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Abstract

In order to obtain and master the surface thermal deformation of paraboloid antennas, a fast it-

erative closest point ( FICP) algorithm based on design coordinate guidance is proposed, which can

satisfy the demands of rapid detection for surface thermal deformation. Firstly, the basic principle of

the ICP algorithm for registration of a free surface is given, and the shortcomings of the ICP algo-

rithm in the registration of surface are analysed, such as its complex computation, long calculation

time, low efficiency, and relatively strict initial registration position. Then an improved FICP algo-

rithm based on design coordinate guidance is proposed. Finally, the FICP algorithm is applied to the

fast registration test for the surface thermal deformation of a paraboloid antenna. Results indicate that

the approach offers better performance with regard to fast surface registration and the algorithm is

more simple, efficient, and easily realized in practical engineering application.
Key words: paraboloid antenna, surface thermal deformation, ICP algorithm, fast iterative

closest point ( FICP) algorithm, surface registration

0 Introduction

Based on the performance and practical require-
ments of space satellite missions, larger paraboloid an-
tennas are used in satellite antennas. The paraboloid
antenna has the advantages of high relative gain, low
side-lobes, and high reliability, so it is one of the most
widely used antenna shapes for all kinds of satellites.
Due to the long signal transmission distances involved,
which result in weak signal intensities, it is often re-
quired that the satellite antenna should have higher
surface precision and larger aperture, so that relatively
weak satellite signals can be received and transmitted.
Therefore, the surface precision of a satellite antenna
can be used to indicate the quality of antenna and its
performance when the aperture of the satellite antenna
is fixed. When in orbit, the antenna surface will pro-
duce certain surface deformation in vacuum environ-
ment with alternating action of hot and cold, which
may affect the reliability and accuracy of satellite an-
tenna when sending and receiving signals and even the
reliability and safety of the whole satellite system.

Therefore, before a satellite is launched into orbit, it
must be tested on the ground in a simulated space envi-
ronment according to the relevant test standards for
thermal deformation measurement and calculation to
verify design and manufacturing quality of aerospace

') and to master the quality and surface de-

products
formation of antenna, thus providing a reliable basis for
ensuring the normal working of the satellite antenna,
while making it easy to optimise and improve antenna
structures, materials, etc. The surface deformation of
satellite antennas is usually evaluated by surface preci-
sion. Therefore, surface precision index is used and it
is usually obtained through surface registration of point-
cloud data.

Many researchers have investigated the point-
cloud data registration technology since 1980s. Besl
and Chen,'?? et al. proposed a high-level registration
method based on free-form surfaces in 1992, known as
iterative closest point (ICP). ICP method is widely
used in various registrations because of its strong
adaptability and high registration precision. The least
squares matching principle is used and iteratively cal-
culated until a certain convergence limit is reached;
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but, it also has four obvious disadvantages: complex
calculation, long calculation time, low efficiency, and
a relatively strict initial position of registration require-
ment. In view of the shortcomings of ICP method,
scholars have improved and optimised it to some ex-
tent. Therefore, an improved accurate registration al-
gorithm'*! based on ICP has been developed. For ex-
ample, an ICP improved algorithm"’ based on curva-
ture feature points, and an accurate registration method
based on various methods for searching for nearest
point are available'®”’. Other methods'""’ are intro-
duced from simplex perspectives, and 3-d Delaunay
sub-division is used to find the nearest point, but the
efficiency of dealing with massive datasets remains rela-
tively low.

In view of the strict requirements on the initial po-
sition in ICP method, researchers have proposed the
idea of using coarse registration to find the initial posi-
tion before precise registration. In the coarse registra-
tion algorithm, the most important methods are the
central coincidence method'"’ | the label method''?
the feature extraction method ™ | the algebraic surface
model method'™’ | the principal curvature method'"’
the principal component analysis method ', the trav-
ersal search method based on random sampling consis-
tency' ', the genetic algorithm'™ | and so on. In
short, each method has its own characteristics and ad-
vantages, according to point-cloud data characteristics
and registration requirements, and the most appropriate
method should be chosen.

At present, there has been a great deal of work
done on point-cloud data registration, especially using
the ICP algorithm and its improvement, with encoura-
ging results, however, most of the aforementioned
methods are aimed to the optimisation for the applica-
tion. Therefore, known information should be com-
bined with the ICP algorithm to realise rapid, high-pre-
cision, surface registration with large datasets.

1 Basic principles of ICP algorithm for
free surface registration

ICP algorithm can solve the transformation matrix
R and translation vector T between the measured data
and the CAD model data, so that the two sets of point-
cloud data meet the optimal fitting registration under
certain criteria. Let V represent the CAD model data
and P the object data; both can be either spatial point-
cloud data, or some surface model.

Letp,(i =1,2,3,---,n) denote the coordinates of
any point on the object, v,(1 = 1,2,3,---,n) denote
the model coordinate point corresponding to the object

point. To fit them, the initial value of the registration
transformation between the object P = {p,, p,,:,
p,} C R’ and model V = {v, ,v,,-, v,} should be
given first, that is, the rotation transformation matrix R
and the translation vector T should be defined based on
existing information. Assuming that the corresponding
set of points obtained in the kth iteration calculation is
expressed as V' = {v} 0% -+ v'| CR’, the conversion
matrix between calculated object data P and V" is upda-
ted again until the objective function of Eq. (1) is mi-

nimised.

n

e(k) = Zé[Rkpi +Tk:| _U;%Z = min (1)

=

The specific solving steps are as follows.

1) Rotation matrix R’ and translation matrix T° are
respectively initialised as the unit matrix and the zero
matrix.

2) Theoretical point2! (i = 1,2,--,n) on the free
surface corresponding to measured data point p) (i =1,
2,-++,n) is initialized, and the number of iterations is
k =0.

3) Calculate deviation e(k = 0) between the
measured point p; and the theoretical free surface :

n

e(k =0) = Z§[R°p,.+7“] -0} k=k+1
(2)

4) Calculate the theoretical point o' (i = 1,2+,
n) on a free surface.

5) Translation matrix T and transformation matrix
R are updated using the calculated T"™' | R*™" | and v},
respectively, and T" and R" are obtained.

6 ) Calculate and update measured point p! = R"p!
+ T

7) Again calculate deviation e(k) between p! and
the theoretical free surface;

n

e(k) = Y {[R'p, +T'] -} (3)

i

8) Compare the results of the iteration. If | e(k —
1) —e(k) | = g(eis the convergence threshold) , then
return to Step 7). Ifl e(k—1) —e(k) | < g, the iter-
ation calculation is ended. R(k) and T'(k) are stored.
In the iterative computation process, & < M(M > 50)
is generally required, in which M is the limitation of
the number of iteration, preventing the number of itera-
tion from being excessive or diverging.

The essence of the registration is to calculate the
transformation parameters between p and v* by the opti-
mal analytic calculation, and the optimal registration
parameters are obtained by iterative calculation. In
each iteration step, the corresponding process in the
matching spatial data model is as follows:
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Let the two spatial data sets corresponding to the
matching points be P = {p,, p,,=+, p,}, v = {«},
x4+, xt 1, only consider the rigid transformation re-
lationship between them, that is, v/ = Rp, + T. The
objective function of the calculation is to seek the opti-
mal rotation matrix R and translation matrix T, so that

the function

n

SRT) = 3 {v; = (Rp, + T)}* = min (4)

i=1

After each iteration, the transformation matrix is
obtained and the new data sets are calculated, which
are used as the input parameters for the next iteration.
The iteration is repeated until the error convergence is
less than the given threshold. Among them, rotation
matrix R and translation matrix T can be solved by the

unit quaternion method''***’.

2 Fast iterative closest point ( FICP) algo-
rithm

To obtain the surface deformation of paraboloid
antenna in a high-low temperature environment, it is
necessary to fit the free surface of the satellite antenna
to evaluate the surface quality and performance of the
satellite antenna. Due to some of the design coordinate
values of satellite antenna surface CAD model have
been given, considering the high-low temperature sur-
face deformation caused by the design coordinate scal-
ing characteristics. To determine the initial value of ac-
curate registration, some known design coordinates in-
formation is used to calculate the registration results
between the measured data and the CAD model by sev-
en-parameter conversion method. The improved ICP al-
gorithm is used to accelerate its registration calculation
convergence rate which is defined as the FICP free sur-
face registration algorithm based on the design coordi-
nate guidance.

2.1 Seven-parameter coordinate transformation
method for initial value
The existing rough registration algorithm is used in
the process of seeking the initial value of the registra-
tion, but there are some shortcomings or deficiencies,
such as registration overlap, rotation dislocation, low
computational efficiency, etc. In view of the character-
istics of the object, the known information, and the
particularity of the high-low temperature environment,
a seven-parameter coordinate transformation method
with a scale factor is used to solve the initial value of
the fitting registration which is faster, more efficient,
more accurate and more reliable.

Three-dimensional coordinate transformation 1is

usually undertaken by using the Bursa seven-parameter

model :
x X AX
y|= AR| Y |+ | AY (5)
z VA AZ

where (X, Y, Z) are the surface coordinates of the sat-
ellite antenna in the close-range photogrammetric coor-
dinate system, (x, y, z) are the model coordinates in
the design coordinate system, R is the orthogonal rota-
tion matrix ( consisting of three rotation angles), A is
the ratio (or scale) factor coefficient, (AX,AY,AZ) is
the amount of translation between the two coordinate
systems. The seven parameters of coordinate transfor-
mation can be solved according to Eq. (5) by the
known part of the design coordinates and the measured
point coordinates; however, in view of the characteris-
tics of the object and the particularity of the known de-
sign coordinates ( the position distribution is not good
on the antenna feed) , the unit quaternion method can
be used to solve the rotation and translation vector, so
as to obtain stable and reliable results. The relevant
solution given by the unit quaternion method is de-

scribed in detail in the literature"?*.

2.2 Fast iterative closest point ( FICP ) algo-
rithm' >’

The common ICP algorithm can meet the precision
requirements in the application of fitting registration
but it is quite difficult to get it such as requiring more
iterations and offering slow convergence, especially
when the data volume is large. It is difficult to meet
actual imposed computational demands. Therefore, it
is necessary to improve the conventional ICP algorithm
to speed up the calculation convergence.

A unit quaternion method is used to optimise the
calculation of the registration parameters. The FICP al-
gorithm is formed by modifying the search and registra-
tion strategy of the multivariate unconstrained minimis-
ation problem of the objective function in the iterative
calculation. In the process of fitting registration, a se-
ries of registration state vectors are generated: v, ,v,,
vy, , these vectors form a trajectory in the optimised
registration state space.

If the number of iteration is k, the results of the
last two iterations produce a trend vector sequence in
the registration state space: Av, = v, — v,_,, Av,_, =
U,_; —U,_,, the angle between the last two trend vectors
1s
-1 Av,Av,,

B = U x w1 ©

If the calculated angles B8, and B,_, are both smal-
ler than a sufficiently small angle limit, it is considered
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that the direction of the three registered state vectors
U, ,U,_, ,VU,_, is more consistent. Letd,, d, ,, d, , de-
note the root mean square error (RMSE) of the meas-
ured point to the free surface distance (objective func-
tion) from the last three iterations respectively, and
w,, w,_,, w,_, are the approximate arc lengths of the

iterative computational vector space respectively,
which can be obtained ;
w, =0, w,_, = [[Av |, (7)
Wi == Ay || +w

The three sets of data obtained above can consti-
tute their linear approximation and parabolic interpola-
tion model .

{dl (w)

dy(w) = a,w’ + byw + ¢,

a,w + b,

(8)

The zero-intercept linear correction coefficient and
the parabolic correction coefficient near the extremum
can be obtained respectively ;

{wl =b/a, (>0)

w, =—b,/(2a,)

Then, the maximum allowable correction factor

w,.. = N| Av, || is set, N is generally 20 —40, which

is selected according to actual conditions. For registra-

(9)

tion, the state vectors are updated as follows
1) If the relationship0 < w, < w, < w,, or 0 <
w, < w,, < w,isused, the registration state vector is

max

modified by parabola correction ;
Py =v,(P) (10)
where
v, = U, +w, X Av,/ || Av, || (11)
2) If there is relationship0 < w, < w, < w,, or
0 <w, <w,, <w,,orw, <O0and there is0 < w, <
w the registration state vector is updated by linear

X

max >
correction :

vy = v +w, X Av/ || Av, || (12)

3)If the two relationships w, > w,, andw, > w,_,
are simultaneously established, the registration state
vector is updated with the maximum allowable correc-
tion method ;

Uy = U W, X Av/ | Av, | (13)

The FICP algorithm is based on the trend of the
last few attempted fits to the registration vector space,
and is constantly updated to change the direction of the
space vector fitting registration, so as to improve the it-
erative speed of the ICP algorithm, and this accelera-
tion effect is attained for the benefit of the fit registra-

tion process.
3 Experiments and analysis

The Chenway MPS/S36 industrial photogrammetry

system is adopted for the experimental data acquisition.
The system is mainly composed of the high-resolution
photographic camera with the CCD pixels of 7360 x
4912 and 24.5mm fixed-focus lens, length calibration
scale-bar, Retro-reflective Target (RRT) , system soft-
ware, and so on, which has spatial measuring precision
with 0.020mm@ 3m. The system uses the camera to
capture the antenna surface two pieces or pieces of dig-
ital images in different positions and orientations
through image pre-treatment, symbol recognition, im-
age matching, spatial triangle intersection, and bundle
adjustment, produces the 3-d coordinates (X, Y, Z)
of the measured point.

To verify the effect of the proposed algorithm, the
experimental data of antenna surface photogrammetry at
a high temperature mode (such as 60°C) in high-low
temperature test of satellite antenna are chosen as an
example. As the satellite antenna surface parameters
are designed at normal temperature, the given design
coordinates will produce a certain displacement at 60°C
with the deformation of the antenna surface. In this
case, the results obtained directly using the coordinate
transformation method are not accurate, but they can
be used as the initial value of the fine registration,
which can ensure the reliability of the registration re-
sults and accelerate the calculation of the fine registra-
tion. To test the computational efficiency and registra-
tion precision of FICP algorithm, the computation
speed and registration precision of the ICP algorithm
are compared and analysed.

3.1 Coarse registration

The initial relative position of the measured data
and the CAD model are shown in Fig. 1. According to
the actual situation, the eight design coordinates are
not-well distributed on the antenna feed, and the seven-
parameter coordinate transformation based on the unit
quaternion is used to obtain the initial results of the free
surface fitting registration. The obtained results are
shown in Table 1. Then, the coarse registration results
of the measured data and the CAD model can be ob-
tained as shown in Fig. 2. After calculation, the fitting

Fig.1 The relationship diagram for initial position



270

HIGH TECHNOLOGY LETTERSIVol. 24 No. 3 [Sep. 2018

Table 1

The coordinate conversion parameters

Conversion precision RMS( mm)

Translation parameters ( mm)

Rotation parameters( °) Scale factor

0.021 0.018 0.010

-3181.030 719.817 -551.786

-1.216 0.947 -2.703 0.999876

alignment normal deviation surface precision RMS is
0.48mm, and the fitting registration normal error dis-
tribution is shown in Fig. 3.

(a) Needle error map (amplified 400 times)

2.06

1.04

0.02

- -1.01

-2.03

(b) Pie error map

Fig.3 Error distribution of coarse registration

3.2 Fine registration

The coordinate transformation parameters obtained
by coarse registration processing are used as the initial
values of fine registration. The ICP algorithm and the
FICP algorithm are used for the fitting registration of
the free surface respectively. The convergence limit for
iterative computation is set to 0. 00001. Since the ini-
tial values are more accurate, the free surface registra-
tion process can be completed after a relatively fast it-
erative calculation. The results of the translation pa-
rameters and the rotation parameters are —0.31mm,
-0.24mm, 0.03mm and -0.0033°, 0.0017°,
—0.0046° respectively. The specific results are shown
in Table 2 and Fig. 4.

The results of coarse registration show that the
precision of fitting registration is relatively high , and it

Table 2 Comparison of the results of ICP and FICP
Algorithm ICP FICP

No. of iterations 63 8
0.4512 0.4511

Registration precision RMS (mm)

2.06

1.04

0.02

~ -1.01

-2.03

(b) Pie error map

Fig.4 Error distribution of fine registration

provides a better initial value for subsequent fine regis-
tration. Therefore, the computation speed of ICP algo-
rithm and FICP algorithm are greatly improved, and
the convergence calculation and registration process
can be completed after fewer iterations. Moreover,
from the number of iterations, it can be seen that the
computating speed of the FICP algorithm is nearly eight
times higher than that of the ICP algorithm in this
case, thus verifying the performance of the FICP algo-
rithm.

4 Conclusion

An improved fast iterative closest point ( FICP)
algorithm for rapid detection of surface thermal deform-
ation of paraboloid antenna is presented. This approach
combines the existing design coordinate information,
simplifies the initial registration process and improves
the precision of the initial registration and the initial it-
eration position of fine registration which enhances the
algorithm efficiency. According to the test results, the
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improved algorithm offers greater efficiency when pres-
ented with a large amount of point-cloud coordinate da-
ta, which is much more adaptable to surface thermal
deformation detection of paraboloid antenna surface of a
satellite. At the same time, it lays a foundation for the
quality and precision evaluation of the surface thermal
deformation of paraboloid antenna surface of a satellite.
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