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Abstract.

People following is an important task in mobile robotics, with applications in several areas, such as industry, hospitals
and home services. Recent advances on deep learning techniques and the availability of RGB-D sensors resulted in a
higher robustness in identifying the target during these tasks. This paper presents a system for people following using
an RGB-D sensor. The proposed method uses object tracking, combined with a vision-based controller that exploits the
advantages of the high maneuverability of holonomic robots. Experimental tests are performed with a mecanum-wheeled
robot equipped with an RGB-D camera to evaluate the effectiveness of the proposed approach.
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1. INTRODUCTION

Collaborative tasks between humans and robots have benefited from recent developments on systems and techniques
that assure safety and robustness in their interaction. Autonomous robots capable of following a person are beneficial in
industry, health, elderly care, military, and film making. Obstacle avoidance, person tracking in crowded environments,
and re-identification of a lost target person are examples of challenges that an autonomous robot must surpass to follow
its human companion.

The choice of the sensor of a person-following robot has a high influence on overcoming those challenges. There are
several types of sensors that can be used in the people-following task. An RGB-D camera (Depth Sensor) is a good choice
due to its low cost and richness of information. A single RGB-D camera can provide both geometric and semantic data
about the environment. The use of cameras allows performing high-level tasks such as Object Detection and Tracking.
These tasks are very useful for people-following, especially with the recent advances of convolutional neural networks
(CNN), which improved both the speed and precision of its results. Moreover, the choice of the locomotion type can
considerably improve the performance of people-following. Holonomic robots are well suited for this application due to
their ability to move without changing their orientation and working in tight spaces.

Thus, this paper presents a complete people-following system for holonomic robots with an RGB-D camera. The
system uses a YOLOv3-based (Redmon and Farhadi, 2018) object detection model, and SORT (Bewley et al., 2016), a
tracking method that combines a Kalman filter (Kalman, 1960) and the Hungarian algorithm (Kuhn, 1955) for movement
prediction and data association, respectively. Furthermore, a vision-based controller is developed to drive a mecanum-
wheeled robot to follow a target person, using the object tracking results combined with the RGB-D camera’s depth
map. The system is tested in a robot with four mecanum wheels and a Kinect v2 sensor, following a person in an indoor
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environment. The main contribution of our work is the low-cost of the methodology, both in financial and computational
aspects, as it only needs a single RGB-D camera to operate, and achieves a robust performance in real-time.

This paper is organized as follows. Section 2 shows related works, Section 3 describes the proposed methodology,
Section 4 shows the experiments and results, and Section 5 presents the conclusion and future works.

2. RELATED WORK

People following robots can be useful in several tasks and scenarios, such as for medical purposes (Ilias et al., 2014),
(Engelberger, 1993), supermarket assistance (Sales et al., 2016) and guiding people through museums and shopping malls
(Thrun et al., 1999). Different techniques can be used for people following tasks, as well as different sensors, such as
cameras or Laser Range Finders (LRF).

For instance, Jung et al. (2012) and Lee et al. (2006) proposed a people following system based only on 2D LRF
measurements, usually identifying body parts, such as torso or legs. Kobilarov et al. (2006), Bellotto and Hu (2006) and
Itoh er al. (2006) used a combination of an RGB camera and a LRF sensor, that resulted in a better following method,
since visual sensors acquire richer information allowing a full body detection.

However, a single RGB-D camera can provide both geometric and semantic data about the environment. Thus, cur-
rently it is the most used sensor for people following systems. For example, Babaians et al. (2015) combined a skeleton
tracker with an OpenTLD visual tracker using a Kalman filter in a mecanum robot to follow a target.

Mi et al. (2016) also utilizes the skeleton approach with a human walking model, in order to predict the next step of
a target person. This method was applied in a non-holonomic robot, and the results can lead to non-smooth trajectories,
depending on the target’s behaviour. The skeleton tracking method was also applied by Chi ez al. (2018) to create a dataset
for human gait recognition for a service robot. Despite having satisfactory results in terms of accuracy, the system was
not tested in real time.

Yang and Song (2019) developed a human-following system with a combination of the Inception deep network
(Szegedy et al., 2016) and an Extended Kalman Filter (EKF) for robust people detection. The Inception network, however,
has a lower accuracy for human activity recognition than other networks, such as YOLOvV3, according to Mustafa et al.
(2020).

Algabri and Choi (2020) described a deep learning-based person following system for a differential mobile robot. In
2021 they focused on a recovery system and person trajectory prediction. Even though their framework achieved real-time
performance using CPU, their approach of extracting clothes color from the target person led to failures when there were
drastic illumination changes and more people with similar clothing.

3. METHODOLOGY

Figure 1 shows the flowchart of the proposed methodology. The system receives as input the data provided by the
RGB-D sensor and outputs commands to the motors. We propose a system that combines the semantic information of
RGB images to localize the target person, and the geometric information of the depth images to control the distance of
the robot from the person. We use a double-proportional controller based on the distance between the image centroid and
the bounding box centroid.
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Figure 1: System Flowchart

3.1 Robot Model

Holonomic robots have the controllable degrees of freedom equal to the total degrees of freedom (Siegwart et al.,
2004). Thus, they can move in any direction while changing its orientation. Mecanum-wheeled robots are a specific
type of holonomic robots with four mecanum wheels. Our method is tested in a mecanum-wheeled robot, but the general
formulation can be applied for any type of holonomic robot. The model of the robot in shown in Fig. 2, where ¢,, is the
rotation of the wheel n. Equation 1 describes the forward kinematics of the system, where by, is the angular velocity of
the wheel n, and X » and YT are the velocities in the X, and Y,. directions, respectively.
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Figure 2: Robot Model

X, 11 1 1] ¢
v.| = -1 1 -1 1 P2 (1)
’ 1 1 1 1| |3
0 a+b a+b a+b a+b .
P4

3.2 Object Detection

Object Detection is the task of identifying and localizing objects in an image. This task used to be performed with
classic computer vision techniques. However, recent CNN architectures such as YOLO (Redmon and Farhadi, 2018) and
R-CNN (Girshick et al., 2014) considerably improved the results of this task. Our method uses CYTi (Soares et al., 2021)
for Object Detection, a network based on YOLOv3-tiny that is specifically trained to work in human environments. It
has an accuracy similar to YOLOV3, but with the efficiency of the YOLOv3-tiny, running in 50 FPS using only CPU. It
receives as input an RGB image and outputs the bounding box size, position, class and a confidence score. Figure 3 shows
an example of the output of CYTi.

3.3 Object Tracking

The people bounding box is tracked over time using SORT (Bewley et al., 2016), an efficient algorithm for 2D tracking.
SORT uses a Kalman filter (Kalman, 1960) to predict the position of the bounding box in the next frame. The state of
each target is defined by Eq. 2, where u, and v, are the pixel coordinates of the center of the target, s, represents the
scale, and r, is the aspect ratio of the bounding box. SORT also uses the Hungarian algorithm (Kuhn, 1955) to perform
data association in an efficient manner, using the intersection over union distance between detected and predicted boxes
as a metric. Figure 4 shows a person being tracked, with its respective ID. This method allows the system to deal with
more than one person in the image. If a second person appears in the scene, the robot continues to follow the initial person
using its ID. However, this method cannot deal with long-term occlusion and re-identification.

Xo = [uwvmsoarmuoaijoyéo] (2)

3.4 Controller

The controller is designed to simultaneously maintain the robot in a safe distance from the target person, and maintain
the vision of the robot aligned with the center of the tracked bounding box. Figure 4 show the block diagram of the
described control design. The distance error is calculated using a determined threshold and the depth measurement of the
center of the tracked person. The alignment error is calculated by the difference between the RGB image centroid pixel
coordinate and the bounding box centroid pixel coordinate. Both error values are then multiplied by a proportional gains,
tuned experimentally. To keep the same scale between the two controller sections, the alignment error is converted from
pixel to millimeter using Eqgs. 3-5, where ¢, and c,, compose the optical center in pixels, and f, and f, compose the focal
length in pixels, obtained through camera calibration. Finally, the two error values are added and sent to the motors as
velocity commands using Eq. 1.
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Figure 3: People Detection with CYTi

Figure 4: People Tracking
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The direction which the robot must move is determined by the position of the target person centroid inside the frame.
The pixels from the image are divided in a "X" shape into four regions, as shown in Fig. 6. If the object centroid is inside
the upper or lower region, then the robot moves forward. If the object centroid is located in the left or right regions, then
the robot moves in the diagonal left or right direction, respectively.
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Figure 5: Controller block diagram
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3.5 Implementation Details

The methodology was implemented in C++, using the OpenCV library for CYTi object detection. The Libfreenect2
driver (Xiang et al., 2016) is used to obtain data from the Kinect V2 sensor. The high-level system communicates with
the mecanum base via Serial messages. The system can run in real time using only CPU in a standard notebook.

4. RESULTS

The tests were made in the Robotics Laboratory of PUC-Rio using a mecanum-wheeled robot developed in our previ-
ous work (Soares et al., 2019). Figure 7 shows the robot, composed of four independent DC motors attached to mecanum
wheels, the associated control eletronics, a Kinect V2 camera, and a notebook with an Intel Core i7 2.60 GHz and 16 GB
of RAM running Ubuntu Linux 18.04 LTS.

The robot had to follow a person through a corridor. Figure 8 shows a sequence of images taken from the robot’s
perspective. At the start of the experiments, a single person stays in front of the robot and becomes the target person.
The target person starts to move forward, and the robot follows the person with /D = 1. After a few seconds, a second
person appears and moves to the opposite direction. Figure 9 presents the robot’s trajectory. The video footage from
the experiment was saved and applied to Crowd-SLAM (Soares et al., 2021) in order to estimate the poses of the robot,
represented by the blue rectangles in the image. The robot does not change its trajectory when the second person appears,
since the person has an D # 1.

Figure 7: Mecanum robot with an RGB-D sensor
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Figure 8: Images taken from the robot’s perspective during the task

Figure 9: Trajectory of the robot



26'h ABCM International Congress of Mechanical Engineering (COBEM 2021)
November 22-26, 2021, Florianépolis, SC, Brazil

5. CONCLUSIONS

This paper proposed a people following system for holonomic robots using an RGB-D sensor. The framework consists
of an efficient Object Detection module, a robust people tracking algorithm, and a vision-based controller designed for
holonomic robots. Experiments were conducted in a mecanum-wheeled robot with a Kinect V2 following a person in an
indoor environment. The results showed that the robot successfully followed the target person in real time, even when
there was another person in the scene. Potential applications of the proposed method include object transportation for
airports and industrial sites. Future works include the improvement of the tracking system using an Extended Kalman
filter, and the development of a re-identification system that deals with long-term occlusions and lost tracks.
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