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Abstract—This paper presents a target tracking system for a
mobile robot in both indoor and outdoor environments. A stereo
camera, which is robust to sunlight and illumination changes, is
used. Human regions in images are detected from 3D information.
Using color information, a target region is discriminated from
the detected human regions. Hue and saturation are chosen
as features robust to illumination changes. Finally, a mobile
robot is controlled based on the 3D information of the detected
target region. The effectiveness of the proposed system is verified
through human following experiments in both indoor and outdoor
environments.

I. INTRODUCTION

Mobile robot systems are expected to be applied in many
situations and environments -such as factories, construction
sites, and human living spaces [1]. In such real environments,
one of the important functions of a mobile robot system is
to track a specific person. In order to carry out this function,
robots are required to have the ability to recognize the exis-
tence of people.

In real and dynamic environments, it is important for robots
to have sufficient perceptual capabilities. There have been
many works using various sensors for human detection and
tracking[2], [3]. Recently, in the area of target tracking, the
vision-based method has become mainstream [4], [5], [6]. In
[7], Doi et al. presented a visual tracking system for a robot
using the color information of a target’s clothing and skin. In
opposition to this color-based method, Satake et al. [8] and
Chen et al. [9] developed tracking methods using distance
information as a feature of a target. Most of these methods,
however, can only be used in indoor environments because of
the lighting conditions (sunshine and shadow) outdoors.

The high illumination of sunshine limits the capabilities
of available sensors. Moreover, in sunlight, adjusting back
lighting is more necessary than under indoor lights. In addition,
sunlight causes objects to have shadows. The darkness of the
shadow is changed by how the sun shines against objects
and the cloudiness of the skies. However, even under such
conditions, target tracking must be carried out. Takemura et
al. [10] proposed a tracking system that could be applied both
indoors and outdoors. Yet this can be difficult, due to the
significant adjustment required to accommodate many changes
in illumination. One reason is that the process of human
detection requires information about the target’s color, which
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is easily affected by illumination changes. When tracking
a targeted person in unstructured outdoor environments, the
changing light condition is a major problem.

In this paper, we propose a target tracking system using a
stereo camera in various illumination environments. A stereo
camera can be used in sunlight and, because it is a passive
sensor, measurement of human can be taken safely. In addition,
the stereo camera has the advantage of capturing both disparity
and color images simultaneously.

The rest of the paper is organized as follows. Section
IT explains the algorithm of our method. Then, Section III
presents a human following experiment both indoors and
outdoors, and the result is evaluated by investigating how
closely it tracks correctly without missing. Finally, conclusions
and future works are shown in Section IV.

II. TARGET TRACKING ALGORITHM

A. System overview

Our system consists of a stereo camera on a mobile robot.
The flow of the system is described in Fig. 1. First, disparity
and color images are captured using a stereo camera, which
means that distance and color information is obtained. By
using 3D information that is robust to sunlight and illumination
changes, people are detected. Once objects are identified as
people, the hue and saturation information of each person
is compared with that of a target that has previously been
registered. When a person is judged to be a target, a mobile
robot moves according to the location information of the target.
Repeating these processes, continuous tracking is achieved.

B. Segmentation of objects using a disparity image

In order to extract the object regions by using 3D informa-
tion, the segmentation method proposed by Ubukata et al. [11]
is adopted. A disparity image obtained from a stereo camera
gives 3D information of the respective pixels. The information
is projected onto an overlooked plane called a projection plane.
Fig. 2(a) is an example of an input image and a projection
plane obtained from the image (Fig. 2(b)). Then, the plane is
divided into cells, and the number of the projected points of
each cell is calculated. A histogram of the points in each cell is
shown in Fig. 2(c). In the image, the color of the cells depends
on the number of points; the more points a cell includes, the
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Fig. 1. Flow chart of the proposed method
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Fig. 2. Process of setting search regions

closer to red the color becomes. There tend to be many points
in the cells in the human region because of its height and
width. Therefore, the cells that have the projected points over
a threshold are labeled (Fig. 2(d)).

C. Setting search regions

Using the width, depth, and height of each labeled group
of cells, a rectangular parallelepiped region is produced. If
the region is correctly fixed as human, the length of each
side follows into a certain value. Thus, each search region is
extracted based on the lengths of the sides. Search regions have
the shapes of rectangular parallelepipeds and include objects
that have the contours of humans.
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Fig. 3. Process of setting human regions

D. Setting human regions

The result of setting search regions of an input image is
shown as a red rectangle in Fig. 3(a). As shown in the figure,
each search region is held at the height of one’s shoulder from
the ground. In a disparity image, each pixel in a rectangular
region is binarized so that the human region is shown as
white, based on whether the distance value of each pixel is
in the search region. Fig. 3(b) is the binary image obtained
from the region in Fig. 3(a). The resolution of the binary
image is lowered, and then the histograms, which show the
values of white pixels at each column and row in the low
resolution image, are produced (Fig. 3(c)). These histograms
are compared with the template that was previously produced.
The similarity is calculated by the Sum of Absolute Difference
(SAD) as calculated below:

Rsap = Z \1.(j) — Tr(5)] + Z (i) — Te(3)] (1)

In (1), N and M are the row and column numbers in the
image, I, and I. are respective values of histograms of an
input image, and 7). and 7 are respective values of template
histograms. When Rgsap is less than a threshold, the region
is defined as a human region.

E. Target detection from color information

To detect a human region that matches a target, hue
and saturation are used as the features of a target. Hue and



TABLE 1. EXPERIMENTAL SCENES IN INDOOR ENVIRONMENTS

Scene Condition Object Shadow
sun shining
! from the back wall no appearance
2 indirect illumination wall frequent appearance

studded
sun shining
from the side

3 wall and window | occasional appearance

saturation are components of the HSV color space that are
robust to illumination changes. If human regions are defined,
the information of each region is extracted. Subsequently, the
similarity between humans and the template color information
of a target acquired beforehand is calculated as follows:

RBhat - \/1 - Z Z \/Hinput(h7 S)Htemplate(ha 3) (2)
h s

where Hjppui(h, 8) and Hyemplate (R, $) are an H-S histogram
of input and template information, where h and s are hue and
saturation, respectively.

In order to adjust to lighting changes, the template’s color
information is updated at intervals of a few frames. However,
if mis-detection has occurred, it becomes likely that incorrect
color information will be updated as target information. There-
fore, to solve this problem, two versions of the color infor-
mation are held. One version is the information that has been
updated continually; the other version remains unchanged from
registration. When updating, if the similarity of the current
color information to the registered information is calculated
to fall under a certain threshold, the color information is
considered to belong to the target.

III. TARGET FOLLOWING EXPERIMENT

We have implemented the proposed method on a mobile
robot (Segway, BlackShip) with a stereo camera (Point Grey
Research, Bumblebee2) for the indoor and outdoor experi-
ments. In addition, PID control is used to adjust the distance
from a robot to a target and the angle formed by their 3D
positions. The effectiveness of the proposed system is verified
by two evaluation values, Precision and Recall.

Precision = Recall =

A 3)
A+B A+C
A: The number of frames in which the target is correctly
detected
B: The number of frames in which a non-target is detected
C: The number of frames in which no objects are detected

A. Indoor target tracking experiment

First, the target tracking experiment was performed in-
doors. The experimental environments are classified into three
scenes, as shown in Table I. In Table I, Condition means the
light condition; Object shows what was in the scenes; Shadow
indicates how often the shadow appeared. Fig. 4 represents
these scenes. The target detection examples are shown in
Fig. 5. In the figure, the rectangles are the same target regions
as are shown in Fig. 3(a), and the dots show the centroids
of the white pixels of the low resolution binary images, with
reference to Subsection II-D. Fig. 6 indicates the evaluation
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(b) Scene 2
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Fig. 4. Experimental scenes in indoor environments
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Fig. 5. Examples of detecting a target indoors

of the experiment. The experiment has resulted Precision and
Recall values of higher than 90% in all situations. As shown in
Fig. 5, the brightness of the target’s clothes was changed every
moment by indirect illumination and the sunlight through the
windows. This experiment has demonstrated that, under three
different lighting conditions, a robot could track a target in
indoor environments.

B. Outdoor target tracking experiment

In this section, the experiment of tracking a target was
conducted outdoors, a more complicated illumination environ-
ment.

The experimental environments had five scenes, as indi-
cated in Table II. These scenes and examples of detecting
a target are shown in Fig. 7 and Fig. 8, respectively. Fig. 9
shows the results of the experiment.
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Fig. 6. Evaluation of results in indoor scenes

TABLE II. EXPERIMENTAL SCENES IN OUTDOOR ENVIRONMENTS
Scene Condition Object Shadow
1 direct lighting none no appearance
2 back lighting none no appearance
3 direct lighting trees and a car frequent appearance
4 direct lighting none constant appearance
5 direct lighting | poles and bikes | occasional appearance

(b) Scene 2
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-

(a) Scene 1

(e) Scene 5

Fig. 7. Experimental scenes in outdoor environments

High Precision values could be obtained, and each Recall
value was higher than 80%. The Precision value of Scene 3
is lower than that of other scenes because, as compared to
them, there were more objects in the scene whose shapes
are like humans. Moreover, mis-detection will increase if
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Fig. 8. Examples of detecting a target outdoors
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Fig. 9. Evaluation of results in outdoor scenes

additional people are present. This results from using only
color information for a target feature. For safe tracking, mis-
tracking should not occur; no mis-detection of a target is
desirable, wherever a robot performs.

On the other hand, the Recall value of Scene 5 is the lowest
of all. This would be because the light-condition changes in
the environment of Scene 5 were so frequent and extreme that
updates of the color information could not adjust it. Although
there were some scenes in which the robot could not find
the target, the robot never stopped moving. This is because
target detection was repeated in every frame and the color
information of the target was updated frequently; therefore,
the robot could immediately once again detect the target.



However, if the light condition changes more extremely (e.g.,
in the case of moving from indoors to outdoors), the robot
might be stopped. Therefore, the non-detected scene should
be decreased, and the Recall value also needs to be higher
to use the system in real environments. These goals can be
achieved by developing the present system with more features
to distinguish humans from other objects and to distinguish a
target from other people under varying illuminations.

IV.  CONCLUSION

In this paper, a target tracking system for a mobile robot
under varying illuminations using a stereo camera has been
proposed. Extraction of a 3D region of a target person by
obtaining features that are robust to illumination changes is
applied to target tracking in environments with changing light
conditions. In indoor and outdoor experiments, nearly 100%
of the Precision value and more than 80% of the Recall value
were obtained. Through these experiments, we confirmed that
the method is capable of tracking a specific person under
various illumination environments.

The current method does not consider environments with
multiple people. To cope with such cases, it would be neces-
sary to use time-series information.
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