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Abstract

Traditional automated guided vehicle ( AGV) primarily relies on scheduling systems to manage
warehouse locations and execute picking or placing tasks on fixed -height pallets. However, these
conventional systems are ill -suited for scenarios involving variable heights, such as vehicle loading
and unloading or the complex stacking of soft packages. To address the challenges of AGV end -ef-
fector operations in non-fixed height scenarios, this paper proposes an innovative solution leveraging
low-cost depth camera sensors. By capturing image and depth data, and integrating deep learning,
image processing, and spatial attitude calculation techniques, the method accurately determines the
position of the end-effector center point relative to the upper plane of the fork. The approach effec-
tively resolves a key issue in AGV operations within intelligent logistics scenarios that lack fixed
heights. The proposed algorithm is deployed on a domestic embedded, low-cost ARM chip control-
ler, and extensive experiments are conducted on a real AGV equipped with multiple stacked vehicles
and non-standard vehicles. The experimental results demonstrate that for diverse vehicles with differ-
ent heights, the measurement error can be maintained within +10 mm, satisfying the requirements
for high-precision measurement. The height measurement method developed in the paper not only
enhances the AGV’ s adaptability in non-fixed height scenarios but also significantly broadens its ap-
plication potential across various industries.

Key words: automated guided vehicle (AGV ), vehicle detection, vehicle height measure-

ment, multi-layer stack,non-standard vehicle

0 Introduction

As the development of automated guided vehicle
(AGV) progresses, new technologies such as precise
identification and localization have been introduced,
12 Aee
curate positioning of the end vehicle is crucial, and the

thereby expanding their application scenarios

AGV system must detect vehicles position and orientation
within a complex environment. This capability is a criti-
cal link in achieving automated and flexible operations.
Many researchers have explored vehicle detection
and positioning using various technologies such as visu-
al markers, laser radar, deep vision, and other depth-
sensing methods. These approaches have demonstrated
the ability to recognize and position AGV forklifts with-
in a specific range, thereby significantly advancing the

field "),

Seelinger and Yoder. >’ employed visual labels
for identification and positioning, enabling pallet de-
tection across various scenarios. However, this method
is heavily reliant on external labels, which are suscep-
tible to being obstructed or defaced, thereby introdu-
cing certain limitations. Moreover, any damage to
these labels would directly result in the failure of pallet

11 demonstrated the detec-

recognition. Lecking et al.
tion of pallets for an AGV using a 2D laser scanner,
which provides direct depth values. Kleinert and Over-
meyer' 2! proposed a 3D camera based on the time-of -
flight principle as part of an advanced driver assistance
system for forklifts. However, point cloud processing
often falls short in achieving real - time performance,

rendering it impractical for deployment on unmanned

forklifts.
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Kesuma et al. """ proposed utilizing you only look
once (YOLO) to detect the center of the pallet’ s front
face and extracting features from two entry points after
reaching a specified distance. Molter and Fottner' "’
introduced a method based on red, green, blue, depth
(RGB-D) cameras, which extracts the pillar features
of the pallet and calculates its pose using the centroid
of the pallet leg in depth data. Kita et al. '™

employing a wide - angle camera to localize pallets on

! proposed

shelves perpendicular to the forklift, generating an im-
age by converting the wide-angle view into a three-di-
mensional plane for pallet localization. Joo et al. "’
developed an algorithm to determine the rotation angle
of the pallet by using a real -sensing camera to capture
the edge interface of the perpendicular pallet with a
point cloud.

However, these approaches are limited to pallet -
based ground scenarios and are unable to effectively
measure the height of stacked pallets without the aid of
tagging methods. Current technologies mainly concen-
trate on recognizing standardized or structured pallets
placed on flat surfaces, or they rely on visual tags for
identification and localization. Therefore, accurately
measuring the height of objects at the end of AGV op-
erations in real time is crucial for realizing intelligent

logistics applications involving multi-layer stacking.

1 Vehicle localization

1.1 Vehicle center pixel localization

Detection and identification using deep learning
methods''’ are employed to obtain the necessary pa-
rameters for the vehicle. Specifically, as shown in
Fig. 1, the image pixel coordinates of the positions O,
and O, of the two jack areas of the vehicle, the physi-
cal dimensions (length, width, and height) of the ve-
hicle itself, and the dimensions of the three legs of the
vehicle are acquired. Additionally, the pixel coordi-
nates O, O,, and O, of the center points of the three
legs of the vehicle are calculated. The detailed steps
are as follows.

Based on the detection of the vehicle jack area,
identify the two largest external rectangular boxes AB-
CD and EFGH. If multiple vehicle jack areas are de-
tected, select the two areas with the largest areas as the
jack areas. Calculate the pixel coordinates O, and O, of
the center points of these two rectangles. Given the
four-pixel coordinates of the quadrilateral BEHC, and
considering that the pallet may be inclined (hence BE-
HC may not be rectangular) , determine the coordinates
of the center point O of the quadrilateral BEHC and the
midpoint coordinates of the line segment 0,0,. Finally,

calculate the equation of the line 0,0,.

Considering the tilt of the vehicle and the physical
structure of the pallet, points O,, 0,, O,, and O,
must be on the straight line 0,0,. Given the physical
widths of the three legs of the pallet ( QA = FR =
100 mm and BE =120 mm) and the pixel horizontal
coordinate PBE of the middle leg (i. e., the pixel
width between BC and EH), we can use the camera
principle to estimate the distance between the pixels
0,U and VO, as P, , according to O,U/P,,, = BE/
Py, O,U = QA/2 =50 mm, and the linear O, O,

equation is used to calculate the pixel ordinate value.
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Fig. 1 The diagram of vehicle size

1.2 Pose calculation

Align the RGB data with the depth data, and then
calculate the horizontal and vertical offsets of the pallet
relative to the camera’ s center point. Additionally,
determine the relative height of the pallet’ s horizontal
plane in the camera coordinate system. Finally, com-
pute the yaw angle of the pallet with respect to the
camera’ s forward direction.

As shown in Fig. 2, P represents any point in the
three -dimensional world, and the world coordinate sys-
tem O, is used to denote the real world three - dimen-
sional coordinates of the object. The camera coordinate
system O, represents the coordinate system with the opti-
cal center as the origin, and the optical axis is aligned
with the Z-axis. The image coordinate system O, repre-
sents the coordinate system of the image taken by the
camera, with its origin at the intersection of the camera’s
optical axis and the imaging plane, which is also the
center of the imagQ. The pixel coordinate system O is
the pixel position of the image point in the image stor-
age matrix, with its coordinate origin located at the up-

per corner.

P&, Y., Z,) o

Fig.2 The diagram of the transformation relationship between

the four coordinate systems
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The transformation from the world coordinate sys-
tem to the camera coordinate system can be considered
as a rigid -body motion process. Here, R denotes the
rotation matrix, and ¢ represents the translation vector.

The transformation relationship is given by

Y, Y,
7| [g 1 z, )
1 1

In the actual working environment of an AGV, the
rotation matrix R, and the offset matrix T, exist between
the camera and the vehicle body center V after installa-
tion. Assuming that the coordinates of the pallet’ s
middle pillar P in the camera coordinate system are
(X., Y,

coordinate and the world coordinate can be derived by

Z.), the transformation between the pixel

integrating the camera’ s external parameters with the
pose of the vehicle body.

XL‘ Xw

Y, R 1Y,

=1 ] - 2
Z R, T, [0 1] 7 (2)
1 1

The process enables the accurate estimation of the
vehicle’ s pose. When the camera is installed and cali-
brated, its external parameters are defined relative to
the vehicle. When R and ¢ are determined, they repre-
sent the real -time pose parameters of the AGV body
relative to the world coordinate system. By calculating
Y, ,Z,) of

the center point O in world coordinates are obtained.

rigid body motion, the coordinates P (X, ,
The process of converting an object from the camera co-
ordinate system to the image coordinate system can be
viewed as projection transformation. According to the
principle of similar triangles, for any point P in the
three -dimensional world and its projection point on the
and f are the focal
lengths, and Z, is the distance from the object to the

camera’ s imaging plane, f,

x

camera (i. e., the depth measured by the depth
camera). The relationship is given as Eq. (3).

f .
7 0 Oly
X,
I B ;
}1,1 0 Z 0 ZC ( )
1
00 7

The image coordinate system and the pixel coor-
dinate system exist in the same plane, but they differ
in the position of the origin and the unit of measure-

ment. The origin of the image coordinate system is
located at the center of the image plane, whereas the
origin of the pixel coordinate system is at the upper
left corner of the image. Consequently, the relation-
ship between the image plane and the pixel coordi-
nate system can be described as follows. If («,, y,)
represents the coordinates of a point in the image co-

ordinate system, and (x,, y,) represents the coordi-

0
nates of the same point in the pixel coordinate sys-
tem, then the transformation between these two sys-
tems can be expressed using (c_, ¢,), which de-
notes the offset of the image center in the pixel coor-

dinate system. The relationship is given by Eq. (4).
x f. 0 ¢ [«

0 x P

Y [F 10 S ey, (4)
14 Lo o 14

The transformation between the camera’ s 3D
coordinate system and the pixel coordinate system is
integrated through a series of geometric projections
and calibrations. In practical scenarios, the real -
time pose data R and ¢ of the AGV body in the world
coordinate system, as well as the calibration result
[R,1 T,I of the camera relative to the AGV’ s cen-

ter, are obtained. The relationship is used to esti-
mate the pose of the pallet.

0 X
xO : 1 f’( c?( Yc :
Y |= 7 0 f |, |7
1 Lo o 147
1
O Xw
L]([; - [RIT][R t] Y,
A A R Z,
0 0 1 |

(5)

By substituting O (u,, v,), O, (u, v) and
0, (u,, v,) into the above equation, the 3D coordi-
nates of these three points in the world coordinate
system can be derived. As illustrated in Fig. 2, the
corresponding world coordinates of the three pixel
points are shown as O, (X,, Y,, Z,), O (X,, Y,,
Z),0,(X,,Y,, Z,).

1.3 Height measurement

In the AGV coordinates, let the three - dimen-
sional coordinates of point P be (X,, Y,, Z,). The
transformation between the camera coordinate system
and the AGV coordinate system for point P can be
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described as a rigid - body motion, characterized by
the rotation matrix and the translation matrix.

X, X, X
Y |[=R Y, |+T =I[RI T] Yy (6)
Z, Z, “
1
T T Tt
[RI T1=|ryryryt, (7)

T3 T3y T3 b3

where R is a 3 x 3 matrix, representing the orienta-
tion relationship of the AGV coordinate system rela-
tive to the camera coordinate system; T is a three -
dimensional vector, representing the positional offset
between the vehicle body coordinate system and the
camera coordinate system. R and T form the extrin-
sic parameter matrixes that describe the spatial rela-
tionship between the AGV and the camera. These
parameters are determined by the Zhang Zhengyou
calibration method'"”’ | which is a widely recognized
technique for camera calibration. To precisely evalu-
ate the calibration accuracy, the pinhole camera
model and the relationships among the four coordi-
nate systems are employed. This allows for the sim-
ultaneous solution of the camera’ s intrinsic and ex-
trinsic parameters. Given the well -established nature
of this calibration method, its detailed description is
omitted in this paper.

Since the camera plane is perpendicular to the
horizontal plane after the camera is installed, Gimbal
Lock is avoided. This means that the pitch, roll,
and yaw angles are calculated from the rotation ma-
trix R.

Suppose the Euler angles around the x-, y-,
and z-axes are 6, (roll), 6 (pitch) and 6, (yaw),
respectively. The rotation is performed in the order
of Z-Y-X using intrinsic rotations. Let the sine and
vr Sy €y and

respectively. Then the rotation matrix R can

cosine values of these angles be s_, ¢
s

D,

be expressed as follows.

R(0.,6,,6)=R(:,0) R(y,0) R(x,0)=

297y

c

z9

€, €. € 8.8 —C. S €. C S +S.8,

¢, s, s,s,s,+c.c, cocos,—c s | (8)
-5, c,s. ¢, c,
Rotation matrix is
IATRLAT AT
R =

Ty Typ T3

T3 T3 T33

c,C. € 8.8, —C. S, € C S +5.S,

€, s, S8, 8. +c.c. oc s -

x

) c. S c.cC

z y “z x Ty
(9)
To solve the equation ;

6 = roll = arctan(rﬁ) (10)

33

2_r312 ) (11)
NIy + T3

0. = yaw = arctan(rﬂ) (12)

LT

0, = pitch = arctan(

In the camera coordinate system, the height off-
set AH is influenced by the camera pitch and roll an-
gles. Specifically, AH represents the vertical dis-
tance from the center point of the tray to the center of
the camera, which is measured as follows.

d x (p, = C,) x cos(pitch) .\

AH = d xsin(pitch) +
/

dx (C -p,) xtan(roll)
f,

where, d is the depth of the center O point of the
middle leg of the pallet; the terms pitch and roll re-

(13)

present the pitch angle and roll angle of the camera
relative to the AGV, respectively, which are deter-
mined during installation and calibration; the coordi-
nates(p,, p,) are the pixel coordinates of the center
O point of the middle leg of the pallet; f, and f| re-
present the horizontal and vertical pixel focal lengths
of the depth camera, respectively; C, and C| repre-
sent the coordinates of the optical center of the depth
camera in the pixel coordinate system.

2 Experiments

The experiment is conducted on a Linux operat-
ing system server platform, utilizing the PyTorch
deep learning framework. An improved YOLOvV8
model is employed, and model training is accelerated
using NVIDIA GPUs. For the experimental platform,
a domestic low-cost edge computing terminal RK3568
is selected. The reverse k nearest neighbor (RKNN)
model conversion tool is used for algorithm verifica-
tion, testing, and performance measurement. An
Eagle-M4 depth camera is chosen, featuring a reso-
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lution of 960 x 540, a frame rate of 15 FPS (frames
per second ), and an effective depth measurement
range of 500 mm to 4 500 mm

Considering the actual working environment of
the AGV, the distance between the vehicle center
and the camera center varies from 2.2 m to 3.5 m,
with the vehicle positioned at multiple test sites. At
each site, the vehicle deflection angle varies from
—-30 °to 30 ° in increments of 10 °.

2.1 Vehicle height measurement

As the distance between the camera and the ve-
hicle increases, the depth measurement error from
the camera also tends to grow. Considering the cam-
era’ s measuring range, standard pallets are tested at
three typical distances; 2.2 m, 2.5 m, and 2.7 m.
To eliminate other error interference, the pallet is
positioned directly in front of the camera with no de-
flection or left-right offset. The height of the pallet is
varied from 100 mm to 1 500 mm, with measure-
ments taken at 100 mm intervals. The results indi-
cate that at a distance of 2. 7 m, the height measure-
ment error is primarily within 8 — 10 mm. At 2.5 m
(a common distance for actual AGV end opera-
tions) , the absolute error remains within 6 mm. At
the shortest distance of 2.2 m of distance, the abso-
lute error is kept within 5 mm.

As can be observed from the results of various
distance experiments depicted in Fig. 3, the height
measurement error of the vehicle can be maintained
within = 10 mm across different measurement dis-

tances.

18 F=—2 700 mm-distance
14 —#—2 500 mm-distance
12 —A—2 270 mm-distance

Height error /mm
NS

400 600 800 1000 1200 1400 1600
Real height /mm

0 200

Fig. 3

Various height measurement errors in different

distance segments

Due to the deviation and rotation angle of the ac-

tual pallet relative to the center of the AGV body, con-
sidering the common AGV operating distance range
(d =2 500 mm), the vehicle height A =1 000 mm is
selected for measurement. Since the camera is installed
in the middle of the fork root, aligned with the center
line of the AGV, the pallet is symmetrically offset from
the center line of the AGV. Three position points with
one side offset of 600 mm, 300 mm, and 0 mm are se-
lected in the experiment, and the pallet deflection an-
gles of -=30°, -20°, -10°,0°,10°, 20 °, and
30 © are verified at each position point.

Table 1 Measurement results of different rotation angles of fixed
height pallet

Experimental scene  Experimental result

Rotation Left-right ~ Left-right Angle Height
Angle/° offset/mm deviation/mm deviation/® deviation/mm

-30 600 7 -1.83 -9
-20 600 8 -1.83 -10
-10 600 6 -1.74 -8
0 600 5 -1.67 6

10 600 -7 1. 63 8
20 600 -8 1.71 9
30 600 -9 1.57 8
-30 300 5 -1.43 -7
-20 300 6 -0.83 -8
-10 300 6 -0.92 -7
0 300 -1 -1.77 1
10 300 -2 1.63 3
20 300 -5 1.71 4
30 300 -6 1.57 6
-30 0 5 -1.53 5
-20 0 3 -1.56 -4
-10 0 3 -1.76 2
0 0 1 -1.77 -1
10 0 -2 0. 63 2
20 0 -3 0.91 3
30 0 -6 1. 57 4
0 600 5 -1.67 6
10 600 -7 1.63 8

As shown in Table 1, when the offset distance is
600 mm, the height error is concentrated between
—8 mm and — 10 mm. When the vehicle is not offset
the height error is minimal, and its absolute value is
kept within 5 mm. Additionally, at each position, the
height error decreases as the absolute value of the rota-
tion angle decreases, with the smallest error occurring
when the vehicle is not rotating.
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2.2 Experiment of the whole process

Based on the pose calculation and height measure-
ment method of the AGV end vehicle using depth cam-
era, the full -process real - vehicle experiment is con-

ducted for two layers of stacked pallets without fixed
height. The experiment is illustrated in the sub-figure
A to O in Fig. 4, and the pick -and-drop operation is
verified throughout the process. The specific steps are
as follows.

Fig. 4 Multi-layer stacking of real vehicle AGV with no fixed height (A to O process)

(1)When the AGV reaches the pre-pick-up point,
the position and pose data of the vehicle body center in
world coordinates are obtained, and the end operation
command is issued (Fig.4(A)).

(2) The end operation software calculates the pose
and height of the top pallet in the multi - layer stack
based on the AGV pose and end operation command.
The AGV’ s fork height is then adjusted to prepare for
pallet pickup (Fig.4(B)).

(3) The AGV adjusts its posture according to the
position of the top pallet, positioning itself to insert the
forks for pallet pickup (Fig.4(C-D)).

(4) The AGV lifts the pallet after the forks are
fully inserted(Fig.4(E -G)).

(5) The AGV lifts the pallet from the ground, rea-

ches the pre -placement point, and directly adjusts its

posture based on the pallet position (Fig.4(H -1)).

(6) After adjusting the posture, the AGV inserts
the forks to pick up the pallet(Fig.4(J -K) ), and re-
tracts the forks after successful pickup(Fig.4(L)).

(7) With the pallet secured, the AGV prepares to
place the goods on the original first pallet ( Fig. 8 (M —
N)), and finally completes the delivery(Fig.4(0)).

As shown in Fig.4(0), the AGV can automatical-
ly align and handle the cargo with high precision, fur-
ther verifying the accuracy of the pose calculation and
height measurement methods for end vehicle identifica-
tion.

3 Conclusions

With the application of AGV forklift trucks in com-
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plex handling scenarios, such as automatic loading and
unloading, upper and lower shelving, and multi -layer
stacking, particularly in multi-layer stacking scenarios,
this paper proposes a vision-based height measurement
and positioning method for AGV end vehicles. This
method enables the identification, measurement, and
positioning of pallet jack positions. By adjusting the
driving path and fork height of the forklift, the fork is
accurately moved forward to insert into the pallet jack,
achieving precise and efficient pallet handling. This ex-
pands the application of AGVs in intelligent logistics
scenarios involving non - fixed heights and multi - layer
stacking.

However, when the detection range of RGB-D cam-
eras is exceeded, the reduction in image quality can lead
to a quicker decline in measurement accuracy. Addition-
ally, further optimization is needed to reduce dependence
on specific devices and improve the robustness of the
method.
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