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ABSTRACT

The paper considers the formalization of the stages and modeling of the mammographic examination procedure in the design of
medical computer decision support systems. The mammographic examination process is presented in a generalized model, which
consists of functional, structural, and mathematical models. The functional model (context diagram) is made using the functional
modeling methodology. When analyzing the context diagram, four main functional blocks were identified: register a patient; perform
registration and analysis of mammograms; carry out diagnostics; form a survey protocol. If there are standards for maintaining medi-
cal records and drawing up examination protocols, the first and last blocks are easily automated. The article focuses on the second
and third blocks. At the mammogram analysis stage, the sub-stages “Perform preliminary processing” and “Perform morphological
analysis” are essential. Preprocessing of mammograms (adaptive filtering, changing brightness or increasing contrast, etc.) is carried
out using digital image processing methods to improve visualization quality. The result of morphological analysis is selecting struc-
tural elements and forming a set of diagnostic signs in the form of parameters of the found structural elements. Because some ele-
ments of mammograms (microcalcifications) have an irregular structure, specialized morphological analysis methods are used, based
on taking into account the features of the images under consideration and their transformation methods in the form of the useful sig-
nal, in particular, fractal dimension models. The developed formalized models made it possible to reasonably design the decision
support system’s structure during mammographic examinations, information, mathematical, software, and hardware to increase med-
ical services’ efficiency and minimize the risks of medical errors.
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system.
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INTRODUCTION quality of visualization, morphological analysis

(highlighting of diagnostically significant structural
elements amid noises), and determination of diag-
nostic signs [15-18].

Biomedical images (BMI), such as X-rays,
mammograms, ultrasound, etc., are essential sources
of obtaining visual information about the human

Modern medicine is characterized by a sharp
increase in the amount of processed information dur-
ing solving traditional medicinal problems: from
registering biomedical information to making a di-
agnosis, determining the prognosis, choosing and

correcting treatment tactics based on the diagnosis
results.

There is a wide range of computer decision
support systems (DSS) in various subject areas of
medicine [1-5]. They use such mathematical meth-
ods as deterministic logic [6], probabilistic approach
[7-8], fuzzy logic [9], neural networks [10], etc. As
well they use modern information technologies, for
example, telemedicine [11-14].

Because a significant portion of diagnostic in-
formation is occupied by biomedical signals and im-
ages (BMS / 1), much attention is paid to themethods
of their processing in order to improve the
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body’s internal structures and functions, which are
not directly perceived by sight.

The use of modern methods of processing and
analyzing medical images involves improving the
quality of images and morphological analysis of da-
ta, classification of images, work with complex-
structured samples, with non-obvious patterns and
features that are often noticeable only to specialists
in this field. It makes it possible to facilitate working
with images, increase diagnosis reliability, and
choose the right treatment tactics.

In particular mammograms, BMI are grayscale
images with locally lumped signs (LLS); that is, they
have a structure in which diagnostic signs are fo-
cused on small fragments of their definition area.
The task of morphological analysis is to highlight
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informative fragments (structural elements) amid
noises, resulting from which diagnostic signs are
formed in the form of parameters of the found struc-
tural elements.

Existing digital image processing methods do
not consider BMI features with LLS. They have a
limited scope for processing BMS because these im-
ages are low-contrast, contain a significant noise
component, and diagnostic elements have significant
variability. In addition, some elements have an ir-
regular (fractal) structure (for example, microcalcifi-
cations in mammography). Therefore, the relevance
of the topic lies in formalizing the stages of mam-
mographic examinations, in the development of spe-
cialized methods for improving visualization and
morphological analysis, which are based on formal
BMI models, for example, on a fractal dimension
model in order to improve the quality of mammo-
graphic examinations of patients while designing a
DSS.

Thus, the analysis showed that while designing
a DSS for mammographic examinations, the exami-
nation process can be represented in a generalized
model, including functional, structural, and mathe-
matical models.

The work aims to design medical computer
decision support systems by formalizing the main
stages, modeling the mammographic examination
procedure based on BMI analysis.

The following tasks are solved to achieve the
aim:

— perform formalization of the mammographic
examination process by developing a generalized
model that includes functional, structural, and math-
ematical models;

— develop a functional model and perform its
decomposition;

— develop a mathematical model that formalizes
the knowledge formed due to stages of morphologi-
cal analysis and diagnostics.

— develop a block diagram of a decision support
system for mammographic examinations.

— perform software implementation and test
verification of the mammogram morphological anal-
ysis module.

DEVELOPMENT OF GENERALIZED
MODEL OF MAMMOGRAPHIC
EXAMINATION

Mammographic examination results by specialist
doctors are diagnostic conclusions formed based on the
analysis of mammograms. To improve the examina-
tion’s efficiency, it is necessary to perform a systematic
analysis of the decision-making process to highlight
the critical elements of the DSS that can lead to incor-
rect decisions or refusal to make decisions.

We represent the process of mammographic ex-
amination in the form of a generalized model Mg of
the form:

Mg ={MEg, Ms, Mwm},

where Mg, Ms, My are functional, structural, and
mathematical models of the mammographic exami-
nation process, respectively.

Let us consider in more detail the functional
and mathematical models. As a structural model of
Ms, as a rule, a directed graph is proposed, reflecting
the primary states of this process and their interac-
tions. As a result of graph analysis, probabilistic-
temporal characteristics of transitions from one state
of the graph to another are determined to identify
bottlenecks and optimize the process. The develop-
ment of the Ms structural model is a separate task
and is beyond this article’s scope.

We represent the functional model Mr using the
functional modeling methodology IDEFO [19]. It is
necessary to define the inputs, outputs, controls, and
mechanisms to build a contextual diagram that pre-
sents the mammography examination as a whole and
shows the connection with the outside world.

Patient data (name, sex, age, medical history,
indications for mammographic examination, etc.) are
considered as an input. As a result of the examina-
tion, the patient should receive an examination pro-
tocol and recommendations on tactics for further
examination and/or treatment, which we will consid-
er as outputs of the functional model Me.

Various legislative acts and regulatory docu-
ments (including standards for the formation of ex-
amination protocols) act as management. They regu-
late the process of mammographic examination of a
patient. In addition, the examination of the patient is
carried out by the medical staff (mammologist,
nurse, laboratory assistant, technician, etc.), using a
specialized mammography complex, which allows
registering mammograms, and a personal computer
(PC), which inputs, stores and processes the infor-
mation. The context diagram’s main mechanisms are
the patient, the specialist doctor, the diagnostic com-
plex, and the PC.

Thus, based on the selected inputs, outputs, con-
trols, and mechanisms, a context diagram of the
functional model Mg of mammaographic examination
of a patient, shown in Fig. 1, was built.

Let us perform the functional decomposition of
the model context diagram. Taking into account the
peculiarities of the mammographic examination pro-
cess, four main functional blocks (work) were iden-
tified: register the patient (work 1); perform registra-
tion and analysis of mammograms (work 2) carry
out diagnostics (work 3); form an examination pro-
tocol (work 4).
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Fig. 1. Context diagram of mammographic exam-

ination functional model Mg
Source: compiled by the author

The decomposition of the context diagram is
shown in Fig. 2.

For work 1 “Register the patient,” the initial da-
ta is the patient data specified above, and the output
data is the medical record.

The medical record is filled out using a PC by
the medical staff based on the patient’s data from the
referral for examination and the patient’s interview.
Thus, the patient, the medical staff, and the PC are
the mechanisms of this work, while the legislation
and regulatory documentation are the controls for
the work 1.

The input of work 2 “Perform registration and
analysis of mammograms” is the patient’s mammary
gland’s internal structure, control-regulatory docu-
mentation, and data from the medical record.

These data allow configuring (if necessary) the
essential parameters of the diagnostic complex (for

example, the duration and parameters of X-ray ra-
diation).

With the help of a diagnostic complex associat-
ed with a PC, the medical staff performs registration
and subsequent analysis of mammograms in order to
determine diagnostic signs (parameters of structural
elements), as well as pathological changes (morpho-
logical changes in structural elements, the absence
of structural elements that are present under normal
conditions, and/or the presence artifacts in the form
of additional structural elements that should not be
normal). Thus, the initial data of work 2 are diagnos-
tic signs and identified pathological changes, and the
mechanism is the patient, medical staff, diagnostic
complex, and PC.

The outputs of work 2 and data from the medi-
cal record are the inputs of work 3 “Carry out diag-
nostics”, at the output of which a diagnostic solution
is formed. The diagnostic decision is made by a
mammologist using a PC, on which various special-
ized programs, including DSS, can be installed.

As a result of performing work 4 “Form an ex-
amination protocol” based on data from the medical
record and the generated diagnostic solution (inputs
of work 4), the medical staff using a PC (mecha-
nisms of work 4) fills out the examination protocol
and compiles a list of recommendations (outputs of
work 4). At the same time, legislative acts and nor-
mative documentation is the control of work 4.
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Fig. 2. Decomposition of functional model Mg context diagram
Source: compiled by the author
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It should be noted that the first and last work is
fairly easily automated, especially if there are stand-
ards for maintaining medical records and drawing up
examination protocols. Simultaneously, the second
and third works are the most responsible, affecting
the examination’s quality and efficiency. In addition,
possible errors during the mammogram analysis
stage are critical for the entire mammographic exam-
ination process. Therefore, further decomposition of
functional blocks 2 and 3 (Fig. 3) and (Fig. 4) was
performed.

For the decomposition of work 2 “Perform reg-
istration and analysis of mammograms,” the works
register a mammogram (work 21), perform prelimi-
nary processing (work 22), perform morphological
analysis (work 23), analyze the parameters of struc-
tural elements (SE) (work 24) were allocated.

The input of work 21 “Register mammogram”
is the patient’s mammary gland’s internal structure.
As a result of the work performed with the help of
digital mammography, the medical staff takes X-
rays of the patient’s mammary gland in the given
projections, so the output is recorded digital mam-
mograms, the data from the medical record, as well
as legislation and regulatory documents, act as a
control, and the mechanisms are the patient, medical
staff and diagnostic complex.

The registered mammograms are sent to the in-
put of work 22 “Perform preliminary processing”, in
which the medical staff with the help of PC and us-
ing digital image processing methods [20-21] per-

forms various kinds of preliminary processing of
mammaograms (for example, filtering, changing the
brightness or increasing the contrast, etc.), which
provides an increasing quality of visualization.

From the output of work 22, processed BMIs
with LLS are fed to the input of work 23 “Perform
morphological analysis”, due to which diagnostic
signs are formed in the form of parameters of the
found structural elements. Because some elements of
mammograms (microcalcifications) have an irregu-
lar structure, specialized methods of morphological
analysis are used, based on taking into account the
features of the considered images and methods of
their transformation in the form of useful signal
models [22], in particular, fractal dimension models
[23-24].

Morphological analysis can be carried out both
in automatic and semi-automatic or manual modes.
In automatic mode, the mammologist only confirms
the correctness of the morphological analysis results,
confirming that all structural elements were found
correctly, and their parameters were measured cor-
rectly.

In the case of the semi-automatic mode, after the
selection of structural elements by specialized com-
puter programs, the mammologist corrects the re-
sults of the morphological analysis using a special-
ized computer program, that is, marks the missing
structural elements and/or removes marks from areas
of the image that were recognized as structural ele-
ments, but not are.
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Fig. 3. Decomposition of functional block 2 “Perform registration and analysis of mammograms” of

the functional model Mr mammographic examination
Source: compiled by the author
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Fig. 4. Decomposition of functional block 3 “Carry out diagnostics” of the functional

model M of mammographic examination
Source: compiled by the author

If the manual mode is used, then the morpholog-
ical analysis is wholly performed by a mammologist.
Simultaneously, specialized programs are used to
improve the quality of visualization of images or
their individual selected areas.

The diagnostic signs obtained as a result of per-
forming work 23 are outputs of work 2. In addition,
they enter the input of work 24 “to analyze the pa-
rameters of structural elements,” the output of which
is the detected pathological changes, if they were
found, or the conclusion that there are no such
pathological changes. Similarly to work 23, the
mammologist performs work 24 using specialized
programs installed on the PC.

This work can also be performed in automatic
(the doctor only confirms the decision made by the
DSS), semi-automatic (the doctor can correct the
decisions generated by the DSS), or manual (special-
ized programs are used as a visualization tool)
modes. In works 22, 23 and 24, various legislative
acts and regulatory documents are controls.

As a result of decomposition of work 3 “Carry
out diagnostics”, the following works were identi-
fied (see Fig. 4): analyze the previous examination
(work 31), evaluate the dynamics (work 32) and
evaluate the effectiveness of treatment (work 33);
make a decision (work 34).

There is often a situation when a patient under-
goes a mammographic examination repeatedly (for
example, in the case of screening or evaluating the
dynamics of the development of a particular dis-
ease). Therefore, to develop a complete diagnostic

solution, the mammologist must obtain data about
previous examinations if they were. Therefore, the
input of work 31 “Analyze previous examinations”
receives information from the patient’s medical rec-
ord. With computer information retrieval systems
(mechanisms), the medical staff searches for data on
previous examinations (output).

If the previous examinations were found, then
one of the works can be performed further: work 32
“Evaluate the dynamics” or work 33 “Evaluate the
effectiveness of treatment”. It should be noted that
for the execution of works 32 and 33, data about
previous examination results act as a control. When
previous examinations were carried out due to
screening, then work 32 “Evaluate the dynamics” is
performed. In this case, diagnostic signs and patho-
logical changes have identified the inputs of work
32. The output is a conclusion about the dynamics of
the development of the pathological process or its
absence. Suppose preliminary examinations were
carried out after the treatment. In that case, work 33
“Evaluate the effectiveness of treatment” is per-
formed, for which the inputs are also diagnostic
signs and identified pathological changes. The out-
put is the conclusion about the effectiveness of
treatment.

In addition to the controls mentioned above for
works 31, 32 and 33, the controls are various regula-
tory documents that regulate what information and
in what form must be provided to perform these
works.

If previous examinations were not carried out,
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work 34 is performed only based on diagnostic signs
and detected pathological changes. Otherwise, addi-
tional inputs of work 34 are the conclusion about the
dynamics or the effectiveness of treatment. After
processing all the data, the final diagnostic solution
is formed at the output. Control of work 34 is nor-
mative documents and legislative acts. Like work
31, work 32, 33 and 34 are performed by medical
staff using a PC (mechanisms).

Decomposition of works 2 and 3 showed that
one of the most important is work 23 “Perform mor-
phological analysis of mammograms”, since possi-
ble errors in determining diagnostic signs, which are
obtained based on the found structural elements, can
lead to incorrect diagnostic decisions. One of the
reasons for the appearance of such errors can be the
low quality of the registered mammograms. There-
fore the work 22 “Perform preliminary processing of
mammograms” is also very important.

It should be noted that the context diagram dis-
cussed above is a generalized functional model of
image processing and can be used in other subject
areas of medicine. The peculiarities of mammogram
processing, taking into account their fractal dimen-
sion, are taken into account in blocks 22 “Perform
preliminary processing of mammograms” and 23
“Perform morphological analysis of mammograms”.
A feature of these blocks is considering the mathe-
matical model of the mammographic examination
process developed below.

DEVELOPMENT OF A MATHEMATICAL
MODEL

Based on the previously considered functional
model, the following mathematical model Mw of the
process of mammographic examination is proposed:

My :<SP,SPp,SPVp,X,X p,D,Dp,SD,SX,T,QI>,

where SP = {spi[~]|i e{l,...,ngp}} is a set of digital
mammograms;

SPP = {spip[']|i e{l,...,nsp}} is a set of digital
mammaograms that are measured in the patient;

SR = sp Pl €{L...ngp}} s @ set of digital
mammaograms of the patient that are preprocessed to
obtain the required imaging quality;

X = {xi e XWX e{l,...,nx}} is a set of
diagnostic signs;

X® and X" are the subset of primary
(measured directly at the patient) and secondary (ob-

tained by processing mammograms) diagnostic
signs;

xP :{xip|ie{1,...,nx}} is a set of diagnostic

signs which are measured in the patient;

D = {dy|k e{L...,np}} is a set of possible diag-
nostic statuses, i.e., the alphabet of diagnoses;

DP = {Dip|i e{l,...,nD}} is a set of diagnostic
conclusions that are made to patients;

Sy, Sp are the hierarchical structures of diag-
nostic signs and diagnosed statuses, respectively;

T:{tsppspvp,tspx,tspvpxp,txpr}ls a set of

mappings between corresponding sets;

Q, is aset of mapping criteria t;

Ny ,Nsp,Np € N are cardinalities of the corre-
sponding sets;

N is a set of natural numbers.

The mapping tsppspvp implements prepro-

cessing mammograms. Since mammograms are low-
contrast images containing a significant noise and
gradient background component, the adaptive filtra-
tion method developed with the authors’ participa-
tion, described in [24], improves the visualization
quality.

The mapping tgpy determines the algorithm,

and t, realizes the procedure for the morpho-

Px P

logical analysis of mammograms [22, 25], and de-
termines a vector of secondary diagnostic signs. The
calculation of the fractal dimension of mammograms
during their morphological analysis is presented be-
low.

The mapping t, implements the diagnostic

PpP

decision rule governed by hierarchical structures
Sy and Sy [26].

Thus, a mathematical model of mammographic
examination of a patient has been developed, with
the help of which the formalization of knowledge
has been carried out that are formed as a result of the
following stages of information processing: prelimi-
nary processing; morphological analysis; diagnos-
tics.

CALCULATION OF THE FRACTAL
DIMENSION OF MAMMOGRAMS

A mammogram is a digital halftone image that
is defined by many points

F={z;,i=0k j=01}, (1)

where Z;; €{0, 255} is the intensity value for a pixel

with coordinates (i, j).
If we assume that the set F is a fractal set, then
to calculate its fractal dimension, a method is used,
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the main idea of which is to construct the surface of
the graph of the grayscale function, calculate the
volume of a special “cover” for this surface, and
then calculate the fractal dimension of the surface
[23].

Since grayscale is only defined for a pixel, F
can be considered as a function of integer argu-
ments. Let us extend F for points with real coordi-
nates (x, ¥), i<x<i+1,j<y< j+1, then we can
talk about the surface area of the graph of the con-
structed function F (we can add it with the values of
Zj; or using any approximation).

Let us consider all points located at a distance
from the surface of the graph of the grayscale func-
tion. They form a “cover” with a thickness of 20,
which is a J-parallel body and is defined by the up-
per surface uy(i, j) and the lower surfacebs(i, j) .

For 6=1,2,... the surfaces are determined iteratively:
max  us(m,n)} (2)
|(m.n)-(i, j)<1|

min  us(m,n)} (3)
|(m.n)-Gi, j)<1|

us (i, j) = max{ug (i, j) +1,
bs (i, j) = min{us (i, j) -1,

It can be seen from (2) and (3) that we use four
nearest neighbors in the extreme points’ calcula-
tions.

A point F (X, y) is included in a J-parallel body
if

bs (i, §) < F(xy) < Ui, J)-
The volume of a o-parallel body is calculated as

Vs = 2. (U5 (i,)) = b5 (1.])). (4)
1]

The following formula calculates the surface
area of the fractal

_Vs

25

Then the fractal dimension D is determined
from the relation [23]:

©)

Ss

_ log,S;

D=2 .
log »,d

(6)

Calculation of the surface area of the graph of
the function F can be performed for the whole image
or a selected fragment.

Considering that the fractal dimension D calcu-
lated according to (6) will differ for different 8, the
average value of the ratio

log ,S;

log ,& ' ()

is found by the method of least squares as the slope

a, of the straight line y = a, +a;x in coordinates
x =log,5; y =log ,S; .

Based on the above, the following algorithm for
calculating the fractal dimension of halftone images
is proposed.

1. For the whole image or a selected fragment,
construct a grayscale function Zj;.

2. Determine the initial values of the two-
dimensional array of points of the upper and lower
surfaces of the 8-parallel body for & = 0:

Uo(i, ) =i, 1) = Z (i, 1), i=0k, j=0,I.

3. Organize a cycle of changing the scale 6
(8=1,25 ), at each stage of which the following

actions are performed:
3.1. Two-dimensional arrays of points of the
upper ug(i, j) and lower bs(i, j) surfaces of a &-

parallel body are calculated by formulas (2) and (3).
3.2. The volume of a &-parallel body v; is cal-

culated by the formula (4).

3.3. The surface area Sy of the fractal is calcu-
lated by the formula (5).

3.4. The values log,5 and log,S; are calculat-

ed and stored in the corresponding arrays.

4. By the method of least squares, calculate the
linear regression coefficient a of the form
y=ay+ax In coordinates x=Ilog,d;y =1log,S;.
The calculated value is taken as the average value of
the ratio (7), which is then used in the formula (6).

5. Using the formula (6), find the fractal dimen-
sion of an image or a selected fragment.

THE DISCUSSION OF THE RESULTS

Proposed solutions for this article are the basis
for the development of a DSS structure for mammo-
graphic examinations.

Requirements for the DSS are formulated, such
as:

— ease of input, processing, analysis, and stor-
age of heterogeneous biomedical information (text,
numerical, BMI, and so on), as well as the ability to
store and use reference information;

— clarity of presentation of input and output in-
formation in the form of tables, graphic display of
signals and images, etc.;

— creation and use of knowledge base (descrip-
tion of models and rules for transforming infor-
mation while conducting a morphological analysis
of BMI, diagnosis, and treatment);

— modular principle of software construction,
which provides the ability to adapt, modify and ex-
pand software while implementing a DSS in a spe-
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cific subject area of medicine;

— compatibility of data transfer between indi-
vidual DSS modules based on the use of typed data
structures.

The structural diagram of the DSS is shown in
Fig. 5.

Consider the correspondence between the DSS
blocks (Fig. 5) and the functional model blocks (Fig.
2; Fig. 3 and Fig. 4). Block 12 DSS corresponds to
block 21 of the functional model; block 12 — block
22: block 14 — blocks 23; 24; block 11 — to block 34
taking into account the results of blocks 31-33; the
rest of the DSS blocks ensure the operation of the
previously marked blocks. In addition, in the DSS
scheme, the roles are detailed — the roles of the deci-
sion-maker are separately highlighted — a mammol-
ogist and an expert doctor with different powers (see
below). The administrator’s role has also been intro-
duced — a mandatory role in computer systems and
DSS operation. The input and output data are also
detailed, represented by the mathematical model var-
iables.

Let us consider the functional purpose of the
modules.

The database stores information about patients
and the results of their examinations, diagnostics,
and treatment, received BMI, various reference in-
formation (regulatory documents, protocol forms,
ICD-10 disease classifiers, and so on), and other in-

1 Patient | o _

T 4

| 2. Decision 3. Adminis- . 4. Medical
maker [ 7777 trator - expert
T ¥ T ]u

formation necessary for the functioning of a biomed-
ical DSS.

The knowledge base stores the methods and
rules for transforming information. Transforming
methods include morphological analysis of BMI,
formalization of input information, development of
diagnostic solutions, and recommendations for the
appointment of MA.

The knowledge building module is responsible
for forming knowledge frames represented by the
methods of morphological analysis of BMI, hierar-
chical structures Sx and Sp, decisive rule parameters.

The module for preliminary processing of med-
ical data is intended to provide the operation of the
hardware component of the DSS, input, and storage
of medical data, including BMI, performs standard
processing methods, such as formalization of heter-
ogeneous medical data (numerical, rank, dichoto-
mous), filtering, contrast correction of BMI, and so
on, carries out the maintenance of the patient’s med-
ical record, the formation, and printing of diagnostic
conclusions and recommendations for treatment
methods.

A graphical user interface represents the user
interaction module. It allows collecting examination
data, entering BMI, visualizing work results, admin-
istering data, and entering expert data that are used
in the formation of system knowledge.

—» Information flows

p=-—-==!

BMI XP L - - —pControl actions
L 5 5. User interaction module

T Y Y 1

] |

V v y +

< 7. Knowledge con-
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1 1 |
v \ 4 1
9. Module of quality as- 10. Module of recommenda- 11. Diagnostic conclusions :
sessment of mammographic tion for application of medi- |« - module 1
examination MA cal actions (MA) D :
|
y A :
Xpsecondary :
XPori 1
Ly ) primar R 1
»| 12. Hardware 13. Medical data 14. Module of morphologi- |
component of »  preprocessing module p|  calanalysis of BMI <--'
15. Medical DSS
staff > BMI BMI

Fig. 5. Structural diagram of the DSS

Source: compiled by the author
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Simultaneously, the following users are de-
fined: administrator, medical expert, and decision-
maker — user-doctor. The administrator determines
what powers to grant to other users. However, he
cannot independently make changes to the database
and knowledge base and verify the system solution
since he is not a doctor.

The medical expert has the most significant
powers. He can revise and correct the database (de-
lete, change data), make changes to the knowledge
base, and correct the system solution. However, the
main task of an expert is to form a knowledge base.
The user-doctor can only revise the database and, by
entering the patient’s personal data, receive the sys-
tem’s decision regarding the diagnosis and the list of
recommended treatment methods. He is also allowed
to make changes to the resulting solution by verify-
ing it — the system interface changes depending on
the type of user.

During visualization, text information is dis-
played on the monitor screen, BMI is visualized with
the possibility of interactive work and changes in
visualization parameters (for example, selecting a
particular area of the BMI with subsequent zooming,
fixing marks, correcting the brightness and/or con-
trast of the BMI, and so on).

The morphological analysis module implements
specialized BMI analysis methods, as a result of
which a vector of secondary diagnostic signs is
formed.

The modules of diagnostic conclusions and rec-
ommendations for using treatment methods are de-
signed to formulate decision-makers’ recommenda-
tions and argumentation. The decision-maker con-
firms or corrects the decisions of the system.

In the quality assessment module, various crite-
ria for evaluating individual DSS modules’ work can
be implemented depending on the task.

Software implementation and testing. The soft-
ware implementation of the morphological analysis
module has been completed, which is developed in
the MATLAB environment and can be connected to
the main program in the form of a DLL module. The
module has been tested on real mammogram images.
Mammogram files in *.mam format were kindly
presented by the domestic mammographs developer
— the Radmir company, Kharkiv. 60 mammograms
were analyzed; among them, 40 were without obvi-
ous pathologies, and 20 were with pathological
structures of various types (tumors, intraductal for-
mations, and microcalcifications).

The fractal dimension of the entire image and
selected fragments was calculated. Based on the test

results, it was concluded that the entire image’s frac-
tal dimension does not give statistically significant
results in the sense of Fisher’s criterion for the pres-
ence or absence of pathologies. In all mammograms,
the fractal dimension ranges from 2.4 to 2.5. How-
ever, if you calculate the fractal dimension on the
selected fragments, the results are statistically signif-
icant — the fractal dimension is greater than 2.6. One
can trace the pattern that the more apparent patholo-
gies on a fragment, the greater the fractal dimension.

CONCLUSIONS

The modeling of the mammographic examina-
tion process based on the BMI analysis allowed us to
reasonably design a specialized medical computer
decision support system to increase the efficiency of
medical services.

Using the IDEFO functional modeling method-
ology, a functional model has been developed that
represents the mammographic examination as a
whole and shows the connection with the outside
world; its inputs, outputs, controls, and mechanisms
are determined. A two-level decomposition of the
model was carried out, as a result of which the stag-
es of mammographic examination were formalized
with due detail.

A mathematical model has been developed,
with the help of which the formalization of
knowledge is carried out, which is formed due to
stages of morphological analysis and diagnosis. For
the morphological analysis of mammograms, a
method and algorithm for calculating the fractal di-
mension of medical images or selected fragments
have been developed.

Based on the developed models, a generalized
structure of the decision support system for mam-
mographic examinations is synthesized.

The software implementation of the module for
morphological analysis of mammograms and its test
check was performed. They confirmed the statistical
significance of the fractal dimension parameter on
the selected fragments in identifying pathological
structures.

The results obtained in this work are of meth-
odological importance and can be used to analyze
medical images in other applied fields of medicine.

Further research aims to develop a method for
the classification of mammograms taking into ac-
count their fractal dimensions, software implementa-
tion of the mathematical model, and experimental
verification of the system’s efficiency.
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AHOTANTIA

B pobGoti posriasHyTa (opmaiizamis eTamiB i MOJENIOBaHHS HPOLEIypH MaMorpadidHHX OOCTEKEHb IPU INPOEKTYBaHHI
MEIUYHUX KOMITIOTEPHHX CHCTEM MiATPUMKH MPUHAHATTA piiens. [Iporiec MamMorpadiyHOro 00CTeKEHHs MPEACTABICHO y BUIIIAL
y3araJbHeHOI MoJeni, sika BKIIoYae B cebe (YHKIIOHAJIBHY, CTPYKTYpHY Ta MaTeMaTHuHy Monenb. DyHKIiOHaJbHa MOJEINb
(KOHTEKCTHa JiarpaMa) BUKOHAHa 32 JIONIOMOTOI0 METOIOJIOTT (DyHKIIOHAIBHOTO MOJIeNIOBaHHSA. [Ipy aHami3i KOHTEKCTHOI AiarpamMu
Oyny BUAIJICHI YOTUPU OCHOBHHUX (YHKLIOHANBHHX OJIOKA: 3apeecTpyBaTH IAIli€HTa; BUKOHATH PEECTPALil0 Ta aHali3 MaMorpam;
BUKOHATH JIIarHOCTHKY; c(OPMYBATH IPOTOKOJI 00CTeKeHHs. Bin3HaueHo, 10 IpH HAsIBHOCTI CTaHAAPTIB BEACHHS MEANYHHX KapT i
o¢opMIIEHHSI TIPOTOKOIB OOCTEKEHHS, NepIlnil 1 ocTaHHIH OJOK IOCUTH JIETKO aBTOMATU3YIOTHCS. Y CTaTTi MPHUIUICHO OCHOBHY
yBary Ipyromy i TperboMy OiokaM. Ha erami anamizy mMamorpaM BajKIMBHMH € IifeTanu «BukoHaTn momepenHio oOpoOKy» i
«BuxoHatu mopdosnoriunuii aHamizy». [lonepenus o6podbka Mmamorpam (aganTHBHA (iNbTpAllisl, 3MiHa ICKPaBOCTI a00 MiIBHIICHHS
KOHTPACTY 1 T. II.) pealizyeTbcss MeToaMu udpoBoi 00poOKH 300paskeHb 3 METOO MiJIBUIICHHS SKOCTI Biyauisarii. Pe3yiapraTom
MOP(OIOTiYHOTO aHaji3 € BUAIICHHSI CTPYKTYPHUX €JIEMEHTIB i ()OPMYBaHH MHOXKHHH JIarHOCTHYHUX O3HAK y BUIIISIAL IAPAMETPiB
3HAHICHUX CTPYKTYPHHUX €JIEMEHTIB. Tak K NesKi eleMeHTH MaMmorpaMm (MiKpOKaJbIIMHATH) MAalOTh HEPEryIspHY CTPYKTYpY, TO
3aCTOCOBYIOTBCS CIIEIiasli30BaHi MeToau MOpP(OJIOTIYHOTO aHamizy, 3acHOBaHI Ha BpaxyBaHHI OCOOJMBOCTEH pPO3TITHYTHX
300pakeHb i METOMIB 1X MEPETBOPEHHS y BUIIIAAI MOJENeil KOPUCHUX CHTHAIB, 30KpeMa Mopeneil ¢pakrambHOI pO3MIpHOCTI.
Po3pobneni ¢opmarnizoBani MoJeNi O3BOJMIN OOTPYHTOBAHO CIIPOEKTYBAaTH CTPYKTYPY CHUCTEMHM IIATPUMKH HMPUHHSTTS pillleHb
IIpU TPOBEACHHI MaMorpadidyHuX 0OCTEeX eHb, CTBOPIOBATH iH(pOpMaIliiiHe, MaTeMaTHYHEe Ta NPOTrpaMHO-anapaTHe 3a0e3MedeHHs 3
METOIO IiJIBUIIEHHS e()eKTUBHOCTI HaJaHH MEJUYHUX ITOCIYT Ta MiHiMi3amii pU3HKiB JIIKApCEKUX TIOMUJIOK.

Kiouosi cioBa: mamorpadidyae oOCTEKEHHS; MOJEITIOBaHHSA; (YHKIIOHAIBHA MOJENb; CTPYKTYpHa MOJAEJb, MaTeMaTHYHA
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AHHOTALIMA

B pabote paccmoTpeHa hopmanu3anys 3TanoB ¥ MOACIMPOBAHKE MPOLEAYPH MaMMOTrpaguIecKuX 00CIeJOBaHUH IPH MPOEK-
TUPOBAaHUU MEJUIIMHCKHX KOMITBIOTEPHBIX CHCTEM IIOJICPKKH NMPHHATHS perieHni. [Iporecc Mammorpadpuyeckoro o0cneoBaHus
MIPE/ICTAaBICHO B BHJE 0000IIEHHON MOJEH, KOTopas BKIIIOUaeT B ce0st GYHKIIMOHAIBHYIO, CTPYKTYPHYIO M MaTeMaTUYECKYI0 MO-
nenb. OyHKIMOHANbHAs MOENb (KOHTEKCTHASI AUarpamMMa) BHIIOJHEHA C IIOMOIIBI0 METOAOJIOTHH (PYHKIIMOHAIEHOTO MOJEINPOBa-
uust. [Ipy aHanmM3e KOHTEKCTHOM AuarpaMMbl OBUTH BBIZEIEHBI Y€ThIPE OCHOBHBIX (D)YHKIIMOHAIBHBIX OJO0KA: 3apeTHCTPUPOBATH Ma-
[MEHTA; BBIMOJHATh PETUCTPALMI0 M aHAIN3 MaMMOTPaMM; BBIIONHHTH IHATHOCTHKY; CHOPMHPOBATH MPOTOKON OOCIETOBAHMSI.
OTMe4eHo, YTO MPU HATMYMU CTAHAAPTOB BEIACHHS MEAWIMHCKUX KapT U O(POPMIICHHUS IPOTOKOJIOB OOCIEeIOBaHUS, TIEPBIA U T10-
creHui OJIOK JOCTATOYHO JIETKO aBTOMATHU3HPYIOTCS. B craThe yeneHo OCHOBHOE BHHMaHHE BTOPOMY M TpeTheMy Omokam. Ha
JTare aHajau3a MaMMOTIPaMM Ba)KHBIMHU SIBJISIOTCS MOJATANbl «BBIMOIHUTE NpeaBapuTeIbHYI0 00paboTKy» U «BHIMOIHUTE MOpdO-
noruyeckuii anamusy. [IpeaBapuTenbHas 00paboTka MaMMorpamMM (aganTHBHas GUIBTpaLus, H3MEHEHUE SIPKOCTH MJIM MOBBILICHHE
KOHTPACTa U T. JI.) pealu3yeTcsi MeToaaMu HU(GPOBOi 00pabOTKH H300paKEHUI C LeNbIO MOBBILICHHs KauecTBa BU3yaau3aluu. Pe-
3yJIbTaTOM MOP(OJIOrNYECKOT0 aHAIN3 SBISETCS BBIICICHUE CTPYKTYPHBIX JIEMEHTOB,  (hOpMHUpOBaHHE MHOXKECTBA TUArHOCTHYC-
CKHUX MPU3HAKOB B BH/E MAPaMETPOB HAWIEHHBIX CTPYKTYPHBIX 31eMeHTOB. Tak Kak HEKOTOPBIE JJIEMEHTBl MaMMOTpaMM (MHKpO-
KaJIBIMHATH) UMEIOT HEPETYJSIPHYIO CTPYKTYPY, TO TPHMEHSIOTCS CIIENHaIM3UPOBAHHBIE METOAbI MOP(OIOrHYECKOro aHaIU3a,
OCHOBaHHbBIE Ha ydeTe 0COOCHHOCTEH pacCMaTpHBAaEMbIX M300paKEHU U METOJIOB WX MPeoOpa3oBaHUs B BUJIC MOJIENEH IOIE3HBIX
CHTHAJIOB, B YaCTHOCTH MOJIeliel (hpaKkTaisHO# pasmepHocTH. Pa3paboranHbie HOPMATH30BaHHBIE MOJIENH ITO3BOJISUTH 000CHOBAHHO
CIIPOEKTUPOBATH CTPYKTYPY CHCTEMBI MOIEPIKKU TIPUHATHS PEIICHUI IPU MPOBEIECHHH MaMMOTpapHIecKux 00ClIeI0BaHu, Co3/1a-
BaTh HHPOPMAIIMOHHOE, MATEMATHYECKOE M ITPOrPaMMHO-anapaTHoe 00eCceYeH e ¢ b0 MOBBIEHHs d3PPEKTUBHOCTH OKa3aHUs
MCOUILIMHCKUX yCJ'[yF U MUHUMU3AIIUHU PUCKOB BpaqeGHbe OIJ_IHGOK.
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