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 2 

Abstract 28 

In goal-directed behavior, individuals are often required to plan and execute a 29 

movement with multiple competing reach targets simultaneously. The time 30 

constraint assigned to the target is an important factor that affect the initial 31 

movement planning, but the adjustments made to the starting behavior 32 

considering the time constraints specific to each target have not yet been 33 

clarified. The current study examined how humans adjusted their motor 34 

planning for double potential targets with independent time constraints under a 35 

go-before-you-know situation. The results revealed that the initial movements 36 

were modulated depending on the time constraints for potential targets. 37 

However, under tight time constraints, the performance in the double-target 38 

condition was lower than the single-target condition, which was a control 39 

condition implemented to estimate performance when one target is ignored. 40 

These results indicate that the initial movement for multiple potential targets 41 

with independent time constraints can be modified, but the planning is 42 

suboptimal. 43 

 44 

Introduction 45 

In goal-directed behaviors, individuals are often required to perform 46 

movements under tight time constraints. This is especially pertinent to many 47 

sports, where decisions are made under severe time constraints, e.g., a 48 

defender responding to an opponent's dribble in ball games such as soccer or 49 

basketball. In these situations, motor plans are selected considering multiple 50 

possibilities for motor goals; however, the action often needs to be initiated and 51 

continued before a single motor goal is defined. Several studies have 52 

investigated motor planning for multiple potential goals using the “Go-before-53 

you-know paradigm,” in which a participant is required to launch a movement 54 

with multiple potential goals and the final goal is revealed after movement 55 

development (i.e., movement onset or reaching a given threshold) 1–10. In 56 

general, when there are multiple potential goals at movement onset, the initial 57 

movements were found to be directed toward the average direction of the 58 

potential targets 1–3,5,6,11,12 59 

The performance of a goal-directed movement is traditionally conceptualized 60 

in two discrete phases: the planning phase and the execution phases 13. Based 61 

on this discrete view, several models have been created to solve the 62 



 3 

redundancy problem (for instance, when reaching for an object, there are 63 

numerous hand trajectories, joint movements, and muscle activation patterns 64 

that can be executed on a single target). To solve this problem, optimization 65 

based on various costs, such as jerks 14, torque-changes 15, and variabilities of 66 

the final hand position 16, have been proposed, and these perspectives have 67 

contributed greatly to our understanding of human motor control principles. 68 

However, although these traditional serial models 17 assume that we first select 69 

a goal and then specify and prepare the corresponding goal-directed 70 

movement, selection and specification can operate as a continuous and parallel 71 

processes 18,19. For example, the behavioral findings from recent studies have 72 

revealed that the movement trajectories in the simultaneous presence of 73 

multiple potential targets are directed in directions where no target exists 1. 74 

Furthermore, human and primate neurophysiology studies have shown that 75 

competing reach targets induce separate neural representations corresponding 76 

to each target in sensory-motor brain areas before one of the targets is selected 77 

20–23.  78 

Many behavioral studies using go-before-you-know tasks (i.e., tasks in which 79 

participants are presented with a large number of potential reaching targets 80 

simultaneously before knowing the final target location and are required to 81 

initiate a reaching movement to a competing target) have confirmed that 82 

humans initiate reaching movements toward the average of the potential targets 83 

10,12,24. However, such averaging behavior is less likely to be selected when the 84 

advantage of the strategy disappears, such as when the distance between 85 

targets is large 7, when severe constraints on speed are imposed 8, or when the 86 

information on the targets is updated in stages 25. These findings suggest that 87 

the averaging behavior in motor planning in the presence of multiple goals may 88 

not exist as a control policy in itself, but is rather a behavior that reflects 89 

optimization for task accomplishment.  90 

In a go-before-you-know-paradigm, the effect of time constraints assigned to 91 

potential targets on motor planning has not been sufficiently investigated. The 92 

time constraint is a critical factor because the motor target is often time-93 

constrained, and the time constraint affects the possible movement dynamics. 94 

In addition, the effect of asymmetry between potential targets on motor planning 95 

has not yet been discussed. In many situations, different motor targets have 96 

specific time constraints, and "how do humans execute movements in situations 97 

where targets with different time constraints exist simultaneously?" seems to be 98 
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an essential question. Therefore, in the current study, we investigated how to 99 

adjust the initial movements according to the time constraints assigned to each 100 

potential target.  101 

The time constraint is an effective experimental control variable for examining 102 

how asymmetry in potential targets is reflected in motor planning. Although this 103 

approach of experimentally manipulating time constraints is similar to that used 104 

by Wong & Haith (2017) 8, who restricted the movement velocity, or that used 105 

by Hesse et al. (2020) 26, who manipulated the positioning of the target to 106 

manipulate the optimality of the averaging strategy, two reasons exist as to why 107 

manipulating time constraints may be effective for further understanding of 108 

behaviors. First, unlike constraints on movement speed, time constraints do not 109 

directly constrain the initial movement itself. Since the participants themselves 110 

are free to choose the initial movement, manipulation of the time constraint 111 

would be more appropriate for examining the adaptability of the motor planning 112 

to the given target information. Next, specific time constraints can be assigned 113 

to each target when manipulating the time constraint, thus creating an 114 

asymmetry in the temporal values of potential targets. Such manipulation of the 115 

time constraint can be used to examine how humans plan their movements to 116 

account for asymmetric temporal values of potential targets, while this approach 117 

is difficult to employ in studies on movement velocity.  118 

Although motor planning for potential targets has been suggested to reflect 119 

optimization of success probability 8, the extent of this optimality has not been 120 

clarified. The direction and velocity of the initial movement, as well as the 121 

corrective actions after the movement, are considered to reflect the strategy 122 

selected in advance by the participants. In this case, an important decision 123 

about the strategy for two potential targets is whether to focus on one target 124 

(i.e., a predetermined strategy) or to take both targets into account (i.e., a 125 

choice-reaction strategy). Previous studies confirmed that humans prefer a 126 

choice-reaction strategy even in situations with severe spatiotemporal 127 

constraints to sufficiently accomplish a task 26,27. A similar bias may exist in the 128 

selection of strategies when encountering asymmetric time constraints in the 129 

go-before-you-know task. Thus, the present study examined whether pre-130 

determined or choice-reaction strategies can be optimally selected to maximize 131 

the success rate under extremely tight time constraints by comparing the 132 

performance when two targets are present with the performance when only one 133 

target is present.  134 
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Therefore, the current study used a go-before-you-know task with two targets 135 

to examine how a combination of the time constraints assigned to each target is 136 

considered in motor planning. Participants started the movement with the time 137 

constraints of each target known in advance, and the final target was specified 138 

after the movement onset. Participants were considered successful when they 139 

reached the final target within the time constraint. The time constraint for each 140 

target was randomly assigned for each trial in the range of 200-1000 ms. 141 

Participants were required to maximize the success probability within the set 142 

(50 trials). As a control condition, participants also performed trials with only one 143 

target before the start of the movement. The kinematic properties (i.e., direction 144 

and velocity) and optimality of the planning of the initial movement were tested 145 

by examining the variations in the direction and velocity of the initial movement 146 

in the double-target condition depending on the time constraints, and by 147 

comparing the initial movement and performance in relation to the number of 148 

potential targets. More specifically, we first examined the changes in motor 149 

patterns related to combinations of time constraints, based on movement 150 

trajectories and the bivariable histograms of and kinematic properties of the 151 

initial movement. We also categorized the patterns of initiating actions in a data-152 

driven manner using k-means clustering and examined how the ratio of 153 

occurrences of each pattern changes depending on the combination of time 154 

constraints. In addition, we examined the variation in the initial movement 155 

pattern and performance depending on the time constraint and number of 156 

targets.  157 

 158 

Results 159 

Modulation of the initial movement according to the combination of time constraints 160 

First, we descriptively examined the changes in the initial movement 161 

according to the combination of time constraints. Fig. 2 shows the trajectories of 162 

cursors classified by time constraints, including the data of all participants (the 163 

trajectories of each participant are shown in the supplementary information). 164 

This figure suggests that the selected trajectory modulates according to the time 165 

constraint. From a qualitative perspective, the initial movement was divided into 166 

three main directions: center direction, left target direction, and right target 167 

direction. While movement in the center direction was observed within any time 168 

constraint, movement in the target directions was mainly observed in the 169 
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direction with tighter time constraints. Modulation dependent on the time 170 

constraint was also clearly seen in the bivariate histograms of the initial 171 

movement direction (IMD) and initial movement velocity (IMV), as shown in Fig. 172 

3. More specifically, when the time constraints were comparable, a high 173 

frequency of initial movement in the center direction and a symmetrical 174 

distribution along 90° of the IMD were confirmed. On the other hand, under 175 

conditions where the difference in time constraints was large (lower left or upper 176 

right panel), the frequency of the initial movement in the target direction with 177 

tighter time constraints was high, although initial movement in the center 178 

direction also existed. 179 

 To quantitatively demonstrate the qualitative observations highlighted in Fig. 180 

3, the initial movement patterns (IMD and IMV) were classified into three 181 

clusters by using k-means clustering, and the percentage of occurrence of each 182 

pattern was compared. This analysis could more clearly quantify the modulation 183 

of initial movement patterns, although comparison of average values is 184 

associated with the problem that the values were equivalent when the 185 

movement was directed to either the left or right target with the same frequency, 186 

or when the movement was directed at the center. Figure 4 shows the scatter 187 

plots of the IMD and IMV, including all data for all participants, and the 188 

occurrence probability of each cluster for each combination of time constraints. 189 

This result quantitatively illustrates the qualitative observations shown in Figure 190 

3. The scatter plots indicated that the initial movement in the center direction 191 

was relatively slow, and the initial movement in the target direction was 192 

relatively fast. This difference in velocity may reflect differences in the 193 

subsequent correction strategy. A three-way repeated-measures ANOVA (3 194 

[cluster] × 3 [left time constraint] × 3 [right time constraint]) on the occurrence 195 

probability revealed a three-way interaction (F[8,88] = 2.626, η²p = 0.193, p 196 

= .013). Post-hoc one-way ANOVAs (3 [cluster]) and multiple comparisons in 197 

each combination of time constraints are shown in Table 1, which reveals that 198 

the occurrence probability of each cluster depending on time constraints 199 

suggested that the proportion of movement directions (i.e., left, center, or right) 200 

varied depending on the combination of time constraints assigned to each 201 

target. In the condition where the time constraint did not differ between potential 202 

targets, the middle direction was selected more frequently, and when the time 203 

constraint differed, the target direction with a shorter time constraint was 204 
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selected more frequently. These results showed that participants selected 205 

different initial movements depending on the time constraint.  206 

   207 

Comparison of initial movement and performance between the double-target and 208 

single-target conditions 209 

  Figure 5 shows an inter-condition comparison of the IMD, IMV, and |⊿IMD| 210 

between the double-target and single-target conditions. |⊿IMD| was defined as 211 

the absolute value of the angle difference between the IMD and the vertical 212 

vector, and it evaluated whether the initial movement was directed in the target 213 

direction or the center direction. A two-way repeated-measures ANOVA (5 [time 214 

constraints on left target] × 5 [time constraints on right target]) of the IMV 215 

revealed significant main effects of time constraints on the left target (F[4,44] = 216 

22.456, η²p = 0.671, p < .001) and time constraints on the right target (F[4,44] = 217 

15.436, η²p = 0.584, p < .001) and no significant interaction (F[16,176] = 1.363, η²p 218 

= 0.11, p = .165). However, a two-way repeated-measures ANOVA (5 [time 219 

constraints on left target] × 5 [time constraints on right target]) of the IMD 220 

revealed significant main effects of time constraints on the left target (F[4,44] = 221 

23.296, η²p = 0.679, p < .001) and time constraints on the right target (F[4,44] = 222 

7.697, η²p = 0.412, p < .001) and a significant interaction (F[16,176] = 3.669, η²p = 223 

0.25, p < .001). Similarly, a two-way repeated-measures ANOVA (5 [time 224 

constraints on left target] × 5 [time constraints on right target]) of the |⊿IMD| 225 

revealed significant main effects of time constraints on the left target (F[4,44] = 226 

8.114, η²p = 0.425, p < .001) and time constraints on the right target (F[4,44] = 227 

10.154, η²p = 0.48, p < .001) and a significant interaction (F[16,176] =  2.437, η²p 228 

= 0.181, p = .002). These results suggest that the velocity varies according to 229 

the time constraints of both targets. Especially in the initial movement angle, the 230 

movement was initiated toward the target with a shorter time constraint (as in 231 

Fig. 2-4), but more importantly, it deviated more toward the center than the 232 

single-target condition. This central tendency seemed to reflect the fact that 233 

instead of employing a predetermined strategy, the participants had chosen an 234 

initial movement that was intended to reach both potential targets.  235 

 Figure 6 shows an inter-condition comparison of the temporal performance, 236 

arrival direction accuracy, and overall performance. For the arrival direction 237 

accuracy and overall performance, the black color indicates the data of the 238 

single-target condition multiplied by 1/2 to estimate the performance when the 239 
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predetermined strategy is adopted. The temporal performance in the double-240 

target condition was confirmed to be lower than that in the single-target 241 

condition. Moreover, the arrival direction accuracy in the double-target condition 242 

was relatively higher than that in the single-target condition (50% accuracy), 243 

although it was slightly lower in the condition with severe time constraints. This 244 

indicated that the choice-reaction strategy was used more frequently than the 245 

predetermination strategy, and that even though the initial movement was 246 

directed in either target direction, the movement was eventually carried out in 247 

the direction of the final target.  248 

Because the performance of the double-target condition seemed to be lower 249 

than that of the single-target condition under the tightest time constraint, an 250 

exploratory analysis was conducted to examine the effect of the other time 251 

constraint condition and the number of targets under the condition where one of 252 

the time constraints was the most severe. A two-way repeated-measures 253 

ANOVA (2[number of targets] × 5[time constraints]) on the overall performance 254 

revealed significant main effects of both the number of targets (left fixed: F[16,176] 255 

= 28.132, η²p = 0.719, p < .001, right fixed: F[16,176] = 16.628, η²p = 0.602, p 256 

= .002) and time constraints (left time-constraint fixed: F[16,176] = 5.877, η²p = 257 

0.348, p < .001; right time-constraint fixed: F[16,176] = 6.019, η²p = 0.354, p 258 

< .001). These results suggest that the overall performance in the double-target 259 

condition seemed to be higher than that of the predetermined strategy when the 260 

time constraint was relatively loose, but the predetermined strategy performed 261 

better when the time constraint was severe (especially when the red-colored 262 

data were checked). These results indicate that even in situations where time 263 

constraints are tight and a predetermined strategy is desirable, a selective 264 

strategy is adopted, resulting in poor performance.  265 

 266 

Discussion 267 

The current study examined how an initial movement is selected for a given 268 

time constraint for each potential target and whether the selection of the 269 

strategy for a given time constraint is desirable in terms of success probability. 270 

The results showed that the initial movement evaluated by the motor variables 271 

100 ms after the movement onset varied according to the given time constraint, 272 

suggesting that participants adjust their behavior depending on the combination 273 

of time constraints. Specifically, in situations where the severities of the time 274 

constraints were comparable, the initial movement was directed toward the 275 
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average direction of the potential targets, and in situations where there was a 276 

substantial difference in the severities of the time constraints, the initial 277 

movement was directed toward the target direction with a more severe time 278 

constraint. In addition, a comparison of the initial movement and performance 279 

between the double-target and single-target conditions revealed that a selective 280 

strategy was adopted even when a predetermined strategy was desirable.  281 

Previous studies have reported that in the presence of multiple potential 282 

targets, humans vary the initial movement depending on the condition of motor 283 

planning. For instance, although the participants selected an initial movement in 284 

an intermediate direction at a relatively slow movement speed, such an initial 285 

movement was no longer selected, and the initial movement headed linearly to 286 

one of the potential targets at the fast movement speed required 8. These 287 

results indicate that the planning of the initial movement under multiple potential 288 

targets reflects the optimization of the task. A recent study reported that motor 289 

planning (in particular, preparation of feedback responses) is adjusted in a 290 

utility-dependent manner when asymmetry exists in the utility assigned to the 291 

target 28. These studies showed that motor planning may purposefully depend 292 

on restrictions of motor execution (e.g., speed and direction) and target 293 

information (e.g., value and size).  294 

As an extension of the above study, the current study experimentally 295 

manipulated the time constraints assigned to each potential target and 296 

investigated the modulation of the initial movement according to the 297 

combinations of time constraints. The results showed that the velocity and 298 

direction of the initial movement were modulated according to the combination 299 

of time constraints. Specifically, the participants generally initiated their 300 

movements in the middle direction of the potential target in conditions with 301 

equal time constraints. In the conditions where the time constraints differed, 302 

participants generally initiated their movements in the direction of the target with 303 

the shorter time constraint and corrected their movements when the target with 304 

the longer time constraint was correct. This strategy of initially prioritizing the 305 

target with a tighter time constraint and correcting the movement if the other 306 

target was the true target is considered to be a behavior that reflects the task 307 

demands: targets with short time constraints need to be reached quickly, while 308 

more time can be taken for targets with longer time constraints.  309 

One possible explanation for the modulation of initiation behavior to multiple 310 

potential targets is task optimization or reward maximization 7,8. However, the 311 
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extent of optimality in such tasks has not yet been tested. In particular, an 312 

important aspect of strategy selection in a time-urgent situation is the decision 313 

to use a predetermined strategy or a choice-reaction strategy. In this case, 314 

optimality lies not in the ability to choose the more desirable strategy under 315 

certain extreme conditions (e.g., conditions where time constraints are too tight 316 

or too loose), but in the ability to switch strategies appropriately in situations 317 

where the expected outcomes are equivalent. The present study exploratively 318 

investigated whether switching between the predetermined and the choice-319 

reaction strategy was appropriate by comparing the initiating behavior and 320 

performance between the single-target and double-target conditions. The 321 

results revealed that the temporal performance in the double-target condition 322 

was lower than that in the predetermined strategy (i.e., estimated by the 323 

behaviors in the single-target condition), and the probability of reaching the 324 

correct target direction was higher than that in the predetermined strategy, 325 

resulting in poorer outcomes when the time constraint was severe. Additionally, 326 

the direction of the initiating action was not always directed toward one target, 327 

although the probability of being directed toward the central direction decreased 328 

in the condition with severe time constraints. These results suggest that even in 329 

conditions where a predetermined strategy is desirable, there is a bias toward 330 

the choice-reaction strategy that results in poor performance. 331 

We propose several possible causes for this preference bias in the choice-332 

reaction strategy. First, inaccurate cognition of the sensorimotor system may 333 

lead to limited optimality. The normative perspective in the current study 334 

assumes that the decision-maker is aware of the exact relationship between the 335 

strategy and the outcome of the movement. However, it is unclear whether the 336 

participants actually recognized this relationship completely and accurately. 337 

Indeed, in a timing-coincidence task, the recognized outcome of one's own 338 

action was reported to be perceived closer to the success direction than the 339 

actual one 29. Moreover, motor variance also tended to be more under-340 

recognized than it actually is 30,31, and there is consistency among individuals in 341 

the pattern of deviations from the optimal solution. This may be due to the 342 

biased recognition of one's own sensorimotor system. 343 

Second, it is conceivable that participants found more value in spatial 344 

accuracy than in temporal accuracy. In the current task, the final outcome 345 

(obtaining a score) was determined by two dimensions: space and time. In 346 

tasks involving multidimensional elements in the final outcome, interpretation of 347 
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the outcome of each dimension in an integrated manner remains a challenge. If 348 

participants try to reach both potential targets, they can reach the direction of 349 

the correct target even if they fail to reach it in time. In contrast, with a 350 

predetermined strategy, the participants will go in a different direction from the 351 

correct target in approximately half of the trials. With the choice-reaction 352 

strategy, even if they could not reach the target in time, they may find value in 353 

the fact that they were able to eventually reach the target location. 354 

Correspondingly, even if they had made it in time, they may have found a loss 355 

in reaching a direction where the target did not exist. Future research is 356 

necessary to understand how each factor is recognized and integrated when 357 

both time and space affect success or failure, as in the current task. 358 

Another possibility is that the subjective utility of the strategy led to a 359 

systematic deviation from the better strategy. In a predetermined strategy, the 360 

outcome of the movement depends on external factors. As we underestimate 361 

the value of a "lucky hit," we may underestimate the value of a strategy that 362 

relies on such randomness. This may reflect an unwillingness to devote effort to 363 

action if there is a high likelihood that it will be futile or reflect a low estimate of 364 

the value of the action if it succeeds or a high estimate of the loss if it fails. If 365 

such a cognitive bias is at work, it could be a strong impediment to strategy 366 

optimization in situations with insufficient time to execute the targeted action. 367 

Importantly, the same tendency has been consistently observed in our previous 368 

studies 27 and in other recent studies 26,32, necessitating the identification of its 369 

causes.  370 

Finally, in the current optimization norms, it is assumed that all possible motor 371 

plans are simulated, but all motor plans may not necessarily be simulated in a 372 

finite amount of time. One obvious possibility is that the participants' motor 373 

plans reflect an optimization of the entire task, rather than the optimization of 374 

only a given condition. In fact, in the range of conditions in the present 375 

experiment, the more desirable condition was the one in which the participants 376 

were trying to reach the two targets. Therefore, a choice-reaction strategy may 377 

be adopted even in a minority of conditions where a predeterminant strategy is 378 

desirable. It is also known that humans tend to overestimate the loss caused by 379 

choosing an option that is not currently implemented and prefer to maintain the 380 

status quo 33. Our daily strategy selections are made in the face of constantly 381 

changing circumstances. In such situations, we may not be optimizing locally for 382 

a given condition, but rather globally, including a wider range of time scales. 383 



 12 

Future studies are required to clarify the type of optimization performed when 384 

successively dealing with various situations.  385 

 386 

Methods 387 

Participants 388 

Twelve right-handed neurologically healthy participants (age: 22.7 ± 3.1 389 

years, ten men) were recruited. All patients had normal or corrected-to-normal 390 

vision, were naive to the objectives of this study, and provided written informed 391 

consent. This study was approved by the Ethics Committee of the Graduate 392 

School of Arts and Sciences, University of Tokyo. All experimental procedures 393 

adhered to approved guidelines for experimental procedures. Informed consent 394 

was obtained from each participant before the experiments in a written format. 395 

 396 

Experimental setup 397 

The participants sat in a quiet, dim room. A pen tablet with sufficient 398 

workspace to measure the subjects’ arm reach movement (Wacom, Intuos 4 399 

Extra Large; workspace: 488 × 305 mm) was set on the table. A monitor (I-O 400 

DATA, KH2500V-ZX2; 24.5 inches, 1920 × 1080 pixels, vertical refresh rate, 401 

240 Hz) was set for stimulus presentation with an approximately 30° gradient 402 

angle over the pen-tablet. The participants manipulated a cursor on a screen 403 

whose position was transformed from the position of the pen. The time elapsed 404 

from the movement onset and the location of the cursor on the monitor were 405 

sampled at 240 Hz. All stimuli were controlled using the Psychophysics Toolbox 406 

of MATLAB (MathWorks, Natick, MA, USA). 407 

 408 

Experimental task 409 

The participants performed a task-modified version of a go-before-you-know 410 

paradigm, in which two potential targets were presented on the screen and one 411 

of the targets was revealed as the final target only after the participant launched 412 

his/her movements. These targets appeared 20 cm away from the start position 413 

and were presented on either side of the midline at +30° and -30°. Independent 414 

time constraints were randomly assigned to each target in each trial. The range 415 

of time constraints was 200 to 1000 ms. The direction of the true target (+30° or 416 
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-30°) was equally randomized in each condition and set. Each set included 50 417 

trials. 418 

Figure 1 shows the sequence of the trial. The sequence of tasks was almost 419 

the same for the double-target and single-target conditions. To begin the trial, 420 

participants moved a cursor (white frame oval, radius: 0.5 cm) to a start position 421 

(white frame oval, radius: 0.5 cm) presented on a screen (Fig 1a). When the 422 

cursor reached the start position, it turned into a blue oval. Subsequently, the 423 

time bar indicating the time constraints assigned for each target was presented 424 

above the potential target position (Fig 1b). After 1000 ms, the potential targets 425 

are presented in Fig 1c. After a random interval (450-1000 ms), an auditory 426 

beep cued the participant to initiate a movement. Participants were required to 427 

initiate a movement up to 500 ms after the beep cue. When the cursor was 1 428 

cm away from the start position, the true target changed to a filled yellow circle, 429 

and the other target disappeared (Fig 1d and Fig 1e). After movement onset, 430 

the area of the gray bar decreased over time. When the cursor moved through 431 

the true target within a given time constraint for the target, the participants 432 

acquired 100 points. After the stimuli disappeared (1000 ms after movement 433 

onset, Fig 1f), the results of the movements (“Hit” or “Miss”) and the scores (0 434 

points for a missed trial or 100 points for a successful trial) were presented as 435 

feedback (Fig 1g). If movement onset time was more than 500 ms or less than 0 436 

ms (i.e., movement onset was faster than a beep cue), “Too late” or “Too early” 437 

was presented on the screen as feedback, respectively. In this case, the 438 

participants acquired no points. The participants were instructed to maximize 439 

the average score for each set. 440 

First, the double-target condition was performed for six sets of 50 trials. Then, 441 

the single-target condition was performed for two sets of 50 trials. The time 442 

constraint for each target was randomly assigned in the range of 200-1000 ms 443 

for each trial. Sufficient rest was taken between the sets to avoid fatigue.  444 

 445 

Data analysis 446 

The observed data were analyzed using programs written in MATLAB 447 

software (MathWorks, Natick, MA, USA). The data obtained in the last four sets 448 

in the double-target trials (200 trials) and all sets in the single-target trials (100 449 

trials) were used for analysis. The cursor positions (horizontal position: 𝑋𝑐(𝑡), 450 

vertical position: 𝑌𝑐(𝑡)) at each time point (𝑡) were calibrated using a second-451 

order, zero-phase-lag, low-pass Butterworth filter with a cutoff frequency of 6 452 
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Hz. Movement onset time was identified using a distance 0.5 cm away from the 453 

start position.  454 

The movement onset time was identified using the cursor distance (𝑑(𝑡) =455 √𝑥𝑐(𝑡)2 + 𝑦𝑐(𝑡)2) 5% of the target distance from the start position (0.5 cm). 456 

Reach time was defined as the time when the cursor distance 𝑑(𝑡) was longer 457 

than the distance from the start position to the target (i.e., 20 cm). The cursor 458 

angle at each time point (t) was determined as the angle between the vector 459 

from the start position to the cursor position and the horizontal vector. The IMD 460 

was determined as the cursor angle at 100 ms after the movement onset, while 461 

the IMV was determined as the movement velocity 100 ms after movement 462 

onset. 463 

 464 

Clustering of the initial movement 465 

To classify the characteristics of the initial movement, k-means clustering was 466 

used to classify the initial movement into three clusters based on the 467 

combination of the initial movement direction (IMD) and initial movement 468 

velocity (IMV).  469 

 470 

Comparison of initial movement and performance between the double-target and 471 

single-target conditions 472 

The combinations of time constraints for the left and right targets were 473 

classified as 5 × 5, and the means of IMV, IMD, and |⊿IMD| were calculated for 474 

each. |⊿IMD| is defined as the absolute value of the angle difference between 475 

the IMD and vertical vector. In addition, within the same classification of time 476 

constraints, the means of temporal performance, arrival direction accuracy, and 477 

overall performance were calculated for each individual. Temporal performance 478 

denotes the probability that the reach time is less than the time constraint, 479 

regardless of whether the target was hit or not. The arrival direction accuracy 480 

indicates the probability that the arrival direction matches the correct target and 481 

does not consider whether the target can be hit correctly. Overall performance 482 

indicates the probability of success (i.e., whether the hit is accurate, in time). 483 

These indices were compared between double-target and single-target 484 

conditions. 485 

 486 
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Statistical analysis 487 

To test the modulation of the initial movement depending on the time 488 

constraints, three-way repeated-measures ANOVAs (3 [cluster] × 3 [left time 489 

constraint] × 3 [right time constraint]) of the occurrence probability and two-490 

way repeated-measures ANOVAs (5 [time constraints on left target] × 5 [time 491 

constraints on right target] of the IMV, IMD, and |⊿IMV|, and post-hoc tests 492 

were conducted. In addition, under the condition where one of the time 493 

constraints was the most severe, the effect of the other time constraint condition 494 

and the number of targets, two-way repeated-measures ANOVAs (2[number of 495 

targets] × 5[time constraints]) of the overall performance were conducted with 496 

either the left or right time-constraint fixed. 497 

  498 
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Figures 602 

 603 

Figure 1. Sequence of the experimental task. The top row shows the double-604 

target condition. The bottom row shows the single-target condition. (a) First, 605 

participants move the cursor to the start position. (b) After the presentation of 606 

the time constraint indicator, (c) the potential targets are presented. (d) 450-607 

1000 ms later, participants were required to start the movement after the sound 608 

stimulus. After the movement onset, the gray area of the indicator reduces 609 

linearly with time. (e) When the participant's movement onset is detected, the 610 

final target is presented. (f) The stimulus disappeared 1000 ms after the 611 

movement onset. Participants acquired 100 points if they met the movement 612 

onset criteria and passed the final target within the time constraint assigned to 613 

the final target. (g) Feedback on successes, failures, and scores was provided 614 

after each movement.   615 
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 616 

Figure 2．Movement trajectories according to combinations of the time 617 

constraints. The movement trajectories according to the time constraint of all 618 

participants in the double-target condition are shown. The color is based on the 619 

final target (red: final target is left, blue: final target is right). This figure 620 

confirmed that the trajectories of the participants' movements are modulated 621 

according to the combination of time constraints. For combinations of equivalent 622 

time constraints, the trajectories seemed to be bilaterally symmetrical. On the 623 

other hand, in situations with different time constraints, the frequency of the 624 

initial movement to the target with shorter time constraints seemed to be higher.  625 
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 626 

Figure 3．Bivariate histograms of the initial movement direction (IMD) and 627 

the initial movement velocity (IMV) according to the combinations of the 628 

time constraints. The bivariate histograms of the IMD and the IMV according 629 

to the time constraint in the double-target condition are shown. The center of 630 

each box shows the bivariate histogram, and the upper right corner shows the 631 

same histogram viewed from the vertical direction. As in Fig 2, this Figure 632 

shows the change in the direction and velocity of the initial movement 633 

depending on the time constraint. In particular, the diagonal line from the upper 634 

left to the lower right shows a high frequency of initial movement in the center 635 

direction and a symmetrical distribution along 90° of the IMD. On the other 636 

hand, in the conditions where the difference in time constraints is large (lower 637 

left or upper right panel), the frequency of the initial movement in the target 638 

direction with tighter time constraints is high, although initial movement in the 639 

center direction also exists. 640 



 22 

 641 

Figure 4. Clustering of the initial movement and the probability of 642 

appearance of movement patterns according to time constraints. The 643 

upper left panel shows a scatter plot of the movement direction and velocity of 644 

the initial movement, including data from all participants. The data were 645 

classified into three clusters (red, green, and blue) by K-means clustering for 646 

the bivariate initial movement variables (i.e., the IMD and IMV). The upper right 647 

panel shows the between-participant mean of the probability of occurrence of 648 

each cluster under all time constraints. Error bars are between-participant 649 

standard deviations. The bottom panels show the between-participant average 650 

of the probability of occurrence of each cluster, depending on the time 651 

constraint. This figure shows that when the time constraints are equal, the 652 

occurrence probability of the intermediate direction (green) is higher, and with 653 

differences in the time constraints, the occurrence probability of the initial 654 

movement to the target direction (red and green) with a shorter time constraint 655 

is higher.  656 
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 657 

Figure 5. Comparison of the initial movement behavior among conditions. 658 

The upper, middle, and lower panels show inter-condition comparisons of the 659 

IMD, IMV, and |⊿IMD|, respectively. The circles and error bars show the means 660 

and standard deviations, respectively. The black-colored circles show the data 661 

for the single-target condition, and gradient circles from red to yellow show the 662 

data for the double-target condition. The color changes from red to yellow 663 

depending on the severity of the time constraint of the other target (red is tight, 664 

yellow is loose). The left and right panels are drawn as a function of the time 665 

constraints of the left and right targets, respectively. These panels show the 666 

modulation of the initial movement depending on time constraints. 667 
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 668 

Figure 6. Comparison of performance (temporal accuracy, arrival target 669 

accuracy, overall performance) among conditions. The upper, middle, and 670 

lower panels show inter-condition comparisons of the temporal accuracy, arrival 671 

target accuracy, and overall performance, respectively. The circles and error 672 

bars show the mean and standard deviation, respectively. The gray-colored 673 

circles show the data for the single-target condition. The black-colored circles 674 

show the estimated performance of predeterminant strategy based on the data 675 

in the single-target condition. The gradient circles from red to yellow show the 676 

data for the double-target condition. The color changes from red to yellow, 677 

depending on the severity of the time constraint of the other target (red is tight, 678 

yellow is loose). The left and right panels are drawn as a function of the time 679 

constraints of the left and right targets, respectively. The temporal accuracy in 680 

the double-target condition is significantly less than that in the single-target 681 

condition, and the arrival target accuracy in the double-target condition is 682 

significantly higher than the performance of predeterminant strategy estimated 683 

from the data of the single-target condition (black-colored circles and lines). 684 

Additionally, the overall performance in tight time-constraint condition (red 685 
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circles and lines in both right and left panels) was significantly less than the 686 

performance of the predeterminant strategy (black-colored circles and lines). 687 

This deficit in performance may be due to excessive preference for the choice 688 

reaction even in the tight time-constraint conditions. 689 

  690 
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One-way repeated-measures ANOVA (3 [cluster]) on the occurrence probability 

Time constraint F [2,22] p η² p  

Low (left), Low (right) 0.877 0.877 0.012 

Middle (left), Low (right) 6.202 0.007** 0.361 

High (left), Low (right) 7.228 0.004** 0.397 

Low (left), Middle (right) 0.753 0.015 0.319 

Middle (left), Middle (right) 3.073 0.067 0.218 

High (left), Middle (right) 4.258 0.027 0.279 

Low (left), High (right) 7.764 0.003** 0.414 

Middle (left), High (right) 3.501 0.048* 0.241 

High (left), High (right) 8.793 0.002** 0.444 

   *<.05, **<.01 

Multiple comparison 

Time constraints compared clusters t [11] pbonf 

Low (left), Low (right) 

1 vs 2 0.027 1< 

1 vs 3 -0.43 1< 

2 vs 3 -0.457 1< 

Middle (left), Low (right) 

1 vs 2 -2.015 0.169 

1 vs 3 -3.509 0.006** 

2 vs 3 -1.494 0.448 

High (left), Low (right) 

1 vs 2 -1.914 0.206 

1 vs 3 -3.802 0.003** 

2 vs 3 -1.888 0.217 

Low (left), Middle (right) 

1 vs 2 1.198 0.731 

1 vs 3 3.177 0.013* 

2 vs 3 1.98 0.181 

Middle (left), Middle (right) 

1 vs 2 -2.307 0.093 

1 vs 3 -0.366 1< 

2 vs 3 1.94 0.196 

High (left), Middle (right) 

1 vs 2 -2.752 0.035* 

1 vs 3 -2.217 0.112 

2 vs 3 0.536 1< 

Low (left), High (right) 

1 vs 2 2.236 0.107 

1 vs 3 3.928 0.002** 

2 vs 3 1.692 0.314 
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Middle (left), High (right) 

1 vs 2 -0.403 1< 

1 vs 3 2.063 0.153 

2 vs 3 2.466 0.066 

High (left), High (right) 

1 vs 2 -3.519 0.006** 

1 vs 3 0.216 1< 

2 vs 3 3.735 0.003** 

   *<.05, **<.01 

Table 1. One-way repeated-measures ANOVA (3 [cluster]) on the occurrence probability 691 

 692 



Figures

Figure 1

Sequence of the experimental task. The top row shows the double-target condition. The bottom row
shows the single-target condition. (a) First, participants move the cursor to the start position. (b) After the
presentation of the time constraint indicator, (c) the potential targets are presented. (d) 450-1000 ms later,
participants were required to start the movement after the sound stimulus. After the movement onset, the
gray area of the indicator reduces linearly with time. (e) When the participant's movement onset is
detected, the �nal target is presented. (f) The stimulus disappeared 1000 ms after the movement onset.
Participants acquired 100 points if they met the movement onset criteria and passed the �nal target
within the time constraint assigned to the �nal target. (g) Feedback on successes, failures, and scores
was provided after each movement.



Figure 2

Movement trajectories according to combinations of the time constraints. The movement trajectories
according to the time constraint of all participants in the double-target condition are shown. The color is
based on the �nal target (red: �nal target is left, blue: �nal target is right). This �gure con�rmed that the
trajectories of the participants' movements are modulated according to the combination of time
constraints. For combinations of equivalent time constraints, the trajectories seemed to be bilaterally
symmetrical. On the other hand, in situations with different time constraints, the frequency of the initial
movement to the target with shorter time constraints seemed to be higher.



Figure 3

Bivariate histograms of the initial movement direction (IMD) and the initial movement velocity (IMV)
according to the combinations of the time constraints. The bivariate histograms of the IMD and the IMV
according to the time constraint in the double-target condition are shown. The center of each box shows
the bivariate histogram, and the upper right corner shows the same histogram viewed from the vertical
direction. As in Fig 2, this Figure shows the change in the direction and velocity of the initial movement
depending on the time constraint. In particular, the diagonal line from the upper left to the lower right
shows a high frequency of initial movement in the center direction and a symmetrical distribution along
90° of the IMD. On the other hand, in the conditions where the difference in time constraints is large
(lower left or upper right panel), the frequency of the initial movement in the target direction with tighter
time constraints is high, although initial movement in the center direction also exists.



Figure 4

Clustering of the initial movement and the probability of appearance of movement patterns according to
time constraints. The upper left panel shows a scatter plot of the movement direction and velocity of the
initial movement, including data from all participants. The data were classi�ed into three clusters (red,
green, and blue) by K-means clustering for the bivariate initial movement variables (i.e., the IMD and IMV).
The upper right panel shows the between-participant mean of the probability of occurrence of each
cluster under all time constraints. Error bars are between-participant standard deviations. The bottom
panels show the between-participant average of the probability of occurrence of each cluster, depending
on the time constraint. This �gure shows that when the time constraints are equal, the occurrence
probability of the intermediate direction (green) is higher, and with differences in the time constraints, the
occurrence probability of the initial movement to the target direction (red and green) with a shorter time
constraint is higher.



Figure 5

Comparison of the initial movement behavior among conditions. The upper, middle, and lower panels
show inter-condition comparisons of the IMD, IMV, and |IMD|, respectively. The circles and error bars
show the means and standard deviations, respectively. The black-colored circles show the data for the
single-target condition, and gradient circles from red to yellow show the data for the double-target
condition. The color changes from red to yellow depending on the severity of the time constraint of the
other target (red is tight, yellow is loose). The left and right panels are drawn as a function of the time
constraints of the left and right targets, respectively. These panels show the modulation of the initial
movement depending on time constraints.



Figure 6

Comparison of performance (temporal accuracy, arrival target accuracy, overall performance) among
conditions. The upper, middle, and lower panels show inter-condition comparisons of the temporal
accuracy, arrival target accuracy, and overall performance, respectively. The circles and error bars show
the mean and standard deviation, respectively. The gray-colored circles show the data for the single-target
condition. The black-colored circles show the estimated performance of predeterminant strategy based
on the data in the single-target condition. The gradient circles from red to yellow show the data for the
double-target condition. The color changes from red to yellow, depending on the severity of the time
constraint of the other target (red is tight, yellow is loose). The left and right panels are drawn as a
function of the time constraints of the left and right targets, respectively. The temporal accuracy in the
double-target condition is signi�cantly less than that in the single-target condition, and the arrival target
accuracy in the double-target condition is signi�cantly higher than the performance of predeterminant
strategy estimated from the data of the single-target condition (black-colored circles and lines).



Additionally, the overall performance in tight time-constraint condition (red circles and lines in both right
and left panels) was signi�cantly less than the performance of the predeterminant strategy (black-colored
circles and lines). This de�cit in performance may be due to excessive preference for the choice reaction
even in the tight time-constraint conditions.
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