A Technical Appendices and Supplementary Material

A.1 Coordinate Systems and Transformation

To achieve spatial synchronization between different sensors, vehicle-vehicle-UAV collaboration
requires using sensor parameter information to perform coordinate system transformations. The
relationships between the coordinate systems are illustrated in Fig. S[I]
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Figure 1: Relationship between coordinate systems.

Pixel Coordinates. The pixel coordinate system refers to a two-dimensional coordinate system
defined on the image plane, typically represented as (u, v), with units in pixels. In this system, the
origin is located at the top-left corner of the image, the u-axis points to the right along the horizontal
direction, and the v-axis points downward along the vertical direction. This coordinate system is used
to describe the position of points on the two-dimensional image captured by the camera.

A 3D point in the camera coordinate system, denoted as (., y., z¢), can be projected onto the pixel
coordinate system through the camera’s intrinsic matrix. The transformation process can be expressed
as:
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where f, and f, represent the focal lengths along the image’s « and y axes (in pixel units), and
(¢z, ¢y) denote the principal point (the intersection of the optical axis with the image plane, in pixel
coordinates).

Camera Coordinate System and LiDAR-to-Camera Calibration. The camera coordinate system
is defined as a three-dimensional right-handed Cartesian coordinate system, with its origin located at
the optical center of the camera. In this system, the z-axis points to the right along the image plane,
the y-axis points downward along the image plane, and the z-axis extends forward along the optical
axis of the camera.

To determine the spatial relationship between the LiDAR and each camera, we employed a point
correspondence-based calibration procedure [1, 2]]. Specifically, for each individual camera view,
several corresponding feature points were manually selected in both the image and the LiDAR point
cloud. Based on these correspondences, an initial extrinsic transformation matrix from the camera to
the LiDAR was estimated using a least-squares fitting approach.

To improve calibration accuracy, the initial matrix was further refined through iterative manual
adjustment and validation by visually checking the alignment of projected LiDAR points on the
image plane. In order to ensure long-term calibration reliability, considering possible sensor shifts
and mechanical vibrations, this calibration procedure was performed once every four hours during
continuous data collection.



The final extrinsic parameters for each camera were stored as a4 4 homogeneous transforma-
tion matrix, representing the coordinate transformation from the LiDAR coordinate system to the
corresponding camera coordinate system, as expressed by:
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where TLipar2cam denotes the extrinsic matrix obtained from the calibration process, and (x, y;, z;)
and (x., y., z.) are the point coordinates in the LIDAR and camera coordinate systems, respectively.

A visualization of the LiDAR-to-camera calibration results for all recording platforms is provided in
Fig. S2]S3] S4] The visualizations show the LiDAR point clouds projected onto the corresponding
camera images using the estimated extrinsic parameters. Our dataset includes two ground vehicles,
each equipped with five cameras providing full 360 coverage, and a UAV equipped with a single
front-facing camera. The calibration results for each vehicle and the UAV are displayed separately,
demonstrating the alignment quality across all viewpoints. The consistency between the projected
LiDAR points and the visible object boundaries in the images effectively verifies the accuracy and
robustness of our calibration process.

Figure 2: Visualization of the LiDAR-to-camera calibration for Ground Vehicle A equipped with five
cameras covering 360 . Projected LiDAR points align well with image features across all camera
views.

LiDAR Coordinate System and World Coordinate System. The LiDAR coordinate system for
each platform is defined relative to the sensor’s installation frame on that platform. We adopt a right-
handed coordinate system, where the geometric center of the LiDAR sensor is set as the origin. The
x-axis points forward, the y-axis points to the left, and the z-axis points upward. The world coordinate
system is established as a global East-North-Up (ENU) frame derived from GPS measurements,
which provides a consistent geodetic reference for all platforms.

Point clouds collected from each platform are initially represented in their respective LiDAR co-
ordinate systems. Using GPS and IMU data, the pose of each platform is obtained relative to the
global ENU world coordinate system. In our implementation, we approximate the LiDAR-to-world
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