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In this work, we examine the effect of mid-air gesture rhythm on user experience in Virtual Reality. In particular, we investigate gesture regularity, speed and highlighting with a sound guide. We measure the effect of these components on the perceived fatigue, presence, difficulty, success and helpfulness. Our findings indicate that an irregular and slow rhythm leads to a lower arm fatigue. We also find that such an irregular rhythm could increase the user perceived difficulty of the task and the absence of a sound guide could decrease the sense of presence.

Introduction

VR headsets have become increasingly ubiquitous, with VR applications that support long period VR experience like immersive cinematographic content, video games or creative applications. A major feature of VR applications is their ability to enable users to directly manipulate information with their hands through mid-air gestures. However, interacting through mid-air gestures during a long period of time can affect the perceived arm fatigue due to the "gorilla-arm effect" [START_REF] Boring | Scroll, tilt or move it: using mobile phones to continuously control pointers on large public displays[END_REF][START_REF] Hincapié-Ramos | Consumed endurance: a metric to quantify arm fatigue of mid-air interactions[END_REF] which can eventually lead to physical injury and consequently can deteriorate the user experience. Thus, designing gestures for a VR application can prove a challenging task. The current practice of mid-air gestures design and VR applications has outlined several guidelines to assist practitioners in this regard [START_REF] Fuller | Posture-movement changes following repetitive motion-induced shoulder muscle fatigue[END_REF][START_REF] Hincapié-Ramos | Consumed endurance: a metric to quantify arm fatigue of mid-air interactions[END_REF][START_REF] Wang | How will different control/display ratios influence muscle fatigue and game experience in virtual reality games?[END_REF]. Researchers have also reported users preferences in arm position [START_REF] Boring | Scroll, tilt or move it: using mobile phones to continuously control pointers on large public displays[END_REF][START_REF] Cockburn | Air pointing: Design and evaluation of spatial target acquisition with and without visual feedback[END_REF][START_REF] Harrison | On-body interaction: armed and dangerous[END_REF][START_REF] Hincapié-Ramos | Consumed endurance: a metric to quantify arm fatigue of mid-air interactions[END_REF] and provided specific insight on how alternative gesture sets should be designed [START_REF] Hincapié-Ramos | Consumed endurance: a metric to quantify arm fatigue of mid-air interactions[END_REF] to reduce fatigue. Different arm fatigue measures have been also proposed to characterize the gorilla-arm effect including subjective ones (like Borg [START_REF] Borg | Borg's perceived exertion and pain scales. Borg's perceived exertion and pain scales[END_REF], NASA-TLX [START_REF] Hart | Development of nasa-tlx (task load index): Results of empirical and theoretical research[END_REF] or Likert ratings) and quantitative ones like the "Consumed Endurance" metric [START_REF] Hincapié-Ramos | Consumed endurance: a metric to quantify arm fatigue of mid-air interactions[END_REF].

Aside from understanding how to measure such fatigue, it is also important to investigate approaches to diminish it. Remarkably, perceived fatigue has been shown to be affected by music, especially when synchronised with the user's movements. For example, Szmedra et al. [START_REF] Szmedra | Effect of music on perceived exertion, plasma lactate, norepinephrine and cardiovascular hemodynamics during treadmill running[END_REF] demonstrated that listening to music while running decreases perceived muscular fatigue. Williams et al. [START_REF] Williams | Biophysiologically synchronous computer generated music improves performance and reduces perceived effort in trail runners[END_REF] showed that generative music with a rhythm synchronised to the cadence of runners can improve their performance but also decrease their perceived effort. However, and despite that rhythm and audio have been proved useful to reduce fatigue in real scenarios, no study have examined the effect of gesture rhythm on user experience during mid-air gestures in VR, in particular of components of rhythm such as regularity, speed and highlighting using sound guides. Previous work on rhythm in gestural and 3D interfaces have focused on uses other than fatigue reduction.

In most interactive systems, users have full control over application automata execution, through the time that interaction events are generated. In VR and for some specific use-cases, it is occasionally possible that some time constrains may exist, e.g., with timers for gaze-based selection or (standard or serious) games. For interaction situations in which it is reasonable to have the application influence the rate at which user is interacting, and in order to explore approaches to control perceived interaction fatigue, gestural rhythm is one of the promising exploration roads, as advocated by Costello [START_REF] Costello | Paying attention to rhythm in hci: Some thoughts on methods[END_REF]. For example, Mueller et al. [START_REF] Mueller | Movement-based game guidelines[END_REF] proposed to "Help players identify rhythm in their movements", and to acknowledge the rhythm in a sequence of gestures. Rhythm has been also used as a way to input commands through sequences of tapping gestures [START_REF] Ghomi | Using rhythmic patterns as an input method[END_REF] or with micro-gestures performed at a given tempo [START_REF] Freeman | Rhythmic micro-gestures: Discreet interaction on-the-go[END_REF] or for target selection by following trajectories at a given speed with mid-air gestures [START_REF] Carter | Pathsync: Multi-user gestural interaction with touchless rhythmic path mimicry[END_REF][START_REF] Velloso | Motion correlation: Selecting objects by matching their movement[END_REF]. In 3D User Interfaces, sound guides were primarily investigated to help visually impaired users find targets in a 3D environment [START_REF] Mereu | Audio enhanced 3d interfaces for visually impaired users[END_REF][START_REF] Sánchez | 3d sound interactive environments for problem solving[END_REF].

In this context, among other fundamental questions, one can for instance ask the following: Does imposing a rhythm in the production of the gesture have an effect on the fatigue? What causes articulation difficulty and what triggers perceived fatigue? How does gesture speed affect the user experience? Is there a link between the regularity of the speed and the perceived fatigue? Do sound guides helps users in increasing the perceived presence?

We argue that rhythm in mid-air gestures is an important factor for improving the user experience in VR applications, including perceived fatigue and presence, that has been little explored so far and, consequently, is little understood. In this paper, we conducted an experiment to examine the effect of rhythm (in terms of speed, regularity and highlighting using a sound guide) in mid-air gestures on the user experience in VR and we provide the community with some insight on this phenomenon. We used a pointing task where the participants were asked to follow a target moving to a predefined rhythm in the presence or not of a sound guide.

Experiment

We conducted an experiment to measure the effect of rhythm during mid-air pointing task in VR on user experience in terms of user perceived fatigue, presence, difficulty, success and helpfulness.

Label Question

Post. Fatigue How tiring did you find this task? (Borg CR10) Presence Average result of the Adaptation/Immersion presence questionnaire [START_REF] Schneider | Presence Questionnaire (PQ) -EduTech Wiki[END_REF].

Difficulty

How difficult did you find this task? Success How successful did you feel in performing the task? Liveliness How lively did you find the rhythm? Helpfulness How much did the sound help you in following the target?

Table 1: Questions employed to elicit user experience. For the fatigue we used the Borg CR10 [START_REF] Borg | Borg's perceived exertion and pain scales. Borg's perceived exertion and pain scales[END_REF] and for the remainder questions, we used a 7-points Likert-scale question (strongly disagree to strongly agree).

Participants. 15 participants (12 males, 3 females) volunteered to take part in our experiment. They were aged between 18 and 45 years (mean = 28.4, s.d = 6.8). Thirteen participants were right handed and two were left handed. Two participants considered themselves as experts in understanding the rhythm, seven as proficient, three as intermediate and three as novices. Five participants defined themselves as VR experts, three participants used it frequently, six others occasionally and the last one had never tested it.

Due to the COVID-19 pandemic, part of this experiment was done remotely with seven participants who owned a VR headset. They were recruited via mailing-lists and forums. These participants downloaded the experiment software which was a Godot application build for SteamVR and Oculus Quest. Then, they performed the task while videoconferencing with one of the authors. The remainder eight participants carried out the experiment in our laboratory and used the SteamVR version. We follow all necessary sanitary precautions, in particular cleaning the equipment before and after use. The headsets used by the participants were: 2 × Oculus Quest 2, 1 × Oculus Quest 1, 1 × Oculus Rift S, 2 × HTC Vive Pro and 8 × Valve Index in the lab.

Design. The experiment used a 2 × 2 × 2 × 5 within-subjects design for the factors: regularity, speed, sound and time period. The regularity of the rhythm of the target's displacement covers two conditions: regular (there is no change in speed) and irregular (speed is randomly reduced by 0%, 5%, 10%, 25%, 50%, but never increased in order to avoid higher speeds). We chose a random variation to prevent any learning of changes in speed that participants might develop. The speed of the target to follow covers two conditions: slow (1s = 4 beats = 1 trajectory, speed =1 m/s) and fast (700ms = 4 beats = 1 trajectory, speed =1.4 m/s). The sound played at the same rhythm as the target displacement covers two conditions: playing (audio feedback is used to highlight the rhythm, consisting in four sounds played per trajectory, one at each beat) and muted (no audio feedback). The time period corresponds to a re-sampling of the task in five successive periods of time: 30-60, 60-90, 90-120, 120-150, 150-180 seconds. We voluntarily removed the first period of time 0-30 from our analysis to reduce the bias in speed and accuracy when starting to follow the target at the beginning of the task. Task. We use a pointing task in which participants had to keep a spherical cursor inside a cylindrical target moving on the XY plane in front of them. The trajectory of the target was shown as a trail behind the target, moving towards the user. The target the participant had to follow was a cylinder with a radius = 25cm and a height = 10cm. The controller was represented by a sphere of radius = 5cm. In addition, the target was constrained in a circle whose center was located at (x = 0cm, y = 100cm, z = -46cm) and with radius = 50cm. The result is depicted in Figure 1 and in a short video (download or watch).

Procedure. At the beginning of the experiment, participants signed an informed consent agreement. Participants were then instructed to seat on a chair without armrest and to make sure to have a clear area in front of them in order to avoid risk of collisions when interacting with the application. All participants then put their VR headset on. Distant participants were instructed to calibrate as accurately as possible the ground and the center of their VR headset so that the interaction area was the same for all. When participants opened the virtual environment, the task was explained to them both orally and with a text on a virtual panel. Participants then filled a brief demographic questionnaire.

The experiment started with a training phase composed of one training block before moving to the experimental phase composed of eight blocks. In both phases, participants were instructed to follow the target as accurately as possible with their dominant hand. In parallel they had to use their non-dominant hand to report their perceived arm fatigue on the Borg scale by using the joystick on the controller. This scale was displayed on a panel that appeared every 15 seconds on the left side of the interaction area and slowly moved out of the field of view of participants while fading out, in order to remind participants to provide ratings regularly.

After each trial participants had to complete a questionnaire composed of the Adaptation/Immersion part of the presence questionnaire [START_REF] Schneider | Presence Questionnaire (PQ) -EduTech Wiki[END_REF] with additional questions on their final level of fatigue and on their perception of the task. Table 1 provides the list of corresponding questions. At the end of the questionnaire, participants were instructed to rest as much as possible in order to reduce the effect of accumulated fatigue. Participants then reported their initial level of fatigue for the following trial. During tasks, we also recorded the hand and target positions, in order to retrieve the distance to the target.

The training phase was designed so that participants familiarize themselves with the task without creating a learning or order effect. Therefore, all participants performed a first trial in a condition which was not part of the ones we wanted to compare. More specifically, in this training phase, we alternated each 8 beats (2 trajectories) between sound playing and sound muted conditions, we set a medium speed (850ms = 4 beats = 1 trajectory) and the regularity was regular. This allowed participants to understand the relation between their movements and the imposed rhythm and the sound, and to get used to reporting their level of fatigue on the Borg scale.

In the experiment phase, participants then successively performed eight blocks (2 regularity× 2 speed × 2 sound ). The order of the 8 blocks was counterbalanced across participants through a balanced latin square, in order to avoid an order effect on fatigue or engagement. For each block, participants completed the six periods of time for a total of 180s. After each block, participants took a break. The experiment took around one hour.

Results

In this section, we present the results for the performances and the questionnaire. A Shapiro-Wilk normality test [START_REF] Shapiro | An analysis of variance test for normality (complete samples)[END_REF] showed that the data was not normal for all the measures of performance (.39 < W < .93 and p < .0001), consequently, we used the ARTool [START_REF] Kay | Package 'artool[END_REF][START_REF] Wobbrock | The aligned rank transform for nonparametric factorial analyses using only anova procedures[END_REF] test to perform an ANOVA on non-parametric data, followed by post-hoc ART-Contrast for statistically significant main effects or interactions. In addition, as the answers to the questionnaire correspond to ordinal data, the same ARTool method was applied. In the following, we report significant results.

User Performances

We measured the following depending variables: the perceived arm fatigue (evolution of the fatigue on the Borg CR10 scale during the task), the distance to target (distance between the hand and the target) and the accuracy (ratio of time spent in the target). Figure 2 shows bar-plots of all conditions for results with statistically significant differences.

During Task Fatigue. There were significant main effects of regularity (F 1,546 = 13.21, p < .0001) and time period (F 1,546 = 181.34, p < .0001) on fatigue. Post-hoc tests showed that regular tasks were rated significantly more fatiguing than irregular ones (p = .0003). We also found that the perceived fatigue increased significantly across increasing period of time (p < .001).

Distance to Target. There was a significant main effect of speed (F 1,546 = 94.52, p < .0001) on the distance of the hand to the target. Post-hoc tests revealed that fast speed increased significantly the distance between the hand and the target than when using slow speed (p < .0001). Accuracy. There were significant main effects of regularity (F 1,546 = 7.49, p = .0064) and speed (F 1,546 = 45.91, p < .0001) on accuracy with significant regularity × speed (F 1,546 = 4.66, p = .0313), speed × sound (F 1,546 = 4.29, p = .0388), regularity × speed × sound (F 1,546 = 8.15, p = .0045) interactions. Posthoc tests revealed that when using either regular regularity in sound muted or irregular regularity in sound playing, fast speed was significantly less accurate than slow speed (p < .05). However, the accuracy remained high in all cases (min=92.26%, max=98.62%).

Questionnaire

Figure 3 shows bar-plots of all conditions for questions with statistically significant differences.

Post-Task Fatigue. There were significant main effects of speed (F (1, 98) = 12.91, p = .0005) and sound (F (1, 98) = 5.96, p = .0165) on fatigue. Post-hoc tests revealed that both the fast speed and the sound playing significantly implied more perceived fatigue than respectively the slow speed and the sound muted (p < .05).

Presence. There was significant main effect of sound (F (1, 98) = 7.30, p = .0081) on presence. Post-hoc tests revealed that the sound playing implied a significantly greater sense of presence than the sound muted (p < .05).

Difficulty. There were significant main effects of regularity (F (1, 98) = 11.93, p = .0008) and speed (F (1, 98) = 6.05, p = .0157) on difficulty. Post-hoc test revealed that the irregular regularity conditions were rated significantly more difficult than the regular ones (p < .001). In addition, the fast speed was rated, significantly more difficult than the slow speed (p < .05).

Feeling of Success. There was a significant main effect of speed (F (1, 98) = 4.96, p = .0282) on feeling of success. Post-hoc tests showed the slow speed increased significantly the feeling of the success than fast speed (p < .05).

Liveliness. There was a significant main effect of sound (F (1, 98) = 30.72, p < .0001) on liveliness. Post-hoc revealed that the sound playing helped participants feel the rhythm and made it more lively than the sound muted (p < .0001). Sound Helpfulness. There was a significant main effect of sound (F (1, 98) = 221.76, p < .0001) on sound helpfulness with significant regularity × sound (F (1, 98)= 7.09, p = .0091) and sound × speed (F (1, 98) = 4.48, p = .0369) interactions. Post-hoc tests revealed that for both regular and irregular regularity, sound playing was perceived as helping target following when compared with sound muted (p < .0001). We also found that for both fast and slow speed, sound playing was perceived as helping target following when compared with sound muted (p < .0001).

Discussion of Experiment Results

Effect of the sound. In terms of perceived fatigue, our findings indicate that the sound does not have an impact during the task. However and contrarily to related work [START_REF] Szmedra | Effect of music on perceived exertion, plasma lactate, norepinephrine and cardiovascular hemodynamics during treadmill running[END_REF][START_REF] Williams | Biophysiologically synchronous computer generated music improves performance and reduces perceived effort in trail runners[END_REF], after tasks, we found an increase in perceived fatigue when the sound was played. These findings could be explained by a greater sense of presence and liveliness in sound playing . However, only one participant explicitly confirmed this. Five other participants found that they were more concentrated on their arm fatigue during sound muted and consequently they felt more fatigued. In addition, even if the sound playing is perceived helpful to follow the target, it did not seem to impact the perception of success or difficulty of tasks. These results seem to contradict previous research in which music helped in-crease the endurance [START_REF] Williams | Biophysiologically synchronous computer generated music improves performance and reduces perceived effort in trail runners[END_REF]. However, we used basic sounds which only served to highlight the target displacement and could therefore reinforce the perception of effort, compared to more complex music which might instead "mask" the effort.

Effect of the speed. In terms of perceived fatigue, as for the sound, participants felt an impact of the speed only after the task but unsurprisingly a fast speed implied more fatigue than a slow one. However, during interviews at least five participants felt that the slow speed was more fatiguing that the fast because it was less "fun". The fast speed also had a bad impact on the distance between the hand and target and on the accuracy (although it remained high). In the same way, fast speed increased the perception of difficulty and decreased the feeling of success. In other words, the fast speed had a negative impact on users performances and on their perceived arm fatigue.

Effect of the regularity. In terms of perceived fatigue, contrarily to speed and sound, we found that the regularity has an impact during the task but not after, with the irregular condition being less fatiguing than the regular one. This difference in terms of fatigue could be explained by the slower average speed induced by the irregularity. However, the irregular condition also seemed to increase the perceived difficulty, which would not be the case if the difference in regularity was only a difference in speed. In addition, three participants suggested that the in the irregular condition was funnier and more engaging and therefore that they were less focused on the fatigue.

Conclusion

Through an experiment, we explored how the rhythm of mid-air gestures impacted the user experience in Virtual Reality. We found that, if the aim is to reduce fatigue, the use of irregular and slow gestures without a sound highlighting the gesture speed may be an interesting choice. However, our results also suggest that the absence of sound reduces the sense of presence and liveliness. Our experiment suffers from some limitations which could be lifted in future studies. A first bias may come from the lack of diversity in participants' gender and from the remote and therefore little controlled conditions of the experiment. Our results should be refined with more participants and by looking at the impact of gender, level of VR expertise and dominant hands. As pointed out earlier, we observed differences with related work on the effect of the sound on perceived fatigue. Future work should investigate the role of sound/music complexity and the effect of mapping the sound with either the wanted trajectory or the user's gesture. While our results suggest a large effect of the speed and regularity on the user experience, variations on these parameters should be investigated, such as slower and faster speeds and patterns in irregular rhythms. We believe that our results are applicable beyond VR, in mid-air interactions where the temporality of gestures is controlled or when a long-term use is frequent, such as games or creative applications. In particular, rehabilitation exercises require series of repetitive movements whose rhythm could be adjusted to control fatigue.
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 1 Fig. 1: Experimental setup. Left: Seated participant with VR headset. Center: what they saw, i.e. the moving Borg CR10 scale on the left and the spherical cursor and cylindrical target with its trajectory. Right: Borg Scale Panel
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 2 Fig. 2: Results for each of the dependent measures: (a) Average Level of Arm Fatigue by regularity and time period, (b) Average Distance between Hand and Target by speed and (c) Average Accuracy by regularity, sound and speed.
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 3 Fig. 3: Results for each of the dependent measures: (a) Average Level of Arm Fatigue at the End of Tasks by sound and speed, (b) Average Sense of Presence by sound, (c) Average Perceived Difficulty by regularity and speed, (d) Average Feeling of Success by speed, (e) Average Liveliness by sound and (f) Average Feeling of Helpfulness of the Sound by regularity, speed and sound.