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Abstract Subaperture stitching (SAS) provides us with
an attractive way of extending the effective aperture and
dynamic range of phase measuring interferometers.
Accuracy of stitching algorithm becomes the key factor
in the SAS technology. In this paper, the basic principle of
SAS was introduced and four modes of SAS were
discussed. The stitching experiments were done through
the SSI-300 workstation designed and developed indepen-
dently. There were several comparisons between the four
different stitching methods and the measurement of full
aperture. The results suggest that the global error averaging
mode with reference of subaperture near optic axis is of
high precision.

Keywords optical testing, subaperture stitching (SAS),
algorithm, stitching mode

1 Introduction

Rapid development of science and technology calls for
higher requirements for the aspheric manufacture, such as
larger aperture and ultra precision [1-4]. High-precision
aspheric surface manufacture depends on relevant high-
precision testing method and equipment, which is
important for testing larger aperture and high-precision
aspheric surface. Compared with other measurement
methods, such as structure-light measuring technique and
phase-measuring profilometry, interferometry has the
advantages in high resolution, high sensitivity, high
reproducibility, etc [5—7]. Therefore, this technique has
become a primary method in optical surface shape testing.
For aspheric testing, common null test requires special
compensator for each aspheric. And it is difficult to design,
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fabricate, test and adjust the compensator and is of high
cost [8]. In addition, for the test of the large-aperture plane,
the high cost of the large-aperture interferometer prohibits
itself wider application in testing large aperture optics.

Subaperture stitching (SAS) without other auxiliary
components provides us with an attractive way of
extending the effective aperture and dynamic range of
phase measuring interferometers. This method could not
only improve the resolution and save costs, but also
shorten the construction period. The SAS method to test
large-aperture mirror was carried out in the 1980s overseas
[9-11] and now it is in the development stage of applied
research and commercial instruments. But this technology
in China, which has made some progress since 1990s, is
still at the experimental stage [12,13].

In this paper, method for improving precision of SAS
that using a high precision mode is proposed. In Section2,
the basic principle of the SAS is given. In Section 3, the
stitching modes which affect precision are discussed, and
according to error averaging, the global error averaging
mode near optic axis is given. In Section 4, four different
stitching modes are compared by experiments, and then the
optimal algorithm of data stitching mode is obtained.
Finally, the conclusion is presented in Section 5.

2 Principle of SAS interferometer

The way of SAS interferometry is to measure the glass part
by part with a small-aperture interferometer, the measure-
ments results are connected together with minimizing the
error of the phase distributions in common area [14].

Taking the connection of two circular subapertures as an
example shown in Fig. 1, ®; and @, are the testing results
of the two subapertures.

@, (x,y) and ®,(x,y) respectively indicate the phase
distributions of the two tested subapertures as follows:
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Fig. 1 Two circular stitching schematic diagram

D (xy) = Py + Tyx + Ty + @y (x,p), 0
D, (x,y) = Py + Tyox + Tyoy + Po(xy),

where @y (x,p) is the system coordinate, P; is the offset
along optical axis, T,; and T, respectively present the
gradient along x-axis and y-axis. The overlap section of @,
and @, has the same phase, which is used to measure the
testing difference and determine the relative gradient and
axial displacement. The above equation is simplified as

A® = AP + AT,x + ATy, @)

where AP =Py P2 ATx = Txl —sz, ATy = Tyl_TyZ'

Theoretically, the exact solutions of AP, AT, AT, can be
obtained only by three points, which is not in a line in the
overlap region. However, considering the influence of
error, more points should be calculated to obtain the three
parameters with the least square fitting to reduce the error
effect.

In the stitching process, the wavefront of full aperture
can be retrieved in the premise that the full aperture is
totally overcovered through several subaperture stitching,
and at the same time, the adjacent subapertures should hold
a certain overlap section.

3 Stitching mode

In the course of actual measurement, stitching mode
selection refers to the selection of order and path of
subaperture stitching. There are four common stitching
modes, such as serial mode, parallel mode, global error
averaging mode and partial error averaging mode [15-17].

Serial mode means that the latter subaperture is stitched
to the former one in sequence. This case would lead to an
accumulation of errors because every stitching has error.
Parallel mode is to select a subaperture as a reference and
stitch all other subapertures together with it. Partial error
averaging mode is that the subaperture fitted and stitched is

the basis of latter stitching and then used to be fitted and
stitched with the latter subaperture, which is the improved
algorithm of serial stitching [16]. Global error averaging
mode is to use an arbitrary subaperture as reference, and
calculate the stitching factor of other subapertures relative
to the reference in the premise of minimizing the residual
sum of squares of all overlapping areas [18].

In this paper, we select the subaperture near the optical
axis as reference, which is called the global error averaging
mode with reference of subaperture near optic axis.
Assuming that there are M subapertures to stitch, called
Ay,4,,...,Ay;. The subaperture data were obtained in
sequence. 4,, is reference aperture, and the transformation
coefficients of other aperture relative to 4,, are (a;,by,c;),
(ay,b2,¢2),-. -, (apr,bpr,ar)- So these transformation coeffi-
cients satisfy the following equation.

(Dm(xzy) = (I)O(xfxooy*y()) + apx + boy + ¢

=@ (x—x;,y—y) +ax +by+c

= (I)mfl(xfxmflsyfymfl) +a, 1x
+ bmf 1V + Cm—1
=0 (XX 1V Vimg1) T Qi1 X

+ berly + Cm+1

=0y (=X 1Y —Yu—1) + a1 x
+by1ytemots 3)

where ®(,®,...,®,,_; are the phase distributions of A,
A,,...,Ays respectively. The least-squares is used to mini-
mize the sum of squared difference in the common areas as

Z{d) xy) -
+Z {D(x,y)

(@ (x X0,y o) + apx + boy + co]}

=@ (x—x1,y—y1) +ayx + by + Cl]}z

+ Z {@@y) -
+am71x + bmfly + cmfl]}2

+ Z {(D(x’y) - [Q)

m+1

+ap1x + bm+1y + cm+]]}2 +oe
+Z{<D xy) -

+ay 1 x + by 1y + CMfl]}z
—min, )

m 1( mfl:yfymfl)

m+-1 (x—xm+1,y—ym+1)

(@) 1 (Xx=Xpr 1V —Var1)

where summations are taken in the common areas with any
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overlapping measurements. The unknown number is 3 X
(M -1) since a,,, b, c,, are not included.

The partial derivative of Eq. (4) with respect to each
unknown is calculated, and the least-squares equation can
be obtained

(£ o)

where the expressions in parenthesis represent the
elements of the matrix, both 7 and j are the integer from
0 to M—1 (m is not included), £ is the integer from 0 to
M —1 (m s included), and J;; is Kronecker delta function as

i

] [(R)i] =0, (5

follow
1, =],
o = {0, ij, (©)
> xAG) |
iny
o YA(x.y)
Pl_] - % 4 (7)
> Alxy)
LNy ]
Y Y X
iNj iNnj iNj
2
Qi/': ;jxy ;jy ;jy > (8)
D D om
Y iNnj ]
a;
Ri: bi 5 (9)
Ci

where n;; is the number of sampling points in overlapping
area, and all x and y coordinates are taken in the global
coordinate system based on area A4,,. The addition in Eqgs.
(7) and (8) would work only in overlapping area. If there is
no overlapping between the two adjacent subapertures, P;;
and Q;; become null matrices.

Transform coefficients R; can be got by solving Eq. (5).
These data can be used to align individual measurements to
obtain the entire shape of the sample.

Every configuration parameters can be obtained by
solving Eq. (5), and then be used to compensate
configuration parameter of subaperture.

4 Stitching experiment

Independent R&D subaperture stitching interferometry
(SSI-300) workstation with six-dimension was used for the
experiments. The structure of SSI-300 is shown in Fig. 2.

The Twyman Green interferometer used in the work-
station is fixed on z-axis vertically. The tested surface is
fixed on the five axis stages including horizontal move-
ment along x and y direction, tilt movement along x and y
direction and 360° rotation around z direction. All these
equipments are set up on an optical platform. A glass-
ceramics plane standard mirror of diameter 130 mm was
tested using 50 mm plane lens. To evaluate the precision of
experimental result, we use indexes such as PV, RMS,
APV, ARMS and single point RMS. PV (peak-to-valley)
gives a measure of the difference between the highest point
and the lowest point of phase distribution in wavefront, it
can be expressed as belows:

PV = max (W(ij)}- min (W(i),

1<ij<N

(10)

where APV is the difference of PV between stitching result
and measurement result. RMS stands for “root of the mean
squares” and it is calculated as the standard deviation of the
height (depth) of the test surface relative to the reference at
all the data points in the wavefront [19]. It is expressed as
the following equation:

RMS = [%Z(WWMW»Z] S

interferometer

|
tested surface A
|

360° rotating T
floor R U 11

——x tilt
! / | |
X
.\m

Fig. 2 SSI-300 structure
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where (W) is the average value of phase distribution, it can
be expressed as follows:

2

LS s
W) = 322 W), (12)

ij=1
where N is the number of data points. ARMS represents the
difference of RMS between stitching result and measure-
ment result. Single-point RMS means the RMS of a single
point in overlapping areas. It is calculated as

(13)

where n is the number of subapertures, x; is the measured
value of ith subaperture, X is the mean arithmetical value of
all the overlapping subapertures. The single-point RMS of
the overlapping area can be got by calculating J, of every
point in the whole overlapping area [20].

4.1 Stitching of five subapertures

The number and locations of subapertures are shown in
Fig. 3.

Figure 4 shows the stitching results of five subapertures
and the distribution of single point RMS in different
stitching modes.

The stitching precision of five subapertures is given in
Table 1.

4.2  Stitching of nine subapertures

The divided method of nine subapertures is shown in
Fig. 5.

Figure 6 shows the stitching results of nine subaperture
and the distribution of single point RMS in different
stitching modes.

The stitching precision of nine subapertures is given in
Table 2.

As shown in Figs. 4 and 6, the stitching surface figures
of parallel mode, partial error averaging mode and global
error averaging mode are all continuous and smooth.
They can effectively reflect the full aperture surface shape
after eliminating the tilt. But surface figure of serial
stitching is not continuous, which is worse than those of
another mode.

According to the single point RMS figures, along with
the fitting and stitching in certain sequence, the stitching
error of the serial mode is more obvious than that of
another mode. It indicates that the serial mode would
produce more serious error accumulation than that of
another three modes, as the number of fitting stitching is
less.

The precisions of subaperture stitching listed in Tables 1
and 2 show that serial mode has the worst precision in all

Fig. 3 Location of five subapertures
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Fig. 4 Stitching results of five subapertures and single point RMS figures in different stitching modes
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Table 1 Stitching precision of five subapertures (A = 632.8 nm)

mode PV RMS APV ARMS single point RMS
serial mode 0.619400 0.146659 0.043231 0.000770 0.007130
parallel mode 0.619810 0.146303 0.043640 0.000414 0.002425
partial error averaging mode 0.621820 0.145947 0.045650 0.000059 0.002428
global error averaging mode 0.628718 0.145685 0.052549 0.000204 0.002507

¥
X
Fig. 5 Dividing method of nine subapertures

Table 2  Stitching precision of nine subapertures (A = 632.8 nm)

mode PV RMS APV ARMS single point RMS
serial mode 0.920789 0.221889 0.056535 0.005795 0.023636
parallel mode 0.920602 0.227961 0.056348 0.000877 0.004168
partial error averaging mode 0.926446 0.229744 0.062192 0.002059 0.004228
global error averaging mode 0.921775 0.228392 0.057521 0.000708 0.004019

evaluation indexes. The precision of partial error averaging
mode is better than that of serial mode. The global error
averaging mode and parallel mode have stable and higher
precision. From the single point RMS, global error
averaging mode have the minimum value.

5 Conclusions

This paper presents the basic principle of SAS, and four
common stitching modes including serial mode, parallel
mode, partial error averaging mode and global error

averaging mode were introduced. Then we tested the flat
mirror with these four stitching modes using SSI-300. The
experiment results of stitching result figures, single point
RMS figures and stitching precision suggest that the
stitching precision of serial mode is the worst. The
precision of partial error averaging mode is better than
serial mode. The parameters of global error averaging
mode and parallel mode are stable and have higher
precision. The single point RMS of global error averaging
mode is the lowest. These results in this paper will be
helpful to provide the selection reference for stitching
mode in the future.
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Fig. 6 Stitching results of nine subaperture and single point RMS figures in different modes
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