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Abstract - The problem of coordinate system alignment must be solved first for the 3D
measurement of complex surfaces like turbine blades. Coordinate system alignment is an important
prerequisite for path planning and measurement data error analysis in the subsequent
measurement process. Due to the complex geometric characteristics of turbine blades, the
traditional 3-2-1 method cannot guarantee the accuracy, efficiency and stability of alignment.
Therefore, based on the point laser non-contact three-coordinate measuring system, this paper
proposes a practical two-step alignment method after the analysis of the advantages and
disadvantages of the existing alignment technologies. The proposed method divides the alignment
process of complex surface coordinate system into two parts: rough alignment and precise
alignment. Rough alignment selects feature points according to local measurement results, and
calculates the initial transformation matrix between coordinate systems. On the basis of rough
configuration, the improved iterative nearest point algorithm is used to calculate the precise
transformation matrix to achieve accurate alignment. The experimental results show that the two-
step alignment method proposed in this paper effectively solves the efficiency and accuracy
problems of alignment, and has a good robustness.
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1. Introduction

Turbine blade is the core part of turbomachinery. Its
machining process is complex, and the machining
accuracy is very high. The quality of profile
machining affects the energy conversion efficiency
and performance safety of turbomachinery. It is very
important to inspect the quality of the blades in the
manufacturing process and after completion, and
then analyse whether the machining accuracy meets
the requirements [1-3]. Different from other
complex surfaces, blades have their own unique
evaluation parameters, mainly including profile
feature parameters, such as stacking point, blade
chord, chord angle, blade thickness, maximum
thickness of blade, leading edge point, trailing edge
point, leading and trailing edge radius, central arc,
and position parameters, such as blade twist angle,
inclination, blade profile waviness, etc [4-5]. The
main characteristics of blade measurement
compared with other parts measurement are: (1) the
blade surface profile is complex, with high twist, and
the curvature of the leading and trailing edges
changes greatly; (2) The measurement accuracy
requirements of the leading and trailing edges of the
blade are inconsistent with those of the blade
concave and convex surface. The curvature change of
concave and convex surface is relatively small, and
the measurement accuracy can basically meet about

0.01lmm, but for the leading and trailing edge
positions with large curvature change and small
radius, the measurement accuracy is generally
required to be between 0.01 and 0.001 mm; (3) The
blade evaluation parameters are complex and need a
lot of measurement data; (4) Blade measurement
efficiency and accuracy need to be high; (5) The
repeatability difference of the measurement results
should be as small as possible, and the stability of the
measurement results should be high.

Currently, the main blade profile measurement
methods include special measuring tools, inductance
meters, optical projection detection and coordinate
measuring machines (CMM).[6] The measuring
accuracy and efficiency of various methods are
different, and the measuring methods with a wide
range of applications are CMM and standard
template method. The CMM contact measurement
method has problems such as low efficiency of point
acquisition, easy distortion at the leading/trailing
edge of the measured blade, easy interference and
the radius compensation error of the touch probe
ball head [7]. Although many path planning
algorithms [8,9] and ball head compensation
algorithms [10] have been proposed for the above
problems, the problem has not been effectively
solved.

The standard template method uses the standard
contour template to clamp the corresponding section
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of the blade, and with the aid of auxiliary lighting,
directly observe the contour difference according to
the size of the light leakage gap between the two.
However, one template corresponds to one section
profile, and a large number of templates need to be
matched to complete the overall inspection, so it can
only be used for the inspection of blade profile
between processes.

With the increasing requirement for quality
control in the full manufacturing process of blades,
such as rough machining, semi-finish machining and
grinding machining, precision inspection technology
has become increasingly indispensable. Nowadays,
three-dimensional optical measuring technique of
blade profile has aroused great interest because of
its high efficiency and flexibility [6,11]. According to
the light source structure and the way of obtaining
point cloud data, the optical measurement methods
of blades are generally divided into point-based
method [2], line [3] and surface structured light
method [12].

The point-based light measurement technique
has the highest measurement accuracy among the
three methods. It is mounted on a precision multi-
axis motion platform to complete blade profile or
full-size  measurement [13]. However, the
registration of coordinate system is a challenging
problem. The purpose of coordinate system
registration is to achieve the unification of the design
coordinate system of the measured part and the
measurement coordinate system of the measuring
system by calculating the transformation matrix, so
as to use the design model of the measured object to
guide the measurement, and carry out the
measurement path planning and follow-up scanning.
At the same time, because the coordinate system is
unified, the final measurement data and the design
model are also unified, so that the analysis of
manufacturing errors can be quickly realized.

The most representative alignment optimization
method is Iterative Closest Point (ICP) [14], which
uses local neighbourhood search to minimize the
distance error between data sets. It is considered as
the gold standard method for point cloud
registration. However, there are many disadvantages
and limitations of the original ICP algorithm. First,
the initial position has a great impact on it. A good
initial position is the key to ensure the effective
operation of ICP, which directly affects the
convergence time and whether it will fall into local
optimum. Second, the original ICP algorithm will
update the registration position of the point cloud at
each iteration to obtain a new mean square distance.
Ideally, at the end of the ICP algorithm, it should
obtain a mean value that is the smallest for all the
registration positions of the point cloud, called
convergence to the global minimum. However,
taking the smallest value as the standard for each
iteration does not guarantee the global optimization.
At this point, we say that ICP algorithm falls into

local optimization, which is the inherent limitation of
the algorithm itself. Third, for each point in one
point cloud in each iteration, it is necessary to search
the nearest point in the other point cloud, which
makes the high time complexity. Fourth, from the
operation principle of the basic ICP algorithm, we
can see that the outliers, that is, the points without
corresponding relationship, should not have
participated in the calculation, but the algorithm
itself does not know which points are irrelevant, let
alone eliminate them, so the outliers will affect the
accuracy.

Based on the above deficiencies, many scholars
proposed different improvement methods for
different stages of ICP algorithm, and produced
many ICP-related variant algorithms to improve the
convergence speed and convergence effect of the
original ICP algorithm [15-17]. Weighting each
corresponding point pair is a common method to
improve registration accuracy and registration
efficiency [18]. At present, there are two main ways
to assign weight to the corresponding point set. The
first is to assign uniform weight, that is, to assign the
same weight to the matching points. The second is
distance weight, that is, the weight value is
determined according to the distance between
corresponding match point. Zhang et al. [19]
proposed an improved weighted ICP method based
on the distribution law of the registration residuals,
combining the M estimation and the idea of weighted
iteration. To prevent the effect of outliers, a hybrid
sparse iterative nearest point (SM-ICP) method is
proposed by Liu [20] to achieve accurate point cloud
registration.

The non-contact measurement method based on
cone holographic polarization technology adopted in
this paper not only has a faster measurement speed
than the contact three-coordinate measurement
method, and can gather massive points on the free-
form surface in a relatively short time, but also has
the same measurement accuracy as the contact
measurement method, which ensures the high
accuracy of the measurement results. In addition, the
measurement method has good characteristics for
measuring highly reflective surfaces. At the same
time, the problem of measuring depth of field and
measuring object distance determined by the cone
holographic polarization technology still makes it
difficult to register the coordinate system. The main
difficulties are as follows: First, turbine blade-like
free-form surface parts have the characteristics of
inconspicuous curvature features and strong spatial
symmetry, which makes the robustness of existing
registration algorithms not guaranteed, and the
registration results differ greatly from the real
situation; Secondly, there are some differences
between the measuring surface morphology and
CAD model, and the measured data with the CAD
model are not completely consistent, which also
brings difficulties to registration.
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The existing ICP has great advantages in solving
the problem that surface features are not obvious in
free-form surface configuration, but the algorithm
itself is too dependent on the initial spatial position
relationship between coordinate systems. Therefore,
the position estimation algorithm based on singular
value decomposition can be considered to solve the
initial position estimation between the measured
point cloud and the design model point cloud. On
this basis, the advantage of ICP (Iterative Nearest
Point Algorithm) can be used to achieve the purpose
of accurate registration of point clouds. In this paper,
we propose a registration algorithm that combines
rough configuration and precise configuration. On
the one hand, we solve the requirements of the
iterative nearest point algorithm for initial position
conditions; On the other hand, it solves the problem
of local optimal solution which is easy to appear in
free form surface registration.

2. Proposed Method

In the case of measuring a complex surface, the
primary problem in planning the measurement path
or analyzing the error in measurements according to
the CAD model is determining how to transform the
measurement data and original design CAD model in
one coordinate system with high accuracy. This is
another important task of an integrated inspection
system, and it is referred to as matching or
registration. As shown in Figure 1, denoting the
measurement coordinate system by O, and the
design coordinate system by0,, we usually calculate
the rotation matrix R and shift vector T by
minimizing the expression

E = YiLllq; — (Rp; + T)||? (1)

to transform the measurement, point cloud
P={p, ER¥.,i=12,..N} from O, to 0,. Here,

T = (t,.ty.t,)Tis a translation vector and Ris an

orthogonal matrix.

Design coordinate

system X
Ya
Design coordinate
system
Zu X
T
Measurement
point cloud

Figure 1: Matching diagram

The matching problem is important in checking
the blade profile accuracy because it emphasizes the
alignment of the set of measurement points with the
CAD part model as accurately as possible.

2.1 Rough Alignment

Adjust the initial position of the blade so that the
part with obvious features (such as the process boss
on the blade) or relatively small curvature is
perpendicular to the measurement direction of the
sensor. This will help the holographic sensor used in
the text to meet the required point cloud data
quickly and quickly. After obtaining the point cloud
data, select at least three points on the measured
data and the corresponding CAD file through the
participation of survey personnel. Substitute the
selected three points into formula (1), and then use
the SVD decomposition method to solve the rotation

matrix R and the translation vector Ty,

Tl] =q;— Rl]p!' (2)

and then obtain the initial transformation matrix
Hy,

T,
0 3)

R
Ho = [0
1o
This initial transformation provides a good basis
for subsequent fine alignment.

2.2 Efficient Precise Alignment

Given the two sets of points and their initial
relative position relationship, ICP algorithm
calculates the corresponding point matching
iteratively, solves the minimum metric objective
equation, continuously optimizes the rigid
transformation relationship with the two sets, and
finally converges to obtain the precise rigid
transformation to achieve accurate geometric
alignment. The core design idea of ICP algorithm is:
given the current rigid transformation estimation
between two point clouds, even if it is only simple to
find the nearest neighbour point to establish an
inaccurate correspondence and optimize the
distance error objective function at this time, it can
usually get a better (closer to the real value) rigid
transformation than the current one; Through
continuous iteration, the initial registration position
can be gradually optimized to the accurate
registration position. However, the alignment
efficiency and accuracy need to be further improved.
Therefore, this paper proposes an efficient and high-
precision alignment method.
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2.2.1 Accelerated Search Method for

Corresponding Points

Based on the coarse alignment method in the
previous section, the relatively accurate initial
position can be obtained. The fine registration in this
section is equivalent to further optimization and
fine-tuning. To accelerate the search speed of
corresponding points and improve the efficiency of
the algorithm, a data structure is established.

(@) Construct Data Structure
The given unordered 3D point cloud is stored in

array L, = {p;(x;, v;,z,).i = 0,1,..., N—1}, where
N is the number of points. In order to speed up the

search speed of point cloud, L,is sorted to get the

ordered array L,and the index array I for fast search.

The specific steps are:
Stepl Traverse array L, to obtain the space

{xmin!ymin!zmz'n} and
{Xmaw Ymaw ZmaxyOn the coordinate axis. Divide the

determined by

data in space along the x-y-z coordinate axis. For the
convenience of calculation, we choose to divide the
fractions in three directions as M , forming
M x M x M subspace. Make the length of a single
subspace in three directions D,,, D,,, D,

Dy = (Xmax — Xmin)/M
D_v = (Vmar — Ymin)/M (4)
Dz = (Zma.x _zmz'n).{M

Step2 Build accumulator array B = B to

UM
record the number of points contained in each
subspace. The initial setting is 0, which means there
are no points. (u, v,w) is subspace integer index on
[0, M — 1]. Given point P;, the space number of the

point is calculated by,

U = (X; — Xppin )\ Dy
v= C-Vz' _}jmz’n)\Dy (5)
w= (zz' _Zm:'n)\Dz

Step3 Build index matrix I according to B, and
make initial I 5, = 0, then

!u.v.w—l + Bu.v.w—l w = 0,
Livow = 3 Yuw—1w T Buy—1w r=0w=0 (6)
Ljwctw1 T Bypgw—r ?v=0w=20

Step4 According to the known unordered point
cloud array L, and the established index matrix [,
accumulator array B, and the established ordinal

number group L,. We have spatially split the
M x M x M parts,
array L, Split into

unordered array into
corresponding to the

M x M x M. If there is no point cloud data in a
certain subspace, the corresponding data segment
size can be considered as 0. Accumulator array B
represents the number of points that need to be
stored in this data segment. And the given point p;.
the space number (u, v, w)of the point is calculated

by formula (5) to obtain B, ,,,, and in array starting
point stored in L,. Exact storage position of point P

in array L, is as follow

I:’ = Iu.v.w + Bu.v.w (7)

according to I;, after the corresponding position of
the corresponding data segment in the array L,

stored at this point is added, the corresponding
accumulator is subtracted by 1.

Step5 After traversing all points in the unordered
array L, the ordinal group L, is obtained. At this

time, all counters of the accumulator array are in the
initial state of 0. Release the array and reclaim the
storage space.

The size of ordered array L, is the same as that of
unordered array L,, both of which are O(N), and the
size of index array is O(M?®). To reduce the storage

space, we can choose to save only the position
number of the pointin L.

(b) Search Process

Given the point Py, the space number(u, 1, w) of
the point is calculated by the formula (5) to get the
starting point (u, v, w) of the storage segment of the
point in the array L,. According to the formula (8),

the length of the data segment of the point can be
obtained.

T, =
Jr1.:.1.hw+1. + Jr1.:.1.?.w w<M-1

Lypi1o+Bypy-1  V=M—-Lw=M-1
Livioo+ Bupy-ip-1 v=M-1Lw=M-1
N-lyoams  =M-Lv=M-Lw=M-1 (g

According to the starting point and length of the
data segment, all points in the corresponding data
segment in the array are obtained, which is the local
area where the point is located. Searching in this
local area will greatly improve the search efficiency.
If the average number of points in the subspace is g,

the complexity of the search process is 0(q).
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2.2.2 SNR Weighted ICP Algorithm

Using the classic ICP algorithm, combining the
characteristics of blade profile and the
characteristics of non-contact optical probe, this
paper proposes an ICP algorithm with signal-to-
noise ratio (SNR) as the weight [14]. According to
formula (1), the optimization objective function is
constructed as follows:

E =YL, SNR||q; — (Rp; + T)||? 9)

where n is the number of point pairs corresponding
to two-point sets, p;is the corresponding nearest

point in the measurement point cloud, q; is the
corresponding nearest point on the CAD model, SNR;

is the signal-to-noise ratio of the measured point
cloud. Ris the rotation matrix represented by the
unit quaternion, and T is the translation
transformation vector.

The cone holographic polarization sensor, using
in this paper, has a unique quality evaluation
parameter of SNR. SNR assigns a value (value range
0-1) to each measuring point, which provides the
confidence of each point. The greater the value, the
better the quality of the point, and the higher the
corresponding accuracy. Using SNR as the weight for
optimization, the SNR can be combined into the
search transformation of the corresponding set.
Therefore, low precision points have little or no
influence on the registration process.

3. Experiment
3.1 Development of Experimental System

An  experimental platform for  optical
measurement of blade profile is developed, which is
composed of four axis control system hardware and
corresponding flow algorithm software. The
hardware adopts the four-axis control platform
developed by Harbin Measuring Tools and Cutting
Tools Group, which is equipped with a cone
holographic interferometric probe, and the software
algorithm uses QT and C++mixed programming to
realize a simple and easy-to-use operation interface.
The experimental platform can realize non-contact
measurement of aviation blades with high accuracy
and speed.

As shown in Figure 2, the main machine of the
test bench uses a four-coordinate measuring system
composed of three linear axes and one rotating axis.
The guide rail has simple structure design, high
movement accuracy, small deformation, stable
operation accuracy and flexible movement; Strong
process, easy processing, easy assembly, no need to
adjust after one assembly. The rotating spindle is
controlled by a ball rolling shafting and a DDR direct
drive motor. The positioning accuracy of the rotating
spindle is high, and it is stable and reliable when

running at low speed. The cone polarization
holographic probe is installed on the Z axis of the
four-axis precision motion platform. Through the
three-axis linear motion of the motion platform, the
relative position between the probe and the
measured blade is kept within the effective
measurement depth range in real time. The blade is
fixed on the rotating shaft with a self-designed
special fixture, and the 360-degree complete data of
the blade is obtained through the circular motion of
the turntable. The PC connects the interferometric
laser ranging sensor by loading the dynamic
database with the developed measurement software.

Servo Driver

(il g

Figure 2: Experimental measurement system

é t

The software is the algorithm execution process,
the display window of the measurement process,
and an important part of the four-coordinate non-
contact interferometry technology developed in this
paper. In this paper, the IMAC four-axis motion
control card of Tadao Company of the United States
is used to develop the control program of the motor
using the API function provided by the control card
to realize the path planning and follow-up control in
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the process of blade profile measurement. The
algorithm flow is developed using C++language to
read the 3D data point cloud coordinates of the
interferometric ranging sensor. Apply QT (graphical
user interface application development framework)
to design the software interface of the measurement
system, as shown in Figure 3.

Figure 3: Measurement software interface.

3.2 Alignment Experiment
3.2.1 Process of Experiment

In the registration experiment, we should first
observe the characteristics of the blade and select
the local measurement area. The local measurement
results are shown in Figure 4.

Figure 4: Local measurement results

The second step is to display the local
measurement results and model data respectively,
and select the rough registration control points. The
display part interface is shown in Figure 5.

- | 993
378

F—”

Figure 5: Local measurement results and model
data display

The selection of rough registration control points
is shown in Figure 6.

Figure 6: Rough registration control point selection

The third step is to perform accurate registration
on the basis of rough registration, output the final
transformation matrix H and display the registration
results. The output transformation matrix is:

—0.354815 0.0836364 0.931198 —72.0777
_ |—0708567 —0.673848 —0.209464 —38.3668

| 0.609962 —0.73413  0.298351 457.684
0 0 0 1

The final registration result is shown in Figure 7. The
average distance of the nearest point obtained from the
final registration result is 0.00897mm.

Figure 7: Accurate registration results

3.2.2 Efficiency and Accuracy

In order to verify the accuracy and stability of the
algorithm proposed in this article, a comparison was
made between the optimized algorithm and the
traditional ICP algorithm in terms of overall
calculation time and accuracy. Three measurements
were conducted to obtain different numbers of data
points. The comparison results of calculation
accuracy are shown in Table 1. From the table, it can
be seen that the method in this paper takes into
account the influence of measurement noise, and the

International Journal of Mechatronics and Applied Mechanics, 2023, Issue 14 70



High Efficiency Coordinate System Alignment Method for Turbine Blade Measuring System

measurement points with high noise occupy a small
weight in the optimization process. Compared with
traditional ICP, it requires fewer iterations, faster
convergence speed, and higher accuracy. (Where n is
the number of iterations and T is the calculation time

ICP algorithm Our method
n RMSE T n RMSE T
11634 30 0.045 158 17 0.025 10.7

9876 30 0.044 121 19 0.027 10.3
12115 30 0.045 16.7 19 0.031 115

Points

Due to the establishment of a data structure to
accelerate the search of corresponding points in this
article, compared with traditional ICP algorithms,
the search speed of corresponding points is faster,
and the number of iterations required in the iterative
calculation process is less, resulting in less overall
calculation time and higher efficiency. The
established model based on SNR can better suppress
the impact of noise and achieve higher accuracy.

3.2.3 Error Analysis

After the coordinate system registration, the
system performs follow-up scanning and obtains the
complete 3D measurement data of the blade. Use
Geomagic Studio to display the measured data and
the design model at the same time, as shown in
Figure 8.

2987 = f iz 862,996
BrEsI=mi: 0

Figure 8: Measurement data and design model data

Using Geomagic Quality software to analyze the
error between the measured data and the design
model, and the results are shown in Figure 9. It can
be seen that the error of most areas (green part) is
less than * 0.049mm, and the error of the remaining
areas is roughly less than + 0.190mm.

2531 =M #: 862,996
BIEMI =Mz 0

Figure 9: Error analysis of measurement data and
desigh model data

4. Conclusions

In this paper, we propose an efficient and high-
precision two-step free-form surface registration
algorithm. The algorithm divides the registration
process into two steps: rough registration and fine
registration. During rough registration, the initial
transformation matrix is quickly calculated by
directly selecting feature points on the measured
data. At the precise registration stage, a fast-
corresponding point search data structure is
established, which speeds up the corresponding
point search process. The accuracy of ICP algorithm
is improved by SNR weighting. The experiment
verifies the feasibility and robustness of the
registration algorithm.

Through the actual measurement of the blade, the
coordinate system alignment algorithm proposed in
this paper has achieved the expected purpose, and
solved the problems of poor robustness and low
efficiency of the traditional method in the alignment
process, but there are still many areas for
improvement in this algorithm. For example, we can
introduce genetic algorithm to better solve the
problem of initial position estimation in ICP
algorithm.
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