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however, their work did not include interaction within that
boundary. There has been similar work about robots
approaching groups of people [5]. Some related studies have also
been done in human-robot hand-over [7], but these pertain
mainly to technical safety and path-planning rather than
comfort.
Further to these examples, we build on previous work by
using heart rate to non-intrusively measure stress related to
personal space invasion [4]. We also explore two different
approach angles, a factor shown to affect people’s interaction
preferences in [10].

ABSTRACT
Our research aims toward a method of evaluating how invasion
of personal space by a robot, with appropriate social context,
affects human comfort. We contribute an early design of a
testbed to evaluate how comfort changes because of invasion of
personal space by a robot during a collaborative task within a
shared workspace. Our testbed allows the robot to reach into the
human’s personal space at different distances and urgency levels.
We present a collaborative task testbed using a humanoid robot
and future directions for this work.
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The purpose of this testbed is to provide a way of measuring
how a person’s comfort changes because of personal space
invasion by a robot during a collaborative task. We believe our
simple Lego-building task described in this section will scale to
other types of collaborative tasks such as those that might occur
in the workplace.
Our testbed is based on a Rethink Robotics Baxter humanoid
and Wizard of Oz [9] implementation. We designed two versions
of the testbed to accommodate a scenario in which the builder is
seated across the table from Baxter (Figure 1, top) and builds a
Lego house, and a scenario in which the builder is seated next to
Baxter on the same side of the table (Figure 1, bottom) and builds
a Lego vehicle. These scenarios allow Baxter’s reach to approach
the participant from the front and from the side. While the
participant is building, Baxter repeatedly reaches into their
personal space to deliver additional Lego blocks. There are six
reach states in each scenario, defined by three different reach
distances and two different levels of urgency.
The two urgency levels are defined by the amount of time it
takes Baxter to complete the dump. In the “hurried” states,
Baxter dumps the Lego as soon as the arm arrives at the reach
distance. This results in Baxter’s arm remaining within the
builder’s personal space for a shorter time. In the “relaxed”
states, Baxter waits for 1.5 seconds before dumping the Lego and
before returning to the waiting state, maintaining the intrusion
for a longer time.
In the Across scenario, Baxter’s reach distances are 6, 8 and
12 inches from the participant’s edge of the table. In the Beside
scenario, the reach distances are measured from the participant’s
edge of the additional table separating them from Baxter (Figure
1, bottom). The medium distance is at that edge, while the near
distance is 2 inches closer to the participant and the far distance
is 2 inches closer to Baxter. This setup allowed closer reaches.

1 INTRODUCTION
Personal space has been defined as “the area individuals
maintain around themselves into which others cannot intrude
without arousing discomfort” [3]. Consequently, maintaining
appropriate interpersonal distance is important in social
interactions. However, there are many scenarios in which
interaction with a robot within personal space may be
appropriate or necessary. For example, research has shown that
robot-assisted movement training may be useful after a stroke
[8]. We are therefore investigating how invasion of personal
space by a robot affects comfort. We present an early testbed to
evaluate comfort during a collaborative task with a robot, and
future directions for this work.

2 RELATED WORK
In [1], Argyle and Dean present their equilibrium theory for
social interactions. This theory recognizes that the appropriate
distance for interaction may be inside the typical personal space
boundary depending on other factors of interaction such as
amount of eye contact, intimacy of topics discussed, and amount
of smiling.
In [11], Walters et. al. used the stop-distance technique to
define a personal space boundary when interacting with robots;
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In a full study still to come, the question we will aim to
answer is: When a human’s personal space is violated by a robot
during collaboration on some task, how is the human’s comfort
affected by different levels of portrayed urgency and depths of
intrusion? We hypothesize that decreased urgency, or greater
duration of intrusion, as well as greater depth of intrusion, will
elicit stronger reactions from participants.
Future planned work in this direction includes testing
additional variables such as speed and facial expression.
Collaboration with different robots will also be considered;
Baxter’s large arms and body size may be intimidating, which
will likely affect the findings.
We believe that further investigation of the ways in which
robots should intrude on people’s personal space would provide
insight into how robots should behave in social situations,
particularly during collaborative tasks that require intrusion into
people’s personal space, for example, in the workplace or the
intimate touch required during many healthcare tasks.

Baxter’s head LCD screen displays a neutral face and gazes
down toward the table where the participant is building and
blinks or glances up toward the participant randomly
throughout the interaction. The neutral face was chosen since
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