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A fuzzy model of determining severity of respiratory distrees and 
possibilities of implementation 

Dragan Z. Šaletić, MSc (Eng.)1) 

The paper presents the research results which can be applied in medicine: the fuzzy model of determination of sever-
ity of respiratory distress in a patient in an intensive care unit, based on the usage of a kind of fuzzy aggregation op-
erator, the Choquet integral. The determination of the degree of respiratory distress is of extreme clinical relevance. 
The approach proposed in the paper is the improvement of existing models, due to the fact that the application of 
fuzzy measures can take into account the interaction between criteria. Possibilities of Web-based model implementa-
tion are considered. The results are given and the directions for possible further work are pointed out. 
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List of notation and symbols 

ARDS – acute respiratory distress syndrome 
Rö – chest radiograph 

2OPa ,mm Hg – (1 mm HG = 133.322 Pa) the arterial 
partial tension of oxygen 

2COPa ,mm Hg – the arterial partial tension of carbon 
dioxide 

, 1, 2,..., ,i i N=x  – feature vectors of objects considered in 
a decision-making process 

, 1, 2,...,jC j m=  – decision-making criteria 
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i N
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µ
=
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– scores 

, 1,2,...,iD i N=  – decisions 

D∗  – decision about which of object ix  is the 
best according to all criteria 

, 1, 2,...,jC j m=  
M  – averaging operator (mean) 

iΦ  – weight functions 
F  – strictly monotone function 
R  – set of real numbers 

[ ]1,..., T
np p=p  – vector 

[ ]1,..., T
nw w=w  – vector 

( )ijµ x  – membership degrees for a phase 

Introduction 
ESHEARCH results in the theory of fuzzy sets may 
have military and non-military applications. Fuzzy sets 

theory [2] was tested in the domain of medicine soon after 

it was introduced, [3], and has since been extensively used, 
[16]. In determining the severity of respiratory distress both 
numerical and linguistic imprecision may appear in the 
available data. This necessitates the application of fuzzy 
models, based on the theory of fuzzy sets. 

The idea of using the theory of fuzzy sets for modelling 
decision-making in determining the severity of respiratory 
distress has been proposed in [4]. In [5], the creation and 
evaluation of a knowledge-based computer system is meant 
to support clinical decisions concerning patients with severe 
ARDS. In [1] the problem of determining the severity of 
respiratory distress in a patient in an intensive care unit is 
modeled as a fuzzy multicriteria decision-making one and 
the computer implementation of the model is considered. In 
this paper the use of fuzzy measures [6], and of the Choquet 
integral [10] are considered in order to get improvement of 
results from [1], and this approach is a novelty introduced 
in the fuzzy modeling of ARDS. The improvement is due to 
the fact that the application of fuzzy measures can take into 
account the interaction between criteria. 

In intelligent medical systems the status of a patient can 
be described by numerical, textual and image data, i.e. by 
multimedia data. The patient with respiratory distress is de-
scribed by a set of symptoms assigned numerical values at 
approximate intervals, by a set of symptoms expressed ver-
bally (breathing), and by a set of symptoms presented by 
image (Rö). 

In Section 2 of the paper, the fuzzy aggregation opera-
tors overview is given. The considered problem is described 
in Section 3. The theoretical foundation of the model is 
given in Section 4, based on the theory of fuzzy measures 
and representations of interactions. Section 5 deals with the 
results. The possibilities of Web-based system implementa-
tions are discussed in Section 6. Finally, conclusions are gi-
ven and directions for possible further work are pointed out. R 
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The fuzzy aggregation operators overview 
The problem of determining the severity of respiratory 

distress in a patient in an intensive care unit is modeled as a 
fuzzy multicriteria decision making one, Fig.1. 

 

Figure 1. Fuzzy multi-criteria decision-making system 

Denotations in Fig. 1. are: 
xi, i = 1,2,...,N, are feature vectors of objects considered 

in a decision-making process; Cj, j = 1,2,...,m, are decision-
making criteria; µij(xi), i = 1,2,...,N, j = 1,2,...,m, are scores–
degrees by which an object xi (or some of its features) ful-
fills a criterion Cj. In the case of fuzzy decision-making sys-
tems, it holds: µij(xi) ∈ [0,1]. Di, i = 1,2,...,N, are decisions 
(performance indices) of object xi related to all criteria Cj. 
Decisions Di are obtained through an aggregation of infor-
mation µij(xi), using some of aggregation operators. Deci-
sion D* about which of objects xi is the best according to 
all criteria Cj, j = 1,2,...,m, is obtained by the aggregation of 
decisions Di, - using the specified aggregation operator, se-
lected according to a problem considered. Hence, the proc-
ess of fuzzy information aggregation is an important step of 
the fuzzy decision-making process. 

In an aggregation process, one value, aggregated value, 
is assigned to a collection of values, also called aggregation 
arguments. An aggregation process appears not only in 
fuzzy decision-making systems, but in fuzzy expert systems 
as well, i.e. in fuzzy systems in general [12]. An informa-
tion aggregation process appears in many applications, 
which are in connection with development, not only fuzzy 
systems, but also with development of other uncertainty 
processing systems, and other intelligent systems, for ex-
ample, in neural networks, in robotics, knowledge acquisi-
tion systems and in multi-criteria decision-making systems. 
Aggregation (also known as: information fusion, informa-
tion integration, data fusion, information synthesis) is pre-
sent in a sensor information fusion, in distribution detec-
tion, as well as in economic models, biological, and educa-
tion models. The aim of aggregation in artificial intelli-
gence is decision-making support, or all-inclusive represen-
tation of expert domain. Processes of decision-making and 
information fusion in general, are embedded in most of arti-
ficial intelligence systems applications, for example, in ap-
plications in commercial electronics or at Internet. Fur-
thermore, aggregation methods represent the basic tools of 
some well-founded artificial-intelligence techniques (some 
methods of machine learning). Aggregation is present also 
in IF part of a rule in fuzzy expert systems, if more prem-
ises exist. As aggregation operators, t-norms or t-conorms 

can be used in the context of interpretation of AND and OR 
conjunctions, but other operators can be used as well. The 
class of operators important for fuzzy systems in general, is 
the class of compensation operators, introduced in [8]. 
Namely, fuzzy sets theory provides a host of attractive ag-
gregation operators for integrating membership values rep-
resenting uncertain information. These operators can be 
categorized into the following three classess: union, inter-
section and compensation operators. 

Union produces a high output whenever any of the input 
values representing degrees of satisfaction of different fea-
tures or criteria is high. Intersection operators produce a 
high output only when all of the inputs have high values. 
Compensative operators have a property that a higher de-
gree of satisfaction of one of the criteria can compensate for 
a lower degree of satisfaction of another criteria to a certain 
extent. 

In a word, union operators provide full compensation 
while intersection operators provide no compensation. 

In the presence of conflicting goals, a compensation be-
tween the corresponding compatibilities is allowed. 

An averaging operator (mean) is a function 

 : [0,1] [0,1] [0,1]M × →   

satisfying the following properties: 
– idempotency : ( , ) , [0,1]M x x x x= ∀ ∈  

– commutativity: ( )( , ) , , , [0,1]M x y M y x x y= ∀ ∈  

– external conditions: ( ) ( )0,0 0, 1,1 1M M= =  

– monotonicity: ( ) ( ), ,M x y M x y′ ′≤ , if x x′≤  and 
y y′≤  

M is continuous. 
All means satisfy the fundamental compensation prop-

erty: 

 min{ , } ( , ) max{ , }, ,  [0,1]x y M x y x y x y≤ ≤ ∀ ∈   

The theory of means offers a wide spectrum of candidate 
mathematical models for compensation operators. The most 
suitable are those means that have adjustable parameters 
enabling easy adjustment of orness/andness and continuous 
transition from the pure conjunction to the pure disjunction. 
This problem was investigated in [8] using a general 
framework of the Losonczi means: 
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The mean uses weight functions Φi: [0,1]→{0}∪R+, and 
the strictly monotone function F: [0,1]→R. In a special 
case of constant weights Φi=Wi, Wi>0, i=1,...,n, 
W1+...+Wn=1, the Losonczy mean is reduced to the 
weighted quasi-arithmetic mean: 

 ( )-1
1

1

( ,..., )  
n

n i i i
i

M x x F W F x
=

⎛ ⎞
= ⎜ ⎟⎜ ⎟
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The simplest form of the F function is the power func-
tion F(x) = xr, r∈R, and andness and orness are introduced 
as functions of the parameter r [8]. 

Fuzzy aggregation operators are quantitative or qualita-
tive, according to the nature of aggregation arguments: nu-
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meric (quantitative operators) or linguistic (qualitative). 
Quantative aggregation operators encompass weighted 

average operators, (weighted) ordered weighted averaging 
operators ((W)OWA) [9], [10] and the Choquet integral 
[11].  

An Ordered Weighted Averaging (OWA) operator of the 
dimension n is a mapping F: Rn→R, that has an assosiated 
vector 1[ ,..., ]T

nw w=w  such as [0,1]iw ∈ , 1 i n≤ ≤ , 

1 ... 1nw w+ + = . Furthermore ( )1
1

,...,
n

n j j
j

F a a w b
=

= ∑ , 

where jb  is the j -th largest element of the bag1 

1,..., ,na a< >  [9]. 
An Weighted OWA (WOWA) operator of the dimension 

n is a mapping F: Rn→R, that has associated weighting 
vectors p=[p1, ..., pn]T , w=[w1, ..., wn]T , such as pi ∈ [0,1], 
p1+...+pn=1, wi ∈ [0,1], w1+...+wn=1,     1≤ i ≤ n. Further-

more F(a1,..., an; p1,...,pn; w1,...,wn) = ( )
1

n

j j
j

aσω
=

∑ , where 

{σ(1),..., σ(n)}   is the permutation of {1,..., n} such that  
aσ(j-1)≥ aσ(j) for all j=2, ..., n (i.e. aσ(1) is the largest element 
in the collection (the bag!) 1,..., ,na a< > ). The weight ωj is 
defined as 
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where w* is a monotone increasing function that interpo-
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j
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∑ ) together  with the point (0,0), 

 [10]. 
Qualitative aggregation operators in wide sense are 

grouped in two classes: the first of them, the class of inter-
pretative aggregation operators when the qualitative values 
are interpreted numerically, and then some quantitative av-
erage operator is applied, and the second, one the class of 
qualitative aggregation operators, when aggregation proc-
esses are strictly in a qualitative domain. 

The Problem Considered 
Widely used criteria for an early diagnosis of acute res-

piratory distress syndrome include, [13]: 
– clinical aspects of breathing (Breathing); 
–  chest radiograph (Rö); 
–  the arterial partial tension of oxygen (PaO2, mmHg, 

1mmHg=133.322 Pa); 
–  the arterial partial tension of carbon dioxide (PaCO2, 

mmHg); 
– alveolar-arterial oxygen tension difference (A-aDO2, 

mmHg). 
Table 1 gives the progression of changes through various 

phases of ARDS. In Table 1, in the column ''Phase'', N is the 
normal condition of a patient, I – is the first (least severe) 
phase of respiratory distress (injury and resuscitation), II – 
the second phase of respiratory distress (sub clinical), III – 
                                                           
1 Assume A is a set of elements. A bag drawn from A is any collection of 
elements contained in A. A bag is different from a subset in that it allows 
multiple copies of the same element. 

the third phase (established respiratory distress), and IV – the 
fourth phase of distress (severe respiratory failure), which, 
due to the medical reasons, is not considered in the paper. 

The features Breathing and Rö are expressed by a sub-
jective membership degree. The features characterized by 
approximate intervals of numerical values can be inter-
preted as fuzzy sets “x is approximately in the interval 
[b,c]”, and characterized by an ordered quadruple 

( ), , ,A a b c d= , fuzzy trapezoidal number [1].  
Membership degrees µij(x) for a phase, for the given 

numerical values of symptoms, indicated by Table 1, are 
determined by using trapezoidal membership functions [1] 
and Table 2. By utilising the principle of fuzzy decision-
making indicated here by expression (1), the distress phase 
most compatible with all the symptoms may be determined 
[1]. 

Table 1. Decision-making parameters for determining the severity of 
ARDS 

Phase Breathing Rö PaO2 PaCO2 A-aDO2 

N - - 80 – 100 35 – 45 5 – 10 
I normal no changes 70 – 90 30 – 40 20 – 40 
II mild to moderate 

tachypnea 
minimal infil-

trates 
60 – 80 5 – 35 30 – 50 

III increasing 
tachypnea 

confluence of in-
filtrates 

50 – 60 20 – 35 40 – 60 

IV obvious respira-
tory failure 

generalised infil-
trates 

35 – 55 40 – 55 50 – 80 

Table 2. Fuzzy decision parameters for determining the severity of ARDS 

Phase PaO2 PaCO2 A-aDO2 

N (70,80,100,110) (30,35,45,50) (0,5,10,15) 
I (50,70,90,110) (25,30,40,45) (10,20,40,50) 
II (40,60,80,100) (20,25,35,40) (20,30,50,60) 
III (40,50,60,70) (10,20,35,45) (30,40,60,70) 
IV (30,35,55,60) (30,40,55,65) (40,50,80,90) 

Characteristic values of the criteria for determining the 
severity of respiratory distress, given by Table 1, are repre-
sented by fuzzy intervals formed on the basis of experience, 
and given by Table 2. In considering the syndrome in [1], 
all features have the same importance. Then Bellman-
Zadeh's decision- making principle, [7] is applied:for m cri-
teria Cj, j = 1,...,m, an object xi, i= 1,2,...,N, is described by 
the sequence of feature values (performances) with respect 
to the criteria, µij. The alternative (decision) D*, from the 
set of alternatives Di, i = 1,…,N, is needed to fulfil the con-
dition of maximum overall performance for a considered 
object. In a fuzzy case, the membership degree value µij(xi) 
∈ [0,1] indicates the point at which a criterion Cj is fulfilled 
by the object's j-th performance xij. 

The alternative (phase) by which an object xi maximally 
satisfies all the criteria for providing the desired decision 
(phase, the degree of severity of ARDS) is, for i=1,2,...,N: 

 }1*( ) max{min[ ( ),..., ( )]ni
D µ µ=x x x  (1) 

In the problem considered, the criteria are, Table 1.: C1–
Breathing, C2–Rö, C3–PaO2, C4–PaCO2, and C5 – A-aDO2. 
According to such features (symptoms) with respect to the 
established criteria, and using the described procedure, a 
patient's condition is classified into one of the following 
phases (alternatives): D1–N (normal condition), D2-I, D3-II, 
D4-III, (and D5-IV), i.e. i =1,…,5. 
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The Theoretical Foundation of the Novelty 
Introduced in the Model 

An alternative to Bellman-Zadeh’s decision-making 
principle, where all features have the same importance, is to 
use as aggregation operator for a set of m aggregation ar-
guments a1,...,am,, the weighted arithmetic means ( for a 

weighting vector w such that wi ∈[0,1] and ∑
=

m

i
w

1
i =1): 

 ( )
1

m

w i j ij
j

D w a
=

= ∑a  (2) 

and then to find max wi
D . In that way the different impor-

tance of features is introduced, that is, a decision making 
process can be adapted to a patient′s status and a physi-
cian’s preferences. 

In order to have a flexible representation of complex in-
teraction phenomena between criteria, it is useful to substi-
tute the weights in (2) for a nonadditive set function on a 
finite set of criteria, allowing defining a weight not only on 
each criterion, but also on each subset of criteria, thus al-
lowing modeling criteria interaction. For this purpose the 
concept of fuzzy measure [6] has been used. 

A fuzzy measure (or Choquet capacity) on 
1{ ,..., }mC C C=  is a monotonic set function µ : ( ) [ ]0,1P C → , 

where ( )P C  is the power set of the set C , with 

 ( )=0 µ ∅ and ( ) 1Cµ = . Monotonicity means that 
 ( ) ( )S Tµ µ≤ , whenever S T C⊆ ⊆ . An interpretation of 

( )Sµ  can be described as the weight related to the subset S 
of criteria. It should be noticed that the usual definition of a 
measure is generalized by replacing the usual additivity 
property for probability measures ( )A Bµ ∪ = ) ),A Bµ µ+  
A B∩ =∅ ), by a weaker requirement, i.e. the monotonicity 

property with respect to set inclusion, (see also [15]). 
Now a suitable aggregation operator, able to represent in 

some understandable way an interaction between criteria, is 
the discrete Choquet integral [11], [6]. As the Choquet inte-
gral is considered here as an operator on [0,1]m, its defini-
tion is restricted to [0,1] valued function [11]: given µ, a 
fuzzy measure on the set of criteria C, and a function a: 
[0,1]m → [0,1], the Choquet integral of a with respect to µ 
is defined by 

 ( )1 ( ) ( 1) ( )
1

,..., : ( ) ( )
m

m j j j
j

Ch a a a a Aµ µ−
=

= −∑  (3) 

where (j) indicates that the indices have been permuted so 
that, for monodimensional functions ai, constituents of a, it 
holds: 0 ≤ a(1) ≤...≤ a(m) ≤ 1, a(0) = 0, and A(j) := {C(j), ..., C(m)}. 

The non-additivity of fuzzy measures enables the model-
ling of interaction between criteria. 

For given patient’s symptoms, using the Choquet integral, 
the rank of phases can be obtained, and the phase with the 
maximum global evaluation is the ARDS phase of the patient 
in question. The Choquet integral allows expressing physi-
cian’s preferences relation in connection with the patient. 

The Example 
For the patient whose condition is described by data 

given in Table 3., a decision-making table is given by Table 

4. By the model in [1], respiratory distress is determined as 
being in phase II. If physician’s preferences are: features 
Breathing and Rö are less important than the others, and 
features PaO2  and PaCO2 must not be favoured, these pref-
erences, expressed by fuzzy measure, are: 

 2 2

2

( ) (Rö) 0.3; (PaO (PaCO )
( - O ) 0.5

Breathing
A aD

µ µ µ µ
µ

= = = =
= =

  

for the first preference, and: 

2 2 2 2( O ,  CO ) 0.8 ( O ) ( CO )Pa Pa Pa Paµ µ µ= < +  

for the second one. Having those preferences in mind, and us-
ing (3), respiratory distress is determined as being in phase I 
(Cµ(I) = 0.5) as opposed to the result from [1] (phase II). 

Table 3. Symptoms (features) for a patient  

Breathing Rö PaO2 PaCO2 A-aDO2

mild to moderate 
tachypnea 

minimal infil-
trates 

42.72 36.54 29 

Table 4. Decision-making table for a patient  

Phase Breathing Rö PaO2 PaCO2 A-aDO2 

N 0 0 0 1 0 
I 0 0 0 1 1 
II 0.8 1 0.14 0.7 0.9 
III 0.2 0 0.3 0.85 0 

Possibilities of Computer Implementation 
There are many options for Web-based system implemen-

tations, [14], all viable and likely to meet needs. Most of ar-
chitectural decisions would be based on two things: access to 
tools and technology, and development team skill set. 

The type of system needed will have a significant middle 
tier. A formal middle tier should be defined. If the application 
would be deployed on a Windows machine, the option exists 
of implementing a COM (Component Object Model ) and 
MTS (Microsoft Transaction Server) - based middle tier. The 
main advantages of this type of architecture are in the strength 
of its tools (Visual Studio). It is expected that the simple COM 
objects with minimum transaction support directly from the 
database when necessary should do the job. A database can be 
chosen for the purpose of prototyping beforehand. 

On the MS route, the presentation tier should be Active 
Server Pages. On the Java route, there are information [14], 
that server side Java has nearly the same performance as 
traditional C++ or COM. Free and open source middleware 
exists (Apache, etc.). 

As important as the selection of technology, is the selec-
tion of the logical topology of the system. The presentation 
tier would be separated from the middle and data tiers. 
There are many options for possible computer implementa-
tion. Given the scope and basic requirements of application, 
obviously, there is a lot of flexibility in choosing an imple-
mentation route. 

Conclusions 
In the paper the use of fuzzy measures, and of the Choquet 

integral are considered in order to get improvement of results 
from [1], and this approach is the novelty introduced in fuzzy 
modeling of ARDS. The improvement is due to the fact that 
the application of fuzzy measures can take into account the 
interaction between criteria, so a more flexible model of 
ARDS is obtained, allowing expressing physician’s prefer-
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ences in connection with complex interaction phenomena be-
tween criteria and also on each subset of criteria. 

The model considered in the paper can be further im-
proved, first by increasing the number of parameters con-
sidered. In the case considered, knowledge acquisition was 
performed by the expert consulting. The expert relied on 
extensive analysis of clinical data. Further improvements 
can be obtained by introducing multimedia data mining or 
Knowledge discovery from Multimedia at the Internet.  

Reconciling and delivering relevant medical knowledge 
to practitioners using Internet technology are issues of uni-
versal importance. The considered fuzzy model enables a 
distribution of not-so-well-structured information by dis-
tributed intelligent application available on a variety of 
computing platforms. 
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Model određivanja težine respiratornog poremećaja zasnovan na 
rasplinutim skupovima i mogućnosti njegove računarske realizacije 

Rad razmatra problematiku primene rasplinutih sistema odlučivanja. Razmatra se primena u oblasti medicine, ali prika-
zani postupak odlučivanja je i od šireg značaja. Dat je rasplinuti model određivanja stepena respiratornog poremećaja. 
Model rasplinutog odlučivanja se zasniva na korišćenju Šokeovog integrala u postupku agregacije. pristup predložen u ra-
du predstavlja novost u modeliranju stepena respiratornog poremećaja, i poboljšanje je postojećih modela. Novost se sas-
toji u tome što primena rasplinute mere i Šokeovog integrala omogućava uzimanje u obzir interakcije između kriterijuma 
za ocenu težine respiratornog poremećaja. U radu su razmatrane i mogućnosti računarske realizacije modela sa aspekta 
Internet programiranja. Dati su rezultati primene opisanog pristupa i ukazano je na pravce mogućeg daljeg rada. 

Ključne reči: rasplinuti model, respiratorni poremećaj, donošenje odluka, Šokeov integral, primena,medicina, računarska 
realizacija, Web-sistem. 

Modelx opredeleni} silxnosti dwhatelxnogo naru{eni}, 
obosnovannogo na razmwtwmi model}mi i na vozmo`nosti ego 

realizacii na vw~islitelxnwh ma{inah  

V &toj rabote rassmotrena problema primeneni} razmwtwh modelej prin}ti} re{enij.Zdesx rassmatrivaets} primenenie v 
oblasti medicinw, no pokazanwj postupok prin}ti} re{enij imeet bolee {irokoe zna~enie. Zdesx dana razmwta} modelx 
opredeleni} silxnosti dwhatelxnogo naru{eni}. Modelx razmwtogo prin}ti} re{enij osnovwvaets} na polxzovanii intervala 
[oke v postupke gruppirovani}. Predlo`ennwj podhod v rabote predstavl}et noviznu v modelirovanii silxnosti dwhatelx-
nogo naru{eni} i ulu~{enie su|estvuy|ih modelej. Novizna sostoits} v tom, ~to primenenie razmwtoj modeli i integrala 
[oke daet vozmo`nostx prin}tx vo vnimanie vzaimodejstvie me`du kriteri}mi dl} ocenki silxnosti dwhatelxnogo 
naru{eni}. V rabote rassmatrivanw i vozmo`nosti realizacii modeli na vw~islitelxnwh ma{inah so storonw programmiro-
vani} sistemw Interneta. Zdesx privedenw rezulxtatw primeneni} opisannogo podhoda i ukazanw napravleni} vozmo`nwh 
dalxnej{ih rabot. 

Kly~evwe slova: razmwta} modelx, dwhatelxnoe naru{enie, prin}tie re{enij, integral [oke, primenenie, medicina, reali-
zaci} na vw~islitelxnwh ma{inah, sistema Interneta.  




