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Introduction: Inconsistent jittery temporal delays between action and subsequent feedback, prevalent in network-based human–computer interaction (HCI), have been insufficiently explored, particularly regarding their impact on the sense of agency (SoA). This study investigates the SoA in the context of eye-gaze HCI under jittery delay conditions.

Methods: Participants performed a visual search for Chinese characters using a biresolutional gaze-contingent display, which displayed a high-resolution image in the central vision and a low-resolution in the periphery. We manipulated the delay between eye movements and display updates using a truncated normal distribution (μ to μ + 2 σ) with μ ranging from 0 to 400 ms and σ fixed at 50 ms. Playback of recorded gaze data provided a non-controllable condition.

Results: The study revealed that both reported authorship and controllability scores, as well as the fixation count per second, decreased as μ increased, aligning with trends observed under constant delay conditions. The subjective authorship weakened significantly at a μ of 94 ms. Notably, the comparison between jittery and constant delays indicated the minimum value (μ) of the distribution as a critical parameter influencing both authorship perception and visual search time efficiency.

Discussion: This finding underscores the importance of the shortest delay in modulating SoA. Further examining the relative distribution for fixation duration and saccade amplitude suggests an adaptation in action planning and attention distribution in response to delay. By providing a systematic examination of the statistical attributes of jittery delays that most significantly affect SoA, this research offers valuable implications for the design of efficient, delay-tolerant eye-gaze HCI, expanding our understanding of SoA in technologically mediated interactions. Moreover, our findings highlight the significance of considering both constant and variable delay impacts in HCI usability design, marking a novel contribution to the field.
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1 Introduction

In everyday life, physical actions are often initiated to achieve objectives. For instance, when entering a hotel building, we stand in front of an automatic door to open the building. As the door opens, it is perceived that I stood there, and thus, I caused the door to open. This subjective feeling of being the author of one’s actions and their subsequent consequences is referred to as a sense of agency (Gallagher, 2000). However, if the automatic door opened with a significant time delay, one might question whether I caused the door to open or if a staff member at the front desk did so instead. The disruption of authorship judgment caused by a temporal discrepancy between one’s action and the resulting external event has been reported in various empirical studies (Sato and Yasuda, 2005; Farrer et al., 2008, 2013; Ebert and Wegner, 2010; Wen et al., 2015a,b; Shibuya et al., 2018).

The comparator model has been proposed as an internal framework to explain the sense of agency (Frith et al., 2000; Wolpert and Flanagan, 2001; Blakemore et al., 2002; Haggard and Chambon, 2012). This model posits that when we decide to initiate an action based on intention, we transmit a signal to our muscles while retaining a copy of that signal (efference copy), enabling us to form a prediction. Within the comparator model, we feel a sense of agency over an external event when the afferent signal (signal from the external event) and efferent copies coincide. In contrast, a discrepancy between the efferent and afferent signals suggests that an other may be the agent behind the event. The calculated difference between efferent and afferent signals serves not only to negate self-produced sensations (Weiskrantz et al., 1971; Claxton, 1975; Blakemore et al., 1998, 2000) and determine authorship but also to adapt subsequent motor commands for action planning in pursuit of a goal (Haggard, 2017).

Subjective reports and intentional binding have been utilized to explore the sense of agency, particularly regarding the temporal discrepancy between a participant’s action and the subsequent event (Sato and Yasuda, 2005; Farrer et al., 2008, 2013; Wen et al., 2015a; Shibuya et al., 2018; For research implementing both subjective reports and intentional binding, see Ebert and Wegner, 2010; Wen et al., 2015b). Haggard et al. (2002) introduced intentional binding, demonstrating that voluntary actions lead participants to perceive a shorter time interval between pressing a button and hearing a sound compared to involuntary actions. Subjective reports typically involve (1) scoring agreement on event authorship and (2) identifying whether an event corresponds directly to an action (“self”), with a temporal delay (“delay”), or is unrelated (“other”). Generally, the rating score and the frequency of “self” responses decrease with delay, whereas “delay” responses increase. Notably, “other” responses remain rare, even with significant delays, suggesting that temporal delays do not lead to misattribution. This observation challenges the comparator model, which associates the judgment of misattribution with action-outcome mismatches, as noted by Synofzik et al. (2008). They argue that subjective reports capture only the conceptual aspect of the sense of agency (judgment of agency). Furthermore, intentional binding was suggested to address the non-conceptual aspect (feeling of agency) (Ebert and Wegner, 2010; Wen et al., 2015a). By incorporating both questionnaires, our study aims to evaluate the impact of the delay on the sense of agency, acknowledging the inherent limitations of questionnaires yet affirming their utility in assessing delay impact.

Conversely, research on the sense of agency has barely focused on gaze shift as a motor action that exerts control over an eye-tracking device. In particular, the role of action-effect temporal discrepancy as an independent variable has not been fully explored. This study specifically focuses on the sense of authoring control over a gaze-contingent display. Several studies have examined scenarios in which an individual experiences a sense of agency through social gazing, such as when another agent’s gaze follows one’s own, exploring how temporal delays in the other agent’s gaze response affect the sense of agency (Pfeiffer et al., 2012; Recht and Grynszpan, 2019; Brandi et al., 2020). However, the use of temporal delays in the feedback from a gaze-contingent paradigm has barely been studied. While Grynszpan et al. (2012) and Gregori Grgič et al. (2016) demonstrated that eye movements can elicit a sense of agency, the exploration of temporal delays as an independent variable was limited in scope. Gutzeit et al. (2024) investigated the diminishing effect of intentional binding with increasing temporal delays within a gaze-contingent paradigm, yet further research is limited. Nevertheless, findings on the sense of agency related to eye movements are promising, because corollary discharge (or efference copy) from eye movements contributes to visual stability in humans and other animals (Sperry, 1950; von Holst, 1954; Bridgeman, 2010; Cavanaugh et al., 2016). Inactivation of the corollary discharge circuit in monkeys affects visual stability (Cavanaugh et al., 2016). In addition, the efference copy is computed following the comparator model theory (Frith et al., 2000; Wolpert and Flanagan, 2001; Blakemore et al., 2002; Haggard and Chambon, 2012).

The sense of agency is considered crucial for evaluating a user’s experience in human–computer interaction (HCI) (Moore, 2016), emphasizing the user’s feeling of control over the system, rather than being governed by an external agent such as a computer. With the introduction of gaze as a new modality in HCI (Sharma et al., 1998), the significance of the sense of agency in eye-gaze HCI has grown owing to the increasing availability of consumer-level eye trackers such as Tobii (Tobii, n.d.) and the integration of eye movement control in operating systems such as Windows 10 (Microsoft, n.d.). Although eye movements typically serve as tools for social interaction (Emery, 2000) and are seldom used to manipulate the external environment, eye-gaze HCI underscores the importance of studying the sense of agency in relation to eye movements.

Nonetheless, eliminating the temporal discrepancy between a user’s eye movements and the visual feedback of an HCI system is a difficult task. Specifically, in teleoperation scenarios, such as remote surgery (Anvari et al., 2005; Ieiri and Hashizume, 2011) and satellite teleoperation in low earth orbit (Sheridan, 1993; Chen et al., 2022), the delay in capturing a user’s gaze to rendering can reach up to 500 ms. Teleoperation across a network contains the time required for a signal to travel to its destination and return to the local system (i.e., round-trip time, RTT) (Gettys and Nichols, 2012). Furthermore, variations (i.e., inconsistent “jittery” delays) can arise in the RTT for each data point (i.e., packet) because of multiple factors associated with the delivery of packet bits to the destination, such as processing, queuing, transmission, and propagation delays (Roy et al., 2021). While jittery data transmission is known to considerably impact the user experience in video transmission (Claypool and Tanner, 1999; Gulliver and Ghinea, 2007; García et al., 2020), in-depth perceptual studies in teleoperation contexts are scarce. This is attributed to the unpredictable nature of RTTs, which complicates the development of comprehensive models. Factors such as the locations involved in communication, data size, data type, and diverse range of perceptual tasks across scenarios can easily alter the RTTs. Although various models of delay dynamics across regions (Oboe and Fiorini, 1997; Kim et al., 2003; Zhang and He, 2007; Hua et al., 2013; Sukhov et al., 2016) have shown that RTTs typically follow an extremely right-skewed distribution, empirical studies examining user’s performance (Yokokohji et al., 1999; Imaida et al., 2004; Anvari et al., 2005; Ieiri and Hashizume, 2011) and furtherly cognitive workload (Kim et al., 2021; Sasaki, 2022; Musicant et al., 2023; Scholcover and Gillan, 2023; Timman et al., 2023) have not systematically manipulated the variations at RTT. Moreover, owing to scenario-specific limitations, it is challenging to generalize these findings to a perceptual context concerning the sense of agency and temporal discrepancy. When considering the internal mismatches (e.g., delay) computation in the comparator model, our interest is aroused when such a computation is disrupted by jitter. What is the calculated value of the prediction errors that we can access or become aware of? Is it the minimum, maximum, or mean value of the jittery distribution?

This study introduced action-effect jittery temporal delays and eye-gaze HCI to investigate the sense of agency. Despite the limitations of subjective reports, such as susceptibility to biases and their criticism of only capturing the conceptual judgment of agency, we believe they offer value by enabling direct comparisons with prior research (Farrer et al., 2008, 2013; Kim and Yoshida, 2023). Additionally, this study sought to examine the impact on the participant’s eye movements behavior, enabling us to propose altered behavior patterns as an indicator of a disrupted user experience. Furthermore, our goal was to identify the statistical attributes within the distribution of jittery delays that best account for the effect on the sense of agency and eye movements (i.e., minimum, mean, or maximum value of the distribution).

Overall, this study was guided by the following research questions:

1. Does a jittery delay influence the sense of agency in relation to eye movement?

2. How does temporal discrepancy affect eye movement behavior?

3. Are there specific statistical attributes that most effectively explain the sense of agency and eye movements with a jittery delay?



2 Materials and methods

In this study, the participants were required to conduct visual search tasks using a bi-resolution gaze-contingent display that limited the area of the high-resolution display to a square shape in the participant’s central field of view (for a detailed description of the stimuli used, refer to section 2.3 Stimuli). We presented stimuli in two distinct regions with an unblended border: the stimuli consisted of a 3 × 3 Chinese character array rendered within the high-resolution window and a blurred array in the surrounding area. Participants received instructions to find a specific character, identical to the one displayed at the center, among eight surrounding positions (Figure 1). This target character might not be present or could appear just once within the given stimuli. After each task, participants were asked to answer the two questionnaires.

[image: Figure 1]

FIGURE 1
 Illustration of the task in the experiment. Participants conducted a visual search for Chinese characters using a biresolution, gaze-contingent display. This display rendered a 3 × 3 array of Chinese characters in high resolution within the participant’s central vision and a blurred version in the peripheral view. Characters in this figure are intentionally magnified for illustrative purposes. Comprehensive details about the stimuli are provided in Section 2.3. The participant’s task was to locate a target character that matched the central character within the eight surrounding characters, which may have been absent or uniquely present in the surrounding locations. (A) Task with target present stimuli. (B) Task with target absent stimuli.


Fifteen sessions (270 trials) were conducted for each participant. Each session comprised 18 trials: two practice trials, two repetitions of seven delayed trials, and two uncontrollable playback trials. In practice trials, the gaze-contingent window was updated without an intentional delay. In delayed trials, the window had a temporal delay between the participant’s eye movement and the display update, which followed a truncated normal distribution. The uncontrollable playback trial was set to assess whether our questionnaires could capture the participants’ misattribution. The playback trial involved our gaze-contingent display replaying the participant’s gaze behavior from one of the practice trials rather than mirroring their real-time gaze. Following the two practice trials, delayed and playback trials were presented randomly.

We set σ to 50 ms and established seven conditions for 𝜇: 0, 50, 100, 150, 200, 300, and 400 ms with a truncated normal distribution (from 𝜇 to μ + 2σ where 𝜇 is mean and σ is standard deviation, Figure 2A) for the jittery delay. In a trial, the temporal discrepancy was randomly generated for each eye movement data point. Due to its random generation properties, the gaze-contingent window occasionally displayed eye data in reverse order (w3 and w4 in Figure 2B). A sample of the randomly generated temporal discrepancy throughout a trial is depicted in Figure 2C as a time function and Figure 2D as a distribution (𝜇 = 150, 𝜎 = 50).

[image: Figure 2]

FIGURE 2
 Illustration of jittery delays and their distribution in the gaze-contingent display. (A, top-left) The temporal discrepancy between the recording of eye movements and the updating of gaze-contingent display was randomly adjusted for each eye movement data point within a range from 𝜇 to μ + 2σ, following a normal distribution. (B, top-right) Distinct data points had different delays, occasionally causing a reverse-order display. A sample trial featuring a jittery delay is illustrated in (C, bottom-left) as a time function and (D, bottom-right) as a distribution (𝜇 = 150, 𝜎 = 50) with a 10 ms bin. A representative value of each bin placed at its minimum (e.g., the value of a 240–250 ms bin is shown at 240 ms).


Prior research suggested that RTTs generally followed highly right-skewed distributions such as gamma (Kim et al., 2003; Hua et al., 2013), exponential (Oboe and Fiorini, 1997; Sukhov et al., 2016), or Pareto (Zhang and He, 2007) distributions. Our goal was to investigate each statistical aspect of jittery delay (minimum, mean, and maximum) and to emphasize the differences among these aspects. While highly right-skewed distributions often exhibit similar minimum and mean values, the truncated normal distribution provides defined boundaries, aiding in the differentiation between the statistical aspects of jittery delay. Hence, we adopted this distribution in the current study. The delay ranges were set to adequately cover the areas where subjective authorship reports previously showed a decrease, while also realistically representing teleoperation scenarios.

Participants reported the extent to which they felt that their eye movements caused the window to move, using a subjective rating score on a six-point scale, a method commonly employed in previous research (Sato and Yasuda, 2005; Ebert and Wegner, 2010; Wen et al., 2015a,b; Shibuya et al., 2018). Additionally, this study incorporates a questionnaire from Farrer et al. (2008) to investigate the influence of the action-effect temporal delay on authorship across three levels: perfect control, imperfect control, and control by another agent, as described by Farrer et al. (2013).

We designed the visual stimuli according to the concern of decreasing saccade amplitude when the peripheral field contains less spatial information than the central field of view with the gaze-contingent display similar to ours (Reingold et al., 2003; Foulsham et al., 2011; Laubrock et al., 2013; Cajar et al., 2016a,b). This observation is made in comparison with the presentation of a typical uni-resolution display. Previous studies have suggested that reduced saliency beyond the window and comparatively heightened saliency within the window can influence eye movements. To address this concern, we organized nine black Chinese characters in a three-by-three array, aiming to maintain the saliency of the blurred periphery in contrast to the background.

The participants also completed two sessions (36 trials each) of the visual search task without a gaze-contingent display. Under this condition, the participants were not required to answer any subjective questionnaires. This condition aimed to examine the impact of the gaze-contingent window on eye movements and task difficulty. In each session, the participants were shown 36 random images selected from a pool of 540 images.


2.1 Participants

A total of 12 individuals were enlisted in the study; however, data from one individual were excluded because of technical problems in registering keyboard responses. Therefore, this study analyzed 11 individuals who were all students (six undergraduates, three pursuing master’s degrees, and two enrolled in doctoral programs) at the Tokyo Institute of Technology. Two participants did not participate under the no-window condition. The participants had an average age of 23.9 years, with a standard deviation of 2.4 and an age range of 19–27 years. Among the participants, two were women and nine were men, including three Japanese, six Korean, and two Chinese. This study was announced to undergraduate students during their classes, and master’s and doctoral program students were informed through their advisors via email. Only participants who could read Chinese characters were recruited as we used characters with a consistent radical character (please refer to the section on stimuli). Each hour of participation in the experiment earned the participants a 1,000-yen Amazon gift card. All participants had normal or corrected-to-normal vision and provided informed consent before participation. The experiments were conducted in accordance with the guidelines of the Declaration of Helsinki. An institutional consent form concerning consent to publish was obtained from all study participants. The Tokyo Institute of Technology Ethics Review Committee for Epidemiological Research approved this study. Data were collected between April 26, 2022, and December 15, 2022. Subsequent to this period, statistical analyses and evaluations were performed to address the research questions.



2.2 Apparatus

Figure 3 illustrates the experimental setup. The participants completed the experiment in a dark room where they were presented with visual stimuli through an LCD (24 inches, XL2411t, BenQ Corp., Taipei, Taiwan, frame rate:144 Hz; viewing distance:60 cm). To minimize head movement, the participants were instructed to position their chin and forehead on a chin rest. The delay from eye movement to the monitor’s feedback was determined by the eye tracker’s sample delay (mean < 1.4 ms, SD < 0.4 ms), processing time (updated every 1 ms), and input lag on the display. Participants responded using a numeric keypad on a keyboard (SK-8825; Lenovo Group Ltd., Beijing, China). The EyeLink 1000 Plus (SR Research Ltd., Ottawa, Ontario, Canada) recorded the participant’s left-eye gaze with a spatial resolution of <0.02° and a sampling rate of 2,000 Hz. Calibration and validation were conducted using a nine-point procedure with a validated accuracy of <1°. After each session, participants took a break and underwent recalibration and validation. The software program for the experiment was modified from the GCWINDOW template provided by SR Research, Ltd.

[image: Figure 3]

FIGURE 3
 Experimental setup. The experiment took place in a dimly lit room where visual stimuli were displayed on an LCD screen. To reduce head movement, participants placed their chin and forehead steadily on a chin rest. Responses were registered using a numerical keypad attached to a keyboard, and an eye-tracking device captured the gaze data from the participant’s left eye.




2.3 Stimuli

In the visual search array, the characters were black (luminance: 4.71 [image: image] 1.32 [image: image]) against a gray background (luminance: 30.41 [image: image] 3.15 [image: image]). Each character was 3° in size, with horizontal and vertical distances of 11° between adjacent characters (Figure 4A). Blurred image (Figure 4B) was produced by applying a Gaussian filter to one image using Adobe Photoshop 2020. A low-pass filter with a standard deviation of 10 pixels (equivalent to 0.2°) is implemented. The signal was reduced by 3 dB at a spatial frequency of 0.57 cycles/°, and the attenuation became stronger at higher spatial frequencies. By applying a Gaussian filter, the luminance of the blurred Chinese characters increased (15.27 ± 3.76 [image: image]), while the gray background’s luminance remained consistent.

[image: Figure 4]

FIGURE 4
 Stimulus design. Representation of the stimulus and gaze-contingent display used in the experiments. (A, top-left) A stimulus featuring nine Chinese characters arranged in a three-by-three virtual matrix is generated randomly. All nine characters shared the same stroke count and had a fish radical. A total of 540 images were generated, with the target character either present or absent. (B, top-right) One of the 540 generated images was randomly chosen and blurred. (C, bottom-left) Inside the gaze-contingent display (rectangle with solid lines), a virtual gaze-contingent window (square with dashed lines) was positioned at the center of the participant’s fixation location. An image was displayed within the window, while the blurred image surrounded the central area. (D, bottom-right) An example of the stimulus is when the participant focused their gaze on the central Chinese character.


A dynamic 10° square gaze-contingent window was centered on participants’ fixation locations and adjusted according to their eye movements (Figure 4C). The edge of the window was 5° vertically or horizontally from the fixation location. The image (Figure 4A) appeared only within the central moving window, whereas a blurred image (Figure 4B) was displayed in the surrounding external area (Figure 4C). The image was changed from the inner to the outer side of the square window using a step function. An example rendered image is shown in Figure 4D. Despite designing the display to allow reading of only one character through direct fixation, participants could adjust their gaze strategically to view two characters simultaneously. Nonetheless, our analysis suggests that such a strategy was not utilized by the participants (refer to Supplementary material S1 for details).

Nine Chinese characters were randomly arranged in an array according to the following three rules: First, each character had a Chinese character “fish” as a radical character, ensuring all characters belonged to the same meaning category (fish) to avoid meaning-or category-based attentional bias. Second, the characters had the same stroke count to ensure consistent spatial frequency, contrast, and complexity. Third, the central character matched one of the other eight characters with a 50% probability (target or non-target). Such uncertainty was implemented to prevent participants from guessing the target’s location before completing the visual search, which could influence their behavior. The minimum correct response rate for the tasks was 98%, demonstrating that participants actively participated in each trial without skipping (the worst error rate per individual was 2.1%; see Supplementary material S2 for details). A total of 239 Chinese characters (see Supplementary material S3) met the first two criteria. A total of 540 image files were created using preprogrammed random image-generating Unity software. We coded the software to specify the existence and location of the target using a random number generator function. As we did not sample the stimuli, the target existence and location probabilities were uneven. Of the 540 images, 272 were no-target arrays and 268 were target arrays, with varying target counts at each of the following eight locations (clockwise from the middle top): 34, 29, 32, 32, 35, 40, 37, and 29.



2.4 Procedure

As shown in Figure 5, each trial commenced with a drift check, followed by a 650 ms display of blurred images, before initiating the visual search. This predetermined duration, which was consistent across all trials, prevented participants from expecting any deliberate temporal discrepancies. During the 650 ms waiting period, the participants were instructed to fixate on the center of the monitor. The visual search concluded when the participants identified and reported the target’s location and pressed the enter key. Subsequently, they completed the authorship questionnaire to assess whether they perceived the window movements as aligned with their gaze (self), temporally delayed (delay), or controlled by another agent (other). They then rated the degree to which they believed their eye movements influenced the window’s movement on a six-point scale, where six represented “I fully manipulated the window” and one indicated “I could not possibly manipulate the window”—this was the authorship rating questionnaire.

[image: Figure 5]

FIGURE 5
 Trial sequence in the experiment: Following the drift check, participants waited for the gaze-contingent window to appear. They could only read a Chinese character within the virtual gaze-contingent window. After responding, participants completed two questionnaires. The drift check and questionnaires were enlarged for clarity in the explanation.




2.5 Analyses

All statistical analyses were performed on the average values for each condition, representative of each participant.

To investigate the delay’s impact on the sense of agency, our study’s first question, we utilized two generalized linear mixed models (GLMM; SPSS 24.0) to analyze the 𝜇 value’s effect on categorical authorship reports. Specifically, for trials involving delays—excluding playback and no-delay trials—we compared “self” to “delay” responses and “other” to “delay” responses, using a multinomial probability distribution and a generalized logit link function. The participant served as a random effect, with variance components as the covariance structure, to capture unexplained variance, with 𝜇 value treated as a fixed effect. Due to data loss, four responses were excluded, resulting in 2,306 responses analyzed. For mean authorship rating scores, we conducted a one-way ANOVA with repeated measures on delayed trials. Mauchly’s test assessed sphericity, with degrees of freedom adjusted using Greenhouse–Geisser estimates.

To address our second question on the impact on participants’ behavior, we first analyzed response times. Response time was assessed as a measure of task complexity. The duration from stimulus onset to the registration of the participants’ final input was recorded. Previous inputs were disregarded as repeated registrations frequently occurred when the participants needed to reposition their hands on a keypad. We conducted a target × delay repeated-measures ANOVA on the response time under the delayed conditions. The same procedure was applied to adjust degrees of freedom. Post-hoc analyses were conducted using Bonferroni correction for pairwise comparisons. For eye movements, we examined fixation counts per trial, fixation counts per second, relative distribution for fixation duration, and saccade amplitude, all in relation to the 𝜇 value. we set the minimum thresholds for eye movements to 0.1°, 30.0°/s, and 8000.0°/s2 to identify saccades. Any fixations that occurred outside the stimuli, began immediately before or after a blink, or lasted less than 120 ms were excluded from our analyses. We determined the relative distribution of fixation durations in 25 ms intervals within a 0–800 ms range and the distribution of saccade amplitudes in 0.5° intervals within a 0–15° range. Given the variability in response times across trials and participants, we opted for relative distributions. For the fixation counts per trial, we conducted a one-way (delay) repeated-measures ANOVA under the delayed conditions. Mauchly’s test assessed sphericity, with degrees of freedom adjusted using Greenhouse–Geisser estimates.

Our third aim was to identify the statistical attributes (e.g., minimum, mean, or maximum values of the distribution) that had the greatest influence on the sense of agency and eye movements. We compared our present results (i.e., the categorical authorship report and fixation count per second) with those of our previous experiments, in which a constant delay ranging from 0 to 4,000 ms was implemented (Kim and Yoshida, 2023). In the previous study, the same gaze-contingent window, as well as the no-window and playback conditions, was applied as in the current study. For comparison, we utilized data from delayed conditions ranging from 0 to 400 ms, which were retrieved from our previous publication on the open science framework (more details on the methods and results from the previous experiment can be found in Supplementary material S4). We only considered the mean (𝜇) value in the jittery distribution implemented in the current study, which represents the minimum value of that jittery distribution. If the comparison did not reveal a significant difference between the two experiments, we concluded that the minimum value was the most influential attribute.

With fixation count per second, we conducted two-way mixed ANOVA for the five delayed trials (0, 100, 200, 300, and 400) with delay as a within-subjects factor, and experiment type (constant and jittery) as a between-subjects factor. With categorical authorship reports, using the least-squares method, we fit a sigmoid function to the proportion of each of the two categories in the authorship report (self and delay). The other responses were omitted, as they were barely reported across both experiments. For each experiment, we fit two regression curves for each participant, yielding 38 curves. The sigmoid function [image: image] was defined, with [image: image] and [image: image] as its two adjustable parameters. The [image: image] indicates the delay at which the response proportion reaches the 50% threshold, whereas [image: image] indicates the slope of the threshold. A positive value of [image: image] represents an increasing slope, whereas the opposite is true for a negative value. Removing a fit with a [image: image] less than 0.70 resulted in the exclusion of one delay response curve from the current jittery delay experiment, leaving a total of 37 curves for comparison. We chose to calculate the 50% threshold, which is considered a reliable statistical measure of the curve (Sato, 2008; Shimada et al., 2010; Farrer et al., 2013) as it represents the alteration in the subjective sense of agency. Moreover, the slopes reflected the degree of uncertainty in the participants’ responses, with steeper slopes indicating higher certainty. Consequently, we fitted a sigmoid function as previously described by Farrer et al. (2013). With fitted slope values ([image: image]) and threshold delay values ([image: image]), one-way multivariate ANOVA was conducted for the delayed trials with the experiment type as a between-subjects factor.




3 Results


3.1 Subjective authorship

The categorical authorship report includes three levels of responses (self, delay, and other). For each condition, we computed the mean and standard deviation of the proportion of each response type, as shown in Figure 6. The GLMM results revealed a significant main effect of delay in the comparison between “self” and “delay” responses (b = −0.018, SE = 0.002, t = −8.913, p = 0.000), indicating a less “self” than the “delay” responses with increasing 𝜇. All parameters and coefficients for the GLMM are available in Supplementary Table S4. When comparing the “other” response to the “delay” response, the main effect of the delay was not significant (b = 0.000, SE = 0.002, t = 0.122, p = 0.903) while only the intercept showed significance (b = −3.387, SE = 0.507, t = −6.683, p = 0.000), indicating the infrequent choice of “other” response in delay condition. All parameters and coefficients for the GLMM can be found in Supplementary Table S5.

[image: Figure 6]

FIGURE 6
 The proportion of participant responses on categorical authorship (self, delay, or other). Means and standard deviations were computed among the participants (N = 11).


The means and standard deviations for each fitted slope value ([image: image]) and threshold delay value ([image: image]), across each categorical authorship response in both previous (Kim and Yoshida, 2023) and current experiments, are detailed in Table 1 (for a visualized graph, see Figure 7). Note that the “self_jitter” and “delay_jitter” in Figure 7 correspond to the average proportion of the “self” and “delay” responses in Figure 6. The multivariate ANOVA, assessing the impact of experiment type (constant vs. jittery), did not yield a significant main effect (F [4, 13] = 0.459, p = 0.764, partial [image: image] = 0.124). All parameters for the MANOVA are available in Supplementary Table S6.


TABLE 1 Fitted parameters on two categorical authorship responses (self and delay) between jitter and constant delays.
[image: Table1]
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FIGURE 7
 Comparison of categorical authorship responses and fitted function between jitter and constant delays. The fitted sigmoid function illustrates the reported authorship (self vs. delay) for both the current experiment (jitter condition, N = 11) and the previous study (constant condition, N = 8, Kim and Yoshida, 2023). For visualization, data points from all participants are combined, representing a unified measure of the reported authorship. Each analysis (i.e., curve fitting), was conducted for every participant and condition. Note that the “self_jitter” and “delay_jitter” correspond to the average proportion of the “self” and “delay” responses in Figure 4.


The authorship rating with a scale of one to six gages the subjective authorship, where one implied “I could not possibly manipulate the window” and six represented “I fully manipulated the window.” The averages and standard deviations of the ratings were calculated for each participant (Figure 8). Mauchly’s test indicated that the assumption of sphericity had been violated ([image: image] [20] = 99.822, p = 0.000). Therefore degrees of freedom were corrected using Greenhouse–Geisser estimates of sphericity (ε = 0.217). The main effect of the delay was significant (F [1.303, 13.025] = 65.974, p = 0.000, partial [image: image] = 0.868), suggesting that delay affects the subjective authorship of the gaze-contingent window. All parameters for the ANOVA are available in Supplementary Table S7.

[image: Figure 8]

FIGURE 8
 Authorship ratings by participants. The mean authorship ratings and standard deviations were calculated among the participants (N = 11).




3.2 Behaviors

Both the mean and standard deviation of the response times were calculated based on each participant’s average response time under each condition and in the presence or absence of the target (Figure 9). Mauchly’s test indicated that the assumption of sphericity had been violated for the delay ([image: image] [20] = 44.342, p = 0.002) and the interaction ([image: image] [20] = 50.915, p = 0.000). Therefore degrees of freedom were corrected using Greenhouse–Geisser estimates of sphericity (ε = 0.289 for delay, ε = 0.399 for the interaction). The main effect was significant for the delay (F [1.734, 17.341] = 33.814, p = 0.000, partial [image: image] = 0.772) and target (F [1, 10] = 23.471, p = 0.001, partial [image: image] = 0.701), whereas the interaction was not significant. These results indicate that the response time is affected by temporal delay. All parameters for the ANOVA are available in Supplementary Table S8. A post hoc pairwise comparison with Bonferroni correction found that the response time significantly increased by a mean difference of 1,511 ms (p = 0.001) when the target-absent condition (M = 6,674 ms) was compared to the target-present condition (M = 5,163 ms), suggesting that our gaze-contingent display forces a visual search in a serial manner.

[image: Figure 9]

FIGURE 9
 Participants’ response times. Means and standard deviations of the response time (N = 11). Note that the two participants did not conduct the “no window” condition.


The fixation counts per trial were presented per participant (Figure 10) as the counts largely varied across participants. Mauchly’s test indicated a sphericity assumption violation for the delay ([image: image] [20] = 53.481, p = 0.000), hence the Greenhouse–Geisser estimates were used to adjust degrees of freedom (ε = 0.292). Delay did not yield a significant main effect (F [1.751, 17.512] = 0.774, p = 0.460, partial [image: image] = 0.072). All parameters for the ANOVA are available in Supplementary Table S9.

[image: Figure 10]

FIGURE 10
 Fixation counts per trial for each of the 11 participants. Note that the two participants did not conduct the “no window” condition.


The mean fixation count per second and its standard deviations were calculated for both the current experiment (jitter delay, N = 11) and the previous study (constant delay, N = 8, Kim and Yoshida, 2023) (Figure 11). The experiment type did not yield a significant main effect (F [1, 17] = 0.961, p = 0.341, partial [image: image] = 0.053). Delay showed a significant main effect in both experiments (F [1.473, 25.034] = 90.652, p = 0.000, partial [image: image] = 0.842) where Mauchly’s test indicated that the sphericity violation ([image: image] [9] = 52.956, p = 0.000) hence the degrees of freedom were corrected with Greenhouse–Geisser estimates (ε = 0.368). All parameters for the ANOVA are available in Supplementary Table S10.

[image: Figure 11]

FIGURE 11
 Comparison of fixation counts per second between jitter and constant delays. Mean fixation count per second for both the current experiment (jitter delay, N = 11) and the previous study (constant delay, N = 8, Kim and Yoshida, 2023). Mean values among participants were displayed with standard deviation as the error bars. Note that the “no delay” condition in the current experiment is virtually identical to the “0 ms” condition in the previous experiment in that no intentional delay was introduced.


The mean relative distribution of fixation duration was calculated for the 11 participants (Figure 12). In the no-window condition, the distribution mode appeared at 150 ms. Considering that the no-delay and playback conditions had similar modes at 200 ms, this seems to be due to the gaze-contingent window. As the delay was introduced, the mode shifted to 225 ms. Interestingly, from when the 𝜇 was 50 ms, we observed dual modes, one remaining around 125–225 ms, and another mode located at the position of the sum of 𝜇 and 200 ms (e.g., when the 𝜇 was 300 ms, the latter mode located at 500 ms).

[image: Figure 12]

FIGURE 12
 Relative distribution of fixation duration. Each participant’s fixation duration falling within every 25 ms bin, within a range of 0–800 ms, was calculated. The graph displays the means among participants, with a representative value of each bin placed at its minimum (e.g., the value of a 200–225 ms bin is shown at 200 ms on the horizontal axis) (N = 11). Note that the two participants did not conduct the “no window” condition.


The mean relative distribution of saccade amplitudes was again calculated among the 11 participants (Figure 13). Across all conditions, two distinct modes were observed: one at 1° and the other at 7°. Given that the shortest distance between the two characters was 8°, this likely explains the peak at 7°. Relative frequency below 1° seemed to rise with the gaze-contingent window when we compared no delay or playback to no window condition and further increased with the 𝜇.

[image: Figure 13]

FIGURE 13
 Relative distribution of saccade amplitude. Each participant’s saccade amplitude within every 0.5° bin, within a range of 0–15°, was calculated. The graph displays the means among participants, with a representative value of each bin placed at its minimum (e.g., the value of a 10–10.5° bin is shown at 10° on the horizontal axis) (N = 11). Note that the two participants did not conduct the “no window” condition.





4 Discussion

This study aimed to explore how a jittery delay influences the sense of agency and behaviors and to identify the statistical attributes that most effectively clarify the relationship between the sense of agency and eye movements under conditions of jittery delay.


4.1 Influences on the sense of agency

Categorical authorship reports showed that the self responses decreased as the delay increased. The dissociation between “delay” response frequency and response time in playback conditions and the predominance of other responses in the conditions suggests that the “delay” responses are more closely associated with the subjective sense of agency than with task difficulty. Likewise, the consistent authorship rating between one and two for playback conditions suggests that these ratings likely indicate participants’ perception of the authoring agent rather than task difficulty. Predominantly reported delay response (i.e., partial sense of agency) led to a more pronounced decrease in the proportion of the self-response than the decrease in the authorship rating where the rating of one implied total absence of the sense of agency. The decrease in authorship ratings with temporal delay aligned well with prior research that utilized hand movements as the primary action (Sato and Yasuda, 2005; Ebert and Wegner, 2010; Wen et al., 2015a,b; Shibuya et al., 2018). Specifically, our categorical authorship reports mirror those of Farrer et al. (2008) in two key aspects: (1) self responses decreased and delay responses increased alongside the temporal discrepancy, and (2) other responses were barely reported even at longer temporal discrepancies.

However, Farrer et al.’s (2013) study found participants misattributing authorship and selecting other responses with longer temporal discrepancies. These misattributions can be accounted for by the degrees of freedom in the action–feedback experimental paradigm. Both the current study and Farrer et al.’s (2008) study allowed participants to incorporate movement direction into their authorship judgments (gaze direction and joystick manipulation respectively). Farrer et al.’s (2013) study offered only a single degree of freedom (a single-button press), making it challenging for participants to claim authorship at extended temporal discrepancies. Such variations in sensory data across studies might further explain the disparities in the attenuation degree of subjective reports. For example, Farrer et al.’s (2013) study documented that an increase in the partial control response proportion began at longer temporal discrepancies than in our study. Wen (2019) suggested that copious sensory data would constrict the time window for a sense of agency. These disparities do not notably hinder our assertion that our study generally replicates prior research, even with the use of eye movement as the action modality.



4.2 Influences on behaviors

The fixation counts per trial showed no influence from the 𝜇 value, while the fixation counts per second exhibited a consistent decrease. This suggests that the number of fixations required to complete the visual search remained stable across different delay conditions, despite the delays disrupting their visual search time efficiency. Such a suggestion is further supported by the observed increase in response times. The observed decrease in fixation counts per second can be detailed by examining the fixation duration distributions. These distributions reveal two distinct patterns: (1) a shifting mode (hereafter referred to as “higher mode”) and (2) a consistent mode between 125 and 225 ms (hereafter, “lower mode”). The location of the higher mode closely correlates with the delay, moving in tandem with the 𝜇 value. Subtracting the 𝜇 value from the location of each higher mode across all delay conditions shows that all mode locations converge at 200 ms, except when 𝜇 is 0 ms, where it converges at 225 ms. This correlation likely reflects participant behavior waiting for the gaze-contingent window to update at their fixation point before reading the character, termed “wait-and-read” for the higher mode and identified as typical reading behaviors for the lower mode.

The distributions of the saccade amplitudes showed an effect of delay as the increase in the relative frequency of the 0–1° saccades. While we maintain some reservations about our camera-based eye-tracking capability to accurately record microsaccades, we can extrapolate the root causes of our findings from previous research on microsaccades. Previous research has proposed microsaccades as a proxy for covert attention allocation (Hafed and Clark, 2002; Engbert and Kliegl, 2003). We postulate that the separation between eye movement and attention allocation is a fitting explanation for our delayed gaze-contingent display. When the window tracks eye movements with a delay, it causes a distance between the participant’s gaze point on the monitor and the window. Such distance may necessitate participants to direct their attention to the window as part of their temporal mismatch perceptions while their gaze remains on the desired character to perform a visual search. As the delay increases, causing the distance between the window and their eye movement to expand, their frequency of covertly attending to the window increases.

Even though the action-effect delay could not significantly hinder the participants’ visual search, it did utilize their attentional resources. Although the low error rates and negligible influence of the μ value on fixation count per trial indicate a trivial impact of the delay on search behaviors, the variation in saccade amplitudes in response to 𝜇 values suggests an adaptive attention distribution and needs further exploration. Decreased visual search efficiency suggests higher attentional demands on participants’ working memory. The adoption of two fixation strategies indicates that participants chose to “wait and read” to reduce these demands. Those eye movement results hint at a possible proportional relationship between the amount of attention consumed and the length of the delay. However, this relationship cannot be confirmed since the delay did not affect task performance. Although attention is required for action-effect comparison (Wen et al., 2016) and is a limited resource essential for experiencing agency (Hon, 2017), our study, showing sustained search performance and a steady decline in subjective authorship, indicates that visual search and the sense of agency adequately shared the available attentional load. These findings underscore the importance of further manipulations concerning task difficulty.



4.3 Statistical attributes of jitter on the sense of agency

Comparison with constant delay conditions (Kim and Yoshida, 2023) revealed no significant differences in either the subjective report parameters or the fixation counts per second. The relative distributions of fixation durations and saccade amplitudes also did not show any noticeable impacts. These results suggest that the minimum value of the distribution predominantly influences the sense of agency and eye movements. In generalizing our findings, qualitative differences in fitted values should be noted. Plots of fitted values per participant (Supplementary Figures S8, S9) indicate that jittery delay may result in less uncertainty and require shorter delays to impair the sense of agency. Further research is needed to validate our findings. Furthermore, these conclusions are constrained by our choice of distribution, specifically σ set at 50 ms.

Direct comparisons with previous studies are scarce due to methodological differences, such as continuous action–effect interactions and the application of jittery distributions across delay ranges. Normoyle et al. (2014) provide a partially relevant comparison by manipulating the θ value of a gamma distribution to achieve variances of 0, 50, 100, and 150 ms, with a constant mean of 200 ms. In their study, participants perceived delays only at the highest variance of 150 ms. Our study employed a truncated normal distribution with a variance of 628.29 ms across all delay conditions, identifying a subjective report threshold of 50% at a delay of 94 ms, the distribution’s minimum value, with a mean delay of 130.14 ms. While direct comparisons with gamma distributions are challenging, our findings suggest a broader variance in threshold delay (mean = 130 ms, variance = 628 ms, min = 94 ms, max = 194 ms) compared to previous studies (mean = 200 ms, variance = 150 ms). In contrast with our truncated distribution, previous studies likely encountered occasional longer delays (e.g., over 400 ms) due to low-probability extreme delays, which could explain the perceived temporal delay at a smaller variance. This discrepancy raises questions about whether perceptions of temporal mismatch are more influenced by delays near a distribution’s minimum rather than its maximum value, prompting the need for future research with a more extensive range of delays.

The above experiments suggest that the threshold for perceiving delays may depend on both the length of the delay and its frequency of occurrence. The sporadic extended delay is critical when considering data packet transmission over the internet; an extended delay in one packet often predicts similar delays in subsequent packets (Bolot, 1993). Furthermore, packet loss tends to occur in clusters, affecting consecutive packets (Jiang and Schulzrinne, 2000). In the realm of continuous action-effect HCI, even brief experiences of such sporadic, consecutive extended delays can significantly impair the sense of agency and potentially alter user behavior. Therefore, future research should not only encompass experiments with a wider range of delays but also investigate the effects of varying occurrence rates of the delays.



4.4 Gaze-contingent display

Low error rates and significant response time differences in target presence conditions confirm participants navigated the visual search in a serial manner without any skipping, experiencing the designed inconvenience of jittery delays. The influences of delays on subjective reports and behaviors validate our design approach and underscore the efficacy of jittery delays. Also, we observed no decrease in the overall saccade amplitude, consistently recording 6–8° saccades across all conditions. The 3 × 3 virtual grid utilized in our experiment was considered to prevent reductions in saccade amplitude caused by the gaze-contingent window, thereby distinguishing our methodology from those previous researches where saccade amplitudes are reported to decrease with peripheral blurring gaze-contingent window (Reingold et al., 2003; Foulsham et al., 2011; Laubrock et al., 2013; Cajar et al., 2016a,b). Hence, the eye-gaze interface that we implemented effectively minimized the effect of the window, allowing us to focus solely on investigating the effects of delay.




5 Conclusion

In conclusion, our investigation into the effects of jittery delays on subjective authorship and motor commands uncovers an intricate relationship between the perception of delay and the refinement of actions, providing a novel perspective on how delays influence user interaction with gaze-contingent interfaces. This study stands as the first systematic exploration of the influence of jittery delays on the sense of agency, marking a significant advancement in our understanding of eye-gaze human-computer interaction under network conditions characterized by variability in delay. Our findings illuminate the potential of eye-gaze HCI to detect alterations in gaze behavior as indicators of users’ delay perception, laying the groundwork for the development of delay-tolerant interfaces that can adapt to the inherent variability in network communications. The insights derived from this research contribute to the design principles for more resilient and efficient gaze-contingent interfaces, enhancing user experience in environments affected by jittery delays.


5.1 Limitations and further research

This study has certain limitations, such as a participant pool constrained to a specific age bracket and the use of a specific distribution. An explicit questionnaire may not fully capture the sense of agency (e.g., the feeling of agency proposed by Synofzik et al., 2008). In addition, subjective tools, such as rating scales and response criteria, have inherent limitations and are often prone to systematic bias. Utilizing intentional binding with the time interval estimates paradigm (Humphreys and Buehner, 2009), or the Libet clock paradigm (Haggard et al., 2002) is another option. However, in these cases, the chronostasis effect, in which perceived time is dilated immediately after a saccade, is problematic when designing an experiment (Yarrow et al., 2001). Furthermore, investigating jittery delay in a continuous action-effects system would be impossible with intentional binding paradigms. Future work could potentially benefit from objective measures using signal detection frameworks. Also, the altered eye movements in a temporally delayed gaze-contingent display may not be triggered by other types of stimuli (e.g., natural scenes).

While this study provides valuable insights into the impact of jittery delays on gaze-contingent HCI, it does not directly explore the origins of the sense of agency, particularly whether it stems from internal comparisons between intentional oculomotor signals and visual feedback or from comparisons within various contexts (e.g., within visual feedback or between goals and results). This question remains a theoretical limitation, extending beyond the scope of our objectives yet important for understanding the full spectrum of factors influencing the sense of agency in eye-gaze HCI. Establishing a baseline condition, such as using transcranial magnetic stimulation to induce unintentional actions (Haggard et al., 2002; Haggard and Clark, 2003), would be critical for addressing this aspect comprehensively, posing a challenge for future research. This limitation underscores the need for further investigation to delineate the mechanisms of delay perception and their implications for the design and evaluation of gaze-contingent interfaces.
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