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Abstract. The basic instinct of autonomous robot is to navigate in the
unstructured environment. In several decades, the human-machine interaction
has significantly developed and gained many greater achievements of the
interesting fields such as perception, reasoning mechanism, manipulation,
learning ability and navigation. In these topics, navigation becomes one of the
most attractive studies for investigators to explore. Especially, the novel
approached with the constraints of human comfort together with social rules are
newly proposed. This paper provides a survey of past and present researches for
human-aware navigation framework and synthesizes the potential solutions for
the existing challenges in related fields.
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1 Introduction

In the early stage of robotics, there are two key streams which attracted many
researchers all over the world. The first one is manipulation and the rest is navigation. It
could be momentarily explained that manipulation [1] is mainly focused on a robot arm
control. Usually, robotic manipulator is working on the assembling line in a wide range
of industries. They need to pick various objects in complex environments. Although the
workspace for the manipulation is restricted, the hardware architecture of the robot arm
is too complicated [2]. Hence, the requirements of planning schemes are often
sophisticated to do the manipulating jobs. In the other manner, navigation [3] is the
main role in an autonomous robot control. Its observation in the surrounding space
includes the feedback signals from cameras, laser scanners and the other sensors, then it
builds the environmental model [4]. With the achieved data, it schedules the robot’s
trajectory to move from the starting point to target point. Based on the artificial
intelligence, if possible, robot could become more and more useful.
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In many years ago, the applications for navigation and manipulation were primarily
in industry. In other words, robotic system served in the industries. Recently, many
robots are working instead of labor force [5]. Several developers solved main research
issues for the industrial robots and implemented the practical systems [6, 7]. Though,
they have not completely solved the research issues. It is quite important and necessary
to deeply study the issue and improve the developed algorithms. However, on the other
hand, robotics needs a new research issue.

Industrial robotics developed key components for building more human-like robots,
such as sensors and motors. From 1990 to 2000, Japanese companies developed var-
ious animal-like and human-like robots as Fig. 1. Sony developed AIBO [8] which is a
dog-like robot and QRIO [9] which is a small human-like robot. Mitsubishi Heavy
Industries, LTD developed Wakamaru [10]. Honda developed a child-like robot called
ASIMO [11]. Unfortunately, Sony and Mitsubishi Heavy Industries, LTD have stopped
the projects but Honda is still continuing.
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Fig. 1. The initial generations of service robot, (a) AIBO, (b) QRIO, (c) Wakamaru and
(d) ASIMO.

The most considerable difference between industrial robots and robots works in the
daily environments is an interactive activities. In the regular environments, robots
encounter with humans, and they have to interact with them before doing the task.
Rather, the interaction will be the main task of the robots. These robots developed by
the companies had various functions with the animal-like or human-like appearance to
interact with people. Nevertheless, most of the current versions in service robot are
wheeled robots or vehicle-type platforms which are flexible to move any location. The
rest of this article is organized as follows: Sect. 2 briefly summarizes the historical
development of human-aware navigation framework. It also provides an introduction of
service robot in both academic researches and commercial products. In Sect. 3, several
challenges of human-aware navigation theme in either the past time or present are
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synthesized the effective solutions and the existing problems. Section 4 mentions the
potential approaches to solve these challenges. Finally, some conclusions are carried
out in Sect. 5.

2 Historical Background

The term social robot or sociable robot was coined by Aude Billard and Kerstin
Dautenhahn [12, 13]. The field of social robotics concentrates on the development and
design of robots which interact socially with humans, but sociality between robots
(e.g., in multirobot systems) is not part of the field. They can be distinguished between
a weak and a strong approach in social robotics. While the strong approach wants to
motivate robots which have the capabilities to display social and emotional behavior,
the weak approach researches in the imitation of social and emotional behavior only.
Social robots need to show the human-like social characteristics for instance the
expression of emotions, the ability to conduct high-level dialogue, to learn, to develop
personality, to use natural cues, and to develop social competencies [14—16]. In the last
years, the term human-robot interaction (HRI) became more prominent than that of
social robotics.

Nowadays, a social robot is an intelligent platform that integrated socially and
cleverly human-aware behaviors in order to communicate with persons and other
robots. In the office or factory, they are potential to handle tasks by themselves, for
example reception and basic guide. For home-based application, social robots are able
to serve and manipulate as a private duenna, and flexibly behave according to personal
characteristics. In Fig. 2, some of them are listed as below:

— hitchBOT [16] - a social robot that attempted to hitchhike across the United States
in 2014

— Kismet [17] - a robot head that understands and exhibits emotion when interacting
with humans

— Tico [18] - a robot developed to improve children's motivation in the classroom

— Bandit [19] - a social robot designed to teach social behavior to autistic children

— Jibo [20] is a consumer-oriented social robot. Jibo understands speech and facial
expressions, is able to find out relations with family, and match with them that
characterizes it.

Additionally, a social robot might be monitored from far distance, possibly han-
dling as a TelePresence agent at a business meeting [21] or at home [22], or as a nurse
in healthcare center [23]. The other ones that are autonomous systems, are implemented
with locally artificial intelligence in order to communicate independently in respect to
human’s response and object’s occurrence in workplace [24]. Occasionally, this robot
is considered as an autonomously smart robot. The awareness of intelligent robot
naturally depends on a perceptive computing model which imitates human’s actions
and thoughts. Cognitive computing [25] comprises various models of machine learning
approach which employ the techniques of data mining, pattern recognition and natural
language processing (NLP) to simulate what the human brain acts.
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Fig. 2. Social robots, (a) hitchBOT [16], (b) Kismet [17], (c) Tico [18], (d) Bandit [19] and
(e) Jibo [20].

Although social robots employ leading modern technology in any research, they’re
really not persons and lack sympathy, feeling and reasoning mechanism. They proceed
their missions from which they are planned to do, but then they might perform
unexpectedly to circumstances for which they were not taught. Above all, every robot
is sensitive to any malfunction and failure, and potentially suffers an expensive repair
and maintenance. Furthermore, developers who investigate a dependence to an
excessive degree on social robots, such emotional closeness, could be ignored when
interacting among humans that are the necessities of the human characters.

3 Challenges and Opportunities

In general, the interest topics in human-aware robot navigation involves the interactive
optimization of annoyance and stress to be more comfortable, the integration of cultural
knowledge in robot’s awareness or the improvement of robot’s behavior to be more
natural. All of them have the same goal to acquire the acceptance from community or
society. To be considered as human-like factor, the human comfort should be taken into
account. When a robot moves toward to target position, it can cause the discomfort
feeling for human observers. The reasons are that too closed-distance, too fast or slow
movement in respect to human must be avoided to reduce discomfort. The larger part of
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researches focuses on the avoidance of negative emotional responses such as fear or
anger. The report indicates various strategies ranging from sustaining appropriate
distance, proper strategy and precise control scheme to prevent being noisy, and
planning to prevent interference (Figs. 3 and 4).
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Fig. 3. The virtual zones of social interaction for various situations in proxemics [26].
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Fig. 4. Desired trajectory for the passage maneuver [27].
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4 Toward Modern Human-Aware Navigation

4.1 Observing Human’s Reactions

The purpose is to realize real services by the robot through the interactions. These
researches have mainly focused on the development of the general functions and
behavior of the robot [32, 33]. They would include moving to a destination and
greeting as Fig. 5. The service robot should have situated behaviors to the environment,
and they should follow contexts. In a complicated environment, it is quite difficult to
design robot behaviors a priori. Thus, a tele-robot was introduced to develop: an
operator remotely controlled the robot, and robot recorded the sensory data and visual
data from the tags and cameras installed in the environment. Basically, this prototype
obtains the robot autonomous functions based on the recorded sensory data.

Observation of
robot's position

Robovie-R

Robot control unit

|
Laser range sensor o
4 a
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‘ l'
Omni-directional
camera

g

Face detection and tracking
unit, body tracking unit
and robot tracking unit

5
.

Result of detection and
tracking is sent to the
robot control unit

Fig. 5. System overview of mobile guide robot [32].
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However, the merit of the tele-operated system was not only for developing robot
autonomous behaviors in a complicated environment. The sensory data from both of
the robot and environment indicated many things about how people react to robot
behavior. It provided the rich information about human interactive behaviors, but there
is a limitation to the psychological studies done in laboratories. They cannot provide
enough variety of human interactive behaviors since there is no rich context in the
laboratory environment. It is a rather assumed situation and not real. However, some
field tests [34] with the tele-operated robot can induce real and rich interactive behavior
among people as Fig. 6. Thus, the tele-operated systems and the sensor network in the
field test enable to deeply study the psychological and cognitive aspect of people’s
behaviors.

experimenler

[ & -~

4
parlivcipant
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Fig. 6. Scenario in the practical implementation, (a) direct interview and (b) remoted interview
[34].

4.2 User’s Attitude and Expectations

In the study between human and robot, a lot of articles have focused on users’
expectations. Most of persons also have their prospects about robots’ jobs and mis-
sions, and in what way robots were developed. It could be seen clearly that user desires
human-like presence for applications which require communal skills [35]. To response
these requirements, human prefers to deliver missions acting as human-like robots
rather than machine-like robots [36]. Related to human as Fig. 7, an operator wishes
robot to co-work for such service-oriented duties or jobs which needs the deeply
cognitive thinking [37], and challenged tasks [38]. Besides, the impact of culture was
also noticed that in some special situations, human tends from accepting robot’s atti-
tude to cultural behavior [39]. Likewise, differences in culture cause an alternative way
for robot to communicate with people [40].
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Fig. 7. Experimental validation of a gaze cueing protocol by integrating in action sequence [36].

These studies reported how users interacted with social robots. Some users showed
very positive attitudes trying to interact with robots repeatedly; some users showed an
intermediate attitude, hesitantly crowding around the robot and watching the robot’s
behavior. In the first topic, robot which is known to be tele-controlled, is mainly
discussed. It is considered that there are needs of remotely operation in the stage of
utilization, operators do not know their impacts clearly. In the other manner, humans
prefer to directly communicate with social robot and they are not interested in the tele-
operated robot. For the second approach, user’s attitude is addressed as the key factor.
In the case that a lot of articles concentrate on the robot design and evaluate user’s
acceptance attitude, there are not many studies to indicate the possible reason that
human reveals negative attitude toward social robot. The contents of these studies
match with mentioned problems. As a result, a novel idea for psychological indicators
to estimate user’s attitude, and discovers the reasonable answers why there exists some
negative attitudes from human toward robots.

4.3 Framework of Naturally and Comfortably Behaviors in Social
Interaction

In reality, a given robot which situates the directional position of its body and displays
both pose and gesture, is completely demonstrated in meaningful track [33]. Whenever
an user is speaking to a robot, it has been clearly stated that this robot which non-
verbally answers to a human’s speech, makes several deep feelings such listening to,
understanding, and sharing a story with spoken man [41]. In the coworking-attention
task, it was denoted that user observe a robot’s nonverbal cues to predict its internal
state [42] (Fig. 8).
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Fig. 8. A characterization for manipulating the socially interactive robot for various tasks [33].

Likewise, the interactive performance of nonverbal behaviors has been validated as
following. From the user’s gaze, the feedback information has been effectively
reflected [43], preserve engagement [44, 45], and regulate the conversation flow [46,
47]. As well, the other gestures such pointing is usefully indicated as a conversation’s
target objects [48, 49]. Most of those researches largely concentrate on estimating
natural behavior of a human-like robot. In the first approach, a work related to deictic
interaction, was introduced. When talking about objects, people naturally engage in
deictic interaction, associating with pointing gestures. Since deictic interaction fre-
quently occurs, it indicates about new signals that are outside our mutual knowledge
[50]. Whenever robots are driven in a public place, the usage of deictic interaction as
Fig. 9 becomes one of the relevantly interactive features in natural manner. Via these
visual expression, human can rapidly understand what robot refers. In [51], authors
have successfully simulated the use of conventional reference gestures such as kore,
sore, and imitated human behaviors in deictic interactions.

R R P

(a) Egocentric (b) Allocentric (¢) Perspective-Free

oo loe

(d) Ego-Sensitive (e) Ego-Sensitive
Allocentric Perspective-Free

Fig. 9. Classifications of mixed-reality deictic gestures [50].
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In the second approach, the zones around human was mentioned as the proxemics.
During conversations, people adjust their distance to others based on their relationship
and the situation. When discussing about objects, their formation is an O-shaped space
that stand around the target object [52]. In this method, each member can see both the
central object and other members in the conversation as Fig. 10. Such contributions in
human communication have been replicated in human-robot interaction. Because
robots are mobile platform, it is essential to manage its position during interaction. In
the earlier stage [53], it discussed to achieve control based on a standing position, and
robot is enabled to stand in a queue. Lately, developers in [54] have studied that people
tend to concern about appropriate distance between them and a robot when interacting.

Fig. 10. Group of humans, (a) three standing persons, (b) two humans interacting with an object,
(c) walking human and (d) group of two walking people [52].

4.4 Data Fusion Approach

Sensing system is the fundamental components in most of robotic systems. In present
time, people lives in the world with ubiquitous sensors, and access to the Internet via
smart phones and computers to refer to information in distant locations. In similar
metaphor, as robots are networked, large part of sensing can be done with ubiquitous
sensors in network robot system. There is a large number of sensing devices for the
network robot operating in the unstructured environment such floor sensors, active tags
or passive tags, laser-based scanner and digital camera.
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Fig. 11. Setting of floor sensor, (a) sensing unit and (b) testbed for footstep or fall down
recognition [55].

The floor sensor [55] is defined as a kind of pressure sensor which has a wide range.
Usually, this equipment could sense the occurrence of both human and robot for using
in indoor environment as Fig. 11. The active tags as well as passive tags are employed
to determine humans around the robot [56, 57]. These tags are attached on humans, and
the tag reader is located onboard as Fig. 12. While active tag has a wider range of
detection than passive tag, it still needs a battery. The existing problem in this case is
that time using battery is not as long as desired working time, and depends on how
robot utilizes. However, battery needs to be regularly charged. Alternatively, there is no
battery source in the passive tag, although the effective range to detect is only 10 mm.
The most inconvenient thing is that human must put the tag on reader correctly.
Subsequently, the selection for proper type of tag would be motivated by the purpose
and situation of research.

Metal boxes
on table

Following robot

Fig. 12. Experimental demonstration of following a tagged human [56].
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One of the most powerful sensors is lidar and camera. In [58], the benefits of digital
cameras are small size, compact and easy to use, especially in an indoor environment
since they are often attached on mobile platform. Though, they are not so good as
required specifications for an outdoor environment for the reason that the dynamic
adaptation against brightness is restricted. In the very bright zones and very dark zones
co-existing in the same scene as Fig. 13, camera cannot identify any target for instance
human and robot. In contrast, lidar is moderately unchanging in respect to the fluc-
tuation of brightness. Recently, there is a trend to combine both sensors in order to
achieve the best performance. If several lidars are sourced, the tracking performance is
stably ensured. Then, multi cameras to detect whether face or facial emotion according
to the detected positions by lidars, the tracking results are obviously improved.

Fig. 13. Data fusion between 2D lidar and digital camera for human detection [58].

In recent years, these sensors could be integrated to launch the different kinds of
sensor networks. In the field of navigation control, the sensor network is regularly
classified into three classes, improving the sensor performance onboard, observing for
safe events in the environment and developing the augmented autonomy for robot. In
the first group, the sensing network must distribute sensors to cover densely and
precisely both robots and humans. These onboard sensors are not strong enough and
not intelligent enough because robot is not able to attach an appropriate number of
sensing devices, and provide sufficiently computational abilities. Accordingly, active
and passive tags are alternatively explored. In the other articles, the modern network
including lidar and cameras, is mentioned. This sensor network can surely identify and
follow both robots and humans simultaneously. Hence, dangerous situations as well as
emergency case could be detected. Last but not least, the third category is to build the
robot autonomously. Owing to the precisely sensory data that attained by sensing
networks, it motivates investigators to create the highly autonomous robots in the real-
world environment. Besides, the advanced algorithms are also essential to integrate into
hardware level.
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5 Conclusion

The scope of this review is to represent the state-of-the-art methodologies that related to
human-aware navigation in the dynamic environment. The conceptual model as well as
the historical development were re-drawn in order to provide the systematic overview
in this field. Later, the respective methodologies were clustered accordingly by both
traditional researches and modern topics so that the features of the human-aware
navigation method are summarized and analyzed completely. Each category of spec-
ifications and a diversity of methods were synthesized and exploited for a variety of
problems. The progress developed so far permits establishing the robot navigation
system to be more autonomous and intelligent in social manner.

The publications found in this paper, deals with individual domains and challenges.
It still remains the existing troubles which require more researches and investigations
such that the adaptive performance of single service robot is mandatory in front of
crowded including both humans and mobile vehicles. The autonomy of swarm system
should be studied and mapped into the human-aware navigation planning.

Acknowledgements. We acknowledge the support of time and facilities from Ho Chi Minh City
University of Technology (HCMUT), VNU-HCM for this study.
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