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There are few existing omnipotent sensors that handle a complex surface inspection task in an accurate and effective way. The
prevailing solution is integrating multiple sensors and taking advantage of their strengths. One key task is the extrinsic
parameter calibration (global calibration) of the multiple sensors before measurement. This paper proposes a method of
optimal extrinsic calibration for a structured light sensor (SLS) and conoscopic holography sensor (CHS). In adopting this
method, a common planar calibration board is placed with different poses in front of the multisensory system, and the
extrinsic calibration problem is solved through a three-dimensional reconstruction of the calibration board and using
geometric constraints of the views from the SLS and CHS. This calibration method, which uses only the plane calibration
board, is simple. Physical experiments demonstrate that the proposed method is robust and accurate in the calibration of
multiple inhomogeneous optical sensors for the measurement of a complex surface.

1. Introduction

Advanced optical sensing technology has been more and
more studied and applied [1]; especially in modern indus-
tries, such as the aerospace, automobile, and shipbuilding
industries, there are increasingly high requirements of mea-
surement accuracy, measurement efficiency, and data integ-
rity [2–4]. However, an individual sensor can neither
accurately provide holistic information of a part nor provide
spatial and temporal coverage with small measurement
uncertainty. There is an increasing need for the development
of more effective measurement methods that allow high-
speed, high-accuracy, flexible, and holistic inspection [5, 6].
Multiple sensors are therefore employed both to achieve
holistic geometrical measurement information and to
improve the reliability or reduce the uncertainty of measure-
ment data. Multiple physical sensor configurations can be
roughly classified into three categories: complementary,
competitive, and cooperative configurations [7]. In a com-
plementary configuration, the sensors work independently,
but the acquired data are combined to give more complete

information of the measured object. In a competitive config-
uration, sensors independently measure the same feature to
reduce measurement uncertainty. In a cooperative configu-
ration, the information provided by two or more indepen-
dent inhomogeneous sensors is used to derive data that
would not be available from a sensor individually. In preci-
sion metrology and reverse engineering, the requirements
of the cooperative integration of inhomogeneous sensors
are increasing in terms of accuracy, flexibility, and automa-
tion of the whole measurement process.

Usually, each sensor employed in amultisensor system has
its own coordinate system. An important task is to calibrate
the transformation relationship of all sensors to ensure that
the measurement data captured by the sensors can be aligned
and merged into a common coordinate system and that a
complete model can be obtained. At present, there are two
types of methods for calibration of the global coordinate sys-
tem. One adopts a unified calibration object according to the
different types of sensors and realizes the global calibration
by measuring the calibration object with each sensor [8–10].
The other adopts the numerical calculation of the rigid-body
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transformation matrix by extracting three-dimensional data
characteristics of the same object measured by each sensor to
achieve global calibration [11, 12].

In the case of a multisensor system that comprises a con-
tact probe and an optical scanning probe, geometric invari-
ant of characteristics of the unified target is usually
adopted to achieve global calibration. Targets in these
methods include a standard sphere [10, 13], standard sphere
gauge [14, 15], polyhedron [9, 16], and other special stan-
dard objects [17]. The multisensor calibration methods were
analyzed and compared using polyhedral and spherical arte-
facts by Fernández et al. [18]. They adopted a sphere-based
calibration method to calibrate their integration system
finally. A ball–plate standard has been used to calibrate a
fringe projection sensor and CMM integration system [15].
These methods face problems in terms of difficult
manufacturing and a high cost of the calibrator.

The second type of method calibrates the global coordi-
nate system by obtaining the measurement data of the same
part. It has the advantages of low cost, flexibility, and easy
realization of full automation. However, the calibration
accuracy is not high because of the effect of the environment
and surface characteristics of the measured object. These
methods are widely used in unmanned driving and robot
navigation [19, 20] and are less used in the precise measure-
ment of the geometry of parts. To reduce the effect of data
noise, Huang et al. [17] presented an iterative registration
and fusion approach for multisensor calibration. They used
surfaces reconstructed from multiple point clouds and Kal-
man filtering to fuse data and enhance the registration accu-
racy and robustness. A modified iterative closest-point
algorithm has been proposed to improve the registration
performance for multisensory coordinate metrology using
curvature information [21]. Zhao et al. [8] adopted sepa-
rated standards to be measured by a video camera sensor
and a tactile probe sensor. A common reference coordinate
system was created adopting a multistep registration method
to match the datasets of two inhomogeneous sensors. Shaw
et al. [11] adopted a two-step method that comprised coarse
and fine registration with some features of the measured
parts and then calculated the common reference coordinates
automatically.

It is obvious that all above calibration methods and the-
ories require a sufficient number of coincident points or
must have common standards and features. The calculation
of coincident points using measured parts is not possible
when the parts have two sides and are very thin, such as in
the case of aeroengine blades. It is therefore important to
have an exact knowledge of the position of each sensor in
the measurement setup, if the coincident points are calcu-
lated using standard instruments, such as a sphere, polyhe-
dral, and special artefacts. Owing to the different
measuring techniques and working principles of heteroge-
neous sensors, the process of calibration is time-consuming
and an accurate alignment cannot be ensured.

The calibration of such spatial relationships among dif-
ferent sensors includes two tasks: intrinsic calibration, where
internal sensor parameters are determined, and extrinsic cal-
ibration where the position and orientation of a sensor rela-

tive to a given coordinate system are determined. This paper
presents a simple and optimal extrinsic calibration method
for two inhomogeneous optical sensors in a three-
dimensional (3D) measurement system: a conoscopic holog-
raphy sensor (CHS) and a structured light sensor (SLS). In
adopting this method, a common planar calibration board
is used in the intrinsic calibration of the SLS with different
poses in front of the multisensory system. The extrinsic cal-
ibration problem is solved through a 3D reconstruction of
the calibration board and using geometric constraints of
the views from the SLS and CHS.

The remainder of the paper is organized as follows. Sec-
tion 2 introduces the mechanical structure and measuring
principle of the optical inspection device. Section 3 presents
the proposed calibration method. Section 4 reports on a cal-
ibration experiment and complex surface inspection experi-
ment and analyzes the results. Section 5 gives the
conclusions drawn from the results of the study.

2. System Setup and Measuring Principle

2.1. System Setup. The system setup and mechanical struc-
ture of the measurement system are shown in Figure 1.
The multisensor system mainly comprises two inhomogene-
ous optical sensors (i.e., the CHS and SLS), a four-axis
motion platform having three straight axes, a rotating shaft,
and an antivibration platform. The two sensors are fixed rig-
idly on the Z-axis and are movable in X-, Y-, and Z-direc-
tions. The measured object is mounted on the rotation
platform using a special fixture.

The SLS has a structured light projection unit and an
acquisition system with two cameras on each side. Each
camera has a resolution of 1920 × 1080 and a frame rate of
60 frames per second. It is characterized by a resolution of
0.05mm and accuracy of 0.02mm that is tested by the opti-
cal scanning system standard of VDI/VDE 2634 [22].

The CHS is a type of laser displacement sensor based on
conoscopic holography interference. Modular setup with
interchangeable objective lenses enabling various standoffs
and working ranges in the same sensor. According to the
principle, it is only one-dimensional measuring data col-
lected (the distance from the transmitter to the projection
of the laser beam on the material surface); the three-
dimensional data collected by CHS need to be calculated
based on the encoder position of the motion platform. When
integrated in measurement devices, conoscopic technology
offers major benefits, such as collinear measurement, low
electronic noise dependency, and multiple standoffs, com-
pared to the old-style triangulation method. The probe can
directly read the pulse value of the grating encoder. There-
fore, the measurement accuracy of CHS is not affected by
the motion accuracy of mechanical platform. Table 1 shows
the main characteristics of this CHS for the 50mm lenses.

2.2. Coordinate Systems. The SLS and CHS are mounted on
the four-axis platform, so that they can be displaced along
the direction X (200mm), Y (200mm), and Z (300mm) to
acquire data. Based on the configuration of the fusion
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noncontact measuring system, four different coordinate sys-
tems are defined, as shown in Figure 2.

The motion platform coordinate system (called machine
coordinate system (MCS)) (Om, Xm, Ym, Zm) is as follows:

(i) The workpiece coordinate system (WCS) (Ow, Xw,
Yw,Zw)

(ii) The SLS coordinate system (SLCS) (Os,Xs,Ys,Zs)

(iii) The intrinsic coordinate system of the CHS (Oc,Xc,
Yc,Zc)

Supposing a point M on the surface, we have

OwM
��! =OmM

���! −OmOw
���!, ð1Þ

OmM
���! =OmOs

���! +OsM
��! =OmOC

���! +OCM
��!

: ð2Þ

Combining equations (1) and (2) yields

OwM
��! =OmOs

���! +OsM
��! −OmOw

���! =OmOC
���! +OCM

��! −OmOw
���!, ð3Þ

whereOmOw
���!

is the translation vector between the WCS and
MCS, OSM

��!
denotes the coordinates in the SLCS, OCM

���!
denotes the coordinates in the CHCS, and OmOs

���!
and OmOC

���!
are vectors expressing the positions of the sensors (SLS and
CHS) in the MCS.

Furthermore, from the viewpoint of coordinate transfor-
mation, equation (3) can be rewritten as

OwM
��! = RS∙OsM

��! + TS = RC∙OCM
��! + TC , ð4Þ

where RS and RC are, respectively, matrices of rotation from
the SLCS and CHCS to the WCS while TS and TC are,
respectively, matrices of translation from the SLCS and
CHCS to the WCS. In the integrated system, SLCS is taken

as WCS, so RS = I3×3, TS = 03×1, and OwM
��! =OsM

��!
, where

I3×3 is the identify matrix. Our goal in this paper is to
develop methods of calibration to acquire the rotation matri-
ces RC and the transformation vector TC .

3. Calibration Method

The flowchart in Figure 3 illustrates all steps of our method.
To begin with, a planar calibration board is placed in front of
our system in different positions and orientations, such that
it is visible to both the SLS and CHS. For each pose, two
images are captured by the cameras of the SLS, and the cen-
ter points are extracted automatically. The 3D positions of
the center points are then calculated in the coordinate sys-
tem of the SLS. And CHS are used to obtain point clouds
on the calibration board for each pose. A least-squares fit-
ting- (LSF-) based method is then used to best fit a 3D plane
using the reconstructed points of the calibration board in the
SLS coordinate system. Finally, a nonlinear optimization
solution is adopted to calculate the extrinsic parameters,
considering that all points of the CHS must lie on the cali-
bration plane estimated using the SLS. In our method, the
calibration process only uses the plane calibration board,
and the extrinsic parameters of the SLS and CHS are thus

Rotation platform

Complex surface

Anti-vibration
platform

X-stage

Y-stage
Z-stage

CHS

SLS

Figure 1: Mechanical structure of the integrated system.

Table 1: Characteristics of the CHS (ConoProbe Mark 10.0).

Property Lens 50mm

Measuring frequency (F) (Hz) Up to 9000

Depth of field (DOF) (mm) 8

Stand-off (mm) 44

Stand-off tolerance (mm) ±1
Linearity (±%) 0.08

Precision (μm) 6

Reproducibility 1σ (μm) <1
Angular coverage (°) 170

Camera L

CHCS

Camera R
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MCS WCS

X
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u
v

Ow
Om
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CCSL
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Opl

Ocl
Ocr
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M (uw, Yw, Zw)

ml (ul, vl)

Figure 2: Schematic of the multisensor system.
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calibrated with the calibration intrinsic/extrinsic parameters
of the SLS at the same time.

3.1. SLS Calibration. Calibration of the two cameras is cru-
cial to SLS, since it determines reconstruction accuracy of
three-dimensional points of calibration board [23].The cam-
era calibration process requires that the control points be
perfectly positioned on the planar calibration board to
ensure calibration accuracy. However, it is very difficult
and expensive to manufacture high-precision calibration
board. To cope with this problem, a nonlinear optimization
method called the bundle adjustment (BA) process is used in
stereo vision system [24, 25]. It can adjust the coordinates of
benchmarks and thereby estimate the calibration parameters
more accurately even with an imperfect target, which has

been proved by Ref. [24] from theoretical analysis to exper-
iments. The overall calibration process is briefly described as
follows.

3.1.1. Initial Parameter Calibration. The intrinsic parameters
of the left and right cameras are calculated using Zhang’s
method to obtain the initial values for the two cameras
[26]. Zhang’s method is the most popular method that
uses a flat checker board for camera calibration. It is an
easy to use and flexible technique to calibrate a camera,
which only requires the camera to observe a planar pat-
tern shown at a few (at least two) different orientations.
This is a conventional calibration process, which can not
eliminate the accuracy loss caused by the manufacturing
error of the target.

Calibration boards at
different viewing

CHS SLS

Standoff control
method

Points on the
calibration board

Image capture and
center extraction 

Calibration the SLS

Optimal center points
3D triangulation

3D plane fitting

Fitting resultMeasured result

Nonlinear optimization Extrinsic parameters

Figure 3: Flow diagram of the proposed calibration method.
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3.1.2. Parameter Optimization Using BA. The bundle adjust-
ment method is used to optimize the intrinsic parameters of
a single camera, and the world coordinates of the control
points are treated as unknowns to optimize at the same time.
To get the optimal estimation of the parameters, we defined
the following cost function using the reprojection error:

err = 〠
N

i=1
〠
M

j=1
d Q A, aj, bi

� �
,mij

� �
, ð5Þ

where mij denotes the image coordinates of the camera, sub-
script i denotes the ith benchnark and j the jth pose, A is the
camera intrinsic parameter matrix, aj is the camera extrinsic
parameter in the jth pose, bi is the ith benchnark, QðA, aj,
biÞ is to solve the reprojection point of the ith benchnark
and jth pose, and dðÞ is to slove euclidean distance between
two image points.

3.1.3. Optimization of Structure Parameters. The intrinsic
parameters obtained from Steps 1 and 2 are fixed, and only
the structure parameters R and t of the left and right cam-
eras of the SLS are optimized. The cost function is written as

E R, tð Þ = 〠
n

i=1
mi

l
T
A−T
l t½ �×RA−1

r mr

� �2
, ð6Þ

where mi
l denotes the image coordinates of the left cam-

era,mr is the corresponding point of the right camera, n is
the total number of corresponding points of all views of
the calibration board, and ½t�× is an antisymmetric matrix
of translation vector t. In the optimization process, the coor-
dinate system of the left camera is taken as the reference of
the world coordinate system.

3.2. Center Point Triangulation and 3D Plane Fitting

3.2.1. Point Triangulation. Triangulation is a process of
reconstructing the 3D structure of a scene from corre-
sponding points. We can compute the 3D position of the
corresponding points using the line-of-sight method when

the configuration parameters of the cameras are known.
Unfortunately, correspondence detection uncertainty is
inevitable in practice, and the corresponding lines of sight
may therefore not meet in the scene. Thus, a middle-point
method is commonly adopted. However, this simple
method does not give the best results. Kanatani et al.
[27] proposed an optimal correction strategy for triangula-
tion, which is faster and robust. In this paper, we apply a
subpixel center point extraction method to get the corre-
sponding center points ml and mr and Kanatani’s method
to compute the optimal corrected center point pairs ml′
and mr′:

Let

Pl = Al Rl Tl½ � =
pl11 pl12 pl13 pl14

pl21 pl22

pl31 pl32

pl23 pl24

pl33 pl34

2
664

3
775:

ð7Þ

Figure 5: Schematic diagram of the improved method.
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Pr has a formation similar to that of Pl; we have [23]

pl11 − ul′pl31 pl12 − ul′pl32 pl13 − ul′pl33
pl21 − vl′pl31 pl22 − vl′pl32 pl23 − vl′pl33
pr11 − ur′pr31
pr21 − vr′pr31

pr12 − ur′pr32
pr22 − vr′pr32

pr13 − ur′pr33
pr23 − vr′pr33

2
666664

3
777775

Xw

Yw

Zw

1

2
66664

3
77775 =

ul′pl34
vl′pl34
ur′pr34
vr′pr34

2
666664

3
777775,

ð8Þ

whereml′= ful′, vl′g
T
, mr′= fur′, vr′g

T ,andM = fXw, Yw, ZwgT .
The 3D coordinates are acquired by triangulating all

center point pairs extracted from the left and right camera
images. The next step is to fit a 3D plane using all recon-
structed 3D points.

3.2.2. 3D Plane Fitting. Using point clouds to evaluate the
best fitting plane is a classic linear regression problem in
mathematics. Either LSF or principal component analysis
can effectively solve this problem. We choose the LSF
method for its simplicity; detailed comparisons can be
found in [28]. A plane in 3D Euclidean space is
formulated as

Ax + By + Cz +D = 0: ð9Þ

The distance ðdiÞ from the ithpoint Piðxi, yi, ziÞ to the
plane is expressed as

di =
Axi + Byi + Czi +Dj jffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

A2 + B2 + C2
p : ð10Þ

−20

−15

−10

−5

0z

5

10

15

20

−5
−10-12 −15 −10 −5 0 5 10 15 200

y
x

510 Measured by SLS

(a)

−8

−6

−4

−2

0

z 2

6

8

10

4

−6
−8-8 −6 −4 −2 0 2 4 6 8 10y

x

−4
−2 Measured by CHS

(b)
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The best fitting condition of minimizing the squared
sum of the distances is then

〠
n

i=1
di

2 ⟹min: ð11Þ

Applying the described method, the 3D plane fitting is
performed for various positions and orientations of the
calibration board. The results of fitting seven 3D planes
to the reconstructed 3D points are shown in Figure 4.
The colored frames and points, respectively, represent the
estimated planes and the reconstructed 3D center points.

3.3. Path Planning and Automatic Measurement by CHS. The
CHS is a point-based laser sensor in our multisensor inspec-
tion system. One of the drawbacks of the sensor is its limited
working range. The best accuracy is therefore achieved when
the measured surface lies at the center of the working range.
This condition implies that the sensor maintains a constant
standoff with the part’s surface. In the calibration process,
the calibration board is placed in different positions and orien-
tations. Planning of the measurement path (i.e., controlling
the constant standoff) is therefore required for obtaining
points on the calibration board in a highly precise manner.
A computer-aided design- (CAD-) independent sensor stand-
off control method, which does not require manual interven-
tion or a fixture, has been proposed [28]. However, this
method is not suitable for this work. On the basis of our cali-
bration principle, a simple method is presented here to acquire
sufficient points on the calibration board. Figure 5 is a sche-
matic diagram of the improved method.

The scanning process is described in more detail as follows:
Step 1. Initial phase of measurements: first, the relative

positions of the CHS and calibration board are adjusted to
maintain the standoff and get the first point. Then, using a
smaller step size Δx, where Δx is a feedback control that is
used to move the CHS in the X-direction, it is ensured that
the plane variations of the calibration board are not too large
to cause the surface to fall out of the working range of the
CHS. The CHS adjusts itself in the Z-direction to ensure that
the calibration board plane is in the center of the working

range for the next measurement. Another three or four points
are obtained by repeating the above process. The samemethod
is used in the Y-direction to obtain four or more points.

Step 2. Measurement point planning: this step uses the
points obtained in Step 1 to fit two lines as the scanning path
in the X- and Y-directions to get more accurate points on
the calibration board. Those points are fitted by a plane
using the method described in Section 3.2.2. After obtaining
the plane, we capture the points that are used for the optimal
estimation of the extrinsic parameters of the SLS and CHS
according to our calibration requirements.

3.4. Optimal Estimation of the Rigid Transformation between
the SLS and CHS. This section provides details on how to
effectively solve the extrinsic calibration problem for the sys-
tem of SLS and CHS. A nonlinear optimization with outlier
detection and optimization is proposed to refine the extrin-
sic camera parameters.

Our proposed calibration method is to place a planar cali-
bration board in front of the system such that it is visible to both
the SLS and CHS. The points on the calibration board are
obtained adopting the method described in Section 3.3 using
the CHS. Images of the calibration board in various positions
and orientations are gathered to calculate the intrinsic parame-
ters of the SLS. In an ideal situation, the CHS points lie on the
calibration plane estimated from the SLS, and we have a geo-
metric constraint on the rigid transformation between the
CHCS and SLCS. The geometric constraint is expressed as [19]

n!, d
h i

· ~MSLS = n!, d
h i

·H · ~MCHS = 0, ð12Þ

where n! is a 1 × 3 normal vector, d = −n! · X0 Y0 Z0½ �T ,
X0 Y0 Z0½ � is a known point on the plane, ~MSLS and
~MCHS are, respectively, the normalized homogeneous coordi-
nates of MSLS and MCHS, H is a 3 × 4 matrix, and

H = Rc
−1

1 0 0
0 1 0
0 0 1

− Tc

0
BB@

1
CCA: ð13Þ

Table 2: Experimental results.

Time
Results using calibration board Results using standard ball

εR εT εR εT
1 0.00011 0.0024 0.00023 0.0022

2 0.00013 0.0023 0.00028 0.0032

3 0.00012 0.0029 0.00027 0.0039

4 0.00000 0.0031 0.00033 0.0028

5 0.00015 0.0027 0.00045 0.0034

6 0.00017 0.0019 0.00033 0.0041

7 0.00000 0.0027 0.00021 0.0037

8 0.00009 0.0022 0.00039 0.0023

9 0.00011 0.0019 0.00024 0.0028

10 0.00015 0.0027 0.00032 0.0036
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Equation (11) gives the Euclidean distance between a laser point
and the calibration plane. Given different poses of the calibra-
tion board, we defined an error function e as the sum of such
distances for each CHS point j in the very estimated 3D plane
i:

e = 〠
n

i=1
〠
m

j=1

Ni

Nik k ·H ·Mij
CHS − Nik k

� 	2
, ð14Þ

where N
!

i = ½n!i, di� is the estimated 3D plane of the calibration
board placed in the ith pose. In Equation (14), ððNi/kNikÞ ·H
·Mij

CHS − kNikÞ represents the distance from point measured
by CHS to the fitting plane measured by SLS, and it can be used
to indicate the registration error between the measurement
coordinate systems of SLS and CHS. In theory, this error should
be zero if these two measurement coordinate systems were
aligned perfectly.Weminimize (13) as a nonlinear optimization
problem using the Levenberg–Marquardt method. Once H is
determined, we can estimate the relative orientation Rc and
position Tc as

Rc = H1,H2,H3½ �T , Tc = − H1,H2,H3½ �TH4, ð15Þ

where Hk is the kth column of matrix H.

4. Experimental Results

The proposed algorithm was implemented with C++ and
tested in calibration experiments and by measuring a complex
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Figure 9: Point cloud of the CMM and error analysis.
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surface which is in our development multisensor measuring
system to verify the performance of the algorithm.

4.1. Calibration Experiments. In the calibration experiments,
the temperature and relative humidity were, respectively,
varied in the ranges of 20.5–21.5°C and 39%–42%. The accu-
racy of the two sensors is described in Section 2. The calibra-
tion board had a 11 × 9 point array with a center distance of
8mm, and the center point accuracy was less than 5μm,
which is verified by high-accurate image measuring instru-
ment. The image of the calibration board was captured by
two cameras of the SLS, and the surface of the calibration
board was detected by the CHS for seven poses. The mea-
surement process is shown in Figure 6. Ten independent tri-
als were carried out in the working volume, and the RMS
errors of the parameters were computed to evaluate the
robustness of the calibration results. Meanwhile, the same
experiment was carried out by measuring the standard ball
data. The point cloud of standard ball is acquisition by SLS
and CHS, which are shown in Figures 7(a) and 7(b), respec-
tively. The calibration parameters can be estimated by the
ICP algorithm using the Matlab function of pcregrigid. The
comparison experiment results are shown in Table 2. In
the experiment, because the ground truth of the transforma-
tion parameters could not be obtained, each estimated rigid
transformation parameter was compared with the first one

to test the repeatability of the calibration results. Errors are
computed as

εR = Ri − R0k k, εT = Ti − T0k k, i = 1, 2, 3⋯ 10, ð16Þ

where R0 andT0 are the first ones to be measured as
ground truth values while Riand Ti are the estimated values.

It can be concluded that the value εR and εT of proposed
method are more accurate than using standard ball. This is
mainly because limited by the depth of field measured by
CHS, only a small part of the crown data can be collected.
Moreover, the SLS acquisition ball data is affected by phase
noise, which is not as accurate as the data reconstruction
of the calibration board. In addition to the calibration accu-
racy better than the standard ball method, this method can
also realize the synchronous calibration of SLS system at
the same time, which not only improves the calibration
accuracy but also improves the calibration efficiency. Con-
sidering the accuracy of the machine, the sensors, and the
requirements for detecting the surfaces of complex parts,
the deviation is deemed acceptable.

4.2. Measurement of Complex Parts and Accuracy Analyses.
A complex part that was processed by a computer-
numerical-control five-axis machine tool was measured to test
the calibration error and thus confirm the validity of the
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Figure 11: Measurement of complex parts and analysis results.
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present method. A real part and CAD model are shown in
Figures 8(a) and 8(b). Firstly, the complex surface parts were
measured by the CMM to obtain the machining error of the
parts. The point cloud and the difference between themeasure-
ments and CADmodel are shown in Figure 9(a) and 9(b). The
figure shows that the standard deviation of the difference for
the part is 0.0084mm, which is mainly the machining error.
The SLS was then used to capture the fringe image, and the
point cloud of the part was reconstructed. The CHS was
moved along X-, Y-, and Z-directions, as shown in
Figures 10, and 57 sections of the target were selected for scan-
ning to obtain the point cloud. The SLS and CHS point clouds
are, respectively, shown in Figures 11(a) and 11(b). The two-
point clouds of the part transformation result based on the cal-
ibration parameters are shown in Figure 11(c), and the result
of accuracy analysis is shown in Figure 11(d). The deviation
of the complex surface part is 0.011mm. This deviationmainly
depends on the system calibration error, sensor, and platform
accuracy, which can be considered the measurement accuracy
of the developed device. Thismeasurement accuracy is suitably
used for the inspection of most complex surface parts.

5. Conclusions

We presented a simple and robust method of calibrating the
extrinsic parameters of a multisensor measurement system
integrating SLS and CHS. Adopting the method, all measured
points of a complex part derived from different optical sensors
are represented in a common coordinate system. The pro-
posed method uses only a planner calibration board for cali-
bration of the SLS and makes measurements for a few poses
of the board with the SLS and CHS to obtain points on a plane.
A geometric constraint on the reconstructed plane imposed by
the points of the SLS and points of the CHS is then used to cal-
culate the extrinsic parameters. This extrinsic calibration
method is simple and does not require special artifacts. Results
of a calibration experiment showed that the calibration pro-
cess is robust. In further measurement experiments, the trans-
formation results of a complex surface part showed that it is
sufficient to use the calibration parameters as initial values
for a multiple-optical-sensor system in part data registration.
The proposed calibration method can be applied to the multi-
ple optical inspection of a complex surface part.
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