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Abstract. Acquisition and annotation of a multimodal-multisensory data set of
human-passive rollator-carer interactions have enabled the analysis of related
human behavioural patterns and the definition of the MOBOT human-robot
communication model. The MOBOT project has envisioned the development of
cognitive robotic assistant prototypes that act proactively, adaptively and
interactively with respect to elderly humans with slight walking and cognitive
difficulties. To meet the project’s goals, a multimodal action recognition system
is being developed to monitor, analyse and predict user actions with a high level
of accuracy and detail. In the same framework, the analysis of human behaviour
data that have become available through the project’s multimodal-multisensory
corpus, have led to the modelling of Human-Robot Communication in order to
achieve an effective, natural interaction between users and the assistive robotic
platform. Here, we discuss how the project’s communication model has been
integrated in the robotic platform in order to support a natural multimodal
human-robot interaction.
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annotation scheme � Multimodal HRI model � Multimodal human-robot
communication � Natural HRI

1 Introduction

The need to support mobility and vitality in our ageing society, as well as enhance
independent living of elderly people and their quality of life [1] has inspired techno-
logical solutions towards developing intelligent active mobility assistance robots for
indoor environments, providing user-centred, context-adaptive and natural support [2–
5]. The MOBOT project1 addresses this need envisioning cognitive robotic assistants
that act (a) proactively by realizing an autonomous and context-specific monitoring of
human activities and by subsequently reasoning on meaningful user behavioural

1 www.mobot-project.eu/.
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patterns, as well as (b) adaptively and interactively, by analyzing multi-sensory and
physiological signals related to gait and postural stability, and by performing adaptive
compliance control for optimal physical support and active fall prevention.

To address these targets, a multimodal action recognition system is being devel-
oped to monitor, analyse and predict user actions with a high level of accuracy and
detail. Parallel to the enhancement of computer vision techniques with modalities such
as range sensor images, haptic information as well as command-level speech and
gesture recognition, data-driven multimodal human behaviour analysis has been con-
ducted in order to extract behavioural patterns of elderly people. The aim here has been
to import the basic elements of these behavioural patterns into a multimodal
human-robot communication system [6], involving both verbal and nonverbal com-
munication conceptually and systemically synthesised into mobility assistance models
taking into consideration safety critical requirements.

By the end of the project, the different modules will be incorporated in a
behaviour-based and context-aware robot control framework aiming at providing
situation-adapted optimal assistance to users [7]. Direct involvement of end-user
groups in various stages of the prototypes development has ensured that actual user
needs are addressed by the functionalities and communication capabilities of the
platform’s prototypes. Thus, user trials have been conducted to evaluate and bench-
mark the overall system.

The next sections report on the technologies which have been integrated in the
robotic platform’s prototypes, the functionalities the latter provide, the HRI commu-
nication model adopted, as well as the various end user evaluation and usability studies
conducted to ensure that the developed platform addresses actual user needs.

2 Platform Integrated Technologies and Functionalities

The development of the MOBOT platform has proven to be a rather ambitious
experiment, since it envisioned integration and synergies of a wide range of tech-
nologies, which needed to reach a significant level of enhancement as a result of
research work within the project, in order to reach the state of maturity required to meet
the set targets in respect to functionalities and safety controls envisioned to be offered
to the platform’s end users.

We present next the various types of integrated technologies and the respective
functionalities they support, in order to illustrate how the adopted multimodal HRI
communication model makes optimal use of the available technological solutions.

At this point, it is also important to notice that the MOBOT
multimodal-multisensorial dataset [8] has been exploited towards the enhancement of
all technologies explored in order to be integrated in the MOBOT robotic platform
(Fig. 1).
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2.1 The MOBOT Platform Technologies

Work on visual action recognition in continuous RGB-D video streams, captured by
visual sensors on the MOBOT robotic platform [9], robust experimental results on
object detection and advances in human body pose estimation have supported, in
combination with other technologies, the detection capacity by the platform of human
activity that denotes various user intentions such as to activate the robot [10, 11].

Exploitation of the MOBOT dataset in relation to research work in action/gesture
recognition, provided the chance to apply the action/gesture recognition algorithms
developed in the project to relevant data, where advancements in the field include
(i) the development of an improved gesture recognition method that exploits specific
articulatory points such as the arms and the hands of the subject, and (ii) the application
and experimentation on actual MOBOT data, following research work with other
datasets. The experimental framework concentrated mainly on HMM-type classifiers,
using two visual cues for feature extraction: handshape (provided by the RGB stream)
and 3D movement-position (provided by Kinect’s depth stream and skeleton tracking)
[12, 13].

For the processing of spoken commands, a spoken command recognition system is
utilized, which in a first step uses a voice activity detector to detect in the audio stream
the time segments with spoken commands and then in a second step trains a set of
HMM models on these segments. Experimentation has taken place on the audio data
from the benchmark dataset of the ACM 2013 Multimodal Gesture Challenge and also
during work on developing a complete spoken command recognition system trained on
MOBOT data and on integrating the corresponding software on the ROS platform with
a MEMS microphone array to be used on the MOBOT active rollator prototype [14].

Fig. 1. The active rollator used at the first evaluation of the MOBOT rollator-type mobility
assistant
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The adopted approach to multimodal sensor fusion for audio-visual gesture
recognition exploits the color, depth and audio information captured by a Kinect
sensor. Recognition of a time sequence of audio-visual gesture commands is based on
an optimized fusion of all different cues and modalities (audio, movement-position,
handshape). The methodology incorporates a generalized activity detection component,
while extended experimentation and comparisons with several competing approaches
have provided results which greatly outperform all other competing published
approaches on the ACM 2013 benchmark dataset and achieve a 93 % accuracy, which
corresponds to a 47 % error reduction over the best competing approach.

Processing of haptic data has been possible via the two force/torque sensors
mounted on the two handles of the rollator type prototype. These sensors are used to
detect and quantify haptic interactions between the robot and the user. Typical inter-
action patterns while standing up, sitting down and walking have been identified in this
context [15].

Furthermore, processing of physiological data focuses on user fatigue, since this is
considered an important physiological state that can strongly affect the human per-
formance. Fatigue estimation is based on two specific features of the human heart rate
and the total performed work. Moreover, available fatigue indicators suitable for
elderly fatigue estimation [16] are extended in order to fit for their usage in the context
of mobility assistive robots.

2.2 The MOBOT Platform Functionalities

The MOBOT platform has two prototype demonstrators: a rollator type robot for
walking and sit-to-stand assistance and a nurse type robot for sit-to-stand assistance.
The MOBOT rollator is an assistive device comprising the main frame, the actuated
handles, active wheels, user interface, an electronic control unit and a number of
environment and user sensors.

Various functions are foreseen to be implemented on the MOBOT rollator by the
end of the project which are both related to the mechanical design and the collected
user requirements. The MOBOT rollator’s functions are grouped next according to
their main characteristics as:

(i) those which are dedicated to perceiving the user and involve the device’s
capacity
a. to localize the user with respect to the rollator exploiting 3D coordinates and

the state in which the user is with respect to the rollator as regards the
“distant”, “close” and “in contact” variables

b. to track the articulated human body
c. to detect walking patterns
d. to recognize user gestures
e. to recognize and interpret the user voice commands
f. to monitor the human performance and postural stability and to detect

unstable configuration and falls
g. to recognize the human physiological state
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h. to recognize user actions
i. to recognize user plans and user intentions

(ii) those which are dedicated to detecting the environment, including the ability to
detect obstacles, locomotion specific data (surface type, slip …), environment
specific data (e.g. slopes) and creation of a map of the environment

(iii) the ability of the device to localize itself within the environment map
(iv) the ability of the device to approach the user from a distance
(v) the ability of the device to assist the user by

a. providing physical assistance during sit-to-stand and stand-to-sit transfers
and

b. assisting the user while walking in three ways which include following the
user intention (“dock” to the user, accelerate, maneuver, decelerate, stop),
balancing and stabilizing the user (fall prevention included), and assisting the
user while passing through narrow passages and opening/closing doors

c. assisting the user while standing
d. assisting the user in proximity but in no contact mode
e. assisting the user by following him/her
f. assisting the user by providing sensorial assistance as when to avoid static

and dynamic positive and negative obstacles, or assistance on slopes
g. providing cognitive assistance
h. assisting the user localization or guiding/navigating the user

(vi) the ability of the device to leave the user and go to parking position in auton-
omous mode, and finally

(vii) the ability of the device to perform autonomous charging

The features listed above, directly linked with the technological solutions in
Sect. 2.1, have set the framework for the development of the platform’s multimodal
communication model.

3 The MOBOT Multimodal Communication Model

The technologies integrated in the MOBOT robotic platform enabled innovative syn-
ergies among modules towards the platform’s target to provide walking and cognitive
assistance to elderly users with slight walking and cognitive problems.

However, the potentials of the platform would remain unexploited, if there would
be missing an adequate HRI communication model to support the most natural possible
communication between the platform and its user, taking into account on the one hand
the state of the integrated technologies, and on the other hand the ways the target user
group communicate in their everyday activities.

Detection and interpretation of patterns of explicit interactional and behavioural
cues may be a trivial task for humans, but it still remains a rather difficult -yet important
to achieve- task for computer systems in view of the goal to realise a naturalistic,
meaningful and engaging communication between humans and machines, including the
performance of actions. Thus, building the HR communication model upon insights
stemming from sets of acquired data allows for mining deeper into the semantics of
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human actions, their sequence and correlation during the interaction, so that a more
detailed representation of the human action (speech, audio-gestural) model in this
specific environment can be drawn.

In this line, the MOBOT dataset was exploited also in respect to the information
provided as regards human-to-human communications between elderly individuals and
their cares while performing everyday activity tasks. The study of this information
enabled the spotting of a number of natural multimodal interactions which are
accompanying the core activities of the addressed audience.

Furthermore, the underlying notion behind the part of data acquisition which entails
the closed set of combinations of the MOBOT audio-gestural commands is that any
system attempting to model human actions in terms of interactional behaviour, needs to
have access to knowledge on structures of human actions. Specifically, assistive sys-
tems dealing with human-machine interaction must be able to decompose human
behaviour activities into measurable and machine detectable features, so that they are
able to make decisions and plan support actions on the basis of heterogeneous sensory
data [6, 17]. To this end, a set of recognizable actions that are associated with specific
forms of human behaviour needs to be identified to deduce information on underlying
human intentions and needs.

The MOBOT human-robot communication model was built as a structured tree of
possible multimodal action-reaction interactions engaging both audio and gestural
signals, enriched with a number of cognitive assistance assertions from the part of the
platform, which assimilate human reinforcement to elderly individuals while per-
forming a trivial task. The platform may interact in three modes: (i) in hands-on mode,
(ii) in following mode, and (iii) in stand-by mode, while user input focuses on
developing a multimodal dialogue strategy, which takes into account the options of
(a) communication via body posture in silence and thus complete absence of any other
speech or gesture signal, processing information that can be linked with the platform’s
action recognition module, and (b) communication via speech and/or gesture signals,
information that can be linked with the audio and gestural signal recognition.

The system’s ability to learn how to navigate using a map is linked with a number
of cognitive support messages which are sent to the user in the form of orally uttered
questions or reinforcement messages, similar to those received from the part of human
cares during natural human interaction.

The question type messages are linked with the activation and approach of the
robotic device, decision making in respect to the route selected each time or obstacle
avoidance situations, and demand some verification from the part of the user.

Reinforcement type messages help users be encouraged to complete a task suc-
cessfully. Both types of messages are provided in a manner that prevents message
generation from being part of a routine that does not help or even gets annoying for the
receiver.

The scenarios of use, for which action trees are constructed, are extracted from real
user needs as defined during preparation of acquisition of the MOBOT dataset and
depicted in the scenarios actually used in creating the MOBOT corpus, and also
through end user evaluation of the intermediate stages of the platform’s prototypes.
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4 MOBOT Platform End User Evaluation

The MOBOT platform functionalities and devices are steadily tested and evaluated by
end user groups, since one main aim of the project has been to perform and carry out an
overall benchmark verification of the developed intelligent mobility assistants via
intensive evaluation studies involving end-users.

The first evaluation of the MOBOT rollator-type mobility assistant was conducted
at the BETHANIEN-Hospital/Geriatric Centre at the University of Heidelberg from
end of October 2014 to beginning of December 2014.

The subject recruitment procedure, the different test scenarios developed to evaluate
specific functionalities of the MOBOT device, adequate quantitative and qualitative
performance measures and preliminary results of this evaluation study are reported in
detail in [18].

A detailed description of validation studies on existing devices by a systematic
review, as well as a detailed account of the use cases included in the evaluation process,
have been reported in [19] and have been updated in [20].

Use cases represent typical scenarios for the development of technical devices to
guide technical development and allow validation of devices. The MOBOT project
defined such use cases for the specified setting of geriatric rehabilitation and long-term
care.

The exploited use cases identify tasks or situations which differ with respect to
duration, frequency of activity and clinical relevance. Some use cases take only sec-
onds while other may take minutes, while some situations occur frequently during a
day while others may occur only once a year. However, some of the tested situations
occur rarely but are crucial for the task of the device to support the motor stability of
the user, thus, preventing injurious falls.

Technical functionalities were assessed with respect to accuracy, validity and
reliability of technical function. Clinical evaluation targeted at the interaction between a
human and the device.

The evaluation study was carried out with 36 participants who met predefined
inclusion criteria and who were recruited from geriatric rehab wards of the
BETHANIEN-Hospital, hospital-associated nursing homes and from a rehab sports
club. The aim of the evaluation study was to validate the functionalities mounted on the
MOBOT active rollator, which comprised the sit-to-stand assistance, sensorial assis-
tance tested via obstacle avoidance, as well as basic walking assistance. To fit these
functionalities, specific test scenarios and “tailored” assessment methods were devel-
oped including qualitative as well as quantitative performance measures. Most of the
assessment procedure proved to be feasible and adequate for the needs of the testers.
Furthermore this initial trial proved a valuable experiment for planning all following
trials and evaluation studies. Most crucially, the gained results proved promising with
respect to the tested STS assistance, the basic walking assistance, and the subjective
user perception of the MOBOT device and its assistance systems.
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5 Conclusion

In this work we discussed the integration of a multimodal communication model into
the MOBOT robotic platform to support a natural multimodal human-robot interaction.
The communication model was built through the analysis and annotation of acquired
multi-sensory data of users interacting with mobility aids and their emerging multi-
modal human behavioural patterns. At the same time, the analysis of walking patterns
and critical safety requirements in mobility assistance, as well as the detection of
abnormalities were taken into account for the model development. Since the aim of the
platform is to provide situation-adapted optimal assistance to users, the platform
functionalities and communication capabilities have been initially tested by end user
groups to evaluate and benchmark the overall system. This first trial was positively
assessed in terms of feasibility and adequacy to the user needs (especially regarding the
basic walking assistance, and the subjective user perception of the MOBOT device and
its assistance systems), and it has served as a valuable experiment for planning all
following trials and evaluation studies.

In parallel, a goal that has been addressed is the implementation of
context-dependent instantiations and flows of the communication model following the
different interaction states and user needs, successfully through the use of the audio and
visual channels of communication with the device.

This Human-Robot Interaction model directly responds to the communication
re-quirements as an integral part of an architecture towards monitoring, analysing and
predicting user actions with a high level of accuracy and detail. The extension of the
communication model with an enhanced set of audio-gestural commands as well as
with device-initiated cognitive information regarding localization information and
information of general interest (e.g. date, time, weather, patients’ personal info, etc.) is
currently work in progress. Moreover, the plans for the finalization of the communi-
cation scheme include an algorithmic flow diagram of all possible interaction states
within the communication model. This flow will also specify the states implemented in
the device at every step of the integration process together with the progress of the
individual components of the spoken (audio-gesture) dialogue system (i.e.
speech/gesture recognition, language understanding, dialogue management, commu-
nication with external system, response generation, speech output etc.).

An effective, natural interaction between users and the assistive robotic platform is
a crucial step towards the development of safe hardware platforms for mobility aids
which are tailored for indoor environments. Aspects of such platforms include software
modules for robot navigation, human-adaptive and proactive robot motion control, and
low-level active compliance control and shared control behaviours.

Intensive evaluation studies will keep being performed to include more end-users
towards an overall benchmark verification of the developed intelligent mobility
assistants.
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