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Abstract – The paper is to improve the identification effect of the intermediate frequency (IF) 

errors of optical elements. The optical surface frequency band error detection and its 

characteristics are analysed. The GA-BPANN (Genetic Algorithm- Back Propagation Artificial Neural 
Network) algorithm and the DAG-SVM (Directed Acyclic Graph- Support Vector Machine) algorithm 

are proposed in this study. The IF errors of optical elements are also identified separately. 

Furthermore, the identification accuracy and efficiency of the two algorithms are compared. On 

both samples based on its length, i.e. small-scale training sample or a large-scale training sample, 
the DAG-SVM algorithm has a more significant advantage in the identification accuracy rate. In 

terms of training time, the DAG-SVM algorithm is far lower than the GA-BPANN algorithm. Whereas, 

in terms of identification time, the GA-BPANN algorithm is significantly lower than the DAG-SVM 
algorithm. The DAG-SVM algorithm has a higher value in the identification of IF errors of optical 

elements. This study solves the problem of low identification rate of traditional methods and guides 

the identification of the IF error in optical element quality detection. 
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1. Introduction 
 
Optical processing manufacturing technology is a 
long-standing and emerging science. In the past, the 
processing of optical elements mostly relied on the 
skills and experience of the processor. Whereas, the 
accuracy of the finished product was low, and the 
processing time was long [1]. With the continuous 
development and optimization of computer science, 
with computer control as the lead, the method of 
establishing mathematical models to process optical 
elements has gradually replaced the traditional 
optical processing manufacturing technology.  

Aspheric optical elements have the advantages of 
low price, compact structure and excellent optical 
performance, which have been widely used in optical 
telescopes [2]. In extreme engineering projects such 
as large optical telescope systems, surface shape 
errors will have a significant impact on the 
performance of optical elements. Among them, the 
high-frequency surface shape error will cause the 
light to be scattered at a large angle, and the 
reflectance of the mirror surface will be reduced. The 
IF surface shape errors will cause small-angle 
scattering of light and affect the contrast of the 
image.  

The low-frequency surface shape errors will distort 
the system’s imaging and fetch various aberrations 
[3,4]. Therefore, the problem suppresses the surface 
shape error of optical elements has become one of 
the urgent tasks in the research of extreme optical 
systems. 

Computer Controlled Optical Surfacing (CCOS) is 
an important method for precision and ultra-
precision machining of modern optical elements. The 
entire optical element surface is polished by a set 
processing track. Because the function of the small 
grinding head is not continuous, it forms a significant 
IF error on the surface of the optical element. It also 
severely affects the energy concentration and 
imaging quality of the optical system [5-6]. 
Therefore, it is especially important to control the IF 
error. Shahinian et al. (2017) explored the feasibility 
of using optical fiber-based tools to process optical 
materials and reduce the amplitude of IF surface 
error in a computer numerical control environment 
[7]. The recognition of IF errors of optical elements 
often has low identification accuracy and come up 
with significant errors. Therefore, Wang et al. (2018) 
proposed a support vector machine (SVM) algorithm 
combined with the least square method to be used in 
hyperspectral imaging systems, which improved the 
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accuracy rate of identifying IF errors of optical 
elements [8]. The SVM algorithm is a machine 
algorithm based on the VC (Vapnik-Chervonenkis) 
dimension theory. It can add a regularization term to 
the solution system to optimize structural risk, and it 
is a classifier with sparsity and robustness. Also, it 
has been widely used in pattern identification 
problems, such as portrait identification and text 
classification [9-10]. 

In short, to further improve the identification 
accuracy of the IF error of the optical element, this 
paper optimizes and improves the SVM algorithm 
and applies it to the identification of the IF error of 
the optical element. The innovation of this paper lies 
in the improvement of the traditional classical 
algorithm, and an optimization algorithm is 
proposed to identify the IF error of the optical 
element. It solves the problem of low identification 
rate of traditional methods and provides guidance 
for the identification of the IF error in optical 
element quality detection. 
 

2. Method 
2.1 Optical surface frequency band error 
detection method and its characteristics 
 

This paper uses digital wave surface 
interferometer to detect data for analysis to study 
the characteristics of optical surface frequency band 
errors. First, the discrete frequency band error 
sampling analysis is performed. According to the 
Nyquist sampling theorem, to prevent distortion of 
the continuous signal after sampling, the sampling 
frequency must be greater than twice the highest 
frequency of the signal [11-12]. That is, the length of 
the detection sampling period should be less than or 
equal to half of the analysis target period, as shown 
in equation (1). 

2 s oT T                                                                  (1) 

Where: Ts represents the length of the sampling 
period. To represents the analysis target period. 
When performing aspherical full-caliber detection, it 
is necessary to meet equation (2). 

# #F R                                                               (2) 

Where: F# represents the interferometer 
standard mirror. R# represents the mirror surface. 
In the aspheric surface detection, the resolution of 
the detected mirror surface is inconsistent due to the 
projection distortion. To ensure the mirror space 
frequency does not produce a difference error, 
correction of projection distortion should be 
performed.  

The maximum value in the detection area is taken 
as the sampling length to reduce the sampling rate. 
Also, according to the lowest sampling rate, the 
element surface frequency band error is calculated.  

Based on the definition of the projection distortion 
data point density, the distortion rate can be 
expressed as the ratio of the minimum data density 
to the maximum density caused by the distortion. 
After the digital interferometer samples, the 
discretized distortion rate is expressed as the ratio of 
the lengthiest sample to the shortest for interference 
detection. In addition, the noise has a significant 
impact on the detection results of band errors. The 
noise detected by the interferometer is a random 
disturbance, and the difference can be eliminated by 
averaging multiple detections. The detection method 
is as follows: After turning on the interferometer and 
waiting for about 20 minutes, Zoom is set to the 
maximum value, and the standard mirror is adjusted 
to the minimum detection area. Then, the detection 
of the standard mirror is repeated multiple times 
within a small interval. The detection results are 
saved and the detection time is recorded. 

Based on the optical surface frequency band 
error detection, the characteristics of IF errors are 
analysed. In the evaluation of optical systems, the 
wavefront slope distribution is an important 
parameter, and its mean square can reflect the level 
of the IF error. The main factor affecting the 
wavefront slope is the vector height slope of the 
mirror surface. The unidirectional slope of the 
optically processed surface is defined as equation 
(3). 
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Where: S(x,y) represents the IF surface shape error. 
gx(x,y) represents the slope in the x direction. gy(x,y) 
represents the slope in the y direction. 
The wave front slope is expressed as equation (4). 

     
2 2
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Where: gxy(x,y) represents the slope of the surface 
shape in the x and y directions.  

The Weierstrass-Mandelbrot (WM) function is 
used to analyse the fractal characteristics of the 
surface [13]. The structure function is defined as the 
mean square error of the surface vector height 
increment to calculate the fractal dimension, and the 
discretized structure function is obtained, as shown 
in equation (5). 
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Where: δ represents the increment of a specific 
direction along the surface. s(m+n) and s(m) 
represent the vector height of a certain generatrix of 
the surface contour. m+n and m represent 
coordinates on the generatrix. 
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2.2 Back Propagation Artificial Neural 
Network (BPANN) optimized by Genetic 
Algorithm (GA) 
 

The core algorithm of BPANN is the extended 
form of Back Propagation (BP) algorithm. This 
algorithm adjusts the threshold and connection 

weight of each node in the network by gradient 
descent method.  

It reduces the error between the actual output 
value of the network and the expected output value, 
obtaining the actual output of the network that 
approximates the expected output [14-15]. Its 
topology is shown in Figure 1. 
 

1 1 1

2 2 2

n p q

 

Hidden layer 

activation vector 

Sk=[s1,s2,…sp]

Output layer 

activation vector

Lk=[l1,l2,…lq]

Input vector

Ak=[a1,a2,…an]
Hidden layer 

output vector

Bk=b1,b2,…bP]

Actual output Vector

Ck=[c1,c2,…cq]

Expected output vector

Yk=[y1,y2,…yq]  
Figure 1: Topological structure of BPANN 

 
First, it is necessary to assign values to each 

neuron node and its connection weight in the 
network, as shown in equation (6). 
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Where: x represents the input. 
The characteristic vector is entered for training, 

and the activation function of each node in the 
network is used to obtain the error between the 
actual output and the expected output. Through the 
gradient descent method, the threshold and 
connection weight correction values of the output 
layer and the middle layer are obtained. Also, the 
threshold and connection weight of the nodes are 
adjusted in the network. Then, the characteristic 
vector is re-entered to determine whether the error 
is within the specified threshold. If error is not 
within the threshold limit, the characteristic vector 
needs to be re-entered for training and adjustment 
until the network converges appropriate results. 

In the BPANN algorithm, the correction value is 
obtained by the gradient descent method, which 
results in slow convergence. To improve the network 
training speed, the adjustment value of the previous 
weight is multiplied by the adjustment coefficient 
and accumulated into the current adjustment value, 
to achieve the purpose of rapid correction. At the 
same time, on multi-class classification problems, the 

BPANN algorithm can easily fall into local minimum 
points, as shown in Figure 2. Therefore, this paper 
applies GA algorithm to the selection of initial 
connection weights and thresholds of BPANN 
algorithm to form a fusion algorithm, namely GA-
BPANN algorithm. In essence, the GA algorithm is a 
directed random process that can solve the local 
extremum problem of the BPANN algorithm. 
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Figure 2: Schematic diagram of BPANN algorithm 

falling into local minimum points 
 

The GA algorithm first initializes the population 
with random numbers in the global solution space. 
Individuals in the population are encoded to obtain 
encoded strings.  
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The fitness function calculates the fitness of 
individuals in the initial population. Based on the 
selection rule, it gets depart the bad and remains 
excellent.  

The crossover operations and mutation 
operations are performed to generate a new 
generation of candidate populations. The genetic 
operation is repeated until the convergence index is 
met, and the algorithm ends.  

 

The GA-BPANN algorithm takes the output error 
in the BPANN algorithm as the fitness function of the 
GA algorithm, and uses the GA algorithm to optimize 
the initial connection weights and thresholds of the 
BPANN algorithm to obtain the optimal or 
suboptimal initial value. BPANN is trained, and 
finally, a suitable network model is obtained. The 
flowchart of GA-BPANN algorithm is shown in Figure 
3. 
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Building BP network

Initialization system 

connection weight and 

threshold

Meet exit conditions?

Select initialization population and code

Overlapping

Variation

Individual fitness assessment

Select individuals with high adaptability

Some individuals meet the fitness requirements, or 

the number of iterations reaches the limit

No

No

End

Select individuals with higher fitness 

(optimal retention)

Training network

Yes

Yes

 
Figure 3: Flowchart of GA-BPANN algorithm 

 

2.3 SVM algorithm optimized by Directed 
Acyclic Graph (DAG) method 
 

The SVM algorithm is an algorithm that 
transforms a non-linear problem into a problem that 
a linear perceptron can handle. It is one of the most 
widely used algorithms in machine learning and 
suitable for solving the problem of small sample 
pattern classification [16-17]. In the linear SVM, the 
training sample set D is defined as equation (7). 

      1 1, , , , , , 1,1n

l lD x y x y x R y   K           (7) 

Taking a two-dimensional training sample as an 
example, the straight line in Figure 4 represents a 
linear classifier, and the distance between two 
dashed lines represents a classification interval. 
Therefore, a classification surface with an ample 
interval is a useful classification surface. Equation 
(8) can be obtained through geometric derivation. 

 i i

1
g x

w
                                                  (8) 

Where: w  represents the 2-norm of w.  ig x  

represents the absolute value of i sample on the 
hyperplane.  

 

Figure 4: Linear classifier 
 

Since the training sample set cannot be divided 
between two dashed lines, the problem of optimal 
classification hyperplane can be transformed into an 
optimization problem with inequality constraints.  
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At the same time, to avoid individual error 
samples in the training samples from affecting the 
classification hyperplane solution results, penalty 

factors and relaxation variables are added, as shown 
in Figure 5.  

The expressions of the linear classification 
problem are obtained as equations (9) and (10). 

2
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w

2
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i

i

C 


                             (9) 

   , 1 0 0, 1,2,i i i iy w x b i l          L        (10)

Where: C represents the penalty factors. ξi 
represents the relaxation variable. The size of the C 
value determines the penalties for wrongly divided 
samples.  

ξ2

ξ1

 
Figure 5: Linear classifier 

 
The decision function is derived as equation (11). 

    * *sgnf x w x b                                (11) 

Where: w* represents the hyperplane normal 
vector. b* represents the constant hyperplane 
translation amount. 

In the non-linear SVM, the non-linear problem in 
the low-dimensional space is transformed into the 
linearly separable problem in the high-dimensional 
space by adding a kernel function.  

The schematic diagram of the function of the 

kernel function is shown in Figure 6.  

The points between the AB line are classified as 

positive, and the points outside the x-axis AB line are 

classified as negative. Classification can be 

performed through a parabola (non-linear classifier). 

It can convert the original two-dimensional training 

samples into four-dimensional training samples. 
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0
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Figure 6: Function diagram of the kernel function 

 
Similarly, the example in the figure is derived 

from a multi-dimensional case, obtaining equation 
(12). 
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Where: y represents the expected output of the 

training samples. (xi, yj) represents the training 

sample. K() represents the kernel operation on the 

input sample vector. 

The discriminant function is shown in equation 
(13). 

   * *

1

sgn ,
l

i j i

i
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      (13) 

Where: α* represents the Lagrange multiplier, 

and b* represents the constant hyperplane 

translation amount. 

The value of the function is not qualitatively 

defined. In this paper, Gaussian function is used as 

the kernel function of nonlinear support vector 

machine, as shown in equation (14). 

 

    2 2, tanh 1 , /i iK x x x x                    (14) 

From the above operations, binary classification 

problems can be obtained. To further solve the 

multi-class classification problem, this paper 

introduces the DAG method to the SVM algorithm to 

form the DAG-SVM algorithm. The DAG-SVM 

network structure is shown in Figure 7. First, the 

DAG is topologically sorted to determine a linear 

order between the nodes. The points can be 

processed once in the order of the topological sort. 

Each time a point is processed, the relaxation 

operations on all edges starting from that point are 

performed. A test sample only needs to be classified 

by k (number of categories for classification 

problems) binary classifiers to obtain the result. 
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Figure 7: DAG-SVM network structure diagram 

 

2.4 Algorithm design 
 

First, the BPANN algorithm is designed. The three 
layers of BPANN structure, hidden layer and output 
layer node activation functions are selected. The 
steepest gradient descent method is used to adjust 
the connection weights and thresholds. And the 
standard back propagation algorithm is used. The 
value of the learning coefficient is 0.01-0.8, and the 
value of the momentum parameter is 0-1. In actual 
applications, appropriate adjustments are made 
according to system performance. The error 
threshold of a single sample is 0.001. The error of the 
entire sample is 50, and the iteration limit is 5000. 
Then, the GA-BPANN algorithm is designed to 
optimize the initial connection weight and node 
threshold of BPANN. An 8-bit binary code represents 
the value of each node. The reciprocal of the output 
error of BPANN after 300 steps of training is used as 
a fitness function. The individual with the highest 
fitness is directly inherited to the next generation, 
and the other individuals perform genetic 
operations. The 30 individuals with the highest 
fitness are selected as the population of the next 
generation among the parent and cross-mutated 
offspring. Then, it continues to iterate until the 
fitness meets the requirements of the rule, or the 
number of iterations reaches the limit, ending the GA 
algorithm and transferring to the BPANN training 
part. 

The DAG-SVM algorithm is used to identify the IF 
errors of optical elements. First, the Gaussian kernel 
function is selected as the kernel function of the 
nonlinear support vector machine. 5000 samples are 
selected as training samples to train the classifier, 
and the identification accuracy rate is required to be 
higher than 95%. Also, the obtained penalty 
coefficient and relaxation variables are used. If the 
identification accuracy cannot meet the 
requirements, it increases or decreases by 0.01 steps 
until the identification accuracy reaches the 

requirements. DAG is used to build trained binary 
classifiers. 1000 samples are selected as test 
samples, and characteristic vectors are extracted 
from them, testing the identification accuracy of the 
DAG-SVM algorithm. 
 

3. Results and Discussion 
 
The test results of the GA-BPANN algorithm and 
DAG-SVM algorithm are shown in Table 1 and Figure 
8. From Figures 8A and 8B, under a small-scale 
training sample, the identification accuracy rate of 
the DAG-SVM algorithm is significantly higher than 
that of the GA-BPANN algorithm, and the difference 
between the two is large. Under large-scale training 
samples, the DAG-SVM algorithm has a higher 
identification accuracy than the GA-BPANN 
algorithm, but both have a identification accuracy 
higher than 90%. Theoretical analysis shows that 
both algorithms have strong nonlinear classification 
ability under large-scale training samples. Under 
small-scale training samples, the DAG-SVM algorithm 
starts from the global optimal solution to the convex 
quadratic programming problem. Thus, the results 
obtained are better than the global suboptimal 
solution obtained by the GA-BPANN algorithm. 
Therefore, whether it is a small-scale training sample 
or a large-scale training sample, the DAG-SVM 
algorithm has more enormous advantages. 

The comparison of the training time of the two 
algorithms is shown in Figure 8C. It can be seen that 
the DAG-SVM algorithm is far lower than the GA-
BPANN algorithm in training time, whether it is a 
small-scale training sample or a large-scale training 
sample. It shows that the DAG-SVM algorithm has 
fewer input characteristics and fast execution speed, 
which effectively improves the efficiency of IF error 
identification of optical elements. The comparison of 
the identification time of the two algorithms is 
shown in Figure 8D. It can be seen that GA-BPANN 
algorithm is significantly lower than DAG-SVM 
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algorithm in identification time. When the training 
samples increase, the identification time of the DAG-
SVM algorithm will increase exponentially. It shows 
that GA-BPANN algorithm has more advantages in 
application places with high real-time requirements. 

Based on the above analysis, the DAG-SVM algorithm 
proposed in this paper has obvious advantages in 
identification accuracy and training time but needs 
to be further optimized in identification time. 
 

 
Table 1.  Test results of GA-BPANN algorithm and DAG-SVM algorithm 

Algorithm Small-scale training sample Large-scale training sample 
Identification 
accuracy rate 

(%) 

Training 
time (min) 

Identification 
time (ms) 

Identification 
accuracy rate 

(%) 

Training 
time (min) 

Identification 
time (ms) 

GA-BPANN 25.11 207 22 90.64 520 31 

DAG-SVM 66.43 18 197 94.19 49 345 
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Figure 8: Test results of GA-BPANN algorithm and DAG-SVM algorithm (A: Comparison of identification accuracy of 
the two algorithms; B: Relation diagram of identification accuracy and training sample size; C: Comparison of 

training time of the two algorithms; D: Two Comparison of identification time of the two algorithms) 
 

4. Conclusions 
 
To improve the identification accuracy of the IF 
error of the optical element, this paper detects the 
frequency error of the optical surface and analyses 
its characteristics. Moreover, the GA-BPANN 
algorithm and DAG-SVM algorithm are proposed. 
The two algorithms are applied to the IF error 
identification of optical elements.  

Also, the identification accuracy rate, training time 
and identification time are compared. The results 
show that the DAG-SVM algorithm has better 
identification accuracy and training time than the 
GA-BPANN algorithm, but the identification time of 
the GA-BPANN algorithm is better than the DAG-SVM 
algorithm. Therefore, the DAG-SVM algorithm has a 
high value in the identification of IF errors of optical 
elements.  
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This paper guides for improving the identification 
accuracy of IF errors in optical elements, but there 
are some shortcomings in the research process. It 
only compares the DAG-SVM algorithm with the GA-
BPANN algorithm and does not analyse the accuracy 
rate of other ANN fusion algorithms in optical 
element IF error identification. Therefore, in the 
later research process, it is necessary to apply other 
ANN fusion algorithms to the IF error identification 
of optical elements to obtain more reference results. 
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