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Abstract: The data fusion of a 3-D light detection and ranging (LIDAR) point cloud and a camera
image during the creation of a 3-D map is important because it enables more efficient object clas-
sification by autonomous mobile robots and facilitates the construction of a fine 3-D model. The
principle behind data fusion is the accurate estimation of the LIDAR–camera’s external parameters
through extrinsic calibration. Although several studies have proposed the use of multiple calibration
targets or poses for precise extrinsic calibration, no study has clearly defined the relationship between
the target positions and the data fusion accuracy. Here, we strictly investigated the effects of the
deployment of calibration targets on data fusion and proposed the key factors to consider in the
deployment of the targets in extrinsic calibration. Thereafter, we applied a probability method to
perform a global and robust sampling of the camera external parameters. Subsequently, we proposed
an evaluation method for the parameters, which utilizes the color ratio of the 3-D colored point cloud
map. The derived probability density confirmed the good performance of the deployment method in
estimating the camera external parameters. Additionally, the evaluation quantitatively confirmed the
effectiveness of our deployments of the calibration targets in achieving high-accuracy data fusion
compared with the results obtained using the previous methods.

Keywords: extrinsic calibration; LIDAR; camera; calibration target; data fusion

1. Introduction

Three-dimensional (3-D) mapping is essential for a mobile robot to perform several
tasks, including surrounding environment identification, self-location estimation, object
recognition, and autonomous navigation. The simultaneous localization and mapping
(SLAM) algorithm is the principal method for constructing a 3-D map of the surroundings
of a mobile robot using onboard sensor data, such as camera images and 3-D light detection
and ranging (LIDAR) point clouds. The LIDAR SLAM algorithm can provide a wide and
accurate 3-D map [1–3]. However, a 3-D map constructed from the LIDAR point cloud
conventionally has a low resolution and no color information. The map obtained using
only point clouds may be insufficient for the detailed identification of environments and
objects around a robot. As a solution, data fusion of the 3-D LIDAR point clouds and the
camera images is generally implemented to construct a map with detailed information. A
camera image can provide color and texture data, enhancing a LIDAR point cloud map.
Notably, the data fusion method is highly effective for the classification and identification
of multiple objects around autonomous vehicles [4–7], as well as the construction of fine
subcentimeter 3-D models [8].

The requirement for achieving effective data fusion is accurate data matching of the
camera image and the LIDAR point cloud. Data matching requires knowledge of the
appropriate camera external parameters, which represent the transformation between
the coordinate frames of the LIDAR and the camera and the camera intrinsic parameters
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corresponding to the camera specifications. Moreover, LIDAR–camera calibration (extrinsic
calibration) is required to estimate the camera external parameters, for which many methods
have been proposed. These extrinsic calibration methods can be classified into two groups:
target and targetless methods. Here, we concentrate on the target methods. In target
methods, one or more calibration targets are employed, which are observed by the LIDAR
and camera simultaneously. The feature points of the 2-D image and the 3-D point clouds
of the targets are extracted, and the 3-D feature points are projected on the 2-D image
using the camera intrinsic and external parameters. In the extrinsic calibration, the camera
external parameters are estimated by matching the 3-D feature points projected on the
2-D plane to those in the 2-D image. The key to achieving accurate extrinsic calibration
is the utilization of multiple targets or multiple poses of a single target [9,10]. However,
no study has established a clear relationship between the positions of the multiple targets
and/or poses and those of the objects used in data fusion quantitatively. Clarifying the
effects of the calibration target deployments on data fusion results will provide insights for
deploying calibration targets during extrinsic calibration.

Another key factor for achieving precise extrinsic calibration is the estimation method
of the camera external parameters. Conventionally, the external parameters are estimated
using the least squares method to reduce the differences between the feature points on
the 2-D image and the same points projected from the 3-D LIDAR data. This is a non-
linear inversion problem for parameter optimization. Most studies related to extrinsic
calibration [11,12] utilize the Levenberg–Marquardt [13] or Gauss–Newton [14] method
to solve the nonlinear optimization problem. However, these least-square-based methods
tend to derive the local minimum, and insufficient parameter sampling may prevent the
determination of the best parameter.

Thus, the estimated camera external parameters should be practically applied to the
LIDAR–camera data fusion in the real 3-D world, e.g., outdoor environments, and the
parameters should be evaluated in environments similar to a real scenario quantitatively.
However, most evaluations of the camera external parameters are performed in simula-
tors and/or limited laboratory spaces [15–17]. While some data fusion experiments are
performed in real roads and/or broad outdoor areas, they are mostly qualitative [12,18,19].

Therefore, in this paper, we propose three concepts regarding extrinsic calibration.
First, we reveal the relationship between the positions of the calibration targets in the

extrinsic calibration and the data fusion accuracy, considering the positions quantitatively.
This will enable the optimization of the data fusion of the objects set at specified posi-
tions and provide useful information regarding the deployment of the calibration targets
during calibration.

Second, we propose a probability-based method for estimating the camera external
parameters, i.e., the Monte-Carlo Markov-chain method. This method enables robust
parameter sampling and the selection of appropriate parameters from a global search. Thus,
our proposed method can be useful when working with a sparse 3-D LIDAR point cloud.

Third, we propose a method for evaluating the adaptability of the camera external
parameters obtained by the extrinsic calibration. This method uses a 3-D colored data
fusion map obtained in a real outdoor environment. The evaluation result is useful for
assessing the practicality of the camera external parameters in more realistic situations.

The remainder of this paper is organized as follows. In Section 2, we discuss related
works on extrinsic calibration and expound on the novelty of our concepts. Thereafter,
the proposed probability-based methods for the extrinsic calibration and estimation of the
camera external parameters using the probability function are explained in Section 3. In
Section 4, we describe our measurement system and the experimental conditions under
which the appropriate deployment approach for the calibration targets is verified. The
camera external parameters estimated using our probability-based method are presented in
Section 5. In Section 6, we discuss the relationship between the positions of the calibration
targets and the accuracies of the data fusion of objects, considering the positions in the
3-D colored data fusion map. Next, the quantitative method in a 3-D space is applied to
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evaluate the data fusion results, and the deployment methods for the calibration targets
are verified. Finally, the proposed concepts are discussed in Section 8, and the paper is
concluded in Section 9.

2. Related Works

In this section, we introduce several existing extrinsic calibration methods and ex-
pound on the novelty of our proposed concepts. In target extrinsic calibration methods,
several types of artificial targets can be employed. The checkerboard is the most used
target [11,12,15–18,20–24]. Zhang and Pless [11] proposed a classical method using a single
checkerboard to estimate the camera external parameters. The several poses of the checker-
board observed by a 2-D laser range finder and a camera provided geometric constraints
on the rigid transformation between the camera coordinate system and the laser coordinate
system. Although some calibration methods using 2-D LIDAR, similar to that of Zhang
and Pless [11], have been proposed [20,21], Unnikrishnan and Herbert [18] were the first
to apply a 3-D laser scanner for extrinsic calibration using a checkerboard. Therefore,
most studies employed 3-D LIDAR. A single checkerboard with several poses [15–17]
or additional objects, such as hollows [22] and reflectors [12], have been employed for
extrinsic calibration, and the method based on Zhoug et al. [23] made available recently in
the Matlab R2021a open-source software [25]. Conversely, Ginger et al. [9] and Fu et al. [24]
proposed calibration methods using multiple checkerboards. Although the multiple target
method requires more time compared to the single board one for the setting, it can provide
strict constraints on the LIDAR–camera transformation using only single-view data [9].

Apart from the checkerboard, several calibration targets have also been applied, such
as planar square boards [19,26,27], triangle boards [28], spheres [29], 3-D boxes [30,31],
and a square board with reflected markers [32]. The combination of planar boards and
AR markers [33] or checkerboards [34] has also been researched. A planar board with
circles is often applied as a calibration target next to a checkerboard [10,35–39]. Velas
et al. [37] confirmed that circular halls on planer markers can be distinguished, even if
horizontally oriented edges of other geometrical shapes, such as squares and triangles,
cannot be distinguished in 3-D LIDAR point clouds using a single point of view. Thus,
circles can also be restored even if only the center and a part of a circle are detected in sparse
point clouds. Beltrain et al. [10] and Yamada and Yaguchi [39] demonstrated the usefulness
of multiple poses and/or multiple targets using a planar board with circular holes. While
many studies related to target methods have indicated that the utilization of multiple poses
and/or multiple targets is useful for obtaining optimized camera external parameters,
no study strictly focuses on the position of each calibration target. For this reason, using
multiple planar boards with circular holes, we investigated the relationship between the
positions of the calibration targets and the accuracy of the data fusion considering the
object’s positions.

Target-less methods do not require any special artificial targets. Scramuzza et al. [40]
used a natural scene, and the features of the scene highlighted on both the camera images
and the 3-D range information for the calibration were consistent. The reflectance informa-
tion measured by the 3-D laser and the grayscale image are also utilized. The transforma-
tions between the LIDAR and the camera are examined to maximize the mutual information
between the sensor-measured surface intensities [41–45]. Some researchers [46–48] have
proposed a method based on line information. The line features extracted from objects
in office floors [46], buildings [47], and road scenes [48] from both the camera and the
3-D LIDAR data are utilized to derive the camera external parameters. Recent targetless
methods also use the semantic information extracted from both 3-D point clouds and
camera images [49,50]. Although these targetless methods are not time-consuming and can
achieve high calibration accuracy comparable to that of the target methods, they can be af-
fected by the surrounding environments and data acquisition conditions (light and weather
conditions). In addition, recent advances in deep learning have provided new methods
for LIDAR–camera calibration, including RegNet [51], CalibNet [52], and LCCNet [53].
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However, these methods conventionally require a large amount of accurately labeled data
pairs for training [10,12], and they consume more time than the simple methods. For these
reasons, we focus on target methods.

Although many studies [11,23] utilize traditional methods, such as the Levenberg–
Marquart method, in the analysis of the calibration data, we adopt the Monte-Carlo Markov-
chain algorithm [54] to solve the nonlinear inverse problem. Our selected algorithm
performs a global search of the model parameters by sampling the parameters using the
random walk method based on probability. It provides the result of the parameter search as
a posteriori probability density and prevents the derivation of a local minimum. Since the
algorithms are already implemented to solve complicated nonlinear inversion problems in
some geophysical studies [55–57], we first adopt the Monte-Carlo Markov-chain algorithm
for a more robust search of the camera external parameters.

Using the obtained camera external parameters as the result of the extrinsic calibra-
tion, 3-D point clouds with RGB values can be generated, and some related studies have
proposed examples of 3-D colored point cloud maps [18,40,41,43]. However, these fusion
maps are created in the laboratory and the limited outdoor areas and none of these studies
utilized the color information in the fusion data to evaluate the goodness of the derived
camera external parameters. The 3-D colored point cloud map is a product of data fusion,
and the completeness of the fusion map should be an important factor in validating the
goodness of the estimated camera external parameters. We propose an evaluation method
that involves using the color information in the 3-D colored point cloud in outdoor areas
similar to realistic scenarios.

3. Methods

Here, we provide more information on our extrinsic calibration approach, encom-
passing the method for estimating the camera external parameters, the calibration target
adopted, and the method for extracting the feature points from the target. Thereafter,
the design of the likelihood function and the parameter sampling using the Monte-Carlo
Markov-chain algorithm are explained.

3.1. Estimation of the Camera External Parameters

Following Zhang and Press [11] and Cai et al. [22], a pixel coordinate of a point,
p = [u, v, 1]T , in a camera coordinate system and a coordinate of a point, P = [x, y, z]T , in a
LIDAR coordinate system can be represented as follows:

sp = K(RP + t), (1)

where K is the camera intrinsic parameter; R is a 3 × 3 rotation matrix, which represents the
angular rotation relationship between the two coordinate systems; t is a 3 × 1 translation
vector, which represents the relative positional relationship between the two coordinate
system; and s is the projective transformation’s arbitrary scaling factor, which is not part of
the camera model. Here, the camera intrinsic parameter is represented as follows:

K =

 fu 0 Ou
0 fv Ov
0 0 1

, (2)

where fu and fv are the focal lengths of a camera, and Ou and Ov are the central positions
on an image in the u- and v- axes, respectively. Thus, the camera external parameters, T, to
be estimated are expressed as a 4 × 3 consisting of R and t:

T = [R t]. (3)

If we can determine K and T, we can project a 3-D LIDAR point cloud on a 2-D camera
image using Equation (1) and perform a data fusion. We estimate the camera intrinsic



Sensors 2024, 24, 3981 5 of 23

parameter, K, using well-known checkerboard calibration, and the method can be utilized
in some open software [58]. Our proposed extrinsic calibration is employed to estimate only
the camera external parameters T. If we provide the known camera intrinsic parameter, K,
the camera external parameters are simply derived by solving the PnP problem [59] using
the coordinates of p and P in Equation (1).

3.2. Calibration Targets

Figure 1 shows the adopted calibration target, which is a red board with circular holes,
similar to that employed by Velas et al. [37]. However, the board has only two holes: one
small hole (radius: 9 cm) and one large hole (radius: 12 cm), as employed in Yamada
and Yaguchi [39]. We observe the target board using the 3-D LIDAR and the RGB camera
simultaneously. In this study, we deploy multiple calibration boards while controlling
their positions. Figure 1 shows an example where three boards are set at various distances
of near (1.5 m), middle (3.0 m), and far (4.5 m). The two circles on each board in both
the camera image and the 3-D point clouds are extracted as the feature points for the
extrinsic calibration.
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Figure 1. The calibration boards set at various distances in both the (a) camera image and the 3-D
point cloud taken at distances of (b) 1.5 m and (c) 4.5 m.

3.3. Circle Detection

The circles on the board in the camera image shown in Figure 1a can be detected by
the Hough transform [60], and the center point and circle radius of each circle are obtained
as 2-D pixel values. We calculate the subpixel coordinates of the circumferences at arbitrary
steps of the center angle using the center point and radius. Thereafter, we apply the
coordinates of the center point and circumferences as the feature points in the calibration.

The 3-D LIDAR point cloud data can be analyzed using the Point Cloud Library (PCL),
which is an open-source library. The circle detection in the 3-D point cloud, as shown in
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Figure 1b,c, is performed based on random sample consensus (RANSAC) functions [61]
and [Kd-tree] [62], which is a space-partitioning data structure that stores k-dimensional
points in a tree structure that enable efficient range searches and nearest neighbor searches,
available in the PCL. These can be used to find correspondences between groups of points
and extract a circle shape in the 3-D space. The 3-D coordinates of the center point and
radius of each circle are also obtained from the circle detection. Similar to the detected circle
on the image, we derive 3-D coordinates of the circumferences of the large and small circles.
Here, we also consider the resolution of the 3-D point clouds. As shown in Figure 1b,c, the
point clouds obtained at relatively far distances are conventionally sparse, and the circular
shape is not perfectly restored. Further, the noise included in the point cloud could interfere
with the shape restoration. Although the deployment of multiple calibration targets is
important in extrinsic calibration, as described in previous studies [9], the low resolution
and point cloud distortion can prevent the usage of the board set at far ranges. Thus, we
sample the radii of the small and large circles in the 3-D point cloud by random walk [54],
as described in the following section. The optimized circle radii obtained through a global
parameter search can generate the appropriate circles in the 3-D point clouds, even if it is
highly sparse and error-prone, improving data fusion accuracy.

In this study, we calculate the coordinates of the circumferences of the circles at a
step of 10◦ of the center angle in both the image and the 3-D point cloud. Thereafter, we
obtained 74 data points, consisting of the coordinates of the circumferences and the center
points of the small and large circles as the feature points per board. These data points
corresponded to the coordinates of p in the image and those of P in the 3-D point cloud in
Equation (1). We applied them as input data to estimate the camera external parameters.
Although previous studies [10,37] employed calibration boards with four circular holes,
we obtained sufficient input data using circle circumference and multiple boards with two
circular holes. Figure 2 shows an example of the detected circles on both the camera image
and the 3-D point clouds.
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Figure 2. Example of the detected circles on (a) camera image (blue line) and (b) 3-D point clouds
(red line).

3.4. Design of the Likelihood Function and Parameter Sampling

We set the 2-D pixel coordinates of the centers and circumferences of the circles
extracted from an image as

(
uc

i , vc
i
)
(i = 1, N). N is 222 for the three boards. The 3-D

coordinates of those in the point clouds are also defined as
(
xc

i , yc
i , zc

i
)
(i = 1, N). When

we substitute values for K and T in Equation (1), the 3-D points in the point cloud can be
projected onto the image, and we set the 2-D projected points as

(
up

i , vp
i

)
, derived from(

xc
i , yc

i , zc
i
)
. As described in the above section, we vary the radii of the circles by random

walk without searching for the camera external parameters directly. This is because the
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circle detected in the 3-D point clouds may not be perfectly restored because of noise and
sparseness. Here, we represent the circle radius as cr. If we apply three boards, as shown
in Figure 1a, cr will have six components, corresponding to the radii of the small and large
circles of each board for one sampling:

cr = [cr1s cr1l cr2s cr2l cr3s cr3l ], (4)

where cr1s and cr1l are the radii of the small and large circles of board 1; cr2s, cr2l , cr3s,
and cr3l are the radii for boards 2 and 3, respectively, the values of which vary for each
sample. Thus, the coordinates of the circumferences of the detected circles in the 3-D point
clouds also vary with cr and we represent them as

(
xcm

i (cr), ycm
i (cr), zcm

i (cr)
)
(i = 1, N),

including the coordinates of the fixed circle centers. Subsequently, the 2-D pixel values of
the projected 3-D circle points are changed as follows:

(
upm

i (cr), vpm
i (cr)

)
(i = 1, N).

Here, we define the likelihood function, L(cr), based on Masegaard and Tarantola [54]
as follows:

L(cr) = k exp

(
−α∑i

∣∣PI
i − PL

i (cr)
∣∣2

2σ2
p

)
, (5)

PI
i = (uc

i , vc
i ) (i = 1, N), (6)

PL
i (cr) =

(
upm

i (cr), vpm
i (cr)

)
(i = 1, N), (7)

where k is an appropriate normalization constant, α is the scaling factor, and σp is the
uncertainty in pixel scale. Although the detected circle on the 2-D image is generally
accurate in the subpixel scale, we define σp as 1.0 conservatively.

Next, we sample cr and derive a posteriori probability density of the camera external
parameters by following the random walk rule:

1. First, we employ the values of the radius extracted from the 3-D circles using PCL, as
described in Section 3.3, as the first sample. We define the radius as crcurrrent.

2. We estimate the camera external parameters by solving the PnP problem [59] using
crcurrent, after which we derive PL

i (crcurrent) in Equation (7). Thereafter, L(crcurrent) is
calculated using Equation (5).

3. We sample the next parameter, crnew, randomly based on a priori information and
derive the camera external parameters using crnew and PL

i (crnew), following which
we calculate L(crnew).

4. The acceptance or rejection of crnew is assessed using the following probability rela-
tion [54,55]:

Pr = min
[

1,
L(crnew)

L(crcurrent))

]
. (8)

If the likelihood function, L(crnew) ≥ L(crcurrent), crnew is accepted, and if L(crnew) <
L(crcurrent), crnew is accepted with a probability of Pr (L(crnew)/L(crcurrent)).

5. If crnew is accepted, the camera external parameters derived using the crnew are
applied to obtain a posteriori probability density, and crnew is replaced with crcurrent.
If crnew is rejected, new radii are sampled and crcurrent remains unchanged.

6. We repeat processes 2–5 at a designed count and obtain a posterior probability density
consisting of the accepted parameters.

The flow of the derivation of the a posteriori probability density is summarized in
Figure 3. Following this process, the radius of the 3-D circler can be sampled to ensure better
data matching between the LIDAR and camera data. The obtained probability density is
utilized to select the appropriate camera external parameters.
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Figure 3. The flow of the derivation of the a posteriori probability density of the camera external
parameters.

4. Experiments

We describe our measurement system for obtaining data on the camera and the 3-D
LIDAR for the extrinsic calibration and the 3-D mapping. Thereafter, we explain the
deployments of the calibration targets for investigating the effects of target positions on the
data fusion accuracy.

4.1. Measurement System

Figure 4 displays the measurement system constructed as a mobile wagon. It has
onboard sensors: 3-D LIDAR (VLP-32C (Velodyne LIDAR, SanJose, CA, USA), a visible
camera (ZED stereo camera (SteroLabs, SanFrancisco, CA/USA)), and IMU (3DM-GX5-
25 (Microstrain by HBK, Williston, ND/USA)). The 3-D LIDAR and the visible camera
are rigidly fixed on the wagon, and their measurement data are employed for extrinsic
calibration. The 3-D point cloud data and IMU data are employed for the 3-D mapping
using the LIDAR-SLAM algorithm described in Section 7. All sensors are controlled by
a robot operation system (ROS) installed on the onboard PC (Figure 4), and their data
are recorded in ROS format. The sensors and the PC are powered by an onboard battery
(Figure 4), and the system on the mobile wagon can be operated in stand-alone mode.
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Figure 4. Measurement system used for the extrinsic calibration and 3-D mapping. The coordinate
system drawn using white arrows indicates the world coordinate system, corresponding to that of
the 3-D LIDAR.

4.2. Experimental Setups

Table 1 summarizes all the experimental patterns of the extrinsic calibration performed
in this study, and Figure 5 indicates the deployments of the calibration boards used. We
vary the deployment distances of the calibration boards to investigate the effect of the
distance between the sensors and the calibration targets on the estimation of the camera
external parameters and the accuracy of data fusion (Figure 5a–d) at the same height (0.7 m).
Three boards are deployed at distances of 3.0, 1.5, and 4.5 m from left to right, as shown
in Figures 1a and 5a (Case A in Table 1). In Figure 5b–d, three boards are deployed at
even distances of 1.5, 3.0, and 4.5 m (Cases B, C, and D). In Case E, the three calibration
boards are set at different heights of 1.0, 0.7, and 1.3 m and distances of 3.0, 1.5, and 4.5 m
(Figure 5e) to investigate the effect of the height of the calibration target. Figure 5f displays
the deployment of two boards, one above the other, at a distance of 3.0 m from the sensors
(Case F). This deployment of four circles at a fixed distance is comparable to the setup
in previous studies [10,37,38]. As shown in Figure 5g, we also attempted the extrinsic
calibration using a checkerboard. In this case, we employed a state-of-the-art method [23]
available in the Matlab R2021a open-source software [25] for the extrinsic calibration.
For a fair comparison, we use the data on three poses of a single checkerboard taken at
approximately 1.5, 3.0, and 4.5 m (Case G), and the derived camera external parameters are
referenced for our evaluation. Additionally, to verify the effect of the algorithm, we derive
the camera external parameters without using the Monte-Carlo Markov-chain algorithm
described in Section 3.4 but using the deployment in Figure 5a (Case H).

Table 1. Experimental patterns of the extrinsic calibration.

Conditions

Case A Three boards set at distances of 3.0, 1.5, and 4.5 m (Figure 5a)
Case B Three boards set at a distance of 1.5 m (Figure 5b)
Case C Three boards set at a distance of 3.0 m (Figure 5c)
Case D Three boards set at a distance of 4.5 m (Figure 5d)
Case E Three boards set at distances of 3.0, 1.5, and 4.5 m and heights of 1.0, 0.7, and 1.3 m (Figure 5e)

Case F Two boards, one above the other, set at a distance of 3.0 m
(Figure 5f)

Case G Checkerboard taken at three poses at ~1.5, 3.0, and 4.5 m (Figure 5g)
Case H Same as Case A. The radii of the boards are fixed, and parameter sampling is not performed
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Figure 5. Deployments of the calibration boards applied in this study. (a) The three red boards with
two circular holes (calibration targets) are deployed at distances of 3.0, 1.5, and 4.5 m from left to
right. The calibration targets are deployed at even distances of (b) 1.5, (c) 3.0, and (d) 4.5 m. (e) The
three boards are set at the same distances as in (a) and have different heights of 1.0, 0.7, and 1.3 m.
(f) Deployment of two calibration targets, one above the other, at a distance of 3.0 m. (g) One shot of
the extrinsic calibration using a checkerboard.

5. Camera External Parameter Results

For Cases A–F in Table 1, we perform parameter sampling of the radii of the 3-D point
cloud circles using random walk and obtain the a posteriori probability density of each
component of the camera external parameters. The VLP-32C LIDAR (Velodyne LIDAR,
SanJose, CA, USA) used in our experiments has an accuracy of ±3 cm for laser ranging, and
we provide a range of 2 σ (6 cm) for the radius sampling as a priori information. Further,
any value within the range is sampled with the same probability. Here, we derive the
probability densities of the rotational vector components, Rx, Ry, and Rz. These vectors
correspond to the rotational angles along the x, y, and z-axes and are directly converted
into a rotational matrix in T. Next, the probability densities of the translational vector
components, tx, ty, and tz, are also derived. During the parameter sampling, components of
the rotational and translational vectors are restricted within a realistic range, i.e., ±2π rad
and 1.0 m.
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Figures 6 and 7 show the a posteriori probability densities of the rotational and
translational vector components for Cases A, B, and F, respectively. In each figure, the
derived components of both vectors for Cases G and H are plotted for comparison (the
blue bold and red bold dashed lines, respectively). The probability densities encompass the
accepted samples during the parameter sampling in 500,000 iterations. In the parameter
sampling, we set k = 1.0 and vary the scaling factor (α) from 1 × 10−5 to 5 × 10−4 in
Equation (5), depending on the case. The numbers of the accepted samples are 106,314,
9540, 63, 54, 43,896, and 75,075 for Cases A, B, C, D, E, and F, respectively. The large number
of acceptances indicates that the experimental data taken can provide strict constraints on
the parameter estimation.

Figures 6 and 7 show the distribution of the ±3 σ range in the most possible bin.
Figure 6a,d,g indicate the probability densities of the three components

(
Rx, Ry, Rz

)
of

the rotational vector for Case A, and Figure 6b,e,h, as well as Figure 6c,f,i, show those for
Cases B and F. The probability densities of the rotation vector for Case A represent almost
Gaussian shapes, and the models are sampled within a very sharp range (approximately
9 × 10−4 rad in 3 σ range of Rx). Conversely, the models for Case B are sampled as split
shapes, although the values in the most possible bin are similar to the results obtained from
the nonsampling case (Case H) and the checkerboard calibration (Case G). The deployment
of multiple boards at even distances, as in Case B, interferes with the determination of the
rotational components, as shown in Figure 6b,e,f. This indicates that the deployment of the
target boards set in multiple ranges is more effective in constraining the rotational matrix
compared to the deployment at an even range. The probability densities for Case F have
shapes that slightly deviate from Gaussian, and the 3 σ range is ~0.5 rad broader than Case
A. The utilization of multiple board sets at various distances in contrast to a single board
can also effectively constrain the model parameters.
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Figure 6. A posteriori probability densities of the rotational vector components: (a–c) Rx for Cases A,
B, and F; (d–f) Ry for Cases A, B, and F; and (g–i) Rz for Cases A, B, and F, respectively. The blue and
red bold dashed lines indicate the value of each component for Cases G and H.
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Figure 7. A posteriori probability densities of the translational vector components: (a–c) tx for Cases
A, B, and F; (d–f) ty for Cases A, B, and F; and (g–i) tz for Cases A, B, and F, respectively. The blue
and red bold dashed lines indicate the value of each component for Cases G and H.

Figure 7a,d,g indicate the probability densities of the three components
(
tx, ty, tz

)
of

the translational vector for Case A, whereas Figure 7b,e,h, as well as Figure 7c,f,i, show those
for Cases B and F. The probability distributions obtained for Case A also have Gaussian
shapes similar to those for the rotational vector, and the deployment in Case A can provide
better constraints to sample the translational vector. The translational vector for Case B has
been sampled in a narrower range than Case F, differing from the rotational vector. The
utilization of multiple boards is effective in constraining the translational vector, regardless
of the positions of the calibration targets. Although we do not show the probability densities
for Cases C and D due to the small number of acceptances, their distributions are similar to
those for Case B, where the multiple calibration targets are set at even distances.

The shapes of the probability density distributions for Case E are similar to a Gaussian,
although they are slightly distorted and have a broader 3 σ range compared with those for
Case A. For example, the 3 σ ranges of Rx are 5.8 × 10−3 rad for Case E and 9 × 10−4 rad
for Case A. In Case E, the heights of the boards are different from those in Case A, and the
3-D point clouds of the highest board (right board in Figure 5e) are very sparse. This is
because scanning lasers of the employed LIDAR are sparse in the upper and lower parts
of the sensor. The broader range of the accepted parameters in Case E could be due to
the sparseness, and the dense point cloud of a calibration target should provide a strict
constraint on the parameter estimation.

In their recent research using a planer board with circular holes, Beltrán et al. [10]
highlighted the effectiveness of using multiple poses of the board for extrinsic calibration.
In their evaluation, they indicated the differences in the estimated external parameters ob-
tained using their method and the ground truth in a virtual environment (i.e., 8.2 × 10−3 m
in the translation vector and 2.4 × 10−4 rad in the rotation matrix when three poses were
applied). We acknowledge that we cannot compare their results with ours directly because
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we performed our experiments in real environments, and we do not know the ground
truth. However, if we assume the dispersion of the probability density as deviation from
the true value, the average 1 σ errors of the translational and rotational components are
5.6 × 10−3 m and 2.97 × 10−4 rad for Case A, respectively. The performance of our applied
method, using three boards set at various distances, is sufficiently comparable to those of
the state-of-the-art methods.

6. Evaluation of Data Fusion for the Objects Set at Fixed Positions

We have estimated the camera external parameters for several deployments of the
calibration targets. The results showed that the usage of multiple targets set at various
distances can provide a strict constraint on the parameter estimation using probability
density. Conversely, the effects of the positions of the calibration targets on the data fusion
accuracy have not been clearly investigated. In particular, when an object is observed by
both a camera and a 3-D LIDAR at a mutually fixed position, it is important to know the
appropriate deployment approaches for extrinsic calibration to obtain good data fusion
results. In this section, we evaluate the accuracies of data fusion of objects set at fixed
positions between the objects and the sensors for each deployment of the calibration targets,
as shown in Figure 5. Thereafter, the relationship between the positions of the objects used
in the data fusion and the deployment of calibration targets is investigated quantitatively.

In the evaluation, we use a red board as the fixed object and obtain the camera images
and 3-D point cloud data using the mobile wagon (Figure 4). The 3-D point cloud can
be projected on the 2-D image using the camera intrinsic and external parameters, and
each projected 3-D point can obtain the RGB values of a corresponding pixel of the image.
Thereafter, a 3-D colored point cloud is generated, and we use the colored data to evaluate
the accuracy of the data fusion. If the camera intrinsic and external parameters used in the
data fusion are accurate, the colors in the 3-D colored point cloud can be restored perfectly
in noise-free environments. Therefore, we measure the red color ratios of the red boards in
the 3-D colored point cloud as the data fusion accuracy for each calibration listed in Table 1.

As shown in Figures 6 and 7, the camera external parameters are obtained as proba-
bility densities except for Cases G and H. For the evaluation, we extract the parameters
corresponding to the 10 largest likelihoods, L(cr), in Equation (5) from the probability
density distribution and calculate the red color ratios using the 10 selected camera external
parameters for Cases A–F.

6.1. Experimental Setup

We deploy the three red square boards with each size of 0.4 m, corresponding to the
deployment of the calibration targets in Cases A, B, C, and D, as shown in Figure 5. This
is because we can investigate the relationship between the positions of the objects used
in the data fusion and those of the calibration targets. As shown in Figure 8, three red
boards are set at distances of 3.0, 1.5, and 4.5 m from left to right (Figure 8a) and 1.5 m
(Figure 8b), 3.0 m (Figure 8c), and 4.5 m (Figure 8d). These deployments of the red square
boards (Figure 8a–d) correspond to those of the calibration targets shown in Figure 5a–d,
respectively. Then, we have also deployed the five red boards at various distances and
heights. They are spread out in the front field of view of the camera and the 3-D LIDAR
(Figure 8e). It is also useful to evaluate the practical adaptability of each calibration pattern
if the objects are deployed at various positions.
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Figure 8. Deployment of the 2-D red boards used for the evaluation of data fusion. Three red boards
are deployed at distances of (a) 3.0, 1.5, and 4.5 m; (b) 1.5 m and (c) 3.0 m; and (d) 4.5 m, respectively.
(e) The five red boards are deployed at various positions: distances of 1.0, 4.5, 3.0, 4.0, and 2.0 m and
heights of 0.7, 1.2, 1.0, 1.1, and 0.8 m.

6.2. Evaluation Results

Figure 9a–e show the averages of the red color ratios of the three or five red boards,
corresponding to the deployment shown in Figure 8a–e for Cases A–G, respectively. As
described above, the red color ratio has been calculated using the 10 selected camera exter-
nal parameters, and the average and standard deviations of the average red color ratio are
represented as a blue square point in Figure 9. The red dashed horizontal line in each figure
of Figure 9 indicates the red color ratio obtained for Case G (checkerboard calibration).

Figure 9 indicates that a high red color ratio is achieved when the positions of the red
boards and the calibration targets are consistent. For example, when the red boards are set
at a distance of 1.5 m, a high red color ratio is achieved in Case B (Figure 9b), where all
calibration targets are located at 1.5 m (Figure 5b). Similarly, Figure 9d shows that the red
color ratio is high when the red boards are located at 4.5 m and the calibration boards are
set at 4.5 m (Case D: Figure 5d). This indicates that the calibration target set at a suitable
distance from the sensors can yield appropriate camera external parameters, enabling the
effective data fusion of objects set at similar positions. Contrarily, extrinsic calibration using
targets set at a fixed distance (Cases B, C, D, and F) can be less effective for the data fusion
of an object deployed at other distances, as shown in Figure 9. In that case, the red color
ratio also has a high standard deviation. The calibration using the targets set at multiple
distances (Cases A and E) is useful for achieving high red color ratios and low standard
deviations for all deployments (Figure 9). The red color ratios obtained from the calibration
results in Case E are slightly higher (~1–2%) than those in Case A for all deployments,
as shown in Figure 9. Since the calibration boards in Case E are deployed with varying
the heights, the height variation may be slightly useful for obtaining appropriate external
parameters in the various deployments for data fusion.
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The red color ratios derived from the calibration using the checkerboard (Case G) also
indicate high values for all deployments (red dashed line in Figure 9). This is because the
checkerboard data are also obtained at three positions (distances of ~1.5, 3.0, and 4.5 m).
However, the red color ratios for Cases A and E and those derived from the measurements
where the red boards and the calibration targets are located at the same positions are still
higher than those for Case G. This indicates that the calibration using circle detection as the
calibration target is more effective than the checkerboard calibration and/or effectiveness
of the global parameter sampling using the probability-based method.
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Figure 9. The average red color ratios of the red boards in the 3-D colored point cloud for Cases A–G.
Each figure (a–e) represents the color ratios corresponding to the deployment of the red boards in
Figure 8a–e, respectively. The blue square point in each figure indicates the average and standard
deviations of the average red color ratios of the boards for 10 selected camera external parameters in
each case. The red dashed horizontal line indicates the red color ratio obtained in Case G.

The red color proportions for Case F (Figure 5f) are approximately 60–75%, except
for when the calibration targets are located at a distance of 3.0 m (Figure 9). These results
are better than those for Cases B, C, and D, where all calibration targets are set at even
distances. As described in Section 5, the calibration using the multiple boards set at even
distances can impede the determination of the rotational components, resulting in a large
deviation in the probability densities of the rotational vector (Figure 6b,e,h). Thus, the
utilization of multiple boards cannot necessarily generate better projections compared to
the single board case if we do not consider appropriate deployment.

We do not indicate the red color ratios for Case H in Table 1 because the values are
only slightly lower than those for Cases A and E. Conversely, when we applied the fixed
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radii (12 cm and 9 cm for the large and small circles, respectively) without performing
model sampling for other cases, we could not obtain any camera external parameters for
decent projections. Thus, we establish that the selection of appropriate radii for generating
3-D point cloud circles using the probability method is important for improving the data
fusion accuracy.

Figure 10 indicates examples of the 3-D colored point cloud for the deployment of the
red boards shown in Figure 8e. These figures show the best data fusion results for Cases A–
F, respectively. We can also observe a clear relationship between the accuracy of data fusion
and the deployment of the calibration targets. Although the extrinsic calibration using
boards set at far distances (Case D) (Figure 5d) is useful for performing the data fusion of
objects set at similar distances, it is ineffective for objects at near distances (Figure 10d).
Similar tendencies are also observed for Cases B, C, and F (Figure 10b,c,f). In more practical
situations where multiple objects are deployed at various positions, as shown in Figure 8e,
we can determine the effectiveness of deployments of multiple calibration targets set at
various distances and heights as Cases A and E.
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of the best data fusion obtained for Cases A–F, respectively.

7. Evaluation of Data Fusion in 3-D Mapping

Finally, we propose an evaluation method using the color ratio in a 3-D mapping
scenario. We construct a 3-D data fusion map with a scale of a few tens of meters using
the LIDAR-SLAM algorithm in an outdoor environment. This is close to a more realistic
scenario, and the evaluations of the obtained camera external parameters are appropriate
for assessing their practicality and the applied camera extrinsic calibration methods.

7.1. Experimental Setup

We prepared nine red cube boxes with side lengths of 50 cm and built three box towers,
each consisting of three cube boxes. In each box tower, the top two boxes are painted red.
We deployed the three towers in the court of the Fukushima Robot Test Field, as shown
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in Figure 11a. The top two red boxes in each tower are denoted as “upper” and “lower”
chronologically (Figure 11a). Next, we obtained both the camera image and 3-D point
clouds of the three box towers using the running mobile wagon (Figure 4). As shown in
Figure 11b, the wagon moved around each tower, and we could obtain data on all four
sides of the six red boxes.

Sensors 2024, 24, x FOR PEER REVIEW 18 of 24 
 

 

 

Figure 11. (a) Photograph of the deployed three box towers in the court of the Fukushima Robot 

Test Field. (b) The top view of the route of the movable wagon around the three towers. The orange 

and blue arrows indicate the travel direction of the wagon. 

7.2. Evaluation Results 

We constructed a 3-D colored point cloud map consisting of approximately 3700 

point cloud frames, including the three box towers. In this evaluation, we applied the 

same camera external parameters employed in the evaluation in Section 6, especially the 

10 selected parameters for Cases A–F. Figure 12 shows examples of the 3-D colored point 

clouds of Tower 1 in the constructed map for Cases A, B, E, F, and G. Figure 13 shows the 

red color ratios of the six red boxes constituting the three towers, i.e., the upper and lower 

red boxes of Towers 1, 2, and 3, as well as the average of the six boxes for Cases A–G. The 

red color ratios in Figure 13 for Cases A–F indicate the average and standard deviations 

of the values derived using the 10 selected camera external parameters. 

Figures 12 and 13 indicate that the highest red color ratios are achieved for Cases A 

and E, similar to the results shown in Figure 9. In Figure 12, although the red colors of the 

upper and lower boxes for all cases are almost completely restored, some misprojections 

and false colors are included. Such wrong projections are not significant for Cases A and 

E. The red color ratios for Cases C, D, and F have values of ~70–80%, and these calibrations 

(Figure 5c,d,f) are less effective for constructing 3-D data fusion map compared with those 

in other cases. The red color proportions for Cases B and G are also over 80%. In the cali-

bration of Case B, all calibration boards are set at a near distance of 1.5 m, and dense point 

clouds are obtained, in contrast with those obtained for further targets. This indicates that 

the density of the point cloud of the calibration target is also important for obtaining good 

external parameters, as described in Section 5. 

Notably, it is difficult to identify the clear relationship between the distances at which 

the data are taken and those where the calibration targets are located because the 3-D 

colored map includes the data taken at various distances and heights. Additionally, we 

cannot find a significant difference between the average red color ratio for Case A and 

Case E. The variations in the heights of the calibration targets may not considerably affect 

the data fusion accuracy in the complex combined 3-D case due to the sparseness of the 

point cloud of the high calibration targets. However, the variation in the distances of mul-

tiple calibration targets is vital for effective data fusion in realistic situations.  

         

  

    

     

     

   

   

      

      

      

      

      
      

     

     

     
     

Figure 11. (a) Photograph of the deployed three box towers in the court of the Fukushima Robot Test
Field. (b) The top view of the route of the movable wagon around the three towers. The orange and
blue arrows indicate the travel direction of the wagon.

We constructed a 3-D point cloud map including the three towers using the LIDAR-
SLAM algorithm (LIO-SAM [3]). Since we obtained timestamps of each 3-D point cloud
data and camera image simultaneously, we constructed a 3-D colored point cloud map by
projecting a 3-D point cloud on the synchronized 2-D color image using the timestamp data.
For the data fusion, we applied the camera external parameters obtained for Cases A–G
and determined the appropriate case for the 3-D data fusion using the red color ratio of the
six red cube boxes. Although we evaluated the red color ratios for the targets located at the
fixed positions in the previous section, we employed the data obtained at various distances
and heights in this 3-D evaluation as the realistic situation.

7.2. Evaluation Results

We constructed a 3-D colored point cloud map consisting of approximately 3700 point
cloud frames, including the three box towers. In this evaluation, we applied the same cam-
era external parameters employed in the evaluation in Section 6, especially the 10 selected
parameters for Cases A–F. Figure 12 shows examples of the 3-D colored point clouds of
Tower 1 in the constructed map for Cases A, B, E, F, and G. Figure 13 shows the red color
ratios of the six red boxes constituting the three towers, i.e., the upper and lower red boxes
of Towers 1, 2, and 3, as well as the average of the six boxes for Cases A–G. The red color
ratios in Figure 13 for Cases A–F indicate the average and standard deviations of the values
derived using the 10 selected camera external parameters.

Figures 12 and 13 indicate that the highest red color ratios are achieved for Cases A
and E, similar to the results shown in Figure 9. In Figure 12, although the red colors of the
upper and lower boxes for all cases are almost completely restored, some misprojections
and false colors are included. Such wrong projections are not significant for Cases A and E.
The red color ratios for Cases C, D, and F have values of ~70–80%, and these calibrations
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(Figure 5c,d,f) are less effective for constructing 3-D data fusion map compared with those
in other cases. The red color proportions for Cases B and G are also over 80%. In the
calibration of Case B, all calibration boards are set at a near distance of 1.5 m, and dense
point clouds are obtained, in contrast with those obtained for further targets. This indicates
that the density of the point cloud of the calibration target is also important for obtaining
good external parameters, as described in Section 5.
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Figure 12. The 3-D colored point cloud of Tower 1 (Figure 11). (a–e) The result of data fusion using a
selected camera external parameter derived from Cases A, B, E, F, and G, respectively.
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Figure 13. The red color ratio of each box type and the average for Cases A–G. “UBT1” and “LBT1”
denote the upper and lower box of Tower 1, respectively. “UBT2”, “LBT2”, “UBT3”, and “LBT3”
denote the upper and lower boxes of Tower 2 and 3, respectively. “Average” indicates the average of
the red color ratios of the six boxes for each case.
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Notably, it is difficult to identify the clear relationship between the distances at which
the data are taken and those where the calibration targets are located because the 3-D
colored map includes the data taken at various distances and heights. Additionally, we
cannot find a significant difference between the average red color ratio for Case A and Case
E. The variations in the heights of the calibration targets may not considerably affect the
data fusion accuracy in the complex combined 3-D case due to the sparseness of the point
cloud of the high calibration targets. However, the variation in the distances of multiple
calibration targets is vital for effective data fusion in realistic situations.

8. Discussion

In this paper, we first clarified the relationship between the positions of the calibration
targets and those of objects in the data fusion map quantitatively. The extrinsic calibration
implemented using targets set at fixed distances from the sensors is useful for obtaining
the camera external parameters for achieving good data matching for the objects located
at similar distances. However, the utilization of calibration targets at fixed distances is
ineffective for obtaining the parameters that provide strict constraints on the data fusion of
the objects located at other distances. The results of the extrinsic calibrations in Cases B, C,
and D (Figures 6 and 7) indicate that the utilization of multiple calibration targets set at
even distances is effective for estimating the translational vector components. However,
this approach impedes the estimation of the rotational vector components. Therefore, we
establish that extrinsic calibration using multiple calibration targets set at various distances
is a superior method.

Notably, the best data fusion accuracies are obtained in Cases A and E, where multiple
targets are deployed at various distances. These results are superior to those obtained using
the recent checkerboard calibration method (Case G) [23] and comparable to those obtained
using a calibration board with circular holes [10]. In a previous study where circular
shapes [10] were explored, only a single board with four circular holes was employed. While
the researchers successfully improved the estimation accuracy of the external parameters
using multiple poses, additional information, such as AR marker and multiple settings,
was required. Our method uses only single-view data of the multiple simple boards, and
no additional analysis and targets are required. A comparative study between our method
(Case A) and the checkerboard calibration method (Case G) highlighted the usefulness of
the board with circular holes as the calibration target and/or effectiveness of the Monte-
Carlo Markov-chain method. The automatic checkerboard detection algorithm in the
Matlab R2021a open-source software [25] often omits information. Then, occasionally, the
edge of the checkerboard is not perfectly captured because of the sparseness of the 3-D point
cloud [32]. Consequently, the algorithm may generate some errors in the derivation of the
camera external parameters. Circle detection could be a more robust method of extracting
feature points for the calibration. In this study, we deployed only three calibration targets
at distances of 1.5, 3.0, and 4.5 m (Case A) and several heights (Case E). The automatic
detection of targets with circular shapes whose positions are numerously changed towards
the sensors should be a refined method for achieving high-accuracy data fusion.

Through the data analysis of the extrinsic calibration data using the Monte-Carlo
Markov-chain algorithm, the probability distribution of the camera external parameters can
be derived. The probability distribution shows the configurations of the extrinsic calibration
that are effective for constraining each component of the rotational and translational vectors.
Although we establish the effectiveness of multiple targets set at various distances, in
practice, a target shape set at a far distance in the LIDAR 3-D point clouds cannot be
perfectly restored because of sparseness and noise. Thus, our global sampling of the target
shape, such as the circle radius, using the probability-based method can be applied to
restore the appropriate shape in the sparse point cloud and obtain the optimal external
parameters. While it is difficult to obtain the appropriate parameter when we apply fixed
circle radii, as described in Section 5, our proposed probability-based method can largely
improve the estimation of the external parameters. The global parameter sampling using
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the Monte-Carlo Markov-chain algorithm for the optimization of the model parameters
should be incorporated into the several extrinsic calibration methods.

Additionally, we proposed an evaluation method based on the color ratio in the 3-D
data fusion map. This is similar to a realistic, complex scenario, and the evaluation can
be useful for verifying, practically, the adaptability of the camera external parameters in
relation to data fusion. In this evaluation, we applied only the red color ratio. If we applied
different colors and reflectors for the evaluation, the absolute values of the restoration
might have changed. Conversely, the relative accuracy for each calibration method remains
constant when a common benchmark, such as red color, is applied. Future studies can
explore the appropriate benchmarks for this 3-D evaluation.

9. Conclusions

In this study, we investigated concepts related to the deployment of the targets in
LIDAR–camera calibration, parameter search in the analysis of the calibration data, and the
evaluation method of data fusion accuracy. We established a clear relationship between the
position of the calibration targets in the extrinsic calibration and those of the objects used in
data fusion. Additionally, we demonstrated the value of the global parameter search using
the Monte-Carlo Markov-chain algorithm for the calibration data encompassing sparse and
noisy point clouds. Finally, we developed a method for evaluating the obtained camera
parameters using a 3-D data fusion map. Based on our research, we propose the following
as key points for achieving good extrinsic calibration:

- Usage of multiple targets or poses set at various distances.
- Matching the positions of the calibration targets to the object positions in data fusions,

if the latter positions are determined.
- Usage of the dense LIDAR point cloud of the calibration target.
- Restoring the shapes of the calibration target to a circular shape using appropriate

parameter control.

These concepts are important for LIDAR–camera calibration. Finally, our deployment
approaches for the calibration targets (as in Cases A and E) (Figure 5a,e) and the parameter
search using the probability-based method yielded good estimations of the camera external
parameters and a high data fusion accuracy. However, perfect data fusion remains elusive,
as shown in Figure 13. Future works concerned with the automatic detection of multiple
targets, fine adjustment of target shapes, and data acquisition will yield improved data
fusion results.

Author Contributions: Y.Y. suggested the conceptual design of this research, and R.Y. managed
and progressed the experiments and the data analysis. Y.Y. developed the measurement system
(the mobile wagon) used in this study, and R.Y. installed an operation system of onboard sensors in
onboard PC using the ROS platform. R.Y. developed the software to analyze the calibration data and
evaluate the data fusion. R.Y. wrote the original draft of this paper, and Y.Y. checked and revised it.
All authors have read and agreed to the published version of the manuscript.

Funding: This research was partially funded by the Robot Project at the University of Aizu, a subsidy
from Fukushima prefecture in Japan.

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available on request from the
corresponding author.

Conflicts of Interest: The authors declare no conflicts of interest.



Sensors 2024, 24, 3981 21 of 23

References
1. Zhan, G.; Singh, S. LOAM: Lidar Odometry and Mapping in Real-time. Robot. Sci. Syst. 2014, 2, 1–9.
2. Shan, T.; Englot, B. LeGO-LOAM: Lightweight and Ground-Optimized Lidar Odometry and Mapping on Variable Terrain. In

Proceedings of the 2018 IEEE/RSJ International Conference on Intelligent Robots and Systems (IROS), Madrid, Spain, 1–5 October
2018.

3. Shan, T.; Englot, B.; Meyers, D.; Wang, W.; Ratti, C.; Rus, D. LIO-SAM: Tightly-couped Lidar Inertial Odometry via Smoothing
and Mapping. In Proceedings of the 2020 IEEE/RSJ International Conference on Intelligent Robots and Systems (IROS), Las
Vegas, NV, USA, 24 October 2020–24 January 2021.

4. Zhang, F.; Clarke, D.; Knoll, A. Vehicle Detection Based on LiDAR and Camera Fusion. In Proceedings of the 2014 17th
International IEEE Conference on Intelligent Transportation Systems (ITSC), Qingdao, China, 8–11 October 2014.

5. Wu, T.; Tsai, C.; Guo, J. LiDAR/Camera Sensor Fusion Technology for Pedestrian Detection. In Proceedings of the 2017 Asia-
Pacific Signal and Information Processing Association Annual Summit and Conference (APSIPA ASC), Kuala Lumpur, Malaysia,
12–15 December 2017.

6. Zhao, X.; Sun, P.; Xu, Z.; Min, H.; Yu, H. Fusion of 3D LIDAR and Camera Data for Object Detection in Autonomous Vehicle
Applications. IEEE Sens. J. 2020, 20, 4901–4913. [CrossRef]

7. Silva, D.V.; Roche, J.; Kondoz, A. Robust Fusion of LiDAR and Wide-Angle Camera Data for Autonomous Mobile Robots. Sensors
2018, 18, 2730. [CrossRef]

8. Zhen, W.; Hu, Y.; Liu, J.; Schere, S. A Joint Optimization Approach of LiDAR-Camera Fusion for Accurate Dense 3D Reconstruc-
tions. IEEE Robot. Autom. Lett. 2019, 4, 3585–3592. [CrossRef]

9. Geiger, A.; Moosmann, F.; Car, ö.; Schuster, B. Automatic camera and range sensor calibration using a single shot. In Proceedings
of the 2012 IEEE International Conference on Robotics and Automation, Saint Paul, MN, USA, 14–18 May 2012.

10. Beltrán, J.; Guindel, C.; Escalera, A.; Garcia, F. Automatic Extrinsic Calibration Method for LiDAR and Camera Sensor Setups.
IEEE Trans. Intell. Transp. Syst. 2022, 23, 17677–17689. [CrossRef]

11. Zhang, Q.; Pless, R. Extrinsic Calibration of a Camera and Laser Range Finder (improves camera calibration). In Proceedings of
the 2004 IEEE/RSJ International Conference on Intelligent Robots and Systems (IROS), Sendai, Japan, 28 September–2 October
2004.

12. Ou, J.; Huang, P.; Zhou, J.; Zhao, Y.; Lin, L. Automatic Extrinsic Calibration of 3D LIDAR and Multi-Cameras Based on Graph
Optimization. Sensors 2022, 22, 2221. [CrossRef] [PubMed]

13. Ranganathan, A. The Levenberg-Marquardt Algorithm. Tutor. LM Algorithm 2004, 11, 101–110.
14. Carlone, L. A convergence analysis for pose graph optimization via Gauss-Newton methods. In Proceedings of the 2013 IEEE

International Conference on Robotics and Automation, Karlsruhe, Germany, 6–10 May 2013.
15. Singandhupe, A.; La, M.H.; Ha, P.Q. Single Frame Lidar-Camera Calibration using Registration of 3D planes. In Proceedings of

the 6th IEEE International Conference on Robotic Computing (IRC), Naples, Italy, 5–7 December 2022.
16. Verma, S.; Berrio, S.J.; Worrall, S.; Nebot, E. Automatic extrinsic calibration between a camera and a 3D Lidar using 3D point and

plane correspondences. In Proceedings of the 2019 IEEE International IEEE Conference on Intelligent Transportation Systems
(ITSC), Auckland, New Zealand, 27–30 October 2019.

17. Kim, E.; Park, S. Extrinsic Calibration between Camera and LiDAR Sensors by Matching Multiple 3D Planes. Sensors 2020, 20, 52.
[CrossRef] [PubMed]

18. Unnikrishanan, R.; Hebert, M. Fast Extrinsic Calibration of a Laser Rangefinder to a Camera; Technical Report; CMU-RI-TR-05-09;
Robotics Institute: Pittsburgh, PA, USA, 2005.

19. Huang, J.; Grizzle, W.J. Improvements to target-based 3D LiDAR to Camera Calibration. IEEE Access 2020, 8, 134101–134110.
[CrossRef]

20. Li, Y.; Ruichek, Y.; Cappelle, C. 3D Triangulation Based Extrinsic Calibration between a Stereo Vision System and a LIDAR. In
Proceedings of the 2011 14th International IEEE Conference on Intelligent Transportation Systems (ITSC), Washington, DC, USA,
5–7 October 2011.

21. Vasconcels, F.; Barreto, P.J.; Nunes, U. A Minimal Solution for the Extrinsic Calibration of a Camera and a Laser-Rangefinder.
IEEE Trans. Pattern Anal. Mach. Intell. 2012, 34, 2097–2107. [CrossRef]

22. Cai, H.; Pang, W.; Chen, X.; Wang, Y.; Liang, H. A Novel Calibration Board and Experiments for 3D LiDAR and Camera
Calibration. Sensors 2020, 20, 1130. [CrossRef]

23. Zhou, L.; Li, Z.; Kaess, M. Automatic Extrinsic Calibration of a Camera and a 3D LiDAR using Line and Plane Correspondeces.
In Proceedings of the 2018 IEEE/RSJ International Conference on Intelligent Robots and Systems (IROS), Madrid, Spain, 1–5
October 2018.

24. Fu, B.; Wang, Y.; Ding, X.; Jiao, Y.; Tang, L.; Xiong, R. LiDAR Camera Calibration under Arbitrary Configurations: Observability
and Methods. IEEE Trans. Instrum. Meas. 2019, 69, 3089–3102. [CrossRef]

25. Matlab Lidar Camera Calibrator. Available online: https://jp.mathworks.com/help/lidar/ug/lidar-and-camera-calibration.html
(accessed on 1 March 2024).

26. Narodistky, O.; Patterson, A.; Daniilidis, K. Automatic alignment of a camera with line scan LIDAR system. In Proceedings of the
2011 IEEE International Conference on Robotics and Automation, Shanghai, China, 9–13 May 2011.

https://doi.org/10.1109/JSEN.2020.2966034
https://doi.org/10.3390/s18082730
https://doi.org/10.1109/LRA.2019.2928261
https://doi.org/10.1109/TITS.2022.3155228
https://doi.org/10.3390/s22062221
https://www.ncbi.nlm.nih.gov/pubmed/35336392
https://doi.org/10.3390/s20010052
https://www.ncbi.nlm.nih.gov/pubmed/31861835
https://doi.org/10.1109/ACCESS.2020.3010734
https://doi.org/10.1109/TPAMI.2012.18
https://doi.org/10.3390/s20041130
https://doi.org/10.1109/TIM.2019.2931526
https://jp.mathworks.com/help/lidar/ug/lidar-and-camera-calibration.html


Sensors 2024, 24, 3981 22 of 23

27. Park, Y.; Yun, S.; Won, S.C.; Cho, K.; Um, K.; Sim, S. Calibration between Color Camera and 3D LIDAR Instruments with a
Polygonal Planar Board. Sensors 2014, 14, 5333–5353. [CrossRef]

28. Debattisti, S.; Mazzei, L.; Panciroli, M. Automated Extrinsic Laser and Camera Inter-Calibration Using Triangular Targets. In
Proceedings of the 2013 IEEE Intelligent Vehicles Symposium, Gold Coast, Australia, 23–26 June 2013.

29. Pereira, M.; Silva, M.; Santos, V. Self calibration of multiple LIDARs and cameras on autonomous vehicles. Robot. Auton. Syst.
2016, 83, 326–337. [CrossRef]

30. Hassanein, M.; Moussa, A. A New Automatic System Calibration of Multi-Cameras and LIDAR Sensors. In Proceedings of the
International Archives of the Photogrammetry, Remote Sensing and Spatial Information Sciences, Prague, Czech Republic, 12–19
July 2016.

31. Pusztai, Z.; Eichhardt, I.; Hajder, L. Accurate Calibration of Multi-LiDAR-Multi-Camera Systems. Sensors 2018, 18, 2139.
[CrossRef] [PubMed]

32. Grammatikopolous, L.; Papanagnou, A.; Venianakis, A.; Kalisperakis, I.; Stentoumis, C. An Effective Camera-to-Lidar Spatiotem-
poral Calibration Based on a Simple Calibration Target. Sensors 2022, 22, 5576. [CrossRef]

33. Dhall, A.; Chelnai, K.; Radhakrishnan, V.; Khrishna, M.K. LIDAR-Camera Calibration using 3D-3D Point correspondences. arXiv
2017, arXiv:1705.09785. [CrossRef]

34. An, P.; Ma, T.; Yu, K.; Fang, B.; Zhang, G.; Fu, W.; Ma, J. Geometric calibration for LIDAR-camera system fusing 3D-2D and 3D-3D
point correspondences. Opt. Express 2020, 28, 2122–2141. [CrossRef] [PubMed]

35. Florez, R.A.S.; Fremont, V.; Bonnifait, P. Extrinsic calibration between a multi-layer lidar and a camera. In Proceedings of the 2008
IEEE International Conference on Multi-Sensor Fusion and Integration for Intelligent Systems, Seoul, Republic of Korea, 20–22
August 2008.

36. Alismail, H.; Baker, D.L.; Browning, B. Automatic Calibration of a Range Sensor and Camera System. In Proceedings of the 2012
Second International Conference on 3D Imaging, Modeling, Processing, Visualization & Transmission, Zurich, Switzerland, 13–15
October 2012.

37. Velas, M.; Spanel, M.; Materna, Z.; Herout, Z. Calibration of RGB Camera With Velodyne LiDAR. In Communication Papers
Proceedings, Proceedings of the International Conference on Computer Graphics, Visualization and Computer Vison (WSCG), Plzen, Czech
Republic, 2–5 June 2014; Václav Skala-UNION Agency: Plzen, Czech Republic, 2014; pp. 135–144.

38. Guindel, C.; Beltrán, J.; Martin, D.; Garcia, F. Automatic Extrinsic Calibration for Lidar-Stereo Vehicle Sensor Setup. In Proceedings
of the 2017 IEEE 20th International Conference on Intelligent Transportation Systems (ITSC), Yokohama, Japan, 16–19 October
2017.

39. Yamada, R.; Yaguchi, Y. Evaluation of calibration methods to construct a 3-D environmental map with good color projection
using both camera images and laser scanning data. Artif. Life Robot. 2020, 25, 434–439. [CrossRef]

40. Scaramuzza, D.; Hrati, A.; Siegwart, R. Extrinsic Self Calibration of a Camera and a 3D Laser Range Finder from Natural Scenes.
In Proceedings of the 2004 IEEE/RSJ International Conference on Intelligent Robots and Systems (IROS), Diego, CA, USA, 29
October–2 November 2007.

41. Pandey, G.; McBride, R.J.; Savarese, S.; Eustice, M.R. Automatic Targetless Extrinsic Calibration of a 3D Lidar and Camera by
Maximizing Mutual Information. In Proceedings of the 26th AAAI Conference on Artificial Intelligence, Toronto, ON, Canada,
22–26 July 2012.

42. Taylor, Z.; Nieto, J. Automatic Calibration of Lidar and Camera Images using Normalized Mutual Information. In Proceedings of
the 2013 IEEE International Conference on Robotics and Automation, Karlsruhe, Germany, 6–10 May 2013.

43. Pandey, G.; McBride, R.J.; Savarese, S.; Eustice, M.R. Automatic Extrinsic Calibration of Vision and Lidar by Maximizing Mutual
Information. J. Field Robot. 2014, 32, 696–722. [CrossRef]

44. Irie, K.; Sugiyama, M.; Tomono, M. Target-less Camera-LiDAR Extrinsic Calibration Using a Bagged Dependence Estimator. In
Proceedings of the 2016 IEEE International Conference on Automation Science and Engineering (CASE), Fort Worth, TX, USA,
21–25 August 2016.

45. Koide, K.; Oishi, S.; Yokozuka, M.; Banno, A. General, Single-shot, Target-less, and Automatic LiDAR-Camera Extrinsic Calibration
Toolbox. In Proceedings of the 2023 IEEE International Conference on Robotics and Automation, London, UK, 29 May–2 June
2023.

46. Monghadam, P.; Bosse, M.; Zlot, R. Line-based Extrinsic Calibration of Range and Image Sensors. In Proceedings of the 2013 IEEE
International Conference on Robotics and Automation, Karlsruhe, Germany, 6–10 May 2013.

47. Bai, Z.; Jiang, G.; Xu, A. LiDAR-Camera Calibration Using Line Correspondences. Sensors 2020, 20, 6319. [CrossRef] [PubMed]
48. Ma, T.; Liu, Z.; Yan, G.; Li, Y. CRLF: Automatic Calibration and Refinement based on Line Feature for LiDAR and Camera in

Road Scenes. In Proceedings of the 2021 IEEE International Conference on Intelligent Robots and Systems (IROS), Prague, Czech
Republic, 29–30 September 2021.

49. Wang, W.; Nobuhra, S.; Nakmura, R.; Sakurada, K. SOIC: Semantic Online Initialization and Calibration for LiDAR and Camera.
arXiv 2020, arXiv:2003.04260. [CrossRef]

50. Zhu, Y.; Li, C.; Zhang, Y. Online Camera-LiDAR Calibration with Sensor Semantic Information. In Proceedings of the 2020 IEEE
International Conference on Robotics and Automation, Paris, France, 31 May–31 August 2020.

51. Schneider, N.; Piewak, F.; Stiller, C.; Franke, U. RegNet: Multimodal Sensor Registration Using Deep Neural Networks. In
proceeding of the 2017 IEEE intelligent vehicles symposium (IV), 11–14 June 2017; pp. 1803–1810.

https://doi.org/10.3390/s140305333
https://doi.org/10.1016/j.robot.2016.05.010
https://doi.org/10.3390/s18072139
https://www.ncbi.nlm.nih.gov/pubmed/29970844
https://doi.org/10.3390/s22155576
https://doi.org/10.48550/arXiv.1705.09785
https://doi.org/10.1364/OE.381176
https://www.ncbi.nlm.nih.gov/pubmed/32121909
https://doi.org/10.1007/s10015-020-00594-7
https://doi.org/10.1002/rob.21542
https://doi.org/10.3390/s20216319
https://www.ncbi.nlm.nih.gov/pubmed/33167580
https://doi.org/10.48550/arXiv.2003.04260


Sensors 2024, 24, 3981 23 of 23

52. Iyer, G.; Ram, R.K.; Murthy, J.K.; Krishna, K.M. CalibNet: Geometrically Supervised Extrinsic Calibration using 3D Spatial
Transformer Networks. In Proceedings of the 2019 IEEE/RSJ International Conference on Intelligent Robots and Systems (IROS),
Macau, China, 3–8 November 2019.

53. Lv, X.; Wang, B.; Dou, Z.; Ye, D.; Wang, S. LCCNet: LiDAR and Camera Self-Calibration using Cost Volume Network. In
Proceedings of the IEEE Conference on Computer Vision and Pattern Recognition Workshops, CVPR Workshops 2021, Virtual,
19–25 June 2021.

54. Mosegaard, K.; Tarantola, A. Monte Carlo sampling of solutions to inverse problems. J. Geophys. Res. 1995, 100, 12431–12447.
[CrossRef]

55. Khan, A.; Connolly, D.A.J.; Maclennan, J.; Mosegarrd, K. Joint inversion of seismic and gravity data for lunar composition and
thermal state. Geophys. J. Int. 2007, 168, 243–258. [CrossRef]

56. Yamada, R.; Garia, F.R.; Lognooné, P.; Feuvre, L.M.; Calvet, M.; Gagnepain-Beyneix, J. Optimization of seismic network design:
Application to a geophysical international network. Planet. Space Sci. 2011, 59, 343–354. [CrossRef]

57. Matsumoto, K.; Yamada, R.; Kikuchi, F.; Kamata, S.; Ishihara, Y.; Iwata, T.; Hanada, H.; Sasaki, S. Internal structure of the Moon
inferred from Apollo seismic data and selenodetic data from GRAIL and LLR. Geophys. Res. Lett. 2015, 42, 7351–7358. [CrossRef]

58. OpenCV Camera Calibration. Available online: https://docs.opencv.org/4.x/dc/dbb/tutorial_py_calibration.html (accessed on
1 April 2024).

59. Quan, L.; Lan, Z. Linear n-point camera pose determination. IEEE Trans. Pattern Anal. Mach. Intell. 1999, 21, 774–780. [CrossRef]
60. Yuen, K.H.; Princen, J.; Illingworth, J.; Kittler, J. Comparative study of hough transform methods for circle finding. Image Vis.

Comput. 1990, 8, 71–77. [CrossRef]
61. Fischler, A.M.; Bolles, C.R. Random sample consensus: A paradigm for model fitting with applications to image analysis and

automated cartography. Commun. ACM 1981, 24, 381–395. [CrossRef]
62. Bentley, L.J. Multidimensional binary search trees used for associative searching. Commun. ACM 1975, 18, 509–517. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1029/94JB03097
https://doi.org/10.1111/j.1365-246X.2006.03200.x
https://doi.org/10.1016/j.pss.2010.12.007
https://doi.org/10.1002/2015GL065335
https://docs.opencv.org/4.x/dc/dbb/tutorial_py_calibration.html
https://doi.org/10.1109/34.784291
https://doi.org/10.1016/0262-8856(90)90059-E
https://doi.org/10.1145/358669.358692
https://doi.org/10.1145/361002.361007

	Introduction 
	Related Works 
	Methods 
	Estimation of the Camera External Parameters 
	Calibration Targets 
	Circle Detection 
	Design of the Likelihood Function and Parameter Sampling 

	Experiments 
	Measurement System 
	Experimental Setups 

	Camera External Parameter Results 
	Evaluation of Data Fusion for the Objects Set at Fixed Positions 
	Experimental Setup 
	Evaluation Results 

	Evaluation of Data Fusion in 3-D Mapping 
	Experimental Setup 
	Evaluation Results 

	Discussion 
	Conclusions 
	References

