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Abstract. In this study, we present a socially aware navigation framework for mobile service
robots by integrating the systems proposed in our previous studies into a completed mobile robot
navigation system, including the human detection and tracking system that is used to detect and
track humans; the encoder and laser-based localization and mapping system that is used to
determine the position of the robot in the environment; the approaching pose estimation system
that is used to estimate the approaching pose of the robot to the human; and the social timed
elastic band-based motion planning system that is used to socially navigate the mobile robots to
approach the human. In addition, in the paper we describe in detail the motor control system and
the design of our mobile robot platform, which is then utilized to conduct experiments in the
real-world environments. We verify the feasibility and usefulness of the proposed socially aware
robot navigation framework through a series of experiments in a corridor-like environment. The
experimental results show that our proposed framework is able to drive the mobile robots to both
avoid and approach the humans, providing the safety and comfort for the humans and socially
acceptable behaviors for the mobile service robots in the dynamic social environments.

Keywords: Socially aware navigation framework, mobile service robot, approaching human, timed elastic
band technique, motion planning system.

Classification numbers: 2.4.2, 2.4.4,5.2.1.

1. INTRODUCTION

Dynamic social environments are unstructured, clustered, dynamic and uncertain
environments with the presence of humans, vehicles and even other autonomous devices.
Therefore, in order to autonomously and safely navigate in such environments, the most
important issue is that the mobile robots must avoid not only regular obstacles, but also dynamic
humans during the navigation process. To this end, several socially aware navigation frameworks
have been developed for the mobile robots in the dynamic social environments [1 - 3].

The conventional socially aware navigation frameworks can be divided into two groups
based on the robot navigation tasks: (i) avoiding human framework and (ii) approaching human
framework. In the former, the authors developed socially aware navigation frameworks, which
enable the mobile robots to safely and socially avoid the humans and human groups in dynamic
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social environments, providing the safety and comfort for the surrounding humans. Whereas, in
the later, the conventional navigation frameworks allow the mobile robots to approach a human
or human group, allowing the socially acceptable approaching behaviors.

Several navigation frameworks, which enable the mobile robots to safely and socially avoid
humans, have been developed in recent years [4 - 8]. Although these approaches have been
successfully applied in real-world environments, most of the conventional frameworks did not
take into account the motion dynamics of the mobile robots, including the kinodynamic
constraints, the limitations of the velocity and acceleration, therefore the frameworks might be
difficult to be directly applied in a real-world environment. As a result, such developed
navigation systems lack robustness in dynamic social environments.

Recently, a number of conventional human approaching frameworks, which allow the
mobile robots to approach a single person [9, 10] or a group of people [11, 13] have been
recently proposed. Some of these human approaching systems have been implemented and
verified on mobile platforms to illustrate the viability of generating socially acceptable
approaching behaviors for the mobile robots. However, most of these methods have only been
implemented and validated in simulation environments.

In this study, we present an integrated socially aware navigation framework for mobile
robots by incorporating the techniques proposed in our previous studies, including human
detection and tracking, encoder and laser-based localization and mapping, approaching pose
estimation, and social timed elastic band-based motion planning systems into a completed
navigation framework. The proposed navigation framework takes into account both robot
dynamics and the estimated approaching pose. Therefore, it enables the mobile robots to both
approach and avoid the humans, providing the safety and comfort for the human in the vicinity
of the robots.

The remainder of the paper is organized as follows. Section 2 presents the proposed
integrated socially aware navigation framework. The experimental results in real-world
environments are described in Section 3. We provide the conclusion of the paper in Section 4.

2. PROPOSED NAVIGATION FRAMEWORK

2.1. The Problem Description

(b)
Figure 1. An example of a dynamic social environment including a mobile robot and three people:
(a) third person view, (b) robot’s field of view. The mobile robot is requested to approach a group of
people while avoiding another moving person.

We consider a dynamic social environment with the presence of a mobile robot and N
humans in the robot’s vicinity, as shown in Fig. 1.
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The robot is requested to navigate from the initial state s* =[x’, y;,8°,v¢, ;] to approach
a person or a group of people, while safely and socially avoiding other humans during the
navigation process, where [x’, y°]" is the initial position, 6, is the initial orientation, V; is the

initial linear velocity, and ; is the initial angular velocity of the robot. We assume the robot
state at the time k s‘=[x",y*, 6", v,0f]", where [x*,y*]"is the position, 6fis the
orientation, V) is the linear velocity, and @/ is the angular velocity. We also assume that there
are N people appearing in the vicinity of the robot P ={p,, p,,..., Py}, where p, is the i"
person. The state of the person p; is represented as s, =[x, y,, 65, v;]", where [x,,y,]" is
the position, 6?;) is the orientation, and v'p is the linear velocity. The radius of the robot and

human are r. and 1, , respectively.

2.2. The Architecture of Navigation Framework

Socially aware navigation framework
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Figure 2. The block diagram of the mobile robot navigation system.

Our objective in this study is to develop a navigation framework that enables a mobile
robot to autonomously, safely and socially avoid and approach humans in dynamic social
environments. To achieve that goal, we propose an efficient mobile robot navigation framework
based on the conventional navigation framework presented in [14], as shown in Fig. 2. This
social navigation framework consists of two major parts: (i) the conventional navigation scheme,
and (ii) the socially aware navigation framework (in the dash line box). In the first part, the
conventional navigation scheme is based on the composition of four typical functional blocks:
perception, localization, motion planning, and motor control. In the extended part, the socially
aware navigation framework aims at distinguishing the humans from regular obstacles by
extracting their socio-spatio-temporal characteristics in the robot’s vicinity for the development
of the approaching pose estimation of the robot to a human or a group of humans, and the social
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timed elastic band model. Specifically, a laser-based human detection and tracking function is
used to detect and track humans in the real-world environment using laser data, while a Kinect-
based human detection and tracking function is used to detect and track human using data from
Kinect. Once the human states including position, orientation and motion are extracted and the
social interactions including human groups and human-object interactions are detected, a
dynamic social zone (DSZ) is consequently generated around the humans. The DSZ is then used
as the input of the approaching pose estimation function, which generates the approaching pose
of the robot to the people. The DSZ and the estimated approaching pose are then used as inputs
to the social timed elastic band model, which generates the motion control command for the
mobile robot.

2.3. Perception System

To avoid and approach humans in dynamic social environments, the mobile robot needs to
detect and track humans in its vicinity. In this paper, we used two human detection and tracking
algorithms according to the data used as inputs of the systems, including laser-based and Kinect-
based techniques. The laser-based system is utilized to detect and track the human using the
laser data, while the Kinect-based system is made use of to estimate the 3D pose of the humans,
which is then utilized to estimate the social interactions. It is noted that, the humans detected by
the Kinect are also the humans which the mobile robot would like to approach.

In this study, we use the laser-based human detection algorithm developed in [15] to detect
the human in the robot’s vicinity, we then use the Kalman filter [16] to estimate the position and
velocity of the surrounding humans. In addition, we apply the results from a previous research
[17] to get the 3D pose of the humans, which is then used as input of the social interaction
detection algorithm proposed by Truong et al. [11], as shown in Fig. 2. Furthermore, to improve
the performance of the perception system we fuse the outputs of the laser-based human detection
system and Kinect-based system using Kalman filter [16], as seen in Fig. 2. As a result, the
output of the perception system is the human states including human’s position, orientation and
velocity, and the social interaction information. These informations are then used as the input of
the next system, as seen in Fig. 2. An example result of the perception system is shown in Fig. 3,
in which the laser-based human detection algorithm can detect 3 people, while the Kinect-based
system can detect two standing people in the field of view of the Kinect sensor.

Figure 3. The example result of the perception system: (a) the screenshoot of the RViz environment,
and (b) the third person view.

2.4. Localization and Mapping System
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In order to autonomously navigate in a dynamic real-world environment, the mobile robot
should be able to determine its pose related to the surrounding environment. To accomplish that,
we adopted the localization technique proposed in [18], then utilized the mapping technique
presented in [19].

To determine the pose of the mobile robot, we use the encoder of the left and right wheels.
To do that, we assume €, and €, are the resolution of the left and right encoders, respectively;

A! and A! are number of encoder stick of left and right encoders in a time interval A, ; A'p and

Arp are the positions of left and right wheels in radian, and calculated as follows:
AL =A27 kg (1)
AL =A2r K €, (2)

where, K, is the gear ratio of the motor. We also assumed d|, and d are the travel distances of
the left and right wheels, respectively, and calculated as follows:

dy, =ALr,w, A3)
d, = A;rvzwrr 4)
where, r!,r! are the radius of the left and right wheels, respectively; w' and w/ are the

weights for the left wheel radius and right wheel radius, respectively. Assume A,,A and A,
are the distances that the mobile robot has traveled along the x, y axes and robot direction in a

time interval A, respectively.
A d.cos(6+A,/2)

X

A, |=|dsin(@+A,/2) (5)

y

AQ (d\:v - dv:/) / dWWW

where, d_ =(d! +d)/2 is the traveled distance of the center of the robot; d, and w,, are the
wheel separation and the weight for the wheel separation, respectively. The following equations
are used to determine the odometry of the mobile robot.

_Xk+l Xk A

r r X
k+1

k
yr = yr + Ay (6)
K+ k
g6 LA,

| [A A,
¥ |=| A, 1A (7)
O | | A, 1A,

where, (X:(, y',‘) and Hrk are the position and direction of the robot at the time k, respectively;
X, y¥,0F are the velocity that the mobile robot has traveled along the x, y axes and the
orientation @, respectively.
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Figure 4. The result of the localization and mapping system.

The odometry is then fused with the IMU signal to generate the accurate pose of the mobile
robot using the localization algorithm proposed in [18]. We then utilized the mapping technique
presented in [19] to generate the map, as seen in Fig. 4, using the odometry and the laser data.

2.5. Motion Planning System

To safely and socially avoid and approach humans in dynamic social environments, in this
paper we utilize approaching pose estimation method presented in [11], A* path planning
algorithm described in [20] and social timed elastic band (STEB) technique proposed in [7].

2.5.1. Approaching Pose Estimation Method

In order to approach a human or human group, a mobile robot should be capable of
estimating an approaching pose of the robot to the human or human group. To accomplish that,
in this study, we first model the space around the human and human group using the dynamic
social zone model, which contains the social interaction space [21] and the extended personal
space [22], as presented in Fig. 2 and in [11]. We then utilize the approaching pose estimation
algorithm proposed in [11] to estimate a proper approaching pose of the mobile robot to the
human or human group. Example results are illustrated in Fig. 3, in which the gray area around
the humans represents the dynamic social zone, and the output of the approaching pose
estimation algorithms is two magenta arrows next to the group of two standing people,
corresponding to the two potential approaching poses. Then, the mobile robot will select the
approaching pose close to its current position.

2.5.2. Path Planning Algorithm

In this paper, the A* path planning algorithm [20] is adopted for finding the global path
from the initial position to the approaching pose of the mobile robot. It is one of the most
popular choices for path planning, because it is fairly simple and flexible. This algorithm
considers the map as a two-dimensional grid with each tile being a node or a vertex. And it is
based on graph search methods and works by visiting vertices (nodes) in a graph starting with
the current position of the robot all the way to the goal. The key to the algorithm is identifying
the appropriate successor node at each step.

Given the information regarding the goal node, the current node, and the obstacle nodes, we
can make an educated guess to find the best next node and add it to the list. A* algorithm uses a
heuristic algorithm to guide the search while ensuring that it will compute a path with minimum
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cost. It calculates the distance (also called the cost) between the current location in the
workspace, or the current node, and the target location. It then evaluates all the adjacent nodes
that are open (i.e., not an obstacle nor already visited) for the expected distance or the heuristic
estimated cost from them to the target, also called the heuristic cost h(n). It also determines the
cost to move from the current node to the next node, called the path cost g(n). Thus, the total
cost to get to the target node f (n) = h(n)+g(n) is computed for each successor node and the node
with the smallest cost is chosen as the next point.

2.5.3. Social Timed Elastic Band Technique

Timed elastic band (TEB) is an online trajectory planning algorithm for online collision
avoidance, and has been successfully applied in dynamic environments [23 - 25]. The
advantages of the TEB technique is that, it takes into account the robot dynamics including
kinodynamic constraints, limitations of the velocity and acceleration. In addition, the technique
is able to transit between obstacles in dynamic social environments. In our previous paper [7],
we proposed a social timed elastic band (STEB) model, which enables a mobile robot to avoid
humans in socially acceptable behaviors. The main idea of the proposed STEB model is to
incorporate the social rule of avoiding the human on the right into the conventional TEB
technique. The output of the STEB model is the motion control command of the mobile robot

u, =[v,,®,]. Using the STEB model, we expected that the mobile robot equipped with the
STEB model is able to socially and safely avoid and approach the humans in dynamic social

environments. An example result of the motion planning system is presented in Fig. 5, in which
the mobile robot avoids the human on the right-hand side.
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Figure 5. The example result of the motion planning system. The red curve is the robot’s
trajectory generated by the STEB algorithm.

2.6. Motor Control System

Once the socially optimal trajectory is generated by the STEB algorithm, the motion
control command u, =[Vv,,®,] is extracted and utilized to drive the mobile robot to avoid the
humans and regular obstacles in the robot’s vicinity and approach the estimated approaching

pose. In this study, we utilize a two-wheel differential drive mobile robot platform to conduct the
experiments. Therefore, the following equations are used to calculate the linear velocity

commands v! and v of the left and right wheels of the mobile robot, respectively.
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=, —ow,d, /2.0)/wr (8)
(v, +o,w,d, /2.0)/wr, 9)
where,v, and @, are the linear and angular velocities generated by the STEB model,

respectively. It is noted that, we utilize the aforementioned weights to tune the values of the
components because of the mechanical design error.
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|
r
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In this study, we used a powerful driver module for controlling the DC servo motor [27].
The driver module had a PID control algorithm installed. In addition, the company also provided
a software for auto-tuning the parameters of PID control algorithm. The input control command
of the driver module ranges from 0 to 255. Therefore, the motion control commands of the

wheels v: and Vv, are mapped to other ranges of values using the following equations:

. (Wi AT i v >0
Vr = tol H | (10)

wyv, =T, if v, <0

v |Wpvr 4T 0f v >0
V. = - . r (11)

wv, =T, if v, <0

where, v"r and v"r are the new motion control commands of the left and right wheels,
respectively; W'f and WL, are the weights for the forward and backward movements,
respectively; T, is the minimum value that the driver allows the mobile robot starting to move.

The v"r and v"r values are then sent to the driver module using RS-232 serial communication.

3. EXPERIMENTS
We have implemented and installed the proposed socially aware navigation framework on our
mobile robot platform, as shown in Fig. 6(b), to validate its feasibility and effectiveness. The
value of parameters of the proposed framework is empirically set as shown in Table 1.

Table 1. Parameters set in experiments.

Parameter Value Parameter Value Parameter Value
d, 0.335 (m) r 0.0762 (m) w! 1.003
e 500 CPR r, 0.0762 (m) w! 1.0
e 500 CPR r 0.25 (m) W, 17.5779
K, 27 r, 0.25 (m) W, 24.3597
T, 20 A, 0.1 (s) w,, 1.0

3.1. Mobile Robot Platform
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In a real-world environment, we used a mobile robot platform equipped with a Microsoft
Kinect sensor and a laser rangefinder, as shown in Fig. 6(b). The Kinect sensor composed of a
depth sensor and a RGB camera was positioned at a height of 1.1 m from the ground. The depth
sensor range is from 0.8 m to 6.0 m with a vertical viewing angle of 43° and a horizontal
viewing angle of 57°. This low-cost hardware can provide RGB-D data with 640 x 480 pixels
resolution at a maximal frame rate of 30 frames per second. The laser rangefinder, Rplidar
A2M8, positioned at a height of 1.2 m provides distance measurements up to 12.0 m in an
angular field of view of 360°. A detailed description of the hardware components of the robot
platform is shown in Fig. 7. We use the planetary DC servo motor equipped with the encoder
that has 500 counts per revolution (CPR) [26]. In addition, we also make use of a powerful
driver module for controlling the DC servo motor [27].

il
—2

Laser range

b)

Figure 6 (a). The 3D model of the mobile robot; (b) The used mobile robot platform equipped
with the Kinect sensor and laser rangefinder.
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Figure 7. The hardware block diagram of the used mobile robot platform.

3.2. Experimental Setup

In this paper, we use a mobile robot platform equipped with a laser rangefinder and a
Kinect sensor, as shown in Fig. 6(b). The laser rangefinder is used for robot localization and
detecting humans in the vicinity of the mobile robot. The Kinect sensor is used for detecting the
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humans who the robot would like to approach. The software of the proposed framework is
designed and implemented using the C/C++ and Python programming language. The entire
socially aware navigation framework is developed based on the Robot Operating System (ROS)
[28] and run on an Intel core i7 2.7 GHz laptop. The conventional TEB package [29] was
inherited and modified for developing the proposed framework. To evaluate the proposed
framework, we utilize the social individual index (SIl) and the social group index (SGI)
proposed in [11]. These indices are used to estimate the human safety and comfort and socially
acceptable behaviors of the mobile robot. Specifically, the SII value is applied to measure the
physical safety and psychological safety of each individual, whereas the SGI value is used to
measure the comfortable safety of the human group. The behavior of the mobile robot is
considered as comfort if the SIl and the SGI values are smaller than the threshold Tc = 0.14 and
Tg = 0.14, respectively. Meanwhile, it is physical safety if the SIlI value is between the threshold
Tc = 0.14 and Tp = 0.54. The mobile robot crashes into the person or crosses the interaction
space between members in the human group, if the SIl and SGI values are greater than the
threshold Tp = 0.54.
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Figure 8. The results of the experiments: The first row shows snapshots of the experiments; the second
row illustrates the trajectories of the mobile robot and the humans; and the final row represents the
social individual index (SII) and social group index (SGI) values, respectively.

We conducted an experiment in a corridor-like environment to examine whether our mobile

robot platform equipped with the proposed framework could safely and socially approach and
avoid dynamic humans. In this experiment, the mobile robot is requested to navigate around the
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corridor using 7 landmarks. The robot is required to avoid four moving people, a stationary
obstacle, and finally approach a standing person.

3.3. Experimental Results

The experimental results are shown in Fig. 8, in which the first row shows scenario’s
snapshots of the experiments, while the second row illustrates the trajectories of the mobile robot
and the humans, and the last row represents the Sl and SGI values.

The second row of Fig. 8 illustrates that the mobile robot successfully avoids dynamic
moving humans and approaches a standing person. As can be seen from the final row of Fig. 8,
the SII and SGI values are smaller than the threshold Tc and Tg, respectively, indicating that the
mobile robot always maintains safe and comfortable distances to the human and human group.
As a result, the mobile robot equipped with the proposed framework is able to safely avoid the
dynamic moving humans and socially approach another person. A video with our experimental
results can be found at our link given in [30].

4. CONCLUSIONS AND DISCUSSION

We have proposed an integrated socially aware navigation framework for a mobile robot by
incorporating the techniques proposed in our previous studies, including human detection and
tracking, encoder and laser-based localization and mapping, approaching pose estimation, and
social timed elastic band-based motion planning systems into a completed navigation system. In
addition, we describe in detail the design of our mobile robot platform, which is used to conduct
experiments in a real-world environment. We verify the feasibility and usefulness of the
proposed framework through a series of experiments in a corridor-like environment. The
experimental results show that our proposed framework is able to drive the mobile robot to both
safely and socially avoid and approach people.

In the future, we will apply powerful deep learning techniques [31 - 32] for predicting
human movements and trajectories in the robot’s surrounding environments and incorporate this
information into the proposed mobile robot navigation framework.
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