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ML-Based Fast and Precise Embedded Rack
Detection Software for Docking and Transport of
Autonomous Mobile Robots Using 2-D LiDAR

Sunghoon Hong

1 Abstract—Autonomous mobile robots (AMRSs) are widely used
2 in dynamic warehouse environments for automated material han-
3 dling, which is one of the fundamental parts of building intelligent
4+ logistics systems. A target docking system to transport materials,
s such as racks, carts, and pallets is an important technology
e for AMRs that directly affects production efficiency. In this
7 letter, we propose a fast and precise rack detection algorithm
s based on 2-D LiDAR data for AMRs that consume power from
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batteries. This novel detection method based on machine learning
to quickly detect various racks in a dynamic environment consists
of three modules: first classification, secondary classification,
and multiple-matching-based 2-D point cloud registration. We
conducted various experiments to verify the rack detection
performance of the existing and proposed methods in a low-
power embedded system. As a result, the relative pose accuracy is
improved and the inference speed is increased by about 3 times,
which shows that the proposed method has faster inference speed
while reducing the relative pose error.

Index Terms—ILow-power vision processing, machine learning,
mobile robot, object detection.

I. INTRODUCTION AND RELATED WORKS

UTONOMOUS mobile robots (AMRs) have become one

of the important transportation methods in the intelligent
logistics and manufacturing industries to reduce costs while
improving efficiency. An AMR is a type of robot that can
recognize its surroundings without external help, using only
sensors equipped to the robot, and automatically move toward
its destination [1].
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As an important part of intelligent logistics systems for
automated material handling in dynamic warehouse environ-
ments, a target detection algorithm is a key technology for
robust docking maneuvers to efficiently transport materials,
such as racks, carts, and pallets. For example, AMRs perform
material picking and delivery operations in material-transfer
tasks. Material picking requires precise docking for the AMR
to engage with the target, and precise docking requires
continuous detection of the target.

A cascade classifier using Haar-like features is one of the
object detectors for 2-D images [2], and various studies are
currently being conducted to improve its performance [3], [4].
However, cameras are greatly affected by uneven lighting,
and distance information is lost during the mapping from
3-D to 2-D space. Therefore, vision-based object detection
can no longer satisfy the requirements of current industrial
production.

To improve the accuracy of relative pose for precision
target detection, most AMRs require time-of-flight sen-
sors, such as LiDAR, with high range accuracy. The most
widely used LiDAR-based relative pose estimation method
involves point cloud registration (PCR) using iterative error
minimization techniques to calculate the high-accuracy rel-
ative pose between two point clouds. The iterative closest
point (ICP) algorithm is one of the most high-performing
and well-known PCR methods and is still utilized in recent
research [5].

For battery-powered AMRs, reducing hardware costs and
power consumption is important. In this letter, we propose a
fast and precise rack detection method based on machine learn-
ing for a robust target docking system using 2-D LiDAR in
low-power embedded systems. The proposed method quickly
and accurately detects various racks so that the AMR can
engage with the target rack. The detection algorithm’s com-
putational resource cost can be reduced because the first
classifier is implemented in data preprocessing. For robust
target detection, multiple-matching-based 2-D PCR is also
designed to precisely correct the relative pose between the
AMR and the target.

We structure the rest of this letter as follows. Section II
introduces the proposed methodology, including machine-
learning-based fast object detection and relative pose
correction, and Section III shows the performance of the
proposed method. Finally, Section IV concludes of this
letter.
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Relative pose estimation is one of the important technolo-
gies used in computer vision and robotics to determine the
position and orientation between the mobile robot and the
target. This technology is essential in various applications,
including object tracking, simultaneous localization and map-
ping, navigation, and target docking. The goal of relative
pose estimation is to accurately calculate the rigid body
transformation, Ttr € SE(2), of the robot frame (denoted
as R) in the imaged-based target frame (denoted as 7).
To calculate the transformation of relative pose, TR, the
transformation matrix, Tg/, in the image-based robot frame
(denoted as R') is calculated on the tangent space as follows:

0O -1 0
-1 0 0
0O 0 -1

Erp = §r (D

where £ = [t w] e R¥is a tangent vector and @ € s0(2) is
the angular velocity (lie algebra of SO(2)) and ¢ € R?. The
problem of target detection is defined as finding the rigid body
transformation, Ttr’ € SE(2), to precisely localize the pose of
the image-based robot frame in the imaged-based target frame.
The homogeneous transformation matrix, Ttr: from {R'} to
{T}, can be defined as follows:

[RTR’ tTR’i|
0 1
where Rrr: € SO(2) and trr € R? are the rotation matrix and
the translation vector of the image-based robot frame relative

to the target frame, with tyrr = [1y, ty]T.

In 2-D LiDAR-based applications, the ICP algorithm is used
to achieve point cloud fine registration. The problem of PCR
is defined as finding the rigid body transformation, Ttr, that
best aligns a reading point cloud of N, points P € R2*Np
in the robot frame to a reference point cloud of N, points
Qr € R¥Ma in the target frame.

The ICP algorithm has shown that, under ideal noise-free
conditions, TTRr is accurately calculated because point-wise
correspondences are correctly matched. However, when noise
is present, TR is incorrectly calculated because point-wise
correspondences are sometimes mismatched, increasing the
probability of being trapped in a local minimum, such as
when the scene is very ambiguous compared to the reference.
Therefore, ICP-based relative pose estimation may not be an
effective solution because the point cloud of the 2-D LiDAR
has many unnecessary points to match with the point cloud of
the reference image.

In this letter, we propose a novel detection method to
quickly detect various targets in a dynamic environment using
the template-matching-based first classification and machine-
learning-based secondary classification. Also, for robust target
detection, we designed a multiple-matching-based 2-D PCR
using an ICP algorithm to precisely correct the relative pose in
the region of interests (ROIs) that passed the 2nd classification
and significantly reduce the computational cost of the ICP
algorithm.

2

TTR/ =
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Fig. 1. Embedded software architecture for a target detection system.
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Fig. 2. Template-matching-based 1st classifier using multithreading.

B. Rack Detection

The main purpose of rack detection is to reduce the
computational resource cost and the probability of being
trapped in a local minimum by using the ICP algorithm. The
rack detection algorithm we propose uses a thread-pool-based
multithreading technique to efficiently use CPU resources, as
Fig. 1 shows. The 1st classifier extracts candidates for rack
ROI from each thread to detect the rack roughly and quickly.
The sync function waits for all candidates to be extracted from
each thread, and the merge ROIs function selects and merges
ROIs suitable for the rack in the extracted ROI candidates.
The 2nd classifier accurately detects the rack in the merged
ROIs and estimates the relative pose between the AMR and
the rack, and then PCR corrects the estimated relative pose
using multiple reference images.

1) Template-Matching-Based 1st Classification: For fast
rack detection, the template-matching-based 1st classifier uses
the 2-D LiDAR reference image, as Fig. 2 shows. However,
because template matching does not consider the rotation of
the image, we perform rotation-based template matching using
parallel processing of multithreading to find the relative pose,
Tr7, between the image-based robot frame and classifier-
based target frame (denoted as T’). The image-based robot
coordinate, TﬁR/, in the target frame can be defined as follows:

3)

Tpp = Ttribg
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where p € R3 is the homogeneous vector, with p = [x, y, 1]T.
The 2-D LiDAR’s point, pr € R?, in the image-based robot
frame can be defined as follows:

Dypixel = Diyeter/resolution

o [1 0[sin®)
Pr = Dplxel [0 _11| |:COS(9)1|

where Dpixel is the 2-D LiDAR distance in pixels, Dmeter is
the 2-D LiDAR distance in the real world, and resolution =
0.0528 m/pixel is the resolution from pixel to meter. To
calculate the template matching score for the 1st classifier, we
use the reference point cloud instead of all coordinates in the
reference image, as follows:

“4)

p=Rpp +c
N

S0y =Y [aBy, — B(1 — Bisg)]

i=1

®)

where p € R? is a point in the image frame, N is the number
of reference points, and R € SO(2) and ¢ € R? are the rotation
matrix and translation vector to search for the target in the
image frame. ¢ € R? is an image centroid coordinate, B €
R¥ " s a binary image of the reference point cloud Q €
R?>*Na, B € R"*" is a binary image of the image-based point
gloud P e RNy and S(R,t) is a template matching score.
By, is always 1 because g € Q is the reference point, and By,
is 0 or 1.

2) Machine-Learning-Based 2nd Classification: For accu-
rate rack detection, the machine-learning-based 2nd classifier
uses Haar-like features. A Haar-like feature is the single
weak classifier, and one weak classifier does not have enough
information to detect a rack. Therefore, it is necessary to learn
a stronger classifier using several meaningful weak classifiers.
To extract only weak classifiers that are meaningful for rack
detection, we use the Adaboost algorithm to learn Haar-like
features [6].

Finally, the 2nd classifier is learned from numerous positive
2-D LiDAR images corresponding to racks and numerous
negative 2-D LiDAR images to not racks in 25 x 21 regions
passed through the st classifier, as Fig. 3 shows. The 2nd
classifier is also implemented based on a bird’s-eye view
using 2-D LiDAR, so the detection speed is faster because it
calculates only in a 25 x 21 area without considering the scale.
The transformation matrix, 2“dTR/Tr, of 25 x 21 regions passed
through the 2nd classifier can be defined as follows:

ndg o = H<nlleax{S(R, t)})
N

_ |:RT RT(t—c)]

0 | (6)
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Fig. 4. Multiple reference images-based relative pose correction.

where 29T p is the transformation matrix of the classifier-
based target frame relative to the image-based robot frame
using the 2nd classifier, H.

3) Multiple-Matching-Based Point Cloud Registration:
PCR using the ICP algorithm is based on minimizing the error
function to calculate the rotation matrix, R, and translation
vector, ¢. The ICP minimization problem with the point-point
error function can be defined as follows:

N
e®.0) = min Y| (Rpr.; +1) — gr.i[’

i=1

)

where e(R, t) is the smallest average distance error, N is the
number of point-wise correspondences, pp € R? is each
reading point of the current point cloud Py in the classifier-
based target frame, and g € R? is the closest reference point
of the reference point cloud Q7 in the target frame using a
k-d tree search for a correspondence search.

To improve the accuracy of PCR using ICP, the proposed
method uses the multiple reference images, as Fig. 4 shows.
If we use only the original reference image, point-wise corre-
spondences are sometimes mismatched because the reference
image has many similar features, so it is difficult to compare
the point cloud of the 2-D LiDAR.

Therefore, to ensure accurate point-wise correspondence,
reference images of various perspectives from which the
mobile robot looks at the rack are used to reduce the prob-
ability of being trapped in a local minimum and improve
the accuracy of the corrected relative pose, and the multiple-
matching-based ICP minimization problem with multiple
point-point error functions can be defined as follows:

-1

) - [min MR, t)] (8)
Rt

where N is the number of reference images and ef»v (R,?) is

the smallest average distance error in the i-th reference image.

P is the transformation matrix of the target frame relative

to the classifier-based target frame using ICP. The corrected

relative pose, Tg'7, of the transformation matrix, 2Tk, can

be defined as follows:
Trr = Tr PTrr

©)

where the rigid body transformation, TTrs, is calculated
by Tph
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III. IMPLEMENTATION AND EXPERIMENTAL RESULT

To efficiently use CPU resources in low-power embed-
ded systems, we implemented a rack detection algorithm
using event-driven architecture. Also, we tested the proposed
method’s response speed and accuracy on the i.MX6Q com-
pute module, as Fig. 5 shows. i.MX6Q is an application
processor made by NXP and equipped with four 32-bit ARM®
Cortex®-A9 processors, and the maximum operating speed
per core is 1.2 GHz.

Fig. 6 shows the relative pose error result. The F-Haar
method is a fast Haar cascade algorithm that uses the 2nd
classifier in ROIs passed through the 1st classifier. We can
see that the proposed method’s relative pose accuracy is much
higher than that of other methods.

Fig. 7 shows the visualization results of the detected rack
pose. (a)—~(d) are the visualization results when the AMR
is located at the bottom left, bottom center, center, and
bottom right of the rack. We can see that the point cloud
of the proposed method is better aligned than with other
methods.

IEEE EMBEDDED SYSTEMS LETTERS

TABLE I
PERFORMANCE COMPARISON RESULTS OF THE TRADITIONAL
METHOD AND THE PROPOSED METHOD

Method FPS CPU MEM  Relative pose error (RMSE)
(Av)) (Av®) (MB) z(mm) y(mm) 0 ()
Traditional Haar 10 400% 67.6 33.13 51.04 1.81
F-Haar 33 19.8% 40.6 30.61 58.17 1.53
F-Haar + Single ICP 32 21.6% 432 9.90 29.16 1.15
Proposed Method 30 23.3% 489 2.17 1.85 0.21

Table I shows a comparison of performance with inference
speed and relative pose error. We can see that the proposed
method improves the inference speed by about three times
compared to the traditional method. The F-Haar method we
proposed is faster than the traditional Haar cascade method
because it is performed in ROIs passed through the 1st classi-
fier. Also, the proposed method reduces CPU usage by about
20.7 times compared to the existing method, thus helping
reduce the hardware’s power consumption and increase the
AMR’s travel time.

IV. CONCLUSION AND FUTURE WORK

In this letter, we introduced a machine-learning-based fast
and precise rack detection method for a robust target docking
system using 2-D LiDAR. Unlike the traditional method,
the proposed method has its computational cost in 25 x 21
regions passed through the Ist classifier, so it can reduce
the computational costs of machine learning and the ICP
algorithm. In addition, the response speed of the rack detection
and accuracy of the relative pose are further improved by
using the 1st classification, 2nd classification, and multiple-
matching-based PCR techniques.

In the future, we plan to develop an efficient and robust tar-
get docking and transport system using a low-power embedded
system-based AMR.
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