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ABSTRACT

In this paper, we investigate the feasibility of using machine learning methods for the estimation of Structural-
Thermal-Optical-Performance (STOP) models of reflective optics. We use a model of a Newtonian telescope
system to test machine learning methods. To generate the estimation data, we model and simulate a transient
finite-element STOP model of the Newtonian telescope by using COMSOL Multiphysics and LiveLink for MAT-
LAB software module. We use a feedforward neural network structure to estimate the STOP model. The inputs
and outputs of the neural network correspond to the inputs and outputs of a Vector AutoRegressive eXogenous
(VARX) model. Our results show that large-scale STOP dynamics can be effectively approximated by a low-
order neural network model. Consequently, low-order VARX or state-space models can be reconstructed from
the parameters of the estimated feedforward neural network, and used for the prediction, state estimation, and
design of model-based controllers. We use the TensorFlow and Keras machine learning libraries and Python to
estimate the feedforward neural network model. The developed COMSOL, MATLAB, and Python codes are
available online.

Keywords: structural-thermal-optical-performance (STOP) analysis, telescopes, machine learning, system iden-
tification, adaptive optics

1. INTRODUCTION

The heating of optical elements and uneven temperature distributions across optical elements create structural
deformations and thermally induced wavefront aberrations that can significantly limit the performance of optical
systems. For example, these thermally-induced phenomena can degrade the performance of space and ground
telescopes and instruments,! !! optical lithography machines,'?"'? high power lasers,?°?* and other optical
systems and devices.?> 28

To analyze, predict, and correct for thermally induced wavefront aberrations, it is necessary to establish
accurate transient models that mathematically relate absorbed heat fluxes or some other external effects that
cause temperature gradients, with temperatures, deformations, and optical aberrations of the considered system.
These models, which are often referred to as Structural Thermal Optical Performance (STOP) models, couple
thermal, structural mechanics, and optics equations, as well as different boundary conditions and physical pa-
rameters. There are several challenges that need to be overcome in order to develop accurate STOP models.
First, the parameters and other details of STOP models are often not known sufficiently accurately. This implies
that STOP models often need to be estimated from observed experimental data. Secondly, STOP models are
inherently large-dimensional. For example, finite-element STOP models simulated in this paper have in the order
of 10° state variables. This number can be significantly larger (in the order of 10% or 107) for more complex
and detailed STOP models. In addition, STOP models can have a number of model nonlinearities, such as
nonlinear radiation and heat convection boundary conditions, that can significantly increase their mathematical
complexity and greatly increase the necessary simulation time.
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However, to predict the behavior or control weave-front aberrations we need to develop compact low-
dimensional STOP models. In addition, to design high-performance model-based feedback control algorithms,
the developed models should have appropriate mathematical forms, such as widely used Vector AutoRegressive
eXogenous (VARX), transfer function, and state-space models.?? 3% There are two approaches for establishing
low-order models. The first approach is based on model order reduction methods.?*3¢ However, before the
model order reduction techniques can be applied, we have to make sure that large-scale STOP models are exper-
imentally validated. Tuning of parameters of large-scale STOP models that will ensure that model predictions
match the observed experimental data is a computationally challenging and time-consuming task.2 The second
approach is based on a data-driven modeling paradigm. The main idea of the data-driven approaches is to col-
lect the experimental data from the real system, and then to use this data and system identification or machine
learning estimation methods to directly estimate low-order models.!?:30,33,37-39

In this paper, we follow the data-driven modeling paradigm. We investigate the feasibility of using machine
learning methods for the estimation of STOP models of reflective optics. We use a model of a Newtonian
telescope system to test machine learning methods. To generate the estimation data, we model and simulate a
transient finite-element STOP model of the Newtonian telescope by using COMSOL Multiphysics and LiveLink
for MATLAB software module. We use a feedforward neural network structure to estimate the STOP model.
The inputs and outputs of the neural network correspond to the inputs and outputs of a VARX model. Our
results show that large-scale STOP dynamics can be effectively approximated by a low-order neural network
model. Consequently, low-order VARX or state-space models can be reconstructed from the parameters of
the estimated feedforward neural network, and can be used for the prediction, state estimation, and design of
model-based controllers. We use the TensorFlow and Keras machine learning libraries and Python to estimate
the feedforward neural network model. The developed COMSOL, MATLAB, and Python codes are available

online.40>41

The modeling and validation frameworks investigated in this paper can be used for the development of
adaptive optics systems for feedforward or feedback compensation of thermally-induced aberrations in optical
systems.*2°% In the accompanying publication,”’ we presented a system identification approach that comple-
ments and accompanies the approach presented in this paper. In,>' we used subspace identification techniques
to estimate STOP models of reflective optical systems. Both subspace identification and machine learning esti-
mation approaches have their own merits. Experimental verification and comparison of these approaches is an
important future research direction.

This paper is organized as follows. In Section 2, we briefly describe the system STOP model and present
machine learning results. More details about this model can be found in the accompanying publication.®! In
Section 3 we present conclusions and briefly discuss future work directions.

2. STOP MODEL AND MACHINE LEARNING RESULTS

In this section, we first briefly describe the Newtonian telescope system that is used as a test case in this paper.
We then present the machine learning approach and estimation results. Here it is important to emphasize that
in the accompanying paper®' we provided a detailed description of the system, together with ray tracing and
STOP results. The interested reader is advised to consult®® for the system’s geometrical, optical, structural,
and thermal parameters. Consequently, in this section, we only briefly describe the system and mainly focus on
machine learning results. The codes used to perform STOP analysis, as well as machine learning Python codes,
are given online. 4% 4!

Figure 1 shows the structure of the system. The primary mirror is denoted by 1. The mirror support
structure is denoted by 2. The image (focal) plane is denoted by 3. The secondary mirror is denoted by 4. The
ray obstruction is denoted by 5. External heat flux disturbances are denoted by 6. The back side of the mirror
contains an array of holes that can be used to place heaters or coolers, as well as thermocouples for observing the
temperature field. These thermal actuators and sensors can be used to develop a feedback temperature control
system whose purpose is to achieve both spatial and temporal thermal stability that will in turn ensure that
wavefront aberrations and system structural deformations caused by external heat-flux disturbances are kept
below the maximal allowed values. The array of holes is denoted by 7. To generate the STOP results for testing



the machine learning method, we use both heaters and heat-flux disturbances as inputs. The heater locations
are denoted by blue circles 8 in Fig. 1.
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Figure 1. (a) Newtonian telescope system. (b) The back side of the mirror with arrows denoting the heat flux disturbances.
Both (a) and (b): (1) primary mirror, (2) support structure, (3) image (focal) plane, (4) secondary mirror, (5) ray
propagation obstruction, (6) external heat disturbances, (7) array of holes, and (8) locations of heaters

In the sequel, we present machine learning and model validation results. We aim at estimating a feedforward
neural network structure whose inputs and outputs are identical to the inputs and outputs of Vector AutoRe-
gressive eXogenous (VARX) models. This model structure was selected for two reasons. The first reason is
that once the parameters of the neural network are estimated (learned), VARX or even state-space models can
easily be constructed from the estimated parameters. Then, the constructed VARX or state-space models can
be used for the design of advanced estimation and feedback control algorithms. The second reason is that it is
easier to estimate feedforward neural networks than recurrent neural networks whose structure is similar to the
structure of state-space models. Similarly to state-space models, recurrent neural networks have unknown and
often unobservable states, and their estimation problems are inherently nonlinear and non-convex, often leading
to suboptimal estimation results. Some progress has been made in estimating recurrent neural networks of dy-
namical systems. However, in the case of linear system estimation problems, recurrent neural network techniques
are less effective than subspace identification techniques that are considered in the follow-up publication.?

The VARX model has the following form:

P P
Yk = Z Ap—iYr—i + Z By_izp_i + Wy (1)
i=1 i=1
where the subscripts k—1i, 7 =0,1,2,...,p, denote discrete-time instants, y; € R" is the output vector whose

entries are the observed Zernike basis coefficients of wavefront aberrations at the focal (image) plane, z;_; € R
is the input vector whose entries are the power values generated by the control heaters and external heat-flux
disturbances (denoted by 8 and 6, respectively, in Fig. 1), Ar_; € R™" and By_; € R"*!0 are the matrices
multiplying the output and input vectors, respectively, p is the past window, and w; € R" is a zero-mean
white-noise sequence. The vector z,_; consists of the following scalar entries:
I’ (2)
where w1 g—i, U2 ki, - - ., Uy k—;i € R are the control inputs (heat power generated by the heaters) at the discrete-
time instant k — ¢ acting at locations denoted by blue circles in Fig. 1, and d; ,—; € R is the external disturbance
denoted by 6 in Fig. 1. The feedforward neural network corresponding to the model (1) is compactly denoted
by the following equation

Zhoi = [Ulh—i U2h—i --- Ugk—i dik—



Y = N(Yk:—h}’k—m cee 7yk7pvzk717zk727 cee 7Zk‘7p) + Wy (3)

where N ( : ) is a compact notation for the feedforward neural network (neural network forward propagation
operator).

A few comments related to the above-stated models are in order. First of all, we assumed that the past
window p is the same for past outputs and past inputs. This is done to simplify the estimation problem and
implementation complexity. Also, this modeling assumption produces good estimation results when tested on the
simulated STOP model. However, there might be situations and scenarios in which we need to assume different
past window values for inputs and outputs. Secondly, since this paper presents early results and numerical tests,
and due to paper brevity, we assume that wy, is zero. This assumption is justified since we are using simulation
results that substitute the experimental data. The performance validation of the used approach in the presence of
real-experimental data is a future research direction. The experimental data is usually perturbed by stochastic
noise. If the experimentally observed noise sequence is uncorrelated and zero mean, then the assumed neural
network structure is appropriate. If that is not the case, then other model structures should be tested and used
that can more accurately model the noise, such as for example, neural network structures whose inputs and
outputs correspond to the inputs and outputs of vector autoregressive moving average exogenous models.

The machine learning problem can be stated as follows. From the sequence of the input and output data
{yk,zk}kzl’Q"“’N, estimate the past window p, and a feedforward neural network model that for the past input
{Zk—1,2K—2,...,2k—p} and output {yr—1,Yk—2,.-.,Yk—p} data sets, predicts the value of yy.

The model is estimated by performing the following steps.

Step 1: Simulate the system to obtain training, validation, and test data sets

To test the performance of the machine learning approach, we generate three data sets: training, validation, and
test data sets. These data sets are generated by simulating the STOP model. Since the purpose of this paper
is to numerically investigate the feasibility of using machine learning techniques for model estimation, we use
simulation data that play the role of experimental data. This is a usual practice when developing estimation
methods. That is, in the initial development phase, the method is tested on simulation data, and in the next
phase, the method is tested on experimentally observed data collected from the real system. The experimental
verification of the method developed in this paper is a future research direction.

We generate input sequences of control inputs and the disturbance as scaled binary pseudo-random numbers
drawn from a uniform discrete distribution. Physically, this means that the control signals and disturbances
are randomly turned off and on during the data-collection time interval. These types of input signals produce,
piston, horizontal tilt, and defocus aberrations shown in panels (a) of Figs. 4, 5, and 6. There are only three
dominant Zernike modes (coefficients) produced by these input signals. The magnitudes of other Zernike modes
are at least 10-100 times smaller. Consequently, we select r = 3 in our simulations (r is the dimension of the
output vector yi). We can also include additional Zernike terms if it is necessary to predict them. However,
this will create some difficulties in estimating the model, since in that case, the outputs will have significantly
different magnitudes. There are approaches for dealing with this issue, however, for paper brevity, we do not
incorporate them in our estimation approach.

Here it should be emphasized that three statistically independent input sets are generated for simulating
training, validation, and test data sets. This is done in order to ensure that the outputs of the training, validation
and test data sets are different.”> We assume a total simulation time of 9 - 10* seconds with the step size of 300
seconds. This produces 301 data samples. In practice, it is time-consuming to generate data sets with larger
numbers of samples, since simulations of STOP models take a significant amount of time. STOP simulations in
this paper are performed on a Dell workstation computer with 64 GB RAM, and an Intel 19-10900 CPU (2.80
GHz with 10 cores and 20 logical processors). It takes at least 6 hours of simulation time for a medium-size
discretization mesh to obtain a single data set on this computer. The simulation of STOP models with denser
discretization meshes or the simulation of more detailed STOP models can take days if not weeks to complete.

We use LiveLink for MATLAB COMSOL module to simulate the STOP model and obtain the data sets.
The developed codes are available online.*!



Step 2: Form the input-output data matrices and define the neural network

Once the input-output data sets are collected, we form data matrices. The structure of the neural network and
the VARX models imply that in order to predict yj, we need to use the past input {zx_1,2x—2,...,25—p} and
past output {yr—1,Yx—2,-..,¥Yk—p} data sets. This implies that the input and output data matrices for model
learning (estimation) should be formed as follows:

T T T T T T T
z% Z%F e zp:F1 y% y% U };P
Z Z5 Zp yi D) Yp yp+1
U= _ _ Y= (4)
T T T T T T T
ZN—p ZN-pt+1 -+ ZN-1 YN—p YN-pt+1 -+ YN-1 Yn

where U € RW—p+1)xp(10+7) i the machine learning input data matrix and Y € R(W=P+DX" ig the machine
learning output data matrix. Every row of the matrix U is used to predict the corresponding row of the matrix
Y. That is, the rows of the matrix U should be used as inputs and the rows of Y should be used as outputs
of the neural network. Consequently, during the network training (learning) process, we present to the network
every row of the matrix U as input data and the corresponding row of the matrix Y as the output data. This
implies that the neural network input layer should be composed of p(10 + r) nodes (number of columns of the
matrix U) and the output layer should be composed of r nodes (the number of columns of the matrix Y'). The
number of internal layers is a tuning variable that should be determined. Our numerical results show that the
neural network with only input and output layers is able to accurately predict the system outputs that consist
of 3 dominant Zernike coefficients (piston, horizontal tilt, and defocus). In all layers, we use linear activation
functions and we set bias terms to zero. In future work, we will also explore nonlinear activation functions and
networks with internal layers that can be useful for estimating more detailed STOP models or models with more
output Zernike modes. For p = 10 (this is an estimated value of the parameter p), the network has 399 trainable
parameters.

Step 3: Model estimation and tests

We use the TensorFlow and Keras Python libraries to estimate the model. The developed Python codes are
provided online.?® The first step is to estimate the past window p. First, we estimate a series of models starting
from p = 2 until p = 24. For every value of the past window, we use both training and validation data sets to
train the model. We use the mean square error as a loss function during training. To minimize the loss function,
we use the Root Mean Square Propagation (RMSProp) optimization method.?? The training data is used to fit
the model parameters, and the validation data is used during training to validate (evaluate) the model prediction
on the data set that is not used for training. The validation is performed after every training epoch. The model
parameters that produce the smallest validation error are selected and stored. This model is referred to as the
trained model. This type of training that is based on both training and validation data sets is widely used in
the machine learning community.’? We have a single trained model for every value of the past window p and
overall, this procedure produces 24 trained models.

Training and validation curves are given in Fig. 2 for the model with the past window of p = 10. From Fig. 2
we see that the overfitting phenomenon is not occurring during the training process since the validation loss
curve is following the training loss curve.
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Figure 2. Training and validation loss curves obtained for the past window p = 10.

Once the trained models are obtained, we need to select the optimal value of p that produces the final model.
That is, we need to select the most optimal model from the set of trained models. We select the final model by
using the test data set. Using the inputs from the test data set, we can simulate the trained models to obtain
closed-loop and open-loop predictions that are defined in the sequel. The closed-loop prediction of the output
Y&, denoted by ¥, is computed by forward propagation of the trained model:

Ve =N (Yr—1:Yk—2, > Yh—ps Zhe1:Zk—2s - - - s Zh—p) (5)

where yi—1,Yk—2,...,Yk—p and zy_1,25_2,...,25_, are the outputs and inputs from the test data set. The
open-loop prediction is performed as follows:

Vi =N (Vo1 Yk-21- s Yheps Zho1sZk—2, - - - s Zlo—p) (6)

where y}. is the notation used for the open-loop prediction. That is, in open-loop prediction, the predicted output
is computed on the basis of the past open-loop output predictions and past inputs from the test data set. We
quantify the open-loop and closed-loop prediction performances by computing relative prediction errors defined
in the sequel. The open-loop relative prediction error epr, € R and closed-loop relative prediction error egr, € R
are computed as follows:

€0 ~

oL = ” LHZ, eoL =YY (7)
[¥ll2
€ecL -

ecr, = | ”2, ecL=y -y (8)
Iyl

where y, ¥, and y are the vector of sequences defined as follows

Yp Yp RL
Yp+1 . Yp+1 . Yp+1
y=| . [-y=] . |, ¥y=|. (9)
YN YN yN

If we are mainly interested in open-loop prediction, then the final model should be selected on the basis of the
open-loop prediction performance. In that case, the final model is selected as the trained model that produces
the smallest open-loop relative prediction error. On the other hand, if the closed-loop prediction performance
is used to evaluate the model quality, then the final model is selected as the trained model that produces the
smallest closed-loop relative prediction error. Often, the open-loop and closed-loop relative prediction errors will
be minimized for the same final model, that is, for the same value of p.

Figure 3(a) shows the open-loop and closed-loop relative prediction errors of the trained models as functions
of the past window p. From this figure, we can observe that the optimal value of p that produces the smallest



open-loop and closed-loop relative prediction errors is p = 10. Consequently, we select the final model as the
trained model obtained for p = 10. Figure 3(b) shows the correlation values of the entries of the open-loop
error vector (7) corresponding to the defocus term. This graph shows the autocorrelation of the open-loop error
of predicting the defocus term. Dashed red lines denote the bounds of an interval for testing the white-noise
hypothesis of the open-loop error. If more than 95% of the correlation values are inside of the bounds, then
the prediction error sequence has a white noise property. This is the residual test that is used to evaluate
the quality of the estimated model. Closer the residual sequence to white noise, more information available in
the estimation data is captured by the model, and consequently, the model quality is better. We can see that
for smaller values of lags, there is a non-negligible correlation. After that, the correlation values are within
the bounds. Consequently, there is still some space for improving the model quality. This can be potentially
achieved by using different model structures, nonlinear activation functions, or including more internal layers in
the neural network. However, as it will be shown in the sequel, despite this, the estimated model has an excellent
prediction performance.
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Figure 3. (a) Open-loop and closed-loop relative prediction errors of trained models as functions of the past window p.
(b) Correlation values of the entries of the open-loop error vector (7) corresponding to the defocus term. The results are
generated for the past window p = 10. The dashed red lines denote the bounds of the interval for testing the white-noise
hypothesis of the open-loop error.

Figures 4,5, and 6, show the open-loop and closed-loop prediction performances for piston, horizontal tilt, and
defocus terms, respectively. These results are generated for the final model (obtained for p = 10). We can observe
that the prediction performance is very good for piston and defocus coefficients. The prediction performance for
the horizontal tilt is worse. There are several potential reasons for that. First of all, there is approximately a
factor of 10 magnitude difference between piston and defocus coefficients on one side, and horizontal tilt on the
other side. This implies that a proper data scaling or weighting of the loss function need to be introduced. Then,
we are using a neural network structure with only two layers without hidden layers and with linear activation
functions. Networks with more layers and with nonlinear activation functions will most likely produce better
results. Finally, we can observe that the time behavior of the horizontal tilt is highly oscillatory, implying that
the eigenvalues of the system are close to the unit circle. This fact raises an identifiability issue that needs to be
carefully addressed.
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Figure 4. (a) Open-loop and (b) closed-loop prediction performance of the final model (obtained for p = 10). The results
show the piston coefficient.
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Figure 5. (a) Open-loop and (b) closed-loop prediction performance of the final model (obtained for p = 10). The results
show the horizontal tilt coefficient.
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Figure 6. (a) Open-loop and (b) closed-loop prediction performance of the final model (obtained for p = 10). The results
show the defocus coefficient.

3. CONCLUSION AND FUTURE WORK

In this paper, we investigated the feasibility of using machine learning techniques for estimating low-order Struc-
tural Thermal Optical Performance (STOP) models of a Newtonian telescope system. We demonstrated that



we can estimate a low-order STOP model that can accurately predict dominant Zernike coefficients of wavefront
aberrations. The developed estimation and model validation methodologies can be used to develop advanced
feedback controllers and observers for controlling wavefront aberrations in a number of optical systems, such as
ground and space telescopes, optical instruments requiring thermal stability, optical lithography machines, etc.
Also, the developed model can be combined with adaptive optics systems to compensate for thermally induced
wave-front aberrations. Future research directions should be focused on improving the estimation performance
by using feedforward neural networks with internal layers, nonlinear activation functions, and recurrent neural
networks.
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