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Abstract In social environments, humans mostly stay in
social interactive groups with their daily activities. A mobile
service robot must be aware of not only human individu-
als but also social interactive groups, and then behave safely
and socially (politely and, respectively) in human interac-
tive environments. In this paper, we propose a social reactive
control (SRC) that enables a mobile service robot to navigate
safely and socially in the human interactive environments.
The SRC is derived by incorporating both states of indi-
viduals (position, orientation, motion, and human field of
view) and social interactive groups (group’s types, group’s
centre, group’s radius, and group’s velocity) into the conven-
tional social force model . The SRC can be combined with a
conventional path planning technique to generate a socially
aware robot navigation system that is capable of controlling
mobile service robots to traverse with socially acceptable
behaviours. We validate the effectiveness of the proposed
social reactive control through a series of real-world experi-
ments.

Keywords Social reactive control · Socially aware robot
navigation · Social service robot · Social interactive
environments · Human comfort and safety

1 Introduction

The ability to autonomously, safely, and reliably navigate
through social environments such as homes, offices, muse-
ums, airports, shopping malls, and urban environments at a
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useful pace is crucial for mobile service robots. If we wish
to deploy mobile service robots in such social environments,
the first and most important issue is that the robot must avoid
not only regular obstacles but also humans while navigat-
ing safely and socially towards a given goal. In order to
achieve that goal, several human-aware robot navigation sys-
tems have been proposed in the recent years [8,18].

There are some research directions have been considered
to develop the human-aware robot navigation systems which
are either biased on path planning, such as social costmap-
based technique [23] and randomized kinodynamics motion
planning [17], or motion control, such as social force model
[3], velocity obstacles-based technique [2]. The technique
proposed in this paper is inherited from the social forcemodel
and biased on motion control because we wish to design a
control system enabling a mobile robot to react fast to social
interactive situations.

Although the existing human-aware robot navigation sys-
tems based on social force model have been developed and
verified in the real-world environment and have achieved
considerable success, only the human state information such
as human position, orientation, and velocity is taken into
account to develop the systems. Ferrer et al. [3] presented
a robot companion using human states information and the
social force model (SFM) [6] for human-aware mobile robot
navigation in an urban environment. In this paper, an interac-
tive learning technique is also used to adjust the parameters of
the proposedmodel to ensure that the systemworks correctly
and smoothly. Ratsamme et al. [16] proposed a human–
robot collision avoidance technique based on an extended
SFM modified from the conventional SFM [6] by using
additional human factors including body pose, face orien-
tation, and personal space definition [4]. Shiomi et al. [20]
presented a socially acceptable collision avoidance tech-
nique for a mobile robot navigating among pedestrians. The
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modified SFM in Zanlungo et al. [26] was used to model
pedestrian motion and develop human-like collision avoid-
ance. Although the robot provides safe collision avoidance
behaviours towards humans, the technique has only been ver-
ified in single-human situations.

The aforementioned human-aware navigation techniques
have been implemented and verified in simulation and
real-world environments to prove that they are capable of
generating socially acceptable behaviours for the mobile
robot. However, these techniques suffer a major drawback
in social interactive environments; that is, they only address
with single-human situations rather than social interactive
groups that are more common in human daily-life activ-
ities [10]. To overcome the shortcoming of the existing
human-aware robot navigation systems, we incorporate the
socio-spatio-temporal characteristics of the humans into the
SFM to generate a social reactive control that is capable of
controlling a mobile service robot to socially and safely nav-
igate in human interactive environments.

The remainder of the paper is organized as follows. Sec-
tion 2 presents the proposed social reactive control algorithm
for mobile service robots in social environments. Section 3
presents the experimental results. We discuss and conclude
this paper in Section 4.

2 Social reactive control

To enable a mobile robot to safely and socially navigate in a
social environment, the robot must be aware of social situa-
tions of individuals and human groups through the extraction
of human socio-spatio-temporal characteristics, and then
incorporate those information into the navigation system.
In this study, we propose a socially aware robot naviga-
tion framework added on the conventional robot navigation
scheme [21], as shown in Fig. 1, to enable the mobile robot
to deal with different social situations of individuals and
human groups when navigating in social environments. The

Fig. 1 An extended navigation scheme for mobile service robots in
social environments

proposed framework is composed of four functional blocks:
(1) the human detection and tracking is to detect and track
the humans in the vicinity of the robot; (2) the human state
extraction is to extract the human position, orientation, veloc-
ity, and human postures; (3) the social interaction detection
is to estimate groups of interactive humans and human–
object interactions; (4) the social reactive control (SRC)
incorporates information of individuals and social interac-
tions into a conventional social force model. The SRC can
be integrated with a conventional path planning technique
to generate a socially aware motion planning system that
enables the mobile robot to navigate towards the given goal
while safely, socially, and reactively avoiding individuals,
human group, other robots, and environmental objects in
social norms (polite and respectful behaviours like humans).

2.1 Human detection and tracking, and human states
extraction

In this study, we used the human detection and tracking sys-
tem developed in [24]. The basic idea is to fuse the human
leg information using the laser rangefinder data proposed by
Arras et al. [1] and human body information using the RGB-
Ddata presented byMunaro et al. [11]. A detailed description
of the sensor fusion techniques can be found in [24]. Further-
more, to extract the 3D pose and the orientation of a human,
we use the work developed in [14].

We assume that there are N people appearing in the vicin-
ity of the robot, P = {p1, p2, . . . , pN }, where pi is the i th

person. The human states of person pi are represented as
pi = (x p

i , y pi , θ
p
i , v

p
i ), where (x p

i , y pi ) is the position, θ p
i is

the orientation, and v
p
i is the velocity. This information is

then used to estimate the social interaction of human groups
and as an input of individual states for the social reactive
control.

2.2 Social interaction estimation

Findings inMoussaid et al. [10] point out that 70%of humans
intend to form interactive groups in social environments, thus
detecting interactive human groups plays an essential role in
a socially aware robot navigation system in human interac-
tive environments. A number of methods of detecting social
group have been recently proposed [19]. In this paper, we uti-
lize the social group detection algorithmpresented byTruong
et al. [23]. Let G = {g1, g2, . . . , gK } be the number of
detected humangroups in the vicinity of the robot; each social
group gk has a set of parameters gk = (xgk , ygk , θ

g
k , v

g
k , r gk ),

where (xgk , ygk ) is the centre point, θ
g
k is the orientation, v

g
k

is the velocity, and r gk is the radius of the human group inter-
action, as shown in Fig. 2a.

In addition, we pay more attention to objects which peo-
ple are interacting with, such as televisions, refrigerators,
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phones, screens, and paintings. Depending on social interac-
tion contexts between humans and objects, a robot needs to
estimate human–object interaction because this information
is the key to defining an interaction space between humans
and interesting objects. To detect a human–object interac-
tion we reuse the algorithm presented by Truong et al. [23].
A set of parameters extracted from a human–object interac-
tion space is om = (xom, yom, θom, vom, rom), where om is themth

human–object interaction space in the vicinity of the robot,
(xom, yom) is the centre point, θom = 0 is the orientation, vom = 0
is the velocity, and rom is the radius of the human–object inter-
action, as shown in Fig. 2e. Figure 2 shows example results of
the social interaction detection algorithm for groups of two
and three standing people, a group of two and three moving
people, and a person and a group of two people interacting
with an object, respectively.

2.3 Social reactive control

The conventional social force model (SFM) [6] uses various
attractive and repulsive forces to model both agent–agent
and agent–object social force fields. These forces are based
on both physical and psychological factors reflecting how
agents avoid and approach each other, and how agents inter-
act with their surrounding environment. According to the
definition of the SFM for pedestrians presented in [6] and
for mobile robots presented in [3], the attractive force to the
goalFgoal

r , the repulsive force fromhumansFh
r , and the repul-

sive force from obstacles Fo
r influencing the robot motion are

computed as follows:

Fgoal
r = K v

r (v0r − vr (t)) (1)

Fh
r =

∑

j �=r

Ah
r e

(rr, j−dr, j )

Bhr nr, jψr, j (2)

ψr, j = λr + (1 − λr )
1 + cos(γr, j )

2
(3)

Fo
r =

∑

o∈O
Ao
r e

(rr,o−dr,o)

Bor nr,oψr,o (4)

ψr,o = λr + (1 − λr )
1 + cos(γr,o)

2
(5)

where (K v
r )−1 is the relaxation time; v0r and vr (t) are the

robot’s desired velocity and actual velocity, respectively; Ah
r

and Bh
r are the strength and the range of the repulsive force

from humans, respectively; rr, j = rr + r j is the sum of the
radius of the robot and the human j ; dr, j is the Euclidean dis-
tance between robot and human; and nr, j describes the unit
vector pointing from the robot to the human j . The influence
of the repulsive force is limited to the field of view of the
agent; therefore, the anisotropic term ψr, j is used. The λr ∈
[0, 1] is defined as the strength of the anisotropic factor, γr, j is
the relative direction of the human j w.r.t the line through the

centres of the focal robot r and the human j . Ultimately, the
SFM for the robot r is synthesised by the force Fgoal

r attract-
ing it to the goal, the repulsive force Fh

r from the humans j ,
and the repulsive force Fo

r from objects o as follows:

Ffsm
r = Fgoal

r + Fh
r + Fo

r (6)

The primary set of parameters of the conventional SFM is
[K v

r , Ah
r , B

h
r , Ao

r , B
o
r , λr ].

In the conventional social force model [6] and [3], the
repulsive force from the humans presented in Eq. (2) only
uses the relative position, orientation, velocity between the
robot and the human individual. However, many other fac-
tors, such as human group, human–object interaction, also
influence the motion of the robot in social environments.
Hence, these information should be recognized and incorpo-
rated into the socially aware navigation framework to ensure
human safety and comfort, and to generate socially accept-
able behaviours for the mobile robot. In addition to the social
forces applied to individuals, we propose a new method tak-
ing information of human–object interactions and human
groups into account to develop the social reactive control
algorithm. Figure 3 shows an example of the social forces
that influence the motion of the mobile robot.

Human–object interaction-based repulsive forces To take
the human–object interaction into account for the social reac-
tive control, we propose a virtual human at the centre of
the human–object interaction space. Therefore, the repulsive
force Fho

r of the human–object interaction can be calculated
using Eq. (2). The set of parameters of the repulsive forces
from the human–object interaction is [Ah

r , B
ho
r , λr ], where

Bho
r is computed as follows:

Bho
r = Bh

r
rom
rh

(7)

where rh is the radius of the human body, and rom is computed
in Sect. 2.2.

Human group-based repulsive forces Similar to the repul-
sive forces from the human–object interaction, the repulsive
forces based on the social group of people Fhg

r are computed
using Eq. (2). The set of parameters of the repulsive forces
from the human group interaction is [Ah

r , B
hg
r , λr ].

Bhg
r = Bh

r
r gk
rh

(8)

where rh is the radius of the human body, and r gk is computed
in Sect. 2.2.

Ultimately, we integrate all the repulsive forces including
the human repulsive force Fh

r , the object repulsive force F
o
r ,

the human–object repulsive force Fho
r , and the human group

repulsive force Fhg
r to create the extended social force model

as follows:
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Fig. 2 Examples of the human
group estimation algorithm: a a
group of two standing people, b
a group of three standing people,
c a group of two moving people,
d a group of three moving
people, e a person interacting
with an object, and f two people
interacting with an object
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Fig. 3 An example of the
extended social force model of a
robot: the human body repulsive
force Fh

r ; the human group

repulsive force Fhg
r ; the

human–object repulsive force
Fho
r ; the obstacle repulsive force

Fo
r ; the attractive force to the

goal Fgoal
r ; the final extended

social force Fesfm
r Robot
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P
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Fesfm
r = Fh

r + Fo
r + whoF

ho
r + whgF

hg
r (9)

where who and whg are, respectively, the weight of the
human–object interaction and human group interaction. The
set of parameters of the extended social force model Fesfm

r is
[K v

r , Ah
r , B

h
r , Ao

r , B
o
r , λr , who, whg].

Once the extended social force model Fesfm
r has been cal-

culated in Eq. (9), the social reactive control for the mobile
robot is computed according to Newton’s second law of
motion as follows:

ar (t) = Fesfm
r (t)

mr
(10)

vnewr (t) = vr (t) + ar (t)dt (11)

where ar (t) and mr are the acceleration vector and mass
of the robot, respectively; vr (t) is the current velocity of the
robot; dt denotes the time interval; and vnewr (t) is the velocity
command, which is used to control the mobile to navigate
safely and socially in social environments.

3 Experiments

3.1 Experimental installation and setup

To examine and validate the feasibility of the developed
framework in the real world, we have implemented and tested
it on ourmobile platform.ThePEDSIM library1, and the soft-
ware package 2 are utilized as the initialization to develop the
proposed system. The software core of the robot is developed
on the Robot Operating System (ROS) [15] run on an Intel
core i7 2.2 GHz laptop. The proposed control was imple-
mented using the C++ programming language.

1 http://pedsim.silmaril.org/.
2 https://github.com/srl-freiburg.

Table 1 Parameters set in experiments

Parameter Value Parameter Value

K v
r 2.0 Ah

r 2.1

Bh
r 0.35 Ao

r 10

Bo
r 0.8 λr 0.45

who 1.0 whg 1.0

Four essential experiments were conducted to verify the
effectiveness of the proposed social reactive control. For each
of the experiments, we use the same initial start and goal
poses of the robot qstart = (0, 0, π

2 ) and qgoal = (0, 4.8, π
2 ).

The robot was planned to move from qstart to qgoal while
avoiding both individuals and social interactions.

By observing several experiments with a wide variety of
social situations, we empirically set the values of the param-
eter set of the proposed SRC algorithm in Table 1. Note that,
parameter setting will be a part of our future work when we
focus onmachine learning techniques to automatically adjust
the parameter according to human behaviours and environ-
mental surrounding, which is not a scope of this paper.

3.2 System integration

In this study,we choose a two-wheel differential drivemobile
robot platformwith two additional castors as a representative
for the system integration. We define the state of the robot
r(t) = (xr (t), yr (t), θr (t)) at the time t , where the position
is (xr (t), yr (t)), and the orientation is θr (t). The state of
the robot at the time (t + 1) is governed by the following
equations:

⎡

⎣
xr (t + 1)
yr (t + 1)
θr (t + 1)

⎤

⎦ =
⎡

⎣
xr (t)
yr (t)
θr (t)

⎤

⎦ +

⎡

⎢⎢⎣

vrr +vlr
2 cos(θr (t))dt

vrr +vlr
2 sin(θr (t))dt

vrr −vlr
L dt

⎤

⎥⎥⎦ (12)
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where vrr and vlr are the linear velocity commands of the right
and left wheels of the robot, respectively; and L denotes the
wheelbase of the robot.

Suppose that the velocity command computed in Eq. (11)
vnewr (t) = (vxr (t), vy

r (t)), the preferred orientation of the

robot is θ
pref
r (t) = atan2(vy

r (t), vxr (t)). The following equa-
tions are used to compute vrr and vlr .

vrr = ‖vnewr (t)‖2 + K θ
r
L(θ

pref
r (t) − θr (t))

2
(13)

vlr = ‖vnewr (t)‖2 − K θ
r
L(θ

pref
r (t) − θr (t))

2
(14)

where vnewr (t) is computed in Eq. (11), (K θ
r )−1 is the time

internal that the robot needs to adjust the current orientation
θr (t) to the preferred orientation θ

pref
r (t).

3.3 Experimental results

We examined the social reactive control for socially aware
robot navigation in two cases: (1) SFM—the robot is
equipped with the conventional social force model, where
humans are treated as individuals and (2) SRC—the robot is
equipped with the proposed social reactive control, where
individuals and social interactive groups are taken into
account for the development of the social reactive control.
First, we conducted an experiment to demonstrate that, if
social interactive information of human groups and human–
object interactions is not taken into account, there is no
difference between the conventional social force model and
the proposed SRC algorithm. Second, we took such social
interactive information into account to develop the social
reactive control, then compared the performances of the
mobile robot in both the conventional social force model
and the social reactive control. A video clip of these real
experiments can be found at this link.3

3.3.1 Avoiding individuals

In this experiment, we examined how themobile robot avoids
individuals p1, p2 and p3 when navigating from qstart to qgoal
in two cases: (1) the robot is equipped with the conventional
social force model, and (2) the robot is equipped with the
proposed SRC algorithm, but the social interaction detec-
tion block in the Fig. 2 is deactivated. The third-person view
and the experimental results are shown in Fig. 4a–c, respec-
tively. As shown in Fig. 4b, c, in both cases, the mobile robot
can avoid individuals in social environments, but it does not
respect to the social interactive group of persons p1-p2. This

3 https://youtu.be/G5BdforJx60.
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Fig. 4 The experimental results of avoiding individuals: a third-person
view; b the trajectory of the robot equipped with the conventional social
forcemodel; and c the trajectory of the robot equippedwith the proposed
social reactive control

indicates that, although the robot is equipped with the pro-
posed SRC technique it is not aware about the social contexts,
and then it reacts with the individuals similar to the robot
equipped with the conventional social force model, but it is
aware about the social interactions.

3.3.2 Avoiding social interactive groups

In these experiments, we aim to compare the performance
of the proposed social reactive control method and the con-
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Fig. 5 The experimental results with three case studies: (1) a group of
two standing people—the first row, (2) a human–object interaction—the
second row, and (3) a group of two moving people—the third row. The
first column shows the third-person view of the scenario. The second
column illustrates the trajectories of the humans and the robots when the

robot was equipped with the conventional social force model. The third
column shows the trajectories of the humans and the robots when the
robot navigation systemwas equipped with the proposed social reactive
control

ventional social force model when the social interactions are
available.

Avoiding a group of two standing people We examined
how the proposed social reactive control algorithm drives
the mobile robot to avoid a group of two standing people p1,
p2 when navigating from qstart to qgoal. Note that the relative
distance between the person p1 and p2 is about 2.0 [m]. As
shown in Fig. 5b, the robot equipped with the conventional
SFM crossed through the social interaction space between
two people because it was not aware of this social interac-
tion space. Although the robot did not physically collide with
people, they might not feel comfortable when the robot inter-
fered their social interaction situation. In contrast, the robot
equipped with the proposed SRC technique moved around
these people, as shown in Fig. 5c, because the robot was
aware and took into account of the social interaction space to
generate the human repulsive force Fh

r and the human group

repulsive force Fhg
r for the proposed social reactive control

technique.

Avoiding human–object interactionsWevalidated how the
proposed social reactive control technique enables themobile
robot to avoid a group of two people p1, p2 when traversing
from qstart to qgoal. In this case, two people formed a social
interactive group, and they were also interacting with a inter-
esting object. Note that the relative distances between the
persons p1 and p2 to the object are about 1.7 [m] and 1.8
[m], respectively. The trajectories of the robot equipped with
the conventional SFM are illustrated in Fig. 5e. As can be
seen in Fig. 5e, the robot did not physically collide with the
people and the object, but it crossed the space in front of the
people without respecting the social group interaction and
the human–object interaction spaces. In contrast, in Fig. 5f,
the robot quipped with the proposed SRC method politely
and, respectively, avoidedhumans causing convenience to the
human interactive groups by moving behind them, instead of
crossing through their social interaction spaces, because the
robot took into account human states of individuals p1 and
p2, the social interactive spaces of human group of persons
p1 − p2, and the social interactive spaces of human–object
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interactions of p1 − o and p2 − o to generate the repulsive
forces including the human repulsive forces Fh

r , the human

group repulsive force Fhg
r and the human–object repulsive

forces Fho
r , respectively, for the social reactive control.

Avoiding a group of two moving people We examined
how the proposed social reactive control algorithm allows
the mobile robot to avoid a group of two moving people
p1, p2 when moving from qstart towards qgoal. Note that the
relative distance between the moving persons p1 and p2 is
about 1.8 [m]. The trajectories of the people and the robot
with the SFM and SRC models are illustrated in Fig. 5h, i,
respectively. As shown in Fig. 5h, the robot moved through
the social interactive space causing humans uncomfortable,
because their interaction might be interrupted. In contrast,
the robot politely and, respectively, avoided the social group
interaction as shown in Fig. 5i, because the robot naviga-
tion system took into account the social group interaction of
two moving people p1 and p2 to generate the human group
repulsive force Fhg

r for the social reactive control.
Overall, the experimental results shown in Fig. 5 demon-

strate that our proposed social reactive control is fully capable
of enabling mobile robots to avoid both stationary and
dynamic human interactive groups, not only providing safety
and comfort to the humans but also guaranteeing socially
acceptable behaviours for the mobile robots in human inter-
active environments.

4 Discussions and conclusions

Wehave presented a social reactive control (SRC) for socially
aware robot navigation systems in social environments. The
socio-spatio-temporal characteristics of humans including
human position, orientation, motion, field of view, human
group and human–object interaction information are incor-
porated into the conventional social force model to develop
the SRC algorithm. We have demonstrated the effectiveness
of the proposedmethod through real-world experiments. The
experimental results show that the proposed SRC method is
capable of enabling a mobile robot to navigate safely and
socially around humans, providing socially acceptable man-
ners for the mobile robot in human interactive environments.

In human interactive environments, a mobile robot must
detect and identify social states of individuals, human group
and human–object interaction and react accordingly to main-
tain politeness and respect to human behaviours. Instead
of using the conventional motion planning biased on path
planning rather than motion control such as randomized
kinodynamic (RRT) [9], the probabilistic roadmap (PRM)
[7], the D* [22], the A* [5] techniques, we more focus on
the motion control, particularly the social reactive control,
because social situations of human interactive groups might

vary according to their daily activities, so that the mobile
robot must react fast to any social interactive situations.
Thanks to this approach, we can combine the proposed tech-
nique with a conventional path planning technique such as
RRT, PRM, D*, A* to create a robot motion planning sys-
tem that is capable of reacting to any social situations in the
real-world environment.

In the future, various kinds of social cues and signals
introduced in [25] and [13] will be recognized and applied
to the model. Furthermore, we also consider using machine
learning techniques, such as inverse reinforcement learning
technique [12], to optimize the parameter setting of the pro-
posed social reactive control method.
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