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Executive Summary

During 2004 and 2005 work in RA3 has developed according to the work specified in
the second implementation plan. In line with the recommendations at the last review,
there are increased efforts in the area of in-depth analysis of HRI studies relevant to the
KEs that inform other RAs. During 2004 and 2005 HRI trials were carried out at UH
and KTH investigating human-robot social spaces, robot behaviour styles and posture
and positioning in HRI. Within WP3.1 scenarios involving negotiation of space, robot
assistance provided in a helping task, and robot-to-human approach directions were
investigated in collaboration with WP3.3 on robot motion planning and relevant
specifically to KE2 (Curious Robot scenario). In WP3.2, examples of spatial
management during “Follow”, “Show”, and “Validate” joint-task observations directly
relevant to KE1 (Home Tour) were collected and analyzed. During the first months of
2005, WP3.1 and WP3.2 concentrated on in-depth analysis of empirical data and
dissemination of results to other partners and RAs as well as publication of results in
line with the second implementation plan. Within WP3.3 LAAS developed a navigation
planner in simulation, integrating results from WP3.1 that will in 2006 be implemented
and tested on a robotic platform. The new WP3.4 that started in June 2005, as a
response to reviewers’ comments, now provides a strong link to RA2 in order to
integrate the development of recognition algorithms for human activities and human
gestures to empirical data on “naturally” occurring (unscripted) human behaviour in HRI
trials. UH and UniKarl collaborate in WP3.4 to investigate gestures and body
movements in a human-robot teaching scenario relevant to KE3 (Skill Learning). Joint
work between UH and UvA considers social spaces in a following and guidance
scenario relevant to KE1. A user study has been designed for annotating video data with
human comfort levels. KTH’s work in WP3.4 is closely associated with KE1 and along
with the work in WP3.2 focuses on the human-robot dialogue studied in RAL in
collaboration with University of Bielefeld (UniBi). The focus of this work during the
second period has consisted of the development of an annotated multi-modal corpus of
interaction sequences in an initial work on taxonomy of gestures and body movements,
based on empirical data. During this implementation period, dissemination of outcomes
from RAS3 have included two technical reports and twelve papers being presented or
accepted for publication at various international conferences including IEEE CIRA 05,
IEEE Ro-man 05, IROS 05, Humanoids 05, AISB’05 Robot Companion Symposium
and HRI’06. Of these papers, three are joint publications; UH/IPA/LAAS at Ro-man 05,
LAAS/UH at Humanoids 05 and UH/LAAS for one of the papers accepted for HRI’06.
There has also been one journal submission with several more planned for 2006.
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Role of Social Behaviour and Embodied Interaction in COGNIRON

In the context of HRI social behaviour and embodied interaction is an important area of
research that involves numerous issues of e.g. verbal, non-verbal and affective
interaction. During the first two project years a few specific research topics have been
identified and investigated in RA3 that were considered most relevant for meeting the
project’s objectives of studying a cognitive robot companion. Research Area (RA) 3 is
concerned with social spaces, gestures, postures and body movements occurring in
human-robot interactions and their role in research on robot motion planning,
navigation and recognition of human-activities. This work is split into four Work
Packages (WPs) which aim at providing scientific insights based on experimental data
on socially acceptable, primarily non-verbal behaviour as relevant to the Key
Experiments (KEs). Verbal communication (dialogue) and affective factors (user
comfort) are considered as far as they are relevant for the specific scenarios in the KEs.
Different but complementary methods and methodologies are used to investigate these
issues; experimental data is derived from HRI user studies as well as simulation and
robotics testbeds. The work performed contributes to the development of frameworks
and models of interaction styles for Human-Robot Interaction (HRI) that a) inform the
implementation and testing of the KEs within COGNIRON in order to achieve the
project’s objectives, and b) via scientific dissemination contribute to knowledge in the
wider scientific HRI and robotics community.

Relation to the Key Experiments

The results from the work in RA3 are intended to support KEs 1, 2 and 3 primarily with
regard to the following COGNIRON Functions as described in the Key Experiment
Specification Documents [COGNIRON, 2005a-c].

e CF-SOC: Socially acceptable interaction with regard to spaces.

e CF-DLG: Multimodal dialogue including robust speech understanding for
natural communication.

e CF-NHP: Navigation in human presence

e CF-ACT: Detection and interpretation of human activities and postures

e CF-PTA: Person tracking and detection of attention

e CF-MHP: Manipulation in human presence

RA3 investigates issues that are relevant across the different Key Experiments.
Individual experiments within the individual WP’s typically focus on scenarios relevant
to a specific KE. WP3.1 and WP3.2 primarily target KE2 (“Curious robot”) and KE1
(“Home tour”) respectively. WP3.3 is mostly relevant for KE2 but also wider issues of
motion planning in the presence of humans which can be found across the KEs. WP3.4
targets primarily KE1 and KE3 (“Skill learning”) due to the nature of the experiments
that are linked to other RAs.
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RAZ3: Social Behaviour and Embodied Interaction

This deliverable covers the work carried out to achieve the aims of Research Area 3 in 2005
for the COGNIRON project. It provides a summary of the research activities carried out to
fulfil the objectives outlined in the second implementation plan for WPs 3.1, 3.2, 3.3, and 3.4.
It also provides a documentary record of activities, outcomes and dissemination within the
project and in relation to peer reviewed scientific papers and conference activities. Future
research for the next planning period will be mentioned briefly.

The main changes to the WPs for RA3 second project phase have resulted from the reduced
involvement of VUB and IPA in RA3. As outlined in the revised WPs for RA3 for Months
12-18, efforts have also been taken to strengthen RA3 by increasing the effort invested by the
existing partners and also by involving other partners (UvA and UniKarl) previously not
involved in RAS3, and also by adding a new workpackage (WP3.4) that specifically links
research in RA2 (Detecting and Understanding of Human Activity) and RA3 in response to
the feedback received from the reviewers at the first review. The WPs for the second
implementation plan emphasised the scientific integration within RA3 with other research
activities and the relationships to the Key Experiments. Both WP3.1 and WP3.2 involve
extensive user studies which address hard problems in social behaviour and embodied
interaction in experimental robotic setups involving mobile robots and human subjects. The
main themes were to further develop from previous work and to move on from first
exploratory studies to more focussed research questions, in-depth analysis of results and an
extension of the scope of the scenarios. Also, it was a desirable aim to add more autonomy to
the robots used in these trials, complementing studies in the first implementation phase which
were primarily Wizard of OZ (WoZ) controlled. WP 3.3 focuses on the development and
implementation of algorithms and models for sharing spaces when a robot operates in close
proximity to humans. In 2005 a navigation planner was finalised taking into consideration
results of user studies performed in WP3.1. This planner is now being implemented on a
robotics platform so that results can in future be tested and verified in HRI and robotics
experiments.

A completely new WP 3.4 has been introduced from June 2005 which explores requirements
for contextual interpretation of body postures and human activities. This new WP has already
demonstrated the potential to establish scientific integration between research in RA2 and
RA3, as well as HRI studies carried out at UH and KTH. It has also started to provide input
for research on recognition and tracking of human activities required for RA2 and also has
established links to RA1 and RA7. WP3.4 provided an opportunity to scientifically ground
research on recognition and tracking of human activities in HRI studies investigating
‘naturally occurring” (not pre-defined or pre-scripted) gestures, postures and body
movements. Moreover, while a comprehensive investigation of perception, expression and
modelling of emotions and affect goes beyond the scope of COGNIRON, some affective
aspects were included as far as they are relevant to the KE scenarios studied.

The current overall structure of RA3 in the 2nd Implementation Plan (M13-M24) has been
reflected in the four WPs which help define the research work areas:

e WHP3.1 Personal spaces and social rules in human-robot interaction
e WHP3.2 Posture and Positioning
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e WP3.3 Models and algorithms for motion in presence and in the vicinity of
humans

e WP3.4 Requirements for contextual interpretation of body postures and human
activities (WP started in June 2005)

The current progress, achievements, outcomes and future work for each of the four WPs is
given in the following sections. While the WPs are overlapping in terms of research issues
studied, the WP structure has been maintained for this deliverable in order to allow discussion
of specific experiments and results obtained in the individual WPs.

Work Package 3.1: Interaction Styles and Personal Spaces

The University of Hertfordshire (UH) is the lead partner for WP3.1. The main research
interest of WP3.1 is in the area of personal spaces and social rules in Human-Robot
Interaction. This section will summarise the research activities carried out during 2005 to
fulfil the outlined objectives of WP3.1. Substantial time has been spent during 2005 on
dissemination activities in relation to WP3.1, including further analysis and publication of
results reported in the 2004 deliverable D3.1.1. This is illustrated in the annex of publications
provided at the end of this document. As there are a number of publications, a summary of
the most important findings will be provided and the reader will be directed to the relevant
publication in relation to that particular research if further details are required.

WHP3.1: Progress and Achievements in 2005

The period from January to June 2005 was spent primarily completing the analysis and
writing up of the results and data obtained from the first two empirical exploratory studies of
human-robot interaction in the context of an initial encounter with a robot with a mechanistic
appearance performed in 2004. The first was the Children’s Play Scenario (carried out with
groups of children) and the second Single Adult Study (with single adults). Both studies were
introduced and initial findings presented in the previous COGNIRON Deliverable Report
D3.1.1 [COGNIRON, 2005]. Further analysis during the early part of 2005 has allowed the
drawing of further interesting results and conclusions from the two studies concerning
personal space zones, initial approach distances between robot and humans, the context of the
encounters and the human's perception of the robot as a social being. A full discussion of the
main results of these observations and analyses can be found in the resultant published peer
reviewed papers. Below, a short commentary highlights the main aspects of the research
relevant to WP3.1 which is described more completely in the respective papers. In September
2005 a document was produced and circulated to project partners (see the Appendix) which
summarises the results of the detailed analyses of the 2004 user studies with respect to social
distances. These results specifically informed the Home Tour studies at UniBi. These results
and the resulting initial set of 'social rules' for robot behaviour will be refined and extended by
results from the new HRI user studies performed in October-December 2005 (analysis of
these studies is still ongoing at the time of finalising this deliverable).

A discussion paper by Woods et al. [2005] presented at IEEE CIRA 2005 considered the
implications of the psychological phenomena of social facilitation effects for human-robot
interaction (HRI) studies. Research studies in HRI have significantly increased over the past
few years. Such studies typically investigate e.g. robot appearance and behaviour, and the
responses of subjects to robots. However, the possible effects of the experimental context on
results from human-robot interaction studies have attracted little attention and an overview of
robot trials using children and adults is provided. Observations from video footage are

reported, with particular consideration for the influence of the social context and social
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facilitation effects, including task complexity, evaluation context and type of presence on
outcomes of human-robot interaction studies.

Walters et al. [2005a], presented at Humanoids 2005, provides a comparison and discussion
of the Human-Robot (HR) and Robot-Human (RH) approach distance data obtained from
both the child and adult studies. The child groups showed a dominant response to prefer the
‘social zone’ distance, comparable to distances people adopt when talking to other humans.
From the single adult studies a small majority preferred the *personal’ zone, reserved for
talking to friends. However, significant minorities deviate from this pattern. In particular,
approximately 40% of the adult sample tested exhibited very close HR approach distances
which implies that they saw the robot (which had a mechanistic appearance) simply as a
machine, not a social entity.

The results from detailed analysis performed on the video recordings from the child study are
presented in te Boekhorst et al. [2005] where two hypothesis were tested: that children are
more attentive to a robot if the robot appears to be interested in the children; also if and how
the quality and quantity of a child’s attentive behaviour varies with the distance to the robot,
reflecting the notion of “social spaces”. The play scenarios had involved sixteen groups of up
to ten children each, in which they had to move closer to a robot over 6 successive rounds.
The robot was endowed with a “camera eye” and an arm and hand. The camera was either
non-moving (“static”) or actively “searching” (“active searching”), giving the impression it
was trying to select a child to focus on. The robot’s arm and hand could either be fixed in a
permanent pointing position (“permanent pointing”) or actively rise to point selectively at a
particular child when it stopped facing it (“selective pointing”). The main results showed that:
1) The mean frequency of overall attentive behaviour by the children (including attention
towards other children) was significantly higher when the robot was not selectively pointing
at the children and independent of the state of the camera. 2) “Looking at” was the most
frequently scored attentive activity for the children and was mainly targeted to the robot, but
not correlated with any of their other attentive activities. 3) There was an interaction effect
between the state of the camera and of the pointer: looking at the robot by the children
occurred significantly more often when the camera and the arm were consistent in signalling
apparent interest (i.e. camera “active searching” and hand “selectively pointing” or camera
“static” and hand “permanently pointing”). 4) There was no demonstrable effect of distance to
the robot on the overall attentive behaviour of the children.

The practical and methodological lessons learned from carrying out the HRI trials were
presented at the 2005 AISB “Robot Companion” Symposium and are discussed fully in
Walters et al. [2005b] where methodological, ethical, legal and practical problems involved in
conducting human-robot interaction studies are highlighted and critically discussed.

WP3.1: New HRI Trials performed in 2005

During the AISB convention at UH in April 2005, an informal demonstration HRI trial was
carried out. Although performed in an uncontrolled reception (party) type environment, the
results informed the design of a new HRI study performed in April 2005 involving a robot
object fetching scenario. These Video-Live Pilot Studies compared video based vs. real-life
HRI trial methods. A paper by Woods et al. [2006] which provides full details from this
Video-Live Pilot Study has been accepted for presentation at AMC’06 in March 2006.
Subjects participated in both live and video-based HRI trials in which the scenarios were
identical, and involved a robot fetching an object using different approach directions. Results
of the trials indicated moderate to high levels of agreement for subjects’ preferences and
opinions for both the live and video based HRI trials. This methodology is in its infancy and
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should not be seen as a replacement for live trials. However, our results indicate that
videotaped HRI trials, in scenarios where the behaviour of the robot is not determined by
subjects’ reactions (as it was the case for robot to human approach directions) do have
potential as a technique for prototyping, testing, developing HRI scenarios, and testing
methodologies for use in definitive live trials.

The live trial part of this Pilot Study and the Demonstration Trials had both involved a robot
fetching an object that the human had requested using different approach directions. Results
from both trials indicated that subjects overwhelmingly disliked a frontal approach, and most
preferred to be approached from either the left or right side, with a small overall preference
for a right approach by the robot. There was a slight tendency for a few female subjects to
prefer a frontal approach, but handedness and occupation were not related to these
preferences. The results of the user studies were discussed in the context of path planning for
a mobile robot developed by the LAAS team for their work for WP3.3, and especially
relevant to the KE2 scenario. The demonstration and pilot trials are described in more detail
in Dautenhahn et al. (2006) which has been accepted for presentation at HR1 2006. This paper
presents the combined results of both studies investigating how a robot should best approach
and place itself relative to a seated human subject. It is jointly authored with the LAAS team,
which discusses the results of the user studies in the context of a human aware mobile robot
path planning system. These results have now been taken up by the LAAS team for their
work for WP3.3 (see section WP3.3) and have now been incorporated in their simulations of a
robot navigation system. More details from the perspective of robot motion planning are
provided in a joint LAAS/UH publication by Sisbot et al. (2006) which was presented at
Humanoids 2005. A navigation planner which has been developed by LAAS takes account of
the presence of humans in the robot’s environment and in particular humans’ safety and
comfort. A human-aware motion planner must not only output safe robot paths, but also plan
socially acceptable and legible paths. The aim is to build a planner that reasons about a human
partner’s accessibility, visual field and potential shared motions. The path planner is a part of
the development of a human-aware motion planner that will integrate both robot motion and
manipulation in a collaborative way with the human.

After these pilot studies, the main set of live HRI Video-Live Approach Direction (VLAD)
trials were carried out during October-December 2005. These trials also had the main purpose
of expanding and confirming the results obtained from the limited Video Live Pilot study
described above, but also including a variety of new and different approach scenarios. We
addressed a major criticism of previous trials by participants; namely that the HRI trial
environment (lecture or seminar rooms “converted” to a living room) were very “artificial”
and “institutional”. Although efforts had been made to furnish the experimental areas in such
a way as to resemble a home (including flowers, TV etc.), it was still very much apparent that
it was a university room. However, in preparation for the longitudinal trials the renting of a
residential apartment close to the University, the “Robot House” had been completed by
October so that new trials in a much more “naturalistic’ environment could begin. Thus, the
VLAD trials, results of which are crucial for the preparation of a new longitudinal study
planned for 2006, were run in the new Robot House. Preliminary evidence from the VLAD
trials has indicated that the use of the Robot House for the experiments gave the environment
a more “home-like” feeling. Live scenarios were conducted by 42 human subjects whereby a
UH PeopleBot™ robot autonomously approached and brought an object to the human from a
number of different relative approach directions. The 42 subjects of the trial were each tested
with two out of four different scenarios. The four scenarios included the subjects: 1) Standing
in the middle of a room, (see figure 1), 2) Standing back against a wall, 3) Sitting behind a
table and 4) Sitting in the middle of a room. Each subject also experienced a series of videos
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showing the same two (from the four possible) scenarios, with an actor taking the place of the
subject. The videos were edited in such a way as to show a third person view of the room to
set the scene and show an overview of the action, cutting to a close first person view as the
robot came close to the subject. The order of the video and live trials was randomised for each
trial, as was the order that each subject experienced the sequence of approach directions for
both video and live trials. It has not been yet been possible to do exhaustive analysis of the
results from these trials, but preliminary indications are that:

e The findings from the previous pilot study with 15 subjects have been largely
confirmed and extended to a larger set of robot approach contexts.

e Most subjects disliked a direct frontal approach, even when behind a table;
though a small proportion of female subjects actually preferred a frontal
approach.

e Most subjects did not like being approached from behind by the robot.

e There was no clear preference overall for a left or right close approach.

An in-depth analysis of the results will be completed in 2006. With regard to the comparison
of Video vs. Live trial methods, provisional analysis indicates that for certain types of
scenarios and trials, video based HRI methods can be used to provide a large sample set in far
less time than for live trials. The video based trials, while not having the same robot presence
as live trials, can provide a quicker, cheaper and easier method of gaining a large number of
results, which can be used to guide future full-scale live confirmatory trials. Further analysis
of the results and data obtained will be carried out in the early months of 2006.

Figure 1. The Robot to Human Approach Trials: A robot approaches a sitting subject.

Work Package 3.2: Posture and Positioning

This workpackage, lead by Kungliga Tekniska Hogskolan (KTH), on the role of posture and
positioning in task-oriented Human-Robot Interaction is based upon user studies that provide
data on how robot users and the robot coordinate their actions in a shared space. Related to
the CF-SOC, “Socially acceptable interaction with regard to spaces” and the CF-DLG,
“Multimodal dialogue including robust speech understanding for natural communication”, the
work is targeting Key Experiment 1 (KE1) termed “The Home Tour”.

During the first period an initial HRI user trial was carried out with 22 subjects who showed a
robot around in a living-room like environment, teaching it objects and places. Once an object
or a place was learnt, the user could send the robot there again as a validation. The experiment
was conducted with the Wizard-of-Oz methodology, and the robot was tele-operated both in
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navigation and multimodal interaction. The analysis of the collected data was informed and
structured by the theoretical framework of Hall’s Proxemics on interaction distances and
Kendon’s F-formation arrangements [Huttenrauch et al. 2005].

WP3.2: Research Activities

During phase 11 on the study on posture and positioning two main activities were performed:
The previously carried out HRI trial was quantitatively and qualitatively analyzed in selected
parts. Additionally, a new HRI trial (termed “Multiple Room HRI-trial”) according to the
same KEL1 scenario was initiated as a pilot study in cooperation with WP5.1. This new user
trial incorporates the joint human-robot traversing of multiple rooms, with an integrated
system tracking and following the user.

Findings from the initial HRI trial can be differentiated according to their quantitative and
qualitative nature. Furthermore, as this analysis is based upon processing, transcribing, and
annotating the HRI trial data, a data-rich HRI corpus of annotated video, still-images, and
transcriptions was generated as well.

WP3.2: HRI Trial Findings

The HRI trial was set-up according to the KE1 of the “Home Tour” in which a user navigates
a robot around and teaches it relevant places and objects to be later handled in robot-service
missions. According to the different tasks performed these different HRI tasks were termed
“Follow”, “Show”, and “Validate”.

A quantitative analysis was performed on the interaction initiations of these interaction
sequences of “Follow-", “Show-", and “Validate-" to investigate the spatial distance and F-
formation arrangements between a human and a robot [Huttenrauch et al., 2005].

It was found that Hall’s “personal zone” is dominant when initiating the interaction with the
used PeopleBot, i.e. independent upon mission —type subjects preferred to position themselves
in the range of 1 to 4 feet (or ~.45 to ~1.2 meters). Furthermore, even the Kendon F-formation
arrangements signifying the orientation and potential for joint action showed a dominant
pattern: The “Vis-a-vis” (or face-to-face) positioning of the user towards the robot was found
to be the most common formation not only in “Follow”, but also in “Show”, and “Validate”
mission initiations. In other words the “L-Shape” F-formation, facilitating especially the
interaction between two participants with a shared object in-between them, was in absolute
terms less often encountered than the Vis-a-vis positioning. However, this dominance of the
Vis-a-vis formation is much weaker in the Show and Validate mission initiations where 39%
of the Show and 31% of the Validate missions were started in a L-Shape formation. As a
consequence both the Vis-a-vis as well as the L-Shape formation should be anticipated and
designed for in the spatial management behaviours of a robot companion.

Another finding regards the dynamic aspects in the spatial management for interaction: It
could be shown from Laser range finder plots that regular patterns of interaction distance
characterize the “Follow” as well as the “Show” episodes of interaction. Furthermore, the
actual beginning and end of an interaction sequence are often marked by initial and ending
small position adaptations on behalf of trial subjects. These observations, while not
anticipated originally, are actually inline with Schegloff’s descriptions [Schegloff, 1998]. In
Schegloff’s view embodied interaction sequences are guided by the potential of an initial
“pre-departure” movement, a body posture during the ongoing interaction, and finally, a
return or bodily changes into another posture and orientation during a single interaction
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sequence. These patterns of posture changes could be shown in the interaction with a robot,
too.

The qualitative analysis of the interaction identified interesting research challenges that are
relevant to be addressed with future robot behaviours; they are here only summarized briefly
as bullet points:

1) User approach and interaction initiation. The robot’s recognition and feedback
signalling system to the approaching user is critical to avoid initial interaction and
communication breakdowns.

2) Joint-movement learning curve. Spatial breakdowns (in the robot’s failing to follow
a user) are at least initially due to (a) the users’ lack of experience of the robot’s
spatial behaviour, (b) the robot’s missing anticipation of the user’s inexperience, and
finally, (c) the robot’s following-behaviour that might fail due to numerous reasons To
let a robot successfully follow a user, users need an initial training phase together with
the robot to avoid (for example) too quick motions away from the robot, moving out
of the robot’s sensor systems “field of view” etc.

3) Three-stages of spatial management. Individual interaction sequences in multimodal
dialogue as well as spatial management of posture and positioning might be modelled
as a preparatory, a current, and a transitional stage. Identified as possible candidates
for such a robot-based situation handling are for example proactive posture and
orientation transition from “Follow” to “Show” episodes as well as the return form
“Show” interaction sequences to a continued “robot-following” mode.

4) Support for active user co-operation. Multiple occurrences of users directly
assisting the robot point towards the potential for users’ willingness to act co-
operatively and to “make the interaction work”. Examples from the spatial posture and
positioning observations include placement of objects, getting-on-eye-level with robot,
moving furniture, optimizing settings for the robot’s mission. Robots behaviours could
make use of this HRI feature.

5) Communicate robot’s limitations. Lack of prior HRI experience make the exact and
initial differentiation between “can-be-done” vs. “does-not-work™ difficult for users.
Observations from our trials that show users’ actively testing the robot’s capabilities
indicate a need (and user interest) in experiencing the true limit of a robot regarding
navigation, speech dialogue interaction, object and gesture recognition, to name but a
few.

6) Allow users to shift between direct- and task-level robot control. Task-level
command and control of the robot was observed to lead to dead-locks both in spatial
management between the robot and its users as well as in speech based dialogue. To
allow users to fall back upon a more direct, tele-operation-like modus of commanding
the robot, e.g. with a simplified keyword based command-language of robot
navigation manoeuvres should be considered as a basis for future systems.

WP3.2: Multiple-Room HRI Trial

As an extension to the previously conducted HRI user study that reduced trial complexity by
limiting the KE1 scenario of the “Home tour” to a single room, the new HRI study was
expanded to include multiple rooms. Named “Multiple-room HRI trial” an initial explorative
study was conducted in close co-operation with the KTH activity in RA5 on the “Spatial
Cognition and multi-modal situation awareness” to be presented at HRI’06 [Topp et al.,
2006].
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In comparison to the first conducted study, implemented human tracking and robot navigation
capabilities were used instead of simulated tele-operated movements of the robot. As another
important extension the robot operation area was extended to incorporate a whole department
floor (see figure 2) making it possible to investigate for example the joint human-robot
passing of narrow spaces.

.

| Vision Lab I
i |l l’
‘A Kona [

Figure 2. Office floor for the multiple-room HRI trial — The “star” marks the Robot’s starting
position during the trial

Contrary to the previous trial, the multiple-room HRI trial recruited subjects that are well
familiar with the actual environment in which the trial was conducted. This change on the
subjects’ experience level was made due to the realization that it would be more valid for the
KEL interaction scenario of the “Home-Tour” that users are themselves well acquainted with
the actual robot operation area. Unfamiliarity would instead lead to a need of teaching
subjects the experiment-environment first, thus possibly biasing them with experiment
instructions or the ad-hoc training of the spatial setting.

Successfully testing the multiple-room HRI interaction with 5 subjects, the detailed
observations on posture and positioning are currently analyzed in order to prepare for a
second extended part of this study that will be conducted and situated outside a research
department environment if possible. A finding from this pilot study concerns the methodology
and needs further investigation: Data collection in a multiple-room scenario is more complex
and requires novel methods to observe and collect the spatial posture and positioning
management between robots and their users.

Preliminary results [Topp et al. 2006] also showed that individuals apply many different
strategies in teaching a robot places and locations in its future service environment. Individual
preferences based upon personal appreciation of certain rooms and objects were found to play
an important role in explaining these differences. Additionally, first indications for needed
refinements in the human-robot joint traversing of the narrow spaces were observed, but
require further analysis and empirical validation.

Work Package 3.3: Models and Algorithms for Motion in the
Presence of Humans

The introduction of robots in our daily life raises a key issue that is “added” to the “standard
challenge” of autonomous robots: the presence of humans in its environment and the necessity
to interact with them. Clearly, the human should be taken explicitly into account in all steps of
the robot design. In WP3.3 we aim to develop a motion and manipulation planner that
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explicitly takes into account the human by reasoning about his accessibility, his vision field
and potential shared motions.

In the first year of the project, we had done an extensive literature research on properties of
human-robot interactions and existing approaches to model these interactions. We had seen
that a robot co-habiting with humans must have a number of physical properties like round
joints, soft materials and friendly shape, and also intellectual properties like behaving more
friendly by taking into account humans’ comfort and reasoning about humans’ properties.

In this deliverable we show the first results of the “Human Aware Motion Planner” that we
have developed. The technical details of the planner are summarized briefly. More details
about the inner workings of the system can be found in the attached papers [Sisbot2005].

WP3.3: Human Aware Motion Planner (HAMP)

User studies with humans [Dautenhahn et al., 2006] and robots provided us a number of
constraints for this type of interaction. We present a new method that allows the integration of
such additional constraints in a generic way. We defined three criteria that must be taken into
account at the planning stage respecting the common aspects of motion planning such as
obstacle avoidance. Each Criterion is presented by a 2D grid containing various numerical
costs:

« Safety Criterion: The robot must avoid to collide with the human in the environment,
and if possible it must prefer to not to pass too close to him. This criterion is
represented by a human centred bell shaped grid. The radius of the bell and the costs
values depend on humans state, as in figure 3 we can see, for example, that the safety
zone tends to be smaller when the human is standing than sitting.

Figure 3. Costs in Safety Grid depends on humans state, like sitting or standing

e Visibility Criterion: The robot, if possible, should prefer to stay in the human’s field
of view. This criterion takes into account the humans visual field and allows us to
produce more comfortable robot motions. The visibility grid (figure 4) is constructed
according to costs reflecting the effort required by the human to get the robot in his
field of view. Grid points located in a direction for which the human has only to move
his eyes have a lower cost than positions requiring to move the head in order to get the
robot in the field of view. Also, when the robot is far away from the human, the effect
of the visibility must decrease.
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Figure 4. Costs in Visibility Grid depends on the humans fieIJ of view

e Hidden Zones: The robot, if possible, must avoid bursting out close to the human to
avoid causing fear and surprise. This can be done by putting costs to the zones hidden
by the obstacles. The costs in the hidden zone grid (figure 5) are inversely proportional
to the distance between the human and the robot.

i /! A

Figure 5. Hidden Zones are disEBufaged for the robot to cross over

These grids are combined to form a final grid in which we find a minimum-cost trajectory for
the robot by using A* search algorithm. The found path is not only collision free and feasible
but also human friendly with satisfying all three criteria. This method allows us to reflect each
human’s preferences as input parameters of grids giving us a level of flexibility on dealing
different human behaviours. Indeed, it must be noted that while these different grids
correspond to distinct criteria involving specific computation, the actual values can be tuned
according to situations or to specific cultural habits.

WP3.3: An Example with Results

To illustrate the features of our planner, we can consider the scenario illustrated in figure 6
representing a living room and a kitchen in presence of two persons, Clark and Bruce, in the
environment. We will look at the synthesised trajectories between the living room and the
kitchen for different possible situations.

Figure 6. A living room scenario with 2 humans and a robot in the environment
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In figure 7a, we imagine a situation in which Clark orders the robot to bring something from
the kitchen. We see the path generated by the motion planner. The plan produced by HAMP
takes into account the safety and the comfort of both humans by trying to stay in the visibility
fields. We can see in figure 7b that HAMP finds a path that avoids bursting from behind the
kitchen wall and so causing discomfort. The robot chooses a path that keeps a certain distance
to this wall. In figure 7c, we can see that Bruce came to talk to Clark, so the robot calculates a
different trajectory which maintains the visibility of Clark and also avoids passing too near to
Bruce's back. As we use minimum cost approach in HAMP, if the path is blocked by an
obstacle or a person, the robot chooses an alternative path (Figure 7d).

Figure 7. Four different situations results different paths in the same environment

Our planner is fast enough to re-plan and adapt its path along the execution. If a grid
modifying change occurs, like a change in human state or position, or appearance of a
dynamic obstacle, the computation times allows us to re-plan on-line and pass to the new path
smoothly. Table 1 shows the processing times taken by the planning system for the examples
above.

Grid Resolution Figure 7a Figure 7b Figure 7c Figure 7d
0.2m 0.07s 0.09s 0.06s 0.15s
0.1m 0.21s 0.25s 0.23s 0.50s
0.05m 0.44s 0.78s 0.49s 0.20s

Table 1. Processor times that the planner took for the four examples above

WP3.3: Conclusion and Future Works

We have described the working mechanism along with an example and some results.
Simulation results are encouraging and as our planner will be used in KE2, we are currently
implementing it on our robot (Rackham) to have results from our planner for real situations.
Another tool that we have is the proactive path planning [Krishna 2006] that allows the robot
create safe paths by taking into account the possible hidden dynamic obstacles. This approach
guarantees safe and “comfortable” paths when no human is in the environment. A
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combination of the proactive path planner and human aware planner will provide more
reactivity by sharing the path to the two planners and also safe and comfortable motion by
avoiding unseen obstacles or humans.

Manipulation in the presence of humans is also an important aspect when humans and robots
need to interact closely to exchange objects or manipulating a common object. One part of our
future work is to plan motions for manipulation tasks. The existence of humans in the task
area also brings new concepts to the manipulation planning. Not only must the robot's motion
be calculated, taking into account the human’s dynamics and kinematics, but also the robot's
placement must take into account the human’s comfort. In Figure 8 we can see two
uncomfortable robot placements for an interaction and in Figure 9 we see a suitable robot
placement that allows a friendly interaction.

Figure 8. Two “bad” placements Figure 9. A suitable placement

Work Package 3.4: Requirements for Contextual Interpretation
of Body Postures and Human Activities

Note, since the work carried out in WP3.4 has not been published yet, it is described in more
detail than the other WPs. The lead partner for this WP is UH.

WP3.4: Naturally occurring gestures in a human-robot teaching scenario

Within WP3.4 (starting in June 2005) UH has been investigating gestures to facilitate the
communication and interaction between humans and robots. During September/October 2005
user studies were performed to illuminate which naturally occurring gestures can be observed
in a scenario specifically relevant to KE3. The term “naturally’ here refers to an unconstrained
scenario where subjects were not given any scripts or pre-defined gestures to use. An
important task up to now has been the development of a coding scheme to classify gestures
people produce when asked to demonstrate how to perform a task. The coding scheme is an
essential part of our strategy to systematically study the frequency, duration and sequence of
different gestures in people's task demonstrations. In turn, this analysis will inform the design
and parameterisation of algorithms for the recognition of human activities. This work was
inspired by previous research in COGNIRON, specifically: Nehaniv et al. [2005] provided the
conceptual framework for the coding scheme categories and research by University of
Karlsruhe [2004] informed our present work in relation to requisites for human activity
descriptions from a system's perspective.

The line of work described here is being pursued in close partnership with University of
Karlsruhe (partner UniKarl) and their research within RA2 and KE3. A two-day workshop
held at UH in October 2005 sought to elicit requirements for a coding scheme useful for the
automatic classification of human activities, especially gesture, with regard to their functional
roles as relevant for human-robot interaction, e.g. in allowing the robot to recognize limited
aspects of human intent in order to be able to respond appropriate. Such requirements include
determining functional types and important features (e.g. duration distributions, components,
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role in interaction, etc.) of gestures in natural human activity (as opposed to ad hoc validation
via informal testing by robot developers). Requirements for high-quality annotated corpora of
gestures were related in discussion to technical requirements of existing and future robotic
systems used in COGNIRON and beyond. The annotated corpus will be made available for
inspection by all partners as a tool for informing research in this topic. Note, complementary
to related work at KTH within WP3.4 (see below) in the context of KE1 (“Home Tour”), the
work at UH focuses on KE3 (Skill learning), investigating situations where a human
instructs/teaches a robot a task. In 2006 KTH and UH, as part of WP3.4, will compare the
results achieved and discuss a consolidation of the work (cf. third implementation plan). A
detailed account of the work carried out so far has been published as a University of
Hertfordshire Internal Technical Report [Otero, 2006].

Briefly, research on multimodal interfaces and human-robot interaction seems to point out the
following approaches for the inclusion of gestures in the communication process; Some
research explored the use of sets of pre-defined gestures and speech to communicate with
robots [Ghidary, Nakata, Saito, Hattori, & Takamori, 2002; Oh, Lee, & You, 2005;
Severinson-Eklundh, Green, & Huttenrauch, 2003]. Other researchers consider that the use of
gestures for communication with computer artefacts can and should be explored beyond the
confines of a set of pre-defined gestures [Cassell, 1998, 2000; Cassell & Thorisson, 1999;
Kipp, 2004].

WHP3.4: Description of an initial exploratory study

This initial and exploratory study aimed at finding out to what extent robots’ appearance
influence the way people use different gestures to explain a certain task to a robot. The robot’s
appearance was divided into three categories: (a) human like robots, (b) animal like robots
and (c) mechanistic look robots. The experiment had two phases. In the first one, participants
were asked to sort a series of robots’ photographs into distinct groups in order to assess to
what extent the initial categories of the robots’ appearance were relevant. In the second phase,
participants were asked to instruct a robot on how to perform a certain task using only
gestures and also to actually demonstrate how it should be completed. The participants were
asked to do the experimental task for the three types of robots considered above in front of a
video camera and imagine that this was the vision system of the robot. A software program
simulated the robot's understanding of the gestures produced by the participants. The
feedback consisted of the display of three colours in a computer screen. One of the
experimenters was controlling the display of the feedback by pressing a button at the end of
each sequence of the participants' gestures. The participants were prompted to consider the
three different types of robots using the sorted photographs previously utilised. The session
finished with semi-structured individual interviews.

WP3.4: Summary of results

Ten of our participants came up with 25 different designations for the groups of photographs
they formed. From this initial number of designations we were able to aggregate into four
groups: human-like, mechanistic-like, animal-like and toys. The participants agreed fairly
well on which robots' photographs to include in the groups they formed. However, two
photographs were more difficult to classify. The photograph showing robot Care-O-Bot (by
IPA) was classified either as humanoid or mechanistic and the photograph showing the robot
EMIEW (by Hitachi, Ltd) was classified as toy or humanoid. After analysis of the video
recordings, the results suggest:
e Two participants who used more referencing with respect to objects also used
more referencing with respect to places. The other participants used more

Page 17 of 25



COGNIRON Deliverable D3.2005
FP6-1ST-002020 25/01/2006
Final Version

miming manipulation and miming transportation. This indicates two different
strategies: use of referencing or use of miming for the demonstrations.

e The gestures coded mostly last for 1 to 2 seconds. Frequencies for gestures
lasting more than 3 seconds are lower. Some occurrences were of longer
duration, especially when participants were asked to repeat their demonstration.

e When participants repeated their demonstration, they followed the same strategy
through the session since the changes made mostly involve duration.

e The coding of more than one type of behaviour at the same time interval (one
second) did occur - we termed these multiple occurrences. However, our present
coding scheme was not sufficiently detailed to provide a clear picture of the
different types of multiple occurrences. Nevertheless, the analysis suggests that
the co-occurrence of referencing and miming as well as the occurrence of non-
congruent eye gaze with the target of miming behaviour (for example, looking at
a place while, at the same time, picking an object placed in a different location)
are candidates for a more detailed analysis.

Note, the task set up for the second phase of the experiment was simple and it was expected
that the recognition of the gestures' meaning should not be difficult but the observers/coders
had some trouble coding the gestures. We need to improve the description of the different
categories in order to improve inter-observer/coder agreement. In support of the tentative
nature of this first study, some research points out the difficulties subjects have of
unambiguously interpreting gestures alone [Hadar & Pinchas-Zamir, 2004]. In interviews
conducted with the subjects, we found:

e The preferences were split between those for humanoid-like and animal-like

robots for home use. None preferred the mechanistic-like robot.

e The participants seem to see themselves doing a similar task (teaching a robot
using gestures) in their real life.

e Ten of the participants stated that they would be willing to go through a manual
concerning a set of pre-defined gestures in order to communicate with the robot.
When asked which system they would prefer, 6 considered the teaching and use
of self-defined gestures, while 4 mentioned utilising a manual with pre-defined
gestures.

e When asked if they were influenced by the robots' appearance, 6 participants
were affirmative while 3 stated that the outer appearance should not make a
difference. However, from the analysis of the videos, the categories used in the
coding scheme did not seem to reveal any differences in the gestures produced.
Nevertheless, the coders could perceive some subtle differences, in some cases,
regarding the way the movements were performed: with mechanistic robots
people tended to produce more jerky movements in comparison to humanoid
robots where people's movements seemed more smooth.

e Finally, 5 of the participants were particularly aware of the difference between
the animal-like robots and the other two types... Some statements: "I couldn't
figure out how the biologically inspired robots could reproduce my gestures.";
"...for the humanoid I should be able to just point."
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Our initial study focused on the production of gestures alone. On the one hand, it seems
reasonable to consider that people may not find “natural” gestures alone for the explanation of
tasks to a robot. On the other hand, research points out that people’s explanations using
gestures alone of assembling tasks seem to facilitate not only their comprehension of the task
but also the comprehension of the observers (recipients) of their explanations [Lozano &
Tversky, 2004, 2005]. Hence, further research is needed to understand the roles gesture and
speech might assume in human-robot interaction. Future work will contribute to integrating
the advances in the understanding of gestures in HRI onto on-board recognition systems, and
in the longer term, eventually in behaviour generation systems for interactive social robots -
cf. Nehaniv et al. [2005].

WP 3.4: Development of an annotated video corpus in a robot-human following scenario

During the second half of 2005 discussions have taken place between the COGNIRON teams
of University of Hertfordshire (UH) and University of Amsterdam (UvA) regarding the
development of an annotated video corpus with the primary purpose of obtaining annotated
video footage of a robot following human subjects. An experimental schedule has been
developed for initial user trials to be carried out jointly by UH and UvA early in 2006. The
prime video source is to be obtained from a robot mounted 360 degree camera as used by
UVA on their robot platform. It is intended to annotate the video with an indication as to the
experienced comfort of the following distance (according to the subjects’ judgement) in terms
of too close, too far, and just right (using a Comfort Level Device, CLD, developed by UH).
An initial study will test the experimental set up and methodology and identify important
issues for a further in-depth study planned later in 2006. This work contributes to WP3.4, with
particular relevance also to RA 1 and 2 and Key Experiments (KEs) 1 and 3.

WP 3.4: Development of a taxonomy of body postures and human activities

Departing from the experimental data collected in the first phase, KTH has begun work on a
taxonomy of postures and body movements relevant to KE1, using the human-robot dialogue
as a guiding context. The taxonomy will have a strong empirical focus but also relate to
general principles of human communication. KTH has worked with two parallel foci in the
initial phase of WP3.4:

e Reviewing literature of existing taxonomies and related theories of
communication

e Corpus development in relation to the work done in RA1l [Green et al,
submitted], primarily based on the Home Tour scenario related to Key
Experiment 1 (see D1.4.1).

The consequence of the empirical focus is that we will proceed in a bottom-up manner, by
classifying instances of body movements (e.g., gesture, posture), spatial arrangements of
agents (e.g. positioning), partly together with verbal communicative acts.

The other perspective we take in this work, which can be characterized as being top-down, is
to relate the taxonomy to relevant theories on natural language communication. Initially we
have reviewed taxonomies and approaches for classification of body movement and
communicative behaviour. Furthermore we assume that classification of human-robot
communication should be a bilateral account [Clark 2004], following work on human-human
communication. Accordingly body movements and gestures are interpreted on basis of what
the interaction participants aim to achieve by issuing a specific gesture. Hence approaches
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that consider human-human communication a joint activity (e.g. [Clark 1996, Clark 2004,
Schegloff 1998, Gill 2000, Kendon 1990]) are relevant to our effort together with research on
embodiment (e.g. Goodwin [2000]) and communicative context [Bunt 2000]. In bilateral
accounts of communicative processes the focus of attention of the participants determines
what is interpreted as context at a particular moment during interaction. The concept of
relevance [Grice 1975] is also strongly related to context and the implications of relevant
input in the light of the current context [Wilson 2004].

Developing a corpus and relating it to taxonomy are two activities that are conceptually
interleaved. Given the work performed so far in RA1 (WP1.3) and RA3 (WP3.2) and findings
research that has been surveyed, our initial conclusions are that taxonomy of human-robot
communication should at least take these dimensions into account:

e A functional account for the intended (physical and mental) effects of a bodily
movement in participants, and the immediate context of the participants, e.g.,
reference, attention, interaction space, etc.

e An account of morphological aspects of the configuration of participants and
context, their movement dynamics, e.g., gesture displays, positioning
movements, posture changes, etc.

RA3 Future work

Please consult the new implementation plan for phase3 and phase4 which details the future
work to be carried out within RA3 in 2006 and 2007. Generally, the main themes for future
work are:

= Preserving the structure of RA3 including the continuation of all four WPs

= Scientifically, continuing the main research issues addressed in the individual
WPs with a focus on in-depth studies

= Increased integration with other RAs and partners in the light of KEs and
increased joint research with partners from within RA3 and from other RA’s
(leading to joint publications)

Specifically, WP3.1 will continue research on *“social rules” for implementing socially
acceptable, non-verbal behaviour in robots with respect to social distances in human-robot
and robot-human approach scenarios, including handing over an object. The experimental
scenarios will focus on naturalistic settings and long-term human-robot interactions. WP3.2
will address the role of posture and positioning in task-oriented robot-human interaction,
based on user studies that will provide data on how robot and human coordinate their actions
in a shared space, including a multiple room scenario, where spatial coordination is necessary
for natural communication between human and robot. Work within WP3.3 will continue to
develop models and algorithms for motion in presence and in the vicinity of humans. The
approach is to endow the robot with a planner that will allow it to assess the feasibility of the
motion and manipulation tasks it has to achieve in presence and in the vicinity of humans
and/or in close coordination with humans, to share the load between the robot and the human
and to explain/illustrate (when necessary) a possible course of actions. WP3.4 experimentally
investigates which gestures and body postures/movements 'naturally’ occur (spontaneously,
without providing a predefined set) in situations such as described in the KEs. Research
within WP3.4 will continue and expand during project phase 3 and 4, including a) further in
depth analysis of work done in 2005, b) investigate consolidation of taxonomies developed at
UH (studies relevant to KE3) and KTH (studies relevant to KE1).
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Abstract - We tested the hypothesis that children are more
attentive to a robot if the robot appears to be interested in the
children. In addition, we investigated if and how the quality and
quantity of a child’s attentive behaviour varies with the
distance to the robot, reflecting the notion of “social spaces”.
Hereto, 16 groups of up to 10 children each were engaged in a
play scenario in which they had to move closer to a robot over 6
successive rounds. The robot was endowed with a “searching”
camera “eye” and a pointing arm and hand that could either be
fixed in a static position (‘“static pointing’) or actively rise to
point at a child (“active pointing”). The results showed that:

1) The mean frequency of overall attentive behaviour (including
towards other children) was significantly higher when the robot
was not pointing at the children and independent of the state of
the camera.

2) “Looking at” was the most frequently scored attentive
activity for the children and was mainly targeted to the robot,
but not correlated with any of their other attentive activities.

3) There was an interaction effect between the state of the
camera and of the pointer: looking at the robot by the children
occurred significantly more often when the camera and the
arm were consistent in signalling apparent interest (i.e. both
active or both passive).

4) There was no demonstrable effect of distance to the robot on
the overall attentive behaviour of the children.

Index Terms - Human-Robot Interaction, Social Spaces, Social
Interaction, Social Distances, Social Robot, Deixis.

I. INTRODUCTION

The impact of design features on the attraction and
acceptance of agents by humans is a major topic in Human-
Agent Interaction research [Breazeal 2002, Dautenhahn et
al. 2002, Dryer 1999]. Acceptance hinges on feelings of
control and comfort [Norman 1994]. Whereas control is
about having information (knowing how an agent can be
operated) to enable manipulative and corrective operations,
comfort has to do with the social aspects of acceptability,
such as trust. Trust in the agent, in turn, is related to the
reassurance that all is working to plan and therefore requires
the actions of the agent to be understandable (knowing what
an agent does) [Norman, 1997]. Critical for the latter is that
an agent makes its presence and actions known to the
human. For this, attracting (and keeping) attention by the
agent is of principal importance and the role of

personification is frequently debated in this context (see for
example Erickson [1997]; Takeuchi et al. [1995]). A
number of researchers assume that a believable
personification is mainly obtained by an anthropomorphic
shape. However, as will be argued in this paper, a believable
and consistent combination of actions might be just as
important (cf. [Dautenhahn 1998, Dautenhahn and Nehaniv
2000]).

The above issues have originally been raised for the
design of software agents [Bradshaw, 1997], but they also
directly apply to the design of hardware agents (robots).
Apart from the role of attention in building up trust, a
special topic that needs to be considered in the case of
robots (but that does not apply to virtual agents) is the
feeling of physical safety. In humans and animals this is
related to the concept of “social spaces”; zones around the
individual in which the type of interactions depend on their
distance to that individual. Hall [1966] provided a basis for
research into social and personal spaces between humans,
and later work in psychology has demonstrated that social
spatial distances and zones substantially reflect and
influence social relationships and attitudes of people.
Embodied non-verbal interactions, such as approach, touch,
and avoidance, are fundamental to regulating human-human
social interactions [Hall, 1968], and these insights have
provided guidelines for more recent research, studies and
investigations into human reactions to robots [Goetz and
Kiesler 2002, Paiva et al. 2004, Scopelliti 2004, Woods, et
al, 2004].

The study of attraction towards a robot on the one hand
and feelings of comfort on the other hand (reflected by the
association between attentive behaviour and social spaces) is
of obvious importance to the emergent field of assistive
robotics in general and to the design of robots for use in the
home in particular (for an overview of socially interactive
robots, see Fong et al. [2003]). As such, the investigation of
this research question is part of our contribution to the
COGNIRON project (a European Framework VI project
[COGNIRON 2003, 2005]), of which the major objective is
to develop a robot that serves humans as a companion in
their daily lives.

" The work described in this paper was conducted within the EU Integrated Project COGNIRON ("The Cognitive Robot
Companion") and was funded by the European Commission Division FP6-IST Future and Emerging Technologies under

Contract FP6-002020.



To formulate the research question explicitly in the
wider area of Human-Robot Interaction (HRI), we stress the
notion of interaction by considering attention in the context
of embodied interaction. Eye-gaze direction and deictic
gestures such as pointing with the hand play important early
roles in the ontogeny of inter-subjectivity and shared
attention as well as linguistic and cognitive abilities in the
development of human children; and they continue to play a
crucial role in non-verbal communication in adults,
depending crucially on embodied interaction [see, e.g. Kita
2003].  These considerations have lead to the following
working hypothesis: humans are more attentive towards the
robot if the robot appears to be “interested” in the people
present.Jr We implemented this in two ways: First, the
camera on top of the robot was engineered so that it could
move around its axis and thus give the impression of being a
searching “eye”. Second, the robot was endowed with an
arm and a human shaped “hand” that could rise to point to a
particular, chosen person within a group of subjects.
Experiments were carried out in which groups of up to 10
school children were confronted with such a robot in a play
scenario. The behaviour of the children was scored at
various distances to the robot and compared under the four
combined conditions of camera or pointer being static or
active.

Fig. 1: The PeopleBot™ robots fitted with a pointer (in raised and lowered
positions) and basket.

o~

Fig. 2: Extent of the robot’s camera movement

" We are not claiming that our robot was genuinely
interested in the children, but refer to the usage of cues that
give the appearance of “interest”.

II. METHODS

The study took place in June 2004, taking advantage of
a larger event run by the FP5 European Project VICTEC
[2003]. For the VICTEC project, about 400 school children
(aged between 9 and 11 year and chosen from 10 schools in
the Hertfordshire area) visited the university and 194 of
these participated in the experimental sessions described in
this paper. These sessions were used to run interactive
games with groups of children and a single robot. The main
aims of this study were to investigate interaction styles in a
group scenario involving children and how they depend on
proximity to the robot (“social spaces”). In particular, we
wanted to find out how a robot can attract the attention (by
using combinations of two attention attraction devices) of
humans and how humans react to being the focus of the
robot’s attention. The study was conducted using
commercially available, human-scaled, PeopleBot robots
[ActivMedia, 2005].

A. Experimental Set-up

The sessions took a maximum time of 30 minutes and
were run in parallel in two separate rooms. SiX sessions
were carried out each day for four days. In each session a
robot and a group of children were involved in an
interactive “rotation game” consisting of six rounds. The
two rooms to be used for the study were both 10m long by
6m wide. Each room contained a PeopleBot robot in the
centre, initially covered by a black plastic sack. The room
was marked out into 6 concentric zones around the robot at
0.5m radii. There was video recording equipment set up in
each room consisting of two fixed video cameras, and a feed
from the robot onboard video camera. The videos were time
coded, for later synchronization and evaluation, and each
day’s sessions were recorded on a new set of tapes. The
tapes were then downloaded and stored on computer
readable compressed format (mpeg 1 or 2) on CD or DVD
disk, for later evaluation. The robots were controlled in a
semi-autonomous manner, with the operators retaining
control of starting the games, and also making sure that the
robots did not point to an empty space when selecting (by
stopping the turning robot when it was facing) a child. In
static pointing mode, the pointer did not move, but was
constantly extended. In active pointing mode, the pointer
was lowered most of the time, but raised when a child was
selected. The two robot operators were hidden in an
adjoining third room along with the wireless network,
recording equipment, and the various data processing
computers. The game (but not the purpose of the
experiment) was explained to the children by an
experimenter who initiated the game with a signal to the
robot (seen by the robot operators). During the experiment,
behaviour of the children was recorded by the video camera
and another observer took notes of any particularly
interesting interactions.

During the game, the robot revolved in the middle of a
circle of children with various slow, fast, reverse and
“teasing” movements to keep the children interested. After
30 seconds the robot stopped when it faced the nearest child
and “selected” it by beeping twice, stopping in front of that
child and — depending on the experimental condition —
raising the pointer toward the child.



Fig. 3: A child being selected by the robot while playing the Rotation Game,
with pointer rising to point to him (active pointer mode). Spatial zones are
marked on floor.

The chosen child was allowed to pick up a small
present from a basket carried by the robot and then left the
game The remaining children moved 0.5m closer (to the
next zone) to the robot and the game was repeated for a total
of six rounds. At the end of the game, all the children that
were left over received an identical present.

The passive pointer was always in the raised position
pointing forward. The active pointer was normally in the
lowered position (pointing to the floor) but when selecting a
child the pointer was raised so that the hand was pointing
with the finger at the person or object directly in front of the
robot (Figs. 1 and 3) and then lowered once more before the
child took the present.

In addition to an active pointing or a static pointing
hand, the other variable condition was the state of the
camera. The camera was either stationary or panning from
side to side in a random manner (Fig. 2). Hence, the overall
setup for statistical analysis is a 2 x 2 design of four
experimental conditions (fig. 4):

1. Camera static and static pointing

2. Camera static and active pointing

3. Camera moving and static pointing

4. Camera moving and active pointing

The dependent variables are the frequencies of activities
scored from a focal child (see section B. Collection,
Processing and Analysis of the Data). Out of twenty-four
rotation games, sixteen giving the best quality data were
chosen for analysis. This resulted in a final data set
consisting of four different groups for each of the four
experimental conditions.

B. Collection, Processing and Analysis of the Data

From each videoed session, one child was selected for
analysis, thus guaranteeing independence of data. Selection
was based on the visibility of the child in the video clip and
the duration of time he or she spent playing the game (i.e.
children that dropped out of the game after the first two
rounds were not considered). After preliminary viewing of
the videos, (not necessarily robot-directed) “Pointing at”,
“Talking to” and “Looking at” were selected as behavioural

activities for an initial analysis. These activities were
understood as signs of interest and attention shown by the
children to the environment (including the robot and other
persons). Their summed frequency is considered as overall
“attentive behaviour”.
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Fig. 4: The four experimental conditions, showing four combinations of
active and static camera and pointer used for playing the rotation game with
randomly selected groups of children. (Each lasted for six rounds, i.e. six
children from each typical group of ten children were selected by the robot in
the course of a game)

The selected activities were coded using the program
AnNoTATOR developed by the University of Hertfordshire
Adaptive Systems Research Group. ANNOTATOR enables the
interactive recording of behavioural variables at fixed time
intervals: coded activities can be scored and saved in a
worksheet during the simultaneous display of a video clip of
an experiment. This methodology of behavioural analysis
has previously proved beneficial in analysing human-robot
interaction [Dautenhahn and Werry 2002, Robins et al.
2004]. A one-second time unit was adopted for our purposes
and attentive behavioural activities were scored according to
the target they were directed at (Robot, Other Children,
Other Persons - such as teacher or the instructing researcher
- and “Unknown Target”). For the purpose of the analysis,
attention targets coded as Other Person and Unknown
Target were joined together into a lump-category “Else”.
The final data set thus consists of the frequency of the
“Talking to”, “Pointing at” and “Looking at” three targets
(Robot, Other Children and Else) displayed by one child
selected from each of four groups, giving a total of 16 data
points.

The coding started from the beginning of the game to
either the end of the game (when all remaining children
were asked to take a present from the robot) or the end of
the game for the child selected for coding (when he or she
was picked by the robot). During the rotation game, the
moment when children moved to the next circular zone was
also coded (from the moment the child selected for coding
had both feet in the next circle). Zones were coded from 1
(inner-most circle) to 5 (furthest from the robot).

We found a strong effect of the duration of the game on
the frequency by which a subject displayed attentive
behaviour. As a result of this, statistical tests could only be



performed after controlling for the effect of duration or by
making (matched) comparisons within subjects.

In the next section, we will respectively address: i)
differences in overall attentive behaviour between the
experimental conditions; ii) the allocation of directed
attention; iii) the association between directed attention and
the experimental conditions, and iv) the effect of proximity
to the robot on overall attentive behaviour.

II. RESULTS

A. Differences in overall activity between experimental
conditions.

The effect of time was taken into account by using the
residuals from the regression of overall attentive activity
(the sum of looking, talking and pointing) on the duration of
an experiment. Residuals were computed for the activity
scores of each subject and were found to meet the
assumptions of analysis of variance (Bartlett’s, Cox and
Hartley statistics for homogeneity of variance; normality of
error; no correlations between means and standard
deviations of the samples).

A repeated two factor (State of Camera = moving,
static, and State of the Pointer = active, static) ANOVA was
carried out. A significant effect for the state of the hand
was found (F; ; = 5.73, p = 0.034) and indicated that
subjects exhibited more attentive behaviour (including
towards each other) when the pointer was static as
compared to the active pointer (Fig. 4).

State of Pointer, LS Means
Current effect: F(1, 12)=5.7280, p=.03393
Effective hypothesis decomposition
Vertical bars denote 0.95 confidence intervals
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Fig. 4: The effect of the mode of the robot’s pointing on the
overall attentive behaviour of subjects (including
attentiveness towards each other).

B. Allocation of Directed Attention

No significant effects were revealed for the state of the
camera or for the interaction between the states of camera
and pointer. As an alternative procedure an Analysis of
Covariance was performed on the raw scores, but with
Duration as co-variable. The results were identical to those
reported above.

In the previous tests, only the overall attentive
behaviour was considered. Table 1 shows how attentive
behaviour was allocated by the subjects. “Looking at” was
the most frequently scored activity and was mainly directed
towards the robot. “Pointing at” and “Talking to” only made

up for a small proportion of the overall activities and were
in the majority of cases targeted towards the other children.

TABLE 1.
DISTRIBUTION OF THE DIRECTED ATTENTION VARIABLES
DIRECTION
ATTENTION VARIABLE | at robot at children else Totals:

Looking 3066 1281 612 4959
Talking 59 164 5 228
Pointing 9 22 2 33

Totals{ 3134 1467 619 5220

Some of the directed attention variables (after time-
correction, i.e. the residuals from the regression on duration)
appeared to be significantly correlated. For example
pointing to the robot was significantly correlated with
talking to the other children (Pearson correlation, r = 0.59).
These correlations may be partly due to simultaneous
attentive activity: when pointing to the robot, subjects may
have talked about the robot at the same time with their
group members. However, the reversed correlation (between
talking to the robot and pointing at other children, r = 0.57)
is less easy to explain as is the absence of correlations
between talking to and pointing at the robot. The correlation
between talking to the robot and pointing at their classmates
could be due to attempts to influence the robot. E.g. a child
would say “pick him!” to the robot, while pointing to their
classmates. Furthermore, it is noteworthy that although
“Looking at” was the dominant activity it appeared not to be
correlated with any of the other directed attention variables.
Further investigations need to be carried out to clarify these
matters.

C. Associations between Directed Attention and
Experimental Conditions.

In order to assess the children’s attention towards the
robot in a single measure, for each attention variable we
calculated the “AttentionBy*X” variable (where X is one of
the three attention variables “Looking at”, “Talking to” or
“Pointing at”):

AttentionVariable - robot - AttentionVariable - notrobot
x

AttentionVariable - total 100

AttentionBy + AttentionVariable =

In this formula enotrobot refers to the frequency of that
attention variable directed at children plus “else” (i.e. not
targeted to the robot). Similarly, total is the total frequency
of the considered attention variable. For example, attention
towards the robot by “Looking” at the robot is formulated
as:

Looking - robot -Looking * notrobot

Looking -« total

AttentionBy - Looking = x100

The division by the total frequency makes this measure
independent of duration. Each of the three “AttentionBy*X”
variables was subjected to a two-factor (State of Camera,
State of Pointer) ANOVA with replication.

The results show the significant effect of the interaction
between State of Camera and State of Pointer (Fig. 5) for
AttentionBy-Looking. More specifically, subjects paid more
attention by looking at the robot when both pointer and
camera were either moving or both were static. Children



looked relatively less at the robot when camera and pointing
were “conflicting” — one static and other not.

Pointer*Camera; LS Means
Current effect: F(1, 12)=7.8053, p=.01623
Vartical hars denote 0.95 confidence intervals

Bunjoojhguonuany

[ -
. o
ACTIVE STATIC = Samora
POINTER
Fig. 5: Analysis of Variance for the variable

AttentionByeLooking under the two states of camera and
pointer (active, static)

For AttentionByePointing and AttentionByeTalking no
significant affects due to the camera or pointer state were
found.

In order to examine in more detail the possible
differences in attention children paid to the robot, other
children and “else”, within each experimental condition, a
series of Friedman tests was performed. The Friedman test
is a non-parametric two-way analysis of variance (without
replication) for rank-ordered data. The test was applied to
compare for each subject how often he/she displayed
attention towards the three targets (robot, children, else =
unknown + other persons). Friedman tests were carried out
separately for each of the three attention variables
(“Looking at”, “Talking to”, and “Pointing at”) for each of
the four experimental conditions (Table 2).

TABLE2.
RESULTS OF THE FRIEDMAN TESTS;
FOR EACH VARIABLE DIFFERENCES BETWEEN TARGETS
WERE TESTED FOR SIGNIFICANCE

LOOKING POINTING TALKING
. 2 2 2
Camera __ Pointer X p X p X p
Active 6.5 0.04
Moving
Static 8 0.02
NOT SIGNIFICANT | NOT SIGNIFICANT
Active 1225 0.002
Static
Static 8 002 8 002

Pointing - No significant differences could be found in
the frequency with which the children spent pointing
towards the robot, other children or “else” within any of the
experimental conditions. Pointing towards the other persons,
a teacher or the researcher running the experiment did not
occur at all.

Looking - For all experimental conditions we found
significant differences in the frequency of “Looking at” the
robot, other children or “else”. In all cases children looked
most often at the robot, less at other children and the least at
other persons plus unknown targets.

Talking - Significant differences in how often children
talked to the robot, other children or other persons/unknown
targets were found only when the camera was static and the

pointer was static: in that case children talked significantly
more to other children than to the robot or “else” .

Although not significant, the same tendency was
observed in the experimental condition 3 (camera moving,
pointer static). Therefore, these two conditions were further
analysed together. The outcome of a Friedman test
performed for experimental conditions 1 and 3 together was
significant (X2 =12.074, df =2, p = 0.002) and suggests that
when the robot’s pointer was static, irrespective of the
camera status, children talked significantly more to other
children than to the robot or to other persons/unknown
targets.

D. The Effect of Proximity to the Robot

Similar analyses as described above were carried out taking
the distance to the robot (i.e. the zones in which the subject
was positioned in) into account. We did this by entering a
code for zone (from 1 to 5, corresponding with closer to
further distance) as an extra factor in the analysis of
variance. However, this inclusion lead to serious violations
of the assumptions underlying ANOVA and we therefore
had to perform separate tests for each of the four

experimental conditions. None of the tests showed
significant effects.
I1. CONCLUSIONS
The analysis showed that for all experimental

conditions, irrespective the state of the camera or the pointer
status, the highest scored attention variable was looking at
the robot. The lack of significant differences in the
frequency of pointing at the robot, other children or “else”
might be explained by the rare occurrence of this behaviour
during the experiment. Pointing at other persons other than
the children did not occur at all, probably as a consequence
of obeying social norms (especially in the U.K. this is
regarded as rude and the “other person” in the experiment
was always an adult). Alternatively, the “other persons”
were not seen as involved in the game.

It is worth mentioning, that some children started
mimicking the start ‘thumbs up’ signal, given to the robot
by an experimenter at the beginning of each game. This
could be interpreted as trying to influence robot’s behaviour
or to make a contact with it.

The seemingly “attentive” behaviour of the robot
influenced the behaviour of the children in various ways,
although not all of the effects are easy to interpret. Overall
activity was highest when the pointer was static, which may
be due to boredom, leading in turn to increased talking and
interactions with the other children. The heightened
attention by looking at the robot showed a surprising result:
children were less interested when the camera and pointer
were in conflicting states. Possibly this “confused” the
children or was counter to their expectations of a “balanced”
behaviour on the part of the robot. Apparently, human-robot
interactions cannot be understood as one-dimensional
responses to simple stimuli.

The only significant differences between talking to the
robot, other children or other person/unknown targets were
found for experimental condition 1 and for the combined
data of condition 1 and 3 (static pointing). In both cases



children more frequently talked to other children and less to
the robot or “else”. Since in condition 1 the camera and
pointer were both static, it is possible that the children
interpreted this as a lack of interest from the side of the
robot. This in turn might have made the children less
interested in the robot and therefore led them to be engaged
in a conversation among themselves instead. This is in line
with our observation that the overall activity (with regard to
the attentional behaviour), of the children was highest when
the pointer was static. This fact and the outcomes of the
Friedman test on the combined data from condition 1 and 3
(static pointing, independent of the state of the camera)
suggest indeed that the robot’s active pointer was a stronger
stimulus for the children than the camera. A possible
explanation is that its movement was more conspicuous than
that of the camera. Alternatively, the fact that the pointer’s
shape included the form of a human hand might have
directed the attention.

No effect of distance to the robot could yet be
demonstrated, but at the time of writing only overall
attentive behaviour was analysed. We are currently testing
the influence of proximity for the separate directed attention
variables.
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ABSTRACT

This paper presents the combined results of two studies that
investigated how a robot should best approach and place itself
relative to a seated human subject. Two live Human Robot
Interaction (HRI) trials were performed involving a robot fetching
an object that the human had requested, using different approach
directions. Results of the trials indicated that most subjects disliked
a frontal approach, except for a small minority of females, and
most subjects preferred to be approached from either the left or
right side, with a small overall preference for a right approach by
the robot. Handedness and occupation were not related to these
preferences. We discuss the results of the user studies in the context
of developing a path planning system for a mobile robot.

Categories and Subject Descriptors
A.m [Miscellaneous]: Human Robot Interaction — Social Robots

1.2.9 [Artificial Intelligence]: Robotics — Mobile robots

General Terms
Human Factors,

Keywords
Human-robot interaction, social robot, social spaces, personal
spaces, user trials, live interactions

1. INTRODUCTION

If robots are to be used in office and domestic environments, they
will have to encounter and interact with people. They must survive
and carry out tasks in a disordered and unpredictable environment,
safely and effectively. This paper presents the results from Human
Robot Interaction (HRI) trials carried out at the University of
Hertfordshire (UH). These results have then been used to inform
and guide work carried out at the Laboratory for Analysis and
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Architecture of Systems at the Centre National de la Recherche
Scientifique (LAAS-CNRS), to develop a task planning, motion
planning, and control system that incorporates human social factors
and preferences.

The work presented in this paper contributes to the COGNIRON
Project [2005]. Part of this research into a cognitive robot
companion investigates socially interactive robots [7] from a
human-centred perspective, i.e. how robots could be useful in
domestic environments; in particular the roles, tasks, and social
behaviour(s) that will be necessary for robots to exhibit in order to
integrate into everyday domestic situations. In order to study
human-robot relationships, HRI trials using carefully devised test
scenarios are conducted [18], where human responses and opinions
can be collected using a variety of methods. A number of previous
live HRI trials with human scaled PeopleBot™ robots have been
carried out [6, 17, 19, 20]. Other researchers have also investigated
similar HRI trials with human sized robots including Dario et al.
[4], Severinson-Eklundh et al. [16], Kanda et al. [9] and Hinds et
al. [8].

Once the desired behaviour(s) for sociable robots capable of
competent human-robot interactions are known, the challenge is
then to incorporate the results into mobile robot path planning
algorithms and control systems. At LAAS-CNRS progress has
been made towards a motion planning framework that will allow
the implementation of key criteria and parameters that can
incorporate these results into the control system of a mobile robot
that can be applied to human-centred environments. The presence
of humans raises new issues for motion planning and control since
the human’s safety and comfort must be taken into account. The
claim here is that a human-aware motion planner must not only
consider safe robot paths, but also plan good, socially acceptable
and legible paths.

There are a number of contributions in the literature where humans
and robots co-exist in the same environment. These studies have
frequently focussed only on the safety of the human [2, 10, 11, 21]
and have failed to take human comfort into account. The planner
presented here explicitly takes into account the human partners’
safety and comfort by reasoning about accessibility, visual field,
posture, gaze direction, relative distance to the robot and potential
shared motions. Although several authors have proposed motion
planning or reactive schemes with a consideration for humans,
there is no contribution that has tackled this whole problem.



2. The Live HRI Trials

This section presents results from two live HRI trials. First, a
human-robot interaction demonstration trial event, which was run
as part of an informal evening event at the AISB’05 Convention
held at University of Hertfordshire in April 2005, and secondly,
follow-up trials carried out in a controlled laboratory set-up, to re-
test the results gained from the demonstration trial.

2.1 The HRI Trial Method

The trials were both carried out in converted seminar rooms where
the scenario involved a robot using three different approach
directions (front, left and right) to bring a seated subject an object
(a TV remote control). The main aim of both trials was to
establish subjects’ preferences for the different robot approach
directions. The demonstration event was conducted as part of an
evening of entertainment for convention delegates, and involved
different robot demonstrations. Spectators were present during the
trials which were performed under non-laboratory conditions using
38 volunteers from the convention. The follow up study was
carried out under controlled conditions with 15 subjects, and one of
the main aims of this trial was to re-test the results obtained from
the informal study.

2.1.1  The Trial Areas

The trial set-up was virtually identical for both trials and resembled
a simulated living room with a chair and two tables. The subject
was seated in the chair, which was positioned halfway along the
rear wall (point (9), Fig.1), throughout the trial. To the left front,
and right front of the chair, two tables were arranged (with room
for the robot to pass by) in front of the chair. One of the tables had
a television placed upon it; the other had a CD Radio unit. The
robot was driven under direct remote control to the appropriate
start position by an operator, but the robot’s approaches to the
subject were fully autonomous. The operator was seated at a table
in the far corner of the room. Subjects were told that the robot
would be controlled by the operator while it was driven to the three
start positions, but would be approaching them autonomously to
bring them the TV remote control. This was reinforced as the
operator made notes and did not press any of the robot control keys
(on the robot control laptop) while it approached the subject
(Figure 1). The robot carried the remote control in a small basket
suspended between the fingers of the lifting gripper. The remote
control was placed in the basket prior to each experimental run. For
each approach trial, the subject took the remote from the basket
then replaced it ready for the next approach.

2.1.2  The HRI Trial Scenario

The same scenario was used for both HRI trials, introduced by the
experiment supervisor. The context explained to the subjects was
as follows: the subject had arrived home, tired after a long day at
work and rested in an armchair (point (9), Fig.1). After looking
around for the TV remote control, the subject then asked the robot
to fetch it for them as they were too tired to get up. The robot then
brought the remote control to the subject. It was explained to the
subject that the robot was new to the household and it was
necessary to find out which approach direction the subject
preferred; either from the front (2), the left (1) or the right (3). The
three possible paths taken by the robot are shown in Fig. 1. In

order to justify the scenario of the robot fetching the remote
control, one of the tables had a (switched off) TV set upon it. The
other table had a CD-Radio unit. Our expectations prior to the
trials were that subjects would prefer the approach from the front,
since the robot was then fully visible at all times. Since many
subjects, in particular in the demonstration trial, had never seen the
robot before we assumed that they would feel most secure,
comfortable, and ‘in control’” when the robot was fully visible so
that its behaviour could be monitored easily.
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Figure 1. Live Trial Area

Figure 2. Examples of the demonstration HRI trial

Figure 3. Example of the follow-up HRI trial.

2.1.3  Experimental Conditions

We were aware that the TV might be a natural focus of subjects’
attention and may have influenced the choice of preferred robot
approach direction. Therefore, for the controlled lab condition, half
the trials were carried out with the TV on the left hand table, and
the other half with the TV on the right hand table. Each subject
experienced the robot approaching from three directions: front, left
and right. To avoid any order effects, a counterbalanced order
sequence covering all six possible permutations of the three robot



approach directions was used. For the demonstration event,
subjects experienced each approach direction only once, and for the
controlled follow-up trials, each subject experienced the three robot
approach directions twice, in a counterbalanced order.

2.1.4  Subject Sample Sets:

For the demonstration trial, 21 males (54%) and 18 females (46%)
participated. The mean age of subjects was 36 years (range: 22-
58). Thirty five subjects (95%) were right handed, and 2 subjects
(5%) were left handed. All were delegates at the AISB’05
Convention. Fifteen subjects (9 (60%) males; 6 (40%) females)
participated in the follow-up study. The mean age of this sample
was 33 years (range 21-56 yrs). Only one subject was left handed.
Four subjects were secretarial staff, 5 subjects were MSc students
studying ‘Artificial Intelligence’, and the remaining 6 were research
staff in the Computer Science Department at University of
Hertfordshire. No subjects had previous exposure to the robots
used in the trial. In the demonstration trial, some subjects had not
sat straight in the chair (see Fig. 2). In the follow-up study subjects
were made to sit straight with their feet to the front of the chair.

2.1.5 Procedure

For both trials, subjects completed a short introductory
questionnaire to gain the necessary consent, and demographic
details. At the end of each trial a semi-structured questionnaire
was used to assess subject attitudes and preferences for the
different robot approach directions and approach speed, as well as
practicality issues. The questionnaires used for the follow-up trials
were more extensive and included questions about the robot
stopping distances, comfort levels and practicality for the different
approach directions, rated according to a 5-point Likert scale.
Subjects also participated in a semi-structured interview after the
follow-up trial. The interview was carefully designed to eliminate
leading questions. The main purpose of the structured interview
was to assess subjects’ views about the trial procedures and
methodology, and find out how the trial could be improved from
the participants’ point of view. The subjects’ reactions to both HRI
trials were recorded by a single tripod mounted camera placed at an
appropriate point at either (5) or (6) in Fig. 1.

2.2 Demonstration Trial Results

2.2.1  Overall Approach Direction Preferences:

100
» 80
en
260
g
240
o

fiisc
0 1P
prefer _ least prefer
Approach Direction

Figure 4. Demonstration trial: Robot to human approach
direction preferences.

Figure 4 illustrates that 60% (N: 23) of subjects stated that they
preferred the right robot approach direction, followed by 24% (N:

9) preferring the left approach and just 16% (N: 6) preferring the
front approach. An overriding majority of subjects stated that they
least preferred the frontal robot approach direction (N: 31, 80%).
Very few subjects least preferred the left and right approach
directions.

2.2.2  Gender Differences & Approach Direction
Preferences
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Figure 5. Male and female approach direction preferences

Chi-square cross-tabulations revealed a significant trend between
gender and the preferred robot approach direction (X* (2, 38) =
3.77, p = 0.1). More females stated that they preferred the front
robot approach direction compared to males, and more males
preferred the right robot approach direction compared to females
(see Figure 5). A significant relationship was found between
gender and least preferred robot approach direction (X* (2, 39) =
7.09, p = 0.03). Significantly more males stated that they least
preferred the front robot approach direction compared to females
(males: 95%, females: 61%). More females stated that they least
preferred the right robot approach direction compared to males
(males: 0%, females: 11%).

2.2.3 Age, Handedness, and Approach Direction

Preferences
Chi-square cross-tabulations revealed no significant relationships
between age, handedness and approach directions preferred and
least preferred.

2.2.4  Approach Distance

76% (N: 28) of subjects stated that the distance between them and
the robot (0.5m +0.1m) was ‘about right’, followed by 19% (N: 7)
who felt that the robot was to ‘too far’ from them. Only 5% (N: 2)
of subjects stated that the robot approached them too closely.

2.2.5  Practicality of Approach Directions

In addition to subjects rating which robot approach direction they
preferred, ratings were given for how ‘practical’ they thought each
approach direction was for the given task of delivering a TV
remote control, according to a 5-point Likert scale (1 = not
practical at all to 5 = very practical). A Friedman test for ordinal
data illustrated that the rankings for approach direction practicality
were significantly different from each other (X* (39, 2) = 12.11,p <
0.01). The mean rankings indicated that the front approach
direction (mean ranking = 1.63) was rated as the least practical,
and the right approach the most practical (mean ranking = 2.33),
followed by the left (mean ranking = 2.04) approach direction.



2.2.6  Comfort Ratings of Approach Directions
Subjects were asked to rate how comfortable they felt with the
different robot approach directions trials according to a 5-point
Likert scale (1 = very uncomfortable, 5 = very comfortable). A
Friedman test showed that the comfort level rankings for approach
directions were significantly different from each other (X* (39, 2) =
29.38, p < 0.001). The mean rankings highlighted that subjects
were the least comfortable with the front (mean ranking = 1.37)
robot approach direction, and the most comfortable with the right
approach direction (mean ranking = 2.49), followed by the left
(mean ranking = 2.14).

2.3  Follow-Up Trial Results

2.3.1 Approach directions most and least preferred
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Figure 6. Follow-up trial: Least preferred and most preferred
robot to human approach directions.

Results of the follow-up approach direction robot trials under
laboratory conditions clearly demonstrated that the least preferred
approach direction was the front approach. The right approach
direction was the most preferred. These results are highly
consistent, with the demonstration trial results (Figure 6).

2.3.2  Robot Distance from the Subject

For the robot’s front approach direction stopping distance, 53% (N
= 8) of subjects rated that the robot’s stopping distance was too
close. 27% (N = 4) of subjects rated that the robot’s stopping
distance was about right, and 20% rated that robot’s stopping
distance was too far. These results seem to indicate that a near
majority of subjects rated that the front approach stopping distance
was too close. In the case of subjects who rated the stopping
distance as being too far for the front approach, we observed that
these subjects usually had their legs stretched out in front of them
causing the robot to stop when it reached the subject’s feet rather
than their arm for them to reach the TV remote control (due to the
robot’s stopping safety mechanism which had to be operational due
to safety considerations). During the robot’s approach from the
left direction, 80% (N = 12) stated that the stopping distance was
about right and 20% (N = 3) rated the stopping distance as being
too far. During the robot’s approach from the right of the subject
60% (N =9) of subjects rated the stopping distance as about right,
and 40% (N = 6) rated it as too far. It is interesting to note that no
subjects thought the robot approached too closely from either left
or right approach directions.

2.3.3  Robot’s Speed during the Trial

The robots final approach speed to the subject was approximately

0.4 to 0.25 m/s, but was not finely controlled due to the inbuilt
safety speed limiting mechanism. When subjects were asked to
rate the robot’s approach speed, 60% (N: 7) of participants rated
that the speed was about right, and 40% (N: 6) of subjects rated
that the robot’s speed was too slow. None of the subjects rated that
the robot’s speed was too fast during the trials.

2.3.4  Practicality and Comfort of the different

Robot Approach Directions

The front approach direction received the lowest practicality ratings
for both the live and video trials. The right approach direction
received the highest ratings of practicality followed by the left
approach. The lowest mean comfort levels were found for the front
robot approach direction. The highest comfort level rating was
found for the right approach direction followed by the left approach
direction. No significant differences were found between most
preferred approach direction and least preferred approach direction
for gender, subject handedness (whether subject was left or right
handed), and occupation.

24 Combined Results of Demonstration &

Follow-Up Trials

In light of the comparable HRI trial methodologies and the high
degree of agreement between the results from the informal
demonstration trials and formal follow-up trials, the results from
both trials were combined to form one dataset from the 55 subjects
who participated in both trials. Thirty males (56%) and 24 females
(44%) in total participated in the robot approach direction trials.
The mean age of subjects was 36 years (range: 21-58, SD: 11.54).
Forty nine subjects (94%) were right handed, and 3 subjects (6%)
were left handed.

2.4.1 Trial Preferences:
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Figure 7. Combined trial results: Overall robot to human
approach direction preferences

Figure 7 illustrates that 59% (N: 31) of subjects stated preferring
the right robot approach direction, followed by 28% (N: 15) who
preferred the left approach, and just 13% (N: 7) preferred the front
approach. An overriding majority of subjects stated least preferring
the front robot approach direction (N: 43, 80%). Few subjects
least preferred the left and right approach directions.

2.4.2  Practicality of Approach Directions

A Friedman test for ordinal data illustrated that the rankings for
approach direction practicality were significantly different from
each other (X2 (54, 2) = 21.87, p < 0.001). The mean rankings



indicate that the front approach direction (mean ranking = 1.55)
was rated as the least practical, and that the right approach was the
most practical (mean ranking = 2.34), followed by the left (mean
ranking = 2.11) approach direction.

2.4.3  Comfort Ratings of the Approach Directions
Results from a Friedman test showed that the comfort level
rankings for approach directions were significantly different from
each other (X2 (54, 2) = 47.78, p < 0.001). The mean rankings
highlight that subjects were the least comfortable with the front
(mean ranking = 2.43) robot approach direction, and the most
comfortable with the right approach direction (mean ranking =
4.15), followed by the left (mean ranking = 3.76).

2.4.4  Gender Differences

Chi-square cross-tabulations revealed a significant association
between gender and the robot approach direction preferred (X* (2,
53) = 5.83, p = 0.05). More females stated preferring the robot
front approach direction compared to males, and more males
preferred the right robot approach direction compared to females
(See Figure 8). A small significant relationship was found between
gender and least preferred robot approach direction (X* (2, 54) =
5.72, p = 0.06). More males stated least preferring the front robot
approach direction compared to females (males: 90%, females:
67%). More females stated least preferring the left (males: 10%,
females: 21%) and right robot approach direction compared to
males (males: 0%, females: 13%). Independent measures t-tests
revealed a trend for males (M = 4.37) to rate the right robot
approach direction as more comfortable compared to females (M =
3.88) (t (52) = 1.74, p = 0.08). No further significant gender
differences were revealed for comfort ratings of the front and left
robot approach directions.
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Figure 8. Combined results: Male and female preferences

Independent measures t-tests were calculated to examine gender
differences and ratings of the practicality of the robot approach
directions. Significant differences were found for the practicality
of the front approach direction (t (52) = -2.46, p = 0.02). Females
rated the front approach direction as significantly more practical
compared to males (males M = 2.60, females M = 3.38). No
further significant differences were found between gender and
practicality ratings for the left and right approach directions.

2.4.5 Age, Handedness, and Approach Direction

Preferences

Chi-square cross-tabulations revealed no significant relationships
between age, handedness, approach directions most and least
preferred, comfort ratings of the approach directions, and
practicality ratings of the approach directions.

2.4.6 Comments made by Subjects about the Three

Robot Approach Directions.

Subjects were asked to provide details about the reasons for
preferring and least preferring particular robot approach directions.
Tllle most frequently cited comments are provided in tables 1 and
2.

Table 1. Reasons why subjects preferred a particular
approach direction.

Preferred Front Approach Direction
Front approach direction was easy to reach for the TV remote control
The effort needed to reach for the remote control was the least, but
this was still not close enough
Preferred Left Approach Direction
I felt the most relaxed and comfortable during this approach
Preferred this approach as I am left handed
This approach was the quickest and most direct
This approach felt the most natural
It was the most convenient for the robot to approach this way.
Preferred Right Approach Direction
I felt the most comfortable with this approach
This approach seemed the most natural
I am right handed, so it was the easiest way to take the remote
control
This approach seemed to be the quickest
This approach because it was always in my field of vision

Table 2. Reasons why subjects least preferred a particular
approach direction.

Least Preferred Front Approach Direction
I had to move forward to reach for the remote control, the robot was
too far away from me
This approach was slightly threatening
This approach was just a little bit too close for comfort
Seemed too aggressive
The robot was always looking a me
I was concerned about the robot running into me during this
approach
This approach was intimidating

Least Preferred Left Approach Direction

Didn’t like left approach as I am right handed
It was difficult for me to reach for the remote control
I felt awkward reaching across with me left hand
It felt like I had to reach further for the left approach
The robot was not in my line of vision during the left approach

Least Preferred Right Approach Direction
Least preferred this approach because I am left handed
The robot felt like it was behind my back during this approach

Implications of User Studies for Robot Motion

Planning

Today, classical motion planning methods [12] are quite efficient at
locating feasible paths. However, the presence of humans in the
environment drastically changes the notion of acceptable paths. In a
human-robot interaction context, the computed paths do not only
need to be collision-free but must also take into account human

' Due to space limitations, only the most frequently cited

comments are shown.



comfort. This is illustrated in figure 9, which shows two paths
produced by a classical motion planner. Both paths are
inconvenient since one path passes too close to the wall, causing
the human to be surprised, and the other passes behind the human
resulting in discomfort. The HRI studies reported in the previous
section, and others [1, 13, and 19] highlight a number of properties
that must be taken into account when dealing with humans. Only
limited studies have considered comfort and legibility issues, often
in an ad hoc manner. A new technique is described that integrates
additional constraints in a more generic way. In these steps of our
work, we assume that the final positions of the paths are already
calculated.

i

T
Figure 9. Two paths found by classical motion planning
systems

We introduce three criteria to the motion planning stage to ensure
safety and comfort. The robot must take into account these three
criteria at the planning stage along with the more common aspects
of path planning such as obstacle avoidance. Each criterion is
represented by human-centred costs stored in a 2D grid:

Safety Criterion: This focuses on ensuring safety by controlling
the distance between the robot and human. The robot, if possible,
must avoid approaching the human too closely, and in some cases
(i.e. no physical interaction) the robot must not be able to pass
through a certain perimeter around the human. However, the robot
must be able to approach the human to allow interactions to occur
(for example to pass an object to a human). Hence, this distance
between the robot and the human is not uniform and fixed, but
depends on the type of human-robot interaction, in addition to the
human preferences, and physical abilities. For instance, the user
studies presented above are reflected by a configuration of costs
that favours approach motions by the side (Fig 10).

Visibility Criterion: Human comfort is a key issue when dealing
with HRI scenarios, and some properties can be extracted from this
issue. In particular, humans generally feel more comfortable when
the robot is within their field of vision. Therefore, a “visibility
criterion”, is used to help the robot to stay, during its motions, in
the human’s field of view. The visibility grid is constructed
according to costs reflecting the effort required by the human to get
the robot in his field of view. Grid points located in a direction for
which the human has only to move his eyes have a lower cost than
positions requiring head turning in order to get the robot in the field
of view. Also, when the robot is far away from the human, the
effect of visibility must decrease, and beyond a certain distance it
must be negligible.

Hidden Zones: In the grids presented above, the costs are
calculated without taking into account obstacles in the

environment. However, obstacles in close vicinity to the human can
have various effects on safety and visibility issues. If the robot is
behind an obstacle, the human might feel comfortable because the
obstacle would block the direct path between the human and the
robot. Therefore, the safety criterion must be cancelled in zones
located behind the obstacles. In contrast, as the robot passes behind
an obstacle and becomes hidden, and the human cannot see the
robot, the visibility costs no longer correspond to physical realities.
To handle this issue, we introduce a further criterion termed,
“hidden zones criterion”. This criterion helps to determine better
costs for positions hidden from the human by obstacles. An
important effect of obstacles for human comfort is the “surprise
factor”. When the robot is hidden by an obstacle close to the
human, and suddenly appears in the human field of vision, it can
cause surprise and possibly fear. To avoid this effect, we must
discourage the robot to pass behind an obstacle too closely, and
must allow it to get into the human’s field of view when sufficiently
far from the human. This can be done by adding costs to the zones
hidden from the subject’s view by the obstacles. The costs in the
hidden zone grid are inversely proportional to the distance between
the human and the robot so that the robot chooses to keep a
distance from back sides of the obstacles that are close to humans.
Once the safety, visibility, and hidden zones grids have been
computed (Fig. 10), they are merged into one single grid where the
robot will search for a minimum cost path.

L
Figure 10. The “safety”, the “visibility”” and the

hidden zones” grids. The height of a point corresponds to the
cost of that point. The grids were modified to correspond to
the results of the user studies.

Figure 11. A human friendly path calculated
automatically by the planner. Note the robot does not choose
the shortest path and prefers a path that avoids it “to burst”

near the human.

Different ways, depending on the task and on the balance between
criteria, can be used to aggregate the grid costs.

For example, for an urgent task, the importance of the visibility
grid is less than the safety grid so that the robot does not take
visibility largely into account. Once the final grid is computed, the
cells corresponding to the obstacles in the environment are labelled



as forbidden and an A* search is performed to find minimum-cost
path between two given positions of the robot. Since only crossing
the obstacles and humans are forbidden, with this algorithm we
guarantee to find a path if it exists.

Figure 12. A Hallway scenario. The planner
automatically plans a trajectory that allows the robot to pass
next to the human without causing any discomfort. Note that
as the robot does not immediately take a position behind the
human, it avoids causing any discomfort when it is invisible to

him.

The computed paths shown in Figures 11 and 12 are collision-free
and also take into account the human’s comfort and safety.

3. Conclusions

Results from the two HRI trials indicate that a large majority of
human subjects, when seated, preferred a robot to approach from
either the left or right side. The frontal approach was seen as
uncomfortable, impractical, in some cases even threatening or
confrontational, and should thus be avoided. This result is in line
with human-human situations where standing or sitting at an angle
of 45 degrees to each other can reduce feelings of aggression and
confrontation [14]. However, the side that an individual human
will actually prefer, left or right, depends to a large extent on the
preferences of the individual concerned. The results do show that
there is a bias towards the right hand side. This may be related to
the fact that most of the trial subjects were right handed (in
common with most of the population in general). Therefore, for a
robot which is bringing an object to a seated human whose
preferences are not known, it should always avoid a frontal
approach and if (physically) convenient and consistent with the
particular task then approach from the right. If the seated humans’
approach direction preferences are known, then the robot should
approach from the preferred direction whenever convenient’. It
should be noted here that a human subject will not be unduly
disturbed if their approach preference with regard to which side are
not followed.

There were some perceived gender differences with regard to
approach direction, with some females actually preferring a frontal
approach direction, whereas slightly more males than females

2 Deriving such ‘social rules’ for robots from empirical HRI studies
is part of an attempt to develop a robotic etiquette, cf. B.
Ogden, K. Dautenhahn (2000) Robotic Etiquette: Structured
Interaction in Humans and Robots, in Proc SIRS2000, 8th
Symposium on Intelligent Robotic Systems, The University of
Reading, England, 18-20 July 2000.

preferred a right side approach over other directions. From
psychological studies [14] it has been found that women tend to
stand slightly closer to one another, face each other more, and
touch each other more, compared to men interacting with other
men. That women tend to face each other more could possibly
account for the fact that women in our studies more frequently
preferred the robot to approach from the frontal direction compared
to men, although this issue needs further investigation.

In the follow-up trials, no subjects thought that the robot came too
close from either the right or left side directions, though a majority
thought the front approach distance was too close. In all cases the
robot approached to no closer than 50cm, which was the inbuilt
safety collision avoidance distance of the robot. It has been noted
that there are cultural differences in personal spatial zones [14]°.
However, although some subjects in the HRI trials may have
originated from other countries and cultures, all the subjects had
been resident in the UK and therefore could be presumed to adopt
human-human social distances similar to those of the average UK
population. Therefore, regional, cultural or ethnic origin
information was not asked (or controlled) for in the studies®.

Most subjects stated that the robot moved too slowly or about right
at 0.4m/s, while nobody rated that the robot moved too fast. This
suggests that (especially after a longer habituation period), most
subjects would prefer the robot to move at a faster speed. It would
therefore be reasonable to set the default robot speed at a relatively
slow 0.4m/s and then perhaps increase the approach speed over
time or in response to the user’s wishes or preferences.

The robot used in the trials only had a simple short reach gripper,
so the object was presented to the subject in a simple lifting tray. If
a longer manipulator or arm was fitted, the results obtained may
well be very different. It is desirable to perform further trials with
various robots fitted with various types of arms or manipulators to
see what effect they may have on user preferences. Also, long term
trials are needed to investigate the effect on people of longer
periods of exposure to robots. It would also be interesting to
perform human-human studies to complement the work presented
here. However, the primary focus of this paper is on robot to
human approach direction preferences.

The human-aware motion planner is in its first steps of
development and implementation. It requires further experiments to
customize and validate the planner for live HRI situations. We are
planning to implement this motion planner along with task
reasoning capabilities [3] into a real robot that must have sufficient

3 For example, many southern Europeans and Japanese have an
intimate distance (reserved for close friends and family) of only
20-30cm compared to 46-122cm of the Americans and northern
Europeans. Europeans might refer to Asians as ‘pushy’ and
‘familiar’ and Asians might refer to Europeans and Americans as
‘cold” and ‘stand-offish’. There are also differences in rural vs.
urban spatial zones. People raised in more rural, less populated
areas need more personal space, than those raised in densely
populated cities.

* A specific study which investigates in more detail human robot

approach distances using PeopleBot ™ robots is given in Walters
et al. [20].



human perception capabilities such as determination and tracking
of various features like human-body posture, head orientation, hand
configuration and gaze direction. In the execution stage of the plan,
the robot must be highly reactive to changes in the environment.
Using path deformation approaches can ensure this reactivity.

Joint work as described in this paper will ultimately contribute to
the development of interaction-aware robots [5], i.e. robots that
are sensitive to the social context they are embedded in. This is a
vital requirement for all those robotics applications where human
contact and acceptability plays a vital part, as it is the case in
domestic, healthcare and other applications. The challenge to
develop robots that are not only ‘doing the right thing’, but ‘doing
the thing right’ [15] can only be tackled in a interdisciplinary
endeavour involving psychologist as well as roboticists and HRI
experts.
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Abstract

We present in this paper a methodology for computing the maximum velocity profile over a trajectory planned for a mobile robot. Environment
and robot dynamics as well as the constraints of the robot sensors determine the profile. The planned profile is indicative of maximum speeds
that can be possessed by the robot along its path without colliding with any of the mobile objects that could intercept its future trajectory. The
mobile objects could be arbitrary in number and the only information available regarding them is their maximum possible velocity. The velocity
profile also enables one to deform planned trajectories for better trajectory time. The methodology has been adopted for holonomic and non-
holonomic motion planners. An extension of the approach to an online real-time scheme that modifies and adapts the path as well as velocities to
changes in the environment such that both safety and execution time are not compromised is also presented for the holonomic case. Simulation
and experimental results demonstrate the efficacy of this methodology.

© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Several strategies exist for planning collision-free paths
in an environment whose model is known [9]. However,
during execution, parameters such as robot and environment
dynamics, and sensory capacities need to be incorporated for
safe navigation. This is especially so if the robot navigates in
an area where there are other mobile objects such as humans.
For example in Fig. 1, the robot would be required to slow down
as it approaches the doorway, in anticipation of mobile objects
emerging from there, even if it does not intend to make a turn
through the doorway.

A possible means to tackle the above problem at
the execution stage is to always navigate the robot at
very low speeds. In fact, reactive schemes such as the
nearness diagram approach [11] operate the robot at minimal
velocities throughout the navigation. However, incorporating
the computation of a velocity profile at the planning stage
would circumvent not only the problem of conservative
velocities throughout navigation but would also allow for a
modification of the trajectory to achieve lower time (Fig. 2).

* Corresponding author.
E-mail address: nic@laas.fr (T. Simeon).

0921-8890/$ - see front matter © 2005 Elsevier B.V. All rights reserved.
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We present in this paper a novel proactive strategy that in-
corporates robot and environment dynamics as well as sensory
constraints into a collision-free motion plan. By proactive we
mean that the robot is always in a state of expectation regarding
the possibility of a mobile object impinging onto its path from
regions invisible to its sensor. This proactive state is reflected
in the velocity profile of the robot, which guarantees that in the
worst-case scenario, the robot will not collide with any of the
moving objects that can interfere with its path. The ability of
the algorithm to compute a priori velocities for the entire tra-
jectory accounting for objects moving in arbitrary directions is
the essential novelty of this effort.

As is always the case, planned paths and profiles need
constant modification at the execution stage due to changes
in the environment. For example a profile and path that was
planned for an environment with a closed doorway needs to be
modified during real time if the doorway is found open. Also
addressed in this article is the problem portrayed in Fig. 3.
Given an initial trajectory planned for a particular environment,
how does the robot modify its trajectory while new objects (not
necessarily intersecting the robot’s trajectory) are introduced
into the environment such that the basic philosophy of ensuring
safety as well as reducing time lengths of the path continue to
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Fig. 3. How does the robot adapt its path in the presence of new segments (a, b)
and (c, d) while maintaining safe velocities?

be respected? Simulation and experimental results are presented
to indicate the efficacy of the scheme. In [1] we reported
how the maximum velocity profiles can be computed for any
generic planner and in [8] we presented initial simulation and
experimental results of the reactive version of [1].

Related work can be cited in the areas of modifying
global plans using sensory data obtained during execution
for overcoming uncertainty accumulated during motions [3]
and those that try to bridge the gap between planning and
uncertainty [10] or planning and control [7,2]. The velocity
obstacle concept [13,5] bears resemblance to the current
endeavour in that they involve selection of a robot velocity
that avoids any number of moving objects. The difference is
that in the present approach the only information about the
mobile object available is the bound on velocity. The direction
of motion and the actual velocities are not known during
computation of the velocity profile. The work of Stachniss [14]
also involves considering the robot’s pose and velocities at
the planning phase. A path is determined in the (x, y) space
and a subgoal is chosen. A sequence of linear and angular
velocities, (v, w), is furnished until the subgoal is reached.
In [12] a policy search approach is presented that projects a low
dimensional intermediate plan to a higher dimensional space
where the orientation and velocity are included. As a result
better motion plans are generated that enable better execution
of the plan by the robot. The current effort has similarities
to [12], at the planning level but also extends it to a suitable
reactive level in the presence of new obstacles encountered
during execution. Similarly the dynamic window approach [16]

and the global dynamic window method of Brock et al. [17]
both incorporate the dynamics and the kinematics of the robot
for a reactive collision avoidance system. Incorporating the
dynamics and searching in the space of velocities overcome
the problems of purely geometric methods. However, these
methods do not speak of modifying the path in order to reduce
its time-length and the dynamics of the environment does not
affect the computation of the velocity profile, which makes our
approach different from those mentioned above.

2. Problem definition

The following problems are addressed in the paper, given:

e A robot R modelled as a disc and equipped with an
omnidirectional sensor having a limited range Ryis. We
call Cyis the visibility circle, centred at the robot’s position
with radius Ryis. The paths of R are sequences of straight
segments or straight segments connected with circular arcs
of radius p in case of a non-holonomic robot. The robot’s
motion is subject to dynamic constraints simply modelled
by a bounded linear velocity v € [0, v;;,] and a bounded
acceleration a € [—a_p, ay]. The maximum possible
deceleration a_,, need not equal the maximum acceleration
am.

e A workspace cluttered by static polygonal obstacles O;.
The static obstacles can hide possible mobile objects whose
motions are not predictable; the only information is their
bounded velocity v,p.

Problem 1. Given a robot’s path 7(s) computed by a standard
planner [9], determine the maximal velocity profile vt (s) such
that, considering the constraints imposed by its dynamics, the
robot can stop before collision occurs with any of the mobile
objects that could emerge from regions not visible to the
robot at position s € t(s). For example, the velocity profile
dictates that the robot in Fig. 1 slow down near the doorway
in expectation of mobile objects from the other side. We call
MP = (t(s), v¢(s)) a robust motion plan. The velocity
profile allows us to define the time 7 () required for the robust
execution of path 7:

T(T)_/L ds
“Jo ve(s)’

Problem 2. Modify the planned trajectory such that the overall
trajectory time 7 (t) is reduced. For example, the path of Fig. 2,
albeit longer than the one of Fig. 1, is traversed in a shorter time.

Problem 3. Adapt the path and velocities reactively in the
presence of new objects not a part of the original workspace
such that the criteria of safe velocities and reduced time of path
continue to be respected. This is illustrated in Fig. 3.

3. From path to robust motion plan
The procedure for computing the maximum velocity profile

v¢ (s) delineated in Sections 3.1, 3.2 and 3.3 addresses the first
problem. The constraints imposed by the environment on the
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Fig. 4. Mobile objects may appear anywhere on Cys’s contour.

robot’s velocity are due to two categories of mobile objects.
The first category consists of mobile objects that could appear
from anywhere outside the boundary of the visibility circle Cjs.
The second category involves mobile objects that could emerge
from shadows created in Cyjs due to stationary objects.

3.1. Velocity constraints due to the environment

No obstacles in Cyis

In the simple case where the robot’s position is such that
no static obstacle lies inside Cyjs, a moving object may appear
(at time + = 0) anywhere on Cyis’s boundary (Fig. 4). Let
V.» denote the maximum possible robot velocity due to a
mobile object at the boundary. At time ty = v,p/a_,, (ie.,
when the robot is stopped), the distance crossed by the object
is dopj(Vrp) < VopUrp/a_p. Avoiding any potential collision
imposes that Ryis > dyp(vrp) + dopj(vrp), where dppy =
vrzb /2a_,,. The condition relates v, to the sensor’s range Ryis
as:

Influence of shadowing corners

Static obstacles lying inside Cyis may create shadows (e.g.,
see the grey region of Fig. 5) which contain mobile objects.
The worst-case situation occurs when the mobile object remains
unseen until it arrives at the shadowing corner of a polygonal
obstacle. Since the mobile object’s motion direction is not
known it is best modelled for a worst-case scenario as an
expanding circular wave of radius v, centred at (d, 0)

(X(1) —d cos0)? + (Y (1) — dsin6)? = v2,1°.

Let us first consider that the robot’s path 7 is a straight
segment. Considering that the intersections between the circular
wave and the robot’s segment path should never reach the robot
before it stops at time fyp = uv,g/a_, yields the following
velocity constraint:

vty — 4(a_md cos 6 + v )i, +4a?,,d* > 0. 2)

Here v,g, is the maximum possible robot velocity due to the
shadowing vertex under consideration. The solution of Eq. (2)
gives vy, as a function of (d, ).

This solution only exists under the condition vy, >
Va—md(l —cosh), i.e., when the object’s velocity v, is
sufficiently high to interfere with the robot’s halting path.
Otherwise, the shadowing corner does not constrain the robot’s

Fig. 5. Mobile objects may also appear from the shadows of static obstacles.

Fig. 6. Shadowing corners: among the three vertices of V(p), only s, and s3
create shadows (the line going through s; is not tangent to the left obstacle).

velocity, which can be set to v, the maximum bound on
robot’s velocity.

Similar reasoning can be applied to the case where the
robot traverses a circular arc path of radius p. This case,
however, leads to a nonlinear equation that needs to be solved
numerically to derive the maximal velocity [4]. The expression
that needs to be solved for computing the maximum velocity at
a given point on a circular arc is of the form:

(07 v2p) /a2 ,,) + 207 cos(vpy, /2a_mp)
+2dp sin((v2,/2a_pmp) — 0) = d* 4+ 2p> —2dpsinf. (3)

3.2. Computing the shadowing corners

The problem of determining the set of shadowing corners
needed for the velocity computation in Section 3.1 is the
problem of extracting those vertices of the polygonal obstacle
to which a ray emitted from the robot’s centre is tangential
(Fig. 6). The set of shadowing corners can be easily extracted
from an algorithm that outputs the visibility polygon [15] as a
sorted list of vertices.

3.3. Computing the velocity profile v (s)

While the methodology for computing the maximum
velocity profile delineated here is essentially for a holonomic
path, its extension to the non-holonomic case is not very
difficult.

1. A holonomic path 7, consisting of a sequence of straight
line segments ab, bc,cd (Fig. 7), is deformed into a
sequence of straight lines and clothoids to ensure continuity
of velocities at the bends [6]. The maximum deviation from
an endpoint to its clothoidal arc (depicted as e in Fig. 7)
is dependent on the nearest distance to an object from the
endpoint under consideration.
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Fig. 7. A holonomic path deformed into a sequence of straight segments and
clothoidal arcs.

2. The linear velocity along a clothoid is a constant and
the maximum possible linear velocity considering robot
dynamics alone is calculated for each of the clothoidal
arc alb0, b1c0 according to [6] and is represented as
ve(al), ve(b1).

3. The straight segment aal is discretized into M equally
spaced points, excluding the endpoints of the segment,
namely a and al. We denote the first such point as a
and the last such point as ay. The point of entry into the
clothoid, namely al, is also denoted as aps41.

4. For each of the N points, g;, the steps 4a to 4e are repeated.

4a. The maximum possible velocity that a robot could have
such that it can come to a halt before colliding with objects
that enter into the robot’s field of vision from the boundary
is computed as v, (a;) according to Eq. (1).

4b. The velocity of the robot due to stationary obstacles inside
the robot’s field of vision that create shadows is computed
as vrgy(a;) according to Eq. (2). The minimum of all the
velocities due to such vertices is found and denoted as
vrs(ai).

4c. The maximum possible velocity of the robot at a; due to the
environment is then computed as

Vre(ai) = min(vrp(ai), vrs(ai)). “

4d. The velocity of the robot at @; due to its own dynamics is
given by

vra(ai) = /3 @i1) + 2ams @i, ai). 5)

The above equation is computed if v..(a;) > vr(ai—1).
Here s(a;, a;—1) represents the distance between the points
a; and a; 1. a,, represents the maximum acceleration of the
robot.

4e. The eventual velocity at g; is given by

V(@) = min(vyq(a;), Vre(@i), Vrm). (6)

Here v, represents the maximum robot velocity permissi-
ble due to servo motor constants.

5. The velocity at the endpoint al is computed as v,(al) =
min(v,(al), vc(al)) and this would be the linear velocity
with which the robot would traverse the clothoid.

6. Steps 6a and 6b are performed by going backwards on each
of the N points from ay to ay.

6a. If v, (a;) > vr(aj+1) then the modified maximum possible
velocity at a; is computed as

vra(a) = /2 (@is1) + 2a-ms @i ais ). )
6b. Finally, the maximum safe velocity at a; is given as
vr(ai) = min(vr(a;), vra(ai)).

7. Repeat steps 3 to 6 for all the remaining straight segments to
obtain the maximal velocity profile over a given trajectory t
as ve(s) = {vr(@), vr(a), ..., vr(an), vr(al), v (b1), . ..,
vr(d)}.

3.4. Modifying the planned trajectory for lower time

The knowledge of the maximum velocity profile over a
trajectory is utilized to tackle the problem posed in Section 2 of
reducing the overall trajectory time of the path. The procedure
for reducing the trajectory time at the planning stage involves
random deformation of the planned path and evaluating time
along this path. The modified path becomes the new trajectory
if the time along it is less than that along the original trajectory.
The process is continued until over a finite number of attempts
no further minimization of trajectory time is possible. Prior
to delineating the algorithm it is to be noted that the set of
all collision-free space of the workspace is denoted as Ciree
and the current trajectory of the robot as 7.(s). A point of
discretization on a trajectory discretized into N parts is denoted
as p(si),i € {1,2,..., N}. The corresponding configuration of
the robot at those points is denoted by ¢ (s;). The algorithm is
given as Algorithm 1.

Algorithm 1 Globally reducing trajectory time
1: Ngypy <0

2: while Ntry < Nattempts do

3: Discretize current trajectory 7.(s) into IV, parts
where IV, is sclected based on minimum
discretization distance between two points.

4: Set flag < 0

5: fori=1to Ny, do

6: Compute minimum velocity at si due to

shadowing vertices as vpmin (i)
7 if Upmin(8i) < Upm then

8: Find a configuration ¢(sp) € Cyree and
sp € T¢(sk), k € {1,..., Np} such that g(s,)
is reachable from ¢(s;).

9: Find a point s, on the remaining part of
the trajectory, s, € 7(s;);i < j < N, such
that g(s,) is reachable from ¢(s,).

10: Form a new trajectory through s;, s, s4
and denote it as 7,(s)

11: if T'(r,,) < T(7.) then

12: discretize 7,, into N, points.

13: Te < Tn

14: N, «— N,

15: Set flag — 1

16: end if

17: end if

18: end for

19: if flag = 0 then
20: Nipy — Nigpy + 1
21: end if

22: end while
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Fig. 8. Memorization of previous scenes.

Step 8 of the algorithm is carried out by searching for
a collision-free configuration which would displace the path
away from the shadowing vertex responsible for the lowest
velocity at s;. Step 11 adapts the displaced path as the new
current path if its trajectory time is less than that of the
current path. Nagempts is the number of unsuccessful attempts
at minimizing the trajectory time before the algorithm halts.

3.5. Remembering sensor information

The computation of the velocity profile at a given point on
the robot’s trajectory incorporates the robot’s field of vision
at that point. This field can change appreciably between two
successive instances of computation. For example, in Fig. 8 the
robot at position a has full field of vision of the corridor that
is transverse to the robot’s trajectory. However, at position b
the robot is blind to the zone shown in a darker shade of grey.
Hence it needs to slow down as it moves further down to ¢ since
it envisages the possibility of a moving object approaching it
from the corners of the stationary objects. These corners are the
starting areas of the robot’s blindzone at b.

However, if the robot could remember the earlier scene
it could use this when computing its velocity profile during
execution of the planned path. In such a case, if the robot
did not see any moving objects in close proximity at a it can
make use of this information at b to have a velocity profile
from b that is greater than the one computed in the absence
of such information. Fig. 8 shows (in darker shade) the zone
remembered by the robot. The contour of the remembered area
represents the blindzone of the robot at b, from where mobile
objects can emanate. The area in a lighter shade of grey is
the visibility polygon for the robot at b. With the passage of
time the frontier of the remembered area shrinks due to the
advancement of the imagined mobile objects from the initial
frontier. The details of this scheme are given below.

Remembering is fruitful when a non-shadowing vertex
begins to cast a shadow, thereby hiding regions which were
previously visible. The set of all vertices that are currently
visible, shadowing and were at some prior instant visible, non-
shadowing is denoted by Vsns. For every vertex ve € Vsns a
corresponding vertex is associated and called the blind vertex.
The blind vertices are of three categories explained in Fig. 9
where the vertex a, non-shadowing for the robot at p, becomes
shadowing when the robot is at g. Correspondingly the vertex
¢ of the triangular obstacle which was visible and shadowing
when the robot was at p becomes invisible when the robot
moves to g. Simultaneously one of the other endpoints of a,
namely b, would also become inevitably invisible at g. Vertices
like b fall in the second category. If » was already outside Clis
at p the intersection of Cyjs with the segment ab, namely o, is
identified as the third category of blind vertex. The set of all
such vertices is denoted by Vbs. These vertices are advanced
by a distance v,p At where At is the time taken by the robot
between p and g to new virtual locations along the line that
connects those vertices to a. At g the velocity is computed
due to the closest of the vertices in the set Vbs at their virtual
locations instead of a, which is otherwise the vertex for which
Eq. (2) is computed. Such a trend continues until the distance
between the robot to the closest hypothetical vertex is less than
the actual distance of the robot to a.

The remembering part of the algorithm is given in
Algorithm 2. The set of all visible shadowing vertices is
denoted by Vsh.

Algorithm 2 Remembering effects on velocity

1: for each vertex v, € Vsh do
2:  if v, € Vsns then

3: for each vertex v, € Vbs associated with v,
do

4: Advance vy, by v At

5: end for

6: Denote the distance from the robot’s current

location, s., to the closest of all advanced
vertices, Vpe as deyp
7 if d(s¢,ve) < dewy then

8: Compute velocity due to the virtual vertex
Upe through equation (2)

9: else

10: Compute velocity due to the actual vertex
v. through equation (2)

11: end if

12:  end if

13: end for

4. From plan to execution

The velocity profile, v;(s), is a sequence of maximum
velocities calculated at discretized locations along the trajectory
7(s). The locations at which the velocity profile at the execution
stage is computed are not the same locations as where the
profile was computed during planning, due to odometric and



6 K. Madhava Krishna et al. / Robotics and Autonomous Systems 1 (1111) 111111

P q

Fig. 9. Three categories of blind vertices.
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Fig. 10. Effect of an obstacle on the robot’s velocity, possibly hiding mobile
objects at locations a and b.

motor constraints. Moreover, if there are changes in the
environment it entails modifying the trajectory and hence the
velocities. During execution it is computationally expensive to
compute the profile for the entire remaining trajectory, hence
the profile is computed for the next finite distance, given
by dsafe = dmax + ndsamp’ where dmax = vrzm/(z * d_pm)
represents the distance required by the robot to come to a
halt while it moves with the maximum permissible velocity
afforded by motor constants. And dsgamp = Vrmfsamp 1 the
maximum possible distance that the robot can move between
two successive samples (time instants) of transmitting motion
commands, where time between two samples is fsamp.

The main issue here is what should be the distance over
which the velocity profile needs to be computed during
execution such that it is safe. A velocity command is not
considered safe if it is less than the current velocity and not
attainable within the next sample. The velocity is constrained
by the environment as well as robot’s own dynamics and hence
their roles are studied below.

Effect of environment

Mobile objects that can emerge from corners in a head-
on direction cause the greatest change in velocity over
two samples. Fig. 10 shows one such situation, where the
rectangular object casts a shadow and is susceptible to hiding
mobile objects. Let the current velocity of the robot at a due to
the object be v;. Let the velocity at a distance, s, from a, at b
(Fig. 10) due to the object be vs.

The velocities at @ and b are given by

Vg = —Vop + \V v(%b +2a_pd, (8

Vp = —Vop + \/Ugb +2a_pu(d —s). 9

Hence
2

.=

+ 200 ( v, 4 2a_,(d —s) — \/vgb + 2a_md> )

v v}% =2a_p,s

Evidently the second term on the right-hand side of
Eq. (10) is negative, since the second square root term is more
positive than the first. Hence vg — vg < 2a_p;s. Therefore
the velocity at b, v, can be attained from the velocity at
a, v, under maximum deceleration, d,,, irrespective of the
maximum velocity of the mobile object or the robot’s own
motor constraints. This was intuitively expected since the
robot’s velocity at any location is the maximum possible
velocity that guarantees immobility before collision; its velocity
at a subsequent location permitted by the environment would
be greater than or equal to the velocity at the same location
obtained under maximum deceleration from the previous
location. In other words, for safeness of velocity going purely
by environmental considerations it would suffice to calculate
the velocity, for the next sampling distance alone, for without

loss of generality, d = dsamp.
Effect of robot’s dynamics

The robot needs to respect the velocity constraints imposed
while nearing the clothoidal arcs and eventually while coming
to the target. The robot can reach zero velocity from its
maximum velocity over a distance of dmax, computed before.
Hence dmax + dsamp represents the safe distance over which the
velocities need to be computed.

4.1. Online path adaptation for better trajectory time

The third of the problems outlined in Section 2 is tackled
here. During navigation the robot in general comes across
objects hitherto not a part of the map. The robot reacts to
these new objects in line with the basic philosophy of safety as
well as time reduced paths. The adaptation proceeds by finding
locations over a finite portion of the future trajectory where
drops in velocity occur and pushing the trajectory away from
those vertices of the objects that caused these drops to areas
in free space where higher velocities are possible. A search is
made through the newly found locations of higher velocities for
a time-reduced path.

Generalized procedure
The generalized procedure for adapting the path in the
presence of new objects is delineated through Fig. 11.

1. On the trajectory segment that is currently traversed, AB in
Fig. 11, enumerate the vertices of objects that reduce the
velocity of the robot.

2. The positions are found on AB where the influence of
vertices is likely to be maximal.

3. These positions are pushed by distances d,, = k(v; — v;),
where v; and v, are the velocities at that location on the path
due to the most influential vertices on the left and right of
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Fig. 11. A trajectory in the presence of new objects. The points marked with
crosses represent locations through which a path is searched for reduced time
of trajectory.

the path. These new locations are denoted as p1, p2, p3, p4
(Fig. 11) and maintained as a list provided the velocity at
the new locations is higher than the original ones. p6 is the
farthest point on the robot’s trajectory visible from its current
location at A.

4. On this set of locations A, p1, p2, p3, p4, pS, pb6 starting
from the current location at A, find a trajectory sequence
shorter in time than the current sequence of A, B, p6 if it
exists.

5. The steps 1 to 4 are repeated until the robot reaches the
target.

It should be noted that when a collision with an object is
detected, a collision-free location is first found that connects the
current location with another location on the original trajectory
and this new collision-free path is further adapted for a time-
reduced path if it exists. Also note that while the velocities
are computed over a distance dgfe, that part of the remaining
trajectory that is visible from the current location is considered
for adapting to a better time-length.

5. Planning results and analysis

In this section the results of incorporating the velocity
profile computation as a consequence of considering robot and
environment dynamics and sensor capacities at the planning
stage and the subsequent adaptation of paths to better time of
trajectory is analysed. Fig. 12 shows the path computed by a
typical holonomic planner [9] and its corresponding velocity
profile. The velocity corresponding to the robot’s location on
the trajectory (shown as a small circle) is marked by a straight
line labelled m on the profile. The dark star-shaped polygon
centred at the robot depicts the visibility of the robot at that
instant and is called the visibility polygon. The figure is a
snapshot of the instant when the robot begins to decelerate to a
velocity less than half the current velocity as it closes down on
the vertex a marked in the figure. Evidently from the visibility
polygon the vertex a casts a shadow, and the closer the robot
gets to it, the slower the velocity must be.

Fig. 13 is the time-reduced counterpart of Fig. 12. The
snapshot is once again at a location close to vertex a. Staying
away from a permits nearly maximum velocity. The dip
observed in the profile due to vertex a is negligible. Similarly
staying away from other vertices such as b allows for a
trajectory time of 21.79 s compared to 26.30 s for Fig. 12.
Modification of the trajectory for shorter time proceeds along

velprof
time: 26.306398
h \
WA

Vmax:1.0

Fig. 12. Path computed by a typical planner and its velocity profile shown on
the top. The robot’s velocity corresponding to its location on the trajectory is
shown by a vertical line on the profile and labelled as m.

Vmax:1.0 time: 21.795059

Fig. 13. Path obtained after adaptation to reduced time-length.

the lines of Section 3.4. For the two examples discussed, the
robot’s maximum acceleration and deceleration was fixed at
1 m/s?, maximum velocity at 1 m/s and the sensor range at 7 m.
The maximum bound on the object’s velocities was 1.5 m/s.

Figs. 14 and 15 depict the planned trajectory and velocity
profiles before and after reduction of trajectory time for our
laboratory environment. The time-reduced trajectory is shorter
by more than 8 s as it widens its field of view by moving away
from the bends while turning around them.

5.1. Effect of remembering on trajectory time

Fig. 16 shows an environment with four corridors named 1,
2, 3 and 4 with planned path obtained by minimizing time. It
also portrays the robot’s field of vision as it enters corridor 3.
The velocity profile for the above path is shown in Fig. 17. The
location of the robot corresponding to its location in Fig. 16 is
shown through the vertical line. The locations of the robot as
it decelerates when its field of view of each of the corridors
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Fig. 14. Planned trajectory before adaptation to a reduced time.
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Fig. 15. Time-reduced trajectory at planning stage.

vanishes is also marked with the respective numbers on the
profile.

Though the path of Fig. 16 is minimized in time its velocity
profile still shows decelerations in the vicinity of the corridors.
This is due to the phenomenon discussed in Section 3.5 where
the robot becomes blind to many parts of the environment it had
seen at the preceding instant. Fig. 18 shows the robot’s field
of vision at an instant after the one shown in Fig. 16. There
is a marked decrease in its field of vision at the latter instant

K. Madhava Krishna et al. | Robotics and Autonomous Systems 1 (1111) III-111

Fig. 16. Robot’s field of view as it enters corridor 3.

Vmax:
1.50

Fig. 17. Velocity profile for the Fig. 16. The corresponding position of the robot
is shown as a vertical line. Decelerations near the corridors are also marked with
the same numbers.

Fig. 18. Robot’s field of vision at an instant that immediately follows the
instance of Fig. 16.

Vmax:
1.50

Fig. 19. Velocity profile obtained after incorporation of memory.

that results in the robot reducing its velocity in anticipation of
moving objects from the blindzones depicted in the velocity
profile.

However, when the robot is able to remember the previous
images, the need to decelerate is nullified and the trajectory
time is further reduced. Fig. 19 illustrates this where the
decelerations shown in the velocity profile of Fig. 17 at
locations 1, 2, 3 and 4 are now absent.
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Vmax:1.0

time: 12.250707

Fig. 20. A simple planned trajectory and its velocity profile.
6. Experimental results
6.1. Velocity profiles

In this section the velocity profiles obtained during the
planning and execution stages are compared in the absence
of any new objects during execution. Fig. 20 shows a simple
planned trajectory and the corresponding velocity profile for
our laboratory environment. Some of the obstacles are filled in
grey and others are shown as segments (in grey). The robot is
shown as a small circle and the star-shaped polygon in black
represents the field of vision of the robot at that location.
The vertical line, marked m, in the velocity profile represents
the velocity of the robot corresponding to its position on the
trajectory. The profile shows a subsequent drop in velocity, a
consequence of the robot getting closer to the region marked d,
to which it is blind.

Fig. 21 compares the planned and executed (in simulation)
velocity profile. The executed trajectory tallied to a time of
12.28 s in comparison with 12.25 s for the planned profile.
These figures illustrate that the executed profiles and execution
times are close to the planned profiles and times while there are
no changes in the environment.

Figs. 23 and 24 show the execution by the Nomad XR4000
(Fig. 22) of paths computed by a standard planner. Fig. 23
corresponds to the original path computed by the planner and
Fig. 24 is its time-reduced counterpart.

The velocity profiles during execution of the two paths are
shown in Fig. 25. Some of the bigger drops in the unreduced
profile are absent in the reduced profile as the robot avoids
turning close to the obstacles that form the bends. The path
of Fig. 24 got executed in 12.9 s while the path in Fig. 23
was executed in 13.98 s. The figures are meant as illustrations
of the theme that trajectories deformed to shorter time-lengths
at planning stage are also executed in shorter time during
implementation than their unreduced versions.

Planned Profile

1 T T T T T T
0.8r b
0.6 =1
0.4
0.2

1 1 1 | 1 1
0 20 40 60 80 100 120 140 160 180 200

Executed Profile

1 T T T T T
0.8 b
0.6} b

0.4+ .

0.2+ o

1 1 1 1 1 1 1 1 1
00 20 40 60 80 100 120 140 160 180 200

Fig. 21. The planned and executed velocity profile in simulation. The ordinate
measures velocity in m/s and the abscissa time in seconds.

o | Planning time 14.54s
, . / e
— | L 5! \ Execution time 13.98s

L \\g i _ S

l/l ™ 1 ! _\ rr

Fig. 23. Execution of the original planned path.

6.2. Online adaptation of paths for better trajectory time

This section presents results of the algorithm in the presence
of newly added objects that affect the velocities of the robot
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Planning time 13.21s
Exec time 12.9s

=

4 N 1 -
Fig. 24. Execution of the time-reduced path.
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Reduced Profile
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0 10 20 30 40 50 60

Fig. 25. The top profile corresponds to the path executed in Fig. 23 and the
bottom to Fig. 24. The planned and executed velocity profile in simulation. The
ordinate measures velocity in m/s and the abscissa time in seconds.

in real time. Fig. 26 shows a path where the robot avoids
the two new segments S1 and S2 intersecting the original
planned trajectory but does not adapt its path for better time.
The velocity profile for the same is shown in Fig. 27. Fig. 28
is the counterpart of Fig. 29 where the robot adapts its path
to a better time-length reactively. The big dips in the velocity
profile of Fig. 27 are considerably filtered in Fig. 29 as the robot
avoids the obstacles with larger separation. The time-reduced
execution tallied to 10.9 s while the unreduced version was
executed in 12.5 s. The trajectory time at planning was 7.9 s.
The above graphs are those obtained in simulation.

Fig. 30 shows the unreduced executed path by the XR4000
Nomadic robot in our laboratory at LAAS. The obstacles in
the original map are shown by black lines, while the segments
perceived by the SICK laser are shown in lighter shades of grey.
Some of these segments get mapped to the ones in the map
and the others are considered new segments. This is done by a
segment-based localization algorithm. The segments of concern
here are those which form a box-shaped obstacle marked B in

Fig. 26. A simulated execution in the presence of two new segments S1 and S2
along with the corresponding velocity profile. The path is not adapted to better

time-length. Start and goal locations marked as S and 7'.

t=12.5s

|

Fig. 27. Velocity profile for the execution of Fig. 26.

Fig. 28. Path of Fig. 26 adapted to better time-length.
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Fig. 29. Velocity profile for the execution of Fig. 28.
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Fig. 30. Unreduced path executed by the Nomad XR4000. The vertex d of the
new box-shaped object B forces a slow down near it.

Fig. 30. The vertex d of this obstacle casts a shadow on the
robot’s sensory field, which forces it to slow down at those
locations due to Eq. (2). The execution time for this unreduced
path is 10.6 s.

The time-reduced counterpart is shown in Fig. 31 that tallied
to 9.6 s. The original planning time was 8.8 s in the absence
of the box-shaped object. The corresponding velocity profile is
shown in Fig. 32.

7. Conclusions and scope

A proactive safe planning algorithm and its reactive version
that facilitates real-time execution has been presented. The
proactive nature of the algorithm stems from the computed

;.

/.

| - ( /-
=1

Fig. 31. Time-reduced path executed by the Nomad XR4000. Increasing linear
and angular separation from vertex d facilitates a higher speed.

Reduced Profile

0 1 1 L 1 1 1 1
0 10 20 30 40 50 60 70 80

Fig. 32. Velocity profile for the path executed by the Nomad in Fig. 31. The
planned and executed velocity profile in simulation. The ordinate measures
velocity in m/s and the abscissa time in seconds.

velocity profile, v, (s), that guarantees immobility of the robot
before collision with any of the possible mobiles that could
interfere with its future trajectory from regions blind to its
sensor. The proactivity does not however come at the cost of
the robot’s velocity or trajectory time. The knowledge of v, (s)
computed over the trajectory t(s) further facilitates reduction
of the overall trajectory time 7' (t) by adaptation of the initially
planned path. Analysis of the scheme at the planning stage
depicts that the robot can have a velocity profile that achieves
its maximum possible velocity for a sustained duration without
many dips, provided it stays away from doorways and narrow
passages along its path. Remembering of previous scenes also
enhances the robot’s performance through reduced trajectory
time and a more uniform velocity profile.

A reactive extension of the scheme that facilitates real-
time simulation and implementation is also presented. The
scheme maintains the underlying philosophy of computing safe
velocities and modification of paths for better trajectory time.
Simulation and experimental results at real time corroborate
our earlier results obtained at the planning stage (that by
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keeping away from vertices of objects that could hide mobiles
the robot could move at higher velocities and obtain better
time-lengths) and thus the efficacy of the overall strategy is
vindicated. The minimum distance over which the velocities
need to be computed on the remaining trajectory during real
time such that the computed velocities are safe is theoretically
established. This avoids repetitive computation of velocities
over the entire remaining trajectory for every motion command,
thereby reducing computational intensity and facilitating real-
time implementation. The methodology could be useful in the
context of personal robots moving in areas where interference
with mobile humans, especially aged ones, is generally
expected.

The immediate scope of this work involves incorporating
the memory phenomena at the reactive level such that higher
speeds are possible. The methodology needs to be validated
in the presence of mobile objects that actually impinge on the
path from blindzones with a provision for the robot to avoid
the objects without halting, and continuing to respect safety
considerations as well as minimizing trajectory time.
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Abstract—In order to infer intent from gesture, a broad
classification of types of gestures into five main classes is
introduced. The classification is intended as a generally ap-
plicable basis for incorporating the understanding of gesture
into human-robot interaction (HRI). Examples from human-
robot interaction show the need to take into account not only
the kinematics of gesture, but also the interactional context.
Requirements for the operational classification of gesture by a
robot interacting with humans are suggested and initial steps
in its deployment are discussed.

Index Terms— interaction context, classification of gestures,
human-robot activity and interaction.

I. INTRODUCTION: THE NEED FOR CLASSIFYING
GESTURE

The word gesture is used for many different phenomena
involving human movement, especially of the hands and
arms. Only some of these are interactive or communicative.
The pragmatics of gesture and meaningful interaction are
quite complex (cf. [9], [11], [12]), and an international
journal [6] now exists entirely devoted to the study of
gesture. Applications of service or ‘companion’ robots
that interact with humans, including naive ones, will in-
creasingly require human-robot interaction (HRI) in which
the robot can recognize what humans are doing and to
a limited extent why they are doing it, so that the robot
may act appropriately, e.g. either by assisting, or staying
out of the way. Due to the situated embodied nature of
such interactions and the non-human nature of robots, it is
not possible to directly carry over methods from human-
computer interaction (HCI) or rely entirely on insights
from the psychology of human-human interaction. Insights
from proxemics and kinesics, which study spatial and

*The work described in this paper was conducted within the EU
Integrated Project COGNIRON (“The Cognitive Robot Companion”) and
was funded by the European Commission Division FP6-IST Future and
Emerging Technologies under Contract FP6-002020. This paper extends
and supercedes C. L. Nehaniv, “Classifying Gesture and Inferring Intent”
Proc. AISB’05 Symposium on Robot Companions: Hard Problems and
Open Challenges in Robot-Human Interaction, The Society for the Study
of Artificial Intelligence and Simulation of Behaviour, 2005.

temporal aspects of human-human interaction [7], [4], [9]
and some insights of HCI, e.g. recognizing the diversity
of users and providing feedback acknowledgment with
suitable response timing (e.g. [16]), may also prove to be
extremely valuable to HRI. Notwithstanding, the nascent
field of HRI must develop its own methods particular to
the challenges of embodied interaction between humans
and robots. New design, validation, evaluation methods
and principles particular to HRI must be developed to
meet new challenges such as legibility, making the robot’s
actions and behaviour understandable and predictable to
a human, and ‘robotiquette’, respecting human activities
and situations (e.g. not interrupting a conversation between
humans or disturbing a human who is concentrating or
working intensely — without sufficient cause), as well as
respecting social spaces, and maintaining appropriate prox-
imity and levels of attention in interaction. Part of meeting
these challenges necessarily involves some understanding
of human activity at an appropriate level. This requires the
capabilities of recognizing human gesture and movement,
and inferring intent. The term “infent” is used in this paper
in a limited way that refers to particular motivation(s) of
a human being that result in a gestural motion directly or
indirectly relevant for human-robot interaction.

In inferring the intent from a human’s gesture it is
helpful to have a classification of which type of gesture is
being observed. Without a sufficiently broad classification,
understanding of gesture will be too narrow to characterize
what is happening and appropriate responses will not be
possible in many cases.

Knowing how to recognize and classify gesture may also
serve to inform the design of robot behaviour, including
gestures made by the robot to achieve legibility and convey
aspects of the robot’s state and plans to humans. This
in turn will contribute to robot interaction with humans
that is legible, natural, safe, and comfortable for the hu-
mans interacting with the robot. To begin to approach the
complexity of gesture in the context of situated human-



robot interaction, the rough classes of gesture described
below are developed in order to provide a broad level
of description and the first steps toward a pragmatic,
operational definition that could be used by an autonomous
system such as a robot to help it (1) to infer the intent of
human interaction partners, and (2), as an eventual goal, to
help the robot use gestures itself (if possible) to increase
the legibility of its behaviour.

II. SOME RELATED WORK ON RECOGNIZING GESTURE
AND INTENT

The questions of how gestures are acquired and come
to be recognized as meaningful by particular individuals
in the course of their development (ontogeny of gesture
and its recognition), and conventionalized, elaborated, or
lost within particular cultures (evolution of gesture) are
large and deep issues, but will not be addressed within
the scope in this paper. Psychological/linguistic studies
of human gesture use and understanding, related classi-
fications relevant for interaction, language evolution, and
language acquisition, e.g. by hearing or deaf children, have
all been undertaken (cf. [17]). Such understanding of the
development of gesture and its functions may help shed
light on gesture in human-robot interaction.

While this paper does not attempt a comprehensive
survey of the role and recognition of gesture in human-
robot interaction, it does suggest inherent limitations of
approaches working with a too narrow notion of gesture,
excluding entire classes of human gesture that should even-
tually be accessible to interactive robots able to function
well in a human social environment. Much work with data
gloves, typically at a low level for hand gesture recognition
for virtual reality or of manipulative grasping has been
carried out since the 1990’s (e.g. [5], [1]). The important
role of gesture for intent communication in human-robot
interaction is increasingly being acknowledged, although
some approaches still focus only on static hand poses rather
than dynamic use of more general types of gesture in
context; a survey of hand gesture understanding in robotics
appears in [13].

Multimodal and voice analysis can also help to infer
intent via prosodic patterns, even when ignoring the content
of speech. Robotic recognition of a small number of distinct
prosodic patterns used by adults that communicate praise,
prohibition, attention, and comfort to preverbal infants has
been employed as feedback to the robot’s ‘affective’ state
and behavioural expression, allowing for the emergence
of interesting social interaction with humans [3]. Hidden
Markov Models (HMMs) have been used to classifying
limited numbers of gestural patterns (such as grasps or
letter shapes) and also to generate trajectories by a hu-
manoid robot matching those demonstrated by a human [2].
Multimodal speech and gesture recognition using HMMs
has been implemented for giving commands via pointing,
one-, and two-handed gestural commands together with
voice for intention extraction into a structured symbolic
data stream for use in controlling and programming a
vacuuming cleaning robot [8]. Many more examples in

Fig. 1. Gestures with similar kinematics but different functions. Top
row: HELLO (left) an interactional gesture (class 4) is similar to STOP
(right) a conventional symbol (class 3). Bottom row: PASS OBJECT (left)
is similar and TAKE OBJECT are both multifunctional interactional (class
4) and manipulative (class 1) gestures. Activity and situational context
— e.g. stage of interaction and current activity (top row), or location of
manipulandum, here a bottle (bottom row) — are be used to disambiguate
between such kinematically similar gestures.

robotics exist. Nevertheless, aproaches pursued so far in
robotics thus tend to use very limited, constrained, and
specific task-related gestural repertoires of primitives, and
do not attempt to identify general gestural classes. They
have tended to focus on a fixed symbolic set of gestures
(possibly an extensible one, in which new gestures can be
learned), or focus on only a few representatives from one
or two of the gestural classes identified here (e.g. grasps
(a subclass of manipulative gestures), or on symbolic and
pointing gestures).

III. INSUFFICIENCY OF BODY MODEL FITTING
ANALYSES: RELATING CONTEXT TO KINEMATICS.

It should be stressed that a single specific instance of
a particular the kind of physical gestural motion could,
depending on context and interaction history, reflect very
different kinds of human intent. It will not always be pos-
sible to infer intent based solely on based the mechanical
aspects of human movements (such as changes in joint
angles) without taking context into account.

Gestures with identical or near identical human kine-
matics can be different classes. In general, the kinematic
picture alone is not enough to determine the class of a
gesture or the human’s intent. Examples in shown in figure
1 require contextual information in order to be disam-
biguated. Relating the context and history of interaction
to the kinematics is a key point for recognizing human
gestures in HRI. Figure 1 using our classification (see
below) illustrates this ambiguity.

IV. CLASSIFICATION OF GESTURES

To approach this problem, a classification of gesture for
inferring intent and assisting in the understanding of human
activity should closely relate gesture with limited categories



of intent in situated human activity. The categories of the
broad classification presented here thus correspond to and
allow the attribution of limited kinds of intent to humans.
This classification is developed as an aid for helping
robots to achieve limited recognition of situated human
gestural motion, so as to be able to respond appropriately if
required, while these robots are working in an environment
of ambient human activity (such as a home or office), in
which, at times, the robots are also assisting or cooperating
with the humans. Applications of this classification will
require the mapping of physical aspects of gestural motion
in interactional contexts to the five gestural classes (and
their subtypes) suggested here.

The following is a rough, tentative classification. Ges-
tures are classed into five major types with some subtypes.

A. Five Classes (with Subtypes)

1) ‘Irrelevant’’Manipulative Gestures. These include
irrelevant gestures, body / manipulator motion, side-
effects of motor behaviour, and actions on objects.
Broadly characterized, manipulation by a human is
here understood as doing something to influence the
non-animate environment or the human’s relationship
to it (such as position). Gestural motions in this class
are manipulative actions (in this sense) and their
side effects on body movement. These ‘gestures’ are
neither communicative nor socially interactive, but
instances and effects of human motion. They may
be salient, but are not movements that are primarily
employed to communicate or engage a partner in
interaction. Cases include, e.g. motion of the arms
and hands when walking; tapping of the fingers;
playing with a paper clip; brushing hair away from
the face with the hand; scratching; grasping a cup
in order to drink its contents. (Note: it may be very
important to distinguish among the subtypes listed
above for robot understanding of human behaviour.)

2) Side Effect of Expressive Behaviour. In communi-
cating with others, motion of hands, arms and face
(changes in their states) occur as part of the overall
communicative behaviour, but without any specific
interactive, communicative, symbolic, or referential
roles (cf. classes 3-5)

Example: persons talk excitedly raising and moving
their hands in correlation with changes in voice
prosody, rhythm, or emphasis of speech.

3) Symbolic Gestures. Gestural motion in symbol ges-
ture is a conventionalized signal in a communicative
interaction. It is generally a member of a limited, cir-
cumscribed set of gestural motions that have specific,
prescribed interpretations. A symbolic gesture is used
to trigger certain actions by a targeted perceiver, or
to refer to something or substitute as for another
signal according to a code or convention. Single
symbolic gestures are analogous to discrete actions
on an interface, such as clicking a button.
Examples: waving down a taxi for it to stop; use
of a conventional hand signals (a command to halt

indicated open flat hand; a military salute); nodding
‘yes’; waving a greeting ‘hello’ or ‘goodbye’.

Note that the degree of arbitrariness in such gestures
may vary: The form of the gesture may be an
arbitrary conventional sign (such as a holding up
two fingers with palm forwards to mean ‘peace’, or
the use of semaphores for alphabetic letters). On the
other hand, a symbolic gesture may resemble to a
lesser or greater extent iconically or, in ritualized
form, a referent or activity.

Further examples: holding up two fingers to indicate
‘two’; opening both (empty) hands by turning palms
down to indicate a lack of something. Nearly all
symbolic gestures are used to convey content in
communicative interactions.

4) Interactional Gestures. These are gesture used to
regulate interaction with a partner, i.e. used to initi-
ate, maintain, invite, synchronize, organize or termi-
nate a particular interactive, cooperative behaviour:
raising a empty hand toward the partner to invite the
partner to give an object; raising the hand containing
an object toward the partner inviting them to take
it; nodding the head indicating that one is listening.
The emphasis of this category is neither reference
nor communication but on gestures as mediators
for cooperative action.! Interactional gestures thus
concern regulating the form of interactions, including
the possible regulation of communicative interactions
but do not generally convey any of the content
in communication. Interactional gestures are similar
to class 1 manipulative gestures in the sense that
they influence the environment, but in contrast to
class 1, they influence the “animated environment” —
doing something to influence human agents (or other
agents) in the environment, but not by conveying
symbolic or referential content.>

5) Referential/Pointing Gestures. These are used to
refer to or to indicate objects (or loci) of interest —
either physically present objects, persons, directions
or locations the environment — by pointing (deixis
— showing), or indication of locations in space be-
ing used as proxies to represent absent referents in
discourse. Deictic gesture can involve a hand, finger,

INote that we are using the word “cooperative” in a sense that treats
regulating communication or interaction as an instance of cooperation.

2Some more subtle examples include putting one’s hand on another
person’s arm to comfort them. Such actions, and others involving physical
contact, may be quite complex to interpret as understanding them may
require understanding and modeling the intent of one person to influence
that state of mind of another. At this point, we class simply them with
interactional gestures recognizing that future analysis may reveal deep
issues of human-human interaction and levels of complexity beyond
the rudimentary types of human intent considered here. A special case
worthy of note is human contact with the robot, unless this is directly
a manipulation of the robot’s state via an interface - e.g. via button
presses — which would fall into class 3 (symbolic gesture), non-accidental
human contact with the robot is likely to be indicative of an intent to
initiate or regulate interaction with the robot (class 4). Physical contact
between humans might also involve expression of affection (kissing), or
aggression (slapping, hitting) — which generally indicate types of human-
human interaction it would be better for a robot to steer clear of!



other directed motion, and/or eye gaze. Checking the
eye gaze target of an interaction partner is commonly
used to regulate reference and interaction.’

Table I summarizes the five classes.

Data on the interaction history and context may help
in determining the class of a gesture. If the class is
known, then the set of possible gestures can remain large,
or be narrowed significantly. Symbolic gestures (class 3)
correspond to discrete symbols in a finite set, of which
there may be only be a small number according to context
or size of the given repertoire of the given symbolic
gestural code. Interactional gestures (class 4) are likely
to comprise a small, constrained class. Class 1 gestures
are either “irrelevant”, or to be understood by seeking the
intent of the associated motor action or object manipulation
(e.g. grasping or throwing an object, arms moving as a
side effect of walking). Class 5 (referential and pointing
gestures) comprise a very limited class, although pointing
can also at times carry affective force (e.g. hostility).

Knowledge of specific conventional codes and signs can
help the identification of particular signs within class 3,
and also in determining that the gesture in fact belongs to
class 3, i.e. is a symbolic communicative signal. Machine
learning methods such as Hidden Markov Models may
be used successfully to learn and classify gestures for a
limited finite set of fixed gestures (e.g. [18]). It seems likely
that HMM methods would be most successful with class
3 (symbolic gestures) or within narrow domains within
other classes (manipulative grasps with class 1), but how
successful they would be at differentiating between classes
or for whole classes remains uninvestigated at present.

V. IMPORTANT ISSUES
A. Target and Recipient of a Gesture

If a gesture is used interactively or communicatively
(classes 2-5), it is important to recognize whether the
gesture is directed toward the current interaction partner
(if any) — which may the robot, another person (or
animal) present in the context, or possibly neither (target).
If pointing, what is the person pointing to? Who is the
pointing designed to be seen by? (recipient). If speaking,
to whom is the person speaking? If the gesture is targeted
at or involves a contact with an object, this suggests it may
belong to class 1 (or possibly 5, even without contact). A
gesture of bringing an object conspicuously and not overly
quickly toward an interaction partner is manipulative (in
the sense explained in the discussion of class 1, since an
object is being manipulated), but it may well at the same
time also be a solicitation for the partner to take the object
(class 4). Similarly if the partner has an object, an open
hand conspicuously directed toward the partner or object
may be a solicitation for the partner to give the object (class
4).

3Eye gaze following develops and supports joint attention already in
preverbal infants. Language, including deictic vocabulary (e.g. demonstra-
tives such as the words “these” and “that”), and other interactional skills,
typically develop on this scaffolding (see [10]).

B. Multipurpose Gestures

It is possible for a single instance of a particular gesture
to have aspects of more than one class or to lie intermediate
between classes. As mentioned above, handing over an
object is both class 1 and 4. And, for example, holding
up a yellow card in football has aspects of classes 1 and
3, object manipulation and conventional symbolic signal.
Many ritualized symbolic gestures (class 3) also can be
used to initiate or regulate interaction (class 4), e.g. the
‘come here’ gesture: with palm away from the recipient,
moving the fingers together part way toward the palm;
waving forearm and open hand with palm facing recipient
to get attention. More complex combinations are possible,
e.g. a gesture of grasping designed by the human to be
seen by a recipient interaction partner and directed toward a
heavy or awkwardly-sharped target object as a solicitation
of the partner to cooperatively carry the object with the
gesturer (classes 1, 4, 5).

C. Ritualization: Movement into Classes 3 and 4

Gestures that originate in class 1 as manipulations of the
non-animate environment and the person’s relationship to
it may become ritualized to invite interactions of certain
types, e.g., cupping the hand next to the ear can indicate
that person doing it cannot hear, so that the interaction
partner should speak up. Originally cupping the hand near
the ear served to improve a person’s ability to hear sounds
in the environment from a particular direction (class 1), but
it may be intended to be seen by a conversational partner
who then speaks up (class 4). The hand cupped at the ear
can even be used as a conventionalized symbol meaning
‘speak up’ (classs 3). Other examples of ritualization
toward regulation of interaction and also symbolic gesture
include mimicking with two hands the motions of writing
on a pad as a signal to a waiter to ask for the bill; miming
a zipping action across the mouth to indicate that someone
should be ‘shut up’; or placing a raised index finger over
lips which have been pre-formed as if to pronounce /sh/.

D. Cultural and Individual Differences

Different cultures may differ in their use of the various
types of gesture. Some symbolic gestures such as finger
signs (e.g. the “OK” gesture with thumb and index finger
forming a circle) can have radically different interpretations
in other cultures, or no set interpretation depending on the
culture of the recipient (e.g. crossing fingers as a sign of
wishing for luck, or the Chinese finger signs for some
numbers such as 6, 7, 8). Tilting the head back (Greece)
or nodding the head (Bulgarian) are used symbolically for
‘no’, but would certainly not be interpreted that way in
many other cultures. Cultures also differ in their types
and scope of movement in (class 2) expressive gestures:
Consider, for example, the differences of rhythm, prosody,
hand motions, eye contact, and facial expressions accompa-
nying speech between British, Italian, Japanese, and French
speakers.

Within cultures, differences between different individu-
als’ uses of gestures can be regional, restricted to particular



CLASSIFICATION OF GESTURAL CLASSES AND ASSOCIATED
(LIMITED) CATEGORIES OF HUMAN INTENT

CLASS | NAME DEFINING CHARACTERISTICS AND ASSOCIATED INTENT

INFLUENCE ON NON-ANIMATE ENVIRONMENT
OR HUMAN’S RELATIONSHIP TO IT;
manipulation of objects, side effects of motor behavior, body motion

1 ‘IRRELEVANT’ AND MANIPULATIVE
GESTURES

2 SIDE EFFECT OF EXPRESSIVE
BEHAVIOUR

EXPRESSIVE MARKING,

(NO SPECIFIC DIRECT INTERACTIVE, SYMBOLIC, REFERENTIAL
ROLE)

associated to communication or affective states of human

3 SYMBOLIC GESTURES CONVENTIONALIZED SIGNAL IN COMMUNICATIVE INTERACTION;

communicative of semantic content (language-like)

4 INTERACTIONAL GESTURES REGULATION OF INTERACTION WITH A PARTNER;
INFLUENCE ON HUMAN (OR OTHER ANIMATED) AGENTS
IN ENVIRONMENT BUT GENERALLY WITH LACK

OF ANY SYMBOLIC/REFERENTIAL CONTENT

used to initiate, maintain, regulate, synchronize, organize or

or terminate various types of interaction

5 REFERENTIAL/POINTING GESTURES || DEIXIS; INDICATING OBJECTS, AGENTS OR (POSSIBLY PROXY)
LOCI OF DISCOURSE TOPICS, TOPICS OF INTEREST;
pointing of all kinds with all kinds of effectors (incl. eyes):

referential, topicalizing, attention-directing

TABLE I
Five Classes of Gesture. See text for explanation, details and examples. Note that some occurrences of the same physical gesture can be used in
different classes depending on context and interactional history; moreover, some gestures are used in a manner that in the same instance belongs to

several classes (see text for examples).

social groups within the culture, and vary in particularities
(such as speed, repertoire, intensity of movement, etc.)
between individuals according to preference or ontogeny.
Elderly and young may employ gestures in different ways.

VI. INFERRING THE INTENT OF GESTURE

Being able to identify details of gestural kinematics and
even to classify into one of the above classes gives us only
starting points for inferring the intent of the person making
the gesture due to frequent ambiguity. Resolving this points
to the important roles of context and interactional history.
Thus, it is necessary to develop operational methods for

recognizing the class of gesture in a particular context.*
If the interactional context of recent activity in which a
gesture occurs is known, this can suggest possibilities for
which classes (and subtypes) of gesture might be involved.
Information on the state of human (e.g. working, thirsty,
talking, ...) often can limit the possibilities. Data on the
following could help the robot classify the gesture and infer
the intent of the human:

(a) the activity of the gesturer is known,
(b) previous and current interaction patterns are remem-

4Knowledge of the immediate context in some cases needs to be
augmented by taking into account of the broader temporal horizon of
interactional history (cf. [14]).



bered to predict the likely current and next behaviour
of the particular person,

(c) objects, humans and other animated agents in the
environment are identified and tracked.

(d) the scenario and situational context are known (e.g.
knowing whether a gesture occurs at a tea party or
during a card game).

A programme to apply the above classification can be
developed as follows: (1) Identify the many, particular
gestural motions that fit within each of the five classes.
Some gestural motions will appear in more than one class.
For example, the same mechanical motion of putting a hand
and arm forward with the forearm horizontal and the hand
open could indicate preparation to manipulate an object
in front of the human (class 1), to show which object is
being referred to (class 5), or to greet someone who is
approaching, or to ask for an object to be handed over
(both class 4). (2) Gestural motions identified as belonging
to several classes need to be studied to determine in
which contexts they occur: determining in which class(es)
particular a instance of the gesture is being used may
require consideration of objects and persons in the vicinity,
the situational context, and the history of interaction. (3)
Systematic characterizations of a physical gestural motion
together with interactional contexts in which they are occur
could then be used to determine the likely class. (4) Deploy
on-board characterizations of the relationships between
classes and kinematic gestural motions for a range of
typical interactional contexts to infer intent and guide robot
behaviour. (5) Updating the Interaction History: Attribution
of intent related to gesture can then feedback into under-
standing of the situational context, including motivational
state of the human performing the gesture, and becomes
part of the updated interaction history, which can then help
in inferring intent from ensuing gestures and activity.

VII. HEURISTIC-BASED FAST RECOGNITION AND
DISAMBIGUATION OF GESTURES WITH A
TIME-OF-FLIGHT DEPTH SENSOR

There are mainly three methods to recognize and detect
gestures: model-based approaches fit a kinematics model
into the scene observed by sensors, recognition based on
classifiers use learning algorithms to label gestures, and
heuristic-based methods which directly search for hints
related to a gesture. Depending on the context of the
overall robotic control system, all of these may be of use.
The model-based approach is followed by researchers in
the Cogniron project, and, as shown above, this must be
augmented by contextual and situational knowledge. The
goal is to develop algorithms that geometrically fit a model
maintained by the robot into the current scene observed
by stereo vision systems and a time-of-flight depth sensor
proposed in [15]. Apart from this exhaustive approach there
is also work related to a computationally much cheaper
heuristic-based method only using data delivered by the
depth sensor. The motivation for this is two-fold. Firstly,
a ‘quick’ check of the existence of humans in the close

vicinity of the robot and a first basic evaluation of possibly
important gestures can be used directly for communication.
Secondly, outputs of a fast algorithm related for instance
to body, head or arm positions can serve to trigger more
detailed investigation by e.g. model-based algorithms. Ad-
ditionally, the data can be used to initialize model fitting.
The heuristic approach first divides the depth scene
observed by the sensor into consecutive depth intervals
each having a fixed distance and size. The two intervals
containing the most measurements are used for binary
segmentation of the humans profile. Within the profile the
algorithm searches for a human’s center point by summing
all pixels belonging to the profile and averaging their co-
ordinates. From this point the algorithm searches upwards
and determines a bounding box for the head including the
neck by incorporating estimates of the shoulder end points.
They can be found as being the left and right extremes of
the profile at a height roughly at the bottom of the head.
Interestingly, the height of the bounding box around the
head plus the width of the shoulder can give an estimate
of the length of the upper arm as described in medical
statistics. Based on this information four cases can be
distinguished:
e Outstretched arm away from the body
e Outstretched arm up or down
e Bent arm next to body
e Bent arm in front of body
For each case further heuristic algorithms are used to
determine the hand position and orientation. This can be
used to recognize and discriminate between basic gestures.
See Figure 2 for a visualization of how the program
finds a WAVE gesture and SHAKE HANDS gesture; both
are interactional gestures (class 4). By using additional
information such as orientation and distance of the human
towards the robot and internal state of the robot, tentative
disambiguations between similar gestures have been made.

VIII. CONCLUSIONS, NEXT STEPS AND THE FUTURE

In order to infer the intent of a human interaction partner,
it may be useful to employ a classification of gesture
according to some major types — five in the tentative
classification proposed here — whose intent may be (1)
absent / directed to objects or environment, (2) incidentally
expressive, (3) symbolic, (4) interactional, or (5) deictic. A
summary of the classes is given by Table 1.

In order to deploy the inference of intent on robots
interacting with humans it is necessary to operationalize the
distinctions between these (sometimes overlapping) classes.
This may require the use of knowledge of human activity,
recognition of objects and persons in the environment, and
previous interactions with particular humans, as well as
knowledge of conventional human gestural referencing and
expression, in addition to specialized signaling codes or
symbolic systems.

Work in Cognrion now focuses on the organization of
the robot decisional abilities and more particularly on
the management of human interaction. There is explicit



Detected bounding box
of the head

Detected hund and
peinting direction

Detected human cenre

Fig. 2.
interactional gestures. Detecting bounding box of head, hand and its
orientation, and center of human (top row: color image of gesturing human
in robot’s vicinity. second row: depth image derived from camera images.
Left column: SHAKE HANDS gesture, right column: WAVE gesture.

Heuristic-based fast recognition and disambiguation of

management of the interactions between the robot com-
panion and its human partners. This requires essentially
task-oriented processes that each consist of establishing a
common goal, achieving it and verifying commitment of
all agents involved during the task performance. Indeed,
perception of the human partner is one essential source of
information all along the human-robot interaction process
from the detection of human presence to the monitoring of
human activity and the continuous estimation of its com-
mitment level to a joint goal. This viewpoint is compatible
with and served by the classification of gestures proposed
here. It also helps us to operationalize use of the classifi-
cation. Indeed, gestures of type 3 and many of type 1 may
be considered as task-oriented and the inference of their
intent can be done relative to the task at hand. Gestures
of type 4 include generic interactional gestures that may
serve to manage the session itself: inviting the robot to
start an interaction, suspending or stopping an interaction
session, etc. Many gestures of type 4 are consequently task
independent.

The classification presented here suggests some require-
ments for the design and implementation of systems in-
ferring intent from gesture based on this classification.
These requirements might be realized in a variety of
different ways using, e.g. continuous low-key tracking or
more detailed analysis, event-based and/or scenario-based
recognition, and prediction of human activity based on
models of human activity flows (with or without recogni-
tion of particular humans and their previous interactions),
depending the particular needs of the given human-robot

interaction design and the constraints and specificity of its
intended operational context. Design of a robot restricted
to helping always the same user in the kitchen environment
would be quite different from one that should be a more
general purpose servant or companion in a home environ-
ment containing several adults, children and pets, but the
classification presented here is applicable in informing the
design of gesture recognition for inferring intent in either
type of system, and for designing other HRI systems.

Finally, effective human-robot interaction will require
generation of gestures and feedback signals by the robot.
The classification given here can suggest categories of
robotic gestures that could be implemented to improve the
legibility to humans of the robot’s behaviour, so that they
will be better able to understand and predict the robot’s
activity when interacting with it.
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Abstract

In order to infer intent from gesture, a rudimentary classification of types of gestures into five main
classes is introduced. The classification is intended as a basis for incorporating the understanding of
gesture into human-robot interaction (HRI). Some requirements for the operational classification of
gesture by a robot interacting with humans are also suggested.

1 Introduction: The Need for
Classifying Gesture

The word gesture is used for many different phenom-
ena involving human movement, especially of the
hands and arms. Only some of these are interactive
or communicative. The pragmatics of gesture and
meaningful interaction are quite complex (cf. Kendon
(1970); Mey (2001); Millikan (2004)), and an inter-
national journal Gesture now exists entirely devoted
to the study of gesture. Applications of service or
‘companion’ robots that interact with humans, in-
cluding naive ones, will increasingly require human-
robot interaction (HRI) in which the robot can recog-
nize what humans are doing and to a limited extent
why they are doing it, so that the robot may act ap-
propriately, e.g. either by assisting, or staying out of
the way. Due to the situated embodied nature of such
interactions and the non-human nature of robots, it
is not possible to directly carry over methods from
human-computer interaction (HCI) or rely entirely on
insights from the psychology of human-human inter-
action. Insights from proxemics and kinesics, which
study spatial and temporal aspects of human-human
interaction (Hall, 1983; Condon and Ogston, 1967,
Kendon, 1970) and some insights of HCI, e.g. rec-
ognizing the diversity of users and providing feed-
back acknowledgment with suitable response tim-

*This paper is published in Proc. AISB’05 Symposium on Robot
Companions: Hard Problems and Open Challenges in Robot-
Human Interaction, The Society for the Study of Artificial Intel-
ligence and Simulation of Behaviour, 2005.

ing (e.g. (Shneiderman, 1998)), may also prove to
be extremely valuable to HRI. Notwithstanding, the
nascent field of HRI must develop its own methods
particular to the challenges of embodied interaction
between humans and robots. New design, validation,
evaluation methods and principles particular to HRI
must be developed to meet challenges such as legi-
bility, making the robot’s actions and behaviour un-
derstandable and predictable to a human, and ‘robo-
tiquette’, respecting human activities and situations
(e.g. not interrupting a conversation between humans
or disturbing a human who is concentrating or work-
ing intensely — without sufficient cause), as well
respecting social spaces, and maintaining appropri-
ate proximity and levels of attention in interaction.
Part of meeting these challenges necessarily involves
some understanding human activity at an appropriate
level. This requires the capabilities of recognizing
human gesture and movement, and inferring intent.
The term “intent” is used in this paper in a limited
way that refers to particular motivation(s) of a hu-
man being that result in a gestural motion as relevant
for human-robot interaction.

In inferring the intent from a human’s gesture it is
helpful to have a classification of which type of ges-
ture is being observed. Without a sufficiently broad
classification, understanding of gesture will be too
narrow to characterize what is happening and appro-
priate responses will not be possible in many cases.

While this paper does not attempt a comprehen-
sive survey of the role and recognition of gesture
in human-robot interaction, it does suggest inherent



limitations of approaches working with a too narrow
notion of gesture, excluding entire classes of human
gesture that should eventually be accessible to inter-
active robots able to function well in a human social
environment.

The questions of how gestures are acquired and
come to be recognized as meaningful by particular
individuals in the course of their development (on-
togeny of gesture and its recognition), and conven-
tionalized, elaborated, or lost within particular cul-
tures (evolution of gesture) are large and deep issues,
but will not be addressed within the scope in this pa-
per.

Knowing how to recognize and classify gesture
may also serve to inform the design of robot be-
haviour, including gestures made by the robot to
achieve legibility and convey aspects of the robot’s
state and plans to humans. This in turn will contribute
to robot interaction with humans that is legible, natu-
ral, safe, and comfortable for the humans interacting
with the robot.

2 Classification of Gestures

The following is a rough, tentative classification.
Gestures are classed into five major types with some
subtypes.

To begin to approach the complexity of gesture in
the context of situated human-robot interaction, the
rough classes of gesture described below are devel-
oped in order to provide a broad level of description
and the first steps toward a pragmatic, operational
definition that could be used by an autonomous
system such as a robot to help it (1) to infer the intent
of human interaction partners, and, as an eventual
goal, (2) to help the robot use gestures itself (if
possible) to increase the legibility of its behaviour.

Ambiguity of Gesture. It should be stressed that
a single specific instance of a particular the kind of
physical gestural motion could, depending on context
and interaction history, reflect very different kinds of
human intents. It will not always be possible to infer
intent based solely on based the mechanical aspects
of human movements (such as changes in joint an-
gles) without taking context into account.

To approach this problem, a classification of ges-
ture for inferring intent and assisting in the under-
standing of human activity should closely relate ges-
ture with limited categories of intent in situated hu-
man activity. The classes of the tentative classifi-
cation presented here thus correspond to and allow
the (limited) attribution of intent on the part of hu-

mans. The classification is developed as an aid for
helping robots to achieve limited recognition of situ-
ated human gestural motion so has to be able to re-
spond appropriately if required, while these robots
are working in an environment of ambient human ac-
tivity (such as a home or office), in which, at times,
the robots are also assisting or cooperating with the
humans. Applications of this classification will re-
quire the mapping of physical aspects of gestural
motion in interactional contexts to the five gestural
classes (and their subtypes) suggested here.

2.1 Five Classes (with Subtypes)

1. ‘Irrelevant’/Manipulative Gestures. These in-
clude irrelevant gestures, body / manipulator
motion, side-effects of motor behaviour, and ac-
tions on objects. Broadly characterized, manip-
ulation by a human is here understood as doing
something to influence the non-animate environ-
ment or the human’s relationship to it (such as
position). Gestural motions in this class are ma-
nipulative actions (in this sense) and their side
effects on body movement. These ‘gestures’ are
neither communicative nor socially interactive,
but instances and effects of human motion. They
may be salient, but are not movements that are
primarily employed to communicate or engage a
partner in interaction. Cases include, e.g. motion
of the arms and hands when walking; tapping
of the fingers; playing with a paper clip; brush-
ing hair away from one’s face with one’s hand;
scratching; grasping a cup in order to drink its
contents. (Note it may be very important to
distinguish among the subtypes listed above for
robot understanding of human behaviour.)

2. Side Effect of Expressive Behaviour. In com-
municating with others, motion of hands, arms
and face (changes in their states) occur as part
of the overall communicative behaviour, but
without any specific interactive, communicative,
symbolic, or referential roles (cf. classes 3-5)
Example: persons talk excitedly raising and
moving their hands in correlation with changes
in voice prosody, rhythm, or emphasis of speech.

3. Symbolic Gestures. Gestural motion in symbol
gesture is a conventionalized signal in a commu-
nicative interaction. It is generally a member of
a limited, circumscribed set of gestural motions
that have specific, prescribed interpretations. A
symbolic gesture is used to trigger certain ac-
tions by a targeted perceiver, or to refer to some-



thing or substitute as for another signal accord-
ing to a code or convention. Single symbolic
gestures are analogous to discrete actions on an
interface, such as clicking a button.

Examples: waving down a taxi for it to stop; use
of a conventional hand signals (a command to
halt indicated open flat hand; a military salute);
nodding ‘yes’; waving a greeting ‘hello’ or
‘goodbye’.

Note that the degree of arbitrariness in such ges-
tures may vary: The form of the gesture may be
an arbitrary conventional sign (such as a hold-
ing up two fingers to mean ‘peace’, or the use
of semaphores for alphabetic letters). On the
other hand, a symbolic gesture may resemble to
a lesser or greater extent iconically or, in ritual-
ized form, a referent or activity.

Further examples: holding up two fingers to in-
dicate ‘two’; opening both (empty) hands by
turning palms down to indicate a lack of some-
thing. Nearly all symbolic gestures are used to
convey content in communicative interactions.

4. Interactional Gestures. These are gesture used
to regulate interaction with a partner, i.e. used
to initiate, maintain, invite, synchronize, orga-
nize or terminate a particular interactive, coop-
erative behaviour: raising a empty hand toward
the partner to invite the partner to give an ob-
ject; raising the hand containing an object to-
ward the partner inviting them to take it; nodding
the head indicating that one is listening. The em-
phasis of this category is neither reference nor
communication but on gestures as mediators for
cooperative action.! Interactional gestures thus
concern regulating the form of interactions, in-
cluding the possible regulation of communica-
tive interactions but do not generally convey any
of the content in communication. Interactional
gestures are similar to class 1 manipulative ges-
tures in the sense that they influence the environ-
ment, but in contrast to class 1, they influence
the “animated environment” — doing something
to influence human agents (or other agents) in
the environment, but not by conveying symbolic
or referential content.?

Note that we are using the word “cooperative” in a sense that
treats regulating communication or interaction as an instance of
cooperation.

2Some more subtle examples include putting one’s hand on an-
other person’s arm to comfort them. Such actions, and others in-
volving physical contact, may be quite complex to interpret as un-
derstanding them may require understanding and modeling the in-
tent of one person to influence that state of mind of another. At this
point, we class simply them with interactional gestures recogniz-

5. Referential/Pointing Gestures. These are used
to refer to or to indicate objects (or loci) of in-
terest — either physically present objects, per-
sons, directions or locations the environment —
by pointing (deixis® — showing), or indication of
locations in space being used as proxies to rep-
resent absent referents in discourse.

Table 1 summarizes the five classes.

2.2 Target and Recipient of a Gesture

If a gesture is used interactively or communicatively
(classes 2-5), it is important to recognize whether the
gesture is directed toward the current interaction part-
ner (if any) — which may the robot, another person
(or animal) present in the context, or possibly neither
(target). If pointing, what is the person pointing to?
Who is the pointing designed to be seen by? (recip-
ient). If speaking, to whom is the person speaking?
If the gesture is targetted at or involves a contact with
an object, this suggests it may belong to class 1 (or
possibly 5, even without contact). A gesture of bring-
ing an object conspicuously and not overly quickly
toward an interaction partner is manipulative (in the
sense explained in the discussion of class 1, since an
object is being manipulated), but it may well at the
same time also be a solicitation for the partner to take
the object (class 4). Similarly if the partner has an ob-
ject, an open hand conspicuously directed toward the
partner or object may be a solicitation for the partner
to give the object (class 4).

2.3 Multipurpose Gestures

It is possible for a single instance of a particular ges-
ture to have aspects of more than one class or to lie
intermediate between classes. As mentioned above,

ing that future analysis may reveal deep issues of human-human
interaction and levels of complexity beyond the rudimentary types
of human intent considered here. A special case worthy of note
is human contact with the robot, unless this is directly a manipu-
lation of the robot’s state via an interface - e.g. via button presses
— which would fall into class 3 (symbolic gesture), non-accidental
human contact with the robot is likely to be indicative of an intent
to initiate or regulate interaction with the robot (class 4). Physical
contact between humans might also involve expression of affec-
tion (kissing), or aggression (slapping, hitting) — which generally
indicate types of human-human interaction it would be better for a
robot to steer clear of!

3Deixis can involve a hand, finger, other directed motion,
and/or eye gaze. Checking the eye gaze target of an interaction
partner is commonly used to regulate reference and interaction; it
develops and supports joint attention already in preverbal infants.
Language, including deictic vocabulary (e.g. demonstratives such
as the words “these” and “that”), and other interactional skills, typ-
ically develop on this scaffolding (see Kita (2003)).



handing over an object is both class 1 and 4. And,
for example, holding up a yellow card in football has
aspects of classes 1 and 3, object manipulation and
conventional symbolic signal. Many ritualized sym-
bolic gestures (class 3) also can be used to initiate
or regulate interaction (class 4), e.g. the ‘come here’
gesture: with palm away from the recipient, moving
the fingers together part way toward the palm; waving
forearm and open hand with palm facing recipient to
get attention. More complex combinations are possi-
ble, e.g. a gesture of grasping designed by the human
to be seen by a recipient interaction partner and di-
rected toward a heavy or awkwardly-sharped target
object as a solicitation of the partner to cooperatively
carry the object with the gesturer (classes 1, 4, 5).

2.4 Ritualization: Movement into

Classes 3 and 4

Gestures that originate in class 1 as manipulations of
the non-animate environment and the person’s rela-
tionship to it may become ritualized to invite interac-
tions of certain types, e.g., cupping the hand next to
the ear can indicate that person doing it cannot hear,
so that the interaction partner should speak up. Origi-
nally cupping the hand near the ear served to improve
a person’s ability to hear sounds in the environment
from a particular direction (class 1), but it may be
intended to be seen by a conversational partner who
then speaks up (class 4). The hand cupped at the ear
can even be used as a conventionalized symbol mean-
ing ‘speak up’ (classs 3). Other examples of ritual-
ization toward regulation of interaction and also sym-
bolic gesture include mimicking with two hands the
motions of writing on a pad as a signal to a waiter to
ask for the bill; miming a zipping action across the
mouth to indicate that someone should be ‘shut up’;
or placing a raised index finger over lips which have
been pre-formed as if to pronounce /sh/.

2.5 Cultural and Individual Differences

Different cultures may differ in their use of the vari-
ous types of gesture. Some symbolic gestures such
as finger signs (e.g. the “OK” gesture with thumb
and index finger forming a circle) can have radically
different interpretations in other cultures, or no set
interpretation depending on the culture of the recip-
ient (e.g. crossing fingers as a sign of wishing for
luck, or the Chinese finger signs for some numbers
such as 6, 7, 8). Tilting the head back (Greece) or
nodding the head (Bulgarian) are used symbolically
for ‘no’, but would certainly not be interpreted that

way in many other cultures. Cultures also differ in
their types and scope of movement in (class 2) ex-
pressive gestures: Consider, for example, the differ-
ences of rhythm, prosody, hand motions, eye contact,
and facial expressions accompanying speech between
British, Italian, Japanese, and French speakers.

Within cultures, differences between different indi-
viduals’ uses of gestures can be regional, restricted to
particular social groups within the culture, and vary
in particularities (such as speed, repertoire, intensity
of movement, etc.) between individuals according to
preference or ontogeny. Elderly and young may em-
ploy gestures in different ways.

3 Some Related Work on Recog-
nizing Gesture and Intent

The important role of gesture for intent communica-
tion in human-robot interaction is increasingly being
acknowledged, although some approaches still focus
only on static hand poses rather than dynamic use of
more general types of gesture in context. A survey
of hand gesture understanding in robotics appears in
Miners (2002).

Multimodal and voice analysis can also help to
infer intent via prosodic patterns, even when ignor-
ing the content of speech. Robotic recognition of a
small number of distinct prosodic patterns used by
adults that communicate praise, prohibition, atten-
tion, and comfort to preverbal infants has been em-
ployed as feedback to the robot’s ‘affective’ state
and behavioural expression, allowing for the emer-
gence of interesting social interaction with humans
(Breazeal and Aryananda, 2002). Hidden Markov
Models (HMMs) have been used to classifying lim-
ited numbers of gestrual patterns (such as letter
shapes) and also to generate trajectories by a hu-
manoid robot matching those demonstrated by a hu-
man (Billard et al., 2004). Multimodal speech and
gesture recognition using HMMs has been imple-
mented for giving commands via pointing, one-, and
two-handed gestural commands together with voice
for intention extraction into a structured symbolic
data stream for use in controlling and programming
a vacuuming cleaning robot (Iba et al., 2002). Many
more examples in robotics exist.

Most approaches use very limited, constrained, and
specific task-related gestural repertoires of primitives,
and do not attempt to identify gestural classes. They
have tended to focus on a fixed symbolic set of ges-
tures (possibly an extensible one, in which new ges-
tures can be learned), or focus on only a few represen-



tatives from one or two of the gestural classes identi-
fied here (e.g. symbolic and pointing gestures).

Knowledge of specific conventional codes and
signs can help the identification of particular signs
within class 3, and also in determining that the ges-
ture in fact belongs to class 3, i.e. is a symbolic com-
municative signal. Machine learning methods such
as Hidden Markov Models may be used successfully
to learn and classify gestures for a limited finite set
of fixed gestures (e.g. (Westeyn et al., 2003)). It
seems likely that HMM methods would be most suc-
cessful with class 3 (symbolic gestures), but how
successful they would be at differentiating between
classes or within other classes remains uninvestigated
at present.

4 Inferring the Intent of Gesture

Being able to classify gesture into one of the above
classes gives us only a starting point for inferring the
intent of the person making the gesture due to fre-
quent ambiguity. Resolving this points to the impor-
tant roles of context and interactional history. Thus, it
is necessary to develop operational methods for rec-
ognizing the class of gesture in a particular context.*
To this it should help when

(a) the activity of the gesturer is known,

(b) previous and current interaction patterns are re-
membered to predict the likely current and next
behaviour of the particular person,

(c) objects, humans and other animated agents in
the environment are identified and tracked.

(d) the scenario and situational context are known
(e.g. knowing whether a gesture occurs at a tea
party or during a card game).

Knowing the above could help the robot classify
the gesture and infer the intent of the human. Infor-
mation on the state of human (e.g. working, thirsty,
talking, ...) often can limit the possibilities.

4.1 Recognizing Intent from Gesture
Given Interactional Context

If the interactional context of recent activity in which
a gesture occurs is known, this can suggest possi-
bilities for which classes (and subtypes) of gesture

4Knowledge of the immediate context in some cases needs to be
augmented by taking into account of the broader temporal horizon
of interactional history (cf. Nehaniv et al. (2002)).

might be involved. Even giving data on the inter-
actional context, including data on context, culture,
individual differences, models of human activity and
task aspects that relate to gesture, does not necessar-
ily completely constrain the possible gesture nor its
intent (if any). If the context suggests a particular
identifying class (and subtype) for the gesture iden-
tified, this does not immediately lead to any certain
knowledge of human intent behind it.

Data on the interaction history and context may
help in determining the class of a gesture. If the class
is known, then the set of possible gestures can re-
main large, or be narrowed significantly. Symbolic
gestures (class 3) correspond to discrete symbols in a
finite set, of which there may be only be a small num-
ber according to context or size of the given reper-
toire of the given symbolic gestural code. Interac-
tional gestures (class 4) are likely to comprise a small,
constrained class. Class 1 gestures are either “irrele-
vant”, or to be understood by seeking the intent of the
associated motor action or object manipulation (e.g.
grasping or throwing an object, arms moving as a side
effect of walking). Class 5 (referential and pointing
gestures) comprise a very limited class.

4.2 Typical Interactional Context of
Gestures

A programme to apply the above classification can be
developed as follows.

1. Identify the many, particular gestural motions
that fit within each of the five classes. Some
gestural motions will appear in more than one
class. For example, the same mechanical mo-
tion of putting a hand and arm forward with the
forearm horizontal and the hand open could indi-
cate preparation to manipulate an object in front
of the human (class 1), to show which object is
being referred to (class 5), or to greet someone
who is approaching, or to ask for an object to be
handed over (both class 4).

2. Gestural motions identified as belonging to sev-
eral classes need to be studied to determine
in which contexts they occur: determining in
which class(es) particular a instance of the ges-
ture is being used may require consideration of
objects and persons in the vicinity, the situa-
tional context, and the history of interaction.

3. Systematic characterizations of a physical ges-
tural motion together with interactional contexts
in which they are occur could then be used to
determine the likely class.



CLASSIFICATION OF GESTURAL CLASSES AND ASSOCIATED
(LIMITED) CATEGORIES OF HUMAN INTENT

CLASS | NAME DEFINING CHARACTERISTICS AND ASSOCIATED INTENT
1 ‘IRRELEVANT’ OR MANIPULATIVE INFLUENCE ON NON-ANIMATE ENVIRONMENT
GESTURES OR HUMAN’S RELATIONSHIP TO IT;

manipulation of objects, side effects of motor behavior, body motion

2 SIDE EFFECT OF EXPRESSIVE EXPRESSIVE MARKING,
BEHAVIOUR (NO SPECIFIC DIRECT INTERACTIVE, SYMBOLIC, REFERENTIAL
ROLE)

associated to communication or affective states of human

3 SYMBOLIC GESTURES CONVENTIONALIZED SIGNAL IN COMMUNICATIVE INTERACTION;
communicative of semantic content (language-like)

4 INTERACTIONAL GESTURES REGULATION OF INTERACTION WITH A PARTNER;
INFLUENCE ON HUMAN (OR OTHER ANIMATED) AGENTS
IN ENVIRONMENT BUT GENERALLY WITH LACK

OF ANY SYMBOLIC/REFERENTIAL CONTENT

used to initiate, maintain, regulate, synchronize, organize or
or terminate various types of interaction

5 REFERENTIAL/POINTING GESTURES || DEIXIS; INDICATING OBJECTS, AGENTS OR (POSSIBLY PROXY)
LOCI OF DISCOURSE TOPICS, TOPICS OF INTEREST;

pointing of all kinds with all kinds of effectors (incl. eyes):
referential, topicalizing, attention-directing

Table 1: Five Classes of Gesture. See text for explanation, details and examples. Note that some occurrences
of the same physical gesture can be used in different classes depending on context and interactional history;
moreover, some gestures are used in a manner that in the same instance belongs to several classes (see text for
examples).



4.3 Updating the Interaction History

Attribution of intent related to gesture can then feed-
back into understanding of the situational context, in-
cluding motivational state of the human performing
the gesture, and becomes part of the updated interac-
tion history, which can then help in inferring intent
from ensuing gestures and activity.

5 Conclusions

In order to infer the intent of a human interaction part-
ner, it may be useful to employ a classification of ges-
ture according to some major types — five in the tenta-
tive classification proposed here — whose intent may
be, in the five classes, absent / directed to objects or
environment, incidentally expressive, symbolic, in-
teractional, or deictic. A summary of the classes is
given by Table 1.

In order to deploy the inference of intent on robots
interacting with humans it will be necessary to opera-
tionalize the distinctions between these (sometimes
overlapping) classes. This may require the use of
knowledge of human activity, recognition of objects
and persons in the environment, and previous inter-
actions with particular humans, as well as knowledge
of conventional human gestural referencing and ex-
pression, in addition to specialized signaling codes or
symbolic systems.

The classification presented here suggests some re-
quirements for the design and implementation of sys-
tems inferring intent from gesture based on this clas-
sification. These requirements might be realized in a
variety of different ways using, e.g. continuous low-
key tracking or more detailed analysis, event-based
and/or scenario-based recognition, and prediction of
human activity based on models of human activity
flows (with or without recognition of particular hu-
mans and their previous interactions), depending the
particular needs of the given human-robot interac-
tion design and the constraints and specificity of its
intended operational context. Design of a robot re-
stricted to helping always the same user in the kitchen
environment would be quite different from one that
should be a more general purpose servant or compan-
ion in a home environment containing several adults,
children and pets, but the classification presented here
is applicable in informing the design of gesture recog-
nition for inferring intent in either type of system, and
for designing other HRI systems.

Finally, effective human-robot interaction will re-
quire generation of gestures and feedback signals by
the robot. The classification given here can suggest

categories of robotic gestures that could be imple-
mented to improve the legibility to humans of the
robot’s behaviour, so that they will be better able to
understand and predict the robot’s activity when in-
teracting with it.

Acknowledgments

The work described in this paper was conducted
within the EU Integrated Project COGNIRON
(“The Cognitive Robot Companion”) and was funded
by the European Commission Division FP6-IST
Future and Emerging Technologies under Contract
FP6-002020.

The classification presented here is developed by
the author in response to discussions in the COGN-
IRON project, especially with Rachid Alami, Kerstin
Dautenhahn, Jens Kubacki, Martin Haegele, and
Christopher Parlitz. Thanks to Kerstin Dautenhahn
for useful comments on an earlier draft of this paper.

This paper extends and supercedes University of
Hertfordshire School of Computer Science Technical
Report 419 (December 2004).

References

A. Billard, Y. Epars, S. Calinon, G. Cheng, and
S. Schaal. Discovering optimal imitation strate-
gies. Robotics & Autonomous Systems, Special Is-
sue: Robot Learning from Demonstration, 47(2-3):
69-77,2004.

Cynthia Breazeal and Lijin Aryananda. Recognition
of affective communicative intent in robot-directed
speech. Autonomous Robots, 12(1):83-104,2002.

W. S. Condon and W. D. Ogston. A segmentation of
behavior. Journal of Psychiatric Research, 5:221—
235, 1967.

Gesture. ISSN: 1568-1475. John Ben-
jamins  Publishing Co., The Netherlands
http://www.benjamins.com/cgi-bin/
t_seriesview.cgi?series=GEST.

Edward T. Hall. The Dance of Life: The Other Di-
mension of Time. Anchor Books, 1983.

Soshi Iba, Christian J. J. Paredis, and Pradeep K.
Khosla. Interactive multi-modal robot program-
ming. In Proceedings of the 2002 IEEE Inter-
national Conference on Robotics and Automation,
Washington D.C., May 11-15, 2002, 2002.



Adam Kendon. Movement coordination in social in-
teraction: Some examples described. Acta Psycho-
logica, 32:100-125, 1970.

Sotaro Kita, editor. Pointing: Where Language, Cul-
ture and Cognition Meet. Lawrence Erlbaum As-
sociates, Inc, 2003.

Jacob Mey. Pragmatics: An Introduction. Blackwell
Publishers, 2001.

Ruth Garrett Millikan. The Varieties of Meaning: The
2002 Jean Nicod Lectures. MIT Press/Bradford
Books, 2004.

William Ben Miners. Hand Gesture for Interactive
Service Robots. MSc Thesis, The University of
Guelph, Faculty of Graduate Studies, August 2002.

Chrystopher L. Nehaniv, Daniel Polani, Kerstin Daut-
enhahn, René te Boekhorst, and Lola Cafiamero.
Meaningful information, sensor evolution, and the
temporal horizon of embodied organisms. In Arti-
ficial Life VIII, pages 345-349. MIT Press, 2002.

Ben Shneiderman. Designing the User Interface:
Strategies of Effective Human-Computer Interac-
tion. Addison-Wesley, 3rd edition, 1998.

Tracy Westeyn, Helene Brashear, Amin Atrash, and
Thad Starner. Georgia tech gesture toolkit: Sup-
porting experiments in gesture recognition. In
ICMI 2003: Fifth International Conference on
Multimodal Interfaces. ACM Press, 2003.



Navigation in the Presence of Humans*

E. A. Sisbot, R. Alami and T. Simeon
Robotics and Artificial Intelligence Group
LAAS/CNRS

7, Avenue du Colonel Roche, 31077 Toulouse cedex 4

France
{easisbot, rachid, nic}@Ilaas.fr

Abstract— Robot navigation in the presence of humans raises
new issues for motion planning and control since the humans
safety and comfort must be taken explicitly into account.

We claim that a human-aware motion planner must not only
elaborate safe robot paths, but also plan good, socially acceptable
and legible paths. Our aim is to build a planner that takes
explicitly into account the human partner by reasoning about
his accessibility, his vision field and potential shared motions.

This paper focuses on a navigation planner that takes into
account the humans existence explicitly. This planner is part of
a human-aware motion and manipulation planning and control
system that we aim to develop in order to achieve motion and
manipulation tasks in a collaborative way with the human.

We are conducting research in a multidisciplinary perspective,
(1) running user studies and (2) developing an algorithmic
framework able to integrate knowledge acquired through the
trials. We illustrate here a first step by implementing a human-
friendly approach motion by the robot.

[. INTRODUCTION

The presence of humans in the robot environment and the
necessity to interact with them raise a number of new questions
and challenges. Clearly, the human should be taken explicitly
into account in all steps of the robot design.

This paper addresses issues related to the close interaction
between humans and robots from the standpoint of the motion
decisions that must be taken by the robot in order to ensure a:

o A safe interaction, i.e., that cannot harm the human,

o A reliable interaction, i.e, that achieves the task ade-
quately considering the motion capacities of the robot,
and

o A user friendly interaction, i.e, that takes into account a
motion model of the human as well as his preferences
and needs.

Let us consider a “simple fetch and carry task™ as illustrated
in figure 1 for a socially interactive robot [8]. The robot has to
perform motion and manipulation actions and should be able
to determine where a given task should be achieved, how to
place itself relatively to a human, how to approach him, how
to hand an object.

Our goal is to develop a robot that is able to take into
account “social constraints” and to synthesise plans compatible

* The work described in this paper was partially conducted within the EU
Integrated Project COGNIRON (”The Cognitive Companion”) and funded by
the European Commission Division FP6-IST Future and Emerging Technolo-
gies under Contract FP6-002020.

K Dautenhahn, M Walters, S Woods,
K L Koay and C Nehaniv
University of Hertfordshire
College Lane, Hatfield Herts ALIO 9AB
United Kingdom
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with human preferences, acceptable by humans and easily
legible in terms of intention.

Fig. 1.

A “fetch-and-carry” Scenario

All these questions have a particular flavour when the robot
is a humanoid. Indeed, by its shape and functional abilities, it
can act in very close interaction with humans, adopt postures
and perform motions that are easily understandable by its
human partners.

In this paper, we concentrate more precisely on navigation
in the vicinity of humans. We are conducting research in
a multidisciplinary perspective, (1) running user studies and
(2) developing an algorithmic framework able to integrate
knowledge acquired through the trials. We illustrate here a
first step by implementing a human-friendly approach motion
by the robot. Section II discusses related work. Section III
presents trials that we have conducted in order to find out
about subject preferences for the robot approach directions.
Section IV presents the main characteristics of our navigation
planner. Finally, we illustrate the outputs of a prototype im-
plementation in section V.



II. HUMAN-ROBOT INTERACTION IN LITERATURE

A key issue is safety problems, where humans exist nearby
robots. In industrial robotics, safety is assured by not allowing
humans in a certain perimeter around robots and having
emergency stop buttons [13]. Actually there is no interaction
in these cases.

In a recent work by Nonaka et al. [18], the concept of
safety has been studied by two aspects: “physical” safety and
“mental” safety of human. Physical safety means that the robot
do not physically injure humans. Mental safety, on the other
hand, means that the motions of the robot do not cause any
unpleasantness like fear, shock, surprise to human.

The physical safety is an absolute need for the human-robot
interaction. It must be assured at the hardware and software
design process of the robot. We can classify the safety strate-
gies into two different types [11]: design strategies and control
strategies. Besides new designs [3], [24] that will ensure safety
at the physical level, fault-tolerant approaches [16] tend to
detect and limit the consequences of hardware and software
problems. A danger criterion is generally considered in control
strategies and robot motions are executed by minimising this
criterion [14].

With these approaches physical safety is assured by avoiding
collision with human and by minimising the intensity of the
impact in case of a collision. Another direction towards the
motion in presence of humans is the research made for smart
wheelchairs. Although there is not a real interaction between
chair and human in a direct sense, the wheelchair motion needs
to take into account the humans comfort [19].

In usual interactions between humans, some non written
rules are respected that determine the distance between two
persons (see the proxemic theory of E. T. Hall [10]). The robot
should comply to similar conventions [4].

Other works try to imitate human motions for a better
understanding of how humans behave in social environments.
A recent work [2] makes robot place himself like humans
in a conversation. We must note that this behaviour is only
imitating humans self-placement.

Another approach that deals not only with safety but also
implicitly comfort issues is the work on velocity profiles
along a planned trajectory made by Alami et al. [1] where
a robot adapts its trajectory and its speed to optimise the
execution time and also to guarantee that no collision will
occur. Although the human is not considered explicitly, this
method guarantees a motion without collision by taking into
account the sensor capabilities of the robot. Since the sensors
have a certain range, it is likely necessary to slow down in
some places of the robot’s trajectory where the sensors are
blocked by narrow passages or corners. And a velocity profile
is found by optimising the execution time.

While motion planning and control for humanoid robots deal
with their specificities in terms of motion and manipulation
[12], we claim that explicit reasoning on humans should also
be integrated.

Although several authors propose motion planning or reac-

tive schemes considering humans, there is no contribution that
tackles globally the problem as we propose to do.

III. HUMAN-ROBOT APPROACH DIRECTION TRIALS

This section presents some relevant results from a demon-
stration Human-Robot Interaction trial event, which was run at
the AISB Convention at the University of Hertfordshire (UH).
The UH team are primarily interested in the human perspective
of how robots could be useful in domestic environments; in
particular the roles, tasks, and social behaviour that will be
necessary for robots to exhibit in order to integrate into normal
domestic situations.

In order to study human-robot relationships, they typically
run HRI trials using carefully devised test scenarios, where
the human centred view can be collected using a variety of
methods. The “Wizard of Oz” (WOZ) technique, where robots
are remotely controlled by human operators, is widely used in
HRI studies where the human reactions to robot behaviour are
investigated; see [22], [9], [17], [20]. The WOZ technique can
quickly test proposed complex robot behaviours or capabili-
ties. Subjects’ opinions of social acceptability towards robot
behaviour can be assessed before committing resources to de-
velop fully autonomous capabilities, which may be expensive,
technically difficult or even impossible to implement to date.

A. The HRI Trial Method

The chosen scenario involved a robot using different ap-
proach directions to bring a seated subject an object. The aims
of the trial were to find out about subject preferences for the
robot approach directions.
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Fig. 2. Diagram of HRI approach trial experiment areas

The AISB demonstration event had an audience and was
performed under non-laboratory conditions using 38 volunteers
from the convention participants. There was also a follow up
study carried out under more controlled conditions with 15
subjects and one of the aims of this trial was to verify and
check results obtained from the demonstration study. The trial



area was identically laid out for both trials to resemble a
simulated living room with a chair and two tables. The subject
was seated in the chair. To the left front and right front of the
chair, two tables were arranged (with room for the robot to
pass by) in front of the chair. One of the tables had a television
placed upon it; the other had a radio and CD player. Posters
were attached to the wall directly opposite the chair to provide
a more comfortable atmosphere for the subject. The robot was
driven to the appropriate start position by the WOZ operator.
The robot’s approaches to the subject were fully autonomous.
The WOZ operator was seated at a table in the far corner of the
room. Subjects were told that the robot would be controlled by
the operator while it was driven to the three start positions, but
would be approaching them autonomously to bring them the
TV remote control. This was reinforced as the WOZ operator
made notes and did not press any of the robot control keys
(on the robot control laptop) while it approached the subject.
(see Fig. 3 for example video clips).

B. The HRI Trial Scenario

The context was that the subject had arrived home, tired
after a long day at work and rested in an armchair (Fig. 2).
After looking around for the TV remote control, the subject
then asked the robot to fetch it for them as they were too
tired to get up. The robot then brought the remote control
to the subject. It was explained to the subject that the robot
was new to the household and it was necessary to find out
which approach direction the subject preferred; either from
the front (2), the left (1) or the right (3). The three possible
paths taken by the robot are shown in Fig. 2. In order to justify
the scenario of the robot fetching the remote control, one of
the tables had a (switched off) TV set upon it. The other table
had a CD-Radio unit. Our expectations prior to the trials were
that subjects would prefer the approach from the front, since
the robot was then fully visible at all times.

Fig. 3.

Clips from the robot to human approach trials

A short introductory questionnaire was used to gain basic
demographic and personal details from the subjects. At the
end of each HRI trial a short questionnaire was used to
assess the subjects’ views on approach direction, approach
speed, stopping distances, comfort levels and practicality for
the different approach directions. The subjects’ reactions to
both live and video based HRI trials were also recorded by a
single tripod mounted camera placed at an appropriate point,

either (4), (5) or (6) (Fig. 2). Twenty one males (54%) and
18 females (46%) participated in the AISB robot approach
direction trials. The mean age of subjects was 36 years (range:
22-58). Thirty five subjects (95%) of subjects were right
handed and 2 subjects (5%) were left handed.

C. Demonstration Trial Results

a) Approach Direction Preferences: Fig. 4 illustrates that
60% (N: 23) of subjects stating preferred the right robot
approach direction, followed by 24% (N: 9) preferring the left
approach and just 16% (N: 6) preferring the front approach.
An overriding majority of subjects stated least preferring the
front robot approach direction (N: 31, 80%). Few subjects least
preferred the left and right approach directions.
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Fig. 4. Approach Directions Most and Least Preferred

Chi-square cross-tabulations revealed a non-significant as-
sociation between gender and the robot approach direction
preferred (X2 (2, 38) = 3.77, p = 0.1). More females stated
that they preferred the robot front approach direction compared
to males, and more males preferred the right robot approach
direction compared to females (See Fig. 5).
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Fig. 5. Approach Direction Preferences by Gender



A significant relationship was found between gender and
least preferred robot approach direction (X2 (2, 39) = 7.09,
p = 0.03). Significantly more males stated least preferring the
front robot approach direction compared to females (males:
95%, females: 61%). More females stated least preferring the
right robot approach direction compared to males (males: 0%,
females: 11%). Chi-square cross-tabulations revealed no sig-
nificant relationships between age, handedness and approach
directions preferred and least preferred.

b) Approach Distance Preferences: Subjects were asked
to provide an overall rating (for all 3 approach directions) for
the robot approach distance. 76% (N: 28) of subjects stated
that the distance between them and the robot was about right’,
followed by 19% (N: 7) who felt that the robot was to "too far’
from them. Only 5% (N: 2) of subjects stated that the robot
approached them too closely.

D. HRI Trial Conclusions

These results indicate that a large majority of subjects
disliked robot approaching from the front approach direction.
Some subjects sat with their legs over the side of the chair
(see Fig. 2) and for these few cases, it may be that in this case
a frontal approach (relative to the chair) was preferred. Thus
there may be a more general rule that people do not like the
robot to approach from the direction which their legs poke out.
In the case of subjects who rated the front stopping distance
as being too far, we observed that these subjects usually had
their legs stretched out in front of them. This caused the robot
to stop (due to the robot’s stopping safety mechanism) when
it reached the subject’s feet, rather than moving close enough
for them to reach the TV remote control comfortably.

IV. A NAVIGATION PLANNER

Today, the classical motion planning methods [15] are quite
efficient to find feasible paths. However, the presence of
humans in the environment drastically changes the notion of
acceptable paths. In a human-robot interaction context, the
computed paths do not only need to be collision-free but must
also take into account the human comfort. This is illustrated
on figure 6 which shows two paths possibly produced by
a classical motion planner. Obviously, both paths are badly
chosen since one path passes too close to the wall, causing a
surprise to human, and the other passes behind of the human
also causing some discomfort.

The User studies with humans and robots reported in the
previous section (see also [23][2]) provide a number of prop-
erties required when dealing with humans. Only very limited
works consider such comfort and legibility issues, often in an
ad hoc manner. We describe below a new technique that allows
to integrate such additionnal constraints in a more generic way.
First, we introduce three criteria to the motion planning stage
to ensure the safety and comfort. The robot must take into
account these three criteria at the planning stage along with
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Fig. 6.

Two paths found by classical motion planning

the more common aspects of path planning such as obstacle
avoidance and shortest path finding.

Each criterion is represented by a numerical potential stored
in a 2D grid combining various costs. These costs are highly
related to the humans’ state, capabilities and preferences. The
grid G can be defined as follows:

G=(M,, Hy .. .H,

where M, ,, is a matrix containing n * p cells represented
by ,az 4, the cost of the coordinate (,j) in a 2D plane and
H,...H, is a list of humans in the environment. A human
H; is modeled by H; = (St, State; ... State,) where St is
the structure and kinematics of the human and State; is a
human state defined by a number of cost parameters and state
description:

State; = (Name, Conf, Param)

where Name is the name of the state (for ex. Name =
SITTING,STANDING), Conf is the humans configu-
ration in that state and Param represents the data needed to
compute costs according to that state.

From the user studies above, we extracted three criteria that
will allow the robot to be more human friendly.

A. Safety Criterion

The first criterion, called safety criterion, mainly focuses on
ensuring the safety by controlling the distance between robot
and human. The robot, if possible, must avoid approaching
too much to human, and in some cases a certain perimeter
around human must not be allowed to pass through. However,
the robot must be able to approach the human because of
the necessity of their interaction (for example to handle some
object to the human). Hence, this distance between the robot
and the human is not uniform and fixed, but depends on the
interaction. The feeling of security is highly dependent to the
humans personality and physical capabilities. For example,
a robotics scientist feels much comfortable when a robot is



around than an other person who sees the robot first time. Also,
an elderly person can feel safer when the robot is 4 meters
away from him than a curious teenager who feels safe even
when the robot approaches very close. The humans current
state plays also an important role as the safety feeling differs
highly when the human is sitting than when he is standing
up. When the human is sitting, as his mobility is reduced, he
tends to have a low tolerance to the robot getting close. On the
contrary when standing up he gets a higher mobility, therefore
allowing the robot to come closer.

The user studies on the spatial interaction between people
indicate that the spaces 1-3 meters away from humans are
considered as interaction spaces with non-friends and > 3m
zones are considered as public zones. These studies can be
used to define the distance limitations between robots and
humans [10], [5], along with the studies of social spaces
between robots and humans [23]

The safety grid contains a human centered gaussian form of
cost distribution. Each coordinate (z,y) in this grid contains
a cost inversely proportional to the distance to the human.
Then, when the distance between the human and a point in
the environment (in the grid) D((z;,y;)) is greater than the
distance of another point D((z, y;)), we have Cost(zy, y;) >
Cost(x;,y;). Since the safety concerns loose their importance
when the robot is far away from the human, the cost also
decreases when getting farther from the human, until some
maximal distance at which it becomes null.

Figure 7 shows a computed safety grid attached to a human
who is sitting on a chair. The vertical lines represent the cost
associated to each cell. As shown by the figure, the cost is
maximal at the human position and the cost range considered
for a sitting human is approximately 3 meters '.

As mentionned above, this cost highly depends on the
human state and figure 8 shows a different cost computed for a
standing human. As his mobility increases, the cost influence
range shrinks to approximately 2 meters .

Other types of human state can be easily taken into account.
For example, costs associated to states like sleeping, awake,
... can be easily handled with corresponding Params.

Once the grid is computed, searching for a minimum cost
path will avoid to move too close to the human since approach-
ing the human is more costly than staying far away.

B. Visibility Criterion

The human comfort is another criterion to be considered
when dealing with human-robot interactions. In particular,
the human generally feels more comfortable when he sees
the robot. Therefore, we introduce another criterion, called
visibility criterion, in order to help the robot to stay in the
field of view of the human during its motions.

IThese values are only estimates and can be changed according to the
context.
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Safety grid when human is sitting
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Fig. 8. Safety grid when human is standing

The visibility grid is constructed according to costs reflect-
ing the effort required by the human to get the robot in his field
of view. Grid points located in a direction for which the human
only has to move his eyes have a lower cost than positions
requiring to move the head in order to get the robot in the field
of view. Also, when the robot is far away from the human, the
effect of the visibility must decrease. The computed visibility
costs are shown on figure 9. The zone situated in front of the
human has very low costs. On the contrary, the zone situated
behind the human has higher costs. As the visibility has a
certain range of effect, the intensity decreases according to
the distance to the human and its effect becomes negligible
after 3-4 meters. Also, since the grid is attached to the head
of the human, the computed costs are actualized when the
human changes his field of view (turn his head) in planning
and/or execution stage.

C. Hidden Zones

In the grids illustrated above, the costs are calculated without
taking into account the obstacles in the environment. However,
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Fig. 9. Visibility grid

obstacles in the close vicinity of the human can have various
effects on the safety and comfort. If the robot is behind an
obstacle, the human would feel much comfortable because the
obstacle would block the direct way between human and the
robot. So the distance criterion must be cancelled in the zones
located behind the obstacles.

On the other hand, as the robot becomes hidden when it
passes behind an obstacle, the visibility costs do not cor-
respond anymore to physical realities. To handle this issue,
we introduce another criterion additional to visibility and
safety, called hidden zones” criterion. This criterion helps to
determine better costs for positions hidden by the obstacles.

Hence, an important effect of obstacles to the comfort of
the human is the surprise factor. When the robot is hidden by
an obstacle close to the human and suddenly appears in the
human field of view, it can cause surprise and fear. To avoid
this effect, we must discourage the robot to pass behind an
obstacle too closely, and must allow it to get into the humans
field of view when sufficiently far from the human. This can
be done by putting costs to the zones hidden from the view
by the obstacles.

The costs in the hidden zone grid is inversely proportional
to the distance between the human and the robot. The range
of the effect of the surprise factor is approximately 3m, so the
costs decrease to zero in the 3m perimeter and remains null
for the other grid points (Fig. 10).

D. Path planner

Once the safety, visibility and hidden zones grids have been
computed, they are merged to one single grid that the robot
will search for a minimum cost path. Note that we do not
compute the four grids (3 criteria + 1 final) explicitly but just
the costs of the grid cells necessary during search. Different
ways can be used to merge the grid costs. A first way can be
to compute the overal cost from the ponderated sum of the
elementary costs

Fig. 10.

Decreasing costs of hidden zones grid

COStmerged(xv y) = wlcOStsafety (x7 y)+w2003tvisibility (xv y)

where (z,y) is a grid point, w; is the weight of the safety grid
and wy is the weight of the visibility grid.

Another way can be to consider the maximum cost values
when merging the grids

COStmerged(mv y) = max(COStsafety (1:7 y)a COStvisibility (IE, y))

Note that we do not merge hidden zones grid with the other
2 grids. That is mainly because hidden zones grids serves as a
replacement of this 2 grids for positions where the robot could
be seen if it wasn’t blocked by an obstacle. The final grid is
computed by:

if (R is on (x,y) AND
R is in field of view of H; AND
H,;, cannot see R because of an obstacle 0)
then COStfinal (50719) <= MSCOSthiddenzones (:13, y)
else Costfinai(x,y) <= CoStmerged(,y)

Our planner can use both ways depending on the task and on
the balance between criteria. For example, for an urgent task,
the importance of the visibility grid is less than the safety
grid so that the robot does not take to much into account the
visibility.

Once the final grid is computed, the cells corresponding
to the obstacles in the environment are labeled as forbidden
and an A* search is performed to find minimum-cost path
between given two positions of the robot. The computed path
is collision-free and also takes into account the human comfort
and safety.

V. RESULTS
The navigation planner is implemented® within the Move3D
[21] software platform developed at LAAS.

2A number of mpeg animations of computed motions can be found at
http://www.laas.fr/ easisbot



Figure 11 shows a first path computed in the presence
of two humans looking each other. One can note that the
computed solution corresponds to a direct path remaining at
equal distance from both humans. Consider now the same
problem solved in a situation where one of both humans is
turned back. Even the previous path is feasible, the planner
chooses a more confortable path along which the robot remains
visible for both humans (figure 12).

Fig. 11. The robot chooses a path with maximum safety and comfort

Fig. 12.

The path changes according to the visibility grids

Figure 13 illustrates another scenario with two humans
sitting in a room. The robot is initially located in the right
corner of the room and has to move next to the human hidden
by the wall obstacle. The figure shows the safety and visibility
grids computed for each human, and the hidden zone created
by the wall.

The minimum cost path computed by the planner (figure 14)
has the following characteristics:

o The robot does not approach too close to the both of
the humans. It chooses a solution that only enters in the
humans 3m zone in the last portion of the path.

« The robot remains as visible as possible along the path.
Because of the hidden start position, there is no possibility

Fig. 13. The 3 types of grids

to be in the human field of view at the beginning of path.
Therefore the planner chooses to pass behind the wall
instead of passing behind the human.

o The robot is not to close to the human when it appears
in its field of view. The transition from the invisible zone
behind the wall to the visible one is sufficiently far from
the human to avoid any surprise effect. Then the robot
can approach to the human to reach its final position.

Fig. 14. The computed path takes into account the safety and the comfort
of the human

As in real world scenarios there can be multiple objects
and humans in motion, if the environment changes during
execution, the calculated path can loose its validity. This tra-
jectory can be replaced very fastly by replanning that unvalid
trajectory. As HAMP’s planning method is fast (the trajectories
for both exaples are produced in less than a second with and
AMD Athlon 1.8 Mobile processor), replaning allows us to be
sufficiently reactive to the environment changes and to execute
trajectories smoothly making the replanning totaly transparent
to the humans. .



VI. CONCLUSION AND FUTURE WORK

We have proposed a navigation planner that takes into
account the humans existence explicitly and that not only
elaborates safe robot paths, but also plans good, socially
acceptable and legible paths.

It is based on a multidisciplinary perspective. The algorith-
mic framework that we propose is able to integrate results
provided by user studies.

This is a small step towards a very ambitious goal. Indeed,
there a already a number of extensions that can be envisaged.
For instance, it is clearly necessary to consider speed and
accceleration and their influence on human comfort and accept-
ability of the robot actions. Besides, it remains to implement
such schemes on real robot and to conduct validation tests.

We are also planning to develop a manipulation planner in
order to allow the robot to hand objects to a human while
respecting the safety and social constraints.
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Abstract - This paper presents the results from two empirical
exploratory studies of human-robot interaction in the context of
an initial encounter with a robot of mechanistic appearance. The
first study was carried out with groups of children, and the
second with single adults. The analysis concentrates on the
personal space zones and initial distances between robot and
humans, the context of the encounters and the human’s
perception of the robot as a social being. We discuss the results of
these observations and analyses, and also compare the child and
adult data. The child groups showed a dominant response to
prefer the ‘social zone’ distance, comparable to distances people
adopt when talking to other humans. From the single adult
studies a small majority preferred the ‘personal zone’, reserved
for talking to friends. However, significant minorities deviate
from this pattern. Implications for future work are discussed.

Index Terms - Robot, Human-Robot Interaction, Social
Spaces, Distances, Social Robot.

I. INTRODUCTION

The field of research into social and personal spaces with
regard to robots, designed for use in the home, is a particular
area of research within the wider field of Human - Robot
Interaction (HRI). Although speech is an incidental part of
these interactions, the main emphasis of this research is on the
physical, spatial, visual and audible non-verbal social aspects
of robots interacting socially with humans. An excellent
overview of socially interactive robots (robots designed to
interact with humans in a social way) is provided in Fong et al.
[1]. As the study of socially interactive robots is relatively
new, experimenters in the field often use existing research into
human-human social interactions as a starting point. Hall [2]
provided the original basis for research into social and
personal spaces between humans, and later work in psychology
has demonstrated that social spaces substantially reflect and
influence social relationships and attitudes of people.
Embodied non-verbal interactions, such as approach, touch,
and avoidance behaviors, are fundamental to regulating
human-human social interactions [3], and this has provided a
guide for more recent research into human reactions to robots
[4-7]. While the methods used to study human-human

interaction may be relevant to this type of study, and the aim
of many robot designers is to create robots that will interact
socially with humans, it is probable that humans will not react
socially to robots in exactly the same way that they react to
other humans [8-12]. Previous work has generally assumed
that robots are perceived as social beings and that humans will
respond to a robot in a similar way, for example, as to a pet,
another human, or even as to a child or infant. Evidence exists
that humans do respond to certain social characteristics,
features or behaviors exhibited by robots [13-15].

The research hypothesis advanced for empirically testing
human-robot social space zones was that human-robot
interpersonal distances would be comparable to those found
for human-human interpersonal distances [2, 3]. The generally
recognized personal space zones between humans are well
known and are summarized (for northern Europeans) in Table
1 [16], which summarizes Hall’s original distances.

TABLE 1
HUMAN-HUMAN PERSONAL SPACE ZONES

Personal Space Zone Range Situation
Close Intimate 0to0.15m Lover or close friend
touching

Intimate Zone 0.15m to Lover or close friend only
0.45m

Personal Zone 0.45m to Conversation between
1.2m friends

Social Zone 1.2m to Conversation to non-
3.6m friends

Public Zone 3.6m+ Public speech making

We expect that in scenarios designed for direct human-robot
interaction, people would assume distances that correspond to
the Social or Personal zones (similar to the distances people
use when having face-to-face conversations), thus treating the
robot as a social being.

I1. THE STUDIES

Two exploratory studies were carried out using
commercially available, human-scaled, PeopleBotTM robots.
The first study took advantage of a larger software evaluation
event, run by the FP5 European Project VICTEC [17], by
providing 30-minute sessions for 24 groups of 10 children

" The work described in this paper was conducted within the EU Integrated Project COGNIRON (“The Cognitive Robot
Companion”) and was funded by the European Commission Division FP6-IST Future and Emerging Technologies under

Contract FP6-002020.



involving interactive games with a PeopleBot™ robot. The
second study involved single human subjects interacting with
the PeopleBot™ robot in simulated living room scenarios.
Prior to both studies, initial social space and comfort distance
observations and measurements were carried out providing the
main focus of this paper.

[II. THE CHILD STUDY

A.  Experimental Setup and Procedure

The robots used were commercially available PeopleBot
robots fitted with a lifting arm, a pink hand, and a small basket
which was used to hold small presents (Fig. 1). The arm could
be raised or lowered under program control. The experiment
was performed in an enclosed area of 6m x 6m which was
marked out from the centre with a series of concentric circles
at 0.5m radii intervals.

Fig. 1: The PeopleBot"" robot fitted with arm and hand. This
robot was used in the children’s study.

The robot was positioned initially at the center of the
circles, so an observer was able to use these to estimate the
initial distance and relative orientation of members of each
group; either directly or from the video recording of the
session. The robots were controlled in a semi-autonomous
manner, with the Wizard of Oz (WoZ) [18] operators hidden
in an adjoining third room along with necessary equipment.
The sessions were coordinated by an experimenter and
followed the same overall format outlined here:

1) The children entered the room and each child was
given a numbered sticker that was attached to their clothing so
that the children could be tracked through the experiment.

2) An initial opinion questionnaire was administered
before the children saw the robot and also asked for their
genders and tracking numbers.

3) The robot was then uncovered and the experimenter let
the children move around the robot without giving them any
indication of where they should position themselves. Once
settled, usually after a period of approximately 1 minute, each
child’s relative position and orientation towards the robot was
recorded on paper record charts (cf. Fig. 2). The initial
distances were estimated to the nearest 0.5m circle marking on
the floor, giving an accuracy of £0.25m. Also recorded was
whether a teacher was present at the session, along with any
other relevant observations.

4) Two interactive games were then played before a final
questionnaire was administered. (These latter parts of the
session were separate experiments and are not here).

The position and orientation measurements were later
checked and verified against the video record after the session.
This initial position information was recorded before the
children had participated in the games (so before any
interaction took place) and before the children had actually
seen the robot move. The robot was stationary, though
powered up and activated. Therefore, noises from the sonar
range sensors and motors were audible throughout the game
area.

Fig. 2: A group of children take up their positions relative to
the robot on their first encounter.

The PeopleBot™ robot was mechanistic in appearance, so
the only visual cues that indicated the front of the robot were:

1) The direction which the robot moved, either forwards
or reverse, gave an indication of possible front and rear ends
of the robot. This was not apparent until the robot moved,
which did not occur at this stage of the test. Therefore, it
would not be a factor to consider in this part of the study.

2) The Camera was mounted on top and to the front
edge of the robot and pointed forward when the robot was
activated but was stationary.

3) The PeopleBots used in the experiment were fitted
with a simple arm, on the right hand side. It was in its lowered
position at this stage of the experiment. On the left hand side,
the robots were fitted with a basket (empty at this stage) to
hold presents which would be given during the course of the
later game experiment.

B. Results from the Child study
From the total sample of 196 children, only 131 (71 boys and
60 girls) have been included in the analysis. This was either
because some of the children had been told explicitly where to
stand initially by a teacher or adult, or were not given an
opportunity to take up their initial positions. The initial
distance results are summarized below and in Fig. 3.

Initial Distances; All - Mean = 1.73m, Median = 1.75m,
St. Dev. =0.73m

Girls Initial Distances - Mean = 1.74m, Median = 1.75m,
St. Dev. = 0.61m

Boys Initial Distances - Mean = 1.72m, Median = 1.25m,
St. Dev. = 0.73m

The children initially tended to place themselves at an
overall mean distance of 1.75m (St Dev = 0.73) which is
consistent with the social distance which would be used by
humans to communicate with non-friends, and ranges from
1.2m to 3.6m (social zone, cf. Table 1).



Initial Distances Relative to Robot: Front Orientation
Only: Boys compared to Girls (%)
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Fig 3: Frequencies of initial distances relative to robot: Front
orientation only, for boys, girls and all children

The implication is that most of the children might have
related to the robot as a social entity, even though the
PeopleBots used for the study only had one arm (which was
the only explicit anthropomorphic feature). The robot’s
onboard video camera may also have acted as a focus of the
children’s attention, the children may have been eager to
interact due to the play context or because of the detailed
preparation necessary for the event to take place (a school
excursion), they may have been primed to expect an
interaction with the robot to take place.

The initial orientation of each child was estimated by
which quarter each child was initially positioned in relative to
the robot, and recorded as front, right, left or back. The results
are summarized in Table 2. The initial distance and orientation
results presented here suggest that there is a strong tendency
for a majority of just over half of the children (53%) to
position themselves to the front of the robot initially. There
was also an indication that proportionally more boys than girls
(59% to 47%) positioned themselves at the front of the robot.
However, although the mean distance of the boys from the
robot (1.72m, St Dev = 0.73) is similar to the girls mean
distance (1.74m, St Dev = 0.61), it can be seem from the
standard deviation values and from the chart (Fig. 3) that the
boys actually tended to place themselves initially either
relatively closer to, or further away from, the robot than the
girls who tended to exhibit a more compact normal distance
frequency distribution.

From the number of children who positioned themselves at
the front of the robot (53%), one might infer that the camera or
the pointer (or both together) are powerful attractors of the
children’s initial attention, even though the camera, arm and
robot were stationary. There may also be a weaker indication
that the stationary arm pointer possibly had some effect in
causing some children to prefer positions on the robot’s right
side (21%) as opposed to left side (12%) or behind the robot
(12%). However, the entrance to the game area was to the
right of the robot so this may possibly have affected this
observed right-left preference. Further experiments should
control for this and also for the initial orientation of the robot.

TABLE 2
CHILDREN’S INITIAL ORIENTATION MEASUREMENTS

Children’s Initial Orientations Relative
to PeopleBot Robot.

Children in front of robot 70 (53%)
Children to right of robot 27 21%)
Children to left of robot 16 (12%)
Children behind robot 16 (12%)

IV. THE ADULT STUDY

A. Experimental Setup and Procedure

This study was an exploratory investigation and involved
twenty-eight single subject sessions with individual adults
interacting with a single robot in simulated living room
scenarios. These experiments applied a human-centered
perspective; which is concerned with how people react to and
interpret a robot’s appearance and/or behavior, regardless of
the cognitive processes that might happen inside the robot
(robot-centered perspective). A large conference room was
converted and furnished to provide as homely a environment
as possible. Adjacent was an enclosed section where the WoZ
robot operators and equipment were housed.

The subject sample set consisted of 28 adult volunteers
[male: N: 14 (50%) and female: N: 14 (50%)] recruited from
the University. A small proportion (7%) was under 25 years of
age, but no one younger than 18 took part. Approximately
43% were 26-35 years old, 29% 36-45 years old, 11% 46-55
years old and 11% were over 56 years of age. 39% of the
participants were students, 43% academic or faculty staff (e.g.
lecturers, professors) and 18% were researchers in an
academic institution. Approximately 50% came from a
robotics or technology-related department (e.g. computer
science, electronics and engineering), and 50% came from a
non-technology related department, such as psychology, law
or business. All subjects completed consent forms and were
not paid for participation, but at the end of the trial they were
given a book as a present.

% o
I ya /,&\;\T\,f\ B Eﬂ
® ' 0
- ©] Table
(s >

aqoIpIe Ay

Fig. 4: Plan view of simulated living room layout. Comfort
distance tests carried were out along the marked diagonal line.

The initial distance measurements were performed before
a separate experimental session involving human-robot
interactions in task based scenarios.  Scale marks were made



at 0.5m intervals along the diagonal of the room (Figs. 4 and
5) and the human-robot comfort and approach distances were
estimated from the video records, rather than making intrusive
measurements or notes during the sessions. The robot’s arm
was adapted so that it could pick up and carry small palettes
which contained items to be brought to the human subject later
on in the task scenarios (Fig. 6) (Note; The hand was not as
anthropomorphic in appearance as that used for the child
study). Each experiment session followed the same format:

1) Entry to room and introduction of robot

2) Co-habituation and initial questionnaires. While the
subject was completing the questionnaires, the robot wandered
randomly around the test area. Unlike the first study the
subject was allowed to acclimatize to the robot for five to ten
minutes prior to the distance tests.

3) Comfort and social distance tests.

4) Various other HRI task scenarios and questionnaires.
(These latter parts were carried out for separate HRI
investigations and are therefore not considered in this paper).

Fig. 5: Views of simulated living room showing robot and the
0.5m scale marked diagonally on the floor

The experiments were supervised by an experimenter who
introduced and explained the tests to be carried out to the
subject. Otherwise, she interfered as little as possible with the
actual experiment. For measuring the human subject’s
comfortable distance when approaching the robot, the robot
was driven to point 5 (next to the corner table) and turned to
face along the distance scale towards point 4 (Fig. 4). The
subject was told to start at point 4 and to move towards the
robot until he or she felt that they were at a comfortable
distance away from the robot. Next, they were told to move
as close to the robot as they physically could, then to move
away again to a comfortable distance. They were then told to
repeat these steps once again as a consistency check. The
comfortable approach, closest physical and comfortable
withdrawal distances were measured for each of the two tests
to the nearest 0.25m (accuracy +0.125m) by later close
observation of the video records.The next part of the comfort
distance tests was to measure the subject’s comfort distance
with the robot moving from point 5 towards the subject. The
subject was told to stand at point 4, and the robot moved
directly towards him or her. The subject was told to say,
“Stop”, when the robot was as close as the subject desired.
The distance of the robot when the subject said, “stop” was

estimated later, and recorded, from close observation of the
video records.

Fig 6: Detail showing the robot’s arm and hand used in the
study with adult subjects.

B. Results from the Adult Study

The means of the four robot comfortable approach
distance results obtained was calculated for each subject and
the frequency histogram was plotted, with the ranges set at
0.25m intervals. The results are presented in the chart in fig. 7.
Approximately 40% of subjects approached the robot to a
distance of 0.5m or less. When the robot approached a
human, the anti-collision safety system prevented it moving
closer than 0.5m. Due to safety concerns this system must be
kept operational.

Human-Robot Comfortable Distances for
Subjects Approaching the Robot.
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Fig. 7: Comfortable approach distance frequencies for subjects
approaching the robot.

It can be seen that approximately 40% of the subjects also
allowed the robot to approach right up to this 0.5m limit. That
they did not stop the robot from physically approaching so
closely to them indicates that the robot did not make them feel
threatened or uncomfortable. When asked later if they felt
uncomfortable while standing in front of the robot most
subjects (82%) indicated that they were not uncomfortable.
Also, as less than 20% indicated that they wanted a robot for a
friend or companion, these close approach distances did not
express the subjects’ wish to be intimate with the robot. That
many of the subjects approached the robot closely, and
tolerated a relatively close approach implies that they might
not see the robot as a social entity in the same way that they



would perceive another human. If another, unfamiliar human
(a stranger) was to approach to the same close distances; most
humans would feel distinctly uncomfortable and threatened.
Interestingly, there were a small number of subjects
(approximately 10%) who were uncomfortable in letting the
robot approach closer than the far end of the social zone
(>1.2m and <3.6m), which is usually reserved for
conversations between humans who are strangers to each
other.

Comfortable Stopping Distances for Robot
Approaching the Subjects
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Fig. 8: Comfortable approach distance frequencies for the
robot approaching the Subjects.

V. COMPARISON AND DISCUSSION OF RESULTS FROM BOTH
STUDIES

While the experimental setups of both studies were very
different, comparisons between the comfort zones measured in
both studies can highlight results which generalize across the
two different experimental setups. In both studies, for the
children and adult subjects, a majority took up an initial
position relative to the robot which was consistent with
treating the robot as a social being with respect to accepted
human-human social space zones. In both studies, the floor
was marked with scale marks in order to aid the distance
measurements and this may have influenced the distance
results obtained. A major difference between the two social
distance studies was that the children were interacting with the
robot in groups, whereas the adults were interacting
individually with the robot. It is very likely that the children
took cues from, and were interacting with each other as well as
the robot; cf. a discussion of social facilitation effects in
Woods et al. [19]. Almost all the children generally took up a
mean distance which would, amongst humans, be reserved for
talking or interacting with strangers or other non-friends.
However, most adults took up a distance which in a human-
human context would be used for talking with friends.
Generally, these results support our initial research hypothesis,
namely that distances used in direct human-human social
interaction can apply to robots. In both cases, this could
however simply be a convenient distance for viewing the
robot, so more tests are required to confirm the reasons for

these observations. A small proportion of each group took up
an initial distance as far from the robot as the limited space
allowed.

Interestingly, amongst the adults, there was a sizable
minority (approximately 40%) who took up an initial position
relative to the robot which was so close that it would be
classified as that reserved for intimate lovers or friends. This
probably means that those subjects did not see or treat the
robot as a social being. Pamela Hinds and colleagues [20]
have studied the effect of robot appearance on humans
carrying out a joint task with a robot. They found that humans
treat mechanistic looking robots in a subservient way (i.e. less
socially interactive) compared to more humanoid looking
robots. Also expectations are lower as regards abilities and
reliability for mechanistic looking robots.

The PeopleBot™ robots used in the studies were fitted
with a moving articulated arm. However, they are still very
mechanistic in their appearance, so it is probable that many
subjects in the adult experiment simply did not recognize the
robot as anything more socially interesting than any other
household object or machine (such as a refrigerator or
television). Amongst the children, only a very few went so
close to the robot initially. Results indicate that they possibly
saw the robot as a social entity. This may reflect their different
expectations, lesser discrimination and self-consciousness in
interacting with the robot in a play context.

For both child and adult studies the social distance
experiments were performed before any other interactions had
taken place. With more opportunity for habituation, the
perception of the subjects may have changed over the course
of the experiments. It would be useful to perform distance
experiments both before and after exposure to robot scenarios
to see how subjects’ perceptions change with both short and
longer term exposure to robots. There is a need, therefore, to
perform long-term studies (over periods of longer than one
hour) and repeated exposure of the subjects to the robot over
longer periods of time.

The adult study did not consider the initial orientation of
the subjects to the robot, due to lack of space in the
experimental room, but the children’s study did gain results
that indicated that the only two possible anthropomorphic
features which distinguished the front and back of the robot,
the hand/arm and the camera, did probably exert an effect on
where the children chose to orientate themselves when initially
encountering the robot. There are also some indications that
the arm and hand may also exert a right hand bias to the
children’s initial orientations, though this needs further study
to confirm as the entry to the game arena was also to the right
of where the robot was positioned initially.

VI. CONCLUSIONS
We cannot claim that the results gained as part of these
two studies, using PeopleBots, can be generalized to any other
type of robot or to any other context/scenario. The PeopleBots
are mechanistic in appearance. These results could only
possibly be extrapolated to include similar other robots.



Interestingly, substantial individual differences have been
found in how people behaved towards the PeopleBot robot,
although most of the human subjects participating in the
studies seemed to be receptive to treating the robot as a
(limited) social entity after only a short period. It seems that
children in particular are more overall more accepting and
approving of robots than the adult subjects studied. The social
distance results so far have indicated that a substantial
minority of adults (40% in our adult sample) do not seem to
perceive the PeopleBotTM robot as a social being at first
encounter. There was a small but significant proportion of
both children and adults, in the two studies documented here,
who seem to be uncomfortable in the presence of the
PeopleBot™ robot.

There is a need for long term trials with a variety of types
of robots in order to determine which social features are most
effective at making human robot interaction robot more
efficient and useful to humans. The CERO robot assistant
study [21], the Robovie peer tutor robot trials with children
[22], and trials involving children with autism interacting with
a humanoid robot [23] are examples of the few published
works which describe studies involving long term periods of
humans interacting with robots. Different robot social
models, perhaps with very different initial personalities, may
be more acceptable to different users (e.g. a discreet servant or
even a silent servant, with no obvious initiative or autonomy).
Our results suggest that it probably cannot be assumed that
people automatically treat robots socially, apart from simple
elements of anthropomorphism cf. Reeves and Nass [24]. A
user friendly robot should automatically refine and adapt its
social model (personality) over a longer period of time,
depending on information about and feedback from users and
the robots own autonomous learning system. For example,
adjustments of social distances according to a user’s
personality traits (as proposed in [25]) is a promising direction
towards a true robot companion that needs to be
individualized, personalized and adapt itself to the user [26].
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Abstract
Human-robot interaction is a rapidly growing research area which more and more roboticists and computer sci-
entists are moving into. Publications on work resulting from such studies rarely consider in detail the practical
and methodological problems encountered. This paper aims to highlight and critically discuss such problems
involved in conducting human-robot interaction studies. We provide some examples by discussing our experi-
ences of running two trials that involved humans and robots physically interacting in a common space. Our
discussion emphasises the need to take safety requirements into account, and minimise the risk of physical harm
to human subjects. Ethical considerations are considered, which are often within a formal or legal framework
depending on the host country or institution. We also discuss future improvements for features of our trials and
make suggestions as to how to overcome the challenges we encountered. We hope that the lessons learnt will be

used to improve future human-robot interaction trials.

1 Introduction

In the course of our research for the COGNIRON
Project [2005], we are primarily interested in the
research area of Human-Robot Interaction (HRI), in
particular with regard to socially interactive robots.
An excellent overview of socially interactive robots
(robots designed to interact with humans in a social
way) is provided in Fong et al. [2003]. As we are
primarily studying the human perspective of human-
robot interaction, human scaled robots in live trials
within a human orientated environment were re-
quired.

Fig. 1: Children playing games with the University
of Hertfordshire PeopleBotTM at the London Science
Museum event in October 2004.

Other researchers that have conducted similar hu-
man centred trials with human sized robots include
Dario et al. [2001], Severinson-Eklundh et al.
[2003], Kanda et al. [2004] and Hinds et al. [2004].

To date, we have conducted two human-robot trials
with human scaled PeopleBotTM robots. One trial
involved a single robot interacting with groups of
children in a game scenario. The trials took advan-
tage of a software evaluation event at the University
of Hertfordshire, hosted by the Virtual ICT Em-
pathic Characters (VICTEC) project [VICTEC,
2003]. The other trial involved individual adults
interacting with a robot in various contexts and
situations, within a simulated domestic (living-
room) environment. We have also participated in
other displays and demonstrations which have in-
volved robots interacting in the same physical space
as one or more humans. In particular, we success-
fully ran interactive games for groups of up to 40
children at a time, at a major public event at the Sci-
ence Museum in London [BBC Science News,
2004]. The PeopleBot™ robots have also been
demonstrated on several occasions during open days
at the University of Hertfordshire. This paper will
present some of the methods we have developed and
critically discuss the various trials and events we
have been involved with to date.

2 Planning, Legal and Safety

Before running a trial involving humans and robots
physically interacting, certain legal and ethical is-
sues must be satisfied. At this stage it is good prac-
tice, and in the UK a legal requirement under the
Management of Health and Safety at Work Regula-
tions 1999, to carry out a risk assessment for all
work activities involving employees or members of



the public [Crown Copyright, 2003]. These first
activities are considered here.

2.1 Legal and Ethics Approval

Many institutions, including the University of Hert-
fordshire [UPR AS/A/2, 2004], require that an Eth-
ics Committee must give approval for all experi-
ments and trials involving human subjects. Usually,
this approval is gained by submitting a (written)
description of the trials or experiments to be per-
formed to the committee. The Ethics committee
will then consider the proposal, and may modify,
request further clarification, ask for a substantial
rewrite, or even reject the proposal outright on ethi-
cal grounds. In general, the Ethics committee will
make possible objections on the following grounds:

Privacy — If video, photographic or records of per-
sonal details of the subjects are being made and
kept, the committee will be concerned that proper
informed consent is given by subjects, any personal
records are securely stored and will not be misused
in any way. If personal data is to be held on a com-
puter database, then the legal requirements of the
Privacy and Electronic Communications Regula-
tions [Crown Copyright, 2003] must be adhered to.
If any public use of the video or photographs is to be
made for conferences or publicity purposes, then
participants must give explicit permission.

Protection of minors and vulnerable adults — In the
UK it is a legal requirement (Protection of Children
and Vulnerable Adults Order, 2003) that anyone
who works with children or vulnerable adults must
have their criminal record checked. In the UK, any-
one under 18 is classed as a child in this context,
and the term vulnerable adult includes the infirm or
elderly in a care situation. Regulations in many
other countries in Europe are less strict, but if ex-
periments or trials are planned to involve children or
vulnerable adults, then any legal implications or
requirements must be considered. For example, not
gaining the appropriate checking of criminal records
could lead to a situation where subjects who are
keen to participate in a study need to be turned
down. Given the general problem in recruiting a
sufficiently large sample of human subjects, this
could potentially cause problems.

Mental or emotional stress and humiliation — The
trials should not give rise to undue mental or emo-
tional stress, with possible long-term repercussions.
Where an experimental situation is actually de-
signed to put a subject under stress intentionally, it
may not be possible to avoid stressing the subject.
The Ethics Committee will want to be satisfied that
if any mental or emotional stress is suffered by sub-

jects, it is justified and that no after effects will be
suffered by subjects. In our own studies we were
interested in how subjects ‘spontaneously’, or ‘natu-
rally’ behaved towards robots, so we had to care-
fully design the scenarios in order to be on the one
hand controlled enough to be scientifically valuable,
but on the other hand open enough to allow for re-
laxed human-robot interactions. It is advised to in-
clude a statement in the consent form which points
out that the subject can interrupt and leave at any
stage during the trial for whatever reasons, if he or
she wishes to.

Physical harm — Practically all experiments that
involve humans moving will involve some degree of
risk. Therefore, any human-robot trials or experi-
ments will pose some physical risk for the subjects.
The Ethics Committee will want to be satisfied that
the proposal has considered any potential physical
risks involved. The subjects’ safety is covered in
more detail below.

2.2 Safety

Robot-Human Collision Risk - For trials involving
humans and robots, the obvious immediate risk is
the robot colliding with a human subject, or vice
versa. The robots that we used in our trials are spe-
cifically marketed for the purpose of human-robot
interaction studies. In order to alleviate the risk of
the robot colliding with human subjects, two strate-
gies were adopted:

Overriding anti-collision behaviour — The People-
Bot™ robots we use can have several behaviours
running at the same time as any top-level program.
This is a natural consequence of the PeopleBot™
operating system which follows the principles of the
subsumption architecture expounded originally by
Rodney Brooks [1991]. Many other commercially
available robot systems have similar programming
facilities. We always had basic collision avoidance
behaviours running at a higher priority than any task
level program. This means that no matter what the
task level program commands the robot to do, if a
collision with an object is imminent, the underlying
anti-collision behaviour cuts in. Depending on the
form of the hazard and the particular safety behav-
iour implemented, the robot will either stop or turn
away from the collision hazard. The lower priority
task level programs include both those that provide
for direct or semi-autonomous remote control by
Wizard of Oz (WOZ) operators [Maulsby et al.
1998] and also fully autonomous programs. We
have found that the sonar sensors used by the Peo-
pleBotTM are very sensitive to the presence of hu-
mans. However, some common household objects,
especially low coffee tables, are not so readily



picked up by the sensors. By judicious placing of
objects that are readily sensed, such as boxes, foot-
balls, cushions etc, it is possible to create a trial en-
vironment where it is literally impossible for the
robot to collide with any object. For example, we
adopted this strategy to avoid the robot bumping
into the table where the person was sitting (see
fig.2).

Fig. 2: A subject sitting at the desk, showing a box
placed under the table to create a target for the ro-
bot’s sonar sensors.

Monitoring by the WOZ operators — Even while the
robot is running a fully autonomous program, a
WOZ operator (see section 3.1) monitors discreetly
what is happening. The robot’s underlying safety
behaviours include the overriding ability for the
WOZ operator to stop the robot immediately by
remote wireless link if it is perceived that the robot
poses a risk to a human at any time. There is also a
large red emergency stop button on the robot, which
is hardwired, providing an independent failsafe
method to stop the robot. Simply pressing the button
cuts the power to all the robot’s motors. This is
simple enough for non experts to operate, and will
work even if the robots control software crashes or
fails to respond. Anyone who is physically close
enough (i.e. in perceived danger) to the robot can
access the button.

In our trials, only during the software development
process of the program has it been necessary for
WOZ operator or others to initiate a stop; mainly to
avoid the robot damaging itself rather than actually
posing a threat to humans in the vicinity. During
our human-robot interaction trials, the underlying
safety behaviour has proved to be both robust and
reliable in detecting and avoiding collisions with
both children and adults. The actual robot programs
have been heavily tested in the physical situations
for all the trials we have run. This is necessary as
knowing how the robot will respond in all physical
circumstances is critical for the safety of the partici-
pants in any trial.

For the risk case of a human colliding with the ro-
bot, there is little action that can be taken by the
robot to avoid a human. The robot moves and reacts

relatively slowly, compared to the speeds achievable
by a human. Therefore, it is up to the human to
avoid colliding with the robot. Luckily, most hu-
mans are experts at avoiding collisions and we have
found that none of our subjects has actually collided
with the robot. In some of the trials with children it
has been necessary to advise the children to be gen-
tle or to move more carefully or slowly when near to
the robot. We found that children will mostly take
notice if the robot actually issues these warnings
using the robot’s own speech synthesis system.

Other Possible Risks to Participants - Our robot was
fitted with a lifting arm, which had a small probabil-
ity of causing injury to humans. The arm itself was
made of coloured cardboard made to look solid, so it
looked more dangerous than it actually was. Our
main concern about the arm was if the ‘finger’ was
accidentally pointed into a human’s face or eyes.
This risk was minimised by keeping the arm well
below face level even when lifted. Other possible
risks to participants that must be considered are
those that would be present in any domestic, work
or experimental situation. These include things such
as irregular or loose floor coverings, trailing cables,
objects with sharp or protruding edges and corners,
risk of tripping or slipping, etc.

In our trial involving children, small prizes were
given during and at the end of each session. We
were advised against providing food (i.e., sweets) as
prizes, as some children may have had allergies or
diabetes which could be aggravated by unplanned
food intake. We also never left subjects alone with a
robot without monitoring the situation.

3 Experimental Implementation

When running a human-robot interaction trial, the
question that must be addressed is how to imple-
ment the proposed robot functions and behaviour.
There are two main methods for developing suitable
robot features, functions and behaviour for trials
where we are primarily interested in the human-
centred perspective towards the robot or its function.

3.1 Wizard of Oz Methods

It is usually relatively quick to create a scenario and
run the robot under direct WOZ operator control.
This is a technique that is widely used in HRI stud-
ies as it provides a very flexible way to implement
complex robot behaviour within a quick time-scale
(Robins et al. 2004 and Green et al. 2004). The
main advantage is that it saves considerable time
over programming a robot to carry out complex in-
teractions fully autonomously. However, we have
found that it is very tiring for the WOZ operators to



control every aspect of the robot’s behaviour, espe-
cially in multi-modal interactions and scenarios. It
usually requires two operators, one for controlling
movement and one for speech, in order to maintain
reasonable response times during a trial. It is also
difficult to maintain consistency between individual
trial sessions. Practise effects are apparent as the
operators become better at controlling the robot at
the particular task scenario through the course of a
series of trials. Practise effects can be minimised by
thoroughly piloting the proposed scenario before
carrying out ‘live’ trials.

Fig. 3: The Wizard of Oz operators and control
room area for human-robot interaction trials at the
University of Hertfordshire in 2004.

3.2 Autonomous Robot Control

The other robot control method is to pre-program
the robot to run all functions autonomously. Obvi-
ously this method overcomes the problems of opera-
tor tiredness and consistency, but implementing
complex autonomous behaviour is very time-
consuming. However, if trials are testing complex
human-robot social behaviours, or implementing
desired future robot capabilities, it will not be tech-
nically feasible at present to program a robot to act
fully autonomously. In accordance with the COG-
NIRON project aims, we are studying scenarios that
go “beyond robotics”. For this we have to project
into the future in assuming a robot companion al-
ready exists that can serve as a useful assistant for a
variety of tasks in people’s homes. Realistically,
such a robot does not yet exist.

The PeopleBot™ robots have a sophisticated behav-
iour based programming API called ARIA [Ac-
tivMedia Robotics, 2005]. This provides facilities
to develop task control programs, which can be in-
tegrated into the ARIA control system. The actual
task control program can be assigned a priority,
which is lower than the previously mentioned safety
behaviours (see section 2.2). Therefore, fundamen-

tal safety and survival behaviour, such as collision
avoidance, emergency stop etc. will always take
precedence over the actual task commands.

In practice, we have found that a mixture of
autonomous behaviours and functions, and direct
WOZ control provides the most effective means of
generating the desired robot’s part of the HRI. The
basic technique is to pre-program the robot’s
movements, behaviours or sequences of movements,
as individual sequences, gestures or actions that can
be initiated by the WOZ operator. In this way the
WOZ operator is able to exercise judgement in initi-
ating an appropriate action for a particular situation,
but is not concerned with the minute details of car-
rying that action out. The operator then is able to
monitor the action for potential hazard situations
and either stop the robot or switch to a more appro-
priate behaviour. Because the robot is actually gen-
erating the individual movements and actions
autonomously, better consistency is ensured. Also,
the temporal behaviour of a robot under WOZ or
autonomous control is likely to differ significantly,
so whenever possible and safe, autonomous behav-
iour is advantageous over remote-controlled behav-
iour.

Robot program development & pilot studies- When
developing robot programs, which will be used to
implement a HRI trial scenario, it is important to
allow enough time to thoroughly practise the pro-
grams and scenarios thoroughly before the actual
trials take place. Pilot studies should be conducted
with a variety of humans, as it is easy for the pro-
grammer or operator to make implicit or explicit
assumptions about the way that humans will behave
in response to a given trial situation. Of course, hu-
mans all exhibit unique behaviour and can do unex-
pected things which may cause the robot program to
fail.

The first trials we ran involved interactive game
sessions with groups of children. These required the
children to play two short games with the robot, a
Rotation game and a Wander game. The game pro-
grams ran mostly autonomously, except for starting
the respective game programs, and also at the end of
each round where a winning child was selected
manually by remote control. When developing the
interactive game programs for the Science Museum
visit, the games ran totally autonomously for the
whole of each game session. The Science museum
game program was more complex than the previous
child group games programs as sensor interpretation
was involved. However, because the Science Mu-
seum robot game program was fully autonomous,
the pre-testing phase had to be much longer. The
extra time was needed to empirically find out opti-



mum action and response timings and durations,
sensor levels and cues, and refining the program so
that it worked properly with all the human test sub-
jects.

For the single adult HRI trials, there were time limi-
tations on setting up and implementing the experi-
ment. The robot behaviour was implemented almost
entirely by direct WOZ control (with overriding
safety behaviour active). There was also limited
time available for practicing the scenarios, which
were to be implemented for the study. The only
autonomous behaviours used for this study were the
wandering behaviour, used for acclimatising the
subject to the robot’s presence, and the arm lift
height, which was used to set the arm to the correct
height for picking up special pallets which contained
items that would be fetched by the robot at various
times during the trial (fig 4).

Fig. 4: The robot, fitted with a hook-like end-
effector, was able to fetch small items in special
pallets.

The WOZ operators were out of direct sight of robot
and subject, and observed the scenarios via network
video cameras placed around the room. The images
from these were delayed by approximately 0.5 sec.
There was also a direct, but restricted, video view
from the robot camera which did not have any dis-
cernable delay. These factors made providing
timely responses (comparable to human responses)
to the subject very difficult for the WOZ operators.
However, it can be argued that, in the near future at
least, this is likely to be true of all robots, and this
was a realistic simulation of likely future robot per-
formance.

4 Video Recording

It is desirable to make a complete video record of
the trials. Video footage is one of the primary
means of gaining results for later analysis and vali-
dation of results. They can be used to validate data
obtained by other means, e.g. from direct measure-

ment, questionnaire responses, or recorded sensor
data. Good video footage can provide time stamped
data that can be used, processed and compared with
future studies. However, in addition to the obvious
advantages of video data, there are some drawbacks
that researchers should be aware of at the outset of
the design phase. Analysing video footage is an
extremely time consuming process and requires
thorough training in the application of the scoring
procedures, which can be complex. Observations
made from video footage are subjective and the ob-
server may portray their own perceptions and atti-
tudes into the date. For this reason, it is essential
that a full reliability analysis of video data is carried
out involving independent rating and coding by ob-
servers who were not involved with the study, and
did not meet any of the participants.

4.1 Video camera types

We used two types of video cameras for recording
our trials; tripod mounted DV camcorders, and net-
work cameras. The DV camcorders record onto
mini DV tape, which must then be downloaded onto
a computer hard disk before further analysis can be
performed. The network cameras have the advan-
tage that they record directly to a computer’s hard
disk, so there is no tedious downloading later on.
They do require some synchronising, converting and
combining, but this can be done automatically in
batches overnight. We have found that the DV
Camcorders provide a better quality picture than the
network cameras, with a synchronised soundtrack.
While high quality video may not be strictly neces-
sary for analysis purposes, it does allow high quality
still pictures to frame-grabbed from the video re-
cordings, which are invaluable for later writing up,
papers and reports. It is also easy to create short
videos to incorporate into presentations and demon-
strations using standard video editing software.

It is advisable to use at least two camera systems for
recording trials or experiments. If one camera fails,
than there will another stream of video data avail-
able. It should be borne in mind that if a network
camera fails, it may also lead to all the network
cameras being bought down. Therefore, at least one
camera should be a freestanding camcorder type,
which stores the video data on (mini DV) tape.

Note, a similar backup strategy is also advisable as
far as the robotic platforms are concerned. In our
case, we had a second PeopleBotTM in place, in the
event that one robot broke down. Having only one
robot available for the trials is very risky, since it
could mean that a trial had to be abandoned if a ro-
bot fails. Re-recruiting subjects and properly prepar-
ing the experimental room is a very time-consuming



activity, unless a permanent setup is available. This
was not the case in our trials, where rooms were
only temporarily available for a given and fixed
duration (two weeks for the study involving chil-
dren, 2 months for the adult study). Afterwards the
setups had to be disassembled and the rooms had to
be transformed back into seminar or conference
rooms. This also meant that any phases of the trials
could not be repeated. Therefore, it was essential to
get it right first time despite the limited preparation
time. This is a situation common to a University
environment with central room allocations and usu-
ally few permanent large laboratory spaces suitable
for studies with large human-sized robots.

4.2 Camera Placement

The placement of the cameras should be such that
the whole trial area is covered by one or two views.
For our first trial, we used two cameras placed in
opposite corners of the room, both facing towards
the centre of the room. As a result we recorded two
views of the centre of the room, but missed out on
what was happening at the edges of the room. A
better way to position the cameras would have been
to point the cameras to the right (or left) of room
centre, with only a small view overlap in the centre
of the room. This way, the two views also include
the outer edges of the room. (See fig.5)

Camera
1 View

Fig. 5: Diagram showing correct placement of cam-

eras to maximise coverage of room.
It is best to use two cameras to cover the entire area
as shown in the diagram, with additional cameras to
obtain detailed views of specific areas of interest.
For example; when it is known that subjects will
have to sit at a certain desk, which is in a fixed posi-
tion, it is worth setting up an individual camera just
to record that position in detail. Setting the correct
height of the cameras is important to obtain a good
view of the subjects face.

4.3 Distance Measurements

One main aspect of our trials was focused on exam-
ining the spatial distances between the robot and
human subjects. Video images can be useful in es-
timating these distances. In both our child group and

single adult trials, markings were made on the floor
with masking tape to provide a method to estimate
the position of the robot and the human subjects
within the trial areas. However, these markings
were visible to the subjects, and may possibly have
influenced the positioning of the human subject dur-
ing the course of parts of the experimental scenarios.

In the context of a study described by Green et al.
[2004], a method was used that involved overlaying
a grid of 0.5m squares onto still images of the floor
of their trial area for individual frames from their
video recordings. This method would allow the
positions of the robot and subject to be estimated
with a high degree of accuracy if it can be adapted
for live or recorded video data. It would provide a
semi-transparent grid metric overlaid onto the floor
of the live or recorded video from the cameras. The
possibility of visible floor markings affecting the
positions taken by the subject would not happen.
For future trials we will want to use such a ‘virtual
grid’ on the floor of the recorded video data. We are
currently evaluating suitable video editing software.

5 Subject’s Comfort Level

For the adult trials, we experimented with a method
of monitoring how comfortable the subject was
while the trials were actually running. We devel-
oped a hand held comfort level monitoring device
(developed by the first author) which consisted of a
small box that could be easily held in one hand (see
fig. 6). On one edge of the box was a slider control,
which could be moved by using either a thumb or
finger of the hand holding the device. The slider
scale was marked with a happy face, to indicate the
subject was comfortable with the robot’s behaviour,
and a sad face, to indicate discomfort with the ro-
bot’s behaviour.

Fig. 6: Photograph of Hand Held Comfort Level
Monitoring Device

The device used a 2.4GHz radio signal data link to
send numbers representing the slider position to a



PC mounted receiver, which recorded the slider po-
sition approximately 10 times per second.. The data
was time stamped and saved in a file for later syn-
chronisation and analysis in conjunction with the
video material. The data downloaded from the hand
held subject comfort level device was saved and
plotted on a series of charts. However, unexpect-
edly, the raw data was heavily corrupted by static
from the network cameras used to make video re-
cordings of the session. It has been possible to digi-
tally clean up and recover a useful set of data. A
sample of the raw data and the cleaned up version is
shown in the figs. 7 and 8.

Many of the comfort level movements correspond to
video sequences where the subject can be seen mov-
ing the slider on the comfort level device. This con-
firmed that the filtered files were producing a reli-
able indication of the comfort level perceived by the
subject. For future trials, it is intended to incorporate
error checking and data verification into the RF data
transfer link to the recording PC in order to reduce
problems with static.

u126-1
Raw Comfort Level Data

Fig. 5: Raw Data as Received from Handheld Com-
fort Level Monitoring Device
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Fig. 6: Digitally Filtered Data from Handheld Com-
fort Level Monitoring Device

6 Questionnaires

For both interactive trials, subjects were asked to
complete questionnaires. For the child-robot interac-
tions only five minutes at the beginning, and five
minutes at the end of each session were available.
Due to limited time, only basic information was
obtained, such as gender, age, approval of com-
puters and robots, and how they liked the interactive
session. For the adult study, the questionnaires were

much more comprehensive. The time taken for the
session typically ranged from 40 minutes to 1 hour.
Up to half the time was spent completing question-
naires. The questionnaires covered the subjects’
personality traits, demographics, technical experi-
ence, opinions towards a future robot companion,
how they felt about the two contrasting robot ‘per-
sonalities’ exhibited by the robot during the interac-
tion scenarios, what they liked or disliked about the
robot interactions, and how it could be improved,
etc.

6.1 Questionnaire Design

Questionnaire design requires training and experi-
ence. There are a number of different considerations
researchers should take into account before embark-
ing on designing a questionnaire. Firstly, the notion
of whether a questionnaire is the best form of data
collection should be addressed. For instance, in
some situations an interview format might be pre-
ferred (e.g. if conducting robot interactions studies
with young children that have low reading abilities).
A questionnaire is usually completed by the partici-
pant alone. This does not allow the researcher to
probe for further information they feel may be rele-
vant to the experiment or verify participant re-
sponses. However, the advantage of using question-
naires is that they are usually fast to administer, and
can be completed confidentially by the participant.

The development of a questionnaire goes through a
series of different cycles. Questions that should be
considered are:

¢ Is the questionnaire I am going to use a
valid measure (i.e. does it measure what I
really want it to measure)

¢ Is it reliable (i.e. do I get the same pattern
of findings if the questionnaire is adminis-
tered a few weeks later?),

* Have I used value-laden or suggestive
questioning (e.g. “Do you think this robot
is humanlike?”), compared to neutrally
phrased questions (e.g. “What kind of ap-
pearance do you think this robot has?”)?,

* Do I want to use a highly structured ques-
tionnaire or a semi-structured question-
naire, for example where subjects can ex-
press their attitudes towards a particular
aspect of the robot interaction in more de-
tail?

Some questionnaires are easier to design than oth-
ers. For example, a questionnaire that enquires about
subject demographics must include items that en-
quire about age and gender. However, even when
considering something as simple as age, the re-
searcher must decide whether to use age categories
or simply get the subject to write their age in.



The complexity of questionnaire design occurs
when a new research domain is being explored, and
human-robot interaction is a perfect example of this.
There is no such thing as a perfect questionnaire, but
careful team planning and pilot testing can ensure
that you have the best possible measure. To carry
out a pilot test for a questionnaire, the researcher
must recruit independent subjects with the same
demographics that they hope to include in the real
experiment. Sometimes, it is not easy to get volun-
teers to participate in a pilot test, but obviously the
more responses you get, the more certain you can be
of what necessary changes need to be made. It is
good practise to carry out the pilot study with ap-
proximately 5-10 subjects although this depends on
the number of conditions etc in the experiment. In
addition to asking the pilot subjects to complete the
trial questionnaires, it is recommended to ask them
directly whether they found any aspects particularly
unclear, complicated or irrelevant etc. One could
also ask the subjects whether they would change
anything about the overall structure or format, and
whether there were important questions that you
omitted.

A further issue relates to the type of data you will
have to analyse. It is important at the design and
pilot testing phase to consider the statistical frame-
works that you wish to use, as the questions need to
be asked in order to fit their requirements as well as
the research goals. For example, continuous scales
for questionnaire responses lead to very different
analytical frameworks compared to categorical (e.g.
yes/no) response formats (i.e. interval versus nomi-
nal/ordinal data). Although this process can seem
time consuming at the outset, it is certainly worth it,
as it is impossible to make changes while the trials
are running. An error in the questionnaires could
possibly invalidate one or more questions, or in the
worst case, the whole questionnaire. As highlighted
above, no questionnaire is perfect and we discov-
ered this for ourselves in the adult robot-interaction
study. Below we give an example of a possible
problematic question and a suggested solution:

Example question
Q. Would you like the robot to approach you at a
speed that is?

1) Fast
2) Slow
3) Neither fast nor slow

The above question is phrased in an unspecific way,
resulting in, whatever answer is given, little quanti-
fiable information about the preferred approach
speed. Due to this lack of a reference point, in prac-
tice, most subjects are likely to choose answer 3), as

most people want the robot to approach at a speed
which is ‘just right’. An improved way of asking the
question could be:

Suggested improvement to question
Q. Did the robot approach you during the trials at a
speed that you consider to be?

1) Too fast

2) Too slow

3) About right

Hopefully, results obtained from this improved
question would relate a subject’s preferred robot
approach speed relatively to the actual speed em-
ployed by the robot in a trial. If finer graduations of
preferred robot approach speeds are desired, then
the trial context and situation must be more closely
controlled, with multiple discrete stages, with the
robot approaching at different speeds at each stage.

Questionnaire Completion - In our trials it was nec-
essary for some of the questionnaires to be com-
pleted in the robot trial area. The subject completed
the first questionnaires while the robot was wander-
ing around the trial areas in order to acclimatise the
subject to the robot’s presence. The two post sce-
nario questionnaires were also administered in the
trial area, straight after the respective scenarios,
while they were fresh in the subject’s memory. We
were not able to gain access to the trial area to turn
the video cameras off during this time, as we wanted
to preserve the illusion that the subject and supervi-
sor were on their own with the robot during the trial.
However, there were several other questionnaires
and forms, which could have been, administered
elsewhere. This would have reduced the amount of
video tape used per session. Also the WOZ opera-
tors had to sit perfectly still and quiet for the dura-
tion of these questionnaires. However, a drawback
of administering the questionnaires outside the ex-
perimental room is that it changes the context, and
might distract the subject etc. Such factors might
influence the questionnaire results. Thus, there is a
difficult trade-off between savings in recording
video tape and other data during the trials, and pro-
viding a ‘natural’ and undisturbed experimental en-
vironment.

The environmental context is an important consid-
eration for human-robot interaction studies as ques-
tionnaire and interview responses, and observational
data will vary depending on the experimental set-up.
For example, it would not appear to be problematic
to complete a participant demographics question-
naire in the experimental room, which in this case
was the simulated living room containing the robot.
However, when administering a questionnaire that
relates to robot behaviour, appearance, personality



or the role of future robot design, the robot and
room set-up could influence subject responses. For
example, in both the child and adult studies subjects
completed a questionnaire at the end of the robot
interaction scenarios about their perceptions towards
a future robot companion. If the intention is that
they consider the robot interaction and robot appear-
ance they have just interacted with in the responses
(as it was the case in our study), then this is accept-
able. However, the researchers must be aware that
subject experiences with the robots in the simulated
living room are likely to have influenced their re-
sponses in some way.

For trials run in 2004 at the Royal Institute of Tech-
nology, Sweden, the WOZ and camera operators
were in view of the subject while user trials were
taking place [Green et al. 2004]. However, the fo-
cus of their study was mainly on human-robot dia-
logue and understanding, command and control of
the robot, which may not have been affected by the
presence of other people. We have found that when
other people are present, then subjects will tend to
interact with those other people, as well as the robot.
For our single adult interactions, we wanted to ob-
serve the subjects reactions as they interacted only
with the robot. Thus, while the experimenter in the
adult study stayed in the same room as the subject,
she deliberately withdrew herself from the experi-
ment by sitting in a chair in a corner and reading a
newspaper. Moreover, she did not initiate any com-
munication or interaction with the subjects, apart
from situations when she had to explain the experi-
ment or the questionnaires to the subject, or when
she had to respond to a verbal query from the sub-
ject. We opted for this approach since the study tar-
geted a ‘robot in the home’ scenario, where it would
be likely that a person and robot would spend a con-
siderable amount of time alone together in the envi-
ronment.

7 Design and Methodological
Considerations

At the outset of designing any study there are a
number of crucial design and methodological con-
siderations.

First, the research team must decide what the sample
composition will be including, individuals, groups,
children, adults, students, or strangers from the
street. This is important as the interpretation of re-
sults will be influenced by the nature of the sample.
For example in the current study, we observed quite
distinct differences in the interaction styles between
groups of children who were familiar with each
other, and individual adults who were alone in the

room with an experimenter who did interact in the
experiment. Also, as with many other studies, the
current adult sample were self-selected and were all
based at the university (either as staff or students),
which could result in a positive or negative bias in
the results. It is very difficult to recruit completely
randomised samples and there is always a certain
amount of self-selection bias in all studies of this
design.

Second, the environmental context should be con-
sidered, in the sense of whether a laboratory set-up
is used or a more naturalistic field study. Different
results are likely to emerge depending on the envi-
ronment chosen. The adult human-robot interaction
study involved a simulated living-room situation
within a conference room at the University. Al-
though we tried to ensure it was as realistic as pos-
sible, subjects still knew it was not a real living
room and were likely to have felt monitored by the
situation. Ideally it would be best to carry out future
robot-human interaction studies in peoples’ homes
or work places in order to capture more naturalistic
responses and attitudes towards the interactions.
However, there are advantages for carrying out
laboratory based studies as it allows the researchers
greater control and manipulation of potential con-
founding variables. This cannot be done in the natu-
ralistic field, so it is certainly common practise to
begin new research protocols in laboratory set-ups.

Cultural differences are also important if the re-
searchers are hoping for widespread generalisation
of the findings. However, this is often impractical,
highly expensive and time-consuming.

The overall design of experiments is extremely
important in terms of whether between-subject
groups (independent measures design) or within-
subject groups (repeated measures designs) are used.
There are advantages and disadvantages associated
with both. Between-subject designs involve differ-
ent subjects participating in different conditions,
whereas within-subject designs mean that the same
set of subjects take part in a series of different con-
ditions. Between-subject designs are less suscepti-
ble to practice and fatigues effects and are useful
when it is impossible for an individual to participate
in all experimental conditions. Disadvantages in-
clude the expense in terms of time and effort to re-
cruit sufficient participant numbers and insensitivity
to experimental conditions. Within-subject designs
are desirable when there are sensitive manipulations
to experimental conditions. As long as the proce-
dures are counterbalanced, biased data responses
should be avoided.



A final consideration should be whether the re-
searchers feel the results are informative based on
information recorded at one time point. Human-
robot interaction involves habituation effects of
some kind and it would be highly useful for re-
searchers to be able to follow-up the same sample of
subjects over an extended period of time at regular
intervals, to determine whether for example, they
become more interested/less interested in the robot,
more positive/negative towards the robot and so
forth.

Human-robot interaction studies are still a relatively
new domain of research and are likely to have a
high explorative content during initial studies. It
took the science of human psychology many years
to build up a solid base of methods, techniques and
experience, and this process is still going on at the
present. The field of human-robot interactions is still
in its infancy and carrying out these initial explor-
ative studies implies that there are not likely to be
any concrete hypotheses claiming to predict the di-
rection of findings. This would be impossible at the
outset of studies if there are not many previous re-
search findings to base predictions on. The nature
of exploratory studies means that there are likely to
be many different research questions to be addressed
and in any one study, it is simply impossible to con-
sider all possible variables that might influence the
findings. However, once exploratory studies have
been conducted it should allow the researchers to
direct and elucidate more concrete and refined re-
search hypotheses for future, more highly controlled
studies.

8 Summary and Conclusions

We have discussed our experiences of running two
trials that involved humans and robots physically
interacting, and have highlighted the problems en-
countered.

1. When designing and implementing a trial that
involves human and robots interacting physi-
cally within the same area, the main priority is
the human subject’s safety. Physical risk cannot
be eliminated altogether, but can be minimised
to an acceptable level.

2. There are ethical considerations to be consid-
ered. Different countries have differing legal
requirements, which must be complied with.
The host institution may also have additional
requirements, often within a formal policy.

3. Practical ways are suggested in which robots
can be programmed or controlled in order to
provide intrinsically safe behaviour while carry-
ing out human-robot interaction sessions. This
complements work in robotics on developing

safe robot motion and navigation planners by
other partners within the COGNIRON project
and elsewhere [Roy and Thrun, 2002]

4. The advantages of different types of video cam-
eras are discussed, and we suggest that if using
network based video cameras, it is wise to use
at least one videotape-based camera as a backup
in case of network problems, and vice versa.
We also suggest some (obvious) ways to opti-
mise camera placement and maximise coverage.

5. Similarly, we suggest it is good practice to have
a backup robot available.

6. Sufficient time should be allocated to setup the
experimental room and test all equipment and
experimental procedures in situ. For example,
our study used Radio Frequency (RF) based
equipment to monitor and record the comfort
level of the human subjects throughout the adult
trial. We found that there was interference
coming from sources that were only apparent
when all the trial equipment was operating si-
multaneously.

7.  Some points to consider when designing ques-
tionnaires are made. Completing questionnaires
away from the trial area may conserve re-
sources but influence the questionnaire results.

8. A careful consideration of methodological and
design issues regarding the preparation of any
user study will fundamentally impact any re-
sults and conclusions that might be gained.

It is vital that sufficient time is allowed for piloting
and testing any planned trials properly in order to
identify deficiencies and make improvements before
the trials start properly. Full scale pilot studies will
expose problems that are not apparent when running
individual tests on the experimental equipment and
methods. In our own studies the problems we did
encounter were not serious enough to damage or
invalidate major parts of the trials. We have high-
lighted other features of our trials we can improve
upon, and made suggestions as to how to overcome
the problems we have encountered. The lessons
learned can be used to improve future trials involv-
ing human-robot interaction.
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Abstract — This discussion paper considers the
implications of the psychological phenomena of social
facilitation effects for human-robot interaction (HRI)
studies. Research studies in HRI have significantly
increased over the past few years. Such studies
investigate e.g. robot appearance and behaviour, and
the responses of subjects to robots. However, the possible
effects of the experimental context on results from
human-robot interaction studies have attracted little
attention. In this paper we provide an overview of robot
trials with children and adults, as part of the Cogniron
project. Observations from video footage are reported,
with particular consideration for the influence of the
social context and social facilitation effects, including
task complexity, evaluation context and type of presence
on outcomes of human-robot interaction studies. Lessons
learnt and future design implications for human-robot
interaction studies are provided.

Index Terms — human-robot interaction, social facilitation
effects, design implications, adult and child trials, video footage.

1. INTRODUCTION

A relatively new area for robotics research is the design
of robots that can engage with humans in socially interactive
situations. Traditional service robots that are used e.g. to
deliver hospital meals or provide security services often
require only minimal human-robot interaction [1]. Different
examples of robots designed to facilitate robot-human
interaction include AIBO [2], Kismet [3], and Feelix [4].
Dario, Guglielmelli and Laschi [5] have provided a useful
classification outlining the evolution of robotics. The
evolution begins with basic robots within a structured
environment such as within industrial automation and
manufacturing, to personal robots designed e.g. for use by
the disabled and elderly within the home.

Researchers are becoming increasingly interested in
many different aspects of human-robot interaction including
personality [6-9], speech [10], gestures [11], emotions [4,
12], posture, movement [13], and robot appearance [14-17].
However, the majority of HRI studies to date have adopted a
robot-oriented approach by focusing on the robot’s
appearance, behaviour, perceptual abilities, control
architecture, interactive skills, and cognitive abilities. One of
the goals of our work in the Cogniron project (Cognitive
Robot Companion) is to explore the user perspective of
robot interaction, therefore adopting a human-centred

approach. Investigating robot-human interaction from a
human-centred perspective involves not only a consideration
of the technological requirements of such a robot, but the
study of psychological, social and cultural factors, which is a
great challenge for HRI robotics research [5, 8, 16, 17].

In this discussion paper we will report on observations
made during two different experimental robot trials
conducted as part of the Cogniron project investigating
different aspects of human-robot interaction. One trial
involved groups of children and the other experiment
involved individual adults. These different robotic
experimental conditions, have highlighted the complex nature
of human behaviour under different situations. Explanations
for different interaction styles must take into account age,
differences between the participants, and the distinct nature
of the tasks that people were involved in. For example, the
children’s interactions with the robot were within a ‘playful’
context whereas in contrast, the individual adult trials were
under the pretext of ‘goal’ oriented tasks. However, aside
from these differences, we believe the mere presence of other
people played a significant role. In this paper, we propose
that psychological research findings into the effects of social
facilitation could be insightful in explaining some of the
human-robot interaction effects recorded. Findings about the
mere presence of others in experimental situations could
provide some useful guidelines to the wider robotics
community for designing and implementing different
experimental paradigms. It needs to be emphasised that our
trials were not initially designed to study social facilitation
effects.

The remainder of this paper is structured as follows.
First, we will outline the nature of the different robot trials
with the children and adult participants. We will then provide
some examples of case studies from the child and adult robot
trials, and some overall observations that were made.
Psychological research findings into the effects of social
facilitation will then be presented and the relevance of these
findings to the observational data from the human-robot
interaction trials will be considered. Lessons learnt from the
experiments conducted and future design implications for
robot studies involving human subjects will be proposed.

II. METHOD
The human-robot interaction trials
Group-Child interaction study using a play scenario:

In June 2004, 24 exploratory sessions involving 194

children aged 9-11 years (103 boys, 91 girls) were carried



out at the University of Hertfordshire. The aim of the study
was to consider non-verbal social interactions with regard to
spatial distances between a robot and children. Research
questions enquired about how the robot could attract
children’s attention, children’s reactions to being the focus of
the robot’s attention, and how the children’s activities were

directed towards the robot as opposed to other children. A

two by two design, with four experimental conditions was

used, a moving/static pointer (selecting children) condition,
and a moving/static camera (expressing “attention”)
condition.

Groups of 10 children participated in the trials and each
session consisted of the robot playing two interactive games:
1) Rotation game: the robot revolved in the middle of a

circle of children, stopped and selected a child by

beeping twice and using different pointing conditions.

During each round of the game (6 rounds) the selected

child was removed from the circle, and the rest of the

group moved 0.5m closer to the robot.

2) Wander game: The same procedure was used but at
each round the remaining children did not move towards
the centre and the robot. The robot wandered randomly
around the circle of children and then selected a child by
facing the child from a distance of 800mm and making 2
beeps.

The trials involved PeopleBot™ robots that were fitted
with a lifting arm, which acted as a pointer (Fig. 1). The
robot had a small basket holding presents that were
presented at each round of the game. Each of the trials was
videotaped to allow researchers to analyse more closely the
movements, postures and behaviours of the children.
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Fig. 1 PeopleBot™ robot with the lifting arm used in the children’s robot
trials

Questionnaires were administered before and after the
children took part in the rotation and wander game (Figs. 2
& 3).

Individual-Adult interaction study using a simulated living
room scenario:

This study explored how adults interacted with a single
robot in a simulated living room scenario (Fig. 4). Twenty-
eight adults recruited from the University of Hertfordshire
participated in the robot trials (using a PeopleBot™ robot),
which concentrated on a human-centred perspective in terms
of how the robot’s appearance and possible personality
attributes were perceived. Levels of comfort with the robot,
and the idea of possible robot companions for the home were
also considered.

This study was different from the child robot trials, as a
more “serious” task-oriented approach was taken. Adults
took part in two different tasks, a negotiated space task
involving moving within the same restricted working area as
the robot, and an assistance task where the robot interacted

with the adult and assisted them with fetching pens. Each
adult was exposed to the tasks twice, on one occasion the
robot behaved in a ‘socially ignorant’” manner and in the
other instance a ‘socially interactive’ manner. The order of
presentation was counter-balanced and the behaviour styles
of the robots were predefined. During the tasks, subjects
were asked to solve problems that were meant to be simple
and not involve a high cognitive load. Our intention was to
provide contexts where the subjects were kept ‘busy’
(comparable to a person involved in different activities in her
home, e.g. reading a book or cooking), but still provide
enough opportunity to observe human-robot interactions.

Fig. 4 The simulated living room for the adult interaction trials

Research questions enquired about different situational
contexts (cf. Fig. 5), e.g. we investigated which robot
behaviour style subjects preferred when the human subject
and robot were carrying out different tasks but within the
same limited work area.

Adults entered the simulated living room and were
introduced to the robot (co-habituation), before completing
some initial questionnaires about adult demographics and
personality styles. Comfort and social distance tests were
conducted between the adult and robot to determine adult
comfort levels with the robot. The negotiated space task was
carried out with the socially ignorant or socially interactive
behaviour of the robot randomised. The assistance task
followed with the same robot behaviours. A series of other
questionnaires were completed by the adults before they
interacted in the same robot tasks again but with the
alternate robot social behaviour. At the end of the trials,
subjects completed a further questionnaire about their views
toward a future robot companion. Results from the
questionnaires are presented elsewhere. All trials were
videotaped.

N [ : 3 "
Fig. 5 The negotiated space (left) and assistance task in the adult study.
The role of the experimenter
Important differences between the role of the
experimenter during the child and adult robot interaction
trials should be highlighted. During the children’s robot



trials, the experimenter dealt with the overall running and
management of the game. A guidance role was assumed
throughout the trials. They provided instructions to the
children about the trials and remained at the periphery of the
game to ensure everything ran smoothly. In contrast, the
role of the experimenter in the adult trials was more
structured. A set of fully standardised instructions was used
for each subject. Once the subjects were provided with
instructions, the experimenter did not have any eye contact
or initiate interaction with them unless directly, verbally,
addressed with a question. To maintain this, the
experimenter appeared to be reading a large broadsheet
newspaper to avoid giving away behavioural cues to the
subject.

III. TRIAL OBSERVATIONS

In retrospect, we are aware that the comparison of the
group studies with children and individual studies with adults
are not strictly comparable due to the different contexts etc.
As noted above, the trials were not specifically designed for
the study of social facilitation effects. However, the already
existing results from these HRI studies served as a starting
point for our discussions of social facilitation effects.

Observations from group child-robot interaction trials
Different interaction styles were seen depending on the
group set-up, and whether a teacher was present or not in
addition to the experimenter. A few selected cases are
described below based on observations from the video data.

Child-group robot trials in the presence of an experimenter
& teacher - Rotation Game:

When the children were introduced to the robot, they
initially sat at quite a distance from the robot, but then two
girls moved closer to the centre of the circle towards to
robot. The rest of the group then followed. One of the boys
then reached out to touch the robot’s hand. When the
rotation game trial began, all the children tried to have eye
contact with the robot when it was pointing with the camera
towards them. All the children stood very still with their
arms by their sides when the robot was moving around.
They looked to each other frequently when the robot initially
started moving, and they all giggled when the first boy was
chosen by the robot. When the robot started moving again,
they became quiet. One of the boys was quite distractible
during the game, and put his hands on his hips and seemed to
get fed-up waiting for the robot to select a child. The girls
tended to smile among each other more than the boys. The
closer the children were to the robot, the more they looked
at each other, maybe for reassurance of what the robot was
doing. When the robot was facing a particular child (camera
at the front), the children tended to smile at the robot.

Child-group robot trials in the presence of an experimenter
only - Rotation Game:

When this group of children were introduced to the
robot, they all sat right in front of the robot (camera and arm
side) and started chatting loudly amongst themselves. They
seemed to be fascinated with the robot’s hand and also
wanted to grab the toy ‘bugs’ from the basket attached to the

robot. Some children in the group reached out to touch the
robot’s hand. This group were much noisier and verbal
compared to the group where the teacher was present. In
particular, one boy who appeared to act as the group leader
influenced the rest of the group. He kept clapping his hands
and shouting out very loudly “me, me pick me”. This seemed
to open up the opportunity for the rest of the group to start
saying things to the robot, among “hello, you stupid robot,
why won’t you pick me?” and “hello, you silly thing”. The
boy that initiated this dialogue with the robot then started to
dance in the hope of getting the robot’s attention. When the
boy selected by the robot in the first round of the game left
the circle he shouted out “I’'m dead now”. When the next
round of the game began the same boy started dancing again
and said “If you dance, the robot might pick you”. The girls
in the group did not seem to pay much attention to this, they
stood very still did not verbalise much. The boy who was
dancing then moved off the line where the children were
supposed to stand, moved toward the robot and shouted out
“it wouldn’t pick me because of my dance”. The boy then
flicked the robot’s camera. Another boy then started copying
the ‘dancing’ boy and shouted out “oh come on, hurry up
and decide”.

Child-group robot trials in the presence of an experimenter
and teacher - Wander Game:

One of the boys in the group waved at the robot to try
and make it start the game. At this point there was a lot of
giggling among the group and all the children started looking
at each other. There was a lot of eye gaze and attention
towards the robot by the children when it was roaming
around the room. Some of the children started to wave at
the robot to try and get its attention and make it wander
towards them. It seemed that two of the boys became
somewhat bored with this game and started to look around
the room and behind them. There was some chatting among
the group. For example, when the robot was slightly delayed
in moving, they said ‘he’s asleep’. When the robot
approached one of the girls from the side, it seemed that she
was not expecting this and jumped slightly. She then moved
the position of her body to face the camera and arm side of
the robot.

Child-group robot trials in the presence of an experimenter
only - Wander Game:

During the wander game the children were again much
louder and more verbal compared to the group where both
the teacher and experimenter were present. This group also
attempted to gain the robot’s attention with different body
movements (e.g. waving, dancing) more than the group with
the teacher present. At the beginning of this game, one of
the children, when it saw the robot approaching another child
said “I’ve got chocolate, come to me”. This caused a lot of
giggling among the group.  Another child began to get
frustrated with the robot and shouted out, “Oh come on, it
hates me, stupid robot”. Another girl when the robot started
to approach her said “he likes me”. Another child then
caught onto the notion that it might influence the robot if it
tried to entice it and shouted out “I’ve got a million pounds
robot, come to me, come to me”. Children in this group also



attempted to name the robot “I name it, Maple school
property robot, property of Maple school” and another
names it “robot chick”. When the robot started to move
towards one of the girls that named it, she said “see it
answers to its name, I told you that it did”.

Observations from individual adult-robot interaction styles

Observations from the video data of individual adult
robot trials were completely different from the child robot
trials. It was clear from the video footage that the adults
were influenced by the presence of the experimenter (e.g.
looking towards her for social referencing). The style of
adult interactions observed, irrelevant of the robot’s
behaviour (socially ignorant, socially interactive) ranged
from being confident and chatty with the robot to extremely
nervous and non-communicative with the robot. Below, we
illustrate in more detail the behaviour of five subjects within
this spectrum of behavioural responses:

Adult one (female) displayed confident behaviour
towards the robot. She chatted with the robot and
responded immediately with “hello” when the robot said
hello to her. When the subject needed more pens during the
assistance task she said “thank you very much” to the robot
when they were given to her. This subject had lots of eye
contact with the robot and had a relaxed body posture. She
also smiled frequently at the robot and said “very nice” and
“thank you robot” on a frequent basis. This subject had
good task concentration and was able to distribute her
attention between the task and robot appropriately (i.e. she
wasn’t constantly checking to see what the robot was doing,
or where the robot was at a cost of completing the task).
However, the subject attempted to see how far the robot’s
abilities extended to and tested to see if it was pre-
programmed perhaps, as she initiated conversation with the
robot and said “Can you get me a highlighter pen?” The
robot then responded with its pre-scripted response “I see
that you need some more pens”. This subject did not appear
to make reference to the experimenter by gazing toward her
or asking any questions throughout the trial.

Adult two (male) on the other hand did not engage in
any conversation with the robot but did begin to laugh at the
robot after a while and smiled occasionally at the robot. This
subject appeared to be apprehensive in the presence of the
robot to begin with, and was a bit jumpy whilst doing the
assistance task as he kept looking up to check on the status
of the robot. This subject also checked on the experimenter
from time to time, but did not receive any feedback. No
questions were directly asked to the experimenter.

Adult three (female) came across as a bit puzzled at the
beginning of the assistance task and started to stroke her face
gently. She had good eye contact with the robot but at times
displayed an unsure smile at the robot. This subject had little
conversation with the robot other than saying “thank you”
when the robot bought her the pens. She referred to the
experimenter during the trial, although not verbally and no
feedback was provided.

Participant four (male) appeared to be shocked and
puzzled when the robot first spoke to him during the
assistance task. He had a very inquisitive, unsure look on his
face for quite a while. He hesitated during the task and kept

looking up at the robot to see what it was doing. He
frequently frowned and raised his eyebrows when the robot
made a new noise. He was totally puzzled by the robot’s
behaviour when the pens were dropped off at the desk. This
subject did not have as much eye contact with the robot
compared to others and seemed happier ignoring the robot
and not paying it any attention. The subject laughed when
the robot made a mistake and knocked over the flowers on
the desk when dropping off the pens for the task. He raised
his cup as a signal of thanks at the end of the trial, but did
not attempt to initiate conversation with the robot. When he
left the room at the end of the trial, he raised his book,
seemingly as a sign of goodbye.

Subject five (female) was the most apprehensive and
nervous in the presence of the robot. She jumped when the
robot spoke to her and seemed really unhappy and uneasy
throughout the trial. She kept making reference to the
robot’s camera and appeared to be nervous and annoyed
when the robot stayed at the desk and didn’t move further
away. Even though the robot was near to her and had been
for a few minutes, this subject jumped with surprise and had
a shocked expression on her face when the robot said “I
notice that you need more pens”. She responded with a
nervous smile and continued by biting her lip anxiously.

Based on the above observational data, a number of
themes emerged from the trials:

- Overall, children were much more confident during the
group interactions than adults were during the individual
interactions.

- Conversation was used more frequently during the group
child interactions toward the robot compared to the adult
individual trials.

- Children did not seem to make reference to the
experimenter during the group trials, however, adults
frequently checked on the status of the experimenter in the
individual trials.

- More apprehension and puzzlement was exhibited
towards the robot in the adult individual trials compared to
the group child robot interactions.

- Discrete body language and non-verbal cues were more
evident in the adult trials compared to the child trials.

- Children frequently went right up to the robot to inspect it,
even when they were not instructed to, and started closely
examining the camera and the robot’s arm. None of the
adults did this with the robot’s camera.

- Children assigned a name to the robot, and a gender on
some occasions, and tried to use tactics to attract the robot
and get the robot to approach them. No adults exhibited this
kind of behaviour.

- The presence of a teacher during the child robot trials
seemed to have a large effect on the amount of conversation
the children exhibited and body movements toward the
robot.

- Children in the group situations copied and imitated each
others’ actions frequently in an attempt to get the robots
attention (e.g. the two boys dancing). Copying of actions of
other people did not occur in the adult trials.



IV. SOCIAL FACILITATION EFFECTS

In this section, we provide possible explanations of our
observations in relation to social facilitation effects as
discussed in the literature. Lessons learnt and implications
for HRI studies are presented.

The robot trials described above involved different
group configurations ranging from individual adult trials with
just the experimenter present, to group child interactions
with the experimenter, and sometimes a teacher present. An
exploration of psychological research into social facilitation
effects in groups could be useful in explaining the different
robot-human interactions and the future design of robot
experiments paying close attention to the environmental
context and group structure. Few studies within robotics
research have considered the phenomena of social
facilitation. One exception is the study carried out by
Bartneck [18] which found that participants gained higher
scores in a robot condition compared to a screen condition.
Results were explained in terms of social facilitation effects
and that the robot character appeared to have stronger social
facilitation effect than the screen character resulting in
participants putting more effort into the negotiation. In the
following sections, social facilitation effects will be explained
from a psychological perspective with examples from our
human-robot interaction trials. These examples are hoped to
highlight the importance of considering social facilitation
contextual effects for human-robot interaction studies.

Evidence from Psychology (1)

Social facilitation is one of the oldest social psychology
theories in the history of the field of psychology [19]. The
theory focuses on changes that occur when individuals
perform tasks alone or in the presence of others, and has
been defined as the extent to which a given piece of an
individual’s behaviour is influenced and improved as a result
of the real, imagined or implied presence of others [20].
However, social facilitation effects are not straight forward
as research is increasingly reporting that the relationship
between social presence and individual performance is
influenced by: Task Complexity, Evaluation Context and
Type of Presence.

In fact, under some circumstances, findings have
revealed that performance is inhibited rather than facilitated
[19]. Currently, there is still no single theory that can
effectively and parsimoniously explain the phenomenon of
social facilitation [19]. Below, we provide an overview and
description of some of the earliest studies into social
facilitation, followed by a summary and critique of different
psychological explanations for social facilitation effects.

The social facilitation paradigm is rich in history and
dates back to the original experiments on pacing and
competition, carried out by Triplett in 1898 [21]. Triplett
noted that bicycle racers turned in faster times when they
were racing with each other, than when they raced alone.
The fastest times were for those cyclists who competed
against each other and the slowest times were observed for
those who raced against the clock with no pacesetter. In
another experiment, Triplett found that most children reeled
fishing reel faster when they were reeling alongside another
child. Triplett proposed that the presence of a co-actor

stimulated a competitive instinct that motivated the
individual to reel faster.

However, the experiments conducted by Triplett all
contained elements of competition. Allport [22] coined the
term ‘social facilitation’ and attempted to control for
competition effects by carrying out experiments using two
kinds of mental tasks, word associations and generation of
arguments to a written passage. Results revealed that people
in group situations made a higher number of associations and
generated a larger number of arguments. However, the
quality of the arguments generated was better when subjects
were alone.  This led Allport to suggest that task
performance is affected differentially by social presence.
Travis (1925) [in 23] proposed ‘audience effects’ after he
observed clear improvements in performance on the pursuit-
rotor task, when subjects were confronted with an audience.
These findings were supported by Dashiell [24] who
reported enhanced performance for simple tasks when an
audience was present. However, some researchers found
negative audience effects. For example, Pessin (1935) (in
[23]) reported that students made more errors in the
‘audience’ condition when the task was to recall nonsense
syllables compared to the ‘alone’ condition.

Possible Implications for HRI studies based on the
Cogniron robot trials (1)

The human-robot interaction trials carried out as part of
the Cogniron project emphasised to both the child and adult
groups that their performance was not being judged and that
there were no correct or incorrect interaction styles.
However, based on the video observations, it was clear that
some of the children were competing with each other to try
and get the robot’s attention and get it to select them. In the
adult single trials, none of the adults actively tried to get the
robot to approach them or instruct it to do something for
them. However, indirect elements of competition were also
evident from the adult trials. Even though, the activities
chosen for the trials (e.g. copying words onto a board and
highlighting words) were designed to be non-competitive
with no directly observable achievement goals, the adults still
behaved as if they were under exam conditions, and took the
tasks extremely seriously. The majority of the adults
expressed little fun or enjoyment during the tasks, instead
expressions of hard concentration were observed,  despite
the fact that the experimenter emphasised the non-
performance based nature of the trials. If a more relaxing,
leisurely athmosphere is desirable, then the experimental
setup needs to be revised. To assist in obtaining these
conditions, a longer habituation time between the adult and
robot may be necessary. Alternatively, studies carried out in
the field rather than the laboratory could eliminate some of
the issues surrounding competition and task performance
[25]. For example, robot trials in subjects’ homes would be
advantageous because although we tried to furnish the
conference room at the University to resemble a simulated
living room as closely as possible, all the subjects knew that
it was not real or natural. Ultimately, adults’ focus on task
performance could have masked some important findings
about their perceptions of the robot, as they may not have
observed enough of the robot’s behaviour and appearance to
form concrete perceptions and attitudes, but more the



content of the tasks and their individual performance on it.
Future instructions could clearly state that the trials focus on
the robot’s behaviour rather than the subjects’ performance,
and that subjects should pay close attention to the
appearance and behaviour of the robot interactions.

Evidence from Psychology (2)

Zajonc noted discrepancies in research findings
concerning audience and alone conditions, and concluded
that well-learned responses are facilitated by the presence of
spectators, while the acquisition of new responses is
impaired. Therefore, performance is facilitated and learning
is impaired by spectators [23]. Zajonc drew a distinction
between dominant and non-dominant responses, noting that
some behaviours are easier to learn and perform than others.
If a task is easy for the person, then the dominant response
will be the correct one (i.e. most likely) and therefore the
audience/co-actor helps to elicit this. However, sometimes
the dominant response is the incorrect one(s) (i.e. the most
likely again), but the audience still assists in the elicitation of
this response.

Support was generated for the mere presence effect in
an experiment carried out by Guerin [26] where participants
performed a rotory-pursuit task in one of three conditions:
alone, with a simple distraction (a large mirror placed
alongside the participants), and in the presence of a (passive)
confederate. The confederates did not watch the participants
and did not know what the experiment was about.
Evaluation effects should not have played a role because the
participant could not complete the task and look at the
confederate at the same time. Results revealed that subjects
performed better when the confederate was present
compared to when they were alone or had the distraction of
the mirror. Platonia and Moran [27] reported similar results.

Attention has concentrated on the ‘alone’ condition in
some studies, as it has been suggested that this is a poor
control for social facilitation experiments. For example
Griffin and Kent [28] demonstrated that by simply giving
participants a task to perform within laboratory conditions
leads them to assume that their performance is being
monitored, even without the presence of an audience. Griffin
[29] carried out a study with psychology undergraduates
involving four conditions: in two conditions an identical
card-sorting task was performed either with or without a
stopwatch, in the third condition, the card-sorting task was
performed in front of an audience of two (one man, one
woman), and in the fourth condition, participants waited
alone, without a task. Results from questionnaires revealed
that participants inferred monitoring in both of the task
conditions. Participants who waited alone without a task did
not infer monitoring.

Possible Implications for HRI studies based on the
Cogniron robot trials (2)

In our robot trials, subjects were told that the
experimenter was not part of the task and was not there to
monitor individual performance. Although we did not assess
the extent in which subjects felt monitored, the video
cameras that we used in the adult trials were pointed out at
the outset of the trials. Subjects were told that the sole
purpose of the cameras was to monitor the robot’s
behaviour. The extent to which participants felt monitored

could be an important factor for future studies to consider as
it may influence robot-human interaction styles. This is a
difficult situation to overcome for human-robot interaction
studies as even without the direct presence of an
experimenter, simply giving subjects a task to perform
appears likely to elicit some feelings of performance being
monitored. The experimental context however could assist
in reducing feelings of being monitored. It was clear from
the observations of the robot trials that the children in group
situations felt much more comfortable and less monitored
than the adults did in the alone condition. The nature of the
tasks could have had an impact on this also, as the child trials
had a much more game-like, relaxed content compared to the
adult robot trials. It would be interesting in future adult
trials to explore the impact of group size (i.e. pairs, groups
of 4) on perceptions of the robot.

Evidence from Psychology (3)

Other studies have considered the effects of group
versus alone conditions in relation to impression formation
[30]. Thomas et al. carried out an experiment to test whether
Zajonc’s drive theory of social facilitation also predicted how
the mere presence of others influenced social judgement
ratings. Participants were exposed to different conditions
involving a positive and negative experimenter behaviour
condition, and a mere presence condition, group or alone.
Results revealed that people formed more extreme
impressions of a target when they made judgements in the
mere presence of others. This was found for both positive
and negative behavioural effects and is consistent with the
drive theory of social facilitation.

Possible Implications for HRI studies based on the
Cogniron robot trials (3)

Little attention has been paid to the effects of an
experimenter in human-robot interaction studies, and may
imply confounding variables. For example, in the current
robot experiments, it could be the case that the children
formed more extreme positive and negative opinions toward
the robot under the group condition compared to the adults
who performed the interactions alone. Children in groups
were able to discuss between themselves what they felt
towards the robot and verbalised frequently about ‘the robot
being stupid because it didn’t approach them’ or ‘that the
robot was clever because it came to them’. Discussing
opinions within a group situation is an important aspect of
impression formation. However, the adults did not have this
opportunity and were unable to confirm or disconfirm their
attitudes and perceptions towards the robot with anyone,
which could account for the frequent appearances of
puzzlement on subjects’ faces. The same experimenter was
present at both the child and adult robot trials, and never
exhibited negative behaviours, so this was unlikely to have
had an impact on the robot trial results.

A further important consideration is whether the
presence of others facilitates or inhibits emotional
expression. For example, in our human-robot interaction
trials, we are interested in capturing the emotional responses
and reactions that participants displayed in response to the
different robot scenarios. However, it is possible that the
video footage of emotional responses was affected by the
group and individual conditions, meaning that direct



comparisons should not be made. Ross et al. [31] carried
out a study to examine the potential effects of group
structure on emotional responses.  Participants viewed
emotionally loaded slides with either friends, strangers or
alone. Results revealed that strangers had overall inhibitory
effects on communication accuracy, whereas friends had
facilitative effects on slides showing positive emotions and
inhibitory effect on emotionally negative slides. Results for
the alone condition were somewhere in between the stranger
and friend conditions. These effects could have been evident
during our robot trials. For example, the children were in the
presence of their classmates and friends, which could have
facilitated the expression of different emotions during the
robot trials. In contrast, an inhibitory effect on emotion
expression may have occurred with the adult trials as they
might have tried to conceal their emotions as they felt more
self conscious not having anyone to confirm or discuss their
feelings with.

Theoretical explanations for social facilitation affects

Guerin [32] classified social facilitation effects according
to three theoretical perspectives, drive theories, social
comparison theories, and cognitive process theories. Drive
theories were inspired by Zajonc [23] and were based on the
Hull-Spence drive theory, which posited that in the presence
of others, individual drive levels are elevated. When arousal
arises from a difficult or unfamiliar task, this results in stress
and consequently poor performance. This extra arousal
results in taking people past the optimum arousal level and
results in the dominant response being elicited whether it is
easy, or new and difficult. Zajonc was challenged on his
‘mere presence’ explanation, but later asserted that social
facilitation effects still emerged even when the situation and
behaviour of others were controlled for. For example, factors
such as evaluation apprehension could influence individual
reactions to the presence of others, but Zajonc still claimed
that mere presence was necessary and sufficient for social
facilitation. Cottrell [33] was one of the proponents that
challenged Zajonc’s drive theory, and stated that mere
presence was not enough to elevate drive levels and would
not necessarily cause social facilitation effects. Cottrell
proposed the evaluation apprehension effects hypothesis
stating that increases in drive levels were a result of
individuals being concerned about how others would
evaluate them. Cottrell also stated that prior evaluation
experiences caused people to develop a drive reaction — a
learned drive.

An example of a social comparison theory is the Self-
presentation explanation.  Self-presentation assumes that
social facilitation effects are focused on impression formation
and the well-established finding that people are motivated to
please those that are observing them, sometimes referred to
as social desirability effects. Baumeister [in 19] for example
suggested that the presence of someone considered to be
evaluative would trigger more drive than the presence of
someone not evaluating performance.

Cognitive processes as an explanation for social
facilitation effects often emphasise distraction (in [19]). For
example, attention conflict (Baron 1986, in [19]) can

produce drive like effects on performance that can facilitate
simple tasks and impair complex ones.

Future directions for the design of social facilitation studies
and the implications for human-robot interaction research

Aiello and Douthitt [19] highlighted some of the issues
that future research studies into social facilitation research
should consider. Firstly, studies should consider the nature
of the group composition and levels of familiarity. For
example, effects might be different for friends, family
members, coaches, teachers, supervisors etc. Most studies
to date have been carried out with groups of participants
who are assumed to be strangers. However, the child robot-
interaction studies in the current human-robot interaction
trials were carried out with groups of children from the same
class, who were highly familiar and possibly friends with each
other, and in some cases with the teacher present. In
comparison, the adult robot-interaction trials were conducted
with individual adults and just the experimenter who was
assumed to be a stranger in most instances. The effects of
group structure and familiarity could therefore have had a
considerable impact on the results of subjects’ perceptions
toward the robot. Second, studies should explore the role of
time and how long the predicted effects of social facilitation
are expected to last. The practical implications for social
facilitation effects would be different if they lasted over days
or weeks, compared to a few hours. This is an important
point to take into account for the robot trials as habituation
effects with the task set-up and robot could greatly influence
results. Tasks employed to study social facilitation effects
have relied on the quantity and quality domains and have not
taken into account contextual performance issues. Finally,
measures used to explain social facilitation effects should be
improved and should not rely too heavily on self-report
assessments or through inferences from manipulating
experimental conditions (e.g. condition where people are told
they are being evaluated or not evaluated). Although, our
human-robot interaction trials were not designed for
measuring social facilitation effects, the importance of
considering the effects of monitoring, group formation,
social context, task complexity and the methods used to
assess subjects perceptions towards robots should be
carefully planned and piloted.

V. CONCLUSIONS

To summarise, we have presented observations from
video footage data of human-robot interaction trials, and
discussed these in light of psychological findings related to
social facilitation effects. The design of research studies into
human-robot interaction is growing. However, the possible
effects of the social context where experiments take place is
usually not addressed, although awareness of these effects is
beginning to emerge. For example, a longitudinal case study
trial using the service robot Cero emphasised the importance
of considering the situational context when analysing and
interpreting results and conclusions [25]. It can be expected
that the social context of any HRI study will impact the
results. This context will vary considerably depending on the
scenario used, the type of robot, and desired purpose for the
robot. For example in the case of ‘toy’ robots such as AIBO



[2], and Kismet [3], where the only purpose of the robot is
to engage people in interaction, the social context of human-
robot interaction is likely to be very different compared to
adult interactions in a more ‘serious’ task context involving
service robots (e.g. [10, 25, 34, 35]). Also, the social context
of a robot that serves as a museum guide or is shown at
exhibitions is likely to impact how people will behave in the
robot’s presence.  An observation of distinct differences
between our child and adult robot trials under different social
contexts resulted in a discussion of the relationship between
social presence and individual performance in relation to task
complexity, evaluation contexts and type of presence. The
importance of acknowledging these social effects in future
studies is emphasised, as ignoring these influences could
significantly impact on findings, and ultimately the design
implications for future robot companions.  While the
examples of human-robot interaction discussed in this paper
were not specifically designed for the study of social
facilitation effects, future work can take into account the
issues that we raised.
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Abstract — This paper presents results of a pilot study that
investigated whether people’s perceptions from live and video
HRI trials were comparable. Subjects participated in a live
HRI trial and videotaped HRI trials in which the scenario for
both trials was identical, and involved a robot fetching an
object using different approach directions. Results of the trials
indicated moderate to high levels of agreement for subjects’
preferences, and opinions for both the live and video based
HRI trials. This methodology is in its infancy and should not
be seen as a replacement for live trials. However, our results
indicate that for certain HRI scenarios videotaped trials do
have potential as a technique for prototyping, testing,
developing HRI scenarios, and testing methodologies for use in
definitive live trials.

I.  INTRODUCTION

In the course of our work for the COGNIRON Project
[2005], we are primarily interested in the research area of
Human-Robot Interaction (HRI), in particular with regard to
socially interactive robots. An excellent overview of socially
interactive robots is provided in Fong et al.[1]. We are
primarily interested in the human perspective of how robots
could be useful in domestic environments; in particular the
roles, tasks, and social behaviour that will be necessary for
robots to exhibit in order to integrate into normal domestic
situations. In order to study human-robot relationships, we
typically run HRI trials using carefully devised test
scenarios, where human responses and opinions can be
collected using a variety of methods. HRI trials are
particularly difficult to develop if they should involve
complex robot behaviours that nevertheless need to be
reliable and replicable for statistical comparisons, various
robot platforms etc, in addition to large sample sizes of
subjects, balanced for age, gender, cultural background etc.
In order to address this situation, we are interested in
verifying whether videotaped HRI trials for various scenarios
could be used in certain situations instead of live HRI trials,
or as a complementary methodology for live trials.

A. Human Robot Interaction Trials

To date, we have conducted various live HRI trials with
human scaled PeopleBotTM robots [2][3][4] Other
researchers have also conducted similar HRI trials with
human sized robots including Dario et al. [1], Severinson-
Eklundh et al.[5], Kanda et al.[6] and Hinds et al.[9].

However, most HRI trials to date typically are
characterised by relatively small sample sizes [6][7][8]. Our
largest HRI study to date involved 28 subjects and took
about 2 months to carry out. We have run several larger HRI
trials, but this has been at the expense of compromising the
trial conditions (audience noise, lack of extensive post trial
questions etc). Running a live HRI trial under controlled
conditions therefore requires a major commitment of time,
resources and personnel to ensure that statistically valid
results are obtained. HRI studies in general are at a stage
where there is not a large body of prior work to guide the
design of large scale live trials. This means that most studies
are highly exploratory. Many initial assumptions are based
on those expected from human-human interactions, which
we and others have found do not always hold true for
human-robot interactions [9][10][11][12]. It is sometimes
difficult to justify speculative or exploratory trials where, by
their nature, there is a higher probability of the predicted
assumptions not being met, being inconclusive or irrelevant.
Before committing to a major trial it is essential to run pilot
studies to test the proposed methodology. It would be
advantageous to have a methodology in place where trial
predictions could be piloted and tested, before developing
and executing full live trials.

B. 1.2 Video Based HRI Trials

To overcome some of the drawbacks of live HRI trials, the
feasibility of running HRI trials using video footage rather
than a full live interaction was considered. Although this
methodology would certainly be inferior to a live HRI
session, it was hoped that it would yield valuable results
towards the development of live trials. Kidd [13] found no
significant differences between subjects’ ratings of
personality traits for ‘present’ and ‘remote’ (through video)
cases of an interaction with a robot head. Shinozawa et al.
[14] reported that comparing a robot’s recommendation
behaviour with an on-screen agent’s, for human decision
making, depended on the interaction environment and that
geometrical ~ consistency  between the interaction
environment, and robots and on-screen agents was important.
Paiva et al. [15] reported that synthetic (cartoon-like)
characters in virtual environments were readily empathized
with by children as they enacted various scenarios. This
provides supporting evidence that believable relationships
can be created through the medium of video. Using videos of
robots, which are more realistic than virtual or synthetic



characters, could result in HRI trials that are even closer to
resembling real live interactions. Video based HRI trials
have the potential advantages to: 1) reach larger numbers of
subjects as they are quicker to administer, 2) easily
incorporate subjects’ ideas and views into later video trials
simply by recording extra or replacement scenes into the
video based scenarios, 3) carry out trials exposing groups of
subjects to the HRI scenario simultaneously, 4) prototype
proposed live trial scenarios to avoid wasted effort and test
initial assumptions, 5) allow greater control for standardised
methodologies (i.e. exactly the same robot behaviours, exact
trial instructions etc.). As this is an unexplored area of HRI
studies, it is first necessary to confirm whether video based
HRI trials are able to provide comparable results to live
trials, and also under what circumstances. A pilot study using
both live and video HRI trials was developed to begin
exploring the following main research questions:

1) Will video based HRI scenarios provide results that are
comparable to results obtained from live HRI trials?

2) Under what circumstances would video based trials
provide comparable results to live HRI trials?

3) What are the likely limitations of video based trials in
gaining valid human responses to HRI scenarios?

C. Experimental Method

The Video-Live Trial (VLT) pilot study was carried out in
a converted conference room. The chosen scenario involved
a robot using different approach directions to bring a seated
subject an object. The aims of the trial were to find out
about subject preferences for the robot approach directions.
The room was partitioned into two areas; a video trial area
and a live trial area. There was a gap in the partition, so that
it was possible to move between the two areas (see Fig.1) but
not possible for subjects to see the other area while carrying
out the respective video or live trials. The live trial area
resembled a simulated living room with a chair and two
tables. The subject was seated in the chair throughout the
live trial which was positioned halfway along the rear wall
(point (9), Fig.1). To the left front and right front of the
chair, two tables were arranged (with room for the robot to
pass by) in front of the chair. One of the tables had a
television placed upon it; the other had a radio and CD
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Figure 1. Diagram of video and live trial experiment areas

The robot was driven to the appropriate start position by
an operator seated at a table in the far corner of the room.

Subjects were told that the robot would be controlled by the
operator while it was driven to the three start positions, but
would be approaching them autonomously to bring them the
TV remote control. This was reinforced as the operator
made notes and did not press any of the robot control keys
(on the robot control laptop) while it approached the subject.

The video trial area contained a video projection screen
and projector for playing the video HRI trial scenarios. The
videos were all recorded in the live trial area, with an actor
playing the part of the subject. The actor was male, and the
narration voice which introduced and set the scene for the
HRI trial scenario was also male. The videos were recorded
using a mixture of first and third person points of view. The
third person views showed the overall positions and actions
of both robot and (actor) subject. Then by switching to a first
person view (from the perspective of the subject sitting in the
chair as the robot approached) a viewer saw the robot
approaching in a way that was as realistic as possible and
could gain some spatial perspective (see Fig. 2 for example
screen shots).

D. The HRI Trial Scenario

An identical scenario was used for both the video and live
HRI trials and took place in a (simulated) living room (Fig.
1). It was introduced either by the experiment supervisor for
the live trial, or by the narrator for the video based trial. The
context was that the subject had arrived home from work and
rested in an armchair (point (9), Fig.1). The subject then
asked the robot to fetch the remote control. It was explained
to the subject that the robot was new to the household and it
was necessary to find out which approach direction the
subject preferred; either from the front (2), the left (1) or the
right (3) (see Fig. 1). In order to justify the robot fetching
the remote control, one of the tables had a (switched off) TV
set upon it. The other table had a CD-Radio unit. Our
expectations prior to the trials were that subjects would
prefer the approach from the front, since the robot was then
fully visible at all times.

Figure 2. Examples of first and third person views

E. Experimental Conditions

We were aware from a previous demonstration that the
TV was a natural focus of subjects’ attention and could have
influenced the choice of preferred robot approach direction.
Therefore, half the trials (for both live and video versions)
were carried out with the TV on the left hand table, and the
other half with the TV on the right hand table.

Each subject experienced the robot approaching from
three directions: front, left and right in a counterbalanced



order sequence covering all six possible permutations of the
three robot approach directions. This was used for both video
and live trials. As a consistency check, the three robot
approach directions were also repeated (in a different order)
for each trial. In order to counterbalance for effects due to
the order in which subjects experienced the video and live
trials, we exposed half the subjects to the live trial first, then
vice versa for the other half of the trials. Fifteen subjects (9
(60%) males; 6 (40%) females) individually participated in
the study. The mean age of the sample was 33 years (range
21-56 yrs). Only one subject was left handed. Four subjects
were secretarial staff from the University of Hertfordshire, 5
subjects were MSc students studying ‘Artificial Intelligence’,
and the remaining 6 were research staff in the Computer
Science Department at the University.

F. 2.5 Procedure

A short introductory questionnaire was used to gain the
necessary demographic and personal details from the
subjects. At the end of each video or live HRI trial a short
questionnaire was used to assess the subjects’ views on
approach direction, approach speed, stopping distances,
comfort levels and practicality for the different approach
directions.  After both video and live trials had been
completed, subjects participated in a semi-structured
interview with a psychologist. The interview was carefully
designed so that no leading questions were asked. The
interviewer was able to follow up answers to gain a deeper
insight when necessary. The main purpose of the structured
interview was to assess the subjects’ views on the trial
procedures and methodology, establish any weaknesses and
find out how the trial could be improved from the
participants’ point of view. The subjects’ reactions to both
live and video based HRI trials were recorded on video tape.

II.  RESULTS

A. Approach Direction most preferred and least preferred.

Results of the trials clearly demonstrated that the least
preferred approach direction was the front approach, for both
the live and video trials. The right approach direction was
the most preferred for both the live and video trials, and the
left approach direction was preferred equivalently for both
live and video trials. Only one person could not state a
preference for any of the approach directions based on the
video data. Fig. 3 illustrates that there was approximately
58% agreement for the different approach direction
preferences, between the live and video trials. 36% (N: 5) of
subjects stated that they preferred the right approach
direction in both trials, and 22% (N: 3) rated that they
preferred the left approach in both trials. Surprisingly, no
subjects preferred the front approach direction in both trials.
Where agreement was not found between the live and video
trials, this was predominantly found for changes in
preferences for the left and right approach direction. One
subject (7%) stated that they preferred the front approach for
the live trial, but the left approach direction for the video
trial. One subject (7%) preferred the left approach direction
for the live trial, but the front approach direction for the
video trial. Two subjects (14%) preferred the left approach
direction in the live trial, but the right approach direction in
the video trials. Finally, 2 subjects (14%) preferred the right

approach direction for the live trial, but the left approach
direction for the video trial.

Cross-tabulation tables were produced to calculate the
percentage of agreement between subjects’ approach
direction preferences for the live versus video trials.
McNemar-Bowker test, a nonparametric test was carried out
to detect changes in responses between the live and video
trials. No significant effect was found indicating that there
were no significant differences in subjects’ approach
direction preferences in the live and video methods used.

Fig. 4 demonstrates that there was 85% overall agreement
between subjects’ ratings of the approach direction they least
preferred for the live and video trials. 77% of subjects stated
that they least preferred the robot front approach direction in
both the live and video trials. One subject (7.7%) least
preferred the left approach direction in both trials. No
subject rated the right approach direction as least preferred in
either the live or video trial.

%agreement between live and video approach direction trials
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Figure 3. Percentage agreement between approach direction most
preferred for the live & video trials
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Figure 4.  Percentage agreement between approach direction least
preferred for the live & video trials

Only one subject (7.7%) who least preferred the front
approach in the live trial, had rated the left approach
direction as least preferred in the video trials. One subject
(7.7%) least preferred the left approach direction in the live
trial, but the front approach direction in the video trial. A
McNemar test revealed no significant differences in the
approach direction least preferred by subjects in the live and
video method robot trials.

B. Robot Stopping Distances
1) Front Approach Stopping Distance;



The robot was set up to stop automatically at a distance of
approximately 0.50m from the leading edge of the robot and
the nearest part of the person’s body. There was some
overshoot or undershoot giving a tolerance of +/-0.15m.
Overall, there was 66% agreement between subjects for
ratings of whether the robot’s stopping distance was too
close, about right, or too far for the live and video trials (Fig.
5).

% agreement for approach distance in live vs. video trials for
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Figure 5. Percentage agreement for robot stopping distance from subject
for front approach direction

Figure 5 indicates that a majority of subjects rated the
front approach stopping distance as too close. For subjects
who rated the front stopping distance as being too far, we
observed that these subjects usually had their legs stretched
out in front of them. This caused the robot to stop when it
reached the subject’s feet, rather than moving close enough
for them to reach the TV remote control (due to the robot’s
stopping safety mechanism). Overall, there was 60%
agreement between the live and video trials for subjects’
ratings of the robot’s stopping distance for the left approach
direction. There was overall 80% agreement for the robot’s
stopping distance for the right approach direction in both the
live and video trials.

C. Robot’s Speed during the Live and Video Trials

Percentage agreement for Robot Speed in live and video
trials
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Figure 6. Percentage agreement for robot speed in live and video HRI
trials.

The robot used two speeds; the normal approach speed
was 0.4m/sec, and the robot slowed to 0.25m/sec when it
was within 1m of the front of the subject. When subjects
were asked to rate the speed of the robot’s approach
direction, there was high overall percentage agreement
between the live and video trials (87%). 46% (N: 7) of

participants rated the robot’s speed as about right for both the
video and live trials, and 40% (N: 6) of subjects rated that
the robot’s speed was too slow in both the live and video
trials. Where agreement was not found, one subject (6.7%)
rated the robot speed during the live trial as about right, but
too slow for the video trial, and one subject (6.7%) rated the
robot speed in the live trial as about right, but too fast in the
video trial. No subjects rated the robot speed as too fast
during the live trials (Fig. 6).

D. Practicality and Comfort for the different Robot
Approach Directions

In addition to subjects rating which approach direction
they preferred for the live and video robot trials, ratings were
given for how ‘practical’ they thought each approach
direction was for the given task of delivering a TV remote
control, according to a 5-point Likert scale (1 = not practical
at all to 5 = very practical) (Fig. 7). Paired samples t-tests did
not reveal any significant differences between subjects’
ratings of practicality for any of the approach directions
between the live and video trials [left approach direction t =
1.47 (14), p = .16, right approach direction t = .521 (14), p =
.61, front approach direction t = -1.08 (14), p = .30]. This
indicates that there were no large discrepancies in subjects’
judgments and subsequent ratings of task practicality
between the live and video trials. Ratings of the practicability
of the approach directions for both the live and video trials
were relatively high. The front approach direction received
the lowest ratings of practicality for both the live and video
trials. The left approach direction in the live trial received
the highest ratings of practicality followed by the right
approach for both the live and video trials

Ratings of approach direction practicality for live and video
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Figure 7. Ratings of approach direction practicality for live and video
HRI trials

Subjects were asked to rate how comfortable they felt with
the different approach directions for both the live and video
trials according to a 5-point Likert scale (1 = very
uncomfortable, 5 = very comfortable). Paired samples t-
tests revealed no significant differences between subjects’
comfort level ratings according to the different approach
directions between the live and video trials [left approach
direction t =1.23 (14), p = .24, right approach direction t =
1.58 (14), p = .14, front approach direction t = -.52 (14) p =
.61].  This highlights that subjects’ comfort ratings were
relatively equivalent for both the live and video trials. The
lowest mean comfort levels were found for the front robot
approach direction for both the live and video trial. The
highest comfort level rating was found for the right approach



direction in the live trial followed by left approach direction
in the live trial. It seems that participating in the live trial led
to slightly higher (although non-significant) ratings of
comfort compared to the video trials. No significant
differences were found between the most preferred approach
direction and least preferred approach direction for gender,
subject handedness (whether subject was left or right
handed), and occupation.

E. Realism of the Live and Video Robot Trials

Subjects were asked to rate the overall realism of the live
and video robot approach direction trials ranging from 1 =
not realistic to 5 = very realistic. The mean rating was 3.47
(minimum = 2, maximum = 4). Subjects were subsequently
asked how they would have improved the trials. The
comments that subjects made were classified according to
those that referred to the set-up of the trial and room, and
those that referred to the robot’s characteristics:

Subjects’ suggestions about how the trials could be
improved included a more chaotic and messy environment,
more objects and obstacles (as the room was too sterile and
clinical), more furniture, and a more busy environment. They
would also like the robot to indicate that it understands the
person (e.g. by eye gaze), be smaller (as less threatening) and
also fetch the remote control itself at start of task (the robot
had it in the basket already).

93% of subjects stated that they preferred the live robot
trials compared to the video trials which was not surprising.
However, 80% of the sample stated that they felt the video
robot trials were representative of the live robot trials.

III. DiscussioN
The main findings from this study were:

1) The level of agreement between subject responses for
the preferred robot approach direction was relatively high
(60%) between the live and video trials. Discrepancies were
mainly due to the fact that subjects did not have strong
preferences for either the left or right robot approach
direction and sometimes changed these preferences between
the video and live trials.

2) Very high levels of correspondence (85%) were found
for subjects least preferring the front robot approach
direction in both the live and video trials.

3) Moderate to high levels (60-80%) of agreement were
found for perceptions of the robot’s stopping distance from
the subject, for each approach direction in the live and video
trials.

4) High agreement (87%) was found for subject ratings of
the robot’s speed between the live and video trials.

5) No significant differences were revealed between
subject ratings of how practical and comfortable the different
robot approach directions were for both the live and video
trials.

6) Subject ratings for the realism of the video trials in
comparison to the live trials were moderately high, although
93% stated that they preferred interacting in the live trials.

These results support findings from an informal earlier
study, and also provide additional support for using video
methods. We had thought that subjects might find it difficult
to perceive the robot distances, and speed through the video

medium, but this may not be the case. The non-significant
findings for subject ratings of the practicality for the robot
approach direction task, and comfort levels between the live
and video trials was positive. This is indicative of subjects
being able to report on the subjective experience of how
comfortable they would feel with different robot approach
directions through video footage.

Most subjects preferred the live robot-interaction trials.
This was not surprising as live trials seem more interactive',
likely to be more fun, and more engaging, compared to
watching the interactions involving a stranger on a screen.
The embodiment experience of being part of a live-set up is
also likely to be much more beneficial for assisting in the
perception of speed, distances and different robot
movements compared to video footage. However, most also
reported that the video robot trials were representative of the
live trials. Subjects’ overall ratings of the ‘realism’ of the
approach direction robot trials was moderately high and most
of the improvements that subjects cited were related to the
environmental set-up, and context, rather than characteristics
of the robot. According to our subjects’ suggestions, our
future robot trials should take place in a more naturalistic
‘messy’ living room set up, which is more representative of a
realistic home environment.

The results of this pilot study are in line with the findings
reported by Kidd [13]. We are not aware of any further
studies to date that have considered the suitability of using
video footage for human-robot interaction studies. Naturally,
there are numerous limitations of using video footage for
HRI studies, and we are by no means suggesting that they
should be a replacement for live HRI studies. It could be that
the more interaction between a robot and a subject in a trial,
the less suitable video trials will be. The timing and
synchronization of movements play an important part in
regulating and sustaining meaningful human-human
interactions. Developmental psychologists (e.g. [16][17])
have shown that while babies happily interact with their
mothers via live video, they get highly distressed when
watching pre-recorded or replayed videos of their mothers
(as it lacks the contingency between mother’s and baby’s
behaviour). However, for the particular research questions
that we consider in the context of robot motion planning and
approach directions, contingency of robot and human
movements plays a less crucial role and thus lend themselves
to investigations of video trials.

Only 15 subjects participated, many with a robotics or
computer science related background that may have biased
the results. However, such subjects are most likely to be
future customers of a robot assistant in the home.
Nevertheless, naive subjects who have no prior experience
with robots might form an interesting control group in future
studies. We limited the sample size for this initial pilot study
but given the current positive findings, we aim to replicate
the current study with a larger sample size. In future trials,
we also intend to incorporate more naturalistic set-ups. The
quality of the robot trials could be enhanced if professional
camera techniques are adopted and guidelines developed to
create video material for HRI video trials. It was beneficial

! Even in scenarios like ours where the robot’s behaviour does not
depend on the subject’s responses the live situation affords
interaction.



that both first person and third person views were used for
the video trials as we think that this enabled subjects to get a
more realistic perspective of space and distance for the robot.

The current findings offer scope for future work into the
feasibility of using video based HRI trials to aid the design
and implementation of live interaction studies. We have
only considered one human-robot interaction scenario in the
current study. It is important to determine whether these
results can be replicated and in addition to consider different
scenarios. In some ways, the current trial was challenging,
as the issues of speed, space and distance were considered.
It may be the case that video footage is more comparable to
live trials for exploring subject responses to robot gestures,
robot appearance, and robot dialogue.

In addition to replicating the current study, a range of
different set-ups could be considered. In the meantime, we
carried out studies into subjects’ opinions towards robot
approach directions when the subject is standing rather than
sitting, and whether they are sitting behind a desk or not
when the robot approaches them with an object. We also
used video footage in HRI studies that investigated opinions
toward different robotic appearances (e.g. mechanistic vs.
humanoid appearance). As the research area of socially
interactive robots is relatively new, there are few design
paradigms to provide input to this project and others [18].
However, until more studies are carried out using different
scenario set-ups and robot behaviours with larger sample
sizes, we cannot yet positively conclude that video based
HRI trials are a reliable and informative means of gaining
data to assist in the future design of robot companions.

IV. CONCLUSIONS

To conclude, encouraging results were obtained
comparing the agreement between subject responses towards
robot approach directions for live and video human-robot
interactions. This has positive implications for researchers
designing future HRI trials, as video trials could be used as a
complementary research tool to yield valuable results
regarding peoples’ opinions towards various aspects of a
robot’s behaviour and/or physical capabilities. Video trials
are more economical compared to live interactions, and
allow the designers/researchers greater levels of control and
standardisation over the set-up of the trials, which is
sometimes difficult when conducting live HRI trials. We
hope that our results, while still at a preliminary stage, will
open up discussions on the design space of HRI experiments
and methodologies.
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1 Introduction

This report describes our initial steps investigating how naturally occurring human
gestures can be used to facilitate the interaction and communication between humans and

robots.

This work is being developed as part of the research for the European funded project
COGNIRON. More specifically an exploratory user study was performed to illuminate
which naturally occurring gestures can be observed in a scenario specifically relevant to
experimental tasks relevant for the project. The term ‘naturally’ here refers to an
unconstrained scenario where subjects were not given any scripts or pre-defined gestures
to use. Within the COGNIRON project, the line of research described in this report
conforms to the objectives defined for Work Package 3.4 - “Requirements for contextual
interpretation of body postures and human activities”. The main focus of this report, in
order to capture these requirements, is the on-going development of a coding scheme to
classify gestures people produce when asked to demonstrate how to perform a task. The
coding scheme is an essential part of our strategy to systematically study the frequency,
duration and sequence of different gestures in people's task demonstrations. In turn, this
analysis will inform the design and parameterisation of algorithms for the recognition of
human activities. This work was inspired by previous research in COGNIRON,
specifically: Nehaniv et al. (2005) provided the conceptual framework for the coding
scheme categories and research by University of Karlsruhe (2004) informed our present

work in relation to requisites for human activity descriptions from a system's perspective.

The line of work is being pursued in close partnership with University of Karlsruhe.
However, we hope the annotated corpus will be available for inspection by the scientific

community as a tool for informing research in this topic.

Considering the context of the COGNIRON project, we are not focusing on the
recognition of expressive displays or the production of expressive behaviour, such as

facial and emotional expressions. Nevertheless, we do acknowledge the importance of



emotions in the modulation of communication events and interactions between humans

and computer artefacts.

The rest of this report will go as follows. First, we will summarise relevant research
concerning the role of gestures in the interaction process with a particular emphasis on
how the results from human-human interaction informed (or can inform) the development
of computational artefacts. Secondly, we will describe the exploratory study run. We then
proceed with the presentation of the results. The third part consists of a general

discussion and topics for future research.
2 Background

Human-Robot Interaction (HRI) is a recent research field. Kiesler and Hinds (2004)
consider that the study of design alternatives to facilitate Human-Robot Interaction is a
new focus of Human-Computer Interaction (HCI), although Dautenhahn (2004), Robins
et al. (2005) and Nehaniv et al (2005) argue that HRI will need to develop its own
discipline specific methods due to the embodied nature of interaction with robots. Kiesler
and Hinds (2004) consider that although many insights and methodologies developed in
HCI might be applicable in HRI, robots pose specific design issues:

* Some research suggests that humans tend to anthropomorphize robots more than

other computational artefacts.

* The fact that robots are mobile and will interact with humans in a common
physical space highlights the need to understand how to model the sharing and
"negotiation" of space. In other words, robots will have to negotiate their

interactions in a dynamic (and we would add social) environment.

* Robots will have to make decisions and these decisions might have an immediate

impact at the physical and/or social level.

The theme of HRI has been growing in importance as robots are moving out of the

confines of industrial settings. In fact, several technological breakthroughs are paving the



way for an expansion of robots' use in different contexts and performing diverse tasks,

sometimes in close collaboration with humans (Kiesler & Hinds, 2004).

Dautenhahn (1998) points out that the idea of agents being able to interact with humans
in a "natural" way is considered attractive. This statement seems especially relevant when
discussing the concept of believability. As robots start acting in human environments
issues of agency, believability and sociality become very important. In fact, it seems that
increasing one of these factors (using some kind of design strategy) influences the others.
Robots that inhabit human social spaces will need to be designed to conform as much as
possible to human expectations. The interactions need to be "acceptable" and
"comfortable" to humans (Dautenhahn, 1998). Fong, Nourbakhsh and Dautenhahn (2003)
state that the design of sociable robots needs input from research concerning social
learning and imitation, gesture and natural language communication, emotion and
recognition of interaction patterns. Moreover, according to these authors, three primary
types of dialogue are crucial to foster the robots' abilities to interact with humans: low

level interaction mechanisms, non-verbal communication, and natural language.

To some extent, our present research focus, as stated in the introduction, can be described
as an investigation of the specificities of gestures for interacting with robots. For our
starting point the questions are: How do humans use gestures in their communication
processes? How should we proceed to find design solutions for robots that take advantage

of these human abilities? Let us turn our attention to the first question.

Gestures are closely linked with the accompanying speech in terms of timing, meaning
and communicative function (see, for example, Cassell, 2000; Kendon, 1997; McNeill,
1992). Adam Kendon's and David McNeill's work on the study of human communicative
gestures are considered to be a landmarks in the field (see Kendon, 1997; see McNeill,
1992, for an overview). McNeill (1992) takes a very restricted definition of gestures as he
considers them to be only the non-manipulative hand/arm movements that occur during
speech. Kendon (1997), however, considers difficult to specify what kinds of body
movements (in a broad sense) should be called gestures. Nevertheless, he presents

n

boundaries for what he considers to be gestures: "...only actions that are treated by co-



participants interaction as part of what a person meant to say will be included:
conventional gestures, gesticulations, and signing are included, but posture shifts, self-
touchings, and incidental object manipulations are not." (Kendon 1997, pag. 110).
Kendon's proposal (which in fact follows from his earlier work in the 80s) defines a
broader set than the strict definition put forward by McNeill. In fact, McNeill (1992)
refers to Kendon's definition as the Kendon's continuum: Gesticulation — Language-like

Gestures — Pantomimes — Emblems — Sign Languages. According to McNeill (1992):

"As we move from left to right: (1) the obligatory presence of speech declines, (2)
the presence of language properties increases, and (3) idiosyncratic gestures are

replaced by socially regulated signs." (pag. 37).

Gestures can be classified into distinct types and different classificatory systems do

exist'. For example, McNeill (1992) identifies the following types:

* Iconics are gestures that convey a close formal relationship to the semantic
content of speech. These gestures transmit information regarding some property

of the speech referent.

* Metaphoric gestures are similar to iconic ones. However, in this type of gesture
the hand/arm movement presents and abstract ides and illustrate the speech

content using a third element that acts as a metaphor.

* Beats - these gestures tend to have the same form regardless of the content. They
resemble the beating of musical time. Furthermore, this type of gestures is
characterised by having two phases while other types have three: preparation,
stroke and retraction. Beats can index the level of significance of words in the

flow of speech. They are valuable for their discourse-pragmatic content.

* Deictics are basically pointing gestures that indicate objects, persons and events in

the real world, as well as abstract concepts to control the flow of a conversation.

! A review of the different classification systems is beyond the scope of this work. For a starting point into
the topic see, for example, McNeill (1992); Kendon (1997), Cassell (2000); and Kipp (2004).



* Cohesives are gestures that show logical connections between different parts of

the discourse.

* Emblems are gestures with culturally established meaning. These can be used on
their own unambiguously, that is, independent of speech. However, they are

frequently culturally bound.

Cassell (2000) adds one type: propositional gestures. People use these gestures to convey
information that can be said to be true or false, one example: "I caught a fish this big []"

where the gesture (denoted by []) intends to show the actual size of the fish.

Kipp (2004), while specifying the different types of gestures considered being relevant
for the development of an embodied conversational agent, includes one more type:
adaptors. Adaptors are non-communicative self and object touches (examples: scratching
ones head, fiddling with a pen). According to Kip (2004) some researchers do not
consider these to be gestures due to the non-communicative and intentional nature. They
claim that the relation to speech is very loose. However, Kipp (2004) considers that
adaptors have informational value since they give indications concerning the speaker's
state. Furthermore, adaptors can also segment or give clues about the flow of the

communication act.

McNeill (1992) considers gestures to be global-synthetic. With these terms the author
highlights the relationship between parts and whole. In gestures, the meaning is only
extractable if related to the whole. Furthermore, McNeill (1992) also states that gestures
do not combine in a hierarchical fashion. However, Kipp (2004) considers that, although

not frequent, there are examples that contradict this assertion.

The study of gestures' function has been diverse. Research in problem solving has found
not only that gestures can convey specific information and reveal thoughts not revealed in
speech but also that observing gestures can be a useful extra to speech when trying to
uncover cognitive processes (Alibali, Bassok, Solomon, Syc, & Goldin-Meadow, 1999;
Garber & Goldin-Meadow, 2002). However, in fact, research investigating the function

of gestures in relation to speech has produced contrary results or divergent opinions. For



example, some authors defend the importance of gestures semantics independently from
speech (Cassell, McNeill, & McCullough, 1999; Kendon, 1997) while others consider
that gestures primary function is not to convey semantic information (Krauss, Dushay,
Chen, & Rauscher, 1995). Gestures have also been studied in relation to child
development and language acquisition (Iverson & Goldin-Meadow, 2005; Ozcaliskan &
Goldin-Meadow, 2005), or teaching and learning strategies (Kelly, Singer, Hicks, &
Goldin-Meadow, 2002; Roth & Lawless, 2002; Singer & Goldin-Meadow, 2005).

Let us now turn to the second question posed above: How should we proceed to find

design solutions for robots that take advantage of these human abilities?

The use of gestures in the communication loop between humans and computer artefacts
has been explored. A simplified overview of research on multimodal interfaces and
human-robot interaction seems to indicate the following approaches for the inclusion of

gestures in the interaction process:

* Some research has explored the use of sets of pre-defined gestures and speech to
communicate with robots (Ghidary, Nakata, Saito, Hattori, & Takamori, 2002;
Oh, Lee, & You, 2005; Severinson-Eklundh, Green, & Huttenrauch, 2003).

* Other researchers consider that the use of gestures for communication with
computer artefacts can and should be explored beyond the confines of a set of pre-
defined gestures (Cassell, 1998, 2000; Cassell & Thorisson, 1999; Kipp, 2004;
Koop, Tepper, Ferriman, & Cassell, in press; Nehaniv et al., 2005).

Robots may need to recognize human gestures and movements, infer limited intent
regarding these human gestures and movements and to communicate their own internal
state and plans to humans (Nehaniv et al., 2005). In their paper, the authors analyse the
specificities of analysing and incorporating gestures in the interaction loop between
humans and robots and argue for the need to consider a broad definition of gestures. The

reason being to avoid:

"..inherent limitations of approaches working with a too narrow notion of

gesture, excluding entire classes of human gesture that should eventually be



accessible to interactive robots able to function well in a human social

environment." (Nehaniv et al. (2005), pag. 372).

Therefore we need to adopt a broader notion of gesture than the one proposed by McNeill
(1992) or even Kendon (1997). To illustrate the point made, take the example of
manipulative gestures. These gestures involve the manipulation of objects (usually
without concomitant speech) and seem central to HRI since a robot, at times, will have to
co-ordinate object manipulations with humans. Should we not include hand/arm
movements that exchange objects between partners involved in interaction as a type of
gesture? For purposes of human-robotic interaction, we shall adopt the following

operational definition:

A gesture is any bodily kinematic transition effected by an agent (human or robot). These
may be interactional, communicative (or not), symbolic (or not), or manipulative, etc.

without prior restriction.

We assume kinematic transition of the body is effected by the agent, i.e. self-initiated
unless there is evidence to the contrary. Thus gesture under this definition includes
gesticulation when speaking, manipulation, eye gaze transitions, and in principle even
such kinematic transitions as are involved in blinking, or in speech. Treating speech and
"communicative gestures" together is in line with current neuroscience views involving

the role of mirror neurons in the evolution of human language (Rizzolatti & Arbib, 1998).

In practice, focus will usually be limited to visible gestures that can be detected with
given sensors, and acoustical gesture will be treated generally under the category 'speech'.
Furthermore, generally, the focus of the notion gesture will be restricted upper body and

torso effectors (with speech treated separately, e.g. as a parallel track).

This notion of gesture is in line with Nehaniv et al. (2005), who propose the following

five classes of gestures:

* Irrelevant or Manipulative gestures - these are gestures do not have a primary

communicative or interactive function (in practice, this class is split).



* Side Effect of Expressive Behaviour - these are gestures that occur as side-effects
of people communicative behaviour. It can be motion with hands, arms, face etc

but without specific interactive, communicative, symbolic or referential roles.

* Symbolic gestures - these are gestures that follow a conventionalised signal. Its
recognition is highly dependent on the context (both current task and cultural

milieu).

* Interactional Gestures - this category classifies gestures used to regulate
interaction with a partner. Thus are can be used to initiate, maintain, invite,

synchronise, organise or terminate an interaction behaviour between agents.

* Referencing/pointing gestures - the gestures that fall into this category are

gestures used to indicate objects or loci of interest.

Nehaniv et al. (2005) stress the importance of knowing the context in which gestures are
produced since this is crucial to disambiguate meaning. The authors add that data on the
interaction history and context help the classification process. The authors also point out
the need to consider to whom or what is the gesture targeted (identify target) and who, if
anyone, is supposed to see it (identify the recipients). Certain gestures in particular
situations might be multipurpose (Nehaniv et al., 2005). For example, a gesture of
bringing an object conspicuously and not overtly toward an interaction partner is
manipulative but it may also be classified as interactional since it might be solicitation for
the partner to take the object. This issue resonates with what McNeill (1992) termed as
the global-synthetic property of gestures - the attribution of meaning is only extractable if

related to the whole (see above).

As referred to in the introduction, for the present study we followed the classification
system proposed by Nehaniv et al. (2005) for the elaboration of a coding scheme to
identify people's gestures when asked to explain a home task to a robot. The next two

sections describe the study.



3 The exploratory study

This initial and exploratory study had two goals: a) we wanted to start developing and
testing a coding scheme to accurately classify the types of gestures people produce when
asked to demonstrate how to perform tasks, and b) we also aimed at finding out to what
extent robots’ appearance influenced the way people use different gestures to explain a
certain task to a robot. The robot’s appearance was divided into three categories: (a)

humanoid robots, (b) animal-like robots, and (c) mechanistic robots.

The experiment had two phases. In the first one, participants were asked to sort a series of
robots’ photographs into distinct groups and label them - open card sorting task. The idea
was to assess to what extent our initial categories of the robots’ appearance were indeed
relevant for the participants and give us some insight on the relevance of some

appearance features of each robot.

In the second phase, participants were asked to instruct a robot on how to perform a
certain task using only gestures and also to actually demonstrate how it should be
completed. The task involved: (a) taking some plates from a cupboard, (b) setting the
plates and corresponding cutlery as if one were setting a table and finally (c) pick up the
plates again and put them away. The level of granularity for breaking the overall task into
sub-tasks for the explanation and corresponding gesturing and demonstration was at
object manipulation level, since the participants were instructed to manipulate only one
object at a time. This means that the participants had to show precisely how each object
was manipulated in accordance to the overall goal of the task. They were asked to
perform in front of video camera and imagine that this was in fact the vision system of
the robot. The participants were prompted to consider the different types of robots by
being shown the photographs previously utilised in the card sorting task, but this time in

groups sorted beforehand by the experimenters.
3.1 Methodology

This study followed a within-subjects design: the participants had to demonstrate how to

perform the task for the three different types of robots under consideration - the
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experimental conditions. Considering that there were three conditions, the order of
appearance was counterbalanced to try to cancel effects of order. Thus we had 6

arrangements of the three conditions®.
3.1.1 Participants

The sample consisted of 12 participants: 7 men and 5 women, all from our research
institute, either researchers or staff (this choice of subjects seemed appropriate due to the
preliminary nature of this first trial). Six of the participants belong to our research group
but the other six are either researchers from other groups or members of the

administrative office.
3.1.2 Apparatus / Materials
Cards with photos of different robots

A set of 18 cards with photographs of different robots were given to the participants.
These photographs showed six exemplars of the three categories of the different types of
robots' appearance we referred to in the beginning of this document (see Appendix 7.3).

So, we acknowledge possible bias concerning the choice of photographs shown.
Questions for the semi-structured interviews

The following questions were asked at the end of the session as part of a semi-structured

interview:
*  What do you think about this experiment? Did you find it interesting?

* How did you feel about it? Did you enjoy or not? Did you feel engaged with the

task or bored?

2 We should note, however, that although this design tried to control the effect of order it assumes that the
possible effects of the order are identical in all the three conditions. For example, it assumes that transiting
from human-like to animal-like will have the same effect as transiting from animal-like to mechanistic
look, and so forth. In order to test such assumptions we would need a bigger sample.
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*  Which kind robot do you think you would like most? Would you try to buy one if

the cost was not prohibitive?
* Can you realistically see yourself doing something similar in real life?

* In relation to the task of teaching the robot, do you think you would like to take

time to learn some kind of gestures for communicating with the robot?

* Do you think the robot should be able to learn the gestures you would like to use
to communicate with it? In case you are not the only person who interacts with

the robot, would you spend time defining the gestures with other people?

* Do you think you were influenced by the different robots' appearances? If yes, in

what way?
Software for giving feedback to participants

A software program was created to simulate the robot's feedback to participants. The
feedback was simulating the robot's understanding of the gestures produced by the
participants. The feedback consisted on the display of three colours in a computer screen.
The computer screen image was projected with a video projector to a wall in front of the

participants (see sub-section 3.1.5 for a description of the physical setting).

The three colours and corresponding meanings were: a) red if the system did not
understand at all the meaning of the gestures produced; b) yellow if the system
understood partially but further specification was needed; and c) green if the gestures
were understood. However, the actual display of the feedback followed a random
generation of sequence of colours with a probability of: 20% for red, 20% for yellow and
60% for green. One of the experimenters was controlling the segmentation of when to
display feedback by pressing a button at the end of each sequence of the participants'

gestures.
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Coding scheme for the analysis of participants video recordings

Initial exploratory studies are essential for the development of coding schemes (Bakeman
& Gottman, 1997; Robson, 2002). Kipp (2004) considers four different types of way for

the transcription of gestures:

* Structural transcription involves the identification of the gestures phases. It seems
to be common agreement that gestures can be decomposed into three phases:
preparation, stoke and retraction. Kipp (2004) discusses in detail the phases and

the implications for gesture classification.

* Descriptive transcription involves the detailed description of the gesture's form.
With this approach the gesture's form is encoded through the specification of the
position joints at a point in time. This procedure is carried out for regular time

intervals. This approach needs no subjective judgements from the observer/coder.

* Functional transcription entails ascribing meaning to the gesture being displayed.
According to Kipp (2004) "Meaning and function can be inferred by carefully
observing the gestures and their accompanying speech" (pag. 53). It is an

interpretative approach.

* Categorial transcription - in this case the gestures are classified according to a set
of categories. The categories are described in detail and exemplars are given to

facilitate the identification.

The different transcription approaches are not exclusive. In fact, in a coding scheme more

than one can co-exist.

Descriptional tracking of sensory data or joint angles is often available to roboticists as
raw un-interpreted description of human gesture and activity. However, we are concerned
with requirements for robotic systems for interpreting these data in a meaningful and
useful way for Human-Robot Interaction. In our case our coding scheme is a mix

between functional and categorial transcriptions.
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The first version of the coding scheme for the video recording analysis was based on
previous conceptual work by Nehaniv et al. (2005) and further developed after careful
observation of the video data collected (see Appendix 7.1, for a description of the
categories used). At this stage we did not use rules to disambiguate the classification. The
observers/coders had the description of the categories and attributed the categories to the
behaviours according to their interpretation. However, the observers/coders did watch the
video of one of the participants together and discussed the classification as a way to train

their coding skills and agreement.
Additional materials
The following material was also used:
* avideo camera - to record the participants gestures,
* asound recorder - to record the interviews at the end of the session,
* alaptop - to control the feedback program,
* avideo projector - to show the feedback to the participants,
* aset of plates and cutlery.
3.1.3 Procedure
3.1.3.1 Description of the physical setting

The room utilized had enough table space to accommodate the participants'

demonstrations. The actual physical layout is presented in Figure 1.
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/ Experimenter

Experimenter's
|:|_4> laptop

Table | ¢— | O

O / Feedback

Plates, cup | display
and cutlery ¢

Participant Video camera

Video Projector

Figure 1 - Layout of the experiment room

3.1.3.2 Spoken instructions to participants and sequencing of activities
Step 1 - beginning of the experiment

* INSTRUCTION - “This experiment has three parts. In the first part you will be
asked to sort a set of photographs of robots into different groups you find
relevant. In the second part, you will be asked to explain to three different robots
how to accomplish a certain task. In the final part, we will ask you a few

questions concerning your experience with our experiment.”
* The nature of the different materials in the room was explained to the participant.
Step 2 - The initial card sorting task.

* INSTRUCTION - “Please look at the following photos of robots and try to sort
them into groups that you find meaningful. There is no right or wrong answer to

this task.”
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After the completion of the task asked the participants the rationale for the

sorting.

Step 3 - The main experimental task.

INSTRUCTION - "Our experiment involves recognising gestures to control a
robot. This camera is the robot's vision system. It will recognise gestures and tell
you if it has recognised them successfully. Your performance is not being
assessed. Our robot's vision is being assessed. Now consider that this is the type
of robot you will have to teach". The experimenter re-presents the cards of the

type of robot to be taught and leaves them on the table. "The way to do it is:

o Suppose my colleague wanted to gesture to the robot to move the chair.

o First the robot says: WAITING.......

o You make the gesture.

o The robot responds with a colour.

o IfRED, the robot has not understood at all and will wait — please try again

o IF YELLOW, the robot has partially recognised the gesture and will wait

— please try again

o If GREEN, the robot HAS understood. - You must now actually move the

object.

o Thus WAIT, GESTURE, get COLOUR, TRY AGAIN or MOVE
OBJECT."

INSTRUCTION - "Only one object at a time can be manipulated. There are three
tasks. The first one is: move the plates to the table; you may place the plates in
any position on the table. The second one is: Lay second table using the plates and

the cutlery. The third one is: put plates and the cutlery back onto the stand."
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* The procedure was repeated for the other two types of robots.
4 Results

4.1 The card sorting task

Eleven of our participants came up with 25 different designations for the groups of
photographs they formed. From this initial number of designations we were able to

aggregate into the groups being displayed in Table 1.

Considering the four main categories (humanoid, mechanistic, animal, toys), the
participants seemed to agree fairly well on which robots' photographs to include in the
groups they formed. However, two photographs revealed to be more difficult to classify:
the photograph showing robot Care-O-bot (by IPA) was classified either as humanoid or
mechanistic, while the photograph showing the robot EMIEW (by Hitachi, Ltd) was

classified as toy or humanoid.

Participants’ Categories \ Our aggﬂation
Human Humanoid
Realistic Human Humanoid
Abstract Human Humanoid
Mechanistic Mechanistic
Tool Mechanistic
Precise Mechanistic
Lab Exp Mechanistic
Prototypes Mechanistic
Experimental Mechanistic
Industrial Mechanistic
Assembly Line Mechanistic
Manufacturing Mechanistic
Animal Animal
Biological Animal
Dogs Animal
Insects Animal
Toys Toys
Cute Toys
Joky Toys
Pods No classification
Mystery No classification
Commercial No classification
Animal/Human No classification
Have Legs No classification
Have Faces No classification

Table 1 - Participants' designations for the groups of photographs formed and our initial aggregation
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4.2 Analysing the videos

The videos were analysed by two observers/coders using the coding scheme referred to
previously. From the initial sample of 12 participants, only 9 were picked for the analysis
of their video recordings. The observers/coders utilized the software Annotate to code the
activity of the participants. This tool requires the coder to choose a time interval
(granularity) for the coding. In this case the time interval we considered practical was one
second. As we shall see, however, this choice had clear implications on the coding.
Annotate assigns one letter corresponding to the particular event type in the category
chosen by the observer/coder to the time interval. More than one letter can be assigned to
the same time interval since the tool supports non-mutually exclusive category systems.
Annotate produces a table (in a text file format) for each subject with columns for each

category and rows for the time intervals.

This section, the analysis of the video recordings, is sub-divided into four parts, each part

corresponding to the measure utilised. The measures were:
* Counts — this simply means the frequencies of the different types of behaviours.

* Duration — this means duration of each type of behaviour. The grouping was made
by duration interval and not type of behaviour (so we have, frequencies of
behaviours that lasted 1, 2, 3, 4, 5, 6, 7, 8 seconds). In this case we are not

considering sequences of types of behaviours.

* Multiple occurrences — whenever more than one code appears at a specific
moment (row of the spreadsheet) then we register a multiple occurrence. Given
that some behaviours seem to happen very fast and our time interval for coding is
1 second then it might be the case that sometimes we are registering multiple

occurrences when we should be registering sequences.

* Repetitions — in this case we analyse if the type of sequence that happens when
the participants are asked to repeat their gestured explanation is different from

what they produced initially. It basically tries to see to what extent the participants
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try different types of sequences or if they stick to a particular type. For the
analysis we considered changes involving duration or type of sequence. As
examples of the heuristic followed for the classification: (a) if the initial sequence
was ABBA and the repeated sequence was AABBAA then it was classified as a
change in duration, (b) if the initial sequence was ABB but the repeated sequence
shows BAA then we would classify it was change in type. Please note that due to
the way Annotate writes the output file of the coding activity, it is almost
impossible to distinguish between duration and multiple consecutive occurrences
of equal events. In other words, AAA might be a type A behaviour lasting three
seconds or three consecutive occurrences of A. In order to disambiguate the issue

we would need a special code to distinguish it.

Sequences — the sequences were classified based on the type of behaviours
appearing from the onset to the offset of the sequence but not considering the
duration of each type of behaviour. This means that: ABBBA was considered
similar to ABA but different from AABAB. The same applies here regarding the
confounding between duration and multiple consecutive occurences referred to in

repetitions.

4.2.1 Frequency of the different behaviours

The registries of referencing object and referencing place are inflated for E, L, R and S.

This reflects the strategy of one of the coders to consider that eye gaze almost always

meant referencing (to the objects, to the display, to places). The other coder did not

follow the same strategy. This suggests rather than interpreting eye gaze as either

referencing or looking, it might be more useful to simply track the target of eye gaze in

the annotation.
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Let us start by considering the results of participants A, Af, B, D, K, all coded by the
same observer/coder (please consider the paragraph above, regarding one of the
observer/coder strategy; this issue is further discussed in the Discussion and conclusions
section). The results from Table 2 suggest that participant A used more referencing object
and referencing place. The other participants used more miming manipulation and

miming transportation.

Participants
Categories | A Af B D E(*) |K L(*) | R(™*) | S(*
Ref. Obj. 78- 80- 99- 121- 119-
49.7% 28.8% 269% | 30.1% | 45.9%
Ref. Ple. 77-48% | 7-3.1% 72- 120- 123- 123-
25.9% 32.6% | 30.6% | 47.5%
Mm Trsp 77- 73- 85- 63- 76- 74- 78- 2:0.8%

34.2% 46.8% 48.9% 22.7% 47.8% 20.1% 19.4%

Mm Mnp 76- 74- 85- 62- 77- 72-20% 19- 15-5.8%
33.8% 47.2% 48.9% 22.3% 48.4% 19.7%

Symb Gst 58-25%

Gst Crt 4-1.4%

Exprss 1-0.6% 4-2.5% 1-0.3% 1-0.2%

Incid. 1-0.6% 3-1.3% 5-3.2% 2-1.1% 1-0.4% 6-3.8% 2-0.5%

Table 2 - Absolute frequencies and percentages for each type of behaviour taking into consideration
the relevant categories for the analysis of the gesturing phase. The categories' defintions can be found
in appendix 7.1

Legend - Ref Obj: referencing object; Ref plc: referencing place; Mm Trsp: miming transportation;
Mm Mnp: miming manipulation; Symb Gst: symbolic gesture; Gst Crt: gesture creation; Exprss:
expressive gesture; Incid: incidental gesture

*Note - the interactions of participants A, Af, B, D and K were coded by one observer while
participants E, L, R, S were coded by another observer. The registries of referencing object and
referencing place are inflated for E, L, R and S. Please see explanation below in the main text. This
reflects the strategy of one of the coders to consider that eye gaze almost always meant referencing
(to the objects, to the display, to places). The other coder did not follow the same strategy.

This suggests subjects used two main different strategies: use of referencing or use of
miming. Table 2 also shows that only one subject used symbolic gestures extensively.

We did not register many occurrences of unintentional or expressive gestures.
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We believe that the same applies to the other participants coded by the other
observer/coder. The confounding factor is the way he registered the referencing
behaviour. In fact, participant S is also a good example of the use of referencing object

and place since the number of miming behaviour is rather small.
4.2.2 Duration of the different behaviours

The estimates regarding duration are constrained by the time interval chosen for the
coding. In fact, in some cases, we could observe that the participants' gestures took less
than one second. So, regard the following results as approximations and not precise

accounts.

Figure 2 suggests that referencing objects seems to take about one second. However, this
estimate might be confounded due to the way one of the observers/coders utilised this
category (looking at the display and looking at the plate, cup etc). Referencing place also

seems to take one second most of the times (see Figure 3).

Miming grasping and transportation is mostly a one or two second gestures but there
were a few cases of three second gestures (see Figures 6 and 7). The same applies to the
actual manipulation and transportation of the objects (see Figures 4 and 5). Finally, the

subject who used symbolic gestures seemed to take between 1 to 3 seconds to do them.
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Figure 3 - Duration of the referencing place behaviour
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Figure 4 - Duration of the actual grasping of the objects

Manoeuvering - Transportation

400 -

O Manoeuvering

Frequencies
—
(@]
o
|

Duration in seconds

Figure 5 - Duration of the actual transportation of the objects
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Figure 6 - Duration of the miming of object transportation
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Figure 7 - Duration of the miming of object grasping

4.2.3 Multiple occurrences

Given the way one of the observers/coders coded referencing it is difficult to distinguish
between referencing objects and the meaning of eye gaze. The observer/coder that did not
use the same strategy only registered 12 multiple occurrences, 11 of which were from the

same subject using object referencing at the same time as transportation.
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4.2.4 Repetitions

Figure 8 shows that the subjects seem to stick with the same strategy along the session
since whenever they are asked to repeat their demonstration they tend only to do it
slower. Only two subjects, E and S, have more changes to the type of sequence than to
the duration. This result reinforces the finding concerning the use of two primary

strategies: use of referencing or use of miming.

Repetitions
40 +
35 _
> 30 [ 1 o Repetitions
§ ;g : m Changes
g 15 | O Duration
L 10 O Type Of Sq
5 i
0 i

A Af B D E K L R S
Participants

Figure 8 - Absolute frequencies of repetitions, changes to the previous sequence and type of change

4.2.5 Sequences of behaviours

Considering that the two observers/coders had different strategies regarding the coding of

referencing, the analysis of sequences is separated.

Participants
Sequences A |Af |B |D |K
Manipulation+Transportation 21 |71 |85 |76
Gst Crt+Manipulation+Transportation 4
Symbol+ManipulationtTransportation 52
Manipulation+Transportation+Referencing Place 6
Manipulation+Transportation+Express 2
Referencing Object+Place 74

Table 3 - Frequencies of the different type of sequences
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According to one of the observers/coders coding (participants A, Af, B, D, and K) the

main findings are (see Table 3):

Participant A used just referencing. The sequence was referencing object first and

place after.
Participants B, D and K used almost exclusively miming.

Participant Af not only mixed miming with referencing but also displayed the

greater variety of distinct sequences.

Taking into consideration the way the other observer/coder coded referencing (we should

bear in mind the implications of his strategy in the registering of multiple occurrences)

we chose to create four additional categories for the analysis of data so coded. The new

categories are the result of combining referencing with miming as co-occurring (see

Table 4).

Manipulation | Transportation

Referencing

Object

Type 1(T1) | Type 3(T3)

Place

Type 2(T2) | Type 4(T4)

Table 4 - the four categories resulting from the combination of miming and referencing

The main findings are (see Table 5 and Figure 9):

The most frequent sequence was referencing object and manipulation (T1)

followed by referencing place and transportation (T4).

Participant E almost equally displayed two different types of sequences: (a) the
previously described sequence and (b) referencing place and manipulation (T2)
followed by referencing place and transportation (T4). This participant also

displayed the highest variety of different sequences.

Participant S, who used referencing did it mostly in the following order:

referencing object followed by referencing place.
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Participants

Sequences E L R S

T1+T3 8 1

T1+T4 17 48 72

T2+T3 4

T2+T4 21 8

T3+T4

T1+T3+T4

T1+T3+T2

1

4
T1+T2+T4 4 8

1

2

T2+T3+T4

T1+T4+T2 1

T2+T1+T4 1

Ref Obj+Ref Place 60

Ref Plct+Ref Objt 4

Ref Obj+Ref Place+ Ref Obj 1

Ref Place+Ref Obj+Ref Place 4

Table 5 - Frequencies of the different types of sequences produced by the participants

Sequences
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Figure 9 - Percentage of the two most frequent sequences in relation to the overall number of
sequences each participant produced

4.3 Analysing the interviews

Question 1 and 2 - What do you think about this experiment? Did you
find it interesting? How did you feel about it? Did you enjoy or not?

Did you feel engaged with the task or bored?

For the analysis of the participants' views concerning questions 1 and 2 we decided to

consider five categories of contributions: the task was boring, repetitive, interesting,
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engaging and other. For each participant's whole answer more than one category can be

used.

In relation to the distinction between "interesting" and "engaging", we coded engaging
whenever the participants explicitly stated the word or whenever they provided

expressions that meant they were actively exploring possibilities or ideas while doing it.

From Table 6 we can see that some of the participants judged the task repetitive. In fact,
three of them labelled it boring. However, we could find 6 answers judging the task
interesting and 3 of them engaging. It was particularly interesting to find out that one of
participants clearly stated of being actively and methodically searching for correlations

between its gesturing and the feedback.

Categories | Freq. Highlights
Boring 3 "A little bit too long"
Repetitive 4
Interesting 6 "It was not boring. I liked doing it"
"It was interesting, not boring... just repetitive"

Engaging 3 "It is different to actually think about a task you do naturally";
"I liked doing it. I tried various combinations. I tried logical
orders."

"It raised lots of questions while I was doing it".
Other 2 "I didn't have feedback about the robot's performance."
"I wasn't quite sure about what was meant by gestures."

Table 6 - Frequencies of the categories chosen and highlights of the participants' answers

Question 3 - Which kind robot do you think you would like most?

Would you try to buy one if the cost was not prohibitive?

The analysis of this question's answers is simple: we just register the participants'
preferences. It is worth noting, however, that the majority of the participants seem to
have adopted our categorization, or at least something similar. It is worth noting that no

participants choose the mechanistic type.
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Categories | Freq. Highlights
Humanoid 4 "In particular because of the tasks involved."
"I preferred the one it was expressive and a bit funny."

Mechanistic

Animal 3 "They look cute."

"Cute" or 2 "The ones that look less technological."
Toy

"Designed" 1 "Not mechanical"

Table 7 - Frequencies of the categories chosen and highlights of the participants' answers

Question 4 - Can you realistically see yourself doing something

similar in real life?

In relation to question four, the main point we chose to consider was: to what extent do

the participants see themselves performing a teaching task to a robot similar to the one

presented to them.

Freq. Highlights

Yes, I could do it

8 "The only thing I was slightly confused was whether or

not the gestures I was producing were appropriate".
"... much more with the humanoid..."

No, I couldn't

2 "Not to lay a table. I would do it myself."

Other

3 "If I was buying a robot I would expect that someone

would have trained it."

was doing"
"I would expect to be able to recognise this simple task
(...). Not using gestures"

"I would be probably doing the task and explaining what I

Table 8 - Frequencies of the categories chosen and highlights of the participants' answers
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Question 5 and 6 - In relation to the task of teaching the robot, do you
think you would like to take time to learn some kind of gestures for
communicating with the robot? Do you think the robot should be able
to learn the gestures you would like to use to communicate with it? In
case you are not the only person who interacts with the robot, would

you spend time defining the gestures with other people?

The analysis of question five focuses on whether the participants prefer the use of a pre-
defined set of gestures or teaching the robot their own. Furthermore, we also wanted to
see to what extend people were aware of the implications of having a robot at home. In
particular, to what extent they thought they would have to create a common vocabulary to

communicate with the robot.

Use manual | Freq. | Highlights

Yes 10 "If it was an easy manual... not just read-read-read."
"Yes, because if I had a robot I would try to get the best of it."

No

o

Other

[\

"Maybe, it depends how many pages or how practical. If the
robot was very efficient learning..."
"I think it is simpler to do it by gesturing."

Table 9 - Frequencies of the thought use (or not) of a manual with pre-defined gestures and
highlights of the participants' answers

Table 9 shows that most of the participants would be willing to read a manual and learn
about a set of pre-defined gestures. However, on Table 10 we can see that the sample is
split between people that would prefer to use a set of pre-defined gestures and people that
would go for a "teaching gestures" approach. It seems that people that chose the pre-
defined gestures were concerned with the time needed to teach the robot. People that

would prefer to teach the robot seem to argue that this system seems more natural.
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Preference Freq. | Highlights

Manual 4 "If it has a specific set of gestures that it was trained to
recognise it should be easier. The other way I might get
frustrated thinking there is an easy way to do this."

"I would prefer to have a set of gestures pre-defined."
"It depends on what tasks..."

Teach/ Gestures | 6 "I think showing gestures is a bit easier
"I would prefer this sort of system (the gesturing). It is close
to how people teach somebody else."

Other Method 1 "Maybe a two way thing with the manual" - gestures and
manual.

Table 10 - Frequencies of the preferred method to demonstrate the task to a robot and highlights of
the participants' answers

In relation to the issue of co-ordinating the set of gestures to teach the robot if more than
one person was involved, only four participants clearly addressed the theme. All
considered that they would be able to co-ordinate with other people. However, two of
them also stressed that they think the robot should be able to be flexible enough to
accommodate to different people. For example, one of the participants said: "I think the
robot should be flexible. With simple sign gestures the essence is always the same. It
should be able to recognise that different people were doing the same gesturing. It was a
bit surprising to find that the majority of the participants did not discuss the issue more
fully. Two possibilities come to mind: (a) the question was not properly understood; (b)
the participants considered that their gestures were self explanatory for that task so they

could not see the point of the need to find common ground.

Question 7 - Do you think you were influenced by the different robots'

appearance? If yes, in what way?

In this last question we considered the following analysis:
* Do the participants report being influenced by the robots' appearance?
* Do the participants report thinking about the robots' appearance?

*  What types of robots fostered distinction?
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Influenced? | Freq. | Highlights

Yes 6 "Yes, the mechanical ones influenced. I thought I had to be more
mechanical, making less smooth gestures."

"There was this thing I thought half way through, especially
when looking at the spiders."

No 3 "It is a matter of internal design."

"Although I tried to differentiate and look at the pictures I did not
get influenced. I thought of a brain and the outer case wouldn't
make a difference."

Thought 1 "I couldn't work out how to make my gestures different."
about it

Table 11 - How many times did the participants report being influenced by the robots' appearance?

Type of robot | Freq. | Highlights

Mechanistic 1 "I thought I had to be more mechanical, making less smooth
gestures."

Humanoid 0

Animal 5 "There was this thing I thought half way through, especially

when looking at the spiders."

"I couldn't figure out how the biologically inspired robots could
reproduce my gestures."

"I was influenced by the animal type. [ was curious about how
they could reach and hold objects etc."

"For toy robots or insects I would have to demonstrate. But for
the humanoid I should be able to just point."

Table 12 - What type of robots' appearance the participants report to influence their actions or
thinking?

5 Discussion and conclusions

The results from the card sorting task suggest that there are some kind of underlying
grouping principles regarding the robots' features that people use to classify robots since
people agree on photographs' groups to be formed given the set provided. What are these
features, however, seems to be open to discussion. To our knowledge there is no

systematic study addressing this topic.

In relation to the coding scheme developed, the task set up for the second phase of the

experiment was simple and it was expected that the recognition of the gestures' meaning
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should not be difficult. However, the observers/coders had some trouble coding the
gestures. We are aware that the two observers/coders seemed to have different strategies
towards the coding scheme that influenced the coding. For example, one of the coders
considered that eye gaze almost always meant referencing (to the objects, to the display,

to places) while the other did not.

These two examples clearly indicated the need to improve the description of the different
categories in order to raise inter-observer/coder agreement. In support of the tentative
nature of this first study, some research points out the difficulties subjects have of

unambiguously interpreting gestures alone (Hadar & Pinchas-Zamir, 2004).

In terms of lessons learned, we would like to point out the need to clearly disambiguate
between duration versus multiple and consecutive occurrences of the same behaviour.
One way to solve this is the use of an event-based annotation: it explicitly shows the
onset and offset of events based on the available frames of data. For our next codification
tasks we plan to use an alternative video coding software tool that is event-based -
ANVIL (Kipp, 2004). Furthermore, ANVIL, being an event-based video annotation tool,

does not require the a priori specification of a particular time interval.

Another issue is the "usability" of the classification system itself, from the perspective of
the coders. For coding purposes it seems easier to have nested categories since it
facilitates the search for codes (see Kipp, 2004, for a discussion of annotation tool
requirements). The ANVIL tool is flexible in relation to the use of a multi-level coding
scheme and allows to creation of relationships between the levels and/or layers utilised
for the coding. ANVIL generates an xml file as output with all the coding information.
This seems extremely useful to proceed with the analysis of the data both quantitatively

and qualitatively.

A second version of the coding scheme is being defined and will be tested regarding
inter-observer agreement. In fact, we are planning to extend our work and produce a fully
standard coding scheme with corresponding manual This second version differs from the
previous one on the following aspects (for the description of the coding scheme and its

different categories, see Appendix 7.2):
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*  We will explicitly require the definition of the context and tasks being carried out.

*  We will explicitly separate in different coding tracks movements with hand/arm
from facial displays, head movements and verbalisations. This means that the

classification system now has more categories.

*  We will consider linking some of the tracks corresponding to different categories

in order to foster the extraction of meaning.

From the analysis of video recordings the following results are particularly suggestive

and need further research:

* We were unable to register, using the coding scheme, differences in people's
gestures due to exposure to the distinct groups of photographs. This is particularly
evident since people tended to stick to the same type of sequence along the whole
session. Nevertheless, it was interesting to note that in the interviews some of the
participants report being influenced or having thought about it. Some participants,
however, explicitly stated they were not being influenced by the different
photographs. We feel further research would be needed to clarify this topic.
Maybe using photographs is not enough? Maybe if we have actual robots the
results would be clearer or at least the two positions (being or not being
influenced) can be made more distinct. Another possibility is that our present
coding scheme was not detailed enough to capture the possible subtleties. For
example, a brighter picture might emerge if we classify the movements people

make according to a dimension of smoothness/jerkiness’...

* For this particular task two styles seem to emerge: either people used referencing

object and then place or they just mimed the task.

* The duration of most gestures falls in an interval of one to three seconds. It is
interesting to observe, though, that miming behaviours seem to take slightly

longer than the actual manipulation of the objects. The question is: if the

3 The gestures some of the participants produced suggested to observers some association of jerky
movements to mechanistic-like robots and smooth movements to human-like robots.
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participants were not told to gesture first and move objects after would the same

relation hold?

People do not seem to switch their style of gesturing not even when negative
feedback regarding its understanding was given. Instead they just slowed down a
bit their explanatory sequence. However, one question comes to mind: would this
be the case if instead of having a robot the recipient was another human? Is it
possible that people were assuming that the non-understanding from the vision
system was just a perceptual problem? Another possibility is that people just
assumed that such a simple task would entail an "obvious" sequence and were not

really creative due to the nature of the task requirement.

From the interviews we highlight:

People see themselves teaching a robot using gestures.

People seem to accept using a manual to learn a set of pre-defined signs to be able

to communicate with the robot.

Preference towards either using a manual to learn how to communicate with the

robot versus teaching the robot using gestures is almost split in half.

People report being influenced by the different types of robots' photographs, in

particular when considering the animal-like robots.

Our initial study focused on the production of gestures alone. On one hand, it seems

reasonable to consider that people may not find it “natural” to use gestures alone for the

explanation of tasks to a robot. On the other hand, research points out that people's

explanations using gestures alone of assembling tasks seems to facilitate not only their

comprehension of the task but also the comprehension of the observers (recipients) of

their explanations (Lozano & Tversky, 2004, 2005). Hence, further research is needed to

understand the interactions of roles gesture and speech might assume in human-robot

interaction.
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For our next study we intend to set up an experiment to investigate the use of speech and
gestures when explaining simple tasks related to Key Experiments in Cogniron. The
experiment will follow a within subjects design where each subject will be asked to
explain the task using gestures and speech or gestures alone. The participants will also be
asked to answer a questionnaire regarding their experience using gestures and speech and
how they picture this kind of interaction happening between humans and robots. The
experiment will allows us to see to what extent speech and gesture combine in this
particular situation and collect data regarding the participants' opinions on this particular

style of interaction.

To wrap up, we argue that this exploratory study was essential for the on-going
development of a coding scheme to classify gestures people produce when asked to
demonstrate how to perform a task. The coding scheme is central for the systematic study
the frequency, duration and sequence of different gestures in people's task
demonstrations. In turn, this analysis will inform the design and parameterisation of

algorithms for the recognition of human activities.
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7 Appendix

7.1 The coding scheme

For the building of the present set of categories, three coders watched the videos of three
participants, discussed an initial categorization system, defined the coding scheme and
extended the categorization system whenever the coding scheme revealed imprecise. The

categorisation system follows the Nehaniv's et al (2005) work.

At the end of this document you can find a table with the set of categories to be used for

the analysis utilising the Annotate software.

7.1.1 The categories and coding scheme
Reference/topicalization

The gestures that fall into this category are gestures used to indicate objects or loci of
interest. We chose to clearly set these apart from gestures that involve the demonstration
of object manoeuvring. This means that if a person shows a grasping action this will be

classified as manoeuvring and manipulation and not some type of referencing.

The category reference/topicalization is further subdivided into to sub-categories and

corresponding elements:
* Object of reference/topicalization:
o Objects - when the reference is made to an object.
o Place - when the reference is made to a place (physical space).
o Self - when the reference is made to one-self.
o Other persons - when the reference is made to other persons.

* Body part used for the referencing:
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o Head/eyes
o Arm/hand/fingers

Manoeuvring gestures

The classification of manoeuvring gestures is applied when the gesture corresponds to the
actual body movement utilised for the manipulation of artefacts. In other words, these
gestures imply some kind of effect over artefacts and can be performed not also with the
hands (for example, grasping an object) but also with other body parts (for example,
kicking a ball).

The category of manoeuvring gestures can be sub-divided into two distinct subcategories
whether the artefact is actually being manipulated or the person just demonstrates how to

do it. Thus the sub-categories are:
* Actual manoeuvring
o Transportation - when involves the displacement of the artefact.
o Manipulation - for example, tool use, grasping, pulling a lever.
*  Miming
o Transportation - same as above.
o Manipulation - same as above.

Body/World relationship

This category describes the state of the person's body in relation to the world. It can be

sub-divided into:
e Still

o Sitting
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o Standing
* Moving
o Walking
o Running
o Other...
Symbolic gestures

These are gestures that follow a conventionalised signal. Its recognition is highly
dependent on the context (both current task and cultural milieu). We chose to sub-divide

this category into:
* Symbolisation of objects
* Symbolisation of actions
* Symbolisation of abstract concepts
* Symbolisation of person or animal
* Symbolisation of an adjective

Furthermore, we can also further classify the gestures according to the following

categories:
* Arbitrary

e Jconic

Indexical

Metaphorical
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Interaction regulation

According to Nehaniv et al (2005) this category classifies gestures used to regulate
interaction with a partner. Thus are can be used to initiate, maintain, invite, synchronise,
organise or terminate an interaction behaviour between agents. For our present purposes
we chose not only to sub-divide this category according to the focus of the gesture but to

classify according to its function. The sub-categories are:

* Focus (it involves not only gaze direction but also the use of other body parts,

for example using the head)

o Object
o Place
o Person or animal

*  Function
o Initiating
o Awaiting acknowledgment
o Maintain
o Invite
o Synchronise
o Organise
o Terminate

Gestural symbol creation

This category will be utilised whenever the coder observes the person performing a

gesture that is in fact the creation of an un-conventionalised signal.
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Expressive gestures

According to Nehaniv's et al (2005) categories expressive gestures occur as side-effects
of people communicative behaviour. It can be motion with hands, arms, face etc but

without specific interactive, communicative, symbolic or referential roles.
Unintentional/irrelevant activities

Unintentional/irrelevant gestures do not have a communicative or interactive function.
They might prompt an observer to make inferences about the internal state of the other.
For example, "he is not paying attention" but the transmitter is unaware of its effect on

the observer. For example, scratching one's head, playing with objects.
Repetition

This category just covers the effect of giving feedback to the person given the

experimental task set ut.
Error and error recovery

Finally, the error and recovery category intends to code actions that the observer can
clearly judge to be errors or recovery from previous errors in relation to the on-going

task.
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7.1.2 Annotate table

Categories and sub-categories

Annotate code

Reference/Topicalization .
Object of Reference Obj. Ref.
Object A
Place B
Self C
Others D
Body part used Bdy Part
Head/eyes A
Arm/hand/finger B
Manoeuvring gestures
Actual Man Actl
Transportation A
Manipulation B
Miming Man Dmns
Transportation A
Manipulation B
Body/World Relation - -
Still Bd/Wrld/Sti
Standing A
Sitting B
Moving Bd/Wrld/Mv
Walking A
Running B
Other C
Symbolic Gestures Symb. Gest
For objects A
For action B
For abs. concept C
For person/animal D
Adjective E
Interaction Regulation
Focus Inter Focus
Object A
Person B
Place C
Function Inter Fnc
Initiating A
Maintain B
Invite c
Synchronise D
Organise E
Terminate F
Awaiting G
Acknowledgement
Gesture Creation \ \ \ Gest Crt- A
Expressive gestures \ \ \ Exprssv - A
Unintentional/Irrelevant \ \ \ Unint - A
Repetition \ \ \ Repete - A
Error/error recovery \ \ | Error- A

Table 13 - table of the categories and corresponding codes for the Annotation software
Note - Giving the need to flatten the sub-categorization into two levels for using Annotate, the code in

bold correspond to the categories used and the italic letters A, B, C, D etc are the sub-categories
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7.2 Work in progress: The new coding scheme

This coding scheme intends to be generic; it should be possible to adapt to different study
requirements. Researchers will be able to choose tracks, and categories adapting to the

required level of detail.
A Context
A1 Who is present?

The initial description of who (or what) is present (humans, robot, distinguishable groups

of agents) allows the identification of the recipient.

A2 Objects present

Allows the identification of the target, in terms of targets for manipulation, topics of

discourse etc...

A3 Layout

Describes the physical setting and helps contextualise the movements and manipulations

performed.
A4 Scenario/Script
This includes description of the tasks and typical activities.

Ab Interaction history

This includes information or pointers to previous episodes involving some agents or

objects, as well as recent activities.
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B Track for Gestures - (using hands or other body parts except head)

B1 Irrelevant gestures

Irrelevant gestures that do not have a communicative or interactive function. They might
prompt an observer to make inferences about the internal state of the other. For example,
"he is not paying attention" but the transmitter is unaware of its effect on the observer.
For example, scratching one's head. This category also includes side effects of motor

activity, e.g. rhythmic movement of arms while walking.

B2 Manipulative gestures

These gestures imply some kind of effect over artifacts and can be performed not also
with the hands (for example, grasping an object) but also with other body parts (for
example, kicking a ball). The coder will need to identify the actual manipulandum, and

if appropriate the recipient and the target and/or target locus.

Consider whether to decompose into phases or not - for example, preparation, grasp and

transportation / displacement.

B3 Symbolic gestures
Might designate

« objects — state which object (maybe referring to A2 but not exclusively);

« actions — state which action. The coder will need to identify for actions taking

argument roles, the recipient and the target (or other roles).
+ person/ animal / other agent - identify referent .

» other such as abstract concepts, uses of non-referential symbol (e.g. adverbials

for ‘hurry up’, ‘no’, refusal, greeting, numbers, etc.) - state interpretation.

« Ifitis the first occurrence of a gesture observed for that person, not culturally

prescribed as far as the coder is aware, then he should code gesture creation.
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B4 Referential / pointing gestures

State which place, object and/or agent(s) (persons, humans or groups) (maybe referring to
A1, A2 and A3 but not exclusively). These gestures might also point to parts of the body
that are themselves displaying a gesture. For example, in one hand I start by symbolising
an abstract concept and then, with the other hand, I point to it. So, it seems reasonable to

assume that people can also refer to absent, abstract or imaginary things.

B5 Interactional gestures

Function to the interaction episode: initiating, awaiting acknowledgement, maintain,

synchronize and terminate.

This category might be used in conjunction with some of the others described in this
document - multipurpose gesture. In particular, miming, manipulation, referential,

symbolic and/or head movements.
B6 Side effect of expressive behaviours

According to Nehaniv's et al (2005) categories expressive gestures occur as side-effects
of people communicative behaviour. It can be motion with hands, arms, face etc but

without specific interactive, communicative, symbolic or referential roles.
B7 Miming

State the action but also which object(s) and/or agent that might be in the role of

argument(s) as for manipulative actions (maybe referring to A2 but not exclusively).

Consider whether to decompose into phases or not - for example, preparation, grasp and

transportation / displacement.
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C Track for Facial Displays and Head Movements

State if the classified event is congruent to other co-occurring events.: congruent / non-

congruent. For example, eye gaze is referring to the same object as pointing.

C1 Emotional Displays

Possibly annotate also - Function to the interaction episode: initiating, awaiting

acknowledgement, maintain, synchronize and terminate.

C2 Eye gaze (identify target of gaze - object, interaction partner, location, etc)

Possibly annotate also - Function to the interaction episode: topicalize (target of

gaze), initiating, awaiting acknowledgement, maintain, synchronize and terminate.
C3 Head movements
For example, head nods, “saying” no etc...

D Track for Verbal Productions

State if the classified event is congruent to other co-occurring events: congruent / non-

congruent. For example, naming an object and pointing to it at the same time.

D1 Sentences uttered.

Possibly annotate also - Function to the interaction episode: initiating, awaiting

acknowledgement, maintain, synchronize and terminate.
E Track for Body / World relationship
This category specifies the position of the body in the physical space as well as changes:

» General posture:

o Seated
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o Standing

Movement - state changes of location:

o Walking
o Running

o Smooth or jerky
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7.3 The robots’ photographs
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ABSTRACT

Co-presence and embodied interaction are two fundamental
characteristics of the command and control situation for service
robots. This paper presents a study of spatial distances and
orientation of a robot with respect to a human user in an
experimental setting. Relevant concepts of spatiality from social
interaction studies are introduced and related to Human-Robot
Interaction (HRI). A Wizard-of-Oz study confirms that the
preferred spatial distance and spatial formations encountered can
be modeled to this framework, but equally reveal novel patterns
of spatial cooperation in interaction episodes. Furthermore, it is
claimed that a simplistic parameterization and measurement of
spatial interaction miss the dynamic character and might be
counterproductive in the design of socially appropriate robots.

Keywords
Human-Robot Interaction, spatiality in interaction, interaction
episodes

1. INTRODUCTION

Humans engaged in physical activities have to deal with spatial
relationships. Due to the physical mass and degrees of freedoms
of body, head, and limbs, movement in three-dimensional space
or manipulation of objects needs to be orchestrated on the basis of
sensory perception and cognitive abilities. The required
understanding of spatiality is claimed [20] to have its origin in
evolutionary traits that shaped not only perception, but influenced
human usage of linguistic metaphors in daily usage, too.

A service robot that is intended to operate in co-presence of a
human user constitutes a physical entity on its own. Consequently
do both, i.e. the human interactor and the robot need to deal with
issues stemming from their mutual co-presence, mobility,
multimodal communication, and embodied interaction [7].

Trained by sociocultural and daily experience, humans are in
general skilled in dealing with other people in managing space or

Figure 1: User teaching the robot objects, illustration only

in handling objects. The signaling, whether through non-verbal or
verbal expressions is often well understood (or can be repaired ad
hoc).

As a requirement for this ability it is mandatory for people to
notice other people’s body movements; gaze exchanges, gestures
or mimic expressions are also closely tracked and interpreted
subconsciously. Furthermore signaling in and through the
environment is possible and anchored within the sociocultural
context and practice, e.g. a closed door can signify a “please do
not disturb me right now” if this convention is well established
and adhered to.

Interactive mobile robots are machines that challenge or defy
many innate human assumptions: They are pushing the borderline
of our understanding, differentiation, and reactions towards what
is alive or inanimate [18], [23]. Their self-locomotion, the
attribution of “body”-movement as expression of their own
intention, and the missing training in reacting to a machine’s
spatial behavior are contributing factors.

As part of the European research project COGNIRON [5], this
paper investigates the spatial management in a Human-Robot-
Interaction scenario: When a robot is guided around in its future
operation area to learn places and objects, the user needs to make
the robot follow her to pass through the environment.
Additionally, a user and a robot need to position themselves so
that pointing and labeling objects and places through spoken
dialog is possible. In a study with 22 subjects we observed and



recorded movement and positioning during this interaction to
understand how robot motion and interaction behaviors can be
designed to be perceived as socially appropriate. The questions
guiding the study were: how do the spatial distances and
orientation of a robot in relation to a human vary throughout a
cooperative task in a typical home environment?

We are interested in this spatial management behaviour as it re-
quires the active monitoring and dynamic reaction to each others’
movement and position changes. As expectation we want users to
feel comfortable and in control of the robot. Additionally, we
want to understand how the robot can be enabled to realize the
significance of its movements in the context of interaction with a
human user. Posture and positioning changes in HRI are therewith
prerequisites to read one another’s signaling through joint spatial
management. It is assumed that it is used in parallel to other
communication modalities like spoken utterances. To find the
relevant features of such spatial interaction between a robot and a
user we let a robot interact with users and analyzed the interaction
for variations in distance and spatial orientation.

The remaining paper is organized as follows: The background to
helpful concepts from social interaction studies and related
research in robotics is given in the next part. In Section 3 the user
study conducted is presented in set-up, data-collection, analysis,
and findings. Finally, in section 4 a discussion of the findings and
conclusions are drawn.

2. BACKGROUND

Findings from such diverse disciplines as archaeology, social
interaction studies, Computer Supported Cooperative Work
(CSCW), choreography, social and environmental psychology,
contribute to our understanding of spatial (inter-) action in co-
presence of other people and (interactive) artifacts. Below some
concepts and studies found relevant to HRI are given briefly.

2.1 Humans acting in space

The HRI situation of interest here is best described as a face-to-
face encounter, i.e. a shared physical space enabling synchronous
communication exchanges as opposed to remote or technically
mediated ones [6]. In such a situation the (nonverbal)
communication can be regarded as partly unconscious, meaning
that an exchange of signals in such an encounter is not necessarily
a choice, but something that can not be avoided — it “simply
happens”.

Birdwhistell [3] believed that behavior of posture or bodily move-
ments in relation to social and communicational processes can be
understood and interpreted as an external visible and observable
code which maintains and regulates relationships between
humans. Goffman [8] proposed that elements of interactions can
be studied to gain an in situ natural understanding of events that
happen in encounters when people continuously exchange signals
of behavior. This would aid the understanding of how “people
routinely achieve order in their interactions with one another”.

Three kinds of nonverbal communicational, body movement
behaviors to be observed in face-to-face encounters were
differentiated by Scheflen and Scheflen [19]: The reciprocal
exchanges of kinesic behaviors are observable body movements
or gestures that are displayed by both interaction partners as part
of their joint exchange management. HRI still has to find these
reciprocal supportive exchanges, i.e. movements by a robot that

can be expected to produce certain body movement responses by
a user. The territorial behaviors allow or prevent the passage of
people across a boundary. For HRI this has a direct and important
consequence: Studying the territorial behavior in humans
interacting with robots could be a way to determine safety re-
quirements on the robot or the robot motion behavior. It is also
important to understand for a robot what kind of closeness to
human interactors will be preferred in different situations.
Language-orientated kinesic behaviors that can be regarded as
part of the spoken communication are of interest to HRI as they
support the verbalization of what is currently being talked about
in a discourse between two interactors. A simple example would
be a pointing gesture going along with the utterance, “Robot, this
is a chair”. Without the visual information of the pointing gesture
the robot as listener would need to start searching for the object in
question.

Humans are trained in social norms, taught to the young members
of a social group [2]. For robot interaction behavior it remains an
open question which social norms will be established over time.
Equally undeveloped are social norms and rules that robots should
know and act upon in posture and positioning. Such behaviors in
communicative and interactional encounters that are interpreted as
orderly are said to be socially appropriate [13], i.e. they are
characterized by being perceived as ordered affairs that go mostly
unnoticed and are handled without consciously reflecting about
them. The opposite are interaction behavior cases where
interaction and communication breakdowns occur [9], e.g. by
unsuited behavior or spoken dialogue utterances that render a
situation as socially impossible.

2.1.1 Hall’s Proxemics

Edward T. Hall studied interpersonal distances and coined for his
studies the term Proxemics [11], i.e. “the interrelated observations
and theories of man’s use of space as a specialized elaboration of
culture” [ibid, p.1]. In the human-robot-interaction context of
posture and positioning, mainly three findings are of importance:
The classification of interpersonal distances into 4 different
classes, the realization of cultural differences in the spatial
behavior of people from different countries, and last but not least
man’s perception of space. From his observations in the US, Hall
concludes that social interaction is based upon and governed by
four interpersonal distances: (1) intimate (0-1.5 feet), (2) personal
(1.5-4 feet), (3) social (4-12 feet), and (4) public (>12 feet). The
combination of measurable spatial relationships, human
ergonomic and kinetic capabilities, different social roles and
interaction as well as typical characteristics and interaction
situations make Hall’s interpersonal distances interesting for HRI.
It might be postulated that the most co-present HRI exchanges
and reciprocal adaptations between a human and a robot will
happen in the social and the personal distances. The public
distance is of interest as this seems like an appropriate distance to
perhaps try to signal that an exchange can or is about to happen.
The social and the personal distance seem appropriate in theory
to facilitate both the communication and the exchange of goods
(for example the manipulation with a robotic arm). The intimate
distance seems to be better suited for exchanges with, e.g. mental
commit robots like the seal-robot Paro [21], where touch is an
intended interaction modality, resulting in the system giving off
heat that can be felt.



2.1.2 Kendon’s F-formation system

Kendon’s F-Formation system [13] is based upon the observations
that people often group themselves in a spatial formation, e.g. in
clusters, lines, circles, or other patterns. The term formation is
used to express the dynamic aspect of this spatial arrangement,
i.e. the need to actively sustain it during interaction. This often
takes the observable spatial form of small, well synchronized
movements of the participating interactors. An F-Formation arises
when two or more people form a shared space between them to
which they have equal and direct access due to their sustained
spatial and orientational configuration. The necessary behavioral
organization and movement patterns which are used to sustain this
F-Formation is called a F-Formation system [ibid, p.209]. The F-
Formation system can be applied directly to the interaction
encounter between a robot and a human: Between the two a so
called transactional segment or o-space, i.e. a space both to look
and speak into, or in which they handle (shared) objects of
interest is created and maintained.

Figure 2: Kendon’s F-formation arrangements

Kendon showed in addition that some joint activities and spatial
interactions are supported by certain F-Formation system
arrangements, and thus often are encountered in prototypical
situations. In the Vis-a-vis arrangement (figure 2, left) two
participants normally face one another directly; a L-Shape
arrangement in which two contributors are positioned so that the
frontal surfaces of their bodies fall on the two arms of an ‘L’ (see
fig. 2, middle) usually indicates a joint system in which
something is shared in the o-space, e.g. an object of interest. As a
last arrangement Kendon mentions the Side-by-side configuration
(fig.2, right) where the two participants are standing closely
together and face the same way. This arrangement is said to occur
often in situations were both interactors are facing an outer edge,
e.g. given externally by the environment in the form of a table, a
wall, a kitchen sink, or similar. For HRI it is important to notice
that all F-formation arrangements support a triadic relationship
between the two interactors and an object of shared interest beside
a dual relationship between a user and a robot alone.

2.2 Spatiality in interaction with robots
Several systems have been designed or studied to enable the
robots to actively use the space in interaction with humans.

Yoda and Shiota [25] take the need for safety in passing a human
in a hallway as motivation to develop control strategies for the
robot to adhere. Three types of encounters were anticipated as test
cases for their control algorithm, i.e. a standing, a walking, and a
running person.

Nakauchi and Simmons [15] present another approach by first
collecting empirically data on how people stand in line. They use
these data then to model a set of behaviors for a robot that needs
to get into, wait and advance in a queue for being serviced along
with other people there. Butler and Agah [4] varied a robot’s
movement behaviors and evaluated in a user study how robot

speed and robot distance were perceived by users. However, no
interactive task between the robot and the user was administered.
Equally without a task and need for interaction was the study
reported by Althaus et al. [1]. They used a complex, room-based
sensor array to track the fine movements and spatial adaptation of
a group of people and a robot during its initial appearance, its
“joining of the group”, and finally, the robot’s departure again.
The study could prove the spatial adaptation from humans and the
robot evaluating this adaptation and reacting (in turn) with an
dynamic adaptation in positioning.

Prassler et al. [17] introduce a robot wheelchair control system
that allows the system to stay close to an accompanying person in
a busy and crowed subway station, i.e. the robot movement (with
a person) in dynamic context is verified. Other people (besides the
accompanying person) in this public space are treated as
“dynamic obstacles” that need to be avoided as they are limiting
the room for navigation.

Topp et al. [22] also address the dynamic, joint movement of a
robot and its user. However, their robot operation setting is
confined to an indoor office space. Additionally the interaction is
not only focused on providing a robot navigation component.
Instead the authors present a laser-based tracking system that
allows the following of wusers during a so called Human
Augmented Mapping mission.

Using Hall’s interpersonal distances as defining the interaction,
Pacchierotti ef al [16] devised an algorithm that allows robots to
pass people in hallways.

3. USER STUDY

To investigate the spatial interaction of a user showing a robot
around we designed a study based upon the COGNIRON idea of a
“Home Tour[5].

3.1 Scenario and Set-up

The trial was based upon a scenario in which a user has got a
robot and is ready to use it for the first time. In order to make the
robot familiar with the environment it needs to be shown around
to learn places and objects that will be of interest to its later
operation. To ensure that the robot really has learned these
important places and objects, the user is also encouraged to test
the robot about the newly learned artifacts and locations.

This was done by encouraging users to send the robot on a
“search-* or a “find-* mission to prompt the robot to go back to
learned locations or encountered objects. The task embedded in
the scenario was thus for invited trial users to (a) get familiar with
the robot and navigate it by letting it follow after him or her, (b)
teach it places and objects, (c) validate already taught places and
objects, and (d) handle interaction practically with a robot,
including an initial opening and a closing.

For the study of posture and positioning in HRI the modalities
available for interaction and communication play a major role.
The robot used in this study is an ActivMedia Performance
PeopleBot'. It comes equipped with an on-board pan-tilt-zoom
camera. Trial users were told that this camera was employed by
the robot for object and place recognition. They were also
informed that the microphones placed upon the robot were used

1 .
www.activrobots.com




by the interactive speech system enabling the commanding of the
robot by speech.

The trial was conducted in the so called CAS? “living room” at
the Royal Institute of Technology (KTH) in Stockholm, Sweden.
A room five by five meter in size is furnished with IKEA living
room furniture, including different tables, a bookshelf, and two
sofas (see figure 3). Indicated with numbers are clockwise from
the lower left hand corner @ the entrance, ® the bookshelf, © the
Wizard of Oz [10] control station (with a DV-video camera), @ a
small table with a telephone, ©® a low coffee table upon which
different objects, like a remote control and magazines were
placed, ® two sofas, @ a TV and VCR combination on a small
table, and finally, ® a small dining table with a fruit bowl, a
coffee cup etc.

Figure 3: “Living-room” experiment area

The trial subjects were recruited within the Royal Technical
Institute of Technology, i.e. young technical students of both
sexes. Requirements for selection were that that they did not work
or performed research in robotics or computer vision, as this was
judged to be the requirement of a robot encounter with novice and
inexperienced users. We conducted 22 trials (after 4 initial pilot
trials for trial-adjustments) with 9 women and 13 men.
Participants of the study were rewarded a cinema ticket for their
time and effort.

Upon arrival participants received an introduction to the robot and
the task, both in written form and in the form of a short
demonstration by one of the experiment leaders. They were then
asked to use the robot to teach it new places and objects and
validate these. Upon completion of the trial users were asked to
fill in a questionnaire before they got debriefed about the
simulated nature of the robot’s behaviors in the experiment.

The actual robot behavior was teleoperated by two experiment
leaders who used a wireless robot navigation and on-board-

2 Centre of Autonomous Systems, www.nada.kth.se/cas

camera control for the robot and camera movement and a speech
dialogue production tool to interact with speech according to a
Wizard-of-Oz research methodology [10].

3.2 Data collection

Multiple data sources were collected during the trial: An external
video camera (DV) recorded the trial in audio and video from the
experiment leaders’ position and perspective. The room was
furthermore surveyed by four webcams running at a frame-rate of
about 1 Hz that were placed in the room’s corners in order to en-
sure that user and robot movements, postures, and gestures would
be captured independent on formation within the room The still-
images from the webcams are used in the analysis of the spatial
relationship and directional setting or formations between a user
and the robot (see analysis section below).

Data from a Sick laser range finder on the robot were stored and
analyzed with the help of a person tracking system [22]. This data
represents information about the spatial distance and positioning
of the user under the condition that the user is in a 180° degree
half-circle in front of the robot

Two other means of data recording during the trial are mentioned
briefly: A system log was saved for all commands that were sent
to the robot. Together with the timing information the robot trials
can thus be run in a simulator at a later point of time. The
different systems mentioned were synchronized against a local
Network Time Protocol (NTP) server. Finally, a Marantz digital
recorder was used to record the spoken commands on the robot
itself for detailed speech dialog analysis and future speech
recognition training. This recording is part of the ongoing
research cooperation with the University of Bielefeld (Germany)
within the COGNIRON project in designing and evaluating of an
interactive robot spoken dialogue system [14].

3.3 Data analysis
To find the relevant spatial interaction patterns and ways to
categorize them, we carefully examined the data of a few trials
first, scrutinized and discussed our methodology before settling
on our current approach.

As starting point for the analysis the timeline of the external DV-
camera was taken and matched with the transcribed spoken
dialogue for synchronization consistency throughout the trial data.
Based upon this synchronized transcription the interaction was
categorized into three interaction episodes termed “Follow” (user
guiding the robot around), “Show” (user teaching the robot places
and objects), and “Validate” (user testing the taught places and
objects by sending the robot on missions to find them again).
Another category of interaction was termed “Breakdown”, i.e.
scenes where miscommunication and/or task-level incidents led to
interruptions in interaction. Often this was accompanied or
signified by repair attempts through speech, movement to adapt
the position towards the interaction partner, repetitions or a
change of interaction strategy by either the user or the robot.

For each of the identified interaction Follow, Show, and Validate-
episodes the initial posture and positioning, i.e. the distance,
orientation, body posture, gesture(s), utterances, and dynamic
changes within the episode itself was annotated. The spatial
formation of the user and the robot was analyzed with help of
either the laser range finder data or a visual inspection tool (see
figure 4). As the laser range finder data is only available when the



user is standing in a 180° half-degree circle in front of the robot,
the visual inspection tool was applied in situations in which the
user was standing “behind” the robot or laser data was
unavailable.

robot from behind. This is not an F-formation according to
Kendon’s schemata and thus these cases are missing from the
tables.

While both the Follow and Show episodes were about equally
encountered in overall number of missions, Validate-missions
were less frequently observed in general. As the average duration
for a Validate-mission is longer than for the average Follow- or
Show-mission, only few subjects performed as many Validate
missions.

Table 1: Follow-Episodes Analysis

Figure 4: Visual inspection tool

The visual inspection tool displays different webcam images and
supports the annotation of the posture and positioning
information. Still images with a frequency of about 1 Hz are first
overlaid and fused with a calibration image so that virtual dots on
the images mark a grid to calculate distances and positions with.
With this aid, marks in the trial environment that could possibly
bias users to align themselves with were avoided. Image
sequences can be played back and forth and give — together with
the time-synchronized transcription of the spoken dialogue the
possibility to annotate movements, positioning, and postures.

The outcome of the analysis has been termed a thick description
giving the literally frame-by-frame commented observations from
the trials. These thick descriptions are accompanied with
numerically, quantitative interaction episode description
(including still image-sequences for illustration) for each of the
observed Follow-, Show-, and Validate episodes. This analysis
has been conducted for 11 trials so far, i.e. only half of the
available data have been taken up for this in-depth spatial
interaction analysis.

Focusing on the questions posed initially with respect to the
spatial distance and formations of the robot and the human, the
following findings section will focus on the results of the spatial
management during the Follow, Show, and Validate episodes as
analyzed from eleven trial sessions based upon a total of N=321
initiations.

3.4 Findings

Tables 1-3 give the summarized findings for the HRI episodes of
Follow, Show, and Validate as introduced above for eleven trial
subjects. Column 1 (numbering from left to right) gives the trial-
subject’s “identity”, column 2 holds the absolute number of
episodes encountered. Episodes themselves were than categorized
according to Hall’s social distances of “Intimate”, “Personal”, and
“Social” depicted in columns 3-5. Finally another categorization
according to Kendon’s F-formation arrangements was tried,
giving the occurrences in column 6-8 of either “Vis-a-vis”, “L-
Shape”, or “Side-by-side” F-formations recorded.

Note that the subtotals do not necessarily have to add up to the
absolute number of episodes. The reason is that subjects also
initiated mission, while e.g. not being in one of the Kendon F-
formation looked for. An illustration of such incident is the spatial
configuration in the “Validate”-state where users instruct the

Trial | HRI-Episode: Hall Distances Kendon F-formations
Follow Intimate | Personal | Social | Vis-i-vis | L-Shape | Side-by-side

FP-1 12 1 11 10 2
P-2 11 11 10

FP-3 7 5 2 5

FFP-4 3 4+ 1 3

FP-5 13 1 12 11 2

FP-6 17 2 13 2 13 3 1
FP-7 9 8 1 4 4 1
FP-8 6 1 6

FP-9 10 1 7 2 5

FP-10 7 6 1 6

FP-11 11 1 5 1 7 4

Total 109 5 80 23 82 13 4

Table 2: Show-Episodes Analysis
Trial | HRI-Episode: Hall Distances Kendon F-formations
Show Infimate | Personal | Social | Vis-d-vis | L-Shape | Side-by-side

FP-1 3 8 3 3

TP-2 11 11 7 1

FP-3 7 2 5 2 5

TP-4 3 1 1 1 1

FP-5 23 14 9 14 9

FP-6 15 1 14 8 6

FP-7 9 2 7 2 6

FP-8 7 7 [ 1
FP-9 14 1 13 7 7
P-10 7 5 2 3 3
FP-11 13 13 13

Total 119 7 101 11 71 43

Table 3: Validate-Episodes Analysis

Trial | HRI-Episode: Hall Distances Kendon F-formations
Validate Tntimate | Personal | Social | Vis-ivis | L-Shape | Side by side

FP-1 5 5 4 1

FP-2 9 9 [ 3

FP-3 4 4 4

FP-4 5 5 2 2 1
FP-5 5 5 2 3

FP-6 12 10 2 5 4

FP-7 13 3 10 7 5

FF-8 [ [ G

FP-9 12 [ 2 5

FP-10 12 5 3 2 7

FP-11 10 8 2 10

Total 93 12 73 3 38 27 1

For the Hall’s interpersonal distances it is striking how pre-
dominant the “Personal zone” is, i.e. independent upon mission-
type did subjects prefer to position themselves in the range of 1 to
4 feet (0.45 to 1.2 meters). Interesting for comparisons is that the
number of subjects commanding a Follow-, Show-, or Validate-



mission from the intimate zone is much smaller than for example
reported in [24] who saw that up to 40% of their subjects
approached the robot to a distance of less than 0.45 meters — this
figure is much smaller in the results given in Table 1-3 above
(e.g. for Follow = 5 (4.6%); Show =7 (5.8%), and Validate = 12 (
12.9%). Although both experiments used an ActivMedia
PeopleBot® this difference in the number of people coming very
close to the robot could not be confirmed in our interaction
scenario.

Looking at the Kendon F-formations the dominance of the Vis-a-
vis (or face-to-face) positioning of the user towards the robot can
be noted, independent upon interaction episode. The “L-Shape”
F-formation arrangement is in comparison less often observed.
Especially in the Follow-episodes are the L-Shape formations
seldom encountered. The Validate and the Show episodes seem
more appropriate to be handled in a L-Shape formation — as can
be seen from the more frequent occurrences. Especially for the
Show episodes, used to present and label objects and places in the
environment for the robot, the formation of the L-Shape seems to
come natural.

Side-by-side F-formation arrangements were rarely encountered,
most often they occurred in the Follow episode. This spatial
formation — facing an outer edge together — is likely very
dependent upon the environment in which the human-robot
interaction is conducted. The set-up in the CAS “living room”
might, beside the bookshelf, simply not provide the affordance,
e.g. in furniture of this formation to appear very often.

An important limitation to tables 1-3 above should be explicitly
mentioned: Each occurrence in the table is based upon a clearly
identifiable, often initiated, by speech-dialog interaction episode
of Follow, Show, or Validate. It is thus the starting point that was
taken as marker of the spatial relationship between the robot and a
subject. This limits the categorization to a static perspective, i.e.
the dynamics of change over (even short) time periods is
neglected.

The fact that this dynamic aspect might however have deeper
implications can be seen in figure 5 below. It shows the laser
tracking plot of a subject’s distance’ from the robot centric
perspective. The user is approaching the robot (coming into the
view of the laser range finder) and starts the “Follow-1” episode
(depicted through boxes below the graph) after a short while
standing still in front of the robot at about 1.2 meters distance.
After spoken dialogue initiation the subject takes a step from the
robot and waits for the robot’s initial movement as feedback
(visible as an increase of the distance, then again a decrease). This
feedback signal is taken by the subject who starts going towards a
corner of the room, rapidly increasing the distance towards the
robot (peaking at about 2.3 meters). Arriving at a goal-position
the subject stops and turns around waiting for the robot. The
robot’s approach towards the non-moving subject gives a sharp
falling flank at the end of “Follow-1".

3 with modest modifications however as far as camera positioning
and the presence of a “lifting arm” is concerned for Walters et
al.

* as a graphical reduction, orientation data of the subject was
removed,

Once the robot has reached the subject’s position a transition is
made by the trial participant into three “Show”-episodes that are
initiated after one another without noticeable changes in position
from the subject. This is shown through the almost horizontal
(distance-) line of “Show-1"" and “Show-2".

Note however the small position changes in distance just before
and at the end of the “Show”-episodes (pointed out by arrows in
the graph). Almost none-noticeable in the video-data, these small
alignment movements can be found in the data to often signify
transitions from one interaction episode into another. We find
these micro-spatial adaptations interesting as they might provide
in the future a possibility to try sensor-perception-based triggers
indicating that new interaction task or episodes are prepared for.

The trial-subject’s mission depicted in figure 5 is continued with
multiple “Follow”-episodes; the illustration example finally ends
with another “Show”. While somewhat disturbed by laser-sensor
jitter, even the “Show-4" episode is characterized by a straight
horizontal line.

From the data we have analyzed so far we saw that different HRI-
interaction episodes will also produce different spatial patterns in
the sensor readings that monitor the (subject) user’s movements
and positioning. Summarizing we learned to express the observed
dimensions and differences of the interaction episodes of Follow,
Show, and Validate by their characteristics: “Follow” is best
typified by a paired-dynamic and user-initiative driven joint
activity which, e.g. can be seen from the dynamics of
distance/orientation measurements and high spatial-change
frequencies. “Show” has instead a paired-static, joint interactivity
attribution. Movements are confined to small adaptive and co-
operative engagements and each of the interactor can be acting or
reacting in shaping the interaction progress. Finally and as in our
scenario tried, “Validate” is neither paired, nor tightly coupled.
Once initiated from the human user the robot is the more dynamic
part while the user becomes a supervisor monitoring the progress
at best, or possibly, starting a side activity altogether. What
becomes even more pressing with this type of interaction episode
is thus, how both the robot and the user find back to their joint
track of interaction at the end of Validate-missions.

4. DISCUSSION

The Wizard-of-Oz controlled interaction of showing a robot
around in a singular room and teaching it places and objects to
study the spatial interaction behaviour for subjects using a robot
for the first time was presented in this paper. Theoretically
grounded in work from human-to-human social interaction
studies, Hall’s interpersonal spatial zones and Kendon’s F-
formation arrangements were tested for applicability in the
analysis of human-robot interaction episodes termed Follow,
Show, and Validate.

Static measurements showed that Hall’s personal distance, i.e. a
distance between robot and user in the range of 0.45 to 1.2 meters
was preferred by users independent of interaction episode.
Furthermore, Kendon’s “Vis-a-vis” F-formation arrangement
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Figure 5: Robot centric laser data plot, showing distance between robot and subject during different episodes

was found to be prevailing among the spatial configurations tested
for. A note of caution was raised to the applicability of the terms
of both Hall and Kendon however: The dynamic changes and
transitions from one interaction episode state into the another one
are difficult to express in terms of Hall’s interpersonal distances
and Kendon’s F-formations arrangements when tried in a HRI
scenario. It is thus postulated that both Hall’s interpersonal
distances and Kendon’s F-formation arrangements might need to
be adapted to suit the dynamics of HRI. A simplistic
parameterization barely based on the framework of Hall and
Kendon for dynamic spatial relationships and interaction therefore
seems unsuited to achieve a socially appropriate robot behavior. It
is believed that a more successful alternative resides in the
attempt to make other robot interaction components aware both of
the communicative as well as the coordinating requirements of
spatial interaction. Examples would be to allow the spoken
dialogue model to trigger spatial behavior-signaling or pre-
emptive spatial movements.

4.1 Future Work

The study reported was constrained in several aspects to keep
complexity to a level that allowed us to experiment and
investigate aspects of the spatial interaction with a robot. Potential
directions to extend our work include gradually phasing out the
Wizard-of-Oz control elements with working robot system
components. We are also interested in extending the operation
area to multiple rooms, and possibly making it necessary to
traverse narrow passages together to examine further how

elements of the physical environment
cooperation between human and robot.

shape the spatial
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Human to Robot (H-R) approach preferences and tolerance:

Most adult subjects (approximately 60%) approached the stationary, immobile robot to
distances corresponding to Hall’s personal or social spatial zone (0.5m to 1.25m) and the
overall mean approach distance was approximately 0.7m.

Almost all the children took up initial approach distances to a stationary immobile robot
corresponding to the social spatial zone (1.25m to 3m)

There is some indication that those subjects with a proactive personality (with traits of
impulsiveness, creativity, general activity and lack of shyness) tend to exhibit greater
approach distances to the PeopleBotTM robot.

A small minority (10% or less) of both adult and child subjects approached to a distance
of 2.5m or more, which would be near to the far limit of the social spatial zone. In some
cases the videos suggest that this was due to a subject being nervous or anxious in the
presence of the PeopleBot ™.

A large minority of adult subjects (40%) approached the robot to distances comparable to
the intimate or close intimate spatial zones at 0.45m or less. This may be an indication that
the subject views the robot as a lesser or non social entity. It is currently an open issue
whether this result would change with habituation (long-term, repeated interaction with
the robot), and/or a different (more or less humanoid) appearance of the robot.

Robot to Human (R-H) approach preferences and tolerance:

Most adult subjects (when standing and not moving) allowed the robot (moving towards
the subject in a straight line) to approach to distances corresponding to the personal and
social spatial zones and similar to the results above, with 40% of subjects allowing the
robot to approach them right up to the 0.5m robot safety limit.

The overall mean comfortable approach distance was 0.9m.

A large majority (more than 80%) also indicated that the robot did not make them feel
uncomfortable or threatened when approached closely (to the 0.5m safety limit) by the
robot.

When seated, most human subjects (90%) do not like to be approached by the
PeopleBot™ directly from the front. (Note: Of those subjects that preferred a frontal
approach, initial observations of the video records indicate that at least some may not have
sat straight or faced directly to the front of the chair.)

Also when seated, individual subjects express a preference for the robot to approach from
either their left or right. The actual R-H approach direction preferred overall is slightly
biased towards an approach from the subject’s right, but in any individual case seems to
depend upon an individual subject’s preference, perceived practicality, the task and the
layout of the area. This suggests that when approaching a seated person, a robot should



assume a default approach direction from the right, but allow this direction to change to
the left depending on the individual subject’s preference and the physical circumstances.

Comparison of H-R and H-R experiments:

e Generally, comparing the R-H to the H-R experiments, we find a good match of the
results. The overall mean comfortable approach distance for R-H was 0.2 m larger than
the overall mean comfortable approach distance for H-R (0.9 to 0.7m) which is plausible
in the sense that people can be expected to be more cautious when confronted with a
moving than a stationary robot. Note: Strictly speaking, the difference is not statistically
significant (t-test: Paired Two Sample, P(T<=t) = 0.073) and the conditions between the
H-R and R-H approaches differed in that a 0.5 safety distance was used when the robot
approached the subject. Thus, we cannot draw any firm conclusions at present.

e The variation among individual subjects is large and supports the approach towards a
personalized robot companion, i.e. starting with default settings, but allowing for
adaptations.

Note: All results provided above relate to studies performed at the University of Hertfordshire
using PeopleBot ™ robots. The following publications provide more details. Generalisation
across different robot platforms, robot movements, tasks and HRI scenarios is an open issue.
However, we hope that the results above provide some constructive input for deciding on
default settings related to social spaces in the Home Tour Scenario as part of RA1.



