the auditory go-signal, so they could start 
movements after identifying the target values or before identifying them. This setup allows us to evaluate the 
optimality of the strategy and examine the characteristics of the selected movement patterns.

By analyzing the modulations in spatiotemporal movement patterns according to time constraints, we 
obtained three main findings. First, the modulation of the initial reach direction and the PL of trajectories 
under the time constraint revealed that different motor patterns were selected between the double-target and 
single-target conditions when the time constraint became relatively long. Second, the motor trajectories were 
modulated depending on both the time constraint and the interval between targets. Specifically, the longer the 
time constraint, higher the frequency of behaviors, such as intermediate behavior and change-of-mind, due to the 
movement onset in an incomplete state of target selection. Third, participants used the choice-reaction strategy 

Figure 3.   Initial movement direction according to time constraints. Panels (A), (B), and (C) show the 
conditions where the target-separation-angles were 30°, 45°, and 60°, respectively. (a) In each panel, the time 
constraints were classified into five bins, and the histograms and cumulative distribution functions (cdf) of 
the initial reach direction (i.e., the direction of the cursor after 100 ms) within each bin are shown in the two 
upper rows. The time constraints were classified into five bins, and the histograms and cumulative distribution 
functions (cdf) of the initial reach direction (i.e., the direction of the cursor after 100 ms) within each bin were 
shown. The color of the cumulative distribution function (rightmost column) corresponded to the color of the 
histogram for each time constraint. In the single-target condition, the histogram of the initial reach direction 
did not show any considerable change in response to the time constraint. This was manifest in the cdf, which 
was essentially flat in the range of movement directions between the two targets. In contrast, in the double-
target condition, the distribution kurtosis corresponding to each target direction decreased and the frequency 
of initial movements directed toward the center increased in the long time-constraint condition compared to 
the short time-constraint condition. Similarly, from the cdf, it was confirmed that the frequency of the initial 
movement directed between targets varied with the time constraint, and the cdf had a positive slope in the range 
of movement directions between the two targets for the longer time constraints. (b) These panels showed the 
cumulative probability included in a window centered at 0 (the central direction) as a function of window size 
set to range from 0 to 90. The solid/dashed lines represent the double-target/single-target condition, respectively. 
If the solid lines were above the dashed lines, the frequency of the initial movements contained in the window 
was high. (c) The differences of cumulative probability functions (shown in b) between the double- and single-
target conditions are shown. If the value was positive, the probability included in the window was high for the 
double-target condition than for the single-target condition.

▸
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even in the tightly time-constrained condition, and their performance was lower than that in the condition with a 
single goal. Since the temporal performance (i.e., whether it reached in time) was significantly lower, this reduced 
performance in the double-target condition was caused by selecting the choice reaction despite not being able to 
meet the time constraint. We could not compare the participants’ behavior with the complete optimal solution, 
but the lower performance in the double-target condition compared to the single condition indicated that the 
participants’ behavior was at least suboptimal. Moreover, we should emphasize the tendency to use the choice 
reaction even in situations where the simple reaction was clearly better and not vice versa. This suggested that a 
bias existed in the participants’ strategy selection.

Modulation of movement pattern depending on time constraints and target‑separation‑angle 
in the double‑target condition.  It is generally known that in a reaching movement, the trajectory is 
almost straight to the target21,22. In fact, a trajectory of approximately straight movement was often observed in 
the single-target condition, and if the movement was initiated after the determination of the target, it was likely 
that the movement would also follow a straight trajectory in the double-target condition. However, we found that 
the initial reach direction was closer to the middle direction of the two targets under a relatively long time con-
straint, suggesting that the valuation process between the targets may have interfered with the movement trajec-
tory (Figs. 3 and 4). The analysis for movement patterns found that the frequency of intermediate behavior and 
change-of-mind increased with increasing time constraints, whereas the frequency of direct reaching decreased 
(Fig. 5). In addition, although intermediate behavior was more likely to occur when the target-separation angle 
was larger, change-of-mind was not affected by the target-separation angle. The narrower the target-separation 
angle, the more intermediate initial movement occurred, which was comparable to results of a previous study23. 
These results suggest that both time constraints and target location affected the participants’ strategies.

The question that arises here is whether this interference is due to unintentional or intentional control, but 
a view that supports each is possible. Many previous studies have reported that when initiating a movement in 
the presence of multiple potential targets, the initial movements are directed toward the weighted average of the 
given targets19,23–28. An unintentional averaging output of discrete motor plans corresponding to each potential 
target has been proposed as one of the causes of such motor patterns. This is supported by neurological evidence 
that motor plans for each target are represented simultaneously when there are multiple competing movement 
targets in the reaching-related areas29–33.

Most of the studies that provided this evidence used go-before-you-know situations, in which participants 
were forced to initiate a movement for multiple competing targets and then reach a final goal presented after 
the movement had begun19,23,24,26,27,34–38. However, the present study was different from the go-before-you-know 
situation in that the participants were able to initiate the movement at their own timing. Therefore, it was also 
possible to start a movement after the movement target had been specified by the participants. Even in such a 
situation, we observed the centering of the initial movement in part of trials, which may be attributed to the 
existence of some advantages for online control to achieve a better goal during a movement39–45, as detailed below.

Figure 4.   Comparison of the absolute value of ΔIRD between the double-targets condition and the single-
target condition. Between-participant means and standard deviations of |ΔIRD| according to time constraint 
were shown for each target-angle condition. The ΔIRD denotes the deviation from the middle direction of the 
initial movement direction. The dashed line on each panel represents the |ΔIRD| for a direct reaching toward 
the target (e.g., at 15° for the 30° separation targets). Notably, |ΔIRD| below the dashed line indicates a more 
centrally directed movement. Two-way repeated-measures ANOVAs (time constraint [5] × number of targets 
[2]) on the |ΔIRD| in each target-angle condition showed a significant main effect of target condition in all angle 
conditions. The results of the multiple comparison tests showed that there was a significant difference when the 
time constraint was long. These results suggested that initial movements were more centering in the long time 
constraint condition. *: P < 0.05, **: P < 0.01.
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One of the possible reasons for the intermediate initial movement is that the participants may have intended 
to shorten the reaction time since the participants were required to reach the target within a given time con-
straint and thus, there is an advantage of starting earlier. As shown in a previous study, an overlap between motor 
planning and execution reduces the reaction time when there are multiple motor goals40. In addition, reaction 
time and movement time can be reduced if participants pre-plan the kinematic components of the movements 
commonly required for both targets before determining the targets46. Thus, it is possible that the centralized 
initial movement is a goal-oriented action generation that increases the time available to determine the move-
ment target42.

Another possibility of the centering tendency of the initial movement is to maintain the capability to respond 
to target changes during movement execution. Accounting for possible movement corrections that may occur 
later is an important aspect of motor planning43, and the state of the movement affects whether or not the goal 
is changed44,45. Because the current task requires instantaneous decisions, errors in value processing may occur, 
and changing the target during movement execution may be necessary. It was reported that the intermediate 
behavior minimizes the motor costs associated with corrections required after recognizing the final target47,48, 
suggesting that intermediate behavior is advantageous when dealing with deciding or changing target during 
movement. In a previous study, it was reported that the benefit of the intermediate behavior decreased as the 
target-separation angle became wider, leading to a decrease in the frequency of the intermediate behavior23. 
The current study showed the same tendency, suggesting that the intermediate behavior was used more actively 
in situations where its advantages were significant. The intermediate behavior could reduce the cost of possible 
later movement corrections, including temporal performance, reach accuracy, and biomechanical costs.

Meanwhile, there was another adaptive behavior: change-of-mind. Similar to the intermediate behavior, the 
frequency of change-of-mind was also shown to be more likely to occur with longer time constraints. Previous 
studies have reported that even after the initial decision to initiate a movement, valuation processing is con-
ducted to reverse or reaffirm the initial decision49–52. The behavior in the current study can be viewed similarly. 
It was considered that participants perform value judgments and reassessments during movement if they have 
sufficient time; conversely, if they did not have sufficient time, reassessments after deciding on one target or the 
other are suppressed. The relationship between RT and change-of-mind frequency showed an interesting trend, 
with the frequency of change-of-mind being highest at moderate RT. This modulation suggests that there was a 
motor pattern phase with cognitive and motor overlap between simple and complete choice reactions (i.e., cor-
rect go-after-you-know). In other words, it was considered that in moderate RT trials, the value evaluation and 
goal determination before the movement initiation was incomplete, and the goal may need to be revised due to 
overlapping value representations even during the movement.

Although previous studies have reported that the incidence of change-of-mind is affected by the movement 
cost53, the change-of-mind frequency was not affected by the angle in the current study. This result may be due 
to the following: the effect of the target-separation angle on the success rate and cost of change-of-mind was 
small in the range of this study, or the frequency (situation in which change-of-mind is necessary) was small in 
the first place. Thus, the effect of the target-separation angle could not be detected. In addition, previous studies 
have shown that the dynamic state during movement (e.g., velocity or acceleration) and the difference of values 
between targets explain the frequency of change-of-mind44. Such behavior might exist in the present study, but 
it was difficult to analyze the relationship between the motor state and the occurrence of change-of-mind in 
detail because the number of trials in which change-of-motion occurred was small. In a future study, it would be 
worthwhile to examine whether participants control their movements considering the change-of-mind possibility 
subsequently (i.e., whether change-of-mind is performed reactively or whether the change-of-mind possibil-
ity was taken into account in the movement planning). For example, in the current task, the change-of-mind 
possibility was different between movement initiation toward a target with a score of 75 points and toward 50 
points. Therefore, the difference in the possibility of change-of-mind estimated by the value of the initial aim-
ing target may affect initial movement kinematics and gaze behavior to search target values during movement. 
Overall, in the current study, it was shown that the frequency of change-of-mind modulates with RT and time 
constraints, which may be the result of adaptive behavior reflecting the conflict between temporal demands and 
value selection to reach a better option.

Suboptimal strategy selection and bias to prefer choice reaction in the double‑target condi-
tion.  When the time constraint became longer, the reaction time was longer in the double-target condition 
than in the single-target condition, while the reaction times were close to an intermediate value between the 
conditions under severe time constraints. Accompanying this change, the probability of reaching the target with 
the highest score (Phigh-value) increased as the time constraint increased. Therefore, when the reaction time was 
short, the participant started to move in the predetermined direction as a simple reaction, but when the reaction 
time was long, the participant started to move after acquiring the value information as a choice reaction. These 
results showed that the participants varied their strategy to obtain information about the target depending on 
the given time constraint.

The question is whether such a strategy switch is optimal or biased in terms of objective reward maximiza-
tion. When we compared the mean scores according to the level of time constraint between the single-target 
and double-target conditions, interestingly, we found that participants performing the single-target condition 
scored higher under the relatively severe time constraint. This tendency was consistent across participants and 
can be attributed to two factors. The first is the difference in temporal performance. In the double-target condi-
tion, the probability of reaching the target in time was lower than that in the single-target condition under the 
relatively more severe time constraint. The lower temporal performance reflects, in the double-target condi-
tion, the longer reaction time due to the time spent obtaining information about the target and the lack of a 
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corresponding reduction in the movement time. Second, the difference in the expected value between simple 
and choice reactions is not significantly large in theory. In a simple reaction, since each target is a random value 
between 20 and 80, the expected value of the target that the participant aims at is 50 points, even if a movement 
completely succeeds in temporal and spatial. On the other hand, if the participant performs a choice reaction 
and selects and heads for the higher scoring of the two targets with perfect accuracy, the expected value of the 
target is 60 points. Since the difference in the expected value between reaction patterns is theoretically less than 
10 points, if the success probability of the double-target condition is less than 5/6 against the success probability 
of the single-target condition, rather than benefiting from making a choice, a loss is incurred.

Interestingly, the preference of the choice-reaction strategy over the simple-reaction strategy, even when the 
benefit of the strategy is small, is a cognitive bias similar to the tendency of our previous study to have longer 
reaction times than the optimal strategy10. In the present study, avoiding the uncertainty of the outcome possibly 
caused the preference for the choice-reaction strategy. In the presence of two different values, it is undesirable 
to start a movement with uncertainty about which value target to go for, and this may lead to a cognitive bias in 
choosing the better alternative.

Many previous studies have found that risk-seeking decision-making is more likely to occur in motor 
tasks6,7,54–56, which can be interpreted from two perspectives: distortion of subjective and objective values (i.e., 
preference for higher scores) and overestimation of one’s own ability. The distortion of subjective and objective 
values has been widely confirmed in economic decision-making57 and suggested to be present in motor tasks as 
well, although it was shown to be approximated by different functions5. There is a tendency to choose the high-
est value that exists in the place. In such cases, it is acceptable to use a choice strategy by selecting the option 
with the higher reward. In particular, motor tasks may be prone to such preferences, because daily movement 
decisions require instantaneous decisions.

Another possibility, as mentioned above, is the existence of a bias in the estimation of ability. In the current 
task, it is necessary to correctly estimate the relationship between reaction time and choice accuracy, but it is 
not clear whether humans are able to represent the relationship accurately. In the current task, it is necessary 
to correctly estimate the relationship between reaction time and accuracy of choice, as well as the relationship 
between the movement time and the reach accuracy; however, it is not clear whether humans can represent them 
correctly. Given the representation that it is possible to make accurate choices even with a shorter reaction time 
than actual, it is understandable that the choice-reaction strategy is used frequently in a suboptimal manner.

Presently, the major challenge is the difficulty in separating the effects of distortion of subjective and objective 
values and misestimation of one’s own abilities. It is possible that only one influence is strongly at work, or that 
both are at work, or that different factors are at work depending on the decision-maker. In our previous study10, 
we found that different strategies were selected between conditions in which the scores changed and conditions 
in which the probabilities changed, even when the expected values were equal. Thus, in future studies, manipu-
lating value from various factors and examining the modulation of the strategy accordingly may contribute to 
the separation of the two possibilities.

Conclusion.  The current study investigated a sensorimotor strategy according to a time constraint under 
uncertainty about the target values. We obtained three main findings. First, the modulation of the movement 
kinematic patterns under time constraints revealed that different motor patterns were selected between the 
double-target condition and single-target conditions when the time constraint became relatively long. Second, 
the motor patterns were modulated by the time constraint and the interval between targets. The longer the time 
constraint, the higher the frequency of behaviors, such as intermediate behavior and change-of-mind, due to 
the movement initiation in an incomplete target selection state. This modulation could be due to both uninten-
tional and intentional control. Even then, more importantly, it can be interpreted as an adaptive action reflect-
ing the conflict between temporal demands and value selection to reach a better option. Third, we found that 

Figure 5.   Modification of movement patterns corresponding to reaction time and time constraints. (A) These 
figures showed the relationship between reaction time and initial reach direction. The cyan circles represent 
the trials that reached the right target, and the orange circles represent the trials that reached the left target. The 
upper row represents the double-target condition, and the lower row represents the single-target condition. 
From these figures, the intermediate behaviors and movements with longer reaction times were confirmed in 
the double-target condition compared to the single-target condition. (B) The upper three panels from the left 
show the relationship between RT and frequency of intermediate behavior at each target-separation angle. The 
lower three panels from the left show the relationship between RT and frequency of change-of-mind at each 
target-separation angle. As shown in the rightmost figure, the intermediate behavior was defined as movement 
in a direction within half of the target-separation-angle. The frequencies were calculated for each of the five 
bins of RT ranging from 200 to 650 ms, in which data from all participants were pooled. (C) The three panels 
from the left show the relationship between time constraints and frequencies of each movement pattern. As 
shown in the rightmost figure, based on the direction of the initial movement and the final arrival position, the 
participants’ behaviors were classified into three movement patterns. It was confirmed that the longer the time 
constraint, the lower the frequency of direct reaching and the higher the frequency of intermediate behavior 
and change-of-mind. (D) These figures show between-participants mean frequencies of intermediate behavior 
(green bars) and of change-of-mind (blue bars) in the double-target and single-target conditions. These figures 
show that, in the double-target condition, the frequency of intermediate behavior was larger for smaller target-
separation-angle, whereas the frequency of change-of-mind was independent of target-separation-angle. In 
the single-target condition, these behaviors were rarely taken; therefore, this difference was not simply due to 
increased sensitivity to intermediate movements with the narrower angle.

◂
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performance was consistently lower than that in the single-goal condition across participants since participants 
frequently used the choice-reaction strategy even in the tightly time-constrained. The results suggest that there 
is a consistent cognitive bias among individuals to choose a higher value in situations where there are multiple 
alternatives with different values. Future studies are required to clarify the causes of this bias.

Methods
Participants.  Twelve right-handed participants (age: 21.3 ± 2.3 years, ten male) were recruited. All partici-
pants had normal or corrected-to-normal vision. All participants were naive to the purposes of this study and 
provided written informed consent. This study was approved by the Ethics Committee of the Graduate School 
of Arts and Sciences, University of Tokyo. All experimental procedures adhered to approved guidelines. Written 
informed consent was obtained from each participant.

Experimental setup.  The participants sat in a quiet, dim room. A pen tablet with sufficient workspace to 
measure the participant’s arm reach movement (Wacom, Intuos 4 Extra Large; workspace: 488 × 305 mm) was 
set on the table. A monitor (I-O DATA, KH2500V-ZX2, 24.5 inches, 1920 × 1080 pixels, vertical refresh rate 
240 Hz) that was used to present stimuli was set with an approximately 30º gradient angle over the pen-tablet. 
The participants manipulated a cursor on a screen whose position was transformed from the position of the 
pen. The elapsed time from the movement onset and the location of the cursor on the monitor were sampled 
at 240 Hz. All stimuli were controlled using the Psychophysics Toolbox of MATLAB (MathWorks, Natick, MA, 
USA).

Experimental task.  The participants performed the double-target trials as the main condition and the 
single-target trials as the control condition. The trial sequences for both conditions are shown in Fig. 1. In the 
double-target trials, the two targets (radius = 1 cm) were set at ± 15°, ± 22.5°, and ± 30° to the direction directly 
above the starting point (target separation angle θ = 30°, 45°, and 60°, respectively) and 20 cm away from the 
starting point. Before starting the trial, the time constraint (the bar on the target) and the location of the target 
were shown on the screen. The time constraint for each target was randomly assigned for each trial in the range 
of 400–1600 ms, and participants were able to recognize the time constraint by the size of the yellow area. The 
values of the two targets were uncertain until the start of the trial, and the values were presented at the start. 
The target scores were randomly assigned in the range of 20 to 80 points for each trial and were presented as 
numbers on the target after trial onset. The bar indicated the time remaining after onset, the yellow area gradu-
ally shrank and finally disappeared. If the participant was able to cross the target while the yellow area remained, 
they were scored, and feedback was obtained after the trial. In single-target trials, only one target on either side 

Figure 6.   Comparison of reaction time according to time constraint between the double-target condition and 
the single-target condition. The upper panel shows a scatter plot of reaction times (of all participants) at a given 
time constraint. The middle and bottom rows show bivariate histograms (color maps) of time constraints and 
reaction times for the double-target and single-target conditions. These figures confirmed that the reaction times 
were comparable among the conditions when the time constraint was short, while the discrepancy in reaction 
times between the conditions increased as the time constraint became longer. Although the reaction times were 
similar between conditions under short time-constraints, the deviation of reaction times becomes larger as the 
time-constraint became longer.
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was presented. Participants were instructed to maximize the mean score in each set. The mean score within a 
set was presented after each set was completed. The basic sequence of the task was the same as that for the main 
condition.

The participants performed 324 trials (54 trials × 6 sets) of the task. Each set contained 36 trials in the double-
target trials (3 angles × 12 trials) and 18 trials (3 angles × 6 trials) in the single-target trials. The directions of the 
targets were assigned evenly. Between sets, participants receive sufficient rest to avoid fatigue.

Data analysis.  The last five sets (double-target trials [180 trials], single-target trials [90 trials]) were included 
in the analysis to exclude data from the initial adaptation process to the task. The cursor position (horizontal 
position: Xc(t), vertical position: Yc(t)) at each time (t) was smoothed using a second-order low-pass Butter-
worth filter with a cutoff frequency of 14 Hz.

Figure 7.   Comparison of execution strategy and performance according to time constraint between the double-
target condition and the single-target condition. (A, B, C) The top row showed the probability of reaching a 
target with a higher score according to the time constraint (Phigh-value), the reaction time according to the time 
constraint (RT), and the Phigh-value according to the reaction time. These panels show that the longer the time 
constraint, the larger the difference between the RT in the double-target and single-target conditions, and that 
longer RT in the double-target condition increased the probability of reaching a higher-value target. (D, E, F) 
The middle row showed the initial movement velocity (IMV), the movement time (MT), and the path length of 
the trajectory at a 20-cm Euclidian distance from the start position (PL) according to the time constraint. These 
panels indicate that the differences between the double- and single-target conditions did not significantly affect 
the time or speed of the movement. In addition, the trajectories were longer in the double-target condition than 
in the single-target condition when the time constraint was long. (G, H, I) The bottom panel showed the mean 
score, the temporal accuracy (Ptemporal), and the spatial accuracy (Pspatial) according to the time constraint. The 
mean scores were higher in the double-target condition than in the single-target condition under a moderately 
tight time constraint, suggesting that the participants were not able to switch appropriately between simple and 
choice reactions. This was also supported by the fact that the Ptemporal was lower in the double-target condition 
than in the single-target condition under moderately tight time constraints. *: P < 0.05, **: P < 0.01.



14

Vol:.(1234567890)

Scientific Reports |        (2021) 11:22207  | https://doi.org/10.1038/s41598-021-01584-w

www.nature.com/scientificreports/

Reaction time (RT) was defined as the time at which the cursor moved 1 cm away from the start position (this 
was also the criteria for movement onset). The arrival time (AT) was defined as the time when the cursor was 
more than 20 cm away from the starting point. The difference between AT and RT was defined as the movement 
time (MT). The cursor direction at each time (t) was defined as the angle formed by the vector from the start posi-
tion to the cursor and the horizontal vector. The initial reach direction (IRD) was defined as the cursor direction 
100 ms after movement onset (this timing has been used in previous studies23,37 examining the characteristics of 
initiation behavior), with 0° directly above, positive values in the clockwise direction (i.e., right), and negative 
values in the counterclockwise direction (i.e., left). |ΔIRD| is defined as the unsigned angle between the inter-
mediate direction and IRD. The initial movement velocity (IMV) was defined as the movement velocity of the 
cursor (IMV: cm/s) 100 ms after movement onset. Temporal success or failure was judged based on whether the 
arrival time was smaller than the given time constraint. Spatial success or failure was judged based on whether 
the shortest distance between the target and cursor was smaller than the target radius (1 cm). The temporal 
success probability is denoted as Ptemporal, and the spatial success probability is denoted as Pspatial. In the double-
targets condition, the Phigh-value was defined as the probability of reaching the target with the higher score of the 
two alternatives. The time constraints (minimum: 400 ms, maximum: 1600 ms) were classified into five equal 
time intervals, and within each bin, the mean values of the above variables were calculated for each participant.

The behavior in each trial was classified into three motor patterns based on the initial reach direction and the 
final reaching direction: “direct reaching,” “intermediate behavior,” and “change-of-mind.” The initial movement 
was defined as directed toward the target when the absolute value of IRD was greater than one-fourth of the 
target-separation angle and initial movement in the intermediate direction when it was less than one-fourth. 
The final reach direction was coded as either left or right. The direct reaching was a movement pattern in which 
the initial and final reach direction coincided. The intermediate behavior was a behavioral pattern in which the 
initial movement direction was intermediate. The change-of-mind was a behavioral pattern in which the initial 
and final directions were different. The frequencies of these movement patterns were calculated for each target-
separation angle as a function of time constraint (400–1600 ms separated by five equal bins) and RT (200–650 ms 
separated by five equal bins). The frequencies at each target-separation angle were also calculated to examine the 
effect on the movement pattern selection.

Statistical analysis.  A three-way repeated-measures ANOVA (time constraint [5] × number of targets 
[2] × target-separation angle [3]) on the |ΔIRD| was conducted.

For frequency comparison of movement patterns, two-way repeated-measures ANOVAs (time constraint 
[5] × target-separation-angles [3]) on the frequencies of movement patterns (direct reaching, intermediate behav-
ior, and change-of-mind) were performed. One-way repeated-measures ANOVAs (target-separation-angles [3]) 
on the frequencies of movement patterns (direct reaching, intermediate behavior, and change-of-mind) were 
performed.

We also performed two-way repeated-measures ANOVAs (time constraint [5] × number of targets [2]) on 
the mean values of the initial movement parameters (RT, IRD, IMV) and performance variables (MT, Phigh-value, 
Ptemoral, Pspatial, score), including all angle conditions. In each target-angle condition, two-way repeated-measures 
ANOVAs (time constraint [5] × number of targets [2]) on the mean values of |ΔIRD| were conducted. Multiple 
comparison tests using the Bonferroni method were conducted between the double-target condition and the 
single-target condition at each time constraint level. Partial η2 for ANOVA and Cohen’s d for post-hoc t-tests 
were used to report effect sizes. P-values and summary of statistical results are reported in the Results section, 
and detailed statistics are reported in the supplementary information.
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