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Abstract: In this paper a novel method is proposed to calibrate the extrinsic parameters of the swing 2D laser rangefinder
(LRF) and binocular cameras system. Target object that need special processing is abandoned. Extrinsic calibration is
completed with one observation of three planes that posted with checkboard-like posters. The procedure is simplified.
Superior to the monocular vision, stereo vision can obtain more information of scene. 3D virtual points and lines are
deduced by analyzing the intersected 3D planes and they are used as inputs to an optimization problem which estimating
the relative pose between camera and LRF. Moreover, we build geometric model of swing LRF and estimate the two
important parameters with Levenberg-Marquardt (LM) individually. Thus, the distortion of point cloud that caused by
mechanical structure is corrected as pretreatment of relative pose calculation. Experimental results demonstrate the
validity of the proposed calibration and correction methods.
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INTRODUCTION

In recent years, more and more mobile robots, especially
self-driving cars, are equipped with LRFs and cameras [1]
[2]. Compared with Kinect-like devices, LRF can reliably
operate both indoors and outdoors, even in wild
environment
with
strong
sunlight.
The
twodimensional(2D) single line LRF is cheaper and lighter
then 3D and has a wider range of applications. But the
precise relative pose estimate of 2D LRF and camera is
more difficult to realize. In practical applications, the LRF
scans around an external axis with fixed cameras is a typical
installation and the relative pose is variable.
The calibration methods of monocular vision and LRF
has been studied extensively. Zhang [3] and Joung [4] puted
checkboard as calibration object and the pose is estimated
by camera. The relative pose was estimated by minimizing
the distance of points on checkboard and planes (point-toplane). However, it needed to observe target scene many
times, and the result was easy to fall into local optima.
Vasconcelos [5] proposesd minimal solution under the
RANSAC framework, thus the result with nonlinear
iterative optimization became more accessible to the global
optima. But the result is not stable. Kwak [6][7] utilized Vshaped 3D calibration object. The relative pose was
estimated by imposing collinear constraint between the key
points in point cloud and the lines in image (point-to-line).
However, the edge feature points will be inaccurate due to
the sparse point cloud. Jung [8] designed a 2.5D calibration
board. The centers of holes could be extracted from image
and point cloud respectively. The relative pose was
estimated by minimizing the distance between the
corresponding centers (point-to-point), but it needed the
special 2.5D calibration object and a high-resolution 3D
LRF.

The methods described above need to repeatedly observe
calibration object. Moghadam [9] utilized the extracted line
segments in natural scene. The relative pose was estimated
by imposing collinear constraint between the projected
points and the lines in images (point-to-line). It did not
require special calibration object, but the calibration
accuracy was affected by the density and location of line
segments. Gomez [10] took an orthogonal trihedrons as
calibration object. The relative rotation could be obtained
by imposing co-planarity constraint between the line
segments of LRF and trihedron planes (line-to-plane). The
relative translation was calculated by imposing co-planarity
constraint between inflection points and the back-projected
planes through trihedron lines (point-to-plane). However,
the algorithm was sensitive to the angle of illumination
when extracting lines from images.
In this paper, we proposed a method based on plane
intersections of three-plane, which needs only one
observation of calibration object and does not depend on the
verticality of the planes. The plane intersections were
calculated to be basis vectors with planes that were
extracted from stereo camera and point cloud. The relative
pose could be obtained by imposing coincidence constraints
between the corresponding virtual points that generated by
the basis vectors (point-to-point).
The rest of this paper is organized as follows: Section 2
explains the coordinates of system and the relationship
between them. Section 3 explains the method to correct the
distortion of point cloud that caused by mechanical
parameters. Section 4 shows the optimization to calculate
the relative pose. Section 5 shows the experimental results
and section 6 is summery.
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2

SYSTEM STRUCTRUE

Figure 1 shows the structrue of our platform and the
coordinate frames are shown in Figure 2. Without loss of
generality, we let left camera coordinate ܱ be the
binocular cameras coordinate.  ݕaxis of LRF coordinate ܱ
coincides with joint ܬଵ . The servo motor periodically
feedback the swing angle (pitching angle) ߠ . There is a
high-speed motor in LRF rotating around ܬଶ . And then we
can periodically obtain the range ݈ and scanning (yaw
angle) ߠ௬ . In addition, we add two mechanical parameters
݀ and ݀ to response the real position of center of LRF.
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Fig. 1. The installation position of LRF and binocular cameras
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Fig. 2. The coordinate frames of platform

The relative translation matrix between ܱ and ܱ is ࢀ
and the rotation matrix is ࡾ . The coordinates  of point
cloud in the cartesian coordinate system can be calculated
as
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Considering the efficiency of the calibration, the stopstep-go fashion is ignored. In actually, LRF and motor
independently run and feedback data. Each data set has two
additional timestamps and the data set is expressed as
௧್
ࡿ௧ ൌ ሾࡸ ࢻሿ
(3)
where the ݐ and ݐௗ is the begin and end moment of
swing.ࡸ and ࢻ are the range and yaw angle sequences in
the data set. The details shown as
ࡸ ൌ ሾ݈ଵ ݈ ڮ ݈ ڮே ሿ்
(4)
ࢻ ൌ ሾߠ௬ଵ ߠ ڮ௬ ߠ ڮ௬ே ሿ்
(5)
Since the feedback cycle of servo motor is much shorter
than the LRF. And the swing speed is a constant in most of
time. Therefore, we can calculate the real swing angle at
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where ߠ௧ is the swing angle at moment  ݐ. ൣߠ௧ ൧ is the
௧

sequence of ߠ௧ and ൣߠభ ൧ means the angle in sequence


with timestamp ݐଵ closest to ݐ . ߠௗ is calculated in
the same way. Then we can calculate the real swing angle
ߠ for each element in ࡸ or ࢻ. The solution is given as
ߠ ൌ

 ିఏ ೞೌೝ ൯
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It is noteworthy that, ݀ and ݀ are unknown before the
calibration.
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Left Camera

ݕ

ݐ and ݐௗ by the linear relationship between time and
swing angle. This condition is expressed as

MECHANICAL DISTORTION

The distortion of point cloud that caused by ݀ and ݀ is
static distortion, where ݀ and ݀ are directly attached to
the measurement results. Therefore, point cloud distortion
correction need to be processed to enhance the quality of
fusion and we put them as pretreatment of relative pose
calculation.
Swing mechanism (or servo motor) swing from ߠ௦௧௧ to
ௗ
ߠ , in the meantime, LRF scanning from ߠ௬௦௧௧ to ߠ௬ௗ
by many times with fixed frequence. Each measured point
corresponds to a parameters set ߠۃ ǡ ߠ௬ ǡ ݈ۄ. We take a plane
as calibration object and explaine the characteristics of the
distortion by simulation data. ݀ and ݀ are set to
reasonable values to generate simulated data. ݈ is calculated
with the known ߠ and ߠ௬ . Then, ݀ and ݀ are set to zero,
the simulated point cloud is shown in Figure 3. The
distorted point cloud is a S-shaped curved surface and pass
through the true plane at ߠ ൌ Ͳ. Thus, we estimate the true
plane and mechanical parameters simultaneously by
minimizing point-to-plane distances
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where ߨଵ  ݔ ߨଶ  ݕ ߨଷ  ݖ ߨସ ൌ Ͳ is the true plane, and
ߨ௪ ൌ ሾߨଵ ߨଶ ߨଷ ߨସ ሿ் . ݊ is the number of effective
points in point cloud. Levenberg-Marquardt (LM) is chosen
to directly solve the parameters. Although ߨ௪ can be any
suitable plane, it is set to be perpendicular to the Z-axis of
ܱ to faciliatate solving. The initial values of ݀ and ݀ are
set roughly with the mechanical drawings of LRF. The point
cloud ࡼௗ is expressed as in Figure 4(a).

Fig. 3. Simulated point cloud that scanning planes at different distance
with ݀ ൌ Ͳ and ݀ ൌ Ͳ
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not strictly consistent, but the corners are arranged in the
same order on the checkboard. Therefore, the exact


corresponding relationship between ܥ௧
and ܥ௧ shoud
be determined. We process the ICP algorithm [11] to
estimate the similarity transformation ܪ between
ܥ௧ and ܥ௧
ܽ ݊݅݉݃ݎ൫σฮܥ௧ െ ܪ ή ܥ௧ ฮ൯

(9)

ுೌ

(a) 3D point cloud from LRF

(b) The original photo of point cloud and position of platform
Fig. 4. Convert the LRF data from polar coordinates to Cartesian
coordinate

where ܪ ή ܥ௧ means project ܥ௧ into left image,
the corresponding points are closer to each other. Moreover,
the specific matching constraint is as follows

ǡ ܥ௧ ൯ ൌ
݂௧ ൫ܥ௧


െ ܪ ή ܥ௧ ฮ൯Ǣ ݆  אሼͳǡʹǡ͵ሽቅ (10)
ቄ݆ȁ݉݅݊൫σฮܥ௧
We assume that the cameras are calibrated and the
intrinsic parameters and the relative pose between them are
known. The 3D coordinates of the corners on each
checkboard are noted as େܺ in ܱ . They can be obtained
by matching the adjusted ܥ௧ and ܥ௧ . The plane of
checkboard is estimated by minimizing point-to-plane
distances

 ۃେߨ  ۄ כൌ  ቊσୀଵ ቆ
ి ۃగ ۄ

4

CALIBRATION

This section focus on the calibration between LRF and
binocular cameras. The cameras are default calibrated. For
binocular vision, we need to calculate the 3D coordinates of
the grid corners and then estimate the pose of each target
plane. For LRF, the subsets points of target planes are
segmented from the point cloud and also estimate the pose
of planes. The plane intersections are extract from both
visual and LRF system. The relative pose is estimated by
minimizing point-to-point distances of the corresponding
points based on the intersections.

ቚ ి ή ిగ ቚ
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(11)

Where  େߨ ൌ ሾߨଵ ߨଶ ߨଷ ߨସ ሿ represents the initial value
and େߨ  כis the plane of estimated result. The directions of
three plane intersections are normalized as base vectors of
space. The intersection of three planes and the base vectors
together constitute the effective information of once
observation.
େ ଵ
ܸ ൌ େܸగଵ ൈ େܸగଶ
େ ଶ
൞ ܸ ൌ େܸగଵ ൈ େܸగଷ
(12)
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େ 
where ܸగ represent the normalized normal vector of the ݅th plane. େܸ ൌ ൣ େܸ ଵ େܸ ଶ େܸ ଷ ൧ represents the
directions and େܱ is the intersection. The extraction result
is shown in Figure 6 and Figure 7.

Fig. 5. The calibration object, three plans that posted with checkboardlike posters

4.1 Extract Geometric Features
As shown in Figure 5, checkboard-like posters are pasted
on the target planes to improve the robustness of visual
extraction. The corners on the checkboard are significant


and robust features. ܥ௧
and ܥ௧ are the i-th and j-th
corner set that extracted from left and right image, and ݅ǡ ݆ א
ሼͳǡʹǡ͵ሽ. All the corners in left or right image combine into

a larger set that is expressed as ܥ௧ ൌ ځଷୀଵ ܥ௧
,

Fig. 6. The planes, directions (solid lines) and intersections (dotted lines)
in ܱ



ܥ௧ ൌ ځଷୀଵ ܥ௧ . The order of checkboard extraction is
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EXPERIMENT

The LRF on this platform is UTM-30LX-EW produced
by HOKUYO, the accuracy is ±30 millimeter at 10 meter
and the resolution is 0.25°. The servo motor is Dynamixel
RX28 and the resolution is 0.29°. The cameras are MER500-7UM/UC and the resolution is 2592×1944. The focal
length of lens is 8 millimeter.
5.1 Estimate The Mechanical Parameters

Fig. 7. The planes and intersections (dotted lines) ܱ

RANSAC algorithm is utilized to estimate the inaccurate
pose of the target planes and segment the inline subset
points of them. Afterwards, we utilize LM algorithm to
further refine the pose of plane. The extraction of the
directions and intersection in point cloud is similar to  ܸ
and  ܱ. We utilize equation (11) and (12) to estimate them
and note as ܸ and ܱ . Due to the random behavior in
RANSAC algorithm, the extraction sequence of the
composition in  ܸ and ܸ may not be the same. The
adjustment method is as follows

݂௧ ൫݆ȁ݉݅݊൫ฮ ܸ  െ  ܸ ฮ൯Ǣ ݆  אሼͳǡʹǡ͵ሽ൯ (14)

 
ܸ will match  ܸ according to the actual situation.

The estimation of ݀ and ݀ with simulation and the
actual data is shown in Figure 9. The simulation of plane is
ܼ ൌ ʹͲͲ݉݉ in ܱ , ݀ ൌ ͵Ͳ݉݉ and ݀ ൌ ݉݉ . The
results of the optimization is ݀ ൌ ͵ͲǤͻͷͶͺ݉݉ and ݀ ൌ
ͷǤͻͷͻ݉݉, the estimation results are very accurate. The
corrected point cloud conforms to the real plane. The
estimated result of actual data is ݀ ൌ ʹͷǤͺͲͶ݉݉ and
݀ ൌ ͲǤ͵ͻʹ݉݉ , which is in agreement with that of
mechanical drawing.

4.2 Estimate Relative Pose
We put  ܸ and ܸ as the basis vectors of the space in
ܱ and ܱ . The virtual points are generated as
 ᇱ
ܺ ൌ  ܸ ή  ݊ସൈ   ܱ
(14)
ቊ ᇱ
ܺ ൌ ܸ ή ݊ସൈ  ܱ
Where ݊ସൈ is a coefficient matrix. We set  ݊ same as ݊.
The virtual points in  ܺ ᇱ and ܺ ᇱ are correspond one by
one and shown in Figure 8 intuitively. The relative pose
between ܱ and ܱ is estimated by minimizing point-topoint distances with LM algorithm



 ᇱ
 ᇱ
 כ࣬ܪൌ  ቄσ
ୀଵฮ ܺ െ ܪ ή ܺ ฮ ቅ

(15)



ுಽ

here the ݉ is the number of virtual points in  ܺ ᇱ or ܺ ᇱ .

ܪ and  ܪ כrepresents the initial transformation matrix
and the optimal results.

Fig. 8. The projection of virtual points and intersections.

Fig. 9. The simulation of complete point cloud (top) and the estimation
result of actual data (bottom)

5.2 Estimate The Relative Pose
As shown in Figure 10, all corners in the image match
correctly. It is shown from Figure 8 that the extracted plane
intersections are in agreement with the actual corner of wall.
The three planes of target object perpendicular to each other
and the calculated result is shown in Table 1. Therefore, the
method in this paper can extract planes and their
intersections from point cloud and image pair accurately.
We use virtual points to estimate the relative pose of ܱ and
ܱ . Reference the equation 15, the virtual points are
projected on left image of the Figure 8, and the
corresponding ones in ܱ and ܱ is very close to each other.
As shown in Figure 11, the relative distance is very small
and it illustrates the accuracy of pose estimation.
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Fig. 10. The matching result of corners

CONCLUSION

According to the working characteristic of the swing type
lidar, an algorithm offering point clouds matching color
from binocular image was presented. This algorithm could
eliminate distortion caused by mechanical parameters, and
showed obvious data correction effect in the high speed
continuous scanning situation. This algorithm could
automatically acquire the relative position of LRF and
binocular by simply scaning the simple target scene in just
one time. Consequently, this algorithm could improve
quality of RGBD data obtained form the lidar and camera,
and let the calibration work become simple and effective.

REFERENCES

Fig. 11. The relative error distribution of point-to-point

Table1. The angle of intersections

Intersections
No.1—No.2
No.1—No.3

In ܱ (e)
89.9280
89.9973

In ܱ (e)
90.1748
90.1326

No.2—No.3

90.2560

90.3289

5.3 Color Matching
We select multiple complex scenes from indoor and
outdoor to verify the effectiveness of the algorithm. In
particular, we observe the outdoor scenes at noon in the
summer. In such a strong sunlight, the Kinect-like devices
can not work while the LRF can work stably. As shown in
Figure 12, the color matching results are very accurate, both
indoors and outdoors.

Fig. 12. Color matching result. The first column is left-view image and
the second column is RGBD point cloud.

3560

[1] C. Premebida and U. J. C. Nunes, “Fusing lidar, camera and
semantic information: A context-based approach for
pedestrian detection,” The International Journal of Robotics
Research, vol. 32, no. 3, pp. 371–384, 2013.
[2] B. Douillard, D. Fox, F. Ramos, and H. Durrant-Whyte,
“Classification and semantic mapping of urban
environments,” The international journal of robotics
research, vol. 30, no. 1, pp. 5–32, 2011.
[3] Zhang Q, Pless R. Extrinsic calibration of a camera and
laser range finder (improves camera
calibration)[C]//Intelligent Robots and Systems,
2004.(IROS 2004). Proceedings. 2004 IEEE/RSJ
International Conference on. IEEE, 2004, 3: 2301-2306.
[4] Joung J H, An K H, Kang J W, et al. 3D environment
reconstruction using modified color ICP algorithm by fusion
of a camera and a 3D laser range finder[C]//2009 IEEE/RSJ
International Conference on Intelligent Robots and Systems.
IEEE, 2009: 3082-3088.
[5] Vasconcelos F, Barreto J P, Nunes U. A minimal solution
for the extrinsic calibration of a camera and a laserrangefinder[J]. IEEE transactions on pattern analysis and
machine intelligence, 2012, 34(11): 2097-2107.
[6] Kwak K, Huber D F, Badino H, et al. Extrinsic calibration
of a single line scanning lidar and a camera[C]//2011
IEEE/RSJ International Conference on Intelligent Robots
and Systems. IEEE, 2011: 3283-3289.
[7] S. Wasielewski and O. Strauss, “Calibration of a multisensor system laser rangefinder/camera,” in Intelligent
Vehicles’ 95 Symposium., Proceedings of the, pp. 472–477,
IEEE, 1995.
[8] Jung J, Lee J Y, Jeong Y, et al. Time-of-flight sensor
calibration for a color and depth camera pair[J]. IEEE
transactions on pattern analysis and machine intelligence,
2015, 37(7): 1501-1513.
[9] Moghadam P, Bosse M, Zlot R. Line-based extrinsic
calibration of range and image sensors[C]//Robotics and
Automation (ICRA), 2013 IEEE International Conference
on. IEEE, 2013: 3685-3691.
[10] Gomez-Ojeda R, Briales J, Fernandez-Moral E, et al.
Extrinsic calibration of a 2d laser-rangefinder and a camera
based on scene corners[C]//2015 IEEE International
Conference on Robotics and Automation (ICRA). IEEE,
2015: 3611-3616.
[11] Horn B K P. Closed-form solution of absolute orientation
using unit quaternions[J]. JOSA A, 1987, 4(4): 629-642

2017 29th Chinese Control And Decision Conference (CCDC)

