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Abstract

:

In semi-autonomous robot conferencing, not only the operator controls the robot, but the robot itself also moves autonomously. Thus, it can modify the operator’s movement (e.g., adding social behaviors). However, the sense of agency, that is, the degree of feeling that the movement of the robot is the operator’s own movement, would decrease if the operator is conscious of the discrepancy between the teleoperation and autonomous behavior. In this study, we developed an interface to control the robot head by using an eye tracker. When the robot autonomously moves its eye-gaze position, the interface guides the operator’s eye movement towards this autonomous movement. The experiment showed that our interface can maintain the sense of agency, because it provided the illusion that the autonomous behavior of a robot is directed by the operator’s eye movement. This study reports the conditions of how to provide this illusion in semi-autonomous robot conferencing.
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1. Introduction


Previous studies have proposed various robot conferencing methods in which the user speaks to a person using a teleoperated robot [1,2,3,4]. Through the effects of robot conferencing, both the operator of the robot and the conversation partner can feel a greater social telepresence, that is, the sense of being in the same room as the conversation partner [4], than the other remote conferencing media. The physical presence of a robot enhances the sense of talking face-to-face with the operator of the robot [5]. Moreover, the sense of agency (i.e., the feeling that the movement of the robot is the operator’s own movement) seems to contribute to the social telepresence. The sense of agency is enhanced when the operator recognizes the synchronization between themselves and the movements of the virtual body [6,7,8,9].



Unlike videoconferencing, robot conferencing does not transmit the current appearance of the operator. However, this feature is not always a disadvantage. If a robot is used as an avatar, the operator can act like another person who has a different appearance and/or character than the operator. Furthermore, the body motion of the operator can be modified, because it is indirectly transmitted by a robot. For example, if a robot automatically demonstrates polite manners, the operator may be regarded as a polite person by their conversation partner. We call robot conferencing where not only the operator controls the robot, but the robot itself also moves autonomously, a semi-autonomous robot conferencing. However, it is known that the operator of a robot is sensitive for the robot motion that differs from her teleoperation, as a result of delay and direction gap, and such a discomfort teleoperation decreases the sense of agency [8]. This study proposes the method so as to maintain a sense of agency in the semi-autonomous robot conferencing.



To incorporate autonomous behavior in a teleoperation while maintaining the sense of teleoperation, we considered that blurring the distinction between teleoperation and autonomous behavior is effective. If an operator believes that the autonomous behavior of the robot is as a result of their unconscious teleoperation, they will not notice a difference. Therefore, we focused on an eye movement that moves voluntarily and involuntarily, and developed an interface in which the operator controls the face of the robot using an eye tracker. While an operator controls the robot through the interface, guiding the operator’s eye movement (that is, the visual guidance) towards the autonomous head movement of the robot would make them believe that the behavior is their own involuntarily eye movement.



This paper is organized as follows. The following section describes the interface that allows an operator to remotely control our robot through an eye tracker. The third section presents related work. The fourth section explains our five hypotheses on adding autonomous behavior to teleoperation. The fifth section explains the method we used to examine the hypotheses, along with the experimental settings. The sixth section presents the results, and the seventh section discusses the results. The final section concludes the study.




2. Teleoperation Interface


This section first introduces our teleoperation interface in order to describe our idea to make an operator feel the illusion that their teleoperation is responsible for autonomous behavior. The detailed experimental setup will be described in the Section 5.2. Figure 1 shows our semi-autonomous robot conferencing system. The upper part of the figure shows our teleoperation interface ((a) operator side), which allows an operator to control the facial direction of our robot using an eye tracker. The display presents a live video (1920 × 1080 pixels, 30 fps) of the remote partner, which is captured by a camera included in a motion capture sensor (Microsoft Kinect for Windows) that is located on the remote side. The display was equipped with an eye tracking sensor (Tobii), and the green circle identified the place where the operator is looking. The diameter of the circle was set to 90 pixels, which is enough to contain the face of the partner who is sitting approximately 1 m away from the robot. The operator can look around the remote location on the display using only their eye movement, but the robot has to change its facial direction as well as its eye direction in order to look around the corresponding region in a natural movement. Therefore, the system determines the motor commands of the robot so that the place where the operator is looking matches that of the robot.



The field of view of the web camera was adjusted to face the back of the head of the robot, based on the results of a pre-experiment that tested our interface. The results suggest that the sense of agency would decrease when the operator cannot see the movement of the robot. A headband was set on the head of the robot as a mark, so that the operator can easily understand which direction the robot is facing. Because the operator cannot directly see the eye movement of the robot, its vision line is shown as the yellow arrow. The arrow then moves to follow the green circle. When the view of the operator begins to change from one partner to the other (the operator’s eye movement is approximately 970 pixels), the delay before the vision line of the robot reaches its conversation partner is 0.5 s, and the delay before the movement of the robot head is completed is 1.5 s.



When the robot autonomously adjusts its view, the interface guides the operator’s eye movement to the view point of the robot by moving the green circle. We considered that the operator will feel the illusion that the operator’s teleoperation is responsible for the autonomous head movement, if the interface convinces her to believe that this induced gaze is her involuntary eye movement. It might be difficult to provide such an illusion through visual guidance alone. The movement of the green circle indicates the operator’s eye movement, and so there is a possibility that the operator does not notice the autonomous movement of the circle mixed into the teleoperation.




3. Related Work


3.1. Robot Conferencing


Previous studies have reported several advantages that robot conferencing has over videoconferencing. First, it is understood that the physical presence of a robot enhances social telepresence [4,10] and clarifies the operator’s gaze [2]. However, it is disadvantageous when a robot cannot directly transmit the appearance of the operator. In order to overcome this disadvantage, the systems that combine an operator’s video feed and a partial robot have been developed. Some studies have proposed systems that physically move the face of an operator in order to clarify facial direction [11,12,13]. More recent studies have proposed systems that attach a robotic hand to the video feed of an operator in order to point to a remote space [14], or to reproduce handshaking [15]. Compared to these approaches, this study adopts a style of robot conferencing in which the robot does not transmit the appearance of the operator. Instead, we propose a semi-autonomous robot conferencing system that can add autonomous behaviors to the teleoperation.




3.2. Semi-Autonomous Robot


There are many teleoperation methods available to control a humanoid robot [16]. In the method focusing on social telepresence, a robot reproduces the body motions of the operator using master–slave teleoperation, and a head-mounted device reproduces the audio and visual information that are transmitted by a binaural microphone and a stereo camera [17]. The purpose of this method is to make the operator feel as if the robot body is their own by reproducing its body motion and the sensations as accurately as possible. Therefore, this method is not suitable for the incorporation of autonomous behavior. Thus, we developed the semi-autonomous teleoperation system that guides the teleoperation (i.e., operator’s eye movement) according to autonomous behavior.



Several studies have already proposed semi-autonomous systems. The first study involved the development of a handcart-type robot that supported walking motion for elderly people. The results of the experiment reported that the user can obtain a sense of handcart control by adjusting the autonomy of the robot to the walking ability of the user [18]. A study involving teleoperated robots developed a system that allows for autonomous robots to attend to a task, but also allows for an operator to step in and control the robots when they face a difficult problem [19]. This system intends for a small number of operators to control a large number of robots to provide services simultaneously. In this case, the social telepresence and the sense of agency may be not so important. Furthermore, semi-autonomous systems have been proposed for the automatic avoidance of obstacles in the teleoperation of a mobile robot [20], the reduction of an operator’s effort in robot-assisted therapy [21], and the adjustment of the differences of movements between an operator and a robot caused by differences in their physicality [22]. These studies have not clarified whether the proposed semi-autonomous systems can maintain the social telepresence and sense of agency. In addition, in the teleoperation of a humanoid robot, the reproduction of physiological movements (e.g., respiration and body oscillation) are typically autonomously reproduced [23], because reproducing such small involuntary movements seems not to be effective for the sense of agency.



As described above, it has been hardly reported heretofore that the sense of agency is maintained, even if a conscious movement related to a conversation is autonomously reproduced. A recent study proposed a semi-autonomous system avoiding collisions between teleoperation and autonomous behaviors so as to reduce the frustration of an operator as a result of the collisions [24]. This previous study is closely related to ours, but the approach to avoiding the collisions is different. While it adjusts the priority of autonomous behaviors according to teleoperation, our study guides teleoperation according to the autonomous behavior. The approach of the previous study may not contribute to the sense of agency, because the execution of the autonomous behavior is clear to the operator.



In this study, we adopted an autonomous behavioral pattern in which a robot pays attention to the face of a speaker. This action is performed so as to simulate the social behavior that is consciously performed in multi-party conversations. We investigated whether our proposed interface, which guides the operator’s eye movement, provides the operator with the illusion that they are continuing controlling the robot.





4. Hypothesis


Several previous studies reported that being conscious of the discomfort of the motion delay [9], the appearance [25], the predictability of behaviors [26], and the synchrony with the virtual body [7,8] decreases the sense of agency. Therefore, it is a concern that the sense of agency may decrease when the operator notices autonomous behavior that differs from their eye movement.



On the other hand, many previous studies demonstrated that visuomotor synchrony and/or synchronous visuo-tactile stimulation (e.g., the rubber hand illusion technique) enhance the sense of agency. The illusion that a virtual body is one’s own body occurs, even if the virtual body has a different age [27], size [27], gender [28], and race [29] from the real body. We expected that the synchronization between the guided eye movement and the autonomous vision line movement of the robot also enhances the sense of agency. We hence set the following hypotheses.



Hypothesis 1.

Guiding the operator’s eye movement to synchronize with the autonomous vision line movement of the robot enhances the sense of agency.





There is a previous study that attempted to produce the feeling of talking to an operator when talking to an autonomous robot [30]. This study mentioned that a psychological contrivance that blurs the line between teleoperated and autonomous states is effective at producing that feeling. We considered that mixing the visual guidance into teleoperation that uses the operator’s eye movement blurs the line between teleoperated and autonomous states, and maintains the sense of agency. Thus, we set the following hypothesis.



Hypothesis 2.

Even when the visual guidance mixed into the teleoperation that uses the operator’s eye movement, the same level of the sense of agency is maintained as that which is seen in continuous teleoperation.





It is known that social telepresence decreases depending on the inconvenience of teleoperation [31]. Therefore, it is considered that social telepresence will decrease when the operator is conscious that the robot is autonomously moving. However, along with the sense of agency, we expected that the visual guidance maintains social telepresence in our semi-autonomous robot conferencing. Thus, we added the following hypothesis.



Hypothesis 3.

Even when autonomous behavior is incorporated into teleoperated behavior, the visual guidance maintains the same level of social telepresence as that seen in continuous teleoperation.






5. Experiment


5.1. Task


In this experiment, the subject spoke to two experimenters—a questioner and an answerer. The subjects and the experimenters had never met before the experiment. Before the conversation, the subjects were told that the experimenter (whose role is an answerer) is also a subject.



In the conversation, the questioner asked the answerer and the subject questions such as, “Please tell me what your favorite animal is and why?”, and then they answered the question. They continued the conversation in this fashion and answered three more questions. The answerer used a script that was prepared ahead of time, but he responded as though he was answering for the first time. When the subject was answering the question, the two experimenters gave vocal backchannel responses and nodded. When the answerer was answering the question, the questioner gave the backchannel responses, but the subjects behaved freely. To establish the roles of the experimenters, the questioner wore a white coat. During the conversation, the number of turn-taking was nine times, and the number of responses provided by the experimenter was approximately twelve.




5.2. Setups


Figure 1 shows the experimental setup of the operator (i.e., subject) and the remote sides. On the operator side (a), our teleoperation interface, the mic capturing speech from the operator, and the speaker that reproduced the sound from the remote side, were positioned. The speaker was positioned behind the display.



On the remote side (b), the robot and two chairs for the experimenters were placed at the apices of an equilateral triangle with a side length of 1.5 m. The speaker that reproduced the speech of the operator and the motion capture sensor that acquired the facial positions of the experimenters were positioned behind the robot. The mic that acquired the sound from the remote side was positioned behind the experimenters.



As shown in the figure, the audio amplifiers and the Windows machines PC1 and PC2 connected the operator and remote sides. The eye, neck, and mouth motions of the robot were generated by pneumatic actuators. The control system of the robot adjusted the air pressure of the pneumatic actuators according to the motor command. The control system communicated with PC1 and PC2 by serial communication (RS232C). The microphones and speakers in the both sides were connected to the audio amplifiers (the speaker of the operator side and the mic of the remote side are omitted for simplicity). The mic of the operator side was also connected to the PC1 that generated the mouth motion (one degree-of-freedom) of the robot, based on the speech of the operator [32].



The eye tracking sensor, display, and motion capture sensor were connected to the PC2 that generated the eye and neck movements of the robot. The figure ((b) remote side) also shows an example of robot movement when the operator’s view changes from one experimenter to the other. The robot reproduced the movement of the vision line of the operator through neck movement (pitch, roll, and yaw) and eye movement (yaw). PC2 synthesized the green circle and the yarrow arrow, that is, the place where the operator is looking at, and the vision line of the robot, onto the live video, and it showed on the display.




5.3. Conditions


To confirm the three hypotheses, we set the following three conditions.



Teleoperated (tele) condition: The subject controlled the robot by using our interface. The robot reproduced the movement directed by the vision line of the subject at all times, so it did not move autonomously. This condition is hereafter referred to as the “tele” condition.



Autonomous (auto) condition: This condition also used the same interface as the tele condition, but the subject did not control the robot. The robot autonomously paid attention to the speaker. The rules for the autonomous behavior of the robot are defined as follows.



	 Rule 1: 

	
When the subject begins to answer the question, the robot looks at the face of the questioner.




	 Rule 2: 

	
When the questioner or the answerer begins to speak, the robot looks at their face.




	 Rule 3: 

	
When the answerer provides a backchannel response to the voice of the subject, the robot looks at the answerer’s face for 1.0 s.




	 Rule 4: 

	
When the questioner provides a backchannel response to the voice of the answerer, the robot looks at the questioner’s face for 1.0 s.







It goes without saying that looking at the face of someone when they begin to speak is normal social behavior. In addition to Rule 1, we considered that taking a glance at a person who provided a backchannel response is also reflective of social behavior. After Rules 3 and 4, the robot turned its attention to the face of the questioner or answerer, based on Rules 1 and 2, respectively. The recognition of the speaker can be automated by a microphone array, but the experimenter (who is different from the questioner or the answerer) executed these rules to prevent erroneous recognition.



In order to guide the subject’s gaze toward the eye-gaze position of the robot, the green circle on the interface moved according to the autonomous vision line movement of the robot. This condition is hereafter referred to as the “auto” condition.



Semi-autonomous (semi) condition: Not only did the robot move according to the teleoperation of the subject, but also autonomously moved based on Rules 1–4. As in the auto condition, the green circle on the interface moved to synchronize with the autonomous vision line movement of the robot in order to guide the subject’s gaze. After the autonomous behavior was performed, the teleoperation was immediately enabled. In this condition, the duration of all of the autonomous movement was 1.5 s (the time it takes to complete the robot eye-movement (0.5 s) + its gaze time (1.0 s)), based on Rules 1–4. This condition is hereafter referred to as the “semi” condition.




5.4. Experimental Design


To confirm the hypotheses, we compared the tele condition to the auto- or semi-conditions. Hypothesis 1: Determine whether the auto condition can produce the same level of sense of agency as the tele condition. Hypotheses 2 and 3: Determine whether the semi condition can maintain the sense of agency and social telepresence, compared to the tele condition.



The pre-experiment indicated that the difference between the tele- and semi-conditions was hardly recognizable compared to the difference between the tele- and auto-conditions. If the tele-, auto-, and semi-conditions are directly compared, there is a possibility that the subjects will focus on only the differences between the auto condition and the two other conditions. For this reason, a comparison of the conditions was separately conducted; Experiment 1 compared the tele- and auto-conditions, and Experiment 2 compared the tele- and semi-conditions.




5.5. Measures


5.5.1. Gaze Rate


To determine the degree to which the interface succeeded at guiding the subject’s eye movement, we calculated the rate at which the subject looked at the face of the target (i.e., the questioner and answerer) when turn-taking or a back-channel response occurs. In this study, this rate is called the gaze rate. When turn-taking occurs (Rules 1 and 2), looking at the face of the speaker is a natural behavior, so the subjects might look at the face without visual guidance. Compared with this, when someone gave a back-channel response (Rules 3 and 4), looking at their face is not always done. Therefore, we separately calculated the gaze rate in these timings.



Figure 2 shows an example of the movement of the view point of one subject at the semi-condition for the first 60 s, and the method to calculate the gaze rate. The blue and red lines represent the horizontal movement of the view point and the autonomous movement of the green circle, that is, visual guidance. The dotted lines show the timing of turn-taking (TT) and the back-channel response (BR). First, we counted the number of successful visual guidance. When the subject’s eye-gaze position was included in the circle with a diameter of 180 pixels centered on the facial position of the target within 1.5 s from the visual guidance, we determined that the visual guidance was successful. In the example of the figure, TT1 and TT2, and BR2 and BR4 satisfied this condition (i.e., had successful visual guidance). Then, the gaze rate was obtained by dividing this number by the total number of turn-taking or back-channel responses.




5.5.2. Questionnaire


To estimate the following operator feelings, the subjects were asked to complete a questionnaire. Their answers were rated on a nine-point Likert scale, as follows: 1 = strongly disagree, 5 = neutral, 9 = strongly agree.



Sense of agency: In reference to previous studies, we set the following two items.



	
I felt as if I were controlling the head of the robot by myself.



	
I felt as if the movement of the robot head were my own.






Social telepresence: Because determining the feelings of being in the same room is useful for measuring the social telepresence of the remote conversation partner [8,12,13,29], we used the same representation to measure the social telepresence and set the following two items.



	
I felt as if I were listening to the partners in the same room.



	
I felt as if I were speaking to the partners in the same room.






Comfort level: In addition to the above feelings, we measured how much the subjects felt comfortable during the robot conferencing. We expected that the subject might feel comfortable, as the autonomous behavior substitutes the subject’s teleoperation, and set the following four items.



	
I felt nervous while listening to the partners.



	
I felt nervous while speaking to the partners.



	
I was able to listen to the partners comfortably.



	
I was able to speak to the partners comfortably.






As other indicators of comfort level, we recorded how often the subject remembered the partner’s answer. We considered that substituting the teleoperation with autonomous behavior might enable the operator to focus on the conversation. The method used to conduct this memory test will be described in the procedure section.



Intention: When the operator did not notice the intervention of autonomous behavior during teleoperation, they may feel that the behavior is their intentions. Furthermore, when autonomous behavior was convenient for the subjects, they may hardly notice it. To confirm these predictions, we added the following two items.



	
I felt that the robot head was moving according to my intentions.



	
I felt that the robot head was looking in the appropriate direction, depending on the situation.






The questionnaire including these two items was completed after showing a recorded video of the conversation of the subject (the view angle is shown by the bottom right picture of Figure 1) was shown to them. This was done so that the subject could evaluate these feelings objectively.





5.6. Subjects


A total of 24 students participated in the experiments. Six females and six males participated in Experiment 1, and six different females and six different males participated in Experiment 2. All of the subjects were undergraduate students at our university. No one was previously acquainted with any of the experimenters, and no one participated in both experiments.




5.7. Procedure


First, we presented a live video feed of a remote site (the view angle is shown by the picture on the bottom right of Figure 1) to the subject, and explained that they would remotely control the head of the robot by using their eye movement. Then, we conducted the following procedure.



5.7.1. Calibration


To obtain the subject’s eye movement through the interface as accurately as possible, two actions were carried out, namely: the calibration of the eye tracking sensor, and a test confirming that the acquired viewpoint fell within the 90-pixel error range. Subsequently, the subject was presented with a screen of the interface (as shown in the upper part of Figure 1) and was told that the green circle is their eye gaze position, and that the yellow arrow indicates the direction of the line of view of the robot.




5.7.2. Instructions


The subject was informed that they would have a practice conversation before the two test conversations. Before conducting the conversations, the subject was informed about how the robot head moves. For the practice conversation and the tele condition, the robot head moves to see where the subject is looking. For the auto condition, the robot head moves autonomously. For the semi condition, the robot head basically moves to see where the subject is looking, but sometimes it moves autonomously.




5.7.3. Conversation


The conversation task was conducted three times. A practice conversation was conducted first so as to practice the task and the teleoperation, and the conversation involved only one topic. The second and third conversations incorporated the experimental conditions that represented the tele- and auto-conditions in Experiment 1, or the tele- and semi-conditions in Experiment 2. The conversations consisted of three topics. We then prepared two groups of topics, as follows: group 1 included topics pertaining to animals, music, and movies, and group 2 included topics involving books, food, and sports. The order of the conditions, the order of the topic groups, and their combination were counterbalanced. The topic of the practice conversation was a historical personage every time. The conversation time for the practice and conditional conversations were approximately 1.5 min and 3 min, respectively.




5.7.4. Questionnaire


After the conversations, the subject was asked to complete the questionnaire in about 30 min. Subsequently, the subject took the memory test that measured how well they remembered the answers of the answerer. The memory test included seven questions. Examples of the types of animal questions used are, “What is his favorite animal?”, “How many animals has he owned so far?”, and “How old is his pet?”.



After the memory test, the subject watched a recorded video of their own conversation, in which the robot they controlled was speaking to the experimenters, and then answered the second questionnaire. The second questionnaire was focused on intention.



Finally, the subjects were interviewed to discuss their answers. This interview was open-ended.






6. Results


The results of Experiments 1 and 2 are shown in Figure 3, Figure 4, Figure 5, Figure 6 and Figure 7. Each box represents the mean values and each bar represents the standard error of the mean. Figure 3 compares the gaze rate by using a 2 × 2, two-way repeated-measures analysis of variance (ANOVA) with “situation” (turn-taking vs. back-channel) and “condition” (tele vs. auto or semi) factors, followed by Tukey’s HSD (honestly significant difference) correction. Figure 4, Figure 5, Figure 6 and Figure 7 compare the scores of the questionnaire using a repeated-measures t-test. The following sections will report the results of the statistical test with effect sizes (r). For all items with statistically significant differences, their r values were larger than 0.5, and the values of the other items were less than 0.5. Generally, an r value larger than 0.5 is considered to be enough high.



6.1. Gaze Rate


We found strong main effects of the situation factor (Experiment 1: F(1, 11) = 64.400, p < 0.001, r = 0.924; Experiment 2: F(1, 11) = 34.930, p < 0.001, r = 0.872) and the condition factor (Experiment 1: F(1, 11) = 15.490, p < 0.01, r = 0.765; Experiment 2: F(1, 11) = 17.490, p < 0.01, r = 0.784). We also found a strong interaction between these factors (Experiment 1: F(1, 11) = 32.070, p < 0.001, r = 0.863; Experiment 2: F(1, 11) = 15.590, p < 0.01, r = 0.766). We then analyzed the simple main effects in the interaction. During turn-taking, the auto- and tele-conditions were higher than the tele condition (Experiments 1 and 2: p < 0.001). In both of the tele conditions of Experiments 1 and 2, the gaze rate at a back-channel response was only approximately 30%. Compared with this value in the auto- and semi-conditions, the gaze rate increased up to 70%. This result indicates that the auto- and semi-conditions similarly succeeded in the visual guidance at a back-channel response. However, during turn-taking, the gaze rates of both of the tele conditions of Experiments 1 and 2 were already sufficiently high, and so the effect of visual guidance did not appear.




6.2. Sense of Agency


The feeling of controlling the robot decreased in the auto condition compared with the tele condition (t(11) = 2.519, p < 0.05, r = 0.604). Similarly, the feeling that the movement of the robot was the own movement tended to decrease in the auto condition compared with the tele condition (t(11) = 1.795, p = 0.100, r = 0.476). In contrast, these feelings did not statistically decrease in the semi condition compared to the tele condition, regardless of the intervention of autonomous behavior during teleoperation (controlling: t(11) = 1.047, p = 0.318, r = 0.301; own movement: t(11) = 1.246, p = 0.239, r = 0.352). These results mean that the visual guidance according to the autonomous vision line movement of the robot can maintain the sense of agency (Hypothesis 2) when mixing the autonomous vision line movement of the robot into the teleoperation. However, only the visual guidance is not effective for maintaining the sense of agency. Therefore, Hypothesis 1 was not supported.




6.3. Social Telepresence


The feeling of being in the same room with another person while listening (t(11) = 3.022, p < 0.05, r = 0.674) and speaking (t(11) = 2.421, p < 0.05, r = 0.590) decreased in the auto condition compared with the tele condition. As with the sense of agency, these feelings did not statistically decrease in the semi condition compared with the tele condition (listening: t(11) = 1.393, p = 0.191, r = 0.387; speaking: t(11) = −0.561, p = 0.586, r = 0.167). These results mean that robot conferencing performed through an autonomous robot decreases social telepresence, but that autonomous behavior mixed into teleoperation does not decrease social telepresence (Hypothesis 3).




6.4. Comfort Level


When listening to the partner speak, the auto condition was more comfortable (t(11) = −3.545, p < 0.05, r = 0.730) and less nervousness-inducing (t(11) = 2.035, p = 0.06, r = 0.414) than the tele condition. On the other hand, when speaking to the partners, there was no significant difference in comfort level (listening: t(11) = −0.456, p = 0.658, r = 0.136; speaking: t(11) = −0.938, p = 0.368, r = 0.272) and nervousness (listening: t(11) = −0.491, p = 0.633, r = 0.146; speaking: t(11) = 0.000, p = 1.000, r = 0.000) between the auto- and tele-conditions. In addition, the result of the memory test showed that the subjects tended to remember the answers of the answerer in the auto condition better than in the tele condition (t(11) = −2.030, p = 0.067, r = 0.522). However, the difference between the tele- and semi-conditions was not significant (t(11) = 0.583, p = 0.572, r = 0.173). These results indicated that completely replacing a teleoperation with autonomous behavior improves the comfort level while listening to the partner speak, but this effect is not attained when an operator is speaking and when partially replacing a teleoperation.




6.5. Intention


The feeling that the robot moved according to the intention of the operator was decreased in the auto condition compared with the tele condition (t(11) = 2.253, p < 0.05, r = 0.562), but there was no significant difference between the semi- and tele-condition (t(11) = 0.000, p = 1.000, r = 0.000). This result means that visual guidance when incorporating the autonomous behavior of the robot into the teleoperation made the subject feel that the behavior reflected their intentions. In addition, there was no significant difference in the appropriateness of the behavior of the robot between the conditions (Experiment 1: t(11) = −0.137, p = 0.894, r = 0.041; Experiment 2: t(11) = −0.411, p = 0.689, r = 0.123), so the subjects felt that the autonomous behavior of the robot was as appropriate as their teleoperation. However, the interview indicated that the appropriateness of the behavior of the robot differs depending on the preference of the subject. This will be discussed in detail in the next section.





7. Discussion


7.1. Visual Guidance and Intention


The experiment indicated the probability that the semi-autonomous robot conferencing system can guide the subjects’ eye movement without making them notice the visual guidance. In the auto- and semi-conditions, the degree of improvement of the gaze rate from that seen in the tele condition means the degree of success in the visual guidance. The subjects looked at the face of the experimenters without visual guidance when they began to speak, because looking at the face of a person while they are speaking is a natural social behavior. The effect of visual guidance was remarkable with regard to the backchannel response. The gaze rate was greater than 70% in both the auto- and semi-conditions, which is a 40% increase from the tele condition. In the auto condition, although the subjects’ eye movement was guided to the green circle when there was visual guidance, it was clear for the subjects that the head movement of the robot was autonomous. In contrast, in the semi condition, one half of the subjects did not notice the visual guidance and the autonomous head movement of the robot despite being informed that the robot will change its line of view autonomously. Furthermore, the other half of the subjects noticed the visual guidance only when the robot moved based on Rule 4, and they noticed it only one or two times, even though it was conducted seven times in the conversation. Thus, no subject noticed the visual guidance when the robot moved based on Rules 1–3.



The opinions of the subjects appear to support these results. According to the interview regarding the intention items, almost all of the subjects thought that the following were natural social behaviors: looking at a questioner when the subjects answer (Rule 1), looking at a partner who is speaking (Rule 2), and taking a glance at a partner who gives a backchannel response to the subjects’ speech (Rule 3). However, several subjects said that taking a glance at a partner who gives a backchannel response after another answerer spoke (Rule 4) is not necessarily a natural social behavior. Therefore, it is considered that when the behavior is acceptable for the operator, the teleoperation of an operator is easily guided to the autonomous behavior of a robot, unconsciously.



In the semi condition, most subjects felt that the head movement was their intentions, even after comparing the recorded videos of the tele- and semi-conditions. As described above, visual guidance increased the gaze rate by the same degree in the auto- and semi-conditions. However, in the auto condition, the subjects felt that the head movement of the robot was different from their intentions. Thus, it is considered that mixing the visual guidance corresponding to the autonomous behavior into teleoperation makes the operator postdict that the behavior is their intention.




7.2. Sense of Agency


The semi condition seems to maintain the sense of agency, but the auto condition decreased it from the tele condition. As described in the previous section, the degree of success in visual guidance was at a similar level in both the auto- and semi-conditions, but the consciousness of the subjects during visual guidance tended to be higher in the auto condition. This consciousness might decrease the sense of agency. In the semi condition, the total intervention time of the autonomous behaviors was approximately 30 s (20 times of 1.5 s) in approximately 180 s of teleoperation, but it was difficult for the subjects to notice the intervention. We considered that the visual guidance made the subjects believe that their guided gaze is an involuntary eye movement. Consequently, this belief might blur the border between the teleoperated and autonomous states. However, in the auto condition, because of the absence of ambiguity between these states, visual guidance would not work effectively.



In the evaluation of the feeling of controlling the robot, the three subjects who noticed the visual guidance rated the semi condition lower than the tele condition. In the interview, they said that the behavior of the robot when reacting to a backchannel response to the speech of another answerer is unnatural every time. We thought that this is one of the social behaviors seen in multi-party conversation, but desirable social behaviors vary from person to person. If the autonomous behavior is not desirable to the operator, leading the teleoperation to this behavior would decrease the sense of agency.



In the interview on the appropriateness of the behavior of the robot, several positive opinions on the semi condition were obtained. Three of the twelve subjects said that the robot seemed to give attention to both of the partners at a more appropriate timing than in the other conditions. Furthermore, one subject said that she was shy with strangers, and so it was difficult to look at the face of her partner. However, she also said that the facial movement of the robot seemed to imitate her behavior when she talks to her close friends. Thus, there is a probability that the operator can behave desirably without decreasing the sense of agency by using the semi-autonomous robot conferencing system.



We expect that continuing semi-autonomous teleoperation makes the operator conduct desirable behavior even in a normal teleoperation and face-to-face conversation. Future work will examine this learning effect of the semi-autonomous robot conferencing system. Furthermore, examining the duration of the continuation of the sense of agency in the semi-autonomous robot conferencing is also a possible direction for future work.



In the experiment, as both the audio and the live video feed were directly played without going through the network, there was almost no perceptible deviation or delay. On the other hand, there was a delay in the neck movement of the robot (1.5 s), as described in the Section 2. However, none of the subjects pointed out the motion delay of the robot. This is considered to be because if the neck movement of the robot is completely synchronized with the eye movement of the operator, the neck movement is too fast. Basically, an asynchrony between the movements of an operator and a robot is harmful for the sense of agency. Therefore, there is a possibility that this asynchrony that the eye movement of the operator reproduced as the delayed neck movement of the robot decreased the sense of agency. In order to produce the higher sense of agency, it is necessary to apply our proposed method that guides the behavior of the operator to the teleoperation interface, which synchronizes the views of an operator and a robot using a head-mounted display. For example, guiding the head movement of the operator using the hanger reflex may be effective. The development of a semi-autonomous robot conferencing system that yields a higher sense of agency is for a future work.




7.3. Social Telepresence


Similar to the sense of agency, social telepresence was ranked lower in the auto condition than it was in the tele condition. The interview on the social telepresence items suggested that the consciousness of the subject, where the robot is autonomously behaving, decreased the social telepresence. Three of the twelve subjects commented that during the auto condition, they felt as if they were looking at the conversation occurring between the three people while standing behind the robot. Although the interface of the tele- and semi-conditions similarly presented the back of the head of the robot, none of the subjects had such comments for these conditions. This might mean that the subjects of the auto condition felt that the robot is not behaving as their avatar. In fact, the scoring of the feeling that the movement of the robot was the own movement was also ranked lower in the auto condition than in the tele condition.



In the evaluation of social telepresence, three of the twelve subjects rated the semi condition lower than the tele condition in either one of the social telepresence items (when speaking or listening). The reason for this is that the subjects mentioned that they noticed the several autonomous behaviors during the conversation. This also indicated that their awareness of the consciousness of the autonomy of the robot decreased the social telepresence. Therefore, desirable autonomous behavior accompanied by the visual guidance could maintain social telepresence as well as the sense of agency, because such behavior is hardly noticed in the semi-autonomous robot conferencing.



The social telepresence scores in the tele- and semi-conditions are approximately five, and so they were not high enough. Presenting the green circle, the yellow arrow, and the back of the head of the robot on our interface for visual guidance may decrease the sense of reality. If an interface guides teleoperation to the autonomous behavior of the robot by a more seamless method, social telepresence might be maintained. For example, the method using the hanger reflex described in the previous section may produce a higher level of social telepresence.




7.4. Comfort Level


The subject felt more comfortable in the auto condition than in the tele condition. In the interview, eight of the twelve subjects said that they could more easily focus on the voice of their partner in the auto condition, because they did not need to care about their attention as much as they did in the tele condition. In fact, the subjects tended to more clearly remember the speech of their partner in the auto condition than in the tele condition. These results mean that the operator feels more comfortable eliminating the cognitive load imposed by teleoperation when listening. However, this effect did not appear while the subject was speaking, or in the semi condition.



In the semi condition, the subjects hardly noticed the timing for when the teleoperation was replaced with autonomous behavior, and so the effect of reducing the cognitive load of teleoperation was not obtained. Furthermore, while the subject was speaking, the subjects seemed to focus on thinking about what to talk about rather than where to look. For this reason, the operator’s cognitive load while they were speaking was not improved, but replacing teleoperation with autonomous behavior is useful for them to focus on thinking.



It is expected that robot conferencing would become more useful if the autonomy of the robot is adjusted according to the intentions of the operator or the needs of the situation. For example, when the operator speaks, they may place emphasis on social telepresence and the sense of agency, which places the robot in a semi-autonomous state. When the conversation partner speaks, they will focus on the speech of the partner and change the robot into a fully autonomous state.





8. Conclusions


This study aimed to provide an operator with the illusion that the autonomous behavior of a robot is directed by their teleoperation in semi-autonomous robot conferencing. For this purpose, we developed an interface that allows an operator to control the gaze of a robot using their eye movement. The interface guides the operator’s eye movement toward the autonomous gaze movement of a robot. Because human eyes move voluntarily and involuntarily, we expected that the operator would believe that the guided eye movement is actually their own involuntary eye movement, and feel that they are continuing the teleoperation, regardless of the interruption of the autonomous gaze movement.



As a result of the experiment, in which subjects performed robot conferencing through our interface, we found several conditions under which to provide the illusion. (1) When mixing the autonomous behavior into the teleoperation, and (2) when the autonomous behavior is acceptable for the operator, the visual guidance facilitates the illusion. (3) However, visual guidance could not work when the robot autonomously moves at all times. The illusion makes the operator hardly notice the autonomous behavior, and therefore the sense of agency and social telepresence are maintained.



We also confirmed the possibility that replacing teleoperation with autonomous behavior decreases the cognitive load of the operator with regard to social behavior. Therefore, the operator could focus on the speech of the partner. This effect is obtained in the conversation through a full-autonomous robot, but not in semi-autonomous robot conferencing.



For these findings, we considered that adjusting the autonomy of the robot according to the intentions of the operator would improve the usefulness of semi-autonomous robot conferencing. The semi-autonomous state will be used so that the operator can behave more socially while obtaining the sense of agency and social telepresence, and it will be changed to the fully autonomous state when the operator wants to focus on listening to their partner. This idea might be also applied to when adding task oriented autonomous behaviors. In the case of a lecturer robot, the teleoperation interface detects students who are interested and/or bored with the lecture, and guides the gaze of the remote lecturer to pay attention to them without decreasing the sense of agency and social telepresence. If the lecturer needs to listen to and evaluate the presentation of a student, the full autonomous listening behaviors of the robot would be useful for decreasing the cognitive load of the lecturer.



This study argues the possibility that adopting autonomous behaviors to a teleoperated robot by our proposed method increases its usefulness, without decreasing its original benefits. We hope that this study diminishes the distance between the social robotics and telerobotics fields, and facilitates in the study of semi-autonomous robot conferencing.
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Figure 1. Experimental setup of the operator and remote sides. 
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Figure 2. Example of the movement of view point at the semi condition, and the method to calculate the gaze rate. 
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Figure 3. Results of gaze-rate measurement. 
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Figure 4. Results of measuring the sense of agency. 
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Figure 5. Results of measuring social telepresence. 
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Figure 6. Results of measuring comfort level. 
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Figure 7. Results of measuring intention. 
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