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Abstract. The problem of accurate medical diagnosis is always urgent for any
person. Existing methods for solving the problem of classification of the state of
a complex system are considered. The paper proposes a method of classification
of patients’ status in medical monitoring systems using artificial neural net-
works. The artificial neural networks training method uses bee colonies to
simulate less training error. The research purpose is to determine the patient’s
belonging to a particular class according to the variables of his condition, which
are recorded. Examples of using the method to determine the status of patients
with urological diseases and liver disease are given. The classification accuracy
was more than 80%.

Keywords: Classification problem � Artificial neural networks � ROC-curve �
Medicine monitoring

1 Introduction

The defects appearance and defects development in complex systems is a complex
dynamic process. Experts cannot always predict their appearance and behavior of the
system in this case. It is not always possible to come to one thought at what stage of
development is the defect and in what state of the system, what methods must be
applied to eliminate the defect and normalize the state of the system. Controlling and
predicting the dynamic process of a complex system helps experts make decisions that
lead to better performance.

As a complex system was considered medical and biological system, which
includes a doctor, patients and a system for diagnosing the condition of patients. Each
treatment cycle is characterized by a set of final patient’s states. The number of states
under consideration is determined by the expert based on the results of the cluster
analysis. The method for solving the problem of patient clustering is presented in [1].
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We accept the hypothesis that the patient’s condition is uniquely determined by the
system of variables. The problem of recognizing the patient’s current state is reduced to
the problem of classifying the values of the patient’s state variables.

Much attention is paid to the classification problems of complex systems. Many
papers have been published today that describe methods for solving the classification
problem for technical and biomedical systems.

A naive Bayes classifier is a simple probabilistic classifier based on the Bayes
theorem with a “naive” assumption of independence. Bayesian classifiers can be very
effective [2] or minor modifications of algorithms can greatly increase its efficiency [3].

Despite the apparent simplicity, the naive Bayesian classifier is capable of pro-
ducing excellent results even in complex life problems [2].

The advantage of this classifier is a small amount of data necessary for training,
parameter evaluation and classification [4]. Also, the naive Bayesian method is often in
demand in the classification of text because of the implementation simplicity and the
very high efficiency of the classification of text or entities, the nature of which is tied to
a static difference [3, 4].

K-Nearest Neighbor Classifier is a metric algorithm for automatic classification of
objects or regression, it is also one of the most commonly used and well-known
methods for performing recognition tasks and solving data mining problems [4].
Among the advantages of this method, one can single out the simplicity of imple-
mentation and high performance and not a high probability of error [5]. Among the
shortcomings are high requirements for the computer memory, intolerance to noise and,
as a consequence, poor efficiency, the solution to these problems is considered in [6].

Random Forest Classifier is a machine learning algorithm proposed by Braiman
[12], the essence of which is to use a certain set of decision trees. This algorithm
combines the Breiman bagging method and the random space method proposed by Ho
[7]. Due to the fact that the decision tree is the basis of the algorithm, the algorithm
provides a comparison of the importance of parameters and helps to identify extremely
important properties for determining the final class or state [8–10]. The works in which
this algorithm was used to determine the condition of patients, speech recognition and
handwriting are given [8]. Modifications of this algorithm help determine the sensi-
tivity to drugs and select candidates for medical research [9]. Random Forest Classifier
also helps determine the type of cancer, highlighting important parameters that doctors
can pay attention to on their own classification, which can increase the likelihood of
diagnosing cancer even in the absence of access to this system [10]. Another area of use
of modified Random Forest algorithms is the prediction of molecular interactions [11].

Logistic Regression is a statistical model that in its basic form uses a logistic
function to model a binary dependent variable, although there are many more complex
extensions. The binary model of logistic regression has extensions to more than two
levels of the dependent variable: categorical output data with more than two values are
modeled using polynomial logistic regression, and if several categories are ordered
using ordinal logistic regression, for example, an ordinal proportional coefficient
logistic model. The model itself simply simulates the probability of an output in terms
of input data and does not perform statistical classification (this is not a classifier),
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although it can be used to create a classifier, for example, by choosing a limit value and
classifying the input data with a higher probability than a cutoff as one class, lower
cutoffs like the other; This is a common way to make a binary classifier. Coefficients
are usually not computed by a closed-form expression, in contrast to linear least
squares. Also, due to the nature of this model, it is possible to obtain a graph with the
importance of properties [12, 13].

Decision Tree Classifier is a decision support tool used in machine learning, data
analysis and statistics. This tool uses a tree-like model of decisions and their possible
consequences, including random outcomes of events, resource costs, and utility. This is
one way to display an algorithm consisting only of conditional statements. Decision
trees are commonly used in operations research, especially in decision analysis, to
determine a strategy with the highest probability of achieving a goal [14, 15].

AdaBoost, short for Adaptive Boosting, is a machine learning meta-algorithm
formulated by Yoav Freind and Robert Shapira [20]. This algorithm can be used in
combination with several classification algorithms to improve their efficiency. The
algorithm strengthens the classifiers by uniting them into a “committee”. AdaBoost is
adaptive in the sense that each subsequent committee of classifiers is built on objects
incorrectly classified by previous committees. AdaBoost is sensitive to data noise and
outliers. However, it is less prone to retraining compared to other machine learning
algorithms [17, 18].

AdaBoost calls weak classifiers in the cycle t = 1, …, T. After each call, the
distribution of weights Dt is updated, which correspond to the importance of each of
the objects in the training set for classification. At each iteration, the weights of each
incorrectly classified object increase, thus the new committee of classifiers “focuses its
attention” on these objects. Among the advantages, it is possible to single out the
simplicity of implementation and high work efficiency, as the algorithm tends to
increase the margin [17–19].

Publications [20, 21] detail the general principles of the theory of artificial neural
networks that are being widely used to construct diagnostic models in the form of
regression equations.

The research purpose is to determine the patient’s belonging to a particular class
according to the variables of his condition, which are recorded, using artificial neural
networks.

2 Research Problem Statement

On the basis of the systematic analysis of the process of diagnosing the patient’s
condition, a hierarchy of stages of diagnosis was determined: laboratory diagnosis
(blood tests, etc.), visual diagnosis (ultrasound, MRI, etc.) and doctor’s examination.
At each stage, the corresponding patient status variables are logged. An experimental
sample of the variables being recorded was formed, characterizing the condition of the
patients being monitored.

Suppose there is a multidimensional state matrix X ¼ xi;j
� �

(i = 1 … I, j = 1 … J),
where I is the number of patients in the sample, J is the number of measured state
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variables. Traditionally, the rows of this matrix are called precedents. Centering and
normalization of data is performed by the formula

x
�
ij ¼ xij � Xj

� �� �
=rj; ð1Þ

where Xj
� �

is the mean value of the jth state variable, rj is its mean square deviation.
The problem of a diagnostic model building: a vector function is given by the set of

training pairs ~X 0ð Þ;~d
� 	

p
, p = 1 … P, where ~X 0ð Þ;~d are the input vectors with dimen-

sions H0 and the output with dimensions Hk+1. This sample should be approximated.
The result of the solution of the problem must be some mathematical mechanism that
would obtain any value of the vector function ~Y K þ 1ð Þ ~X 0ð Þ� �

, which is given in the form
of a training sample, by a given input vector in the range that is limited by the input.

The classification problem statement is formulated. Let ~X� is the vector of variables
that describe the state of precedents, and let M is the set of class numbers (scenarios).
The number of possible scenarios is known, as well as for each scenario (class), subsets
of observed state variables (symptoms) are formed. According to the values of the
projections of the vector ~X�, the precedent is assigned to one of the possible sets Rm,
where m = 0 … M − 1. It is necessary to find such an m-th scenario for which the
maximum density of the conditional probability distribution of the occurrence of ~X� in
the precedent under the m-th scenario is

9! m� 2 Cm q ~X�
mjRm

� �� �
m ¼ 0. . .M � 1ð Þ : q ~X�

mjRm
� �! max; ð2Þ

here Cm q ~X�
mjRm

� �� �
– the set of m-th indices of the density distribution of the con-

ditional probability of the occurrence of ~X� in the precedent in the m-th scenario.
The logistic function argument was used as the target function values. The use of

logistic regression makes it possible to predict the likelihood of an event occurring by
the values of a certain number of attributes. To do this, we introduce the so-called
dependent variable y, taking only one of the two values - as a rule, numbers 0 (event
did not occur) and 1 (event occurred), and independent variables (signs) - ~X�, based on
the values of which you need to calculate the probability of accepting one or the other
value of the dependent variable.

It is assumed that the probability of an event y ¼ 1 is:

Pr y ¼ 1j~X�� � ¼ f zð Þ;

here z ¼ hTx ¼ h1x1 þ . . .þ hnxn, hix – he vectors of the independent variables values
x1; . . .; xn i and the parameters (regression coefficients) are real numbers h1; . . .; hn,
respectively, and f zð Þ is the so-called logistic function (sometimes also called sigmoid
or logit function):

f zð Þ ¼ 1
1þ e�z

:
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Since y takes only values 0 and 1, then the probability of the second possible value is:

Pr y ¼ 0jxf g ¼ 1� f zð Þ ¼ 1� f ðhTxÞ:

For brevity, the distribution function y for a given x can be written as follows:

Pr yjxf g ¼ f ðhTxÞy 1� f ðhTx� �Þ1�y; y 2 0; 1f g:

To solve the object state classification problem, we used a unidirectional multilayer
artificial neural network (UMN) to study and a radial basis artificial neural network
(RBN). Let’s look at their architecture and the specificities of learning methods to solve
the problem under consideration.

3 Structure and Training Method of Unidirectional
Multilayer Artificial Neural Networks

The simplest UMN with one hidden layer (K = 1) is shown in Fig. 1. Here Y 0ð Þ
ph

n o
– is

the set of input data, Y kð Þ
i

n o
– is the set of output data of the k-th layer; k is the layer

number, k = 1 … (K + 1), K is the number of hidden layers; p = 1 … P, P is the

number of analogues; w kð Þ
ij

n o
is the set of weights of the k-th layer; i is an element of

the k-th layer; j is the element of the (k–1)-th layer; H0 is number of network inputs; H1

is number of hidden layer neurons; H2 is the number of network outputs.

(0) (1) (2){ }(0)

hY { }(1)
jhw { }(2)

ijw { }(2)
iY{ }h { }j {}i

( )0H ( )1H ( )2H

Fig. 1. UMN structure
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Analytical representation of the required functions for a unidirectional multilayer
network, according to Fig. 1, has the following structure:

Y 2ð Þ
i ¼ f s 2ð Þ

i

� 	
; s 2ð Þ

i ¼ w 2ð Þ
i0 þ

XH1

j¼1
w 2ð Þ
ij Y 1ð Þ

j ; i ¼ 1. . . H2; j ¼ 1. . . H1

Y 1ð Þ
j ¼ f s 1ð Þ

j

� 	
; s 1ð Þ

j ¼ w 1ð Þ
j0 þ

XH0

h¼1
w 1ð Þ
ih Y 0ð Þ

h ; h ¼ 1. . .H0;

here f sð Þ ¼ th bsð Þ ¼ ebs�1=ebs

ebs þ 1=ebs is the chosen activation function,

f
0
s ¼ b 1� f 2 sð Þ½ � is the derivative of the activation function.
Stable (robust) statistical methods of UMN parameters estimation were used as

methods of UMN training, detailed description of which was published in the mono-
graph [20]. These methods provide robustness and informative parameters of systems
(processes) statistical models with a priori uncertainty of the input data.

The model parameters were denoted by the vector M – the vector of random
numbers of dimension m, and the data of measurements by the vector D – the vector of
random numbers of dimension H0 + HK + 1. If p measurements of vector D were
observed, then the posterior probability density distribution of vector M after P (p = 1
… P) measurements would be equal to

q MjDPð Þ ¼ q DPjMð Þq Mð Þ
q DPð Þ ;

here q DPjMð Þ ¼QP
p¼1 q DpjM

� �
, q Mð Þ ¼Qm

n¼1 q Mnð Þ, q DPð Þ ¼QP
p¼1 q Dp

� �
is

constant, m ¼PKþ 1
k¼1 Hk�1 þ 1ð ÞHk – for UMN (m ¼ H0H1 þ H1 þ 1ð ÞH2 – for radial

basis neural networks), m� PHkþ 1.
The vector bM was found as a solution to the problem

bMtþ 1 ¼ arg infM2DM
E MjDPð Þ;

where function E is a scalar convolution of objective functions by fi � Y 2ð Þ
i , xh ¼ Y 0ð Þ

h .
has the form

E ¼ 1
2PI

XP

p¼1
cP�p

XI

i¼1
ffit 4

Df ;p

f �i


 �2

1þ r0f ;p

� 	�2
" #

þ btþ 1ffit r0f ;p

� 	2
�1

� ( )
;

for which btþ 1 ¼ r2D
r2M

; r2D; r
2
M – the variance of random numbers, t = 1 … T – the

number of the epoch of training, I = Hk, c – the level of significance (c = [0.95, 0.99]),

ffit dið Þ ¼ 1� exp � Lfit
4

� 	
di

h i
, Lfit 	 4 di [ 0ð Þ, r

�
fi

� 	2
¼ rfið Þ2

r�fi

� 	2, r2fi ¼ b4 1� f 2 s 2ð Þ
i

� 	h i2
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PH1
j¼1 w 2ð Þ

ij

� 	2
1� f 2s 1ð Þ

j

h i2PH0
h¼1 w 1ð Þ

ih

� 	2
r�
F 0ð Þ
h


 �2
" #

g
(

, r�fi
� 	2

¼ 2lf
fi;max�fi;min

� 	2 D
�
fi

300 fi;max

� 2
na

(na ¼ 1), D
�
fi ¼

Dfi
fi;max

100%.

The solution – approximate functions of the form Y kþ 1ð Þ
i

~Y 0ð Þ� �
– is found by

stochastic approximation on the basis of the tiered gradient conjunction method [20].
The training used a regularization algorithm that implements interrupts in the iterative
process in cases of accumulation of calculation errors [20].

Training and moment coefficients were dependent on the following:

g kð Þ
ij ¼ q kð Þ

ij tð Þg kð Þ
ij t � 1ð Þ; g kð Þ

ij 0ð Þ ¼ gmax;

here q kð Þ
ij tð Þ ¼ � 1

@S
kð Þ
ij

@w
kð Þ
ij

����
t

1� exp h
@S kð Þ

ij

@w kð Þ
ij

����
t


 �
 �
, a kð Þ

ij tð Þ ¼ � S kð Þ
ij tð Þ

S kð Þ
ij tð Þ�S kð Þ

ij t�1ð Þ, the implemen-

tation of the condition Esþ 1 [Es;Es\Es�1 is given in the form:

(a) if E
�
s �Kw and S kð Þ

ij tð ÞS kð Þ
ij t � 1ð Þ[ 0 then a kð Þ

ij tð Þ ¼ amid ;

(b) if E
�
s �Kw and S kð Þ

ij tð Þ w kð Þ
ij tð Þ � w kð Þ

ij t � 1ð Þ
� 	

a kð Þ
ij tð Þ\0 then

w kð Þ
ij tþ 1ð Þ ¼ w kð Þ

ij tð Þþ l tð Þ g kð Þ
ij tð Þr kð Þ

ij tð Þ � t tð Þa kð Þ
ij tð Þ w kð Þ

ij tð Þ � bw kð Þ
ij

h in o
þ ew kð Þ

ij tþ 1ð Þ;

where the quantities bw kð Þ
ij were determined according to the method of simulating the

movement of bee colonies by the formula

bW ¼ arg infW 2 Dw;
s 2 1; t � 1½ �

E W ; sð Þ;W ¼ w kð Þ
i;j

n o

The following parameter values were accepted h = 0.95, Kw = 1.04, q kð Þ
ij tð Þ ¼

0:7; 1:05½ �, g kð Þ
ij tð Þ ¼ 0:01; 0:4½ �, a kð Þ

ij tð Þ ¼ �0:8; 0:8½ �, amid = 0.005, aopt = 0.5.
When pairwise comparison of formal mathematical models, the variance of the

signal variance, which characterizes the robustness of a particular model, is estimated:

DYi;dB ¼ 10 lg
D kð Þ

Yi

D 0ð Þ
Yi

 !
; decibel; k ¼ 1; 2:

The residual variance values for each of the compared formal mathematical models
were then used as estimates of the signal dispersions.
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4 Structure and Training Method of Radial Basis Artificial
Neural Networks

The structure of the simplest RBN with one hidden layer (K = 1) is similar to that
shown in Fig. 1. We have the following designations:

~Y kð Þ ¼ Y kð Þ
1 ; . . .; Y kð Þ

H1

h iT
, k = 0, 1, 2, is vector of the input data of the k-th layer;

~cj ¼ cj1; cj2; . . .; cjH0

� �T , j = 1 … H, is vector of coordinates of centers of activation
function for hidden layer neurons;

~rj ¼ rj1; rj2; . . .; rjH0

� �T
, j = 1 … H1, is vector that specifies the width of the

window of the activation function of the j-th neuron of the hidden layer;

uj ¼ ~Y 0ð Þ
p ;~cj;~rj

� 	
¼ exp � 1

2

PH0

h¼1
Z2
pjh


 �
� upj is radial-base activation function of

the hidden layer neuron, Zpjh ¼ Y 0ð Þ
ph �cjh
rjh

;

wij is the weight of the connection between the i-th neuron of the source layer and
the j-th neuron of the hidden layer (here, according to the notation in Fig. 1, it is

implied that w 1ð Þ
jh ¼ ejh ¼ 1;w 2ð Þ

ij � wij).

The analytical representation of the desired functions for the radial basis network in
accordance with Fig. 1 has the following structure:

Y 2ð Þ
i ¼ f s 2ð Þ

i

� 	
; s 2ð Þ

i ¼ w 2ð Þ
i0 þ

XH1

j¼1
w 2ð Þ
ij Y 1ð Þ

j ; i ¼ 1. . .H2; j ¼ 1. . .H1;

Y 1ð Þ
j ¼ u s 1ð Þ

j

� 	
; s 1ð Þ

j ¼ 1
2

XH0

h¼1
zjh
� �2

; h ¼ 1. . .H0;

where u sð Þ ¼ exp �sð Þ – is the activation function selected, u
0
s sð Þ ¼ �u sð Þ – s a

derivative of the activation function.
A hybrid algorithm was used to train RBNs when the number of training pairs

significantly exceeds the number of neurons in the hidden layer P 
 H1. The learning
process is divided into two stages:

– selection of linear network parameters (weights of the output layer) based on the use
of the pseudo inversion method;

– adaptation of nonlinear parameters of activation functions (centers~cj i width ~rj for
these functions).

Both stages are closely intertwined. In the presence of P training pairs ~Y 0ð Þ
p ;~dp

� 	
;

p ¼ 1 . . .P, and fixation of specific values of centers and width of activation functions
(in the first moment these will be initial values) we get a system of equations (P 
 H1):

U~wi ¼~di; i ¼ 1 ::H2;

where U ¼ upj

� �
; p ¼ 1 . . .P; j ¼ 0 . . .H1;
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up0 ¼ 1;~wi ¼ wi0;wi1; . . .;wiH1½ �T ; ~di ¼ d0i; d1i; . . .; dpi
� �T

:

Weight vector ~wi can be defined in one step by a pseudo inversion of the matrix U,
i.e. ~wi ¼ Uþ~di, where Uþ – pseudo-inverted to U matrix. In practice, the pseudo
inversion is calculated using eigenvalue decomposition. (SVD - decomposition),
according to which U ¼ USVT [17].

In the second stage of the algorithm, when the values of the output weights are
fixed, the excitation signals are passed over the network to the output layer, which

allows to calculate the magnitude of the error for the sequence of vectors ~Y 0ð Þ
p

n o
. There

is a return to the hidden layer (back propagation) after that. The gradient vector of the
choice function with respect to specific centers ~cj i шиpини ~rj is determined by the

error value ~Y 2ð Þ �~d
��� ���

L2
:

The algorithm of forming the “coverage area” by radial basis functions with con-

sideration of K-neighbors r2jh ¼
P

j ¼ 1
K

PK
k¼1

PH0
h¼1 cjh � ckh
� �2

; k ¼ 1 . . .K K 2
3; 5½ � was applied to determine the values of r ¼ rjh

� �
, which will reduce the duration

of training RBN [17].
Refining the values of the covariance matrix r ¼ rjh

� �
and the coordinates of the

centers C ¼ cjh
� �

completes the next training cycle. Correction of the elements of the
covariance matrix is carried out according to the formula (a recurrent learning algo-
rithm is used, which corresponds to the stochastic approximation method based on the
ravine conjugate gradient method and ensures convergence rjh tð Þ !

t!1 brjh with prob-

ability P = 1):

rjh tþ 1ð Þ ¼ rjh tð Þþ l tð Þ gjh tð Þrjh tð Þþ m tð Þajh tð Þ rjh tð Þ � brjh
� �� �þ erjh tþ 1ð Þ;

where the projections of the search direction vector rjh tð Þ were in accordance with the
conjugate gradient method.

Repeated repetition of both steps leads to complete and fast learning of the network,
especially if the initial values of the parameters of the radial basis functions are close to
optimal values.

In practice, the selected steps affect the adaptation of parameters to varying degrees.
As a rule, the SVD algorithm functions faster (it finds the local minimum of the
function in one step). To balance this disproportion, one refinement of linear param-
eters is usually accompanied by several cycles of nonlinear parameter adaptation.

5 An Example of the Use of Artificial Neural Networks
for the Classification of Patients’ Conditions in Medical
Monitoring Systems

Two samples were considered, which represent the laboratory data of patients on two
types of diseases: liver disease and urological diseases.
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The Urological Data Sample contains 47 state variables, whose values were of three
types: real numbers, booleans, and enumerators. The training sample consisted of data
on 30 patients, the test sample contained data on 10 patients. The result of the clas-
sification is to determine the patient’s condition (healthy or ill). For classification, the
RBN with logistic function was used. RBN structure contains 47 neurons of the input
layer corresponding to the number of state variables, 26 neurons of the hidden layer,
and 2 neurons of the output layer corresponding to the two classified states. As a result
of training, the error was 0.122 and the standard deviation of 0.0024. The recognition
result on the control sample is 100%.

As a result of training and network testing of the Urological Data Sample, the
confusion matrix and ROC curves were constructed to analyze the quality of the
classification (Figs. 2 and 3).

Fig. 2. Confusion matrix of the Urological Data Sample classification problem

Fig. 3. ROC-curve of the Urological Data Sample classification problem
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The liver disease sample contains 10 state variables, the values of which were of
three types: real numbers, booleans, and enumerators. The study sample consisted of
data on 550 patients, and the test sample contained data on 40 patients. RBN structure
contains 10 neurons of the input layer corresponding to the number of state variables,
540 neurons of the hidden layer, and 2 neurons of the output layer corresponding to the
two classified states. As a result of training, the error was 0.0107 and the standard
deviation of 0.0185. The recognition result on the control sample is 80%.

As a result of training and network testing of the liver disease sample, the confusion
matrix and ROC curves were constructed to analyze the quality of the classification
(Figs. 4 and 5).

A confusion matrix, also known as an error matrix, [25] is a specific table layout
that allows visualization of the performance of an algorithm, typically a supervised
learning one (in unsupervised learning it is usually called a matching matrix). ROC-
curve (receiver operating characteristic) – a graph that allows you to evaluate the
quality of binary classification displays the relationship between the share of objects
from the total number of characteristic carriers correctly classified as bearing the
attribute (called the sensitivity of the classification algorithm) and the share of objects
from the total number of objects that do not carry the attribute, erroneously classified as
bearing a trait [22–24].

Fig. 4. Confusion matrix of the liver disease sample classification problem
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