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Abstract

Background/Objectives: Perceptual-cognitive abilities such as visual discrimination, reac-
tion time, and attentional control are important for performance in dynamic sports. How-
ever, evidence remains limited regarding how simplified visual tasks capture perfor-
mance variability and dynamics under repeated exposure. This study examined session-
to-session performance changes and individual trajectories in a programmable visual dis-
crimination task of increasing complexity in elite futsal players. Methods: An exploratory
repeated-measures study was conducted with ten first-league futsal players. Participants
completed between six and ten sessions of a color-cue visual discrimination task (“Follow
the Color”) under one- and two-stimulus conditions. Outcomes included correct re-
sponses, errors, and reaction time per session. A total of 465 observations were analyzed
using linear mixed-effects models to assess changes across sessions and the influence of
task complexity. Individual analyses were also performed to explore player-specific tra-
jectories. Results: Mean session accuracy was 63.8 + 9.8 correct responses, with a mean
error rate of 3.6 + 6.1 and a mean reaction time of 0.63 + 0.15 s. Error rates declined signif-
icantly across sessions (3 =—0.008, p < 0.001), while reaction time improved modestly (3 =
-0.00011, p =0.025). Correct responses showed a small negative trend over time. Increased
task complexity was associated with fewer correct responses, higher error rates, and
slower reaction times (all p < 0.001). Conclusions: This programmable visual discrimina-
tion task captured variability in visuomotor responses under controlled conditions and

may support monitoring of performance dynamics in sports vision research.

Keywords: Futsal; Visual Discrimination; Reaction Time; LUMMICS

1. Introduction

Over the past two decades, sport vision (SV) has emerged as an important area of
research aimed at understanding how visual and perceptual-cognitive processes contrib-
ute to athletic performance. This field integrates knowledge from optometry,
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neuroscience, psychology, and sports science, and is based on the premise that successful
performance depends not only on physical conditioning or technical skills, but also on the
efficient processing of visual information and its translation into timely and coordinated
motor responses [1,2].The well-known assertion that “the eyes guide the body” reflects a
concept that is increasingly supported by empirical evidence, highlighting the central role
of the visual system in anticipation, decision-making, and motor execution during sports
practice [3].

A key distinction within sport vision research is that between sight and vision. While
sight refers primarily to static visual acuity, vision encompasses a broader set of dynamic
processes, including visual discrimination, attention, perception—action coupling, and
visuomotor coordination [2,4]. These functions operate continuously in real time and are
particularly critical in dynamic team sports. In futsal, for example, players must simulta-
neously monitor the ball, teammates, and opponents, anticipate rapidly evolving play sit-
uations, and adjust motor responses within very short time windows [5-9]. Such demands
place a high load on visual attention, reaction time, and perceptual decision-making.

Several visual skills have been identified as relevant to sports performance, including
hand-eye coordination, peripheral awareness, dynamic visual acuity, depth perception
(stereopsis), visual attention, and reaction time [7,10-13]. As a result, sport vision training
programs have incorporated a wide variety of exercises designed to stimulate these abili-
ties, ranging from oculomotor tasks on light panels to computer-based paradigms, virtual
environments, and stroboscopic training systems [14-17]. However, despite this growing
interest, evidence supporting consistent transfer of such training to real competitive per-
formance remains limited or inconclusive [18-20].

One of the major methodological challenges in this area is ecological validity. Many
experimental tasks used in sport vision research rely on simplified or generic stimuli that
only partially reflect the perceptual demands of actual sports environments [21,22]. From
an ecological perspective, as proposed by Gibson, perception and action are tightly cou-
pled and can only be fully understood within the context in which they occur [21,22].
Learning, therefore, emerges through repeated interaction with task-relevant information
embedded in meaningful environments [22]. At the same time, highly ecological tasks of-
ten reduce experimental control, making it difficult to isolate specific perceptual or cogni-
tive components.

Nevertheless, a number of studies have shown that improvements can be observed
in specific visual or perceptual tasks following training, even when these tasks are not
directly related to the sport being practiced [18,23,24]. Such improvements have been as-
sociated with enhanced attentional control, faster stimulus discrimination, and more effi-
cient decision-making under pressure [25-27]. In addition, physical exercise and interac-
tion with structured task environments have been linked to broader cognitive benefits,
suggesting that simplified perceptual tasks may still capture relevant aspects of visuomo-
tor adaptation and learning [28,29].

In futsal and football-related sports, visual processing acquires particular strategic
importance due to the speed of play and the density of players in restricted spaces
[8,30,31]. Vision in this context involves not only tracking moving objects but also extract-
ing relevant information from complex visual scenes and responding appropriately under
temporal constraints. However, there is still no clear consensus regarding which specific
visual abilities are most determinant for performance, nor on the most reliable and repro-
ducible methods to assess them [9,24].

Within this framework, there is growing interest in the use of controlled visual dis-
crimination tasks that allow repeated assessment of performance while maintaining a
high degree of standardization. Such tasks do not aim to replicate the full complexity of
sports environments, but they provide an opportunity to examine intra-individual
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variability, performance dynamics, and the influence of task complexity on basic perfor- 92
mance metrics such as accuracy, error rate, and reaction time. 93
Importantly, these approaches are better understood as methodological tools for 94
characterizing performance dynamics rather than as direct proxies of sport-specific per- 95
formance or training effects. %
The present study adopts this approach by implementing a programmable color-cue 97
visual discrimination task (“Follow the Color”) administered repeatedly to first-league 98
futsal players under controlled conditions. Rather than evaluating training efficacy or 99
transfer to sport-specific performance, this investigation focuses on characterizing re- 100
sponse patterns across sessions, describing individual trajectories, and examining how 101
increasing task complexity influences response accuracy and latency. By doing so, the 102
study aims to contribute methodological data on the use of simple visual discrimination 103

paradigms for monitoring visuomotor performance in athletic populations. 104
2. Materials and Methods 105
2.1. Study Design 106

This study employed an exploratory repeated-measures experimental design. Partic- 107
ipants completed multiple sessions of a color-based visual discrimination task under two 108
predefined stimulus conditions. The repeated administration of this protocol allowed 109
within-subject assessment of performance over time and comparison between stimulus 110
conditions. The study was conducted at the facilities of Clube Recreativo Ledes Porto 111
Salvo between October 2024 and May 2025. All procedures complied with the ethical prin- 112
ciples of the Declaration of Helsinki and were approved by the Ethics Committee of the 113
Higher Institute of Education and Sciences of Lisbon (ISEC Lisbon) on September 11,2023 114

(approval ID: CE/2023/09/11). 115
116
2.2. Participant Enrolment 117

Participants were recruited through voluntary enrolment among active futsal players 118
from the same club. Eligibility criteria included age between 18 and 50 years, normal or 119
corrected-to-normal visual acuity, full upper-limb motor function, and absence of self- 120
reported neurological or psychiatric disorders. Exclusion criteria comprised current use 121
of medication affecting cognitive or motor performance, consumption of alcohol or psy- 122
choactive substances within 24 hours prior to testing, and acute illness or injury on the 123
day of assessment. Each participant completed between six and ten experimental sessions, 124

depending on availability and adherence to the protocol. 125
126
2.3. “Follow the Color” Task 127

Participants performed a visual discrimination task using a system of five program- 128
mable reaction lights mounted on a vertical panel. The task was implemented through the 129
LUMMICS® platform (Laboratdrio de Usabilidade e Medida da Motricidade Integrada 130
no Controlo Sensorial), which allows programmable control of stimulus presentation and 131
automated recording of responses. Four lights were positioned at the corners of a square 132
at approximately shoulder height, with a fifth light located at the center. The task was 133
administered under two stimulus conditions: 134

e One-stimulus condition.: In each trial, all five lights were illuminated simultane- 135

ously. One light displayed the target color (red), while the remaining four dis- 136
played distractor colors (e.g., blue, yellow, green, or white). Participants were 137
instructed to touch the red light as quickly as possible. Each session consisted of 138
60 to 80 randomized trials. 139
¢ Two-stimulus condition: In this condition, two target colors (red and green) were 140
used. In each trial, one of the five lights displayed either red or green, while the 141
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remaining lights showed distractor colors. Participants were instructed to re- 142
spond when either target color appeared. Each session also consisted of 60 to 80 143

randomized trials. 144
145
2.4. Procedure 146

Testing was conducted individually in a quiet, well-lit room. Participants stood ata 147
standardized distance from the light panel, which was configured identically across ses- 148
sions. Prior to the first recorded session, participants completed a brief familiarization trial =~ 149
to ensure comprehension of task instructions. Data from this familiarization phase were 150
not included in the analysis. The order of stimulus conditions was counterbalanced across 151
participants. All stimulus parameters, including timing and randomization, were con- 152
trolled through the LUMMICS® software interface. Short rest periods were allowed be- 153

tween blocks to minimize fatigue. 154
155
2.5. Statistical Analysis 156

All statistical analyses were performed using R (version 4.4.2). The complete R script 157
used for data processing, statistical modeling, and figure generation is provided as Sup- 158
plementary File 1. The original, unedited statistical output from the software is included 159
as Supplementary File 2, allowing full replication and verification of the results presented. 160
Descriptive statistics were computed for each variable of interest, including number of 161
correct responses, number of errors, and reaction time per session. These included the 162
mean, standard deviation, median, interquartile range, and range. Visual inspection of 163
residuals and Q-Q plots was conducted to evaluate normality assumptions. 164

Given the variability in the number of trials per session (60-80), outcome measures 165
based on absolute counts were interpreted with caution, and analyses focused on within- 166
subject trends over time. To further address variability in the number of trials per session, 167
a sensitivity analysis was conducted using normalized outcomes, including the propor- 168
tion of correct responses and errors per trial. These normalized variables were analyzed 169
using the same linear mixed-effects modeling approach. 170

To assess performance changes over time, linear regression models were fitted with 171
session number as the predictor for each outcome variable. Additionally, linear mixed- 172
effects models were used to account for repeated measures, with fixed effects for session 173
order and stimulus condition, and a random intercept for participant. The general struc- 174
ture of the linear mixed-effects models was specified as follows: outcome ~ session order 175
+ stimulus condition + (1 | participant), where session order was included as a continuous 176
variable representing temporal progression, stimulus condition as a fixed effect, and par- 177
ticipant as a random intercept to account for within-subject correlation across repeated 178
measures. Between- and within-subject variance components were estimated from these 179
models. 180

Test-retest reliability was evaluated by computing Pearson correlations between per- 181
formance in Session 1 and Session 10 for both correct responses and reaction time. Confi- 182
dence intervals were derived using Fisher’s Z transformation. Given the small sample 183
size, these analyses were considered exploratory. A complementary mixed-effects model 184
with session as a random effect was used to estimate session-level variability. 185

To assess individual performance trajectories, linear models were fitted separately 186
for each participant, regressing correct responses on session number. Slope estimates, 187
standard errors, and p-values were extracted and compared across individuals. 188

Finally, the relationship between reaction time and accuracy was examined using 189
Pearson correlation analysis between average reaction time and number of correct re- 190
sponses across sessions, to explore the presence of a speed—accuracy trade-off. Statistical 191
significance was set at p < 0.05. 192
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3. Results

3.1. Participants
A total of 10 participants completed between 6 and 10 sessions of the “Follow the Color”
task, generating a total of 465 observations. Accuracy, measured as the number of correct
responses per session, had a mean of 63.8+9.8 (median=60; IQR=16; range: 31-80). The
number of errors per session showed greater variability, with a mean of 3.6+6.1 (me-
dian=2; IQR=5; range: 0-49). Regarding response speed, the average reaction time was
0.63+0.15 seconds (median=0.588 s; IQR=0.083 s; range: 0.108-1.386 s).

3.2. Intra-subject repeated measures analysis

The number of correct responses showed a decreasing trend over time (3 =-0.017, p
< 0.001), and participants performed worse under the two-stimulus condition (3 = -2.84,
p <0.001). Between-subject variability was relatively limited (SD = 4.73), suggesting mod-
est differences in baseline accuracy across participants (Figure 1A).

In contrast, error rates also tended to decrease over time ( = -0.008, p < 0.001). Ses-
sions involving more complex stimuli were associated with higher error rates (3 = +3.58,
p <0.001). Between-subject variance was modest (SD = 1.34), while residual variance was
higher (SD = 4.90), suggesting greater within-subject variability (Figure 1B).

The simultaneous reduction in both correct responses and errors does not indicate a
straightforward improvement in performance and may instead reflect changes in total
responses per session or shifts in response strategy (e.g., more conservative responding).
However, this interpretation remains speculative, as response strategies were not directly
assessed in the present study.

Regarding reaction speed (Figure 1C), a small decrease in latency was observed (3=—
0.00011, p=0.025), suggesting a small but statistically significant reduction in response la-
tency over time. Sessions with two stimuli were associated with significantly slower re-
sponses (p=+0.043, p<0.001). Between-subject variance was minimal (SD=0.041), indicating
that changes in latency were primarily explained by fixed effects.

Visual inspection of Figure 1 supports these findings, showing a slight downward
trend in correct responses over time, alongside a reduction in error counts and a modest
decrease in response latency across sessions.

40 40
Session Session

40 60
Session
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Frequency

15

10

Figure 1. (A) Mean correct responses per session; (B) Mean errors per session; (C) Mean

reaction time per session

To further explore the relationship between response speed and accuracy, correla-
tion analysis showed a modest negative association (r = -0.24, p < 0.001, 95% CI [-0.32, -
0.15]), consistent with the presence of a speed—accuracy trade-off.

Visual inspection of residuals versus fitted values indicated mild heteroscedasticity
(Figure 2A), and Q-Q plots showed minor deviations from normality at the tails (Figure
2B). Figure 2 indicates slight deviations from normality at the distribution tails and some
dispersion in residuals, consistent with the mild heteroscedasticity observed. Overall,
model assumptions were considered reasonably met, supporting cautious interpretation
of the results in this context. When outcomes were normalized by the total number of trials
per session, the results provided a more interpretable assessment of performance changes
over time. The proportion of correct responses showed a small but statistically significant
increase across sessions (3 = 0.00144, p = 0.0019), while the proportion of errors decreased
(B =-0.00144, p = 0.0019). These findings suggest that the apparent reduction in absolute
correct responses observed in the main analysis may be influenced by variability in the

number of trials per session, rather than reflecting a true decline in performance.

Histogram of residuals Normal Q-Q Plot

Sample Quantiles

T T T T 1 T T T T T
-40 -30 -20 -10 0 10 -2 -1 0 1 2

Residuals Theoretical Quantiles

Figure 2. Residual diagnostics for the accuracy model. (A) Residuals vs fitted values. (B)

Normal Q-Q plot of residuals

3.3. Individual Performance Trajectories

Among the ten participants, three showed statistically significant positive trends in
performance over time, with slope estimates ranging from approximately +0.10 to +0.44 (p
< 0.05). For example, one participant exhibited a slope of 3 =+0.439 (SE = 0.190, t =2.31, p
= 0.028), suggesting measurable change over time, without a clear indication of perfor-
mance improvement.

In contrast, one participant showed a significant decline in accuracy over time (3 = -
0.308, SE = 0.057, t = -5.39, p < 0.00001), indicating a gradual decrease in correct responses

across sessions. The remaining six participants did not show statistically significant trends,
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with slope estimates ranging from -0.10 to +0.15 and p-values between 0.058 and 0.93, sug- 257
gesting relatively stable performance over time. 258

Overall, these findings highlight substantial inter-individual variability in perfor- 259

mance trajectories, with no consistent pattern of improvement across participants. 260
261
3.4. Temporal Consistency Analysis 262

For the number of correct responses, a moderate correlation was observed between 263
Session 1 and Session 10 (r = 0.63, p = 0.049). However, the 95% confidence interval was 264
very wide (0.007-0.903), indicating substantial uncertainty and poor reliability of the esti- 265
mate. These results should therefore be interpreted with caution. 266

Complementarily, a linear mixed-effects model with a random intercept for session 267
was fitted to estimate variance across sessions. The model showed negligible between-ses- 268
sion variance (SD = 0), while residual variance was high (SD = 9.80), suggesting that most 269
of the variability is attributable to individual or unexplained factors rather than systematic 270
differences across sessions. These findings further support the limited reliability of the 271
measures and should be interpreted cautiously. 272

In contrast, for reaction time, the correlation between Session 1 and Session 10 was 273
weak and non-significant (r =-0.13, p = 0.719), with a wide 95% confidence interval (-0.703 274
to 0.544), indicating low stability and poor reliability, with considerable variability across 275
individuals. 276

Overall, the reliability findings should be considered poor and exploratory, given 277

the small sample size and the imprecision reflected in the wide confidence intervals. 278
279
3.5. Comparison Between Stimulus Conditions 280

The linear mixed-effects model showed a significant effect of stimulus condition on 281
performance. Participants achieved fewer correct responses during sessions involving two 282
stimuli compared to those with a single stimulus ($=-3.14, p<0.001). The average number 283
of correct responses was 65.4 (5D=9.33) under the single-stimulus condition and 61.6 284
(SD=10.0) under the dual-stimulus condition. Between-subject variability remained mod- 285
erate (SD=6.70), and residual variance was also substantial (SD=7.48), suggesting some 286

within-subject fluctuation across sessions. 287
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Figure 3 illustrates this pattern, showing the distribution of correct responses across
both stimulus conditions. Each dot represents an individual session, with jittered points
and mean values overlaid for clarity. The figure confirms this difference, with lower cen-
tral tendency values and greater dispersion observed under the two-stimulus condition

compared to the single-stimulus condition.

80

70

@
3
/ t

Correct responses

a
S

40

30
Stimulus condition (1 vs 2)

Figure 3. Distribution of correct responses by stimulus condition

4. Discussion

This exploratory repeated-measures study assessed the evolution of visual perfor-
mance in first-league futsal players using a color-based discrimination task (“Follow the
Color”). By analyzing accuracy, response speed, and error rates across multiple sessions
under controlled stimulus conditions, we identified intra-individual patterns of perfor-
mance adaptation and task familiarization. Given the small sample size, these findings
should be interpreted cautiously and primarily as descriptive trends rather than robust or
generalizable effects. These findings are consistent with prior research in the sports vision
training (SVT) literature while offering novel contributions in terms of task specificity,
individual variability, and stimulus complexity.

Consistent with studies implementing structured SVT programs, our data suggest
adaptation over time, characterized by reductions in error rates and small but statistically
significant changes in reaction time, alongside a decrease in correct responses. Im-
portantly, the magnitude of the reaction time effect appears extremely small and is un-
likely to be meaningful in practical or performance-related contexts. This pattern compli-
cates interpretation and does not support a straightforward improvement effect. Instead,
it may reflect shifts in response strategy, such as more conservative or selective respond-
ing; however, this interpretation remains speculative and was not directly assessed in the
present study. Therefore, these changes are better interpreted as performance adaptation
rather than clear evidence of learning or improvement. In the absence of a control condi-
tion or baseline stabilization, true learning effects cannot be distinguished from task fa-
miliarization or repeated exposure.

https://doi.org/10.3390/xxxxx

288
289
290
291
292

295
296

297

298
299
300
301
302
303
304
305
306
307
308
309
310
311
312
313
314
315
316
317
318



Vision 2026, 10, x FOR PEER REVIEW 9 of 14

Guo et al. [32], in a randomized controlled trial with elite skeet shooters, reported 319
improvements in eye—hand coordination, perception span, and shooting accuracy follow- 320
ing a six-week training protocol. While our participants engaged with a less intensive, 321
non-sport-specific task, they exhibited changes in performance patterns that may be con- 322
sistent with adaptive responses to repeated exposure, particularly under lower stimulus 323
complexity. This suggests that even simplified visual challenges can engage perceptual- 324
motor processes, aligning with the broader principle of neuroplasticity underpinning 325
SVT, although the extent to which such adaptations reflect meaningful performance im- 326
provement remains uncertain. 327

In boxing, Wu et al. [33] found that specific visual abilities, such as depth perception 328
and reaction control, correlated with superior punch performance. Although our study 329
did not assess real-world motor execution, the association between speed and accuracy 330
observed here aligns with their findings: athletes with sharper visual discrimination tend 331
to make faster and more accurate responses. This supports the idea that perceptual skills 332
are foundational to motor execution and may reflect perceptual processes that are relevant 333
to motor execution, although no direct inference can be made regarding sport-specific 334
performance. 335

Furthermore, the presence of a speed—accuracy trade-off in our task echoes patterns 336
described in other SVT contexts. Appelbaum & Erickson [16], as well as studies reviewed 337
by Lochhead et al [34], emphasize that optimal athletic performance is not solely depend- 338
ent on speed or accuracy but rather on the balance between them. Our findings fit within =~ 339
this conceptual framework, highlighting the cognitive control demands imposed by dual- 340
target tasks and the inherent performance compromises they generate. This trade-off may 341
reflect adaptive response strategies under increasing task demands, whereby participants 342
prioritize speed over accuracy, or vice versa, depending on attentional and decisional con- 343
straints; however, this interpretation is exploratory and underlying mechanisms cannot 344
be determined from the present data. 345

Despite these convergences, several distinctions are noteworthy. First, unlike inter- 346
vention-based studies such as that of Clark et al. [35], where vision training was embed- 347
ded into pre-season football routines and linked to a measurable reduction in concussion 348
incidence, our task was isolated from real-world sport situations. The “Follow the Color” 349
protocol lacks the spatial and kinesthetic complexity of field-based activities, which may 350
limit ecological transfer. This contrast underscores the importance of context-rich training 351
for translating perceptual gains into performance outcomes, particularly in contact sports. 352
Formenti et al. [36] further explored this issue, comparing cognitive gains in athletes un- 353
dergoing non-specific vision training versus traditional volleyball practice. Their findings 354
revealed that while visual-cognitive skills improved in the vision training groups, actual = 355
sport-specific skill gains were greater in the control group. Similarly, our participants ex- 356
hibited changes in general task metrics, but the absence of football-related elements, such 357
as spatial tracking, body coordination, or decision-making under dynamic pressure, raises 358
questions about the transferability of these improvements to match play. Another critical 359
difference lies in interindividual variability. In our study, only a few participants showed 360
significant improvements over time, while others remained stable or declined slightly. 361
This pattern parallels findings from Schwab & Memmert [37], who noted limited transfer 362
in hockey players following generic vision training, with gains often restricted to the spe- 363
cific visual tasks practiced. The heterogeneity in performance trajectories may reflect dif- 364
ferences in baseline abilities, attentional engagement, or motivational factors, variables 365
that are often underreported in SVT studies. 366

Moreover, the limited test-retest reliability observed for reaction time contrasts with 367
the more robust reliability of accuracy scores. This indicates that response latency may be 368
more sensitive to transient cognitive states, such as fatigue or distraction. Studies such as 369
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those by Poltavski & Biberdorf [38] and Laby et al. [39] have shown that reaction timeisa 370
dynamic and context-sensitive measure, often improving only in highly immersive or 371
physically integrated training environments. Our findings reinforce the notion that iso- 372
lated reaction tasks may not yield stable individual baselines without additional motor or 373
sensory engagement. From a practical perspective, these findings suggest that the task 374
should be used with caution for individual-level monitoring, particularly when interpret- 375
ing changes across sessions. The observed variability may limit its usefulness for precise 376
tracking of individual performance, although it may still provide informative insights at 377
a group level or for exploratory assessments of performance dynamics. 378

From a methodological perspective, the task employed in this study bridges elements 379
of component skill training (e.g., color discrimination, speeded response) and perceptual- 380
cognitive training (e.g., go/no-go decision-making), as proposed by Lochhead et al. [34]. 381
However, it does not qualify as “naturalistic” training due to the absence of real-time sport 382
stimuli or physical execution. While this design offers experimental control and replica- 383
bility, it also limits the ecological richness required for robust transfer to athletic contexts. 384
Nonetheless, our findings suggest that even tasks with reduced motor complexity can 385
capture relevant markers of cognitive flexibility, adaptation, and performance variability. 386
In this sense, the “Follow the Color” protocol may be better understood primarily as a 387
monitoring and research tool, rather than a screening instrument or training intervention. 388
Its main contribution lies in providing a standardized and reproducible framework for 389
assessing visuomotor dynamics over time, particularly in capturing intra-individual var- 390
iability, adaptation patterns, and responses to changes in task complexity. In applied con- 391
texts, this approach may be useful for longitudinal performance monitoring, identification 392
of atypical response profiles, or integration into broader assessment protocols in sports 393
vision and neuro-optometric settings. However, it is not intended to predict or directly 394
assess sport-specific or on-field performance. 395

One strength of this study is its repeated-measures design, which enabled the char- 396
acterization of individual performance trajectories over time. The inclusion of both simple 397
and complex stimulus conditions provided insight into how cognitive load modulates 398
performance. Statistical rigor was supported by the use of linear mixed-effects models, 399
allowing appropriate handling of within- and between-subject variability. Additionally, 400
the standardized and controlled experimental setup minimized external confounding fac- 401
tors. The observation of measurable performance changes in a non-immersive, low-re- 402
source environment suggests that simplified paradigms may still provide meaningful in- 403
formation about visuomotor adaptation, with potential implications for scalable assess- 404

ment tools. 405
406
4.1. Limitations 407

As an exploratory study, several limitations should be considered when interpreting 408
the findings. The small sample size and recruitment from a single futsal club limit gener- 409
alizability and reduce statistical power, particularly for detecting subtle effects or be- 410
tween-subject differences. Although the repeated-measures design generated a relatively 411
large number of observations, the effective sample size is determined by the number of 412
participants (n = 10), and therefore the inferential power remains limited. Accordingly, 413
the results should be interpreted as descriptive and hypothesis-generating rather than 414
confirmatory. 415

The absence of a control or comparison group precludes causal inference and pre- 416
vents isolation of task-related effects from potential confounders such as test familiarity, 417
attentional variability, or motivation across sessions. In addition, the lack of comparison 418
with non-athlete populations limits the ability to determine whether the observed patterns 419
are specific to trained athletes or reflect more general visuomotor processes. Although the 420
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repeated-measures design enables within-subject analysis, it does not allow definitive 421
conclusions regarding training effects. 422

The visual discrimination task was conducted in a highly controlled and simplified 423
environment. While this facilitates standardization and precise measurement, it inher- 424
ently limits ecological validity. The task does not replicate sport-specific perceptual cues, 425
full-body motor responses, or decision-making demands typical of futsal competition; 426
therefore, no direct conclusions can be drawn regarding transfer to on-court performance. 427

Additionally, participants completed a variable number of sessions (six to ten), and 428
the number of trials per session ranged from 60 to 80. This variability introduces hetero- 429
geneity in exposure and may influence longitudinal estimates, particularly when out- 430
comes are expressed as absolute counts rather than normalized measures. 431

Finally, reaction time measures may be sensitive to transient cognitive states and sys- 432
tem-related factors, which could contribute to the limited temporal consistency observed 433
for this outcome. 434

On the other hand, the analytical approach assumed linear changes over sessions, as 435
a simplifying assumption to facilitate modeling and interpretation. However, learning 436
and performance adaptation are often non-linear processes, and more complex trajectories 437
(e.g., plateau effects or rapid early improvements) may be present but were not explored 438

in the present study. This should be considered when interpreting temporal trends. 439
440
4.2. Future Directions 441

Building on these findings, future studies should explore the integration of simplified 442
visual tasks like “Follow the Color” into sport-specific drills and ecologically valid dual- 443
task environments—for example, combining ball control, decision-making under pres- 444
sure, and visual discrimination in dynamic settings. Embedding such tasks into regular 445
training sessions may enhance the development of cognitive-motor coordination and at- 446
tentional flexibility in real-time game contexts. Expanding research to include larger, more = 447
diverse samples, encompassing different levels of expertise, age groups, and sports mo- 448
dalities, would allow for more robust generalizability and subgroup analyses. 449

From a practical perspective, incorporating wearable sensors (e.g., inertial measure- 450
ment units, heart rate monitors) and eye-tracking technologies could provide valuable 451
real-time feedback on motor execution, visual attention allocation, and fatigue response. 452
These data may help refine the understanding of visuomotor learning mechanisms and 453
support individualized training prescriptions. In applied research or performance moni- 454
toring contexts, especially in sports medicine or neuro-optometric therapy, such protocols 455
could serve as functional assessment tools or as part of cognitive-motor re-education strat- 456
egies in populations recovering from concussion, visual dysfunction, or motor coordina- 457
tion deficits. By bridging controlled visual assessment with applied movement tasks, 458
these future directions may help operationalize vision training as a routine and evidence- 459
based component of athletic development and clinical care. 460

5. Conclusions 461

This study suggests that a simple color-based visual discrimination task (“Follow the 462
Color”) can capture intra- and interindividual variability in accuracy, error rates, and re- 463
sponse speed under controlled conditions. Across repeated sessions, error rates decreased 464
and reaction times showed modest improvement, while the number of correct responses 465
exhibited a slight downward trend, which may suggest selective adaptation in response 466
strategies, although this interpretation should be considered speculative. Analysis of in- 467
dividual trajectories revealed substantial heterogeneity, with some participants showing 468
positive trends over time and others showing stable or declining patterns. These findings 469
highlight the importance of considering individual response profiles when interpreting 470
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repeated visuomotor assessments. Additionally, increased task complexity, operational-
ized through the introduction of a second target stimulus, negatively affected both accu-
racy and response latency, underscoring the impact of cognitive load on performance.
Accuracy measures showed moderate temporal consistency across sessions, whereas re-
action time exhibited considerable variability, likely reflecting sensitivity to transient cog-
nitive or attentional states. Taken together, these results support the use of the “Follow
the Color” task, particularly in its programmable and standardized LUMMICS® format,
as a controlled methodological tool for exploring visuomotor response patterns and indi-
vidual differences. However, these findings should be interpreted within the context of a
simplified stimulus-response paradigm and do not establish direct relevance to sport-
specific performance or on-field demands.
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