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Fig. 1 Eight-combination panoramic camera system. (a) Top view of panoramic camera; (b) vector relation diagramj;

(c¢) strict cylindrical projection model figure
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Fig. 2 Transformation diagram from panoramic plane

coordinate system to panoramic cylindrical coordinate
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Fig. 3 Overlapping architecture of panoramic camera system
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Fig. 4 Panoramic camera system architecture
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Table 1 Relative orientation elements of combined cameras

Camera a /() B /() v /() X /em Y /em Z /cm
Camera 1 0 0 0 0.0238 4. 0950 0.3325
Cameras 1-2 —0.0248 0.6691 —0.0285 3.2273 2.5220 1. 1306
Cameras 2—3 0.0838 0. 6387 0. 0802 4.8675 —1.0091 1.6011
Cameras 3—4 —0.0210 0. 8555 0.0715 3.0778 —4.3322 0. 8516
Cameras 4-5 —0.0505 0.7016 0.0234 0.9727 —5. 1819 —0.5938
Cameras 5—6 —0. 0485 0.5106 0.0760 —4. 8667 —1. 5885 —1.2025
Cameras 67 0.1119 0. 7537 —0. 0580 —3.0730 1.3413 —1.7926
Cameras 7—8 0.0116 0. 7006 0. 0207 —2. 2840 4.1536 0.6732
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Fig. 5 Single-cylinder and multiple cylinders panoramic stitching methods. (a) »=3989.4 mm; (b) r, =1510 mm, r, =2300 mm,
r3=2900 mm, r,=2300 mm, r; =1480 mm, r;=2100 mm, r; =2930 mm, r;=2780 mm
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Table 2 Projection error of methods A and B unit: pixel

Camera RMSE in x RMSE in y Total RMSE in x Max error in x Max error in y

direction direction and y directions direction direction
A (1-2) 1. 86 0.22 1. 87 3. 0839844 0. 8300781
B (1-2) 0.18 0. 20 0. 26 0.6301269 0.5999023
A (2-3) 1.53 0. 20 1.54 2. 8520203 0.6999512
B (2-3) 0.17 0.16 0.23 0. 6000976 0. 5998535
A (3-4) 1.21 0.16 1.22 2.8099976 0.7309875
B (3-4) 0.09 0.15 0.17 0. 5400390 0.4454994
A (4-5) 1. 47 0.19 1.48 2.0769958 0.8701172
B (4-5) 0.16 0.15 0.22 0.6599121 0. 5300293
A (5-6) 1. 97 0.21 1.98 4. 2009890 0. 9804687
B (5-6) 0. 20 0.19 0.27 0. 8798828 0.6479502
A (6-7) 1.62 0.17 1.63 3.0959778 0.9199219
B (6-7) 0.19 0.16 0.25 0. 6880035 0.6389770
A (7-8) 1.14 0.13 1.15 1.7539978 0.7353958
B (7-8) 0.07 0.13 0.14 0.4942016 0.6752014
A (8-1) 1.19 0.15 1. 20 1.9709778 0.7695312
B (8-1) 0.08 0.14 0.16 0.5745430 0.6852951
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Fig. 6 Panoramic images from direct and indirect methods. (a) Direct method; (b) indirect method
# 3 RPN

Table 3 Comparison of image mosaic efficiency

Time-consuming /s

Scene Method
Cameras 1-2 Cameras 2—-3 Cameras 3—4 Cameras 4-5 Cameras 5—6 Cameras 6—7 Cameras 7—8
SIFT 2.8327 3.2834 2.7098 3.2543 2.8534 3.1927 3.2734
1 OpenCV 0. 5060 0.5109 0.5874 0.5647 0.5459 0.5774 0.5521
Ours 0. 0538 0. 0534 0. 0572 0. 0528 0. 0532 0.0528 0. 0542
SIFT 4.0127 4.5892 4.2384 4.2384 4.9203 4.1294 4.3038
Il OpenCV 0.7829 0.7968 0. 7375 0.7283 0.7736 0.7205 0.7710
Ours 0. 0593 0. 0588 0. 0541 0. 0567 0. 0502 0. 0564 0.0512

Notes: | and [l represent indoor rare feature points scene and outdoor multi-feature points scene, respectively.
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Multicylinder Projection Stitching Method of Multicamera Panoramic System
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Abstract

Objective Panoramic imaging technology has been extensively employed in traffic supervision, robot navigation, mobile
measurement, etc. Several panoramic systems have been developed by combining numerous cameras to offer a horizontal
field of view of 360° and a vertical field of view ranging from decades degrees to 180°, with the development of sensors
and computing abilities. The panoramic images can be created from the combined panoramic systems using two
approaches. The first solution may be transformation, registration, and blending only based on the feature points. The
approach often has a strong dependence on the feature points in the surrounding environment. Alternatively, the
panoramic stitching approach depends on the direct or indirect transformation between the cylindrical or sphere and
perspective projection. The second approach is more robust and effective than the first approach because of its
independence of the feature points. However, the panoramic imaging would experience the mosaic error and geometric
inconsistency of vision due to the surrounding environment’s unknown depth. To solve the difficulties of panoramic
mosaicking, empty pixels, and multiple pixel projection in one pixel caused by the traditional panoramic stitching
approaches, a multicylinder projection-based mosaicking approach is proposed to ensure that panoramic images are
produced effortlessly.

Methods In this study, we proposed an indirect panoramic cylindrical stitching approach based on multicylinder
projection optimization to reduce the visual stitching error of overlapping regions while improving the panoramic images’
stitching accuracy. We hope that our study approach can be beneficial in computer vision and other related fields. First,
we developed a panoramic camera system combined with eight low-cost network cameras. A set of indirect mapping
equations between panoramic planar and perspective projections of subcameras were developed according to the rigorous
imaging model for a multicamera panoramic system. Particularly, a cost function was developed that employs the
minimizing projection error based on the projection constraint of homonymy points on the cylinder. Furthermore, the
optimal solution of multiple cylinder radius was solved using the gradient descent approach. Thus, the approach of one
cylinder projection is extended to numerous cylinder projections.

Results and Discussions Table 1 shows the high-precision relative orientation elements between combined cameras.
The panoramic indirect stitching imaging model was fabricated based on the precalibration findings. The experimental
findings show that the multicylinder panoramic stitching approach offers a better visual effect than the traditional single-
cylinder stitching approach (Fig. 5). In this manner, the corresponding points’ projection error in the panoramic images
formed from the proposed approach was about 1/7th of the traditional single-cylinder stitching approach. The projection
error of single-cylinder and multicylinder panoramic stitching approaches were calculated (Table 2). Furthermore,
compared with the traditional direct approach, the difficulties of empty pixels and accumulation of pixels are solved (Fig.
6). The stitching speed of a panoramic image generated from the proposed approach is 10 times that of the traditional
SIFT feature-based approach and 55 times that of the mosaicing approach in the OpenCV package (Table 3).

Conclusions The proposed multicylinder projection-based mosaicking approach is effective in solving the difficulty of
panoramic mosaicking errors due to traditional single-cylinder panoramic imaging equation in a 360° panoramic
environment with inconsistent object distances. Additionally, the indirect projection approach is employed to solve the
difficulties of empty and multiple pixel projections in one pixel due to the direct panoramic stitching approach. The
approach proposed in this study exhibits higher stitching accuracy and visual consistency and is suitable for the panoramic
systems combined with multiple cameras, which are designed with eight cameras arranged cylindrically. Indeed, it can
also be extended to the sphere panoramic camera system.

Key words imaging systems; combined panoramic camera; indirect method; cylinder projection; camera calibration;
loss function
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