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Computational optical imaging is an interdisciplinary subject integrating optics, mathematics, and information tech-
nology. It introduces information processing into optical imaging and combines it with intelligent computing, subverting
the imaging mechanism of traditional optical imaging which only relies on orderly information transmission. To meet
the high-precision requirements of traditional optical imaging for optical processing and adjustment, as well as to solve
its problems of being sensitive to gravity and temperature in use, we establish an optical imaging system model from the
perspective of computational optical imaging and studies how to design and solve the imaging consistency problem of op-
tical system under the influence of gravity, thermal effect, stress, and other external environment to build a high robustness
optical system. The results show that the high robustness interval of the optical system exists and can effectively reduce the
sensitivity of the optical system to the disturbance of each link, thus realizing the high robustness of optical imaging.
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1. Introduction

With the continuous expansion of human cognitive
boundaries, optical systems as an important means of human
perception of the world, its imaging needs are also increasing.
In the pursuit of higher imaging performance, system stability
has become one of the problems that must be faced.

Any optical system will be affected by the thermal and
force factors in the process of machining,!!'=3! installation, ad-
justment, or operation, which will produce maladjustment,
that is, the tolerance problem in optical engineering.*>! More-
over, because the optical wavelength is relatively short, gen-
erally in the order of 100 nanometers, the traditional design
method requires the tolerance of the optical system to be com-
parable to its wavelength. Therefore, the optical system in the
process of engineering implementation requires not only ex-
tremely high precision of machining, installation, and adjust-
ment but also a high level of gravity unloading and tempera-
ture control, which brings great challenges to the implementa-
tion and reliable operation of the optical system.

Because of the reliability of the system, based on the the-
ory of system fault-tolerant control, it is generally possible to
reduce the influence of system errors caused by environmental
factors through active fault tolerance (active FTC) and passive
fault tolerance (passive FTC). (6]

Traditional active fault-tolerant control systems diagnose
faults by observing the occurrence of faults and feeding the
fault information to the controller for adjustment, to realize the
error correction of the system. Although active FTC has high
performance in fault identification and correction, the com-

Corresponding author. E-mail: xpshao@xidian.edu.cn
© 2023 Chinese Physical Society and IOP Publishing Ltd

DOI: 10.1088/1674-1056/ac9b34

plexity of the control algorithm is increased as well as the
delay of the system due to the three steps of fault observa-
tion, feedback and adjustment. Existing active fault-tolerant
control systems mainly rely on known prior information, and
improve the performance of the control system by designing
high-performance control algorithms to shorten the time cost
of fault diagnosis and improve the response time and accuracy
of the controller as much as possible.

Passive FTC refers to the design of a control system to
make it robust to specific faults without relying on fault feed-
back and changing the overall system structure. Therefore,
compared with the active control, the passive fault-tolerant
control reduces the fault observation, feedback, and compen-
sation links, and has better timeliness and lower system com-
plexity. Its disadvantage is that the adaptive ability of fault
tolerance is very limited, and it cannot tolerate unknown fault
conditions.

Computational imaging as a multidisciplinary cross fron-
tier of new imaging technology, integrating optics, mathemat-
ics, and information technology, by the information transmis-
sion. This technique pays attention to the whole link integra-
tion global optimization design and introduce the main passive
information coding and numerical calculation, change tradi-
tional imaging “what you see is what you get” mode of imag-
ing, using numerical decoding for target imaging information.
In the process of an optical imaging system, gravity, tempera-
ture and other factors will affect the information recorded by
the system. Therefore, through the combination of compu-
tational imaging theory and passive fault-tolerant control, the
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robust control idea is introduced in the process of information
coding to ensure the consistency of information transmission
under different working conditions. In this manuscript, we do
not pursue the minimum aberration of the optical system itself
but focus on the imaging consistency after the influence of the
external environment such as gravity, thermal effect, and stress
on the optical system. To ensure that the imaging effect of
the optical system is consistent under different working con-
ditions, to facilitate the reconstruction and reprocessing of the
image in the later stage.

2. High robustness of computational optical
imaging model theory

The model of a non-ideal mirror participating in the imag-
ing process can be equivalent to the superposition of the ideal
mirror and error. The aberration-free pupil function is defined
as

1, inside pupil,

P(c,m) = . ) 1
(&:m) {O, outside pupil. M
The error of each link of the optical system is equivalent to
superimposing a phase difference function with certain ran-
domness on the ideal pupil function, and its mathematical ex-
pression is

expljkW, , inside il,
P(é, )_{ Xp[] random] 1 pup1 (2)

0, outside pupil,

where Wiandom can be understood as the equivalent phase mod-
ulation on the pupil plane during all kinds of aberrations in-
volved in the imaging of the optical system. Furthermore, in
the actual optical imaging process, Wiandom can also be simply
understood as the deformation of the primary mirror caused by
its processing, assembly, gravity deformation, and thermal de-
formation, and the additional phase difference introduced by
the optical system caused by this deformation. The frequency
domain expression H of the point impact response function A
of the optical system is

TPE P (E+Adfen + Adfy) dEdn
H(fe fn) == = . (3)
jo[P(é,n)dédn

A highly robust computational optical imaging system model
is shown in Fig. 1. In the figure, o is an external input signal,
which generally refers to the scene; i is a controlled output,
usually an image output with degraded imaging; # is the op-
tical imaging system, that is, the point impact response of the
optical system; u is a measurement output, which may be a
sensor output and command signal, and v is a feedback con-
trol signal. H and K are frequency representations of general-
ized controlled devices and controllers, and it is assumed that

the transfer function matrices H (s) and K (s) are real rational
function matrices.

n(z,y)

o(z,y) h(z,y) i(z,y)

k(z,y)

Fig. 1. Imaging model with high robustness for optical system imaging.

The optical system /4 is in an unstable state due to Wiandom.
and the input image o changes because of this instability.
Therefore, it is necessary to solve the appropriate controller
k to effectively compensate for the instability of # and ensure
the stability of the input image o.

The optical system optimized by the fault-tolerant con-
troller has better fault-tolerant characteristics.[®! Active fault-
tolerant control is to generate compensation signal v by mea-
suring signal u, so as to ensure the stability of 4. And the pas-
sive fault-tolerant control method needs to optimize the design
of a specific constant k to ensure the stability of the input im-
age o. This is also the key problem to be solved by the high
robustness computational optical system. According to the Ho,
control theory,!”! the standard problem is to find a real and ra-
tional controller k to make 4 stable and make the H., norm of
the transfer function matrix F'(H , K) infinitesimal, namely,

min || F;(H, K., “4)

The optical system design is guided by fault-tolerant control.
In order to achieve high robustness of the computational op-
tical system, the traditional optical design results are taken
as the initial value. On the basis of this initial value, on the
one hand, the multi-form disturbance is added to the optical
system; on the other hand, by setting optical elements as con-
trollers in the optical path and taking the stability of the optical
system under the multi-form disturbance as the new objective
function, the robust solution interval of the optical system can
finally be reached.

3. Robustness model solution for computational
optical systems

3.1. Optical system and disturbance modeling

Take a large aperture optical imaging system as a model,
and its index is shown in Table 1.

Table 1. Design index of a large aperture optical imaging system.

No. Ttems Index

working spectrum 0.50 pm—-0.80 um

1

2 entrance pupil diameter 2.5m

3 focal length 21.6 m

4 FOV 0.65° x 0.18°
5 pixel size 6 pm

6 MTF@83.3 Ip/mm >0.33
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Fig. 2. Optical path of a large aperture optical imaging system.
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Fig. 3. Optical performance parameters of large aperture optical system:
(a) MTF curve, (b) point spread function.

Taking this index as input, the optical system design re-
sult obtained by using the optimization method is shown in
Fig. 2.

In order to visually express the imaging performance of
the optical system under ideal conditions, the imaging per-
formance parameters of the optical system are shown in the
Fig. 3.

As can be seen from Fig. 3(a), the horizontal and verti-
cal resolution distribution of the large aperture optical system
designed according to the parameters in Table 1 is relatively
consistent, and the edge resolution is about 50% lower than
the center of the system, which is consistent with the same
type of system. It can also be seen from the PSF image of the
system that the energy of the system is concentrated and meets
the imaging requirements. In a practical application, the sup-

porting mode of the optical-mechanical system and the ther-
mal effect are the main reasons that affect the imaging quality
of the large-aperture optical system. Taking the large-aperture
optical system designed with the parameters in Table 1 as an
example, the thermal effect will be analyzed with finite ele-

ment software. [8-9]

3.1.1. Modeling analysis of optomechanical thermal
mode

Considering the large diameter of the primary mirror, two
supporting schemes of 3-point and 6-point are designed. The
specific modeling process is not detailed in this paper. The fi-
nite element models of the completed camera and its primary
mirror are exhibited in Fig. 4.

Fig. 4. Finite element modeling of a large aperture optical system: (a) the
whole camera, (b) the primary mirror.

According to the finite element model of the camera, con-
sidering the support mode of the primary mirror, it provides a
reference for us to set the disturbance of the primary mirror in
different scenes.

3.1.2. Disturbance condition setting

Based on the thermal and structural design, the defor-
mation characteristics of the primary mirror under typical
working conditions in orbit are obtained through the optical-
mechanical thermal integrated analysis,!'’! as shown in Ta-
ble 2 and Fig. 5. The deformation error distribution of the
primary mirror at 0.14 was studied under the conditions of
three-point support weightlessness deformation, radial linear
temperature gradient deformation, six-point support weight-
lessness deformation, and radial annular temperature gradient
deformation of the primary mirror. And it is compared with

Table 2. Typical mechanical and thermal working conditions.

‘Working Description Primary mirror RMS
condition

1 ideal condition no quoted error

2 three-point support weightlessness 0.1 wavelength

deformation of the primary mirror
3 radial linear temperature 0.1 wavelength

gradient deformation

4 six-point support weightlessness 0.1 wavelength
deformation
5 radial annular temperature 0.1 wavelength

gradient deformation
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(1Y

Fig. 5. Deformation error distribution of the primary mirror: (a) the ideal working condition, (b) the three-point support weightlessness deforma-
tion, (c) radial linear temperature gradient deformation, (d) six-point support weightlessness deformation, (e) radial annular temperature gradient

deformation.

the ideal working condition. From the simulation results in
Table 2, it can be seen that the deformation error of the pri-
mary mirror caused by the difference between support points
and temperature gradients is also very different, and there is
no obvious rule.

3.1.3. Instability analysis of the optical system under
multiple working conditions

The distortion of the pupil surface is added to the optical
simulation software so that the disturbance input of various er-
ror sources is completed. The detailed mirror error analysis
methods are as follows:

(i) Analyze the surface shape quality of the mirror by us-
ing the finite element method, and the deformed surface is ob-
tained.

(i1) Sample on the surface of the mirror to obtain the de-
formation values (dx;, dy;, and dz;) of the sampling points.

(iii) The deformation data is processed, that is, the defor-
mation results in the Cartesian coordinate system (spherical
coordinate system or cylindrical coordinate system) calculated
by finite element program are converted into the data form in
the sagittal direction or surface normal direction acceptable to
optical analysis software.

As shown in the figure below, assuming that there is a
point Zy on the mirror before deformation, after deformation
itis Zj. And the point before deformation corresponding to Z
in the sagittal direction is Z;, then under the action of small
disturbance (dx, dy, and dz), the deformation in the sag di-
rection (ds) can be calculated as follows: ds = Az — (21 — 20),
where the values of z; and zg can be obtained by the curved
surface equation.

Z, (z+Az,y+Ay,z;)
i ds

Z
[
Zy (2.9, N vy
an 0 (m Y iO)_ R ’_,_’_’_ 1 ZO_(_x_FA‘T:y'i'Ay:ZO—i_AZ)

Fig. 6. Z-direction deformation and sagittal deformation of finite element
analysis.[1]
(iv) Error fitting with Zernike polynomial
After the position error of the mirror is removed,
the residual error of the mirror is fitted by Zernike
polynomial.l'>13] The continuous wavefront in the unit pupil
can be expressed as a linear combination of Zernike (circular

or annular region) polynomials:
L
wix,y,€) = Y a;U(j,xy.€), )
j=1

where w(x,y,€) is a continuous wave surface function;
U(j,x,y,€) is the j Zernike polynomial in a rectangular co-
ordinate system; L is the total number of fitting terms; a; is
the coefficient of the Zernike polynomial of the j-th term. It
is assumed that the fitted wave surface consists of N discrete
sampling points S(x;,y;), i = 1,2,...,N, and the least square
condition of its fitting with the wave surface function can be
expressed as

A= [ajU(jaxiayi,g)7S(xi7yi)]2%min. (6)

=

i=1

The formula above can be written in a matrix form:!'¥ Ua =
S.

After solving the coefficient vector a, Zernike polynomial
can be used to describe the imaging wave surface of the optical
system.[lsl

It is used as the aberration input of the pupil position of
the optical system through data acquisition and data prepro-
cessing. The image quality degradation will happen in differ-
ent degrees due to simulated aberration. MTF and PSF are
mainly used to evaluate the image quality degradation of the
optical system after the error is introduced, as shown in Fig. 7
(here, different configurations are used to express the errors in
different states).

Four different types of error terms are applied to the pupil
of the optical system, and the RMS error values of the surface
shape are all 0.1. Compared with the PSF of the system with-
out aberration, the PSF image is seriously degraded, and the
energy dissipates seriously at the focal plane due to the intro-
duction of the error term. Comparing the MTF curves of the
system under different error conditions, the error makes the
MTF curve at the edge drop obviously, which seriously affects
the application of the large aperture optical system in practice.

In order to evaluate the effectiveness of the design method
proposed in this paper, structural similarity (SSIM) is intro-
duced to evaluate the consistency of the system PSF before
and after robustness optimization. We perform imaging sim-
ulation on the original optical system without high robustness
design, as shown in Fig. 8.
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Fig. 7. Analysis of optical system maladjustment under typical mechanical and thermal conditions from configuration (config) 1 to configuration
(config) 5. Panels (al)—(a5) show PSF at the best focal plane, panels (b1)—(b5) show MTF at the best focal plane, panels (c1)—(c5) show error term
form at pupil position, and panels (d1)—(d5) show wavefront diagram at the best focal plane.

Fig. 8. Imaging simulation results of the original optical system from config 1-config 5.
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Table 3. Comparison of imaging simulation results from config 1-
config 5 by using SSIM.

Config a b c d
a 1 * * *
b 0.7931 1 * *
c 0.8271 0.9533 1 *
d 0.8062 0.9937 0.9244 1
e 0.7555 0.9672 0.9024 0.9534 1

Note: * represents duplicate data.

It can be seen that under the influence of different con-
figuration conditions, the imaging quality of the system also
changes to different degrees. And we use SSIM to calculate
and compare the similarity of imaging simulation results from
config 1—config 5, as shown in Table 3.

It can be seen that the imaging simulation results of the
system under the influence of different configuration condi-
tions have certain differences, indicating that the environmen-
tal interference will have different degrees of impact on the
imaging quality of the optical system.

3.2. Robust interval and pupil initial value solutions

3.2.1. Robust interval initial value solution

Generally, aberration is equivalent to pupil function su-
perimposed with different wave aberration functions for the
optical system.

For the space camera in orbit, the degradation of the sys-
tem imaging quality caused by gravity or temperature changes
is equivalent to the change of the wave aberration function of
the pupil surface of the optical system itself. Assuming that
the wave aberration is W1 (§,1),...,Wy(&,n) under N differ-

ent working conditions, then

exp[jkW1(&,m)], inside pupil,

P = . : (N
0, outside pupil,
exp[jkW» (&, n)], inside pupil,

P = k(e )] . ) (®)
0, outside pupil,
exp[jkWn(&,m)], inside pupil,

Py = . ) ©)
0, outside pupil.

Assuming that an active modulation wave aberration Z can be
superimposed on the pupil function by an active modulation
optical system. The imaging process of that optical system
can be expressed as follows:

0RpRz=I. (10)

Here o is the spatial domain representation of objects, p is the
spatial domain representation of pupil function, z is the spatial
domain representation of superimposed wave aberration, and i

is the spatial domain representation of images.

Fourier transform is performed on the above imaging pro-

cess to obtain its frequency domain representation as follows:

Flo®@p®z=1i)=F(i), 11
that is,
O-P-Z=1, (12)
S0,
P-Z=1/0, (13)
demand that,
I1/0=C, (14)

C represents the degradation parameters of images and objects,
and it needs to be controlled in a certain acceptable range.
Because of the disturbance caused by different wave aber-
rations, it is necessary to maintain the robustness of C through
the actively superimposed wave aberration Z, which can be

modeled by the least square method as follows:

Py
P
-Z=C. 15)
Py
The initial value of the wave aberration z can be obtained by
the least square solution.

The initial value z of WFE is obtained by the above
method, but it cannot be directly used in the optimal design
of the system. Instead, the z value should be converted into
the modulation parameter of the exit pupil plane of the optical
system.

Exit pupil

~— / (p,6) = RL(r)OL()

T

L
Config 1: wl(x,y,€) = Za_,U(j,x,y,e)
j=1

L
Config2: w2(x,y, &) = ZajU(j,x,y,s)
j=1

™M=

Config N : wN(x,y,€) = ) a;U(j,x,y,€)

1

Fig. 9. High robustness design of optical imaging system.
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3.2.2. Solution of pupil initial value

For the linear space-invariant incoherent imaging system,
the image plane information collected by the k-th optical chan-
nel can be represented by the convolution operation of the ob-
ject plane information and the PSF of the k-th optical channel.
The phase difference is introduced by adding a known phase
function to the generalized pupil function,!'®! namely,

Hi(u) = |Hy(u) | exp {i[¢ (u) + 6k ()]}, (16)

where @ (u) is the unknown wavefront aberration to be solved
in the system, and 6y (u) is the known phase difference func-
tion introduced by the k-th difference image plane. Here, ¢ (u)
is usually expressed in the form of the weighted sum of a series
of Zernike polynomials, namely,

K
¢ (u) =Y a;¢;(u), (17)
j=1

where o represents the coefficient of the Zernike polynomial
of thej-th term. Therefore, the aberration distribution in the
system can be known by solving the coefficients of Zernike
polynomials.

The objective function is constructed as follows based on
the least square method:

L:_fZ[dk(x)_f*sk(x)]z. (18)
k=1 x

Using PD technology to detect the wavefront is a large-scale,
multivariable, nonlinear optimization process. When the ob-
jective function gets the minimum value, the phase infor-
mation of the wavefront can be represented by the obtained
Zernike coefficients by searching. L-BFGS algorithm is used
to solve the objective function. The solved wavefront will be
used as the initial value of pupil coding, which is the starting
point of the next optimization.

3.3. Robust interval optimization of the optical system

The weight of each configuration is equal, and at the same
time, the optimization of each weight structure is obtained by
using the surface-changing formula of optical design and the
least square method. Zernike system is used to describe the
deformation parameters of pupil surface under different con-
ditions.

The surface shape of the controller K obtained by solving
the exit pupil surface is shown in Fig. 10.

It can be seen that the PSF shape, MTF curve and wave-
front shape of the exit pupil in config 1-config 4 condition
are very similar after the original optical system is optimized
by high robustness design.!"7-2% In order to verify the validity
of the design optimization of high robustness, we perform the
imaging simulation on the optical system with high robustness
design, as shown in Fig. 12.

Table 4. Comparison of high robustness design imaging simulation re-
sults from config 1-config 4 by using SSIM.

Config a b c d
a 1 * * *
b 0.9709 1 * *
c 0.9989 0.9715 1 *
d 0.9823 0.9768 0.9829 1

Note: * represents duplicate data.

Fig. 12. High robustness design imaging simulation results of optical
imaging system from config 1-config 4.

It can be seen that although the imaging quality of the
optical system after the highly robust optimization design is
reduced, the imaging results in the case of config 1—config 4
are very similar. And we use SSIM to calculate and compare
the similarity of the high robustness design imaging simulation
results from config 1-config 5, as shown in Table 4.

According to the calculation results of SSIM in Tables 3
and 4, it is shown that the optical system optimized by high
robustness design has high imaging consistency in the face of
errors caused by known external factors.

4. Result analysis and discussion
4.1. Generalization analysis of results

In the obtained results, the fifth configuration is added,
which is not brought into the system. It is not used as the opti-
mal disturbance source to participate in the optimal generation
of the exit pupil surface, which is used to examine the correc-
tion ability of the results for other types of aberrations.

It can be seen that the PSF shape and MTF curve of the
exit pupil of the config 5 structure are very similar to those of
config 1-config 4 structure. Moreover, we simulate the imag-
ing result on the optical system with the high robustness design
of config 5, and compared them with the imaging simulation
results of config 1—config 4, as shown in Fig. 14.

It can be seen that the simulation imaging results of con-
fig 5 are very similar to those of config 1-config 4. We use
SSIM to calculate and compare the simulation imaging results
of config 5 with the other four configs, as shown in Table 5.

Table 5. Comparison of high robustness design imaging simulation re-
sults from config 1—config 5 by using SSIM.

Config a b c d e
a 1 * * * *
b 0.9709 1 * * *
c 0.9989 0.9715 1 * *
d 0.9823 0.9768 0.9829 1 *
e 0.9163 0.8805 09171 0.9225 1

Note: * represents duplicate data.
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Fig. 13. Generalization analysis of high robustness design results of optical
imaging system after adding the config 5. Panel (a) shows PSF directly pro-
duced by the aberration, panel (b) shows error term form at pupil position,
panel (c) shows PSF 5 obtained by the aberration plus the exit pupil plane,
and panel (d) shows MTF5 obtained by the aberration plus the exit pupil
plane.

Fig. 14. High robustness design imaging simulation results of optical
imaging system from config 1-config 5.

According to the results, there is a high consistency be-
tween the imaging result under config 5 and the imaging re-
sults under other conditions. It shows that the high robust-
ness optimization method presented in this paper has the same
control force on the error of the optical system caused by un-
known external disturbances. The above methods have almost
the same control ability for the aberrations not brought into the
optimal design.

4.2. MTF robustness analysis
The MTF difference of the optical system before and after

adding controller K under typical working conditions is quan-
titatively evaluated, and the results are as shown in Table 6.

Table 6. MTF robustness analysis before and after adding controller K to
the optical imaging system.

Before adding the After adding
Parameters
controller K controller K
[[MTF1 — MTE2||» 0.0908 0.0129
[[MTF1 — MTF3||, 0.0157 0.0002
[[MTF1 — MTF4|, 0.0760 0.0106
[[MTF1 — MTF5||» 0.2214 0.0147

Note: The working conditionl is taken as the standard condition.

It can be seen from the above table that the stability of
MTF in each working condition has been improved by one

order of magnitude on average compared with the standard
condition after adding the controller K in the optical system.

5. Conclusion

In this paper, the computational optical imaging method
and fault-tolerant system control theory are used to establish
a high-robustness imaging model of the optical system. Com-
bined with the design of an actual large-aperture optical sys-
tem, an optomechanical model and typical disturbance condi-
tions are established to solve its robust interval, and the solu-
tion of its passive fault-tolerant controller K is given. Through
the generalization and robustness analysis of the design re-
sults, it can be seen that this method can reduce the sensitivity
of the computational imaging optical system to various distur-
bances, so as to ensure the imaging effect of the optical sys-
tem under different working conditions is consistent. And it
provides a feasible measure for reducing the requirements of
optical imaging on processing, adjustment and environmental
parameter accuracy.
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