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Abstract

:

Robotic and other autonomous systems that need to operate in environments with people should respect social rules. One important aspect of this is personal space, which is the space surrounding a person. When two people are in a conversation, they position themselves such that a so-called shared interaction space is created in the middle of them. The aim of the current research was to experimentally investigate the shape and size of this shared interaction space in different formations. In three experiments, we had a robot approaching two people who were having a conversation from 5 different directions, and those people indicated what would be a comfortable distance for the robot to stop. We expected that people would take the personal space of their conversation partner into account when stopping the robot. Findings of the three studies mostly confirm this expectation. Apart from some exceptions, people tend to stop the robot at a similar distance from their conversation partner as from themselves. If these findings are applied in the behavior of robotic and other autonomous systems, people would be more likely to trust and later accept robots in their physical space, ultimately creating natural social interactions between humans and robots.
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1. Introduction


More and more robotic and autonomous systems that need to operate in environments with people are being developed. Examples include automated cleaning systems [1], robots as receptionist [2], and robots as museum tour guides [3]. All these systems operate in a space where they not only encounter humans but also need to interact with them. In order to be able to operate in such environments, a robot’s movements and interactions should be such that they respect social rules [4,5].



When people, both experienced and novice users, encounter robots in public spaces, it is important that they feel comfortable in the proximity of the robot and that they accept it in their environment. As a minimum, a robot should have sophisticated social skills that allow them to adapt to social conventions [6]. One of such skills is the ability to navigate in a human- and robot-friendly way [7], which means that they should respect the distance from the person that is appropriate for the type of interaction. Different types of distances could affect people’s experiences with robots. For example, Kim and Mutlu [8] studied effects of task distance (cooperation or competition), power distance (robot has the role as supervisor or assistant), and proxemic distance (physical closeness between human and robot) and found that the three types of social distances seem to influence each other. However, it is not only the distance but also its navigational behavior that seem to influence people’s experiences with robots. More specifically, when a robot shows passive navigation behavior (i.e., waiting to let people cross their path), it is seen as more socially present than when it shows more assertive navigation behavior (i.e., passing in front of approaching people) [9]. In the current work, we focus on proxemic distance, which is strongly related to the concept of personal space.



The concept of personal space as introduced by Hall [10] divides the space surrounding a person into separate zones for different types of social interactions: the intimate zone (<0.45 m), the personal zone (0.45 m–1.2 m), the social zone (1.2 m–3.6 m), and the public zone (>3.6 m). In Hall’s [10] model, each zone is represented with a circle but it may be shaped differently. For example, personal space can be egg-shaped, with distances larger in front of a person than behind [11], or it may be ellipse-shaped, with distances larger in the direction of motion [12]. Accumulating evidence suggests that robots need to stay clear from the intimate zone because entering this zone could be perceived as uncomfortable [13]. This is however not always the case, as one study showed that people tend to show compensatory behavior when a robot invades their personal space [14]. When the task requires the robot to approach a person closely, for example, when it hands over specific items or addresses a person, a robot should position itself respectively in the personal [15] and social zones [16].



1.1. Robot Navigation and Evaluation


Several studies have investigated the optimal interaction distance between a human and a robot. Some of these had people approach a robot to the closest comfortable distance [17,18], showing that people stopped their approach at a distance between 0.45 m (the intimate zone) and 3.6 m (the social zone). Differences in stopping distance seem to result from the context of the interaction. For example, people approach a silent robot more closely than a non-silent one [18] and they approach a robot more closely when they need to hand over an object [19]. Other factors that may influence stopping distances between people and robots could be the extent to which the robot is likable [20] and the robot’s appearance and behavior [21].



A paradigm that is used by many studies is to have a robot approach people from different directions. For example, Syrdal and colleagues [22] made a robot approach people until it stopped at a 20-centimeter distance and found that approaches from the front left or front right were preferred. Similar results were found by Dautenhahn and colleagues [23], who had a robot approach people until it stopped at a distance of about 50 cm.



Most studies discussed so far used an approach distance based on Hall’s [10] classification of social distances. A different approach was followed by Walters and colleagues [17]. They had a person approach a robot until they felt that the distance between them and the robot was comfortable. In a similar experiment, Torta and colleagues [16] made a robot approach a seated or standing person from 5 different directions of approach until the person pressed a button to stop the robot at a comfortable distance to start a conversation. Similar to earlier studies, people preferred approaches from the front over approaches from the side. The optimal distances that were found varied between 1.6 m and 1.8 m, which is much larger than the distances used in earlier studies. An important difference was the nature of the approach. Where earlier studies mostly focused on handover tasks, this one focused on initiating a conversation.




1.2. Interactions Involving Multiple People


So far, we have only discussed studies that investigated preferable stopping distances and directions for interactions between one person and one robot. Ball and colleagues [24] used the same paradigm, but they also investigated whether differences occurred between people who were alone versus those who were in a dyad. People in this study had to solve a 3D jigsaw puzzle while the robot approached them from 8 possible directions, after which they would rate their perceived level of comfort. Results showed that the presence and position of a second person influenced the other person’s comfort profile, indicating that people have a different comfort experience while being alone versus being together with another person.



Similarly, Karreman and colleagues [25] investigated how two people who were placed in different formations evaluated the approach of a robot from 8 different directions while playing a Mikado game. They found differences in preference between different configurations. Like in Reference [16], people preferred an approach from the front, but only when standing in a side-by-side configuration. When standing in a face-to-face or V-shaped configuration, no clear preference of approach direction was found.




1.3. Human Formation Patterns


In the previous section, we introduced the concept of formation patterns, which refers to the different formations in which two or more people can stand while having a conversation. Kendon [26,27] investigated these human formation patterns and introduced the concept of o-space, which represents the focus of interaction of a group of people. When people have group conversations, they tend to place themselves in a circle facing each other. Kendon’s o-space is the space in the middle of that circle. A behavior-based model for a robot that joins a group of people who are in a conversation was implemented by Althaus and colleagues [28]. While this model nicely describes the interaction spaces of groups of people, it does not work as well for dyads. For dyadic interactions, Ciolek and Kendon [26] describe different configurations that vary from closed (facing each other) to open (standing abreast). A robot that approaches two people in an interation should position itself depending on the shape and size of their shared interaction space. Although some models for describing shared interaction space have been developed [29,30], experimental validation of these models in terms of perceived comfort is largely missing.




1.4. Research Aims


The aim of the current research is to experimentally study the shape and size of the shared interaction space of two people in a conversation. Torta and colleagues [16] developed a paradigm to directly measure the optimal distance of approach. We used this paradigm for measuring optimal stopping distances for two people in a conversation. Being in a conversation with another person creates a shared interaction space, or o-space [27]. According to Rios-Martinez [30], this shared interaction space lies between these people, shifted slightly toward the open side. Therefore, we hypothesized that people would take the personal space of their conversation partner into account when stopping the robot. In other words, they are expected to stop the robot at the edge of the shared interaction space instead of at the border of their own personal space. In addition, we expected that stopping distances would differ between different angles of approach, with stopping distances being larger for approach angles close to zero (approaches from the front) than for ones away from zero (approaches from the side).



Data from three studies will be used. In all studies, a Nao robot (Aldebaran Robotics, Fr.) approached two people from 5 different directions until it was stopped by both people. In the first study, we explored optimal stopping distances between two people sitting next to each other in an I-shape formation [26]. In the second study, we repeated the first study, but this time, people were sitting next to each other in an L-shape formation [26]. In the third study, we repeated the second study, but this time the robot approached three different targets. Like in the earlier studies, it approached the midpoint between the two people but it also approached a point directly in front of each of the two people.





2. Study 1


In this study, we tested our expectation that people take the personal space of their conversation partner into account in an I-shape formation [26]. This means that people face each other while having a conversation. During the conversation, a robot will be approaching them from different angles until it is stopped at a comfortable distance by both people.



2.1. Method


2.1.1. Participants and Design


Twenty-four participants (14 males and 10 females; Mage = 21.3, SDage = 2.03, Range = 19 to 26) were recruited for this experiment. Seven participants had previous experience with the Nao robot, but this did not significantly influence their responses. The participants performed the experiment in dyads. If there was only one participant available at a time, one of the experimenters played the role of the other participant. The experimenter in this case always pressed the button directly after the robot started walking. In addition, all stopping distance data of the experimenter were removed before analyses. The experiment lasted about 15 min, and participants were compensated for their participation with study credits.



The robot approached participants from five different angles and headed to a point in the middle of their chairs until both participants had pressed a button to indicate that the robot reached a comfortable distance to join the conversation. After each approach, both participants evaluated that specific approach. There were 5 trials that were presented in random order.




2.1.2. Materials


The experiment was conducted with the Nao robot in a 6 × 6 m lab at our university that was empty apart from two chairs in the center and two tables with a computer at the side. The chairs were arranged in an I-shape formation [26] and placed 1.25 m apart at a 90orientation. Figure 1 shows a picture and a schematic overview of the experimental setup. This figure shows the starting locations with points on a polar grid at a distance of 2 m from the origin and at angles of −70, −35, 0, +35, and +70. The front legs of the chairs were placed at −0.5 m, 0 m and at +0.5 m, 0 m from the origin of the polar grid. The resulting distance of the chair centers (representing the participant locations) from the target locations was 30 cm.



The room was equipped with an Impulse X2 motion tracking system (PhaseSpace Inc., San Leandro, CA, USA) consisting of 8 cameras mounted on the walls and a red LED with wireless LED controller. This LED was attached to the robot’s head for tracking its position during the experiment. The robot and the motion tracker were operated from a desktop pc running Vizard 4.0 (WorldViz, Santa Barbara, CA, USA). Two custom-built buttons for recording the stopping distances were attached to the desktop pc via a Phidget USB interface (Phidgets Inc., Calgary, AB, Canada).




2.1.3. Procedure


Upon entering the lab, participants read and signed an informed consent form informing them about the aim and procedure of the study. They were informed that they would be indicating comfortable distances for interacting with the Nao robot. More specifically, the instruction was that they would be having a conversation with each other while a robot approached them. They were asked to press the button when they felt that the robot was at a comfortable distance to join the conversation. At this point, the robot, that was sitting in the corner of the lab, was shown to them.



Participants then completed two anthropomorphism scales that were part of a different study. Data on these scales will not be reported. Next, participants were seated on the chairs. In order to create a natural conversation between participants, they were told to discuss their favourite holiday destinations and to not pay special attention to the robot during its approach. While the conversation was getting on the way, a random order of trials was generated, after which one of the experimenters positioned the robot at the first starting position.



The robot approached its target location until both participants had pressed their button or until the target was reached. After both participants had pressed their button, Nao took a few more steps. This was to prevent participants from being aware when the other person pressed the button. Next, Nao returned to a crouch position and asked participants to “please rate this direction of approach”. This form had one question: “How would you evaluate the approach of the robot?”. It had to be answered on a 5-point scale ranging from “very bad” to “very good”.



While participants answered this question, one of the experimenters positioned the robot at the next starting point. This procedure was repeated a total of 5 times. At the end of the experiment, participants again completed the two anthropomorphism scales and provided demographic information. Finally, they were thanked for their contribution and debriefed.





2.2. Results


Unless stated otherwise, we used linear mixed model to analyze effects of the angle of approach on stopping distance and evaluation of the approach. Prior to further analyses, we checked whether previous experience with the Nao robot influenced any of the variables of interest. Previous experience with the Nao robot influenced neither stopping distance (  F ( 1 , 94 ) = 1 . 22  ,   p = 0 . 27  ) nor evaluation of approach (  F ( 1 , 94 ) = 0 . 04  ,   p = 0 . 84  ). We therefore did not remove any data from further analyses.



2.2.1. Evaluation of the Direction of Approach


In Figure 2, average scores for participants’ evaluation of approach are shown as a function of the angle of approach. A significant effect of angle of approach emerged, with   F ( 4 , 86 ) = 3.31  ,   p = 0.014  ,    ω 2  = 0.26  . The average rating was highest for an approach angle of   0 ∘   (  M = 3.85 ± 0.19  ). The average rating was lowest for an approach angle of   −  70 ∘    (  M = 2.90 ± 0.21  ). There was no significant difference between the two seats (  F ( 1 , 86 ) = 1.08  ,   p = 0.30  ), indicating that participants who were seated on the left and right chairs evaluated the approach of the robot similarly. There was a significant interaction between the angle of approach and the seat, with   F ( 4 , 86 ) = 4.38  ,   p = 0.003  ,    ω 2  = 0.26  . Figure 2 clearly shows that this effect is caused mostly by the low evaluation of the person who was seated in the right chair for a robot coming from an approach angle of   +  70 ∘   .




2.2.2. Stopping Distance


In Figure 3, average stopping distances are shown as a function of angle of approach. A significant effect of angle of approach emerged, with   F ( 4 , 86 ) = 4.21  ,   p = 0.004  ,    ω 2  = 0.22  . The average stopping distance was highest for an approach angle of   +  35 ∘    (  M = 1.39 ± 0.07  ). The average stopping distance was lowest for an approach angle of   −  70 ∘    (  M = 1.05 ± 0.07  ). A significant effect of seat emerged, with   F ( 1 , 86 ) = 12.13  ,   p = 0.001  ,    ω 2  = 0.18  . Participants who were seated on the left chair (  M = 1.36 ± 0.04  ) on average stopped the robot at a larger distance than those who were seated on the right chair (  M = 1.15 ± 0.04  ). There was no significant interaction between angle of approach and seat (  F ( 4 , 86 ) = 1.28  ,   p = 0.29  ).





2.3. Discussion


An experiment was performed that explored optimal stopping distances in a shared interaction space between two people facing each other in an I-shape formation [26]. We hypothesized that people would stop the robot at the edge of the shared interaction space instead of at the border of their own personal space. We also expected stopping distances to differ per approach angle, with stopping distances being larger for approach angles close to zero than for ones away from zero.



Results show similar stopping distances for most approach angles, but stopping distances are bigger for large positive angles for the person sitting on the left chair. This means that those people stopped the robot at a larger distance when it approached from behind the other person. The differences in stopping distance are smaller for people sitting on the right chair. With an average difference of 20 cm between the two chairs, this is a rather big effect. A possible explanation for this could be the layout of the lab, in which people sitting on the right chair were closer to a wall than those sitting on the left chair (because that was where the computer controlling the robot was positioned). Having a bigger overview of the available space could have encouraged people sitting on the right chair to allow the robot to come closer.



People’s evaluations of all angles of approach were rather similar except for the largest negative angle of approach for the person sitting on the right chair. This is the situation in which the robot approached them from almost straight ahead. This finding contradicts those in which a frontal approach is preferred [16], but it corresponds to earlier ones that show that people dislike robots approaching them from the front [23,31]. The question remains why this effect only seemed to occur for people sitting on the chair on the right. Clearly more data are needed before any conclusions can be drawn.



Our main finding that people seem to take the personal space of the other person into account was promising, but more work was needed to validate this claim. In study 2, we aimed to test whether the shape of the interaction space is different for a different formation.





3. Study 2


In this study, we repeated the first study, but this time, people were sitting next to each other in an L-shape formation [26]. We hypothesized that the seating arrangement of people would not influence optimal stopping distances and that people would stop the robot at the edge of the shared interaction space.



3.1. Method


3.1.1. Participants and Design


Forty-five participants (21 males and 24 females; Mage = 21.1, SDage = 1.34, Range = 19 to 25) were recruited for this experiment. Thirteen participants had previous experience with the Nao robot. The participants performed the experiment in dyads. If there was only one participant available at a time, one of the experimenters again played the role of a participant. Stopping distance data of the experimenter were removed before analysis. The experiment lasted about 15 min and was part of a bachelor’s degree course.



Like in study 1, the robot approached participants from five different angles and headed to a point in the middle of them until both participants had pressed a button to indicate that the robot reached a comfortable distance to join the conversation. After each approach, both participants evaluated that specific approach on the same question as in study 1. There were 5 trials that were presented in random order.




3.1.2. Materials


The experiment was conducted with the Nao robot in the same room as study 1. This time, however, the chairs were arranged in an L-shape formation [26] and placed 1.25 m apart at a 90orientation. Figure 4 shows a picture and a schematic overview of the experimental setup which was similar to that in study 1. In this case, the front legs of the chairs were placed at −0.5 m, −0.5 m and at +0.5 m, −0.5 m from the origin of the polar grid. The resulting distance of the chair centers (representing the participant locations) from the target locations was 80 cm.




3.1.3. Procedure


The procedure was identical to that of study 1. Participants first read and signed an informed consent form informing them about the aim and procedure of the study. Participants then completed the two anthropomorphism scales (which were again used for different purposes) and were seated on the chairs. They received the same instructions about the robot approaching them and were again asked to stop it at a distance that was comfortable for joining the interaction. While conversing about holiday destinations, the robot approached them from each of the 5 different angles in random order. Participants evaluated each of the approaches with the same question as in study 1. At the end of the experiment, participants again completed the two anthropomorphism scales and provided demographic information. They were finally thanked for their contribution and debriefed.





3.2. Results


Unless stated otherwise, we again used linear mixed models to analyze effects of approach direction on stopping distance and evaluation of the approach. Again, previous experience with the Nao robot influenced neither stopping distance (  F ( 1 , 188 ) = 0 . 26  ,   p = 0 . 61  ) nor evaluation of approach (  F ( 1 , 188 ) = 0 . 13  ,   p = 0 . 72  ). We therefore did not remove any data from further analyses.



3.2.1. Evaluation of the Direction of Approach


In Figure 5, average scores for participants’ evaluation of approach are shown as a function of angle of approach. A significant effect of angle of approach emerged, with   F ( 4 , 180 ) = 3.63  ,   p = 0.007  ,    ω 2  = 0.16  . The average rating was highest for an approach angle of   +  35 ∘    (  M = 3.46 ± 0.14  ). The average rating was lowest for an approach angle of   −  70 ∘    (  M = 2.82 ± 0.15  ). There was no significant difference between the two seats (  F ( 1 , 180 ) = 0.92  ,   p = 0.34  ), indicating that participants who were seated on the left and right chairs evaluated the approach of the robot similarly.



There was a significant interaction between angle of approach and seat, with   F ( 4 , 180 ) = 5.14  ,   p = 0.001  ,    ω 2  = 0.16  . This interaction is clearly visible in the figure, which shows that evaluations of participants who were seated on the left chair were more negative for large positive angles, while those of participants who were seated on the right chair were more negative for large negative angles. In the L-formation used in this experiment, these situations correspond to approaches from the front:   +  70 ∘    for participants seated on the left and   −  70 ∘    for participants seated on the right.




3.2.2. Stopping Distance


In Figure 6, average stopping distances are shown as a function of angle of approach. A significant effect of angle of approach emerged, with   F ( 4 , 180 ) = 11.70  ,   p < 0.001  ,    ω 2  = 0.22  . The average stopping distance was highest for an approach angle of   +  35 ∘    (  M = 1.46 ± 0.04  ). The average stopping distance was lowest for an approach angle of   −  70 ∘    (  M = 1.07 ± 0.05  ). A significant effect of seat emerged, with   F ( 1 , 180 ) = 31.05  ,   p < 0.001  ,    ω 2  = 0.18  . Participants who were seated on the left chair (  M = 1.43 ± 0.03  ) on average stopped the robot at a larger distance than those seated on the right chair (  M = 1.21 ± 0.03  ). There was no significant interaction between angle of approach and seat (  F ( 4 , 180 ) = 1.62  ,   p = 0.17  ).





3.3. Discussion


This experiment explored optimal stopping distances in a shared interaction space between two people sitting next to each other in an L-shape formation [26]. We again hypothesized people to stop the robot at the edge of the shared interaction space instead of at the border of their own personal space. Results show that stopping distances are bigger for large positive angles than for large negative ones, especially for people sitting in the chair on the left. The average difference between the two chairs was again about 20 cm, so the effect found in study 1 seems to be consistent.



People’s evaluations of the approaching robot were more positive when it approached them from straight ahead, which is in line with findings of study 1. This time, however, the pattern seemed to occur for all participants. Our finding in study 1 that people take the personal space of the other person into account was also validated in the current experiment. If people indeed take another person’s personal space into account when stopping a robot at a comfortable distance, this would mean that different stopping distances can be expected when the robot approaches targets different than the midpoint between two people. This expectation will be tested in study 3.





4. Study 3


In this study, we replicated the second study, but this time, we varied the target location of the robot to be in front of either person or directly in between. We hypothesized that the preferred stopping distance would be smaller for the person who the robot approached than for the other person in the interaction.



4.1. Method


4.1.1. Participants and Design


Thirty-two participants (24 males and 6 females; Mage = 23.5, SDage = 2.19, Range = 18 to 28) were recruited for this experiment. For one dyad, no data are available due to overheating problems with the robot. Of the remaining 30 participants, 21 had previous experience with the Nao robot. The participants performed the experiment in dyads. The experiment lasted about 30 min, for which participants were paid 5 €.



During the experiment, the Nao robot approached the participants from each of five different angles, but this time, it also headed to 3 different target locations. A picture and a schematic overview of the experimental setup with the approach angles and target points are provided in Figure 7. This figure shows the starting locations with points on a polar grid at a distance of 2 m from the origin and at angles of −70, −35, 0, +35, and +70. The target locations were the origin, a point 0.5 m to the left of the origin, and a point 0.5 m to the right of the origin. Participants experienced 15 trials that were presented in random order.




4.1.2. Materials


The experiment was conducted with the Nao robot (Aldebaran Robotics, Fr.) in the same room as the other two studies. The chairs were arranged in an L-shape formation [26] and placed 1.25 m apart at a 90orientation, such that the front legs of the chairs were placed at −0.5 m, −0.5 m and at +0.5 m, −0.5 m from the origin of the polar grid. The resulting distance of the chair centers (representing the participant locations) from the target locations was 80 cm.




4.1.3. Procedure


The procedure was identical to that of the other studies. Participants signed an informed consent form, completed the anthropomorphism scales (again for different purposes than the current research), were seated in the chairs, indicated preferred stopping distance and evaluation of approach for a total of 15 times, completed the anthropomorphism scales again and provided demographic information, were thanked for their contribution, were debriefed, and were paid for their participation.





4.2. Results


Unless stated otherwise, we again used linear mixed model to analyze effects of approach direction on stopping distance and evaluation of the approach. Again, previous experience with the Nao robot did influenced neither stopping distance (  F ( 1 , 407 ) = 1 . 45  ,   p = 0 . 23  ) nor evaluation of approach (  F ( 1 , 401 ) = 1 . 64  ,   p = 0 . 20  ). We therefore did not remove any data from further analyses.



4.2.1. Evaluation of the Direction of Approach


In Figure 8, the average scores for participants’ evaluation of approach are shown as a function of angle of approach and target. A significant effect of angle of approach emerged, with   F ( 4 , 373 ) = 2.97  ,   p = 0.020  ,    ω 2  = 0.09  . The average rating was highest for an approach angle of   +  35 ∘    (  M = 3.31 ± 0.12  ). The average rating was lowest for an approach angle of   −  70 ∘    (  M = 2.79 ± 0.12  ). There was no significant difference between the two seats (  F ( 1 , 373 ) = 1.06  ,   p = 0.30  ), indicating that participants who were seated on the left and right chairs evaluated the approach of the robot similarly. There was also no significant effect of target (  F ( 2 , 373 ) = 1.40  ,   p = 0.25  ), showing that participants stopped the robot on average at similar distances between the three targets.



There was a significant interaction between angle of approach and seat, with   F ( 4 , 373 ) = 3.08  ,   p = 0.016  ,    ω 2  = 0.09  . It seems that participants seated on the left chair had a slight preference for the robot approaching from large positive angles, while no such difference is visible for participants seated on the right chair. The differences in evaluation are however smaller than in the first and second study.



Finally, there were no significant interaction effects between target and angle of approach (  F ( 8 , 373 ) = 0.49  ,   p = 0.87  ) or between target and seat (  F ( 2 , 373 ) = 0.80  ,   p = 0.45  ).




4.2.2. Stopping Distance


In Figure 9, average stopping distances are shown as a function of angle of approach and target. There was no significant effect of angle of approach (  F ( 1 , 379 ) = 1.54  ,   p = 0.19  ). A significant effect of seat did emerge, with   F ( 1 , 379 ) = 10.79  ,   p = 0.001  ,    ω 2  = 0.21  . Participants who were seated on the left chair (  M = 1.10 ± 0.02  ) on average stopped the robot at a larger distance than those who were seated on the right chair (  M = 1.00 ± 0.02  ).



There was also a significant effect of target, with   F ( 2 , 379 ) = 5.96  ,   p = 0.003  ,    ω 2  = 0.18  . Participants let the robot come closest when it approached the middle target (  M = 0.98 ± 0.03  ), followed by the target in front of the right chair (  M = 1.06 ± 0.03  ); the largest stopping distances were found when the robot approached the target in front of the left chair (  M = 1.12 ± 0.03  ).



Finally, there were significant interaction effects between angle of approach and seat (  F ( 4 , 379 )  =  4.67  ,   p = 0.001  ,    ω 2  = 0.23  ) and between seat and target (  F ( 2 , 379 ) = 23.50  ,   p < 0.001  ,    ω 2  = 0.23  ). As can be seen in Figure 9, for each of the three target locations, participants who were seated on the left chair seemed to respond differently to various approach angles than participants seated on the right chair. When the robot approached the target close to the left chair, participants on that chair appear to allow the robot to come closer when it comes from the side of the other participant than when it comes from their own side. The same pattern occurred for participants who were seated on the right chair. When the robot approached the target in the middle of the two chairs, participants seated on the left chair stopped the robot at about the same distance for all approach angles, while participants seated on the right chair preferred a slightly larger distance when the robot approached from the middle. When the robot approached the target close to the right chair, participants on that chair stopped the robot at about the same distance for all approach angles while participants on the left chair stopped the robot at slightly varying distances.





4.3. Discussion


This experiment explored optimal stopping distances in a shared interaction space between two people sitting next to each other in an L-shape formation [26]. This time, the target location of the robot was varied to be in front of either person or directly in between. We hypothesized that the preferred stopping distance would be smaller for the person that the robot approached than for the other person in the interaction.



Results show different patterns over the three target locations. When approaching the target in front of the person on the left chair, stopping distances follow the expected pattern. That is, both people stop the robot at a larger distance when it approaches from the side of the other person than when it approaches from their own side. When the robot approaches the target in the middle of the two chairs, stopping distances are rather similar between the different approach angles, representing an equal distance from both people. These two patterns indicate that people take the personal space of the other person into account when stopping the robot.



Stopping distances did not follow this expected pattern when the robot approaches the target in front of the person seated on the right chair. In this case, people on the right chair clearly stopped the robot at a smaller distance than those on the left chair. This finding is similar to those in studies 1 and 2 and can be related to the setup of the lab. Future studies could aim to investigate this effect in more detail.



Unlike in studies 1 and 2, no obvious pattern occurred for people’s evaluations of the approaching robot. A possible explanation for this could be that the duration of the current experiment was longer than that of the first two studies, making the conversations between people longer as well. As the duration of the conversation increased, their attention to the robot may have decreased a bit, leading to rather neutral evaluations for all approach angles.





5. General Discussion


A series of experiments was performed with the aim to experimentally validate the shape and size of the shared interaction space of two people in a conversation. We were interested in whether people would take the personal space of another person into account while being approached by a Nao robot. Our findings show that, in most cases, they do so, as seen by larger stopping distances when the robot approaches from behind the other person.



In an experiment similar to the current one [16], stopping distances between 1.6 m and 1.8 m were observed. In the current studies, we observed stopping distances ranging between about 1.0 m and 1.4 m relative to a target position that was about 0.5 m in front of the participants. This corresponds to a stopping distance of 1.5 m to 1.9 m and, thus, closely matches earlier work. When looking at this more closely, we could state that a group of people places themselves in circular formation oriented towards the center (see Reference [27]), which in our case would mean that people sat on a circle with radius r = 88 cm (   1 2   2    times the interpersonal distance of 1.25 m). Based on the work by Kendon [27], we expected that the best position for the robot to stop is on the median line between the participants, which is at a distance of   0 . 88 + 1 . 25 / 2 =   1.50 m. This value also closely matches our findings.



Several models for human proxemics were developed. For example, Sisbot and colleagues [32,33] developed a human-aware model for navigation that takes social acceptability into account. This model focuses on a person’s field of view and posture, but it takes people as nonmoving entities. Satake and colleagues [34] extended on this with a three-stage model in which the robot predicts a person’s walking behavior, finds a suitable person with whom to engage in an interaction, announces itself to attract that person’s attention, and then initiates a conversation.



Papadakis and colleagues [35,36] proposed a probabilistic model for robots to adapt their path-planning trajectories to social sensitivity levels. Finally, Charalampous and colleagues [37] developed a method for planning socially acceptable paths based on the actions a person is performing.



A nice feature of our paradigm is that we are able to measure the stopping distance of both participants of a dyad separately, allowing us to show that people in a conversation seem to stop the robot at the edge of their shared interaction space. This finding confirms that robots should take the shared interaction space into account when approaching humans that are interacting with each other.



In addition to the stopping distances, we also measured how our participants evaluated each approach. In studies 1 and 2, the most positively evaluated approaches were those from the sides where the people were sitting. This effect was rather small though, and no such clear patterns were found in the third study. A similar study that investigated perceived comfort of people in various formations found no significant effects of approach angle [25]. Another study that had a robot approach people from different directions showed a small preference for approaches from the right side [23]. More recent work that evaluated perceived comfort of a robot passing people on either their left or right sides also found no differences between these two sides [13]. Based on these findings, we cannot yet conclude that people prefer approaches from one side or another.




6. Limitations and Future Work


The studies in this paper were performed with a Nao robot, which is just one of the many robots that have been used for this kind of work in recent years. Walters and colleagues [38] showed that stopping distances depend on a robot’s appearance and behavior and on the type of interaction people have with the robot. Different stopping distances were observed for PR2 [39], Bandit II [21], and the Nao robot [16] in earlier studies. These robots vary greatly in height and size, making it hard to generalize the findings of the current work. The notion that people seem to take the personal space of others into account should however not differ between different robots, and future work can be designed to validate whether this is indeed the case.



Human positioning in relation to a robot also differs between different robot activities (handing over an object or uttering a verbal message), user activities, or the perceived capabilities of the robot [21]. With all these contextual factors playing a role, it is important to keep as many factors as possible constant. We have attempted to do so by executing three similar studies that seem to show a consistent pattern.



In our studies, participants who mostly did not know each other beforehand were instructed to start a conversation about their favourite holiday destinations, which could have been awkward for them given the interruptions from questionnaires and the repositioning of the robot. Our experiences with these participants was nevertheless rather positive, such that they seemed to have little trouble chatting about these holiday destinations. Future work on estimating where robots should place themselves to join a group interaction could make use of this topic to create natural interactions between strangers.



It was also not hard for them to figure out that we were mostly interested in the stopping distances and how they varied between the approach angles. This could have influenced their behavior in the experiments. We still believe it is unlikely that the patterns of responses were affected, since participants were probably unaware of their own personal space and their shared interaction space. Future work could test this more explicitly by asking people whether they deliberately leave more space between them and the robot when it gets close to other people in the interaction.



Finally, participants were not restricted in how they turned their heads during the experiments, and many of them were facing each other (even in the L-shaped formation). As a result, they may have looked at the robot once in a while, but looked at the other participant the rest of the time. While the robot is in their peripheral vision, they would still be able to see the robot while deciding to stop it. When the robot was approaching them from the back, they will probably have made their decision based on auditory signals from the robot. If people did indeed turn their heads towards each other, they essentially cancelled out the manipulation of seating configuration, which would make the differences smaller. Results however still showed differences in stopping distance between the two people, so the influence of people turning their heads is rather small.




7. Conclusions


The current work investigated whether people would stop a robot at the edge of their own personal space or at the edge of a shared interaction space. Findings point in the direction of the latter. This means that, if robotic and autonomous systems need to operate in environments with people, they should take this into account. We believe that robots should respect shared interaction spaces and should choose a proper orientation when engaging with multiple users. When they do, people may be more likely to trust and, later, to accept robots in their physical space, ultimately creating natural social interactions between humans and robots.
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Figure 1. This figure shows (a) a picture and (b) a schematic overview of the setup in the lab for study 1. The two chairs are placed in a face-to-face (I-shape) formation. The starting points of the robot are indicated with black dots on the circular plane around the chairs. The target location of the robot is indicated with the black dot between the chairs. 
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Figure 2. Average evaluation ranging from 1 (very bad) to 5 (very good) per angle of approach (ranging from   −  70 ∘    to   70 ∘  ) and seat in study 1: Whiskers represent 95% confidence intervals. 
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Figure 3. Average stopping distance (in meters) per angle of approach (ranging from   −  70 ∘    to   +  70 ∘   ) and seat in study 1: Whiskers represent 95% confidence intervals. 
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Figure 4. This figure shows (a) a picture and (b) a schematic overview of the setup in the lab for study 2. The two chairs are placed in an L-shape formation. The starting points of the robot are indicated with black dots on the circular plane around the chairs. The target location of the robot is indicated with the black dots between the chairs. 
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Figure 5. Average evaluation ranging from 1 (very bad) to 5 (very good) per angle of approach (ranging from   −  70 ∘    to   +  70 ∘   ) and seat in study 2: Whiskers represent 95% confidence intervals. 
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Figure 6. Average stopping distance (in meters) per angle of approach (ranging from   −  70 ∘    to   +  70 ∘   ) and seat in study 2: Whiskers represent 95% confidence intervals. 
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Figure 7. This figure shows (a) a picture and (b) a schematic overview of the setup in the lab for study 3. The two chairs are placed in an L-shape formation. The starting points of the robot are indicated with black dots on the circular plane around the chairs. The target locations of the robot are indicated with black dots between the chairs. 
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Figure 8. Average evaluation ranging from 1 (very bad) to 5 (very good) per angle of approach (ranging from   −  70 ∘    to   70 ∘  ), seat, and target location in study 3: Whiskers represent 95% confidence intervals. 
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Figure 9. Average stopping distance (in meters) per angle of approach (ranging from   −  70 ∘    to   +  70 ∘   ), seat, and target location in study 3: Whiskers represent 95% confidence intervals. 
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