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Abstract
The temporal binding effect refers to the phenomenon where the time points
of voluntary actions and their outcomes subjectively converge. This effect can
be categorized into action binding and outcome binding, corresponding respec-
tively to the temporal shifts of voluntary actions and action outcomes. This
study investigated the influence of emotional valence predictability on the tem-
poral binding effect through a mixed-design experiment. Emotional valence
predictability (predictable vs. unpredictable) served as a within-subjects fac-
tor, while stimulus modality (auditory stimulus vs. visual stimulus) served as a
between-subjects factor. The results revealed that when emotional valence was
predictable, outcome binding was enhanced both when auditory stimuli and vi-
sual stimuli were produced following active key pressing, whereas action binding
was enhanced only when visual stimuli were produced. These findings indicate
that predictable emotional valence enhances the temporal binding effect, but
this modulation differs between action binding and outcome binding. Since the
temporal binding effect serves as a primary indicator of the sense of agency,
the results of this study hold certain implications for the interaction design of
advanced driving assistance systems.
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Abstract
Temporal binding refers to the phenomenon where the subjective timing of vol-
untary actions and their outcomes appear closer together in time. This effect
can be divided into action binding and outcome binding, corresponding to tem-
poral shifts in the perceived onset of actions and outcomes, respectively. This
study investigated the influence of emotional valence predictability on temporal
binding using a mixed-design experiment, with emotional valence predictability
(predictable vs. unpredictable) as a within-subjects factor and stimulus modal-
ity (auditory vs. visual) as a between-subjects factor. The results revealed that
when emotional valence was predictable, outcome binding was enhanced for
both auditory and visual stimuli following voluntary keypresses, whereas action
binding was enhanced only for visual stimuli. These findings indicate that pre-
dictable emotional valence strengthens temporal binding, but this effect differs
between action binding and outcome binding. Since temporal binding serves as
a primary indicator of sense of agency, these results offer valuable insights for
the interaction design of Advanced Driver Assistance Systems.

Keywords: emotional valence predictability, temporal binding, stimulus
modality, sense of agency, human-computer interaction, Advanced Driver
Assistance Systems

1 Introduction
The experience of controlling one’s voluntary actions to influence the external
world is referred to as the “Sense of Agency”(Gallagher, 2000; Haggard, 2017;
Moore, 2016). While some Chinese researchers have translated this concept as
“主动控制感”(Wu et al., 2019; Zhang et al., 2018) and others as “施动感”(An et
al., 2021; Tian et al., 2018), we adopt “主动控制感”for consistency throughout
this paper. Temporal binding, a phenomenon closely related to sense of agency,
describes the subjective compression of the perceived temporal interval between
voluntary actions and their outcomes (Haggard et al., 2002). Considered the pri-
mary quantitative measure for assessing sense of agency (Moore & Obhi, 2012),
temporal binding was first demonstrated by Haggard and colleagues (2002) us-
ing a Libet clock paradigm where a rotating pointer completed one revolution
every 2560ms. When participants performed a voluntary keypress followed by
an auditory stimulus after 250ms, they perceived the keypress as occurring later
in time (action binding) and the stimulus as occurring earlier (outcome binding).

Previous research has shown that temporal binding is influenced not only by
factors such as action intention, delay, and probability information (e.g., An-
tusch et al., 2019; Moore & Haggard, 2008; Moore et al., 2009; Wen, 2019), but
also by emotion, particularly the emotional valence of action outcomes. Studies
indicate that emotional valence affects individuals’attribution tendencies regard-
ing action outcomes (Gentsch & Synofzik, 2014), which manifests in temporal
binding effects. However, existing research on the relationship between emo-
tional valence and temporal binding has yielded inconsistent findings. Some
studies demonstrate that positive action outcomes enhance temporal binding
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while negative outcomes diminish it (Yoshie & Haggard, 2013), whereas others
find no effect of emotional valence on temporal binding (Moreton et al., 2017).
These discrepancies suggest that the influence of emotional valence on temporal
binding may interact with additional factors (Barlas et al., 2018).

Research indicates that the effect of emotional valence on temporal binding
depends, to some extent, on whether the valence is predictable. Yoshie and
Haggard (2017) found that emotional valence influences temporal binding only
when individuals can predict whether the upcoming outcome will be positive or
negative, with positive outcomes enhancing and negative outcomes attenuating
the effect. However, Christensen et al. (2016) observed that positive outcomes
enhance temporal binding even when emotional valence is unpredictable. Over-
all, the precise mechanism through which emotional valence predictability mod-
erates the relationship between emotional valence and temporal binding remains
unclear (Kaiser et al., 2021). Notably, no study has directly examined whether
emotional valence predictability itself affects temporal binding.

Investigating the impact of emotional valence predictability on temporal bind-
ing holds practical significance for engineering psychology. In human-computer
interaction contexts, sense of agency refers to users’experience of being respon-
sible for changes in system state (Limerick et al., 2014; Seinfeld et al., 2021).
For automated technologies, diminished sense of agency can impair users’mon-
itoring of system status and their ability to intervene during system failures
(Berberian, 2019; Wen & Imamizu, 2022). Maintaining predictability between
expected and actual feedback is crucial for preserving sense of agency (Madary,
2022). As driving assistance technology represents a common form of automa-
tion, it is essential to consider how to maintain drivers’sense of agency during
vehicle operation (Wen et al., 2019) to ensure rapid intervention when the sys-
tem encounters unforeseen situations. Recent research has explored using emo-
tional stimuli to influence driver behavior (Dittrich & Mathew, 2021), raising
the question of how the predictability of such emotional stimuli affects sense of
agency. By examining the effect of emotional valence predictability on tempo-
ral binding, this study provides valuable insights for the interaction design of
Advanced Driver Assistance Systems (ADAS).

In summary, this study focuses on investigating how emotional valence pre-
dictability influences temporal binding. We hypothesized that predictable emo-
tional valence would enhance temporal binding compared to unpredictable va-
lence. Within each block, emotional valence predictability was manipulated
by varying the presentation probabilities of different emotional stimuli follow-
ing participants’keypresses. In predictable blocks, a fixed emotional outcome
(negative, neutral, or positive) appeared in approximately 80% of trials, with
the remaining 20% evenly distributed among the other two emotions. In un-
predictable blocks, negative, neutral, and positive stimuli were presented with
equal probability. Additionally, given that stimulus modality might influence
results (Ruess et al., 2018; Sarma & Srinivasan, 2021), we included stimulus
modality (auditory vs. visual) as a between-subjects factor in a mixed-design
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experiment to comprehensively examine its impact on the relationship between
emotional valence predictability and temporal binding.

2.1 Participants
Sixty participants were recruited, including 30 females and 30 males (age: M =
23 years, SD = 2.25 years). Participants were randomly assigned to either the
auditory or visual stimulus group, with a balanced 1:1 male-to-female ratio in
each group.

2.2 Apparatus and Stimuli
The experimental program was developed using Unity version 2017.4.40c1 (64-
bit) and presented on a 23.8-inch monitor with a resolution of 1920 × 1080,
gray background, and 60Hz refresh rate. Participants were seated 60cm from
the screen. The study employed a Libet clock paradigm. At the start of each
trial, a clock face measuring 6.6cm in diameter with a central “+”symbol and
numbered markings at regular intervals (5, 10, 15, etc.) appeared at the center
of the screen. After 500ms, a pointer 3.2cm in length emerged at a random
position on the clock face and began rotating, completing one revolution every
2560ms (see Figure 1).

Classic Libet clock paradigms typically use stimuli lasting approximately 100ms
(e.g., Antusch et al., 2019; Haggard et al., 2002; Ruess et al., 2018). However,
studying emotion-related temporal binding requires longer stimulus durations.
For auditory stimuli, a minimum presentation duration of 700ms is necessary
for successful emotion recognition (see Yoshie & Haggard, 2013, Supplemental
Information). For visual stimuli, previous research using a duration estimation
paradigm has employed 400ms presentation times (Moreton et al., 2017). To
ensure successful emotion recognition and temporal judgment in the Libet clock
paradigm, we set auditory stimulus duration to 840ms, using negative, neutral,
and positive human vocalizations from Sauter et al. (2010) presented via head-
phones. Visual stimulus duration was set to 300ms, using negative, neutral, and
positive human face images obtained from https://image.baidu.com, presented
as 4.9cm diameter circles at the center of the clock face.

2.3 Procedure
The experiment employed a 2 (emotional valence predictability: predictable
vs. unpredictable) × 2 (stimulus modality: auditory vs. visual) mixed design,
with emotional valence predictability as a within-subjects factor and stimulus
modality as a between-subjects factor. Action binding and outcome binding
served as dependent variables.

The baseline phase comprised two tasks: keypress action and stimulus onset
time judgment. In the keypress time judgment task, participants were required
to press a key at a freely chosen time between one and two rotations after the
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pointer began moving (2560–5120ms), avoiding consistent timing to maintain
randomness. After the keypress, the pointer continued rotating for 1000ms be-
fore the Libet clock disappeared, at which point participants used the keyboard
to input an integer from 1–60 indicating the pointer’s position at the moment of
keypress. In the stimulus onset time judgment task, participants remained still
and waited for either an auditory or visual stimulus to appear at a random time
between one and two rotations after trial onset. Auditory stimuli were 840ms
pure tones, while visual stimuli were 300ms solid-color circles (4.9cm diameter)
presented at the clock face center. Following stimulus offset, the pointer ro-
tated for an additional 1000ms before the clock disappeared, and participants
reported the pointer’s position at stimulus onset. To counterbalance potential
order effects, task order was arranged using an ABBA sequence. Each task
included 25 trials, with the first 4 designated as practice. The baseline phase
thus comprised 50 trials total.

The operant phase mirrored the baseline phase structure but included four
blocks per task: predictable positive, predictable neutral, predictable negative,
and unpredictable emotional stimulus blocks. Participants pressed the key at
a freely chosen time within the 2560–5120ms window, maintaining temporal
randomness. Each keypress triggered an auditory or visual emotional stimulus
after a 250ms delay. Following stimulus offset, the pointer rotated for 1000ms
before the clock disappeared. In the keypress time judgment task, participants
reported the pointer position at keypress onset; in the stimulus onset time judg-
ment task, they reported the position at stimulus onset. The 250ms action-
outcome interval represents a standard setting in temporal binding research
(Haggard et al., 2002), and was fixed in this experiment to avoid confounding
effects of interval variability (Humphreys & Buehner, 2009; Ruess et al., 2017).

In predictable blocks, a fixed emotional outcome occurred in approximately 80%
of trials, with the remaining 20% evenly distributed among the other two emo-
tions. For example, in the predictable positive block, positive stimuli appeared
in ~80% of trials, neutral in ~10%, and negative in ~10%. In unpredictable
blocks, negative, neutral, and positive stimuli occurred with equal probability.
Task order was counterbalanced using ABBA, and block order was counterbal-
anced using Latin squares. The first 4 trials in each task served as practice,
using the same stimuli as the baseline phase. Each block contained 21 trials,
yielding 176 trials across the two tasks and eight blocks in the operant phase.

In the rating phase following all time judgment tasks, participants evaluated the
emotional valence of stimuli from the operant phase using a 9-point Likert scale
(1 = extremely unpleasant/negative, 9 = extremely pleasant/positive). The
entire experiment lasted approximately 40 minutes per participant.

2.4 Data Analysis
Data were analyzed using IBM SPSS Statistics 26.0. Prior to main analyses,
time judgment errors exceeding 640ms from the actual event were excluded as
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outliers (Aarts et al., 2012). Outliers accounted for 0.5% of all values in the
auditory group (keypress: 0.25%; stimulus onset: 0.25%) and 0.75% in the
visual group (keypress: 0.41%; stimulus onset: 0.34%).

Time judgment error for each trial was calculated as:

𝑡𝑒 = 𝑡𝑗 − 𝑡𝑎

where 𝑡𝑒 represents the difference between subjective judgment time (𝑡𝑗) and
actual time (𝑡𝑎) for either keypress or stimulus onset.

Keypress time judgment error was calculated as:

𝑡𝑒(keypress) = 𝑡𝑗(keypress) − 𝑡𝑎(keypress)

Stimulus onset time judgment error was calculated as:

𝑡𝑒(stimulus) = 𝑡𝑗(stimulus) − 𝑡𝑎(stimulus)

Temporal shift magnitude was then computed as:

𝑡𝑠 = 𝑡𝑂𝑒 − 𝑡𝐵𝑒

where 𝑡𝑠 represents the difference between operant phase time judgment error
(𝑡𝑂𝑒) and baseline phase time judgment error (𝑡𝐵𝑒).

Action binding was calculated as:

𝑡𝑠(action) = 𝑡𝑂𝑒(keypress) − 𝑡𝐵𝑒(keypress)

Outcome binding was calculated as:

𝑡𝑠(outcome) = 𝑡𝑂𝑒(stimulus) − 𝑡𝐵𝑒(stimulus)

Positive 𝑡𝑠(action) values indicate action binding, while negative 𝑡𝑠(outcome)
values indicate outcome binding.

Previous emotion-related Libet clock studies have used stimulus durations sub-
stantially longer than 100ms (e.g., Christensen et al., 2016; Tanaka & Kawabata,
2021; Yoshie & Haggard, 2013). To assess whether these longer durations af-
fected our results, we compared our data with classic Libet clock studies using
~100ms stimuli (Antusch et al., 2019; Haggard et al., 2002; Ruess et al., 2018).
No significant differences emerged in time judgment errors between our longer-
duration stimuli and the 100ms stimuli (see Appendix), suggesting our findings
are not confounded by stimulus duration.
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3.1 Validation of Emotional Valence
Separate one-way ANOVAs were conducted on emotional valence ratings for
auditory and visual stimuli. Results showed significant main effects of emotional
valence: auditory stimuli, F(2,87) = 35.26, p < 0.001, ��2 = 0.45; visual stimuli,
F(2,87) = 340.65, p < 0.001, ��2 = 0.89. Post-hoc comparisons revealed that for
auditory stimuli, negative stimuli (M = 2.00, 95% CI [1.44, 2.56]) were rated
significantly lower than neutral (p = 0.001, Cohen’s d = 1.31) and positive
stimuli (p < 0.001, Cohen’s d = 1.79), and neutral stimuli (M = 3.49, 95% CI
[2.92, 4.05]) were rated significantly lower than positive stimuli (M = 5.37, 95%
CI [4.80, 5.93], p < 0.001, Cohen’s d = 1.00). For visual stimuli, negative stimuli
(M = 1.39, 95% CI [1.10, 1.68]) were rated significantly lower than neutral (p <
0.001, Cohen’s d = 4.32) and positive stimuli (p < 0.001, Cohen’s d = 6.46),
and neutral stimuli (M = 4.86, 95% CI [4.57, 5.16]) were rated significantly
lower than positive stimuli (M = 6.73, 95% CI [6.44, 7.03], p < 0.001, Cohen’
s d = 1.99). These results confirm that our experimental materials effectively
elicited distinct emotional valence perceptions in both modalities (see Table 1).

Table 1
ANOVA Results for Emotional Valence Ratings of Auditory and Visual Stimuli

Stimulus Modality Negative Neutral Positive F-test Significance
Auditory 2.00$±1.20|3.49±1.07|5.37±2.17|𝑝 <

0.001(𝑁𝑒𝑔𝑎𝑡𝑖𝑣𝑒 <
𝑁𝑒𝑢𝑡𝑟𝑎𝑙 �
, 𝑁𝑒𝑔𝑎𝑡𝑖𝑣𝑒 <
𝑃𝑜𝑠𝑖𝑡𝑖𝑣𝑒 �
, 𝑁𝑒𝑢𝑡𝑟𝑎𝑙 <
𝑃𝑜𝑠𝑖𝑡𝑖𝑣𝑒 �
)||𝑉 𝑖𝑠𝑢𝑎𝑙|1.39±0.42|4.86±0.93|6.73±$0.95

p <
0.001
(Nega-
tive <
Neu-
tral***,
Negative
< Posi-
tive***,
Neutral
< Posi-
tive***)

Note: *p < 0.05, **p < 0.01, ***p < 0.001.

3.2 Effect of Emotional Valence Predictability on Temporal
Binding
Forming expectations about action outcome valence requires both manipulated
presentation probabilities and sufficient prior experience across trials (Moore
& Haggard, 2008). In predictable blocks, 4 trials served as distractors and 17
as valid trials. Among the 17 valid trials, the first 10 allowed participants to
develop expectations about outcome valence, while the remaining 7 were used
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for data analysis. Thus, 21 trials from the predictable positive, neutral, and
negative blocks were included in the analysis. In unpredictable blocks, all 21
trials were analyzed.

To examine the effect of emotional valence predictability on temporal binding
and its manifestation across modalities, we conducted separate 2 (predictabil-
ity) × 2 (modality) repeated-measures ANOVAs on action binding and outcome
binding. For action binding, the main effect of predictability was non-significant,
F(1,58) = 0.09, p = 0.764, ��2 = 0.002, but the predictability × modality interac-
tion was significant, F(1,58) = 6.49, p = 0.014, ��2 = 0.10. Post-hoc comparisons
revealed that in the visual group, action binding was stronger when emotional
valence was predictable (M = 28.01, 95% CI [5.38, 50.64]) versus unpredictable
(M = 16.02, 95% CI [–8.58, 40.61], p = 0.049, Cohen’s d = 0.25). In the au-
ditory group, action binding did not differ significantly between predictable (M
= 32.24, 95% CI [9.60, 54.87]) and unpredictable conditions (M = 41.69, 95%
CI [17.10, 66.29], p = 0.118, Cohen’s d = 0.63).

For outcome binding, the main effect of predictability was significant, F(1,58)
= 4.17, p = 0.046, ��2 = 0.07, indicating stronger outcome binding when emo-
tional valence was predictable (M = –46.28, 95% CI [–72.04, –20.52]) versus
unpredictable (M = –33.59, 95% CI [–58.13, –9.05], p = 0.046, Cohen’s d =
0.13). The predictability × modality interaction was non-significant, F(1,58) =
0.10, p = 0.754, ��2 = 0.002. These results demonstrate that predictable emo-
tional valence enhanced outcome binding regardless of stimulus modality, while
action binding enhancement occurred only for visual stimuli (see Figure 3).

Figure 3
The Effect of Emotional Valence Predictability on Temporal Binding

Note: *p < 0.05, **p < 0.01, ***p < 0.001. Error bars represent standard
errors.

4 Discussion
Our findings demonstrate that predictable emotional valence of action outcomes
enhances temporal binding. Specifically, outcome binding was strengthened
for both auditory and visual stimuli when emotional valence was predictable,
whereas action binding enhancement was restricted to visual stimuli. The sta-
tistical power for our main results exceeded 0.8, indicating high reliability.

The literature remains inconsistent regarding the relationship between emo-
tional valence and temporal binding (Kaiser et al., 2021). While some studies
show that emotional valence affects temporal binding (Yoshie & Haggard, 2013),
others find no such effect (Moreton et al., 2017). Although research suggests
these inconsistencies may stem from the moderating role of emotional valence
predictability—with valence influencing temporal binding only when predictable
(Yoshie & Haggard, 2017)—other studies demonstrate effects even when valence
is unpredictable (Christensen et al., 2016). This implies additional moderating
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factors in the interaction between emotional valence and predictability. By inde-
pendently examining the effect of emotional valence predictability on temporal
binding, our study reveals that predictability itself directly influences temporal
binding, establishing it not merely as a moderator but as a direct determinant.

Differences in action outcome attribution may explain how emotional valence
predictability affects temporal binding. Research shows that temporal binding
is influenced by probability information regarding whether an outcome occurs
(Moore & Haggard, 2008; Moore et al., 2009), but not by which specific out-
come occurs (Desantis et al., 2012; Hughes et al., 2013). Haering and Kiesel
(2014) propose that this difference reflects whether probability information af-
fects causal attribution of outcomes to one’s actions. While outcome probability
does not disrupt the action-outcome causal link, varying emotional valences may
compromise this attribution process (Gentsch & Synofzik, 2014). In our study,
predictable emotional valence likely strengthened participants’attribution of
outcomes to their actions, enhancing their sense of agency and intensifying tem-
poral binding.

Our results also reveal differential effects of emotional valence predictability on
action versus outcome binding. Predictable valence enhanced outcome binding
across both modalities, while action binding enhancement was modality-specific.
These findings not only support distinct mechanisms underlying action and out-
come binding (e.g., Tanaka et al., 2019; Tonn et al., 2021; Waszak et al., 2012;
Wolpe et al., 2013), with outcome binding being more dependent on predictabil-
ity (Tanaka & Kawabata, 2021), but also provide further evidence that stimulus
modality influences temporal binding (Ruess et al., 2018), particularly in the
context of emotional valence effects (Sarma & Srinivasan, 2021).

Our study demonstrates that predictable emotional valence enhances sense of
agency, with this enhancement showing modality-specific patterns in action and
outcome perception. For ADAS design, if emotional stimuli are employed to aug-
ment sense of agency, we recommend maintaining consistent emotional valence
(e.g., using only positive or only negative stimuli as feedback). Furthermore,
visual stimuli should be used during vehicle operation, while combined audio-
visual stimuli may be optimal for vehicle monitoring tasks to maximize sense of
agency enhancement.

To independently assess action and outcome binding and comprehensively ex-
amine the effect of emotional valence predictability, we utilized the Libet clock
paradigm. Although keypress responses are widely used in psychology, cognitive
neuroscience, and computer science (Wu et al., 2019), continuous motor control
tasks may be more ecologically valid for human-computer interaction research.
The interval estimation paradigm, for instance, may be better suited for continu-
ous motor tasks than the Libet clock (Wen et al., 2017). Future research should
employ tasks and paradigms more appropriate for human-computer interaction
contexts.
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5 Conclusion
1. Predictable emotional valence of action outcomes enhances temporal bind-

ing.
2. The effect of emotional valence predictability differs between action bind-

ing and outcome binding. Specifically, predictable emotional valence
strengthens outcome binding for both auditory and visual stimuli, while
enhancing action binding only for visual stimuli.
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Appendix
Independent samples t-tests comparing time judgment errors for auditory stim-
uli presented alone in our study with those from Haggard et al. (2002) and
Antusch et al. (2019) revealed no significant differences: vs. Haggard et al.,
t(37) = –0.72, p = 0.479, Cohen’s d = 0.29; vs. Antusch et al., t(64) = –
1.07, p = 0.287, Cohen’s d = 0.26. Similarly, time judgment errors for visual
stimuli presented alone did not differ significantly from those reported by Ruess
et al. (2018), t(76) = –0.81, p = 0.422, Cohen’s d = 0.18. These results in-
dicate that time judgment accuracy was unaffected by stimulus duration (see
Appendix Table 1).

Appendix Table 1
Time Judgment Errors (ms) Across Different Stimulus Durations

Stimulus Duration Time Judgment Error (ms)
100ms, Haggard et al. (2002) —
100ms, Antusch et al. (2019) —
840ms, Present study —
150ms, Ruess et al. (2018) —
300ms, Present study —

Note: Detailed values are available upon request.

Note: Figure translations are in progress. See original paper for figures.

Source: ChinaXiv —Machine translation. Verify with original.
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