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(57) ABSTRACT

Ultra-precision freeform surfaces are important to the devel-
opment of complex and micro-optical-electro-mechanical
devices used in many photonics and telecommunication
products such as F-theta lenses for laser printers. These sur-
faces are complex and large scale surface topologies with
shapes that generally possesses no rotational symmetry. Due
to the geometrical complexities of these ultra-precision free-
form surfaces, it is difficult to characterize the form accuracy
and surface quality of freeform optical surfaces. The method
of this invention is based on feature-point pre-fixture, and
iterative precision alignment algorithm, which can provide
sufficient capability of form characterization for ultra-preci-
sion freeform surfaces with form accuracy down to below
sub-micrometer range
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METHODS AND APPARATUS OF ALIGNING
SURFACES

FIELD OF THE INVENTION

This invention relates to methods and apparatus of aligning
surfaces, particularly those requiring high precision of align-
ment to the nanometer level.

BACKGROUND OF THE INVENTION

Ultra-precision freeform surfaces are important to the
development of complex and micro-optical-electro-mechani-
cal devices used in many photonics and telecommunication
products such as F-theta lenses for laser printers. However,
these surfaces are complex and large scale surface topologies
with shapes that generally possesses no rotational symmetry.
The geometry of these surfaces usually cannot be generalized
by a single optical equation such as the universal optics equa-
tion used for aspheric surfaces. To fulfill the stringent require-
ments for advanced optics applications, these ultra-precision
freeform surfaces are usually fabricated by ultra-precision
freeform machining technology, and the surface finishes with
sub-micrometer form accuracy requirement in at least sub-
micrometer, often nanometer, range.

Due to the geometrical complexities of these ultra-preci-
sion freeform surfaces, it is difficult to characterize the form
accuracy and surface quality of freeform optical surfaces.
Although some surface parameters have been proposed by the
ISO project, their applicability of practical inspection is lim-
ited to optical surfaces possessing rotational symmetry. The
general principle of form characterization of the freeform
surfaces was analyzed by Xiong [Y. L. Xiong, The math-
ematic approach of precision measurement, Beijing: Metrol-
ogy Press, China, 1989]. He thought the key was to make the
measured surface composed of a series of discrete points
overlapping with the theoretically designed surface in the
conditions of the least area with the shift and rotation of
coordinates. By making the sum of distance of all measured
points from the theoretic designed surface, the form error was
obtained. The characterization results are usually obtained
only when the effect of systematic errors was eliminated.

However, two non-linear problems must be solved. One of
them is the solution of the coordinate transfer to ensure the
consistence of the measured coordinates with the designed
coordinates while the other is to compute the projection of the
measured points after the coordinate transfer on the theoretic
surface. The best matching method for form characterization
of' the freeform surfaces was proposed [A. H. Rentoul and G.
Medland, Interpretation of errors from inspection results,
Computer Integrated Manufacturing Systems, 1994, 7(3):
173-178]. By shifting and rotating the coordinates, the feature
points, feature lines and feature planes of the measured and
design surfaces were overlapped completely and the best
alignment was attained. The systematic error from the coor-
dinate disagreement was removed. The method was based not
only on the least square criterion but also the least area prin-
ciple. Based on the best matching method, Wang et al. [P. J.
Wang, J. H. Chen, and Z. Q. Li, A new algorithm for the
profile Error of a parameter surface, Journal of Huazhong
University of Science & Technology, 1997, 25(3): 1-4] pre-
sented a new algorithm with iterative approximation of the
form error of freeform surfaces. After the matching of the
coordinates, the least area of the approximated form error was
obtained by the iterative coordinate transfer.

Kase et al. [K. Kase, A. Makinouchi, T. Nakagawa, et al.,
Shape error evaluation method of free-form surfaces, Com-
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puter-aided design, 1999, 31: 495-505] used the main curva-
ture change of the measured and design surface to conduct
local characterization while the global characterization was
conducted based on the normal vector. Hua et al. [H. Hua, Y.
B. Li, K. Cheng, et al., A practical evaluation approach
towards from deviation for two-dimensional contours based
on coordinate measurement data, International Journal of
Machine Tools and Manufacture, 2000, 40(1): 259-275]
divided the 2D contour profiles into straight and curved parts
to characterize the form error. Each curve was represented by
its optimal interpolation circular arc segment. The form
deviation of a measured point is defined as the distance from
the point to its corresponding straight or circular segment.
The deviation of the geometrical form of the contour profile is
evaluated using the least square method. Based on the mini-
mum principle, Yu et al. [Y. Yu, J. Lu and X. C. Wang,
Modeling and analysis of the best matching free-form surface
measuring, Mechanical Science and Technology, 2001,
20(3): 469-471] used the rotation and movement of the free-
form surface to perform the pre-location of measured surface.
The systematic error was eliminated effectively by the best
matching. According to an improved algorithm of coordinate
alternation, the precise adjustment of measured coordinates
was accomplished and the profile error of the freeform sur-
face was obtained.

Although the significant achievement has been obtained in
the characterization of freeform surface, it was found that the
above methods are inadequate to characterize ultra-precision
freeform surfaces with form error in sub-micrometer range.
There is a need to develop new method to characterize sur-
faces, particularly freeform surfaces, so that sub-micrometer
form error can be identified.

OBIECTS OF THE INVENTION

Therefore, it is an object of this invention to provide meth-
ods to characterize surfaces, particularly freeform surfaces,
so that sub-micrometer form error can be identified. It is also
anobjection of this invention to resolve at least one or more of
the problems as set forth in the prior art. As a minimum, it is
an object of this invention to provide the public with a useful
choice.

SUMMARY OF THE INVENTION

Accordingly, this invention provides a method of aligning
afirst surface with a second surface. P(x,,y,,z,) is any point on
the first surface and Q(x',,y';,Z',) is any point on the second
surface. The first surface and the second surface are separated
by a first-degree separation, a second-degree separation, and
a third-degree separation. The first-degree separation is mini-
mized first selecting at least one feature point form each ofthe
first surface and the second surface. The coordinates of the
second surface are then adjusted to minimize the distance
between the at least one feature point of each of the first
surface and the second surface to be below a predetermined
threshold value 0.

The second-degree separation is then minimized by first
dividing the first surface into a plurality of first zones, each
first zone having at least one first coordinate defining said first
zone. Similarly, the second surface is divided into a plurality
of'second zones, each second zone having at least one second
coordinate defining said second zone. For the plurality of first
zones, the following steps are repeated:

a) obtaining distances between the at least one first coor-
dinate and each of the plurality of second zones;
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b) comparing the distances obtained in step a) to determine
apair of corresponding zones on the first and the second
surfaces having a minimum distance obtained in step a);
until all zones on the on the first and the second surfaces are
paired. The distances between each pair of corresponding 5
zones on the first and the second surfaces are then determined
and summed. The coordinates of the second surface are
adjusted to minimize the summation of the distances between
each pair of corresponding zones to be below a predetermined
threshold value e.

To minimize the third-degree separation, a transfer matrix
T is minimized to be below a predetermined threshold value
A by adjusting at least one pair of parameters, one relates to
translation and the other relates to rotation, along a direction.

Preferably, the at least one feature point includes five fea-

ture points. More preferably, the five feature points includes a
gravity center point G and four corner points. Additionally,
the gravity center point G is identified by the equation

20

n
G(xa, ya» 26) = Z (%, yi, %)
in1

wherein o is a weighting coefficient satisfying Zco.,=1,
a,=1/n with n being the number of points in the respective
measured and normal surfaces. Further, the four corner points
are identified as the four points that are farthest from the
gravity center point G.

Preferably, Q(x',.y',,Z',) is obtained through a set of coordi-
nates processed by a parameterization algorithm selected
from the group consisting of Bezier surface algorithm,
B-Spline algorithm, and Non-Uniform Rational B-Spline
algorithm.

Optionally, each zone has a square shape.

Advantageously, three pairs of parameters are adjusted
along respective three orthogonal directions. Preferably, the
transfer matrix T is defined as:
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and Q(x',,y';,Z',) is any point on the second surface, said first
surface and said second surface being separated by a first-
degree separation, a second-degree separation, and a third-
degree separation, including the steps of:
aligning the first surface with the second surface according
to the any one of the above methods;
calculating a distance d, between P(x,,y,,z,) and Q(x',.y',,

7)), wherein d,== \/(xl.—x'l.)z+(yl.—y'l.)2+(zl.—z'l.)2.
Preferably, the above method of determining deviation fur-
ther includes the step of calculating a profile error S, wherein
S,~Imax(d,)-min(d,)l.
Alternatively, 13. the above method of determining devia-
tion further includes calculating a root mean square deviation
S, wherein

wherein the second surface is defined by m number of mea-
sured points.

It is yet another aspect of this invention to provide appara-
tus including a processor incorporating the methods of this
invention described above.

BRIEF DESCRIPTION OF THE DRAWINGS

Preferred embodiments of the present invention will now
be explained by way of example and with reference to the
accompanying drawings in which:

FIG. 1 shows a flow chart of typical form characterization
for two surface patterns;

FIG. 2 shows exemplary feature points of a surface to
minimize first-degree separation (pre-fixture);

FIG. 3 shows an exemplary representation of the first itera-
tion point and additional vertex points for computing the
projection on a normal surface.

cosflcosy sinasinfcosy —cosasiny cosasinfcosy + sinasiny i,

cosfsiny sinasinfsiny + cosacosy cosasinSsiny —sinacosy 1,

T(te, by, 17, @, B, y) = .
—sinf3

sinacosf3

0 0 0

where a,  and v are the rotation angles of the measured
surface along x, y and z axes, respectively; and t,, t, and t, are
the parallel shifts in the x, y and z directions, respectively.
More preferably, T satisfies an expense function of

m

Z IT;0.; - Pijl?

i=1

Min[F;(T)] = Min| , 55

where P, =[x, , ¥, 7 117 is the closest point of the normal
surface to the measured point Q, =[x, , ¥, » 7, 117 after j”* 6o
iteration of alignment, and m is the number of discrete points
of the measured surface, and Min[ ] denotes the minimum
function while P, ; is the projection point of Q, ; on the normal
surface.

It is another aspect of this invention to provide a method of 65
determining deviation between a first surface with a second
surface, such that P(x,,y,,2;) is any point on the first surface

cosacosf3 I

1

FIG. 4 shows exemplary computation of projection point
on a surface to minimize second-degree separation

FIG. 5 shows the flow chart of form characterization for
freeform surfaces of this invention;

FIG. 6 shows the interface of a program written according
to the form characterization for freeform surfaces of this
invention;

FIG. 7 shows a theoretical freeform surface used in the
example;

FIG. 8 shows matching error in the example with only
x-shift;

FIG. 9 shows matching error in the example with only
y-shift;

FIG. 10 shows matching error in the example with only
z-shift;

FIG. 11 shows matching error in the example with x-y-z-
shift;

FIG. 12 shows matching error in the example with only
X-rotation;
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FIG. 13 shows matching error in the example with only
y-rotation;

FIG. 14 shows matching error in the example with only
z-rotation;

FIG. 15 shows matching error in the example with x-y-z-
rotation;

FIG. 16 shows matching error in the example with shiftand
rotation and 15x15-measured points;

FIG. 17 shows matching error in the example with shiftand
rotation and 50x50-measured points;

FIG. 18 shows exemplary design aspheric surface of cam-
eral lens;

FIG. 19 shows exemplary measured surface of cameral
lens;

FIG. 20 shows the form error surface obtained by the
method of this invention when the measured surface in FIG.
19 is compared with the design surface in FIG. 18;

FIG. 21 shows the form error surface obtained by a tradi-
tional method (Talymap software);

FIG. 22 shows a workpiece of F-theta lens insert;

FIG. 23 shows the design surface of the insert of F-theta
lens of FI1G. 22;

FIG. 24 shows the measured surface of the workpiece
shown in FIG. 22; and

FIG. 25 shows the form error surface of the measured
F-theta surface comparing with the design surface of FIG. 23.

DETAILED DESCRIPTION OF THE PREFERRED
EMBODIMENT

This invention is now described by way of examples with
reference to the figures in the following paragraphs.

Objects, features, and aspects of the present invention are
disclosed in or are obvious from the following description. It
is to be understood by one of ordinary skilled in the art that the
present discussion is a description of exemplary embodi-
ments only, and is not intended as limiting the broader aspects
of'the present invention, which broader aspects are embodied
in the exemplary constructions.

Obtaining Coordinates of the Surfaces to be Compared

In order to compute the form error, the coordinates of the
two surfaces must be known first. This section illustrates a
number of different channels to obtain the required coordi-
nates. It should be noted that these methods are generally
known in the art, and this section wishes to assist the readers
to understand that there are many ways to obtain the required
coordinates of the surfaces.

Due to the geometrical complexity, ultra-precision free-
form surfaces are usually represented based either on aknown
surface model (which may be termed as a first surface, or the
theoretical surface) or a cloud of discrete measured data for an
unknown surface model (which may be termed as a second
surface, or the measured surface). According to different sur-
face generation patterns, the form characterization of the
freeform surface is realized in the different ways as shown in
FIG. 1, which is common to all methods of freeform surfaces
characterization.

For the characterization of freeform surface with known
surface model, coordinates of the measured and design sur-
faces can be used directly. If the surface model is not available
and only a cloud of discrete measured data of the surface is
provided, the unknown surface model can then be recon-
structed to obtain the theoretical surface from the discrete
measured data based on the polynomial fitting or interpola-
tion. Suitable parameterization algorithm may include Bezier
surface algorithm, B-Spline algorithm, and Non-Uniform
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Rational B-Spline algorithm. Then surface alignment and
form characterization are performed. Further illustration of
polynomial fitting or interpolation will not be provided here
as this step is generally known in the art.

Three Degrees of Separation

In order to determine the form error, the two involved
surfaces must first be aligned as closely as possible. Math-
ematically, the two surfaces are positioned in a free space with
three degrees of separation. If there are no suitable procedures
to minimize these three degrees of separations, it will be
virtually impossible for the two surfaces to be aligned. All of
these three degrees of separation should be minimized to be
below respective threshold values so that the two surfaces can
be considered as “aligned”. These threshold values are to be
determined according to the person skilled, in the art who
practiced this invention. For example, if this method is to be
used to characterize lens surfaces, the threshold values may
be in millimeter to nanometer region, depending on the accu-
racy required.

Minimizing the First-Degree Separation

According to this invention, the first-degree separation is
minimized by first selecting at least one feature point form
each of the surfaces to be characterized. Then the coordinate
of one of surfaces is adjusted to minimize the distance
between said at least one feature point of each of the first
surface and the second surface to be below a predetermined
threshold value 0.

The feature point can be selected according to the user’s
own decision. Of course, using more feature point may assist
in achieving better alignment between the two surfaces.

According to a particular embodiment of this invention,
five feature points are selected from each of the two surfaces.
In this embodiment, the five feature points of the surface
include four corner points Ci (i=1, 2, . . ., 4) and one gravity
center G as shown in FIG. 2.

The gravity center represents the position vector of the
surface in a three-dimensional space. It can be expressed by
the weighting average of all the surface points. If P(x,,y,,2;,)
and Q(x',,y';,Z';) are any points on the measured and the theo-
retical surfaces, respectively. The corresponding gravity cen-
ters for the measured and theoretical surfaces are G(X,¥ s
z;) and G'(X'4,¥' 5.2 ), respectively. They can be determined
by Egs. (1) and (2):

L (9]
G(xa, ya» 26) = Z (%, yi, %)
i1

T ’ FN o S Fed bt (2)
G (5, Yoo 26) = . @4x), ¥, 2
i=1

where o and o' are the weighting coefficients and should
satisfy Za,=2a,=1. For the surface sampled with the uniform
interval, o,=1/n and a';=1/n' are assumed with n and n' being
the number of points in the measured and normal surfaces,
respectively.

The four corner points in the measured surface are defined
as the four points that are farthest from the gravity center and
possess the biggest envelop area. C1 is the farthest point from
the gravity center in the surface, C3 is the farthest from C1, C2
is the farthest from the vector composed of C1 and C3, and C4
is the farthest from C2.
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Firstly, the gravity centers of measured and normal sur-
faces are overlapped completely in the spatial coordinates. As
shown in Eq. (3), a coordinate shift should be done with the
measured surface
®

Hence, the five-point pre-fixture may be conducted on the
measured surface by minimizing the sum of the distance
between the five characteristic points in the measured surface
and the normal surface. After the pre-fixture operation, the
measured and normal surfaces are located in a small deviation
range, i.e. below a predetermined threshold value 6. It is
found that this step improves the computing efficiency of the
subsequent iterative adjustment processing and also avoids
dropping in the dilemma of local optimization.

Fysz) =y ZH (¥ 6y 6.2 ') — ey ez6)]

Minimizing the Second-Degree Separation

It should be noted that the two surfaces are relatively
closely aligned to each other when they reach this step. At the
very least, the two surfaces must be more closely aligned than
before minimizing the first-degree separation.

In this step, each of the two surfaces is divided into a
plurality of zones. Each zone has at least one point defining
the zone. Mathematically, at least three points are required to
define a “zone”. However, if a predetermined grid is used,
only one point may be sufficient to identify the zone. It should
be noted that the shape of the “zone” is relatively unimpor-
tant, although square shape is preferred due to ease of com-
putation. The number of zones to be divided on the surfaces
relates to the “resolution” of the method of this invention. A
person skilled in the art shall strike a balance between the
available computation power and the required accuracy.

We now turn to one particular zone defined on one of the
two surfaces, assuming that it is the theoretical surface. The
distances between this zone on the theoretical surface and
each of the plurality of zones on the measured are obtained or
calculated. This should be relatively straightforward as there
is at least one point identifying each zone. The minimum
distance is then identified to determine a pair of correspond-
ing zones on the first and the second surfaces. This step is
repeated until all zones on the two surfaces are paired.

After all of the zones on the two surfaces are paired, a sum
of all of the distances between each pair of corresponding
zones on the first and the second surfaces are then obtained or
calculated. The coordinates of one of the surfaces is then
adjusted to minimize the summation of the distances between
each pair of corresponding zones to be below a predetermined
threshold value e.

The above step will be explained in mathematical terms
below. To find the projection point of Q,; on the normal
surface, the algorithm will get the first iterative point P,
which can be obtained by

0y

cosflcosy sinasinfcosy —cosasiny cosasinfcosy + sinasiny i,
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After the first iterative point is obtained, the surface slice
which the vertex is belonging to can be determined. Then the
iteration algorithm of find projection point will be carried out.

As shown in FIG. 4, assume P,=P(u,,w,) is the projection
point of Q on the normal surface P=P(u,w) for the first itera-

tion. S, is the tangent plane of P at P,,. The vector P, is the

—_—
projection of P,Q on S,. P, is the iteration result, i.e. the
searching projection point. Let

aP )
uy = a u=uq,w=w(
_ P 6)
w0 = Gy [=Hor=r0

According to the basic property of the differential equation

PO_QE,:P’MOEﬁP’WOEV )
— —

The differential deviation vectors Au and Aw can be used to
compute P_=P(u,+Au,w,+Aw). Since P, is in the neighbor-
hood of P,, P,=P,_ is assumed and P, is made as the next
iteration point. If IP, —P,|=e and the threshold € are equal to
the given value, the iteration operation is ended and P, is
regarded as the projection point of Q on the normal surface.

Minimizing the Third-Degree Separation

The surface alignment aims to make the measured surface
as close to the normal surface as possible. Although the two
surfaces shall now be aligned closely with each other after the
minimization of the second-degree separation, further fine-
tuning may still be required. This may be achieved by adjust-
ing three pairs of parameters along the respective three
orthogonal directions so that a transfer matrix T is minimized
to be below a predetermined threshold value A.. In each pair of
the above parameters, one relates to translation and the other
parameter relates to rotation along the direction.

It should be noted that it may not be necessary to refine
three pairs of parameters along the respective three orthogo-
nal directions in some cases. For example, if the two surfaces
are know to correspond with each other exactly along two
orthogonal directions, it may be necessary to refine as few as
one pair of parameters.

Under the ideal conditions, the measured surface overlaps
completely with the normal surface after surface alignment.
The transfer matrix is defined as:

®

cosfisiny sinasinfsiny + cosacosy cosasinfsiny —sinacosy 1,

T(te, 1y, 1y @, B y) =

—sinf3
0

P AMin(1Q, ~P,z) k=0,1,.. . N (4)
where P, is the vertex point of the normal surface and N is

the number of vertex points, as shown in FIG. 3.

65

sinacosf3
0 0 1

cosacosf3 i,

where o, § and y are the rotation angles of measured surface

along the x, y and z axes, respectively; t,, t, and t, are the

parallel shifts in the X, y and z directions, respectively.
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Furthermore, the transfer matrix must satisfy the expense
function:

m )
Min[F;(T)] = Min| > 170 ; - P; jI*

i=1
and
Min[F>(T5;)] = Min[|D,,; — Dyl] (10)

= Min[lmax(T5;Q; ; — P; ;) — min(T;Q; ; — P; ;)]

where P, =[x, ,¥",, 7, 117 is the closest point of the normal
surface to the measured point Q, =[x, ., ¥, » 7, 117 after the
jth iteration of alignment, and m is the number of discrete
points of the measured surface. Min| | denotes the minimum
function while P,  is the projection point of Q; ; on the normal
surface.

The measured points after five-point pre-fixture and the
iteration point P, are introduced into Eqs. (9) and (10), and
then the equations are differentiated. The following equations
relevant to the six parameters of o, B, v, t,, t, and t, can be
obtained:

[ - [
ary, FiTyn = Z; IT1;Q1j = Pijl- 7Ty (T1,Qi; - PijD| =0

and

2] 2] .
m(Fz(sz)) = mlmax(szQ;,j =Py ;) —min(T5;Q; ;- P )l =0

When Egs. (11) and (12) are solved, T, and T,, are
obtained with which the new coordinate transfer and optimal
search of projection point can be performed. If the transfer
matrix meets the requirements of T ;|<k and IT,;<A where A
is a specified threshold, the coordinate transfer will not be
conducted. This infers that the iterative precision adjustment
is terminated and the alignment of measured and design sur-
faces is completed.

2.3 Parameters for the Characterization of the Form Error

After surface alignment, any point P(x,,y,,z,) on the first
surface is close to the corresponding point Q(x',,y',,Z';,) on the
second surface. The distance between P(x,,y,,7;) and Q(x',,y";,
7',) is expressed as:

| (X Py G2 13)
If P is above Q in the z-direction, d, is positive otherwise

negative. Hence, the following parameters can be defined to
characterize the form error:

(1) Surface profile error (S,) which is defined as:

S=Imax(d,)-min(d,)! (14)

where max( ) and min( ) are the maximum and minimum
functions, respectively.

(i) Root mean square deviation (S,) which is defined as:

1 m (15)
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with m is the number of points on the measured surface.

To summarize the above discussion, FIG. 5 shows a flow
chart of the steps involved in the surface alignment and the
determination of the form errors of the two surfaces.

EXAMPLES

To verify the method of this invention, an ultra-precision
freeform measurement system is built which is composed of
a data acquisition system and a software package incorporat-
ing the method of this invention. In the present study, a Form
Talysurf PGI1240 surface measurement system is used as the
data acquisition system for acquiring the surface data from
the measured freeform surface. The measured data are fed and
analyzed by the software package of this invention, which is
written as a MATL AB program. A snapshot of the software is
shown in FIG. 6. The surface alignment is done automatically
by the software package. This eliminates the need of the
trial-and-error approach for the alignment of the measured
surface with the design surface which is commonly found in
some interferometric type of measurement methods. With the
use of the method of this invention, the surface alignment can
be carried out for sampled area within a few minutes.

an

12

Basically, the experimental verification is composed of two
parts i.e. Part I and Part II, respectively. Part I includes com-
puter simulation experiments which were conducted to evalu-
ate the theoretical accuracy of the method of this invention
while actual measurements were untaken in Part II to verify
accuracy.

Part I. Accuracy Evaluation by Computer Simulation

An ideal freeform design surface is simulated and adopted
to generate the normal surface that is obtained by adjusting
the six parameters of coordinate transfer matrix T(t,,t,.t,,0,
PB,y) and the number of points m on the measured surface.
Then the form characterization is conducted according to the
proposed method.

The ideal design surface is described by the equation
below:

z=sin(x)+cos(y)+1

(16)

This generates the normal surface as shown in FIG. 7. To
obtain the corresponding measured surface, the six param-
eters of coordinate transfer matrix and the number of points
are varied. Table 1 shows the results of the form character-
ization and the corresponding matching errors are shown in
FIGS. 8 to 17.

TABLE 1

Accuracy analysis of surface alignment for freeform surface

Parameters .t toa Y m S, (um) S, (nm)

B
Shift (mm) 1 0 0 0 0 0 15x15 0.12299 0.48648
0 0 15x15 0.14343 0.46502
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TABLE 1-continued

Accuracy analysis of surface alignment for freeform surface

Parameters .t Lt oa By m S, (mm) S, (nm)
0 0 1 0 0 0 15x15 025906 0.11261
0101 050 0 0 50x50 020301 0.07059
Rotation (rar) 0 0 0 030 0 15x15 023577 0.10403
0 0 0 0 030 15x15 0.84990 0.31353
0 0 0 0 0 03 15x15 071249 0.22094
0 0 0 0505 03 50x50 0.61587 0.23677
Shift + 03 05 2 05 05 03 15x15 036647 0.12060
Rotation 03 05 2 05 05 03 50x50 0.25255 0.17129

Since all measured surfaces are transferred directly from
the ideal normal surface, the ideal form error should be zero.
The simulated results indicate that form errors are resulted
from the theoretical model as discussed in Section 2 below. In
other words, the characterization results represent the error
from the theoretical model. From Table 1, it is found that
small errors are found when the surface is shifted or rotated in
X, y and z directions, respectively.

To analyze the simulation results, it is interesting to note
that different coordinate transfers have different effect on the
characterization results. The error of the characterization
increases as the transfer value increases. The influence of
coordinate rotation on the error is less than that due to the
coordinate shift. When the number of measured points
increases, the error decreases accordingly. In other words, the
accuracy of the characterization method can be increased by
increasing the number of measured points. As shown in FIGS.
8 to 17, the form errors follow the same trend that is con-
formed to the distribution of the normal and measured sur-
faces. This infers that the error distribution is relevant to that
of the characterized surfaces. Based on the results of the
simulation experiment, the method of this invention is found
to possess sub-nanometric accuracy, which is sufficient for
the characterization of the form error of the ultra-precision
freeform surfaces in at least sub-micrometer range.

Part IT Actual Measurement of Real Optical Surfaces

Due to geometrical complexity of freeform surfaces, there
are currently no universal standard freeform surfaces avail-
able in the market for establishing the reference requirements.
Therefore, the actual measurement experiments in this sec-
tion are divided into two steps. In the first step, the accuracy
of the IFCM is verified through a comparative analysis con-
ducted on an aspheric surface. The aspheric surface was mea-
sured by the traditional aspheric measurement method based
on the Talymap software equipped in the Talysurf PGI1240
measurement system. The results of the measurement served
as the evaluation requirements for comparing with that mea-
sured by the method of this invention. In the second step, a
real ultra-precision freeform surface was measured by the
method of this invention.

Verification of Measurement Accuracy

To verify the accuracy of the measurement, an aspheric
surface of an optical camera lens was machined by a two-axis
CNC ultra-precision machine, Nanoform 300 from Taylor
Hobson Pneumo Co. The design surface is shown in FIG. 18
and is described by the following optics equation:
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sz 17

=
1+VI1I—-(K+DC2p?

AP L AD LAY

where C=1/R and R is the radius of curvature of the best fit

spherical surface; p=yx>+y? is the distance from the optical
axis Z; the conic constant K is a parameter for measuring the
eccentricity of the conic surface; the even-numbered values of
A, are aspheric deformation constants. The parameters of the
design surface are listed in Table 2. The optical surface was
measured by a Form Talysurf PGI 1240 freeform measure-
ment system. The result of the measured surface is shown in
FIG. 19.

TABLE 2

Parameters of the aspheric surface

Optical parameters Value
Radius of curvature, R 36.47 mm
Conic constant, K -0.751
Aspheric deformation constants, A, 0

The surface alignment is carried out and the form error of
the surface obtained by the method of this invention is shown
in FIG. 20. The results are compared with that measured by
the traditional method based on Talymap software as shown
in FIG. 21. Table 3 shows a comparison between the tradi-
tional and IFCM. It is found that the measurement results
from the method of this invention agree well with that from
the evaluation requirements established by the traditional
method.

Measurement of an Ultra-Precision Freeform Surface

To further evaluate the capability of this invention, a mould
insert of the ultra-precision freeform surface of a F-theta lens
was machined by a five-axis CNC ultra-precision freeform
machining system (Freeform 705G) from Precitech Inc. in
USA. FIG. 22 shows the machined workpiece. The design
surface is shown in FIG. 23, which can be described as fol-
lows:

z=flx,y)=ax>+by+eyt (18)
Where a=—1/%s, b=—14s0 and c="62000. The ranges of x and y
are —7.5 mm=x=7.5 mm and -20 mm=y=20 mm, respec-
tively.

The freeform surface was measured by the Form Talysurf
PGI 1240 freeform measurement system from Taylor Hobson
Co. Ltd. in UK. The result of the measured surface is shown
in FIG. 24. The surface alignment was carried out according
to this invention, and the form error of the measured surface
is shown in FIG. 25. The surface profile error S, and root mean
square deviation S, are found to be 5.4192 um and 0.45848
um, respectively. These error values can be used to adjust the
resulting lens systems. This further verifies that the proposed
IFCM is effective in the form characterization of ultra-preci-
sion freeform surfaces.

CONCLUSIONS

An integrated form characterization method (IFCM) is
presented for the measurement of form accuracy of ultra-
precision freeform surfaces. The method of this invention is
based on feature-point pre-fixture, and iterative precision
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alignment algorithm. Surface parameters are also proposed to

characterize the form error of ultra-precision freeform sur-

faces. Hence, an ultra-precision freeform surface measure-

ment system is established based on this invention. The sys-

tem is evaluated through a series of simulation and actual 5
measurement experiments conducted on selected reference
surfaces. The results indicate that this invention can realize
the precise alignment of the measured and normal surfaces
with accuracy in nanometer range. This provides sufficient
capability of form characterization for ultra-precision free-
form surfaces with form accuracy down to below sub-mi-
crometer range. Due to the geometrical complexity of free-
form surfaces,
international standards and methods for surface characteriza-
tion. The present invention contributes to at least the advance-
ment of the ultra-precision freeform surface characterization.

there is currently lack of definitive

While the preferred embodiment of the present invention

has been described in detail by the examples, it is apparent
that modifications and adaptations of the present invention
will occur to those skilled in the art. Furthermore, the embodi-
ments of the present invention shall not be interpreted to be
restricted by the examples or figures only. It is to be expressly
understood, however, that such modifications and adaptations
are within the scope of the present invention, as set forth in the
following claims. For instance, features illustrated or
described as part of one embodiment can be used on another
embodiment to yield a still further embodiment. Thus, it is
intended that the present invention cover such modifications
and variations as come within the scope of the claims and
their equivalents.
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The invention claimed is:
1. A measuring method for measuring a free form surface

having non-rotational symmetry by using a computer to align
a first surface with a second surface, said first surface being a
computer generated theoretical model of a free form surface
or being a computer generated model of a free form surface
generated from a plurality of measured points and said second
surface being the measured free form surface, wherein P(x,,
y,,Z;) 1 any point on the first surface and Q(X',.y',,Z',) is any
point on the second surface, said first surface and said second
surface being separated by a first-degree separation, a second-
degree separation, and a third-degree separation, said mea-
suring method comprising the steps of:

35

40

minimizing the first-degree separation by the steps of:
selecting at least one feature point from each of the first
surface and the second surface;
adjusting a coordinate of the second surface to minimize
a distance between said at least one feature point of
each of the first surface and the second surface to be
below a predetermined threshold value 6;
minimizing the second-degree separation by the steps of

45

50
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for the plurality of first zones, repeating the steps of:
a) obtaining distances between the at least one first coor-
dinate and each of the plurality of second zones;
b) comparing the distances obtained in step a) to determine
a pair of corresponding zones on the first and the second
surfaces having a minimum distance obtained in step a);
until all zones on the first and the second surfaces are
paired;
determining the distances between each pair of corre-
sponding zones on the first and the second surfaces;
obtaining a summation of the distances between each
pair of corresponding zones;
adjusting the coordinate of the second surface to mini-
mize the summation of the distances between each
pair of corresponding zones to be below a predeter-
mined threshold value €;
minimizing the third-degree separation by the steps of:
minimizing a transfer matrix T to be below a predeter-
mined threshold value A by adjusting at least one pair
of parameters along a direction, one of said param-
eters relating to translation and the other parameter
relating to rotation along the direction.
2. The method of claim 1, wherein said at least one feature
point includes five feature points.
3. The method of claim 2, wherein said five feature points
includes a gravity center point G and four corner points.
4. The method of claim 3, wherein the gravity center point
G is identified by the equation

n
G(xa, ya» 26) = Z (%, yi, %)
i1

wherein o is a weighting coefficient satisfying 2o,=1, a,=1/n
with n being the number of points in the respective measured
and normal surfaces.

5. The method of claim 3, wherein the four corner points
are identified as the four points that are farthest from the
gravity center point G.

6. The method of claim 1, wherein Q(x';,y';,Z';) is obtained
through a set of coordinates processed by a parameterization
algorithm selected from the group consisting of Bezier sur-
face algorithm, B-Spline algorithm, and Non-Uniform Ratio-
nal B-Spline algorithm.

7. The method of claim 1, wherein each zone has a square
shape.

8. The method of claim 1, wherein three pairs of parameters
are adjusted along respective three orthogonal directions.

9. The method of claim 8, wherein the transfer matrix T is
defined as:

cosflcosy sinasinfcosy —cosasiny cosasinfcosy + sinasiny i,

cosfisiny sinasinfsiny + cosacosy cosasinfsiny —sinacosy 1,

T(te, 1y, Iz, @, B, y) = .
—sinf3

0

60

dividing the first surface into a plurality of first zones,
each first zone having at least one first coordinate
defining said first zone;

dividing the second surface into a plurality of second g5
zones, each second zone having at least one second
coordinate defining said second zone;

sinacosf3
0 0 1

cosacosf3 i,

where o,  and v are the rotation angles of the measured
surface along x, y and z axes, respectively; and t,, t,and t, are
the parallel shifts in the x, y and z directions, respectively.

10. The method of claim 9, wherein T satisfying an expense
function of
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Min[F;(T)] = Min|

m
Z|TjQi,j— P

i=1

where P, =[x', .y, .7, , 117 is the closest point of the normal
surface to the measured point Q, =[x, , ¥, » 7, 117 after j*
iteration of alignment, and m is the number of discrete points
of the measured surface, and Min[ ] denotes the minimum
function while P,  is the projection point of Q; ; on the normal
surface.

11. A method of determining deviation between a first
surface with a second surface, such that P(x,,y,,z,) is any point
on the first surface and Q(x',,y";,Z';) is any point on the second
surface, said first surface and said second surface being sepa-
rated by a first-degree separation, a second-degree separation,
and a third-degree separation, said method comprising the
steps of:

aligning the first surface with the second surface according

to the method of claim 1; and

calculating a distance d, between P(x,,y;,7,) and Q(X',,y";,

7',), wherein

di:t\j(xi‘xyi)2"'()’;—}";)2"'(2;—2';)2-
12. The method of claim 11 further including the step of
calculating a profile error S,, wherein S,=Imax(d,)-min(d,)I.
13. The method of claim 11 further including the step of
calculating a root mean square deviation S, wherein

1 m
[=Xdf,
mi=1

wherein the second surface is defined by m number of mea-
sured points.

14. A measuring apparatus for measuring a free form sur-
face having non-rotational symmetry, the measuring appara-
tus comprising

aprocessor configured to align a first surface with a second

surface using an aligning algorithm such that P(x,,y,,z,,
is any point on the first surface and Q(x',,y',,z;) is any
point on the second surface, said first surface being a
computer generated theoretical model of a free form
surface or being a computer generated model of a free
form surface generated from a plurality of measured
points and said second surface being the measured free
form surface,

said first surface and said second surface being separated

by a first-degree separation, a second-degree separation,
and a third-degree separation, said aligning algorithm
for aligning the first and second surfaces using the steps
of:

a) minimizing the first-degree separation by:

selecting at least one feature point from each of the first
surface and the second surface;
adjusting coordinates of the second surface to minimize
a distance between said at least one feature point of
each of the first surface and the second surface to be
below a predetermined threshold value 6;
b)minimizing the second-degree separation by

Sg =
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dividing the first surface into a plurality of first zones,
each first zone having at least one first coordinate
defining said first zone;

dividing the second surface into a plurality of second
zones, each second zone having at least one second
coordinate defining said second zone;

for the plurality of first zones, repeating the steps of:
¢) obtaining distances between the at least one first coor-
dinate and each of the plurality of second zones;
d) comparing the distances obtained in ¢) to determine a
pair of corresponding zones on the first and the second
surfaces having a minimum distance obtained in c¢);
until all zones on the on the first and the second surfaces
are paired;

determining the distances between each pair of corre-
sponding zones on the first and the second surfaces;

obtaining a summation of the distances between each
pair of corresponding zones;

adjusting the coordinates of the second surface to mini-
mize the summation of the distances between each
pair of corresponding zones to be below a predeter-
mined threshold value €;

minimizing the third-degree separation by:
minimizing a transfer matrix T to be below a predeter-

mined threshold value A by adjusting at least one pair
of parameters along a direction, one of said param-
eters relating to translation and the other parameter
relating to rotation along the direction.

15. The apparatus of claim 14, wherein said at least one
feature point includes five feature points.

16. The apparatus of claim 15, wherein said five feature
points includes a gravity center point G and four corner
points.

17. The apparatus of claim 16, wherein the gravity center
point G is identified by the equation

G(xa, ya» 26) = Z @;i(x;, Vis Zi)
i=1
wherein o is a weighting coefficient satisfying 2a.=1, o,=1/n
with n being the number of points in the respective measured
and normal surfaces.

18. The apparatus of claim 16, wherein the four corner
points are identified as the four points that are farthest from
the gravity center point G.

19. The apparatus of claim 14, wherein Q(X',,y',,Z,) is
obtained through a set of coordinates processed by a param-
eterization algorithm selected from the group consisting of
Bezier surface algorithm, B-Spline algorithm, and Non-Uni-
form Rational B-Spline algorithm.

20. The apparatus of claim 14, wherein each zone has a
square shape.

21. The apparatus of claim 14, wherein three pairs of
parameters are adjusted along respective three orthogonal
directions.

22. The apparatus of claim 21, wherein the transfer matrix
T is defined as:

cosflcosy sinasinfcosy —cosasiny cosasinfcosy + sinasiny i,

cosfisiny sinasinfsiny + cosacosy cosasinfsiny —sinacosy 1,

T(te, 1y, Iz, @, B, y) = .
—sinf3

0

sinacosf3
0 0 1

cosacosf3 i,
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where o, [ and vy are the rotation angles of the measured
surface along x, y and z axes, respectively; and t , t,and t, are
the parallel shifts in the X, y and z directions, respectively.

23. The apparatus of claim 22, wherein T satisfying an
expense function of

m

Z IT;0.; - Pijl?

i=1

Min[F;(T)] = Min|

5

where P, =[x, , ¥, 7 117 is the closest point of the normal
surface to the measured point Q, =[x, , ¥, » 7, 117 after j*
iteration of alignment, and m is the number of discrete points
of the measured surface, and Min[ ] denotes the minimum
function while P, ; is the projection point of Q, ; on the normal
surface.

24. A measuring apparatus for determining deviation
between a first free form surface and a second measured free
form surface, the measuring apparatus comprising

a processor including a deviation determining algorithm,

said first surface being a computer generated theoretical
model of a free form surface or being a computer gen-
erated model of a free form surface generated from a
plurality of measured points such that P(x,,y,,7,) is any
point on the first surface and Q(x',,y';,Z',)is any point on
the second surface, said first surface and said second
surface being separated by a first-degree separation, a
second-degree separation, and a third-degree separation,
said deviation determining algorithm determining a devia-
tion between the first and second surfaces by aligning the
first surface with the second surface by minimizing the
first-degree separation by
selecting at least one feature point from each of the first
surface and the second surface;
adjusting a coordinate of the second surface to minimize
a distance between said at least one feature point of
each of the first surface and the second surface to be
below a predetermined threshold value 8; minimizing
the second-degree separation by
dividing the first surface into a plurality of first zones,
each first zone having at least one first coordinate
defining said first zone;
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dividing the second surface into a plurality of second
zones, each second zone having at least one second
coordinate defining said second zone;

for the plurality of first zones, repeating
a) obtaining distances between the at least one first coor-
dinate and each of the plurality of second zones;
b) comparing the distances obtained in a) to determine a
pair of corresponding zones on the first and the second
surfaces having a minimum distance obtained in a);
until all zones on the first and the second surfaces are
paired;

determining the distances between each pair of corre-
sponding zones on the first and the second surfaces;

obtaining a summation of the distances between each
pair of corresponding zones;

adjusting the coordinate of the second surface to mini-
mize the summation of the distances between each
pair of corresponding zones to be below a predeter-
mined threshold value €;

minimizing the third-degree separation by

minimizing a transfer matrix T to be below a predeter-
mined threshold value A by adjusting at least one pair of
parameters along a direction, one of said parameters
relating to translation and the other parameter relating to
rotation along the direction; and calculating a distance d,
between P(x,y,z,) and Q(X'.y',Z)), wherein d=x
\/(Xi_x'i)2+(yi_y'i)2+(zi_z'i)2'

25. The measuring apparatus of claim 24, further including
the step of calculating a profile error S, wherein S =Imax(d,)-
min(d)I.

26. The measuring apparatus of claim 24, further including
the step of calculating a root mean square deviation S,
wherein

wherein the second surface is defined by m number of mea-
sured points.
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