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Summary. With a decrease in the intensity of light irritation to detect the risk of neurotoxicity, they receive 

a low-intensity electroretinosignal, which needs to be further elaborated. In works by Tkachuk R  A. and 

Yavorskyy B. I. the application of the Kalman filter and the method for determining the coefficients of the 

mathematical model of the electroretinosignal is proposed. However, the method of direct directed search (search) 

of coefficients is used, which has considerable time complexity, which makes it impossible to automate the 

application and reconfiguration of the Kalman filter for the processing of low-intensity electroretinosignal. Known 

works, in which the method of determining the coefficients of the mathematical model of low-intensity 

electroretinosignal has been improved by checking in several iterations with the change of the pitch step. 

Therefore, in order to evaluate the proposed advanced method, it is necessary to conduct a statistical test of choice. 

The problem of choosing the method for determining the coefficients of the mathematical model of low-intensity 

electroretinosignal is solved by methods of statistical choice theory. Validation of reliability is based on the 

Bayesian concept of probability theory, on the basis of which the Neyman-Pearson criteria is chosen and adapted 

to the task of selecting (approving) the solution. The reliability of the choice of the method for finding the 

coefficients was determined with a fixed probability of a false choice of the method (0,1; 0,01; 0,001 and 0,0001). 

Key words: electroretinography, electroretinosignal, low-intensity electroretinosignal, mathematical 

model, Kalman filter, Neyman-Pearson criteria.  
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Statement of the problem. The modified electroretinography investigation of human 

body is used in evaluating the neurotoxicity risk [1], but at the same time it is necessary to 

ensure high resolution and accuracy of the resulting low-intensity electroretinosignal 

processing (ERS). The investigation of low-intensity ERS is associated with the problem of 

detecting the small useful signal in the noisy signal mixture [2−4]. The given problem in 

ophthalmological diagnostic systems (particularly in CALYPSO, DKZO-01 systems and 

others) is solved by averaging the certain (N) number of mixtures registrations, resulting in 

decrease of noise dispersion in  times, and with the increase of registrations numbers 

the value of the average signal-noise mixture is directed to ERS values. 

However, this processing method is associated with patient inconveniences and 

tiredness and for low-intensity ERS the N number can amount to dozens of registrations, that 

is not always possible. 

Analysis of the available investigation results. In papers by Tkachuk R. A. and 

Yavorskyy B. I. [5, 6] on the heuristic basis the use of Kalman filter is substantiated and the 

method of successive selection of the coefficients for the calculated recursive structure of 

the 2nd order as the mathematical model of the standard previously generated electroretinogram 

(ERG) based on the mean-square criterion is used to ensure the necessary accuracy of useful 

ERS reproduction. 
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The method of successive selection of coefficients (straight directed selection 

hereinafter referred to as prototype method) of the mathematical model is used in [5, 6]. The 

method (hereinafter referred to as the improved method) for the determination these coefficients 

by straight directed selection in several iterations with the selection step change is proposed in 

[7−9]. 

The objective of the paper is to determine the reliability of the method choice for 

defining the coefficients of the low-intensity ERS mathematical model while processing the 

Kalman filter. 

Statement of the problem. The low-intensity ERS selected from the bioobject can be 

considered as the mixture of useful electroretinosignal and noise: 

 

     tintistix  , (1) 

 

where )( tis   is useful low-intensity ERG, )( tin   is noise, t  is sampling step ( ft 21 , f is low-

intensity ERS sampling frequency in case of Kotelnikov theorem), і is the sample number. 

While evaluating the prototype method and the improved method, let us carry out the statistical 

test and compare the validity of the work results. Validity evaluation is performed on the basis 

of Bayesian concept of probability theory, due to which the criterion for the choice (approval) 

solution substantiation is constructed. 

Under the initial hypothesis Н0 (zero-hypothesis) we mean the acceptance of the 

prototype method, and under the alternative hypothesis Н1 we mean the adoption of the 

improved method. 

That is, on the basis of the Bayesian concept of probability theory: 

 

)()()()( СВPСPВСPВP   (2) 

 

where Р(В) is the probability of the prototype method test result, Р(С) is the probability of the 

improved method test result, Р(С|В) is the conditional probability of improved method while 

actually it is the prototype method, Р(В|С) is the conditional probability of the prototype 

method selection while actually it is improved method.  

By analogy with the known interpretations of conditional probabilities let us introduce 

the following notions: Р(В|С) − an error of the first kind, Р(С|В) − an error of the second kind. 

Since the a priori probabilities of these errors are unknown, we will use the Neumann-

Pearson criterion which maximizes the probability of selecting more reliable algorithm (Pd) 

with predetermined value of the probability of the false choice of less reliable algorithm (Pfa).  

Also the probability of the false choice of the less reliable Pfa algorithm allows us to 

record the negative effects or losses while making wrong decision. 

Results of the investigation. By means of simulation modeling we obtain statistics of 

low-intensity ERS х(t) with normal probability distribution (Fig. 1). 

Let us apply them in order to obtain the test statistics of Kalman filter operation, whose 

coefficients are calculated by the prototype method and the improved method. 
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а) b) 

 

Figure 1. Ensemble of simulation-modeled low-intensity ERS: a) − ensemble of simulated low-intensity ERS by 

prototype method, b) − ensemble of simulated low-intensity ERS by advanced method 

 

The distribution densities of the probability of mean square error (MSE) modeling as 

the accuracy evaluation of the method for determination of the coefficients of the low-intensity 

ERS mathematical model, obtained test statistics, are shown in Fig. 2. 

 

 
 

Figure 2. The function of the distribution density of the MSE of the prototype method 

and the improved method 

 

The task of selecting the method for determination of the coefficients of the low-

intensity ERS mathematical model during processing by Kalman filter is solved by methods of 

decision-making statistical theory [10]. 

While selecting the method for determination of the coefficients of Kalman 

mathematical model, there are two groups of events. 

The first group consists of two events reflecting hypothesis in the observed sequence: 

«selection of the improved method» (hypothesis H1) with probability Р(H1) and «selection of 

the prototype method» (hypothesis H0) with the probability Р(H0). These hypotheses are 

incompatible and form the complete group Р(H1)+Р(H0)=1, since only one of them can occur 

at the given moment. 
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The second group includes two other events that reflect the actual situation after 

analyzing the low-intensity ERS simulation by the coefficients determined by the prototype 

method and the improved method and decision making: «selection of the improved method» 

(event А1) and «selection of the prototype method» (event А0). The probability of these events 

occurrence is: Р(А1) and Р(А0). These events are incompatible and form the complete group: 

Р(А1)+Р(А0)=1. 

In the process of observation in each implementation one of the events from the first 

group and one of the events from the second group take place. As a result, for each 

implementation, one of four options of the simultaneous onset of two dependent events occurs. 

Two of these options will give the faultless solution: H1 and А1 − selection of the 

improved method at greater speed and H0 and А0 − selection of the prototype method with 

higher accuracy. And two options will give false solutions: H1 and А0 − the false selection of 

the improved method and H0 і А1 − the false selection of the prototype method. 

The above stated problem of selecting the methods for determination of the low-

intensity ERS coefficients for Kalman filter is a partial case of the general problem for 

hypotheses statistical testing. In this case, it is necessary to decide which event occurred, i.e. 

which of the hypotheses is correct. 

The expediency of the criterion application is determined by the nature of the choice 

problem and the a priori probabilities p(Н1) і р(Н0)=1-р(Н1) known or unknown data. 

The conditional probability of the false Pfa determination is interpreted as the probability 

that the value of the test statistic q(t) exceeds some limiting value of the threshold γ, leading to 

the false solution.  

The probability Pfa  is determined by the following expression: 

 

    





 dqqWtqPHAPPfa )()( 001  (3) 

 

The probabilistic probability of the false choice, that is, the probability that the value of 

the test statistic q does not exceed the level γ is: 

 

    




0
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The probability of accepting one of two false solutions in accordance with the rule of 

adding probabilities is: 
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The probability of the correct Pd method selection is interpreted as the probability that 

the value of the test statistic q exceeds some limiting value of the threshold γ, and correct 

decision about the method selection will be made. 

The probability Pd is defined by the following expression: 
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In order to find the optimal threshold level γ it is necessary to determine its value, in 

which the probability of the correct solution will be maximal. As a result, we get: 
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Let us interpret Fig. 2, for adaptation of binary classification of two signals, and in our 

case two methods. The given MSE probability distribution densities with the application of the 

prototype method W0(q) and the improved method W1(q) correspond to the normal distribution 

law. From Fig. 2 it is evident that the threshold γ level is increased with MSE dispersion 

increase. At Р(H0)=Р(H1)=0,5 the optimal threshold level is determined by the intersection 

point of the distribution functions W0(q) і W1(q). 

To make a decision on selection of the improved method, it is necessary that: 
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If:  
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then a decision is taken about the selection of the prototype method. 

Let's analyze the known criteria for choosing the optimal to the set task for selection of 

the coefficients determination method: 

determination method are set:  

1. At Р(H0)=Р(H1)=0,5 we obtain the statistical criterion − the criterion of the ideal 

observer, which is the simplest one. Its main disadvantage is the need to know the a priori 

probabilities of Р(H1) presence or the Р(H0). In addition, the criterion of the ideal observer does 

not take into account the consequences of false decisions. 

2. To eliminate this disadvantage in the equation for estimation the probability of the 

false solution the weight coefficients B and C, characterizing the losses connected with the false 

selection of the coefficients 

 

Р[(H0∩А1) or (H1∩А0)]=В⋅Р(H0∩А1)+С⋅Р(H1∩А0) (10) 

 

In this case, the decision of the method selection is made while performing inequality: 
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This statistical criterion is called the criterion of minimal risk. Its application is difficult 

for the task of method selection not only due to the lack of a priori probabilities Р(H1) and 

Р(H0), but also because of the lack of a priori estimates of the importance of weight coefficients 

В and С. 

3. Another common criterion is the criterion of maximum likelihood. The above 

mentioned distribution function W(q1,q2,q3, ... qN) is called the likelihood function, the maximal 

likelihood method is based on it and the maximum probabilistic estimation of MSE methods 

with the least (relative to other methods) dispersion value is determined by this method. While 

using the criterion of maximum likelihood, the solution concerning the method selection is 

made in the case when the likelihood function W1 exceeds the likelihood function W0: 
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4. As we have already indicated, the a priori probabilities necessary to make a decision 

concerning the method selection during its processing are unknown. Therefore, one more 

criterion, which does not depend on these probabilities, is most widely used. This is the 

Neumann-Pearson criterion, which ensures the maximum probability of the correct 

determination Р(H1∩H'1) (hereinafter referred to as Pd) with the given probability of false 

determination Р(H0∩H'1) (hereinafter referred to as Pfa). 

In accordance with this criterion, the threshold value γ is chosen from the given 

conditional probability of the false definition: 
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Thus, the solution to the method determination task is to calculate the likelihood ratio: 
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The decision concerning the method selection is made in the case when the likelihood 

ratio exceeds a certain fixed level γ, established in advance, depending on the accepted criterion. 

According to the Neumann-Pearson criterion, the probability of the false choice of Pfa 

method should be specified as follows [10]: 
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 is the probability integral.  

Then the probability of the correct method selection is: 
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From expression (15), according to the given probability of the false choice of Pfa 

method, the level γ is definitely determined, and knowing it, we find the probability of the 

correct choice of Pd method. 

 

0
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0 )1( mPD fa 
  (17) 

 

Characteristics of the method selection reliability for determining the coefficients is the 

dependence of the probability of correct Pd determination from the deviation coefficient [10], 

at the fixed probability of the false choice of Pf. (Pfa = 0,1; Pfa = 0,01; Pfa = 0,001; Pfa = 0,0001) 

method. The corresponding graphs are shown in Fig. 3 and Fig. 4 

On the other hand, according to [10], the problem of detecting the constant signal (in 

our case, the problem of distinguishing the selection of two methods) can be generalized and 

considered as the problem of distinguishing two constant signals in the presence of Gaussian 

noise. This problem is called the mean-shifted Gauss-Gauss problem. In this case, in general, 

we get the following instead of statistics: 
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We derive: 
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The hypothesis H1, if T , and H0 is accepted in other case. Thus, one or another 

hypothesis is accepted depending on the mean-shifted statistic value. For such determinant we 

will define the deviation factor (Kdeviation) [10] by the formula: 
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deviationK  (20) 

 

Let us determine the deviation factor (Kdeviation) for the test statistics of MSE distribution 

by the prototype method and the improved method (Fig. 3). 
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Figure 3. Definition probability of choosing a more reliable method (Pd) 

 

The dependence of the selection probability on the deviation factor (Kdeviation) is shown 

in Fig. 4. 

 

 
 

Figure 4. Functional dependence of the probability of choosing a method from the Kdeviation  

 

Based on the results of the binary classification of the adapted Neyman-Pearson criteria 

and the calculated probability values of the correct choice of Pd method while determining the 

probability of Pfa false choice, it is necessary in further investigation to determine the 

dependence of the number of correctly classified positive results on the number of incorrectly 

classified false results using ROC analysis. 

Conclusions. In order to compare the reliability of method selection for determining the 

low-intensity ERS mathematical model coefficients, the statistical test of two methods: the 

prototype method and the improved method was carried out.  
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Evaluation of reliability was carried out on the basis of Bayesian concept of probability 

theory, and the criterion of decision approval − the Neyman-Pearson criteria was adapted. 

According to this, while determining the probability of the false choice (Pfa = 0,1; Pfa = 0,01; 

Pfa = 0,001; Pfa = 0,0001), the probability of the correct choice was Pd1  = 0.8245; Pd2 = 0,9733; 

Pd3 = 0,9966; Pd4 = 0,9996 relatively. 

The application of the adapted Neyman-Pearson criteria, and the determination of the 

probability of method selection for determining the coefficients, makes it possible to plan 

scientific experiments and research of the low-intensity ERS processing methods. 
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Резюме. При зменшенні інтенсивності світлового подразнення для виявлення ризиків 

нейротоксикації, отримують низькоінтенсивний електроретиносигнал, який необхідно додатково 

опрацьовувати. Це виникає внаслідок малого відношення енергії корисного сигналу до енергії шуму, 

невідомої природи шумів (шумів біоб’єкта, від електродів чи підсилювачів) та зміни форми 

електроретиносигналу чи його складових (хвиль) внаслідок невідомого впливу нейротоксикації. В роботах 

Ткачука Р. А. та Яворського Б. І. запропоновано застосування фільтра Калмана і методу визначення 

коефіцієнтів математичної моделі електроретиносигналу. Проте використаний метод прямого 

направленого перебору (пошуку) коефіцієнтів, має значну часову складність, що унеможливлює 

автоматизоване застосування й переналаштування фільтра Калмана для опрацювання 

низькоінтенсивного електроретиносигналу. Відомі роботи, в яких проведено удосконалення методу 

визначення коефіцієнтів математичної моделі низькоінтенсивного електроретиносигналу шляхом 

перебору у кілька ітерацій зі зміною кроку перебору. Тому для оцінювання запропонованого удосконаленого 

методу необхідно провести статистичне випробовування вибору методу-прототипу та удосконаленого 

методу й визначити достовірності результатів вибору. Завдання вибору методу визначення коефіцієнтів 

математичної моделі низькоінтенсивного ЕРС вирішується методами статистичної теорії вибору 

рішень. Оцінювання достовірності проведено на базі байєсівської концепції теорії ймовірності, на 

підставі вибрано критерій Неймана-Пірсона та адаптовано його до задачі вибору (затвердження) 

рішення. Для цього проведено імітаційне моделювання ансамблю низькоінтенсивних ЕРС при 

використанні методу-прототипу та удосконаленого методу, й визначено середньоквадратичну похибку 

моделювання кожного з методів як міру вибору. Достовірність вибору методу пошуку коефіцієнтів 

визначалася при фіксованій імовірності помилкового вибору методу (0,1;0,01;0,001 та 0,0001).  

Ключові слова: електроретинографія, електроретиносигнал, математична модель, 

низькоінтенсивний електроретиносигнал, фільтр Калмана, критерій Неймана-Пірсона. 
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