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Abstract. Home Companion Robots need to be able to support users
in their daily living activities and to be socially adaptive. They should
take account of users’ individual preferences, environments and social
situations in order to behave in a socially acceptable manner and to gain
acceptance into the household. They will need to be context-aware, tak-
ing account of any relevant contextual information and improve on deliv-
ering services by adapting to users’ requirements. We present the design,
implementation and technical evaluation of a Context-aware Proxemics
Planner which aims to improve a robots’ social behaviour by adapting
its distances and orientation to the user in terms of interpersonal space,
based on contextual information regarding the task, user and the robot.

Keywords: Human-Robot Interaction - Proxemics - Social robots -
Robotic home companions + Context-aware systems

1 Introduction

According to Dey et al. [6], a context-aware system uses context to provide rel-
evant information and/or services to the user relevant to the user’s task. Much
research in the field of context-aware systems originates from the field of ubig-
uitous computing. For example, Weiser [24] envisioned a scenario in which the
computational power (of machines) is available anywhere, embedded within the
human environment making information available to users [3]. There are now
many location aware systems including intelligent tour guides [1,4,19], and many
of these depend on the robot knowing where the user is as well as how to physi-
cally approach the user for interaction. Context-aware systems are not limited to
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location-aware systems; Dey et al. [6] introduced a Conference Assistant which
uses time and location contextual information to provide attendees with infor-
mation related to what is happening in these locations. Context-aware systems
are also widely used in the fields of human-computer interaction, artificial intelli-
gence, computer vision [5] and e-commerce [15]. Different researchers define con-
text differently depending on the specific nature of a particular context-aware
system.

2 Requirements for a Context-aware Proxemics Planner

A context-aware proxemics planner for robot home companions should under-
stand users, their everyday activities, and their requirements with respect to the
services a robot companion may be able to provide [8]. Two important cate-
gories of current domestic robot services particularly relevant to elderly care are
cognitive prosthesis (e.g. reminder functions) and physical assistance (e.g. sup-
port in fetch and carry tasks etc.). The target for our robot was that it should
be able to provide a variety of notifications, reminders and fetching or carrying
tasks, to support independent living of users in a home environment. To achieve
this, the robot needs to be aware of users’ activities, their environment and their
situation. This contextual information can often be derived from raw sensor
data from smart home sensors, and can be converted into meaningful semantic
symbolic expressions that describe users’ activities, situations and events in their
environment [7,18]. Together these semantic symbolic expressions form the main
mechanism that provides the robot with the contextual information needed to
perform its tasks. This contextual information can be divided into the follow-
ing five different categories (i.e. one physical context and four logical contexts)
taking inspiration from Mostefaoui and Hirsbrunner [14]:

Physical Context: Contexts that can be measured directly from hardware sen-
sors i.e. drawer is open, doorbell is ringing, light is on, temperature etc.

User Context: User activity, user location, user role, user preferences, user
social situation and user permission profile etc.

Robot Context: Robot activity, robot location, robot role.

Time Context: Current time, day, year, month and season etc.

Context History: A time-stamp log of the above contexts which can be used
to improve the robot system.

Using this contextual information the robot could in principle take the initiative
in assisting its users as well as taking account of users’ preferences and overall
social situations within these interactions. We use a research and development
robot platform (Care-O-bot3®) manufactured by Fraunhofer IPA [17] employing
ROS navigation [13] to update a location map in real-time and being able to
navigate to any given location, whilst avoiding obstacles and replanning routes.
The robot is sited in a naturalistic, sensorised, domestic environment (which we
call the Robot House) for research into helping elderly persons remain longer in
their homes [2,18]. The Robot House is equipped with over 50 sensors, which
sense and infers users’ activities at relevant locations, such as the Dining Area,
Living Room, Kitchen, Bedroom and Bathroom.
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3 A Context-aware Proxemics Planner (CaPP)

The Context-aware Proxemics Planner (CaPP) presented here adapts the robot’s
distances and orientation in terms of interpersonal space, based on the contextual
information of the user and the robot. Previous research [10,12,20,22,23] has
shown that proxemics (i.e. how interactants negotiate interpersonal space) plays
an important role in Human-Robot Interaction (HRI). Therefore it is essential
that a robot takes account of users’ proxemics preferences during interactions.
Research also suggests that users’ proxemics preferences vary depending on their
familiarisation and experience with robots [10,21-23], and the situation and the
context of the interaction. For example, a robot approaching a person who is
seated in the Living Room with the aim of interacting with the user should
behave differently depending on the activity the person is currently engaged
in and the purpose of the robot that initiated the interaction. If the user is
watching TV in the Living Room, they may not want the robot to approach and
stop at their preferred (relative) approach position and orientation as it might
block their view of the TV. However, this approach, and interruption, may be
appropriate if the robot is presenting urgent information that needs to be acted
upon, such as a visitor at the door. The CaPP aims to provide appropriate target
coordinates for the robot to approach the user in a socially acceptable manner,
and to maintain a suitable interaction distance from the user. It ensures that the
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robot will always approach a user in a predictable and safe manner. The planner
was built as a ROS service [16], independently of the robot’s navigation system
for portability. A ROS based client needs to provide the user’s 1D, posture,
coordinate (x, y, orientation) in the map, and the robot’s task at the target
coordinate. Replies from the CaPP service are in the form of ranked target
coordinates. If the robot fails to approach the first target coordinate due to
unexpected obstacles, the next target coordinate will be used. This process will
continue until the robot reaches one of the target coordinates. The CaPP consists
of three components: Proxemics Preferences Algorithm, Preference Exceptions
Algorithm and Location Ontology Proxemics Algorithm that work together as
illustrated in Fig. 1.

3.1 Proxemics Preferences Algorithm

The Proxemics Preferences Algorithm was inspired by literature from human-
human proxemics and from human-robot proxemics studies [10,23]. It gener-
ates a maximum set of twenty-one possible target coordinates around the user.
These coordinates are arranged in three layers of circular configuration, where
each layer consists of seven coordinates. The layers are arranged with 0.4m,
0.7m and 1.5m radius of curvature from the user (see Fig.2a). The 0.4m and
0.7m interaction distances are reserved for physical interactions such as per-
forming fetch and carry tasks for the user, while the 1.5 m interaction distance is
reserved for verbal only interactions such as notifying or reminding the user. The
default distance for physical interaction is set at 0.7m while 0.4m is reserved
for experienced users, and 1.5 m distance for users who have no experience inter-
acting with similar robots. Each layer has seven different robot approach angles
from the perspective of the user which are arranged at 45° apart, as shown
in Fig.2a. They are based on previous study [23] which suggested that people
may have different preferences for robot approaches, but normally preferred the
robot to avoid approaches from behind. The seven approach angles are ranked
from the most preferred (i.e. 1) to the least preferred (i.e. 4) for each side of the
participants as suggested by human-robot proxemics literatures [9,11].
Incorporating the user’s proxemics preferences, interaction experiences with
robots and the robot’s task, the Proxemics Preferences Algorithm utilises the
priority data from the approach distance and the approach angle to generate
twenty-one possible target coordinates. These coordinates will be ranked from
1-21 for user friendliness (e.g. Fig.2b) where 1 is most user friendly and 21
being least friendly. The algorithm begins by identifying a distance layer and an
approach angle that matches the user’s preferences. If the user prefers the robot
to approach from their front right with a default interaction distance (i.e. circle X
in Fig. 2b) this coordinate will be placed in possible targets list with the highest
ranking (i.e. rank 1). It will then determine the next friendliest coordinate around
the user that has the same interaction distance to the user and so on until there
are twenty-one ranked target coordinates for the robot around the user (Fig. 2b).
The ranked target coordinates then go through an elimination process to verify
with a static map of the environment to ensure that they are (a) in the same
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Fig. 2. Examples of possible target poses around the user. The layer of circles indicate
different interaction distances from the user. (a) The X markings indicate the twenty-
one possible robot poses around the user, (b) an example of the twenty-one possible
robot target poses ranked based on the user’s preferences indicated by X.

location as the user, (b) the location can be occupied by the robot and that
(c) the coordinates are reachable by the robot from its current location. Only
the target coordinates that survive this elimination process are then sent back to
the client. This allows the robot to approach a user using the best ranked (i.e. 1
for more human friendly) target coordinate and only use a less desirable ranked
coordinate when the best ranked coordinate is not accessible by the robot due
to dynamic obstacles.

Figure 3 shows an example of a robot using the algorithm to approach a
user seated at X. The valid ranked target coordinates were plotted around the
user. Note the most preferred target (highest ranked) is marked with a darker
coloured arrow than a least preferred target which is marked with a lighter
coloured arrow. In this example, the user prefered a frontal approach with a
close interaction distance (see Fig. 3a). As the robot approached its initial target
pose and discovered that the target was no longer valid due to the presence of
a dynamic obstacle (see Fig. 3b), it proceeded to use a lower ranked target pose
which allowed it to successfully approach the user (see Fig. 3c).

3.2 Preference Exceptions Algorithm

The Preference Exceptions Algorithm deals with special cases such as when the
user is in engaged in specific activities or at different locations. For example, the
user can specify that the robot should be in a specific position and orientation
when the user is watching TV (activity based) or when the user is in the kitchen
(location based). There are two ways the user can set these preferences; one is
to set a preferred target coordinate for the robot based on the user’s location,
the other is to set the preferred coordinate based on the activity of the user
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Fig. 3. Sequence of images illustrating a robot using the Proxemics Preferences Algo-
rithm generated target coordinates to approach a user sitting at position marked “X”.
The robot is shown in the centre of the image and the blue areas are expanded obsta-
cles that the robot avoids. The valid target coordinates are illustrated using arrows
of different grayscale to illustrate their ranking from the highest (black) to the lowest
(white). (a) The robot navigates toward the darkest arrow i.e. 1, (b) encountered a
dynamic obstacle at the initial target coordinate and (c) switches to the next ranked
target coordinate and successfully approach the user. (Color figure online)

(e.g. contextual information [7]) deriving from sensory information. The algo-
rithm will then utilise the contextual information from the user’s location or
that of the sensors triggered by the user to send the robot to these specific
coordinates.

3.3 Location Ontology Proxemics Algorithm

The Location Ontology Proxemics Algorithm deals with cases where it is not pos-
sible for the robot to approach the user at their location. This can be because
there is no valid path for the robot to approach the user (e.g. the user is behind
a doorway that is too small for the robot to go through), or the robot cannot go
into a small confined area such as a kitchen. In these situations, it is neither fea-
sible to use the Proxemics Preferences Algorithm nor the Preference Exceptions
Algorithm unless exceptional cases were pre-set by the user for these locations.
This algorithm uses the user’s location information to search for a target coordi-
nate that is located at a reachable location closest to the user’s current location.
For example, if the user is in the Kitchen (see Fig.4a), the algorithm will search
the hierarchical location table Fig. 4b for the Kitchen object. Knowing that the
Kitchen is not a valid target for the robot (see Fig.4b row 11, column ValidRo-
botLocation), it will search for the closest location that is valid for the robot
(i.e. Kitchent Entrance) and retrieve its coordinate for the robot.
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(b) LocationOntology table in the Robot House database

Fig. 4. Location Ontology of Robot House. (a) The hierarchical labelling of locations
are shown using colour label while small black numbered square boxes indicate the
location of sensors. (b) Location Ontology table used by the algorithm to locate valid
robot coordinates. (Color figure online)

4 Technical Evaluation of the Context-aware Proxemics
Planner

A technical evaluation (formative study) was conducted to examine the efficacy
of the CaPP. The technical evaluation focused on how well the planner would
perform and adapt to a user’s preferences within the constraints of a domestic
environment. We identified three locations of interest, the Kitchen, Dining Area
and Living Room. These were locations where the robot would be likely to app-
roach the user for interaction. It is important that the planner can cope with
different users, taking into account their interaction experience with robots and
proxemics preferences. Table 1 shows the evaluation conditions diagram that was
developed to cover all the conditions highlighted above. There are two main con-
ditions, the first condition is a situation when there are no unexpected obstacle
in the environment while the second condition concerns a situation when there
is an unexpected obstacle in the environment. As shown, within each condition,
there are three different factors: Location, User, and Robot task.

The Location factor looks at the planner adapting to different environment
configurations in a domestic environment, in this case the Kitchen, the Dining
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Table 1. Evaluation conditions and the algorithms applied to each condition
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Area and the Living Room (Sofa location A and Sofa location B). The Users fac-
tor looks at the planner adapting to different user preferences (i.e. right handed
approach or left handed approach) and different interaction experience with
robots. The Robot Task factor looks at the planner adapting to different tasks
carried out by the robot during interaction (i.e. Notification or Fetch and Carry
tasks).

Overall we have 40 different configurations for the technical evaluation. Dur-
ing the experiment, we conducted three trials for each configuration for consis-
tency purposes. This resulted in a total of 120 trials. The trials were conducted
over a period of four days. The first two days involved all the trials for the envi-
ronment with no dynamic obstacle condition. The second two days involved all
the trials for the environment with dynamic obstacle condition.

Two virtual users were created for the experiment. First user had a prefer-
ence for the robot to approach from the right hand side, while the second user
had a preference for the robot to approach from the left. For the experiment,
the robot always started its approach to the user from its home coordinate. The
experiment involved an experimenter and an actor. The actor’s job was to act as
the user to sit at one of the locations during the experiment. The user’s sitting
location varied depending on the configurations of the specific trial being con-
ducted. During the experiment, a video camera was setup to record the robot’s
behaviours. Screen capture tools were also used to capture the outputs from
the Navigation System, the CaPP, the standalone client as well as the visual
display from ROS’s 3D visualization tool. This allowed us to collect all the data
necessary for improving the system.

4.1 Results

Overall, the results show that the robot successfully approached the user in all of
the 120 trials conducted to evaluate the performance of the CaPP, coping with 40
different configurations (three trials each) in the Robot House. The results indi-
cated that on average, the CaPP took less than 30ms to provide ranked target
coordinates in response to the standalone proxemics client request. The experi-
ment also revealed that the idea of the Context-aware Proxemics Planner providing
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ranked target coordinates is useful to ensure that the navigation system has other
options to reach the user in the cases of unexpected situations as encountered dur-
ing the experiment. There were a total of 30 occurrences where the robot could not
reach the first target coordinates (position or orientation) due to phantom obsta-
cles detected by the laser scanner or due to inaccurate localisation. However, in 24
of the occurrences, the robot was able to reach the user with second target coordi-
nates, in two of the occurrences the robot was able to reach the user using the third
target coordinates, in three of the occurrences the robot was able to reach the user
using the fourth target coordinates, and in one occurrence the robot was able to
successfully reach the user using the fifth target coordinates.

5 Discussion and Conclusion

The studies above also indicate that various enhancements to the proxemics
planning would be desirable e.g. by reducing the distance the robot has to travel
when approaching the user. Using the robot’s pose to determine whether it is
closer to the user’s left or right side would allow the algorithm to select the
optimum path towards the target while maintaining the same approach orienta-
tion (i.e. 45° to the right or 45° to the left). This extension would both provide
optimality in the path taken and indicate to the user that the robot was intel-
ligently making decisions while respecting the user’s preferences. Similarly the
CaPP system uses a circular shaped proxemics zone which causes the distance
between the robot and the user appear differently depending on the target loca-
tion of the robot (i.e. distance between user and robot for the same proxemics
zone is further when the robot is in front of the user then when at the side
of the user). This could be improved by using a modified ellipse shape zone to
ensure that the robot maintains the same user reachable distance around the
user. In conclusion, the developed context-aware proxemics planner, which oper-
ates independently of the robot navigation algorithm, allow users to personalise
the robots’ proxemic behaviour across different contexts. Results from a techni-
cal formative evaluation have shown that the developed context-aware planner
successfully and reliably utilised the user preferences and contextual information
to provide suitable, socially acceptable ranked target coordinates allowing the
robot to approach the user in a socially acceptable manner.
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