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QUALITY OF EXPERIENCE MODELING OF MULTIMEDIA ON-
LINE SERVICES

Zlatinka Kovacheva, Stoyan Poryazov, Emiliya Saranova

Abstract: This paper is focusing on some important aspects of QoE modeling
of multimedia on-line services as influence factors and parameters,
assessments and models. On the base of this survey we are going to propose a
conceptual model for QOE prediction and to apply it for multimedia on-line
services.

Keywords: quality of experience, quality of service, modeling, prediction

ITHEA Keywords: 1.6.5. Model Development

Introduction

During the past few decades service quality has become a major area of
attention to practitioners, managers and researchers owing to its strong
impact on business performance, lower costs, customer satisfaction,
customer loyalty and profitability [Seth 2005].

Quality of experience (QoE) of the multimedia on-line services is a subjective
measure which depends on a variety of factors as network quality of service
(QoS), users’ experience, interest and expectations, cognitive and behavioural
states, costs, etc. [Mitra 2018]. The term QoS refers to the ability of the network
to achieve a more deterministic behaviour, so data can be transported with a
minimum packet loss, delay and maximum bandwidth but QoS does not
consider the user’s perception [Alreshoodi 2013]. Obviously, the QoS is a key
factor for the QOE.
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QOE is a multidisciplinary and a multidimensional concept. We may outline the
following main challenges to investigate and predict the QoOE:

e To build a conceptual model, including a variety of interrelated
parameters with nonlinear relations;

e To use relevant methods for modeling in order to apply the model for
QoE measuring and prediction;

e The model should be applicable in a dynamic environment for a long
time period.

The aim of this paper is to focus on the following important aspects of QoE
modeling of multimedia on-line services:

— QOoE influence factors and parameters;
— QoE assessments;

— QOoE models.

1. QoE influence factors and parameters

In the Qualinet White Paper on Definitions of Quality of Experience [Callet
2012], the main QoE influence factors are grouped in the following categories:

e Human factors (age, gender, education, background, etc.);
e System factors (bandwidth, security, resolution, etc.);

e Context factors (location, movements, costs, etc.)

Context can be static and dynamic. Static context may include user’s
application preferences, their security requirements and cost. Dynamic context
can change in a very short period of time and it is uncertain. The timely
collection and processing of context may be crucial as it may loose its accuracy.
Dynamic context may include user location, velocity, network load, etc.

The QOE of the multimedia on-line services depends on many parameters
which may be classified as context and additional.
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The context parameters may be grouped in the following context classes [Mitra
2018]:

e User and user environment (location, social context, age, gender,
background, etc.);

e Tools/device/object (design layout, resolutions, input/output methods,
usability, etc.);

e Application (type, requirements);

¢ Network (bandwidth, delay, jitter, packet loss, protocols used, received
signal strength, etc.).

The additional parameters include users’ satisfaction, technology acceptance,
enjoyment, efficiency, accuracy, perceived ease-of-use, etc. Studying and
modelling these parameters is a challenging task.

In [Perkis 2006] the authors classified the technology and user related
parameters as either quantifiable or unquantifiable. Quantifiable parameters
include bandwidth, delay and jitter. Parameters such as expectation, attitude,
ease-of-use are related to user and are deemed to be unquantifiable.

In reality, the parameters are not independent of each other. There can be
inter-dependencies and non-linear relationships between them. For example,
the parameter “user satisfaction” may affect the parameter “technology
acceptance”. In the model of Gong at al. [Gong 2009] each QoOE parameter is a
function (linear or ratio) of one or more QoS parameters. For example, “service

integrity” is a function of “delay”, “jitter” and “packet loss” ratio.

Further, some parameters may be hidden. i.e. they may not be observed
directly. These parameters may be hard to measure and quantify.

QoE modelling and measurement require a combination of different kinds of
parameters to determine overall QoE.



6

International Journal "Information Models and Analyses" Volume 9, Number 1, © 2020

2. QoE assessments

There are two main quality assessment methodologies, namely subjective and
objective assessment. The most commonly used subjective method for quality
measurement is the Mean Opinion Score (MOS). MOS is standardized in the
ITU-T recommendations [ITU-T Recommendation 2003], and it is defined as a
numeric value going from 1 to 5 (i.e. poor to excellent). Usually user surveys are
conducted to gather the subjective evaluation of a given service. A variety of
demographics and context characteristics should be considered. The main
drawbacks of this approach are: it is high in cost, time consuming, cannot be
used in real time and lacks repeatability. These limitations have motivated the
development of objective tools that predict subjective quality solely from
physical characteristics.

The objective approach is based on mathematical and/or comparative
techniques that generate a quantitative measure. This approach is useful for in-
service quality monitoring or the design of networks/terminals, as well as in
codec optimization and selection. The development, deployment, and modeling
of the objective methods are difficult processes due to their large space
parameters.

The objective approach is more reproducible, more predictable and more
suitable for in-service usage for real-time service monitoring and adaptation,
however very often it is less accurate than subjective methods.

Many of the objective methods convert the final results to the MOS scale. A
combination of the objective and subjective approaches can be performed to
overcome the shortcomings of each individual technique [Alreshoodi 2013].

The different parameters which define the overall QOE may be measured by
different scales. E.g., the “user’s satisfaction” may be measured by the scale 1
to 5 but the “technology acceptance” may be measured by “yes/no”.

Mitra et al [Mitra 2018] proposed to use a bipolar interval scale to map users’
ratings into an interval scale. For example, a 5-point ordinal scale is calibrated
in such a manner that the best alternative, for example, “excellent” is assigned a
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maximum value, '1’; the worst alternative on the other hand is assigned the
lowest value, '0’. The mid-point is also used for calibration. For example, “good”
is assigned a value of 0.50. This means that values lower than 0.50 are less
favourable compared to values higher than 0.50. For example, a value between
0.8750 and 1 is considered to be “excellent” while a value in the range of 0 and
0.1250 is considered as “poor”. This way normalized values can be used to
determine a QOE rating. Thus, a bipolar scale enables an expert to perform
mathematical operations such as computing mean and standard deviation and
the application of parametric statistical models.

In [Brooks 2010] the existing approaches of measuring network service quality
from a user perspective are classified into three categories:

e Testing User-perceived QoS (TUQ) - e.g. MOS;
e Surveying Subjective QoE (SSQ) — e.g. questionnaires;

e Modelling Media Quality (MMQ) — e.g. perceptual evaluation of speech
quality.

The first two approaches collect subjective data from users, whereas the third
approach is based on objective technical measurements.

It is possible to measure and quantify the QoE and subsequently derive a
mapping correlating the QoS parameters with the measured QoE metrics. A
number of objective models have been devised for estimating QoE [Alreshoodi
2013]. The International Telecommunication Union (ITU) has developed a
classification to standardize these models based on a focus of each model
type. Generally, the objective quality assessment methodologies can be
categorized into five types [Takahashi 2008]:

e Parametric packet-layer model predicts QoOE from packet-header
information, without handling the media signal itself. It does not look at
the payload information; therefore it has difficulty in evaluating the
content dependence of QOE;
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e Parametric planning model takes quality planning parameters for
networks and terminals as its input. This type of model requires a priori
information about the system under testing;

e Media layer model predicts the QoE by analysing the media signal via
HVS. However, if media signals are not available, this type of model
cannot be used;

e Bit-stream model is a new concept. Its position is in between the
parametric packet-layer model and the media-layer model. It derives the
quality by extracting and analysing content characteristics from the
coded bit-stream;

e Hybrid model is a combination of some or all of these models. It is an
effective model in terms of exploiting as much information as possible to
predict the QoE.

Since subjective scores and objective quality indices typically have different
ranges, a meaningful mapping function is required to map the objective video
quality (VQ) into the predicted subjective score (MOS). Mapping functions can
be categorised into linear and non-linear. The linear mapping function can be
used when both objective and subjective scores are scaled uniformly, i.e. an
equal numerical difference corresponds to an equal perceived quality difference
over the whole range [Korhonen 2012].

3. QoE modelling

Quality of Experience prediction models can be intrusive and non-intrusive,
where intrusive models predict QOE by extracting features from the output
signal, either on its own or by comparing it with the input signal while non-
intrusive models rely on network and application parameters.

There are a variety of methods for modeling the QoE which may be classified
into two main groups — statistical methods and methods based on artificial
intelligence and machine learning.
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3.1. Statistical methods

The statistical methods include linear and nonlinear regression and correlation
analysis. These methods involve mathematical operations such as computing

average, variance and standard deviation of users’ ratings.

Khan et al. [Khan 2009] proposed a model for QoE estimation based on content
clustering and linear regression. The prediction focuses mainly on video
attributes and the video content type is extracted with content clustering. Linear
regression is used to design an equation which calculates MOS. According to
the presented result, video content type has a significant effect on QOE
[Tsaregorodtseva 2019].

Fiedler, Hossfeld and Tran-Gia [Fiedler 2010] presented a quantitative mapping
between QoS and QoE using their IQX hypothesis. It is based on exponential
relationship between QoS and QoE parameters. The 1QX hypothesis takes as
an input QoS parameters such as packet loss and jitter (in the form of p-ordered
ratio) to determine QoE in the form of PESQ MOS for VoIP applications. The
authors show that the derived non-linear regression equation can provide an
excellent mapping between QoS parameters and MOS for VolP application.
The authors also tested their hypothesis for QoE related to web browsing by
considering weighted session time and delivered bandwidth.

The main drawback of IQX hypothesis is that it only considers one QoS
parameter to predict the corresponding QoE value. The authors did not consider
the problem of integrating additional context and QOE parameters to predict the
overall QoE. [Mirta 2018]

Chen et al. [CHEN 2009] presented OneClick to measure and predict QoE
regarding multimedia applications such as VolP, video streaming and gaming.
The authors developed a Possion regression equation to predict users’ QoE
based on user click rates. The user click rate is computed when the users click
the keys on their keyboard corresponding to network QoS conditions. The
experimental analysis comprised of VoIP and video streaming applications but
considered only three human subijects.
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Kim et al. [Kim 2008] proposed a method for QOE prediction based on a
function of QoS parameters such as delay, jitter, packet loss and bandwidth.
Firstly, a normalized QoS value is computed based on the linear weighted sum
of QoS parameters. Once the QoS value is computed, it is then used to
determine QOE on the scale of one to five based on another QoE function.
However, the authors do not discuss in detail how the weights of each QoS
parameters can be computed. Further, their method is limited to QoS
parameters and treats each parameter independently.

The main drawback of such methods is that in case of subjective tests, the
normality of collected data (users ratings) cannot be verified.

In an effort to reduce the need for subjective studies, the authors in [Agboma
2008] present a method that only relies on limited subjective testing. The
viewers marked the point at which the change of quality became noticeable by
using the method of limits. Discriminate Analysis (DA) was used to predict
group memberships from a set of quantitative variables. The group
memberships were separated by mathematical equations and then derived. The
derived equations are known as discriminant functions, which are used for
prediction purposes. In this study, two video parameter shave been used
namely the bitrate and the frame rate for three different terminals and six types
of video content. The authors explain that involving other factors related to the
video content and coding parameters can maximize the user perceived quality
and achieve efficient network utilization. The accuracy of the developed model
validated for each terminal was Mobile phones: 76.9%, PDAs: 86.6% and
Laptops: 83.9%. However, this approach suffers from a limited accuracy due to
the statistical method used to build the prediction models. Moreover, no specific
implementation was considered for the QoS parameters at the Network Layer
[Alreshoodi 2013].
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3.2. Atrtificial lintelligence and Machine Learning methods

The second group of methods include decision trees, fuzzy logic, artificial neural
networks, hidden Markov models, Naive Bayes, k-Nearest Neighbours (k-NN),
Random forest, etc. [Mirta 2018]. These methods are more flexible and more
adaptive in a dynamical environment, with many unknowns and missing data.

An experiment for QoE prediction of video streams by 4 methods is presented
in [Tsaregorodtseva 2019]. The methods are Support Vector Machines,
Random Forest, Gradient Boosted Trees, and Neural Networks.

Support Vector Machines (SVM) are maximum margin classifiers. In particular,
linear SVMs seek to find a hyperplane in the dataspace that separates the data
into its respective classes and maximizes the distance between the data points
of different classes that are closest to this separating hyperplane. For example,
in the case of two classes and two-dimensional data, it consists of finding a line
which separates the data into two classes, and the two vectors of different
classes closest to the line are furthest away from each other (See Figure 1).

\

Figure 1. Linear SVM
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However, most real word data sets cannot be linearly separated. The data can
be projected into a higher dimensional space and the separating hyperplane
can be learned in this space. A separating hyperplane can be efficiently learned
with so called kernel trick — a function of two vectors k(x,y) and a measure of
distance between two vectors must be specified [Scholkopf 1997].

Random forest is a supervised learning algorithm where the model is created by
an ensemble of Decision Trees. A Decision Tree works by formulating a set of
rules to use for prediction from the features and labels of the training data set. It
can be described as a flowchart of ‘yes” or “no” questions that eventually lead to
a predicted class or continuous value. Most commonly in cases of classification,
the splits of nodes are chosen to maximize the reduction in Gini Impurity of their
answers. Gini Impurity is a mathematical concept that represents the probability
of a randomly chosen element of the set being incorrectly labeled if it was
labeled by a distribution of samples in the set [Safavian 1991].

In a Decision Tree, at each node the algorithm searches through all of the
possible features to find one which would result in the greatest Gini Impurity or
MSE reduction, and then chooses it to split on. This splitting procedure is
repeated reqursively until the tree reaches maximum depth. An issue with
decision trees is that they are high variance methods and can fit noise in the
dataset well, resulting in very different trees being learned for moderately
different splits in the dataset. This results in severe overfitting to the training
data and poor generalization performance. An approach to countering
overfitting for high variance machine learning models is bagging, when an
ensemble of models are trained on different random samples of the dataset.
Random Forest is the application of bagging to decision trees. The algorithm
selects a random subset of training data for each Decision Tree. and selects a
random subset of features for splitting nodes. When a tree in a Random Forest
picks a random sample of training data points they are drawn with replacement,
which is known as bootstrapping, and the predictions of each tree in the random
forest are averaged at test time. This procedure is known as bagging. An
illustration of Random Forest with two estimators is shown in Figure 2 [Donges
2018].
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Figure 2. Random Forest with two estimators

Gradient boosting is a general technique similar to bagging that can be used to
create an ensemble of models. While bagging is used to reduce overfitting of
high variance models, Gradient Boosting is used to increase the power of high
bias i.e. weak models that fail to fit the data well when used individually. Unlike
in bagging, for Gradient Boosting the ensemble of models is trained sequentially
rather than in parallel. In the case of Gradient Boosted Trees, which is the
algorithm used in this work, Decision Trees are used as the weak model [Elith
2008] .

What sets Gradient Boosted Trees apart from the Random Forest algorithm is
that trees are not random and independent of each other, but they are built
sequentially, and each new tree attempts to minimize the loss function of all the
trees combined. It is often the case that individual models in the ensemble
become good at explaining data in a particular subspace of the data space and
a good fit to the full dataspace can be achieved by combining of all these
specialized models. Gradinet Boosted trees are quite efficient and do not use a
lot of memory.

An artificial neural network (ANN), also called a simulated neural network (SNN)
or commonly just neural network (NN) is an interconnected group of artificial
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neurons that uses a mathematical or computational model for information
processing based on a connectionist approach to computation. In most cases
an ANN is an adaptive system that changes its structure based on external or
internal information that flows through the network.

The classical architecture of artificial neural network consists of three groups, or
layers, of units: a layer of "input” units is connected to a layer of "hidden" units,
which is connected to a layer of "output” units. If the signals are travelling only
in one direction — from input to output layers, the network is called feedforward
neural network. The input layer does not perform any computation and just
passes the information to the hidden layer. The inputs have associated weights
that represent their importance comparing to other inputs. Hidden layers and
output layers do perform computation, and the last hidden layer's nodes pass
their outputs to the output layer, which produces the final result value. Figure 3
illustrates a feedforward neural network [Upadhyay 2019]. Feedback networks
can have signals travelling in both directions by introducing loops in the
network. Feedback networks are very powerful and can get extremely
complicated. Feedback networks are dynamic; their 'state' is changing
continuously until they reach an equilibrium point.

Inputs
OQutputs

/ / Output
£ Layer

Hidden Layers

Figure 3. Feedforward Neural Network
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In the standard back-propagation (BP) algorithm, the weights start off being
random. Every input in the training data set is propagated through the NN, and
the output is compared with the corresponding expected output. Then, based on
the error, the weights are adjusted using the gradient descent optimization
algorithm. This process repeats until the error is low enough, and after it
terminates the NN has learned all of its weights and can be used for its intended
purpose.

Artificial Neural Networks simulate the ability of the human brain for self-
learning on the base of the collected information. They are used for building a
self-organized architecture of the network and to define a self-learning algorithm
for nonlinear systems modeling. Another important use of the ANN is in
discovering theoretical links embedded in large chunks of data and the
provision of richer interpretations of the interconnecting relationships existing
between the variables. Since neural networks are best at identifying patterns or
trends in data, they are well suited for prediction or forecasting needs.

The results in [Tsaregorodtseva 2019] show that the highest accuracy — 91.65%
is achieved by Neural Networks (See Figure 4).
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Figure 4. Accuracy of QOE prediction
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Neural networks are widely used for time series prediction. They are also very
suitable for modeling of the nonlinear relation between the QoE and QoS.

The study reported in [Machado 2011] proposed a method that connects the
QOE metrics directly to QoS metrics according to the corresponding level of
QoE. The QoE was estimated by employing a Multilayer ANN. The network
QoS parameters were selected as the input layer, while the MOS, Peak Signal
to Noise Ratio (PSNR) and Video Quality Metric (VQM) as the output layer. The
ANN model was trained to get the correct weights. After training the ANN
model, the relationship between the input layer and output layer was
established. From the results, the proposed model gives acceptable prediction
accuracy.

A model of QoE prediction for mobile 3D video streaming based on neural
network is presented in [Almohammadi, 2019]. Neural networks are used for
QOE prediction also in [Du, 2009], [Frank 2006] and many others.

Combined methods are also applied. E.g., a combined method for QoE
prediction based on several EIman neural networks is presented in [Xu 2019].
Elman neural network is a type of locally recurrent network, which is considered
as a special type of feedforward NN with additional memory neurons (context
layer) and local feedback. As shown in Figure 5, the ElIman NN consists of the
context layer, input layer, hidden layer, and output layer. W denotes the weight
from the context layer to the hidden layer, W? denotes the weight from the input
layer to the hidden layer, and W?* denotes the weight from the hidden layer to
the output layer. U(t — 1) denotes the network input vector at the (t — 1)th
iteration, V(t) denotes the hidden layer output vector at the t-th iteration, and
Z(t) denotes the network output vector at the t-th iteration. The context layer
retains the hidden layer output vector from the previous iteration; that is, VC(t)
denotes the context layer output vector at the t-th iteration, and its value equals
the hidden layer output vector at the (t — 1)-th iteration. The transfer functions of

the hidden layer and output layer units are g(:) and h(-), respectively.
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Figure 5. EIman neural network model

Because of its better learning efficiency, approximation ability, and memory
ability than other neural network, the Elman NN can not only be used in time
series prediction, but also in system identification and prediction. Combining the
exits of the several EIman networks, the method has bigger generalizing ability
and stability.

Conclusion

Modeling the quality of experience of multimedia on-line services is a complex,
multidisciplinary, multidimensional and challenging task. It involves concepts
from several fields as computer networks, cognitive and behavioral science,
human-computer interaction, economics, etc. It includes the definition of the set
of context and additional parameters and the relations between them which are
usually nonlinear dependences.

Even the best modern conceptual models cannot sufficiently solve the problems
of measuring and prediction of the QoE for a long time period. It is
recommended to include more parameters (context and additional) as well as to
apply a more systematical and unified approach. It is necessary to use a bigger
data base at the entrance of the machine learning models.
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On the base of this survey we are going to build a conceptual model for QoE
prediction and to apply it for multimedia on-line services.
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Reliable Monte Carlo Methods for Multidimensional Sensitivity
Analysis

Venelin Todorov, Stoyan Poryazov

Abstract: Sensitivity analysis is a promising technique for determining the stability, reliability,
and efficiency of a mathematical model. Since the basic element in performing this procedure
is the calculation of the corresponding numerical indicators, called total sensitivity indices, from
a mathematical point of view this task is represented by multidimensional integrals. The total
sensitivity index of an input parameter can be calculated with only one integral using the adaptive
Monte Carlo method, analogous to the calculation of the first order indices. This makes the applied
approach one of the most effective variance reduction based methods in terms of computational
efficiency.

Keywords: Multidimensional integration, Sensitivity Analysis, Monte Carlo methods, Air pollution
modelling.

MSC: 65C05, 65U05, 65F10, 65Y20
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Introduction

We discuss a systematic approach for sensitivity analysis studies in the area of air pollution modelling.
The Unified Danish Eulerian Model (UNI-DEM) [ , ] is used in this particular study.
Different parts of the large amount of output data, produced by the model, were used in various
practical applications, where the reliability of this data should be properly estimated. Another
reason to choose this model as a case study here is its sophisticated chemical scheme, where
all relevant chemical processes in the atmosphere are accurately represented. We study the
sensitivity of concentration variations of some of the most dangerous air pollutants with respect
to the anthropogenic emissions levels and with respect to some chemical reactions rates. A special
version of UNI-DEM (called SA-DEM) was developed for the purpose of this study. Description of
UNI-DEM, SA-DEM and their parallel computer implementations will be given in the next section.

Different efficient stochastic algorithms for multidimensional integration have also been applied on
a furter stage of these sensitivity studies. Between them are two adaptive Monte Carlo algorithms,
described in more details in the paper. These will be compared with two QMC algorithms, namely
Fibonacci lattice rule and Latin hypercube sampling. Fibonacci lattice rule is completely investigated
in [2002] and Latin hypercube sampling is described in detail in

[197¢]
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1 Description and implementation of UNI-DEM

UNI-DEM is a powerful large-scale air pollution model for calculation the concentrations of a large
number of pollutants and other chemical species in the air along certain time period. Its results can
be used in various application areas (environmental protection, agriculture, health care, etc.). The
large computational domain covers completely the European region and the Mediterranean.

UNI-DEM is mathematically represented by the following system of partial differential equations
(PDE), in which the unknown concentrations ¢, of a large number of chemical species (pollutants
and other chemically active components) take part. The main physical and chemical processes
(advection, diffusion, chemical reactions, emissions and deposition) are represented in that system.

des  O(ucs)  I(ves)  O(wes) N
ot Ox dy 0z
0 Oc 0 Oc 0 des

+ Es + Qs(c1, o, ... ¢q) — (k1s + kos)es, s=1,2,...q.

where ¢, are the concentrations of the chemical species; u, v, w are the wind components along
the coordinate axes; K,, K,, K. - the diffusion coefficients; £ — the emissions; k15, kos -
dry / wet deposition coefficients; Qs(c1, ca, . . . ¢,) — non-linear functions describing the chemical
reactions between species under consideration. The above PDE system is non-linear and stiff.
Both non-linearity and stiffness are introduced mainly by the chemical scheme: the condensed
CBM-IV (Carbon Bond Mechanism) [ : ]. It is quite detailed and accurate, but
computationally expensive as well.

For the purpose of efficient numerical treatment, the system (1) is split according to the major

physical and chemical processes and the following 3 submodels are formed: Advection-diffusion,
Chemistry & deposition and Vertical transport (vertical wind and convection).

The following methods are used in the numerical solution of the submodels:

o Advection-diffusion part: Finite elements, followed by predictor-corrector schemes with several
different correctors.

e Chemistry-deposition part: An improved version of the QSSA (Quazi Steady-State Approximation)
[1995].

o \ertical transport: Finite elements, followed by theta-methods.

Spatial and time discretization makes each of the submodels a tuff computational task even for
the most advanced supercomputer systems. Efficient parallelization has always been a crucial
point in the computer implementation of UNI-DEM. The task became much more challenging with
development of the sensitivity analysis version of the code, SA-DEM [2006]. It consists of he
following three parts:
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- A modification of UNI-DEM with ability to modify certain parameters, subject to SA study. By
now we have been interested in some chemical rate constants as well as in the input data
for the anthropogenic emissions. A small number of input parameters is reserved for this
purpose.

— A driver routine that automatically generates a set of tasks to produce the necessary results
for a particular SA study. It allows to perform in parallel a large number of runs with common
input data (reusing it), producing at once a whole set of values on a regular mesh (used later
for calculating the sensitivity indices).

— An additional program for extracting the necessary mean monthly concentrations and computing
the normalised ratios (to be analysed further on).

Algorithm

Variance-based methods deliver results that are independent to the models behaviors: linearity,
monotonicity and additivity of the relationship between input factor and model output sensitivity
measures. The variance-based Sobol’ method uses the sensitivity measures (indices) and takes
into account interaction effects between inputs. An important advantage of this method is that it
allows to compute not only the first-order indices, but also indices of a higher-order in a way similar
to the computation of the main effects, the total sensitivity index can be calculated with just one MC
integral per factor. The computational cost of estimating all first-order (m = 1) and total sensitivity
indices via Sobol’ approach is proportional to d NV, where N is the sample size and d is the number
of input parameters.

The Sobol’s method [ Jis one of the most often used variance-based
methods. It is based on a unique decomposition of the model function into orthogonal terms
(summands) of increasing dimension and zero means. Its main advantage is computing in a uniform
way not only the first order indices, but also the higher order indices (in quite a similar way as the
computation of the main effects). The total sensitivity index can then be calculated with just one
Monte Carlo integral per factor.

The Sobol method for global SA, applied here, is based on the so-called High Dimensional Model
Representation (HDMR) (2) of the model function f (integrable) in the d-dimensional factor space

[2010]:
d
FR=fo+ ) D fuawn, ..., (2)
=1 <<l

where fj is a constant. The representation (2) is not unique. Sobol has proven that under the
conditions (3) for the right-hand-side functions

1
/ fll...ls(xllaxlza"'7Il5)),(lk:07 1§k§$7 S:1,...,d (3)
0

the decomposition (2) is unique and is called ANOVA-HDMR of the model function f(x) (the
abbreviation ANOVA comming from Analysis of Variances). Moreover, the functions of the right-
hand side can be defined in a unique way by multidimensional integrals as follows (see also ?
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fO = f(X)X, (4)
Ud

fulay,) = FE %~ foohel....d, (5)
Ud—l k;éh

Ad fil...i#fjl...jy)_(:[)? (ilv"-viu) 7é (jla"'7j1/)7 /L,I/E {177d} : (6)

Definition: Sobol global sensitivity indices

D 1 -ty
Sll__luz%, vel{l,... d (7)
are defined as ratios of the partial variances
D, .., = /fzzl XX (8)
over the total variance
d
D= FAx)x = f3, D = Z Z Dy, - (9)

d
U v=1l1<...<ly

From equalities (9) the following properties hold:

4 d
Sty 1, =0, Z Z Sy, =1. (10)

s=1 l1<...<ls

While the classical deterministic methods for numerical integration are effective for sub-integer
functions having a relatively small dimension, for high dimensions they become even inapplicable
because the number of sub-integral function values required to calculate is growing exponentially.
On the other hand, the order of convergence of the adaptive Monte Carlo method for integration
is independent of dimension. Therefore, the Monte Carlo approach is an effective apparatus for
conducting sensitivity analysis of large-scale systems. Dispersion may increase with increasing
dimension, but there are various Monte Carlo techniques to reduce variance - the sampling method
and its modifications, the small discrepancy series, the importance partitioning method. The adaptability
approach is also a widely used effective approach to improve the convergence order of deterministic
and stochastic numerical integration methods. There are different approaches to designing adaptive
Monte Carlo algorithms. The adaptive algorithm implemented here does not use any prior information
on the smoothness of the subintegral function, but uses posterior variance information

[2003]. The basic idea is to concentrate random points in sub-areas in which the variance is large
(in terms of preset accuracy), ie. the approach is based on the recursive division of the area,
using a posteriori information about the current division error. The algorithm starts by dividing the
intervals along all directions of the M sub-interval, with M being set as an input parameter. For
each subdomain, the respective integral and variance are calculated. The resulting variance is
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then compared to a predetermined value. The result of the comparison is used to further divide
the area and increase the density of random points. Random numbers are used to determine
the first and then the next direction to divide. In order to avoid unequal separation at different
coordinates, the algorithm is designed so that a coordinate is re-split only after all other coordinates
have been selected. The algorithm stops when the standard deviation in all subdivisions obtained
after division has reached the predetermined accuracy. Thus, an approximation of the integral with
the MC approach is obtained. This algorithm has been used to calculate the relevant sensitivity
indices in the study of the effect of chemical reaction rate constants on the concentrations of some
pollutants (eg ozone). The computational complexity is proportional to the sample size n and the
number of input parameters.

Adaptive strategy [ ] is well known method for evaluation of multidimensional integrals,
especially when the integrand function has peculiarities and peaks. Adaptive Monte Carlo methods
proposed by Lautrup use a “sequence of refinements” of the original area selected so that the
computations to be concentrated in subdomains with computational difficulties. There are various
adaptive strategies depending on the technique of adaptation. Our adaptive algorithm (simple
adaptive Monte Carlo algorithm) does not use any a priori information about the smoothness of
the integrand, but it uses a posteriori information for the variance obtained during calculations.
The main idea is a concentration of random points in the subregions where the variance is large
(in terms of a preliminary given accuracy), i.e. the approach is based on a recursive partitioning
of the integration area using a posteriori error information for the current partition. Let p; and Iq,
are the following expressions: p; = fQj p(x)dx and Io, = fQj f(x)p(x) dx. Consider now a

random point £ € ©; with a density function p(x) /p;. Inthis case I, = E [7’—]{, SN FED)| =

Efy. This adaptive algorithm gives an approximation with an error ¢ < ¢ N~/2, where ¢ <
0.67450(0) (o (8) is the standard deviation). From the estimation of the error, it can be concluded
that, in general, the simple adaptive Monte Carlo algorithm gives an error less than the error of the
Plain Monte Carlo algorithm, but the order is the same. The adaptive MC algorithm applied here is
described below.

Algorithm

1. Input data: fotal number of points N1, constant M = 4(the initial number of subregions taken),
constant e (max value of the variance in each subregion), constant & (maximal admissible
number of subregions), d-dimensionality of the initial region/domain, f - the function of interest.

1.1. Calculate the number of points to be taken in each subregion N = N'1/4.
2. Forj =1, M
2.1. Calculate the approximation of I, and the variance Dq,; in subdomain €2; based on
N independent realizations of random variable 0 ;
2.2, If (Dg, > ¢) then
2.2.1. Choose the axis direction on which the partition will perform,

2.2.2. Divide the current domain into two (G, , G,,) along the chosen direction,

2.2.3. If the length of obtained subinterval is less than & then go to step 2.2.1 else
J = j1 G, is the current domain right and go to step 2.1,
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2.3. Else if (Dq, < ¢) but an approximation of I, has not been calculated yet, then
J = ja G}, is the current domain along the corresponding direction right and go to
step 2.1;

2.4. Else if (DQj < ¢) but there are subdomains along the other axis directions, then go
to step 2.1;

2.5. Else Accumulation in the approximation I of I.
Computational complexity

Let NV be the dimensionality of the problem under consideration. First let's describe briefly the
Crude Monte Carlo algorithm. Let & be a random point with probability density function p(z).
Introducing the random variable

0=f()

with mathematical expectation equal to the value of the integral I, then

E0 = /Gf(x)p(x)dm

Let&y, &, . . ., &n be independent realizations of the random point £ with probability density function
p(z)and 6y = f(&1),...,0n = f(§n) . Then an approximate value of I, is

. 1 X
Oy = ~ Zei.
=1

One can easily see that the computational complexity of the Crude Monte Carlo is linear, because
in this simple case we have to choose /N random points in the domain and every such choice is at
the cost of O(1) operations. One single evaluation of the function in any of these points is also at
the cost of O(1) operations.

In the adaptive Monte Carlo algorithm we are doing the same number of operations as in the Crude
Monte Carlo algorithm. For the simple case when we have the two dimensional case (N = 2) and
on the first step in the optimized adaptive approach we have M = 4 subdomains in our optimized
Adaptive approach and

A 1 & 1 & 1 &
QN:E;@—FE;&"FE;@"FE;QM

where N, + N, + N3+ N, = N, so we have the same number of operations as the Crude Monte
Carlo, which computational complexity is linear, to evaluate an approximation of I, .

In general case for the adaptive algorithm the computational complexity depends on the integrand.
First, let's consider the worst case. We always have a domain(area) with variance greater than the
parameter € and we need to divide this domain to 2" subdomains. Additionally, for each of these
2N newly obtained domains, we have to choose N random points into it and every such choice is
at the cost of O( V') operations. We will receive complexity O(N.2%).
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So we choose only O(1) subdomains where the variance is greater than the parameter ¢ and
this is independent of NV. When we divide the domain on every step adaptiveness is not in all
subdomains, but only in O(1) subdomains. At the beginning we have to choose k—NO random points.
After that when dividing the domain into 22 subdomains, we choose only O(1) subdomains, this
choice is again independent of V. In these subdomains we choose fc\’—l points. On the ;" step of

the Adaptive approach we choose O(1) subdomains with kﬂ points. We have that > — = 1.
J j:0

1
kj

Therefore for the computational complexity we obtain

N N N
O+ 0 =
= NO(1) (Z kl> — NO(1) = O(N).

In this way we can conclude that the computational complexity of the optimized Adaptive algorithm
is linear.

Two adaptive approaches ADAPT1 (M=1) and ADAPT2(M=2) will be compared with Fibonacci
besed lattice rule (FIBO) and Latin hypercube sampling (LHS).

2 Sensitivity Studies with Respect to Emission Levels

In the huge output data stream of UNI-DEM are the mean monthly concentrations of more than 30
pollutants. We consider 2 of them: ozone (O3) and ammonia (N Hs). In particular, we present
some results of a sensitivity studiy of the mean monthly concentrations of ammonia.

Here we present some results of our research on the sensitivity of UNI-DEM output (in particular,
the ammonia mean monthly concentrations) with respect to the anthropogenic emissions input
variation. The anthropogenic emissions input consists of 4 different components

E = (EA,EN, ES, E°) as follows:

EA — ammonia (N Hs); ES — sulphur dioxide (SO-);
EN — nitrogen oxides (NO + NO»); EC — anthropogenic hydrocarbons.

The domain is the 4-dimensional hypercube [0.5, 1]*). Polynomials of 2-nd degree have been used
as an approximation tool [ ]. The input data have been generated by the improved
version SA-DEM code, specialized for sensitivity studies (see the previous section).

The results for relative errors for evaluation of the quantities f,, total variances and first-order and
total sensitivity indices using various stochastic approaches for numerical integration are presented
in Tables 1, 2, 3, respectively. The quantity f, is presented by 4-dimensional integral whereas
the rest of quantities under consideration are presented by 8-dimensional integrals following the
ideas of correlated sampling technique to compute sensitivity measures in a reliable way

[2010]

The results in Table 1 show that the algorithms using generalized Fibonacci numbers and LHS
simulate the behaviour of the Adaptive Monte Carlo algorithm, but for higher dimensions their
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Table 1: Relative error for evaluation of f; ~ 0.048.

ADAPT1 ADAPT2 FIBO LHS
#of samples  Relative  Relative  Relative  Relative

n error error error error
210 1.88e-03 1.03e-03 2.09e-04  5.37e-04
212 2.05e-04 5.05e-04 4.32e-05 2.27e-04
214 1.83e-04 1.38e-05 2.25e-05 6.28e-05
216 9.89e-05 4.05e-04 8.70e-06 7.74e-05
218 3.95e-05 3.83e-06 1.79e-06 3.80e-06
220 4.99-05 2.93e-05 4.21e-07 7.16e-06

Table 2: Relative error for evaluation of the total variance D ~ 0.0002.

ADAPT1  ADAPT2 FIBO LHS
#of samples  Relative  Relative  Relative  Relative

n error error error error
210 1.56e-03 4.76e-03 1.63e-01  1.74e-02
212 2.58e-03 4.28e-04 2.39%-02 1.04e-02
214 6.03e-04 2.79e-04 2.90e-03 1.04e-02
216 1.83e-04 5.12e-04 2.65e-04 3.65e-04
218 5.77e-05 1.21e-04 3.01e-04 1.21e-05
220 3.42e-05 3.28e-05 1.19e-04 5.96e-05

efficiency decreases. The particular case study confirms the conclusion that these algorithms are
suitable and more efficient for smooth functions with relatively low dimensions. From Tables 1 and
2 we can conclude that all stochastic approaches under consideration give reliable relative errors
for sufficiently large number of samples. This is not the case for some sensitivity indices, which
are very small by absolute value (see Table 3), but fortunately, these are of low importance too.
The most efficient in terms of computational complexity is the FIBO algorithm, followed very closely
by the LHS algorithm. Adaptive algorithm gives results of the same order as LHS and FIBO, and
sometimes even outperforms them — see for example the relative errors for S in Table 3.

Most influential emissions about ammonia output concentrations are ammonia emissions themselves
(about 89% for Milan). The second most influential emissions about ammonia output are sulphur
dioxide emissions (about 11%) - see Fig. 1. Pie charts representation of first- and second-order
sensitivity indices of the ammonia in Milan on Fig. 1 has been obtained applying the correlated
sampling of SobolaAZ variance-based approach for multidimensional sensitivity analysis for computing
all possible sensitivity measures to study influence of four chosen groups of air pollutant emissions
over the concentration of the three important air pollutants.
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Table 3: Relative error for estimation of sensitivity indices of the input anthropogenic emissions by
using various Monte Carlo and quasi-Monte Carlo approaches (n = 2% = 65536).

Est. quantity Ref. value ADAPT1  ADAPT2 FIBO LHS

Sy 9e-01 7.67e-04 1.22e-03 3.62e-04 9.79e-03
So 2e-04 1.47e-03  4.96e-02 1.74e-01  6.60e-01
Ss 1e-01 411e-03 1.59-03 3.22e-03  8.65e-03
Sy 4e-05 1.04e-01  1.69e-01 4.87e-01  6.70e-01
Stet 9e-01 4.99-05 5.36e-05 4.61e-04 4.31e-04
Stet 2e-04 5.23e-01 5.00e+00 3.45e-01 2.94e+01
Siot 1e-01 1.15e-02  1.28e-02 1.96e-03  1.10e-02
Shot 5e-05 1.88e+01 3.43e+01 5.06e+01 2.41e+02

Milan, NH3

C Y
WS2
S3
W s4
ms12
S13
WS4
$23
W S24
s34

Figure 1: Pie charts representation of first- and second-order sensitivity indices of the ammonia in
Milan

Sensitivity Studies with Respect to Chemical Reactions Rates

We will also study the sensitivity of the ozone concentration values in the air over Genova with
respect to the rate variation of some chemical reactions of the condensed CBM-IV scheme (
[1995]), namely: ## 1,3,7,22 (time-dependent) and 27, 28 (time independent). The simplified
chemical equations of those reactions are as follows:
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[#1] NOy + hv = NO + O; [#22] HOy;+ NO = OH + NOy;
[#3] O3+N0:N02, [#27] HOQ—I—HOQ :HQOQ;
[#7] NOy + O3 = NOs; [#28] OH +CO = HOs.
The domain under consideration is the 6-dimensional hypercube [0.6, 1.4]°). Polynomials of second
degree have been used for approximation again (see [ ).
Homma and Saltelli discuss in [1996] which is the better estimation of f2 =

2
( / f (x)dx) in the expression for total variance and Sobol global sensitivity measures. In
Ud
case of estimating sensitivity indices of a fixed order, the formula

1 n
fg P~ ﬁ Z f(X@l, N 7Xi,d) f(xg,h s 7X;,d)7
=1

where x and x’ are two independent sample vectors, is better (as recommended in

[2010]).

Table 4: Relative error for evaluation of f, ~ 0.27.

ADAPT1  ADAPT2 FIBO LHS
#of samples  Relative  Relative  Relative  Relative

n error error error error

210 2.74e-04 321e-04 2.08e-03 3.73e-04
212 0.55e-05 4.43e-05 1.40e-04 2.41e-04
214 1.20e-04 5.64e-05 3.98e-04 7.53e-05
216 3.49e-05 3.72e-05 2.61e-04 2.02e-04

The relative errors for evaluation of the quantities fj, total variances, first and second order sensitivity
indices by using various stochastic approaches for numerical integration are presented in Tables 4,
5, 6 respectively. Here the quantity f, is presented by a 6-dimensional integral, whereas the total

variance and the sensitivity indices are presented by 12-dimensional integrals, following the ideas
of correlated sampling.

Table 5: Relative error for evaluation of the total variance D ~ 0.0025.

ADAPT1  ADAPT2 FIBO LHS
#of samples  Relative  Relative Relative Relative
n error error error error
210 9.67e-04 1.18e-03 6.73e+00 1.91e-02
212 9.10e-04 2.24e-03 527e-01  9.99e-02
214 1.40e-04 1.86e-04 1.02e-01  1.62e-02

216 3.01e-05 1.48e-04 1.97e-03 3.56e-05
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Table 6: Relative error for estimation of sensitivity indices of several chemical reaction rate
parameters by using various Monte Carlo and quasi-Monte Carlo approaches (n = 21 = 65536).

Est. quantity Ref. value ADAPT1  ADAPT2 FIBO LHS

Sy 4e-01 1.55e-04 3.48e-04 3.82e-02  3.04e-02
S 3e-01 4.34e-04 1.58e-04 1.03e-02 7.35e-04
Ss 5e-02 3.42e-04 8.09e-05 5.48e-01 2.33e-02
Sy 3e-01 4.75e-04  9.04e-04 1.07e-02  2.47e-02
Ss 4e-07 1.31e+01  1.07e+01 3.40e+03 9.25e+02
Se 2e-02 1.08e-03 4.54e-04 1.32e+00 3.81e-02
Si2 6e-03 1.30e-02 7.92e-03 3.21e+00 8.99e-02
S14 5e-03 5.30e-03 1.81e-03 8.64e+00 2.74e-01
Sis 8e-06 9.34e+02 9.34e+02 9.19e+02 9.21e+02
Soa 3e-03 1.26e-03  7.24e-03 1.37e+01  7.10e-01
Sas 1e-05 9.93e-02 8.55e-02 4.25e+01 1.05e+01

Quasi-MC lattice rule based on generalized Fibonacci numbers and Latin hypercube sampling
produce better results for 6-dimensional integrals in comparison with 12-dimensional integrals. It
is clear that with the increasing the dimensionality of the integral Adaptive method produce more
accurate results than both FIBO and LHS. Adaptive Monte Carlo algorithm gives better results in
case of higher dimensional integrals and lower number of samples. For most of the sensitivity
indices Adaptive Monte Carlo algorithm gives more accurate results than FIBO and LHS by at least
2 orders of degree.

The representation of the reference values of the first-order and second-order sensitivity indices of
input parameters (for ozone concentrations) are given on Fig.2. One can observe that the second-
order sensitivity indices take rather small portions. This fact shows that the UNI-DEM is additive
according to the rates of the six chemical reactions studied in this work.

Conclusion

This study focuses on environmental safety. Sensitivity analysis, and in particular the results
obtained, play an extremely important two-sided role: to test and improve mathematical models,
and, on the other hand, to reliably interpret the numerical results by relevant specialists. Dispersion-
based analysis is a very effective tool for in-depth study of the relationship between individual
parameters, outputs and internal mechanisms governing the system in question. By identifying
the major chemical reactions that affect the behavior of the system, specialists in various fields
of application (physics, chemistry) will be able to obtain valuable information about improving the
model, which in turn will increase the reliability and sustainability of forecasts. Thus, through a
sensitivity analysis, the mathematical model will help to make more accurate estimates of the effects
of harmful emissions on human health and agricultural losses. The results obtained show that the
stochastic adaptive approach developed is one of the most efficient methods based on reducing
the variance in terms of computational efficiency and accuracy.
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Figure 2: Pie charts representation of first- and second-order sensitivity indices of the ozone in
Genova
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YCTPONCTBA YMHOXEHUA OOUHAPHON TOYHOCTU HA
BA3E FPGA

Bnagumup OnaHaceHko, Cepren KpbiBbIW,
CtaHucnaB 3aBbsinoB

AHHomayus: OnpedeneHo Yucno YacmuyHbIX npoussedeHull Onsi obecneyeHus pesynbmama
oduHapHol moyHocmu. B pabome npednoxeHbl nocnedosamesnbHas U nocrnedosamesibHo-
napannenbHas cmpykmypbl ycmpolicme YMHOXeHusi mampuy. [lpueeOeHbl 6pemMeHHble U
annapamypHble OUEHKU UX peanu3auuu Ha 6aze FPGA. CuHme3uposaHb! (hyHKUUOHaIbHbIE
6r0ku ¢ nnagatowell moykol, cosmecmumblie co cmaHOapmom IEEE-754, komopbie mo2ym
6bimb UCNOMb308aHbl 8 Kayecmee bubIUOMEYHO20 anemeHma npu paspabomke COXKHbIX

8bI4UCIUMENbHbIX yempolicme.

Knrodeeble croea: oduHapHasi moyHOCMb, rocredosameribHasi cmpykmypa,

rocrnedosamernbHO-rnaparnesbHas cmpykmypa, yMHoxeHue, FPGA.

ITHEA Keywords: B. Hardware: B.2 ARITHMETIC AND LOGIC STRUCTURES: B.2.4 High-
Speed Arithmetic

BBepeHue

MpuHUMN paboTbl NPOM3BONBLHONO YCTPOWMCTBa yMHOXeHus [Mawnopos, 1970]
MOXHO NpPeAcCTaBUTb COBOKYMHOCTbIO ABYX onepaumn — opMmpoBaHus u
CYMMMPOBAHUSA YaCTUYHbIX NPOU3BEAEHNN, KOTOPbIE MOIYT MCMNOMb30BaTbCH B
pasnu4HoM nocregoBaTenbHOCTN. WM3MeHeHne 3Tol nocnegoBaTenbHOCTU
BNUSIET Ha 3HA4YeHME OCHOBHbIX XapakTePUCTUK YCTponcTBa — BbiCTpoaencTane
n croumoctb [Opanasenko, 2017]. OpgHako, B nwbom cnyyae 91U
XapaKkTepUCTMKN 3aBUCAT OT uYMCMa YacTU4YHbIX NpPOM3BeAeHMe, KOTopble
HeobGxoaumo cdopmmupoBaTb Anst obecneyeHns 3agaHHOM TOYHOCTH.
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Ans paspsgHOCTM N COMHOXMTENen npousBedeHne B o6wWem cnydae
npeacTaBnsieTca 2n —paspsgHbiM.  YABOEHHas paspsigHOCTb — pesyrbTaTta
CyLLeCTBEHHaA ANA Cry4Yas opraHu3aumym YMHOXEHUS MHOTOKpaTHOM TOYHOCTMW.
B opyrnx cnyyasix npousBedeHME OrpaHUYMBalOT n paspsifamu, UCMONb3ys
CUMMETPUYHOE OKPYIeHune, Tak Kak He MMeeT CMbIcnia onpeaenaTb pesynbsTtart
C MOrPeLHOCTbl0, HAaMHOro MeHbllel HacneAcTBEHHOW MNOrpeLLuHOCTy,
onpenensieMol HETOYHOCTbID COMHOXWUTENewn (Mpu Makcumyme Moayns
MOrpeLLIHOCTM COMHOXUTENen &=2"" MoAdynb MOrpeLIHOCTN MPON3BEAEHMS

HaxoauTcs B AnanasoHe 0+27").

1. MocTaHoBKa 3aA4aum onpeaeneHnUs YACcra YacTUYHbIX NPOU3BeaeHUN ¢
OAWHAPHOM TOYHOCTbLIO pe3ynbTaTta.

nyCTb coMHOXuTenn A u B npencraeneHbl B BUAe

| . | .
A=Zl:ai2’“, B:Z;ij““, (1)
= j=

r;ae h - uyncno [OBOMYHbIX Pa3psigoB  COMHOXMTENen Mmopyns-ymHoxutens (MY);
& <p-1b; <p-1- uenbie y1cna ABOMYHOTO NPEACTABNEHNA P —PUYHON Lpbl, P = 2"
| —paspsgHoCTb P —puuHbIX comHoxuTenen ( n=1h). Toraa npousBedeHne onpeaensieTcs

BbIpaXXeHneMm

C=AB= Zl‘ilaibj 27

i=1 j=1

3amMeTuM, YTO YacTUYHble npounsseaneHns Gjj :aibj asnaTtea 2h —pa3pagHbIMU YUCNaMU,

npu4em Kaxaoe U3 HiUX npeacraBnaeTca CyMMOI7I

G =dj 2"+ 8ij» (2)

rie d; <p-1wu g; < p-—1— ABOMYHOE NpeLCTaBNEHNe CTapLuen U MNaaLen P —pU4HOM

LMpbI YACTUYHOO NPON3BEAEHNS.
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YacTniHble npoussefenns c;,i, j =1,/ ynopanounm B BAE NEHTOYHON MATPULIbI LINPUHON

| Takum 06p830M, 4TOOBI CTOJ'I6LI|bI MaTpuLbl cogepxann KOMMOHEHTbI, UMEKLLNE ONHAKOBbIE

BE€COBbIE MHOXUTEIN:

¢, G, (s X 0 0 0 0
0 Cpy  Cpp Gy Gy 0 0 0
0 0 C31 v G Gl Gy 0 0
3
0 0 0 o Gz Gaz Gag o Gy 0
0 0 0 Gi G2  Gg e Gua Gy
Kaxpasi CTpoka CopepXuT 3MeMeHTbl c; C MOCTOSHHbIM HOMEPOM i, Hymepauusi CTpOK
(cBEPXY—BHW3) COOTBETCTBYET BO3PACTaHWIO 3HayeHus i, uucno cronbyos — (21 —-1), cymma
WHOEKCOB 1+ j Ans kaxgoro cronbua nocTosHHAa M BO3pacTaeT npu nepevncneHmn cronbuos
(cnea-Hanpago) ot 2 go 21 . B pesynbTate
1+1 h k-1 n |
C= ZZ (Zci,j:k—i +2 Zci,j=|+k-i) ) (4)
k=2 =1 i=k
raenpu i =1+1
Ih I
2 z G icioni = 0,
i=l+1
TaK Kak HWKHWIA Npeaen cyMMupoBaHus Gonblue BepxHero. YTtobbl pasgenutb pesynbTaT Ha
cTapLuve 1 Mnagwume paspsgsl (no | p —puyHbIX pas3psgoBs), npeobpasyem (4) k Buay
I kh S (1+1)h I (1+2)h \ \ (I+k)h I
- —(I+ -(I+ —(I+
C= 2 Zci,j:k—i +2 Zci,j:Hl—i +2 Zci,jzl+2—i +22 Zci,j=|+k—i ) (5)
k=2 i=1 i=1 i=2 k=3 i=k

Toraa ¢ y4eToM (2) nosy4um
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| k-1 | | |
C= Zikh Ci,j:k—i + Zilhzdi,jzh-l—i +27(|+1)h2 gi,j:l+l—i +27(|+l)hzdi,jzl+2—i +
k=2 i=1 i=1 i=1 i=2
—(1+2)h I —(1+3)h I (143)h I I Ih I (6)
+2 Zgi,j:HZ—i +2 Zdi,j:IJrS—i +27 Zgi,j:HS—i +22_ Zci,j:nk—i’
i=2 i=3 i=3 k=4 i=k
MepBble ABa craraembix B (6) COCTaBMAKT OCHOBY | CTaplimx p —puYHbIX pa3psiaoB
NPOW3BeAeHNs, OcTamnbHble YNeHbl — OCHOBY MMaawwx pa3psgoB. Ecrv B (6) npuHATL
G joti ® p=2",i=1la di joas = p=2"i=21,T0
| |
27(|+l)hzgi,jzl+l—i +27(I+l)hzdi,jzl+2—i < (2| _1)27”] ’ (7)
i=1 i=2
| |
27(|+2)hz gi,j:l+1—i < (I _1)27(”1”]’ 27(|+2)hzdi,jzl+3—i < (I _3‘)27(”1)h . (8)
i=2 i=3

3 oueHok (7) u (8) cnegyet, 4TO ANS MONYYeHWUs NPOM3BEAEHUS OQHOKPATHOW AMMHBI N

(coBnapaeT C paspsAHOCTBIO COMHOXWTEMNEH) C TOYHOCTbI A0 €AMHWLbI WM MONIOBUHbI

MrafLero ABONYHOMO paspsda 2" [0CTATOYHO OrPaHUYNUTLCS MEepBbIMI TPEMS CriaraeMbIMi

| k-1
(5), TaK Kak CTapluvie paapsabl UCKIIKYeHHOro criaraemoro Y 2-*"> ¢, .. cornacHo (8)
k=3 i=k

BHOCST norpeLuHocTs nopsiaka (I —3) x 27" = -(#hlos: (-3

Mpu poctatoyHo Gomblwiom h u peanbHbix 3HaueHusix |, h>log, (1 —3) , Hanpumep, npu
h=8 u | =8 (cooteTcTByeT 64-paspsiaHbIM ABOWYHBIM 4YMCMaM) MOrPELIHOCTb 33 CYeT
0TBPaChIBaHNS MNAAIWMX YACTUYHbIX MPOU3BENEHN He MPEeBbIWaeT 2>, YTO CYLIECTBEHHO

MeHblie 2%  (MOrpellHOCTb MPOW3BEAEHUS OOHOKPATHOM [ANMMHbI MPU  CUMMETPUYHOM
OKpYrneHuu).

Takon noaxo4 COOTBETCTBYET BbIMUCIEHMIO YacTWUYHbIX npoussedeHun nepsblx (I +1)

cTonbuyos Matpuupl (3) ¢ BecosbiMu MHoxuTenamn 272" go 272" u npu coxpaHeHum

3a7)aHHOM TOYHOCTW 0BecneynBaeT CyLIECTBEHHYID SKOHOMMIO BbIYMCAIUTENbHBIX pecypcoB. Mpu
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ucnonb3oBaHun MY ans nonyveHust Npou3BeAEHWst OAHOKPATHOM AnWHbI | —paspsigHbix p
—PUYHbBIX COMHOXMTENEe! BMECTO BbluUCTeHNs B obliem criydae |* yacTUUHbIX Npou3BeaeHui

0CTaTO4HO BLINOMHUTL 1/2(1% + 31 —2) NepemMHOXEHMIA, 4TO MPUBOANT K SKOHOMIM BPEMEHI |

yucna MY, nponopumroHansHO pasHOCTH

2 2

I2_I2+3I—2 1> +31 +2

2. PacnpepgeneHHas pekoHdurypupyemas oopaboTtka Ha npumepe

nepemMHoOXeHna MmaTpuy

OfHol 13 OCHOBHbIX OCOBEHHOCTEM MPOrpaMMUPYEMON FOMVKA  SIBMSIETCS  BO3MOXHOCTb
MCMOMb30BaHNA MPUHLMNA napannenbHo 06paboTkn AaHHBIX NPU PeLleHun LWMPOKOro Kpyra
3afady. YBennyeHue pecypcoB COBPEMEHHOM MPOrpaMMUPYEMON FIOTUKM U YMEHbLUEHUE WX
croumoctu, B yactHocTu MIINC tna FPGA dupmbl Xilin, N03BONSIOT CyLECTBEHHO MOBbLICUTH
ObicTpogencTBe paspabaTbiBaeMblx YCTPOWCTB W peanu3oBaTb annapaTtHO  anropuTMbl,
paboTatoLye B peanibHOM pexume BpeMeHn. PacnapanniennBaHme BbIMCIEHNA U NOMUYECKUX
onepaLmii MOXET OCYLLECTBNATLCA Kak Ha YPOBHE pa3psifoB NPeaCTaBeHNS MHGOpMaLWK, Tak 1
Ha ypoBHe BrI0KOB, BbIMOMHSOLLMX COOTBETCTBYHOLLME anropUTMbl MaTEMaTUYECKO MOAENMN.

PaccmoTpum  peanu3auuio  anroputMa  NEPEMHOXEHUS  MaTpuubl A:Haij H (
Vi=1l+n,j=1+m) Ha maTpuuy B:Hbjk H ( Vk=1+r ). PesynbTupytowas matpuua

C=| cy || pasmepom nxr chopmupyetcs criegyioLym 0Gpasom:
C=AB=|aj |x[b =l eil

roe
n

Cikzzaijbjk' (9)
i=1

Takum obpasom, cormacHo (9), Kaxablh j —iA 9NEMEHT | —Oi CTPOKM MmaTpuubl A

nocnefoBaTenbHO YMHOXAETCA Ha COOTBETCTBYIOWMA | —W dnNeMeHT ctonbua matpuubl B u
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ﬂOﬂy‘-leHHble YaCTU4yHbIe npOVl3Be,U,eHV|F| CyMMMpy}OTCﬂ, (*)OpMleyﬂ 3NeMeHT Cik ManVlU'bl
C=lcul-

[Ins onpefeneHns Kaxzgoro afemMeHTa pesynbTUPYIOWEen MaTpuubl UCMOMb3YKTCA onepawum
YMHOXEHWS M CYMMMPOBaHUA  YaCTWYHbIX  npoussedeHun.  CymmupoBaHue — MOXeT
OCYLW|eCTBNATLCA  ABYMS  cnocobamu:  HakomneHWeM  (akkyMynupoBaHUEM) — YaCTUYHBIX
NpOM3BEeLEHNA NPK NOCNefoBaTENbHOM UX MOCTYMEHNN HA BXOL akkymynsTopa ¢ Bbixoga MY
napannenbHoM CyMMMPOBAaHMM YaCTWYHbIX Npou3BegeHui. [lepBbid crnocob npegnonaraet
Hanuyne 6rnoka, BbIMOMHSIOWEr0 YMHOXEHWE W CYMMWUpOBAHWE (HaKommeHue) nonyveHHbIX
YaCTUYHbIX Npou3BeaeHnin. Bropor cnocob ncnonbayeT Habop YMHOXMTENEN N MHOMOBXOAOBbIN
cymmaTop Ans nonyvyeHns sneMeHTa pesynbTUpyoLen MaTpuLbl.

OTW cnocobbl peann3oBaHbl CneayowmMMn BapuaHTamu:

— nocneposatenbHblit ([1C), korga obpabatbiBarowlee none COCTOMT W3 OAHOro 6roka,
NoCneaoBaTenbHO  BbIYMCISIOWETO CyMMY NapHblX npoussedeHun B (9), CTPyKTypHas
OpraHu3aums npeactaBneHa Ha puc. 1;

& —»f

by —

™
\i

Puc. 1. Ctpykrypa NC nepemHOXeHNS MaTpu

— napannensHo-nocnegosatenbHbln  (MM1), korga obpabaTbiBatowlee norne  CogepxuT

MHOXeCTBO B510KOB (PUC. 2), YACNO KOTOPbIX COOTBETCTBYIOT KONMYECTBY (1 = N) CTPOK MaTpuLb!

A, C NOMOLLbIO KOTOPbIX OAHOBPEMEHHO BbluncnseTcs K —it (kK =1+ ) anemeHT C;, ctonbua

M fiaree NocriefoBarTenbHo (opmupytotes Bee conbubl Matpuusl C =||c; || & (9);
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A )

X I S Ci
by —» )y >
1 — c
b X i > 2k
1k ——p D >
TV E—

. c
b X i > nk
K ——p > >

Puc. 2. Ctpykrypa M1 nepeMHOXeHUs MaTpuy,

- napannensHo-nocnegosatensHbin (MM2), koroa obpabatbiBatoLiee MONe COAEPXUT Takoe
KonuyecTBO BrokoB (puc. 3), B KOTOpOM 4mcno MY COOTBETCTBYIOT KOMMYECTBY (I =N) CTPOK

MaTpuubl A, napannensHo peanuays, TakuMm o6pasoM, BbIYMUCIIEHWE OLHOTO aneMeHTa Cj , a

farnee rocieoBaTenbHO BbIMUCAIOTCS OCTAMbHbIE 3NIeMeHTbI C;, Matpuusl C =||c; | -

—
X >
b, — > >
> > > Sk

a, —

b X

* —pf

a1n —P

b X

nk ——p»

Puc. 3. Ctpykrypa M2 nepemHOXeHns MaTpu
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PacnpepeneHHas apudmetuka peanusyeT apudmeTMyeckue onepauum M OCHOBaHa Ha
MCMONMb30BaHUN  NOTMYECKUX  (hyHKUMOHanbHbIX reHepaTtopoB (LUT). [Mockonbky 6a3oBas
nornyeckas syemnka MINC tuna FPGA dmpmbl Xilinx cogepxut LUT, To apxutektypa FPGA
NO3BOJISIET HA X OCHOBE peanu3oBaTh Kak Noruyeckine, Tak u apumeTnieckue yHKLMM, B TOM

YMchne YMHOXeHWe, LUMPOKO UCroNb3yemoe B LndpoBoil 06paboTke CUrHanos.

PaccmoTpum  peanus3aumio  YCTPOACTBA, BbIMOMHSIOWEr0 YMHOXEHWE KBagpaTHbIX MaTpuy
nopsgka m =210 ang uenbix 16—paspsgHbIX YnUCen, peann3oBaHHOMo B kpuctanne cepum Virtex
CO cTeneHblo ObicTpogencTsus — 8. AnnapaTHble 3aTpaTbl Ha peanu3aumio onpeaenstoTcs
OrMYECKO eMKOCTBIO KpuUcTanna, T.e. COOTBETCTBYIOLMM KOMMYECTBOM CraicoB. KonmyecTso
3aTpayeHHbIX CramcoB BKIOYaeT B cebs BXOAHbIE, BbIXOAHbIE W MPOMEXYTOYHbIE PETUCTPbI ANS
peanu3auun KOHBeNepHoro crnocoba BblMMCNEHNA. Bpems BbINOMHEHNS onepauun YMHOXEHUS
OBYX 16—pa3psagHbIX YNCEN C HAKOMNEHNEM 32—pa3psiaHON CyMMbI (CYMMUPOBaAHWEM pe3ynbTaTa
YMHOXEHWS1 C YWCIIOM, HaXOoOAWMMCS B akKyMynsTope) NS ykasaHHOro Tuna Kpucranna
cocTasnser 6,424 Hc. B T1abn. 1 npuBedeHbl annapaTtHble M BPEMEHHble OUEHKU Ans

PaCCMOTPEHHbIX BapyaHTOB peanumaaLym.

Tabnuua 1.
BapuaHt peanusaumm | KonuyecTtso BbicTpogeiicTeue (nonHoe | AnnapatHble 3aTparbl
anroputMa YMHOXEHWUS! | YMHOXUTENen BpeMmS NepemMHoXeHus | (Konm4ecTBo Craiicos)
maTpu, CyMMaTOpoB MaTpuL), HC
nc 1N 6424 181
M1 10/10 642,4 1810
nn2 101 890 1665

3. NMpencraBneHne uncen B hopmaTe C NnaBaroLEen TOHYKOMN

dopmaT npencTaBreHUs Yucen C MraBatoLieit TOYKOW WUCronb3yeT CBOero poga "MoABuxHOE
OKHO" TOYHOCTM, COOTBETCTBYIOLlEE MacwTaby uucna. B ctaHgapte IEEE 754 [Hollash, 2018]
copmaT 0AMHaAPHON TOYHOCTM NpeacTaBneH 32 butamn — 1 6UT Ans 3Haka, 8 Gut ans nopsiaka u
23 buta ana gpobu mantuccel. OgHako AaHHbIM opmaT npeanonaraeT Hannume «CKPbITOro»

cTapuuero 6ura ( f,), Tak 4To MaHTUCCa Ha camoM aene npefcTasneHa 24 6utamu (p =24).
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sign

MpencTasum Yncro ¢ NnasatoLLeil Toukoil B crieaytoliem Bupe: A= (—1)"" xs*x F , rae: sign -

3HaK 4Mcrna; S — OCHOBaHME CUCTEMbI CYUCTeHUst (B AaHHOM cryyae S=2); e — nopsifok

(3Haqu|/|e KOTOpOro And (bopmaTa o,uleapH0|7| TOYHOCTW npencTtaBfieHo CO CMELLEeHMEeM Ha

b=+127 ), F=fo+f - wmantucca; f=(fst+fs?+. fis'+.+f sV,
(0< f, <S) — opobb MaHTUCCHI; P — Pa3psSBHOCTb MAHTUCCHI ( p = 24).

Ecnu crapwas 3Havawas uudpa otrmyHa ot Hyna ( f, =0 ), 10 umcno cuuraetcs
HopManuaoBaHHbiM — A= (=1)""x 2 x1.f . HopmanusoBaHHble YMcna NpeacTaBRATCS
[ManasoHoM oT +27%° no (2—2%)x 2" .

Camble Gomblune W camble Marble AOMYCTUMbIE BEMUYMHbI NOPSAKOB MPUHUMAIOT 3HAYEHMS
e =+127 v e, =-126 . Tak kak uMeeTcs S° BO3MOXHbIX 3HAYeHWt MaHTUCChI, U (

€rax — Emin 1) BO3MOXHbIX 3HAYEHMA MoKasaTenel, TO YMCNO C MraBaloLLeit 3ansaToh MOXET

m

ObITb 3aKOAMPOBAHO CrEAYHLLMM KONMYECTBOM OMTOB -[Iogz(emax —€. +1)]+[Iogz(sp)]+1,
roe nocnegHee cnaraemoe (+1) npegHasHayeHo Ans 3HaKoBOro paspsiaa.

3HaveHne 3HakoBoro paspsga «0» COOTBETCTBYET MOMOXMTENbHOMY uucny, a «1» —
oTpULaTensHOMY.

Mone nopsigka LOMKHO NPeLCTaBNATb NONOXUTENbHbIE U OTpULATENbHbIE 3HaYeHus nopsaka. K
(haKkTU4eckoMy nopsaky AobaBnseTcs cMelleHne — Ans opmata OAMHAPHOW TOYHOCTM 3TO
3HayeHne paBHo 127. Takum 06pa3oM, NOpsAoK HyNeBOro 3HaYeHUs npeanornaraeT, YTo B none
nopsiaka coxpaHeHo 3HayeHne 127. Hanpumep, coxpaHeHHoe 3HaveHmne nopsigka 200 ykasbiBaeT
nopsigok (200 — 127) unu dakTnyeckoe 3HadeHne 73. 3HadeHus nopsgka —127 (sce «0») n + 128

(Bce «1») 3ape3epBupoBaHbl AN creumanbHbIX YMCe.

4. Core—6nokn pyHKLMOHaNbHbIX YCTPOUCTB C NiaBaroLwein TOHYKOU

PaccmoTpum  pa3paboTKy YCTPOWMCTB, BLIMOMHSAOWMX ONepauun C MnaBalowei  TOYKOM
(anrebpanyeckoe CNOXEHWE, YMHOXEHWE, AeMneHne, CpaBHeHne 1 npeobpasoBaHne opmaTos)
Hag 32-pa3psaHbIMK onepaHaamu B COOTBETCTBUW €O cTaHaapToM |IEEE-754 [Hollash, 2018].
Ob00bLleHHas CTpYKTypa YHKLUMOHANbHbIX BI0KOB C NNaBatoLen TOUKON NPeACTaBeHa Ha puc.
4 1 COCTOMT M3 Tpex COCTaBHbIX MOAYyNei: MOAYNb KOHTPONS BXOAHbIX aprymeHToB (MKA);
(OYHKUMOHaNbHbIM Mogynb (PM) n moaynb cdopmupoBanns pesynbtata (MOP). Onucanve
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mozyneit BbinonHeHo Ha VHDL-s3bike, npu paspabotke Mcnonb3oBaH cuHTesatop FPGA
Compiler Il dompmbl Synopsys, ans dopmupoBanus Core-6rnokos npumereHa cuctema CORE
Generator System dupmbl Xilinx. PaspabotaHHble Mogynu  BepudmMuMpoBaHbl METOAOM
MOZENNPOBaHNS C  OMpefenieHMeM BPEMEHHbIX W annapaTHblx napameTpos. Mogynu
NPEACTaBNAT COBON 3aKOHYEHHbIE TWMOBbIE TEXHWYECKUE pELUEHUs U MOryT ObiTb
1Cnonb30BaHbl B ApYrX NpoekTax B kayecTse soft cores.

MKA npeobpa3syeT BXOAHble AaHHble, aHanMU3upyeT Ux Ha cooTBeTcTBue cTaHaapTy IEEE-754 ¢
(hOpPMMPOBAHMEM COOTBETCTBYIOLMX Npu3HaKkoB. COOTBETCTBYHLLME 4uCha W UHDOPMALMIO
OTHOCUTESbHO KNAacCOB BXOAHbIX AaHHbIX BblOAET Kak pesynbTaTbl (PYHKLMOHANbHOMY MOAYITO C
nnasatoLLen TOUKOM.

adatai(31:0) |

I
bdatai(31:0)

- - - - - - - -
I
|
I
|
I

datao(31:0)
1 MKA [ oM | | MoP J:>
|
| ofo
—P ——P —I—>
en | I ufo
—p —P ——P» —|—>
rst ifo
—>I —— - R I
clk
: |
_ _ - - - — - - —

Puc. 4. CtpykTypa hyHKLMOHANBEHOrO Gnoka ¢ nnasatoLLen TOUKOM

OM BbLINOMHAET 3afaHHyld onepauuo € niaBalowen 3aniaton ¢ POpMUPOBaHUEM
COOTBETCTBYIOLMX Npu3HakoB. MOP BbINonHAeT cornacoeaHne dopmata pesynbTUPYHoLmX
[aHHbIX co ctaHaaptom |[EEE-754 n okoHuaTenbHylo ycTtaHoBKy cnaroB. Bxoabl 1 Bbixodbl
Broka C nnaBalolen TOYKOW He MpWBS3aHbl K (PUKCMPOBAHHLIM KOHTaKTaM BBOLA-BbIBOAA
KoHKpeTHoro kpuctanna [JINC, noatomy AonyckaeTcs WCMOMb30BaHWE MPOU3BOSILHOTO
kpuctanna. HasHaveHne BXOAOB W BbIxOAOB Onoka nokaszaHo Ha puc. 4: clk — rnobanbHbin
curHan clock; rst — rnobanbHbii curHan reset; en — curkan Enable; adatai (31:0) — BxogHas wwHa
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OaHHbIX A; bdatai (31:0) — BxogHas WwuHa gaHHbIx B; datao (31:0) — BbixogHast WnHa AaHHbIX; ofo
— pnar “Overflow”; ufo — conar “Underflow”; ifo — onar «Hegonyctumas onepauus».

[ins cornacoBaHus MOMy4YEHHOr0 pesynbTata npeobpasoBaHns co craHgaptom |EEE-754
HeobXxo4MMo NpeacTaBuUTb YMCna B HOPManu3oBaHHOM Buae. Moatomy TpebyeTcs onpeaennTb
MeCTOpacnoNoXeHne CTapllel 3Havallem «1» M BbINOMHWTL COBWAM B CTOPOHY CTapLUMX
3Havawmx 6ut Ha Tpebyemoe KOMMYECTBO paspsifoB C OAHOBPEMEHHbIM BbIYMTAHUEM 3TOTO
3HavyeHWs U3 pesynbTUpylOLLero nopsgka. Hanmuume MOLWHBIX NOMMYECKUX pecypcoB B
kpuctannax cepun Virtex nossonsieT 9Ty npoueaypy YCKopuTb myTeM BbICTporo onpeaeneHns
KonuyectBa CcOBMroB. Torda, B OTNMYMe OT peanusauun nocrefoBaTenbHOro chsura C
OQHOBPEMEHHbBIM aHaNNU30M CTapLLero 3Havalyero 6uta, BbINONHAETCA NapannenbHblid CABUM Ha
Tpebyemoe KonNM4ecTBO paspsLoB AnNs HOpManM3aLmMm MaHTUCCHI.

CymMmMUpOBaHWe C NraBaollen TOYKOM BKMOYAEeT NATb CTPOro nocnefoBaTesibHbIX onepawuii:
CpaBHeHWe MOpPSLAKOB, CABUM BMPaBO MAHTUCCbI MEHBLUErO YMCra, CyMMUPOBaHWE MaHTUCC,
MOMCK JIEBON eMHNLbI MaHTUCCHI pesynbTata, HopManu3auus MaHTUCChl pesynbTara.

[nsa peanusauuv onepauuu noWcKa NEBOWM  eduHWUbl npefraraeTcs  UCMonb30BaHue
npuopuTeTHOro LWwndpatopa. Myctb umeetcs (N =24) sHavawmx 6UT MaHTMCChl. Tpebyetcs

onpedenutb Homep CTaplero «HeHynesoro» paspafa W BbINOSTHATE HOPpMann3auuko MaHTUCCbI
F={fy, fpo fro T}

[MpropuUTETHBIN WiKdpaTop NpeacTaBnseT coboit KOMBUHALMOHHYIO CXEMY, UMEIOLLYI0 N BXOLO0B
n (Ent{log, n}) BbIX0QOB, KOTOpas COCTOMT U3 ABYX NOCMEAOBATENbHO COEANHEHHbBIX CXEM -

nepBas BbiAENSET CTapLLY0 3HaYallyl0 eauHuLy, a BTopasi ee HoMep (Konmn4ecto Tpebyembix
CABMIOB) B OMepaHze.

I'IepBaﬂ CXxemMa UMeeT n BXOAOB WM N BbIXOAOB, peanudyda crneaylowyto CUCTEMY IOrMYECKUX

YPaBHEHWIA:

i=i+l

a="f ((ﬁnﬁ)], Vi=0+(n-1). (5)

Bropas cxema umeet n Bxogos u ( Ent{log, n}) Bbixogos, peanusys cregytollyio cuctemy

JNIOr4eCcKmx ypaBHeHMW



46 International Journal "Information Models and Analyses" Volume 9, Number 1, © 2020

N=Ent{(n-1)/(2U)}| 20+(2) 1)+ (k-1)x20™

yi= U U  a/| (vi=0+(Ent{log,n}-1)). (6)

k=1 i=21 4 (k-1)x2(1*)

Takum 06pa3om, BbipaxeHus (5) u (6) NO3BONAKT CUHTE3MPOBATL MPUOPUTETHBIN LWKdpaTOp
NPOM3BONBHON Pa3psiBHOCTY, MPEACTaBnsoWMA Cobo NapameTpuyeckuin Mogynb, KOTOPbIN

MOXeT ObITb MCMONb30BaH NPy pa3paboTke HOBbIX MPOEKTOB APYrMMIA NOMb30BATENAMM.

YMHOXeHWe C nnaBalowed TOYKOW BKMKOYAET [Ba OCHOBHbIX AEWUCTBUS — BbIYKUCNEHWE
NPOW3BEAEHNST MAHTUCC U HOpPManuU3auMio PesynbTUPYIOLLEN MaHTUCChI. Pe3ynbTupyrowuii
NopsAoK (kak CyMMa nopsiakoB COMHOXMTENeN) BbIMMCISETCS NapansiesibHo.

Mpu pa3paboTke TWUMOBbLIX MOZYNeW, Tak e Kak W npu paspaboTke OObIYHbIX MPOEKTOB,
LienecoobpasHo 1CMonb30BaHUE YKe XopoLwo 0TpaboTaHHbIX 4oCTynHbIX IP-Core.

PaccmoTpuM npumep nocTpoeHust 32—paspsaHoro 6noka YMHOXEHUS C MilaBalowen TOUKON.
Brok cocTouT 13 Tpex aNeMEHTOB, NepBble ABa 13 KOTOPLIX, B COOTBETCTBUM C pUC. 4, BXOOAT B

(PYHKUMOHanbHbIN Moaynb ®M, a TpeTuin — B PyHKUMOHaNbHLIA Mogynbs MOP [Palagin, 2017].

MepBbIn aNEMEHT opMuUpyeT 24-pa3psaHble onepaHabl Ans broka ymHoxeHns (“1” B cTapliem
— 23-M paspsge v 23 paspsga Apobu MaHTUCChI), CYMMUPYET NOPSAKM NEPEMHOXKAEMbBIX YUCEN
(8 paspsgoB) W onpefensieT 3HaKk pesynbTata. BTOpoW 3neMeHT BbINOMHSET onepauuio

YMHOXeHNs 1 dopmupyeTcsi cpeacteamm Core-reHepartopa dupmbl Xilinx.

TpeTuin anemMeHT BbINOMHAET NPOBEPKY YCMOBMM M popMUpoBaHMe pesynbTata. [posepstoTes
criefylolime yCnoBWS: €Ccriv CymMMa NOPsKOB uYucen pasHa unu Bonee 255, cdopmumpyeTtcs
curHan nepenonHeHus (overflow); ecnn 24 paspsg npoussedeHust paseH “1”, To Npou3BoguTCS
COBMI NPOM3BEAEHUS Ha OAWH pa3psig B CTOPOHY MaALUMX paspsifoB U YBENMYEHWE NopsiaKa Ha
eOMHULY; €CNK, NOCNE YBENMYEHUSI MOPSAKA Ha €AMHULY, 3HAYeHMe MOPSIHOK CTaHOBUTCA
paBHbIM 255, TO (POPMUPYETCSA CUrHan NepPenosTHEHNS.

Mpy MCNONb30BAHMM 3MEMEHTA YMHOXEHWSI KOMOWHALMOHHOTO TWMa pPe3ynbTaT YMHOXEHMS
(hOpMUPYETCA Ha TaKTe, CrieayoLLlEM 3a TaKTOM perucTpaumuy onepaHgos. B Tex cnyyasx, korga
NPUXOANTCSH MEPEMHOXaTb MACCVBbl YWCES, MOCTYMAKLMX CUHXPOHHO C Kakon-nubo TakToOBOW
nocneposatensHocTelo  CLK, npegnoytutenbHO  MCMONMb3oBaHWe  dNeMeHTa  YMHOXeHWs
KoHBerepHoro Tuna. B paspaboTaHHOM MOAyne WCMOMb30BaHbl 3MEMEHTbI YMHOXEHMS, Kak
KOMBUHALMOHHOMO TUNa, Tak U ¢ 6-ypoBHEBLIM (Mpu peanusauyun Ha LUT) nnu 2-ypoBHEBbLIM
(Mpw 1cnonb3oBaHMN BCTPOEHHbIX BIIOKOB YMHOXEHUs paspsigHocTh 18x18 B kpuctannax Virtex)
KOHBEMEPOM, YTO MO3BOSSET 3a CYET YBEIMYEHUS TAKTOBOW YaCTOTbl CYLLECTBEHHO YMEHBLUMTD
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BPEMS NEPEMHOXEHUS MacCBOB uyucen. [ns BPeMEHHOro COrfacoBaHWs B MepBbld SNeMeHT
MOZYns B 3TOM Cryyae BBefeHbl YeTbIpe UK Ba NocriefoBaTenbHO BKKYaeMbIX pernctpa ans
KOHBEMEPHOW nepeayn Ha BbIXO Nopsaka W 3Haka npousseaeHus. 3agepxka (Latency) mexay
perucTpauyen nep.bIX onepaH4oB U perucTpaLmeit Nnepeoro NPOM3BELEHNS MOAYNS YMHOXEHUS
paBHa 5 unn 3 nepuogam CLK COOTBETCTBEHHO NpWU WUCMOMNb30BaHUM 4—ypOBHEBOrO MNKN 2—

YPOBHEBOIO KOHBeIzepHOFO ANeMeHTa YMHOXEHUA.

Ha puc. 5 usobpaxeHa auarpamma pabotbl Moayns koHTponst MKA, BbinofHeHHast cpeacTBamm

STATE 2
FLAG_DN<=1';

STATE 4

pegakTopa State Editor.

(EXP_F=0)&(FRAC/=0)

(EXP_F=0)&(FRAC=0)
EN=0'

STATE 0

(EXP_F>0)&(EXP_F<255)

FLAG_DN<='0';

STATE 1

RESET

EXP_F<=A30...A23;
FRAC<=A22...A0;

RIS FLAG_INF<=10;

FLAG_NAN<='0";

(EXP_F=255)&(FRAC=0
)

(EXP_F=255)&(FRAC/

=0)
STATE 6
FLAG_NAN<='T};

Puc. 5. [lnarpamma pabotbl moayns MKA, BbINOMHEHHOro cpeacTeamu peaaktopa State Editor

Ha nepsom Takte npu Hanmuumm curHana EN=1 6nok nepexoaut B coctosiHne STATE1, Ha
KOTOpOM 13 BXOAHOro onepaHaa A (paspsigel 0-31) dopmupytotes curHansl EXP_F (nopsigok
yncna — paspsagbl 23-30) u FRAC (apobb MaHTUCChl — pa3psabl 0-22).

[lanee npou3BOAUTCA NPOBEPKA YCMNOBUM, NPU BbIMOMHEHWUM OAHOTO M3 KOTOPbIX BIIOK NepexoauT
Ha BTOpOM Takte B opHO U3 coctosHuiA (STATE2 - STATE6) ¢ dopmupoBaHuem
COOTBETCTBYHOLLErO hnara:

— €CNV 3Ha4YeHne nopsigka PaBHO HyM, a Apobb MaHTUCChl HEHyneBasi, TO BXOQHOW onepaHs
ABNSAETCH HEHOPManMU30BaHHbIM YUCTOM;

— eCnu 3HayeHus nopsaka M Apobu MaHTUCChbl paBHbI HYMK, TO BXOQHOW OnepaHa sBNseTcs

Hynem;
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— €CNM 3HaveHue nopsigka bonblue Hynms M MeHblue 255, TO BXOAHOW OnepaHi SBMsSeTcs

HOpPMarnm3oBaHHbIM YMCITOM;

— €Cnn 3HauyeHue nopsiaka paBHO 255 M Apobb MaHTWUCCHI HyreBasi, TO BXOAHOM OnepaHA
aBnseTcs BECKOHEYHOCTbIO (o0 );

— €CMN 3Ha4eHus nopsaka paBHO 255 1 Apobb MaHTUCChI HEHyNeBasi, TO BXOAHOW OnepaHs He
aBnseTcs BelectBeHHbIM yncriom (NAN).

Mepexon 6Groka B WUCXOQHOE COCTOSHWE Mpou3BoauTCa Mo curHany cbpoca (RESET) wnw
ycTaHoBke curHana EN B Hynesoe cocTosiHue.

B kpucranne cepun Spartan—II (XC2S50-5) 6nok 3aHumaeT 46 cnaicos (Slices) u pabotaet ¢

TakToBown Yactoton 103 MI'y.

MpenmyLLeCTBO NPeanoXeHHbIX peanu3aumii o CPABHEHMIO C U3BECTHBIMW JOCTUrAETCS 3a CYET
ONTMMAnNbHOrO pacnpeaeneHns OnMcaHnin COCTaBASIOLMX MOAYNEN B Pa3HbiX pexumax, a Takke
OPUIMHANBHOTO MPUOPUTETHOIO LNpaTOpa, KOTOPLIA MO3BOMSIET ONPEAEnUTL HOMep CTapLuei
3HaYalLEel «eanHULbI» ANs NOCNEAYHOLEro BbIMONHEHWS onepaLun HopManu3aLUm MaHTUCChI 3a

OOMH BPEMEHHOMN TaKT.

B Tabn. 2 npeActaBneHbl  CpaBHUTENbHble  OLEHKM  annapaTHbIX — pecypcoB W
NPOU3BOAUTENBHOCTA  pa3paboTaHHbIX ~ MOAYNEeNM  YMHOXEHUs,  peanu3oBaHHbIX  C
ncnonb3osaHunem Core dupmbl Xilinx, ¢ aHanornyHsIMu Mogynsmu upmel Digital Core Design.

Tabnuua 2. CpaBHUTENbHbIE OLEHKM MO annapaTHbIM pecypcam W NponU3BOANTENBHOCTH

Cepws u Tvn kpuctanna Mogyrnb  dmpmbl  Digital | Mogynb ¢ ncnons3osatnem Core dupmbl Xilinx
Core Design
Pecypcl YacToTa, bes koHBeiepa C koHBeiepom
(kon-BoO MIy
Slices) Pecypcel Yactota, | Pecypcol Yacrora,
(kon-BoO Mry (kon-BO My
Slices) Slices)
Spartan-Il 25200-6 970 47 382 42 416 75
Virtex V300-6 963 45 385 38 425 90
Virtex-Il  (Multiplier  18x18) 677+4 74 110+4 52 170+4 83
2V250-5 Multiplier Multiplier Multiplier
18x18 18x18 18x18
Virtex-Il  (Multiplier ~ LUT) - - 386 49 427 128
2V250-5
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Pecypcbl OLEHMBAKOTCS KONMYEeCcTBOM craicoB (Slices), Kaxabli M3 KOTOPbIX COAEPXUT 2
nornyeckne syenkn (Logic Cell), cocToawmx M3 (OyHKLUMOHANBHOrO reHepatopa C YeTbipbMS
BXO4aMmu, TOTUKM YCKOPEHHOTrO MepeHoca U 3anoMWHAaloLero  anemeHta  (Tpurrepa).

Mpoun3BOAUTENBHOCTL OLEHUBAETCS YacTOTOM cuHXponocnegoBatensHocTu CLK.
AnnapaTtHble pecypcbl OLEHEHbl OTHOCUTEMbHO WM3BECTHbIX peanusaunit: AQ, =Q, /Q , roe:
Q, — annapatHble 3atpatbl Mosyns dmpmbl Digital Core Design; Q, — annapartHbie 3atpatbl

npeanoxeHHoro Moaynsi; Q, — annapatHble 3aTpaTbl Mogyns 6e3 koHBeliepa; Q, — annapaTHble

3aTpatbl MOZYNS C KOHBEMEPHOW OpraHu3auuei.

Ons kpucranna NNUC tuna 25200-6: AT, =T, /T, =2,54; AT, =T,/T, =2,33.
Ons kpucranna NMNAC tuna V300-6: AT, =T,/T, =2,5; AT, =T,/T,=2,27.
Ons kpucranna NNNC tuna 2V250-5: AT, =T,/T, =6,15; AT, =T,/T, =9,67 .

BapwaHT peanusauuu mogyns Ha kpuctanne 2V250-5 ¢ ucnonbsosanuem LUT otcyTcTBYeT B
npeanoxexusx dupmbl Digital Core Design, ogHako no annapaTHbIM 3aTpaTaMm OH CPaBHWUM C
npeanoxeHHon peanusaumin Ha kpuctanne V300-6, Ho nossonsietT pabotatb (MPUMEPHO Ha
TpeTb) C 6OnbLLEN TAKTOBOW 4acTOTOM.

3aknryeHue

Mony4YeHHOe aHanNUTUYECKUM MyTEM YMCIIO YaCTUYHbIX MPOM3BEAEHMI 0becreunBaeT pesynbTar
OOMHApHO TOYHOCTW. B paboTe npeanoxeHbl nocnefoBaTenbHas M NOCNeAoBaTeNbHO-
napannenbHas CTPyKTypbl YCTPOMCTB NEpeMHOXeHUs MaTpul. MpuBedeH npumep Ans Takux
YCTPOACTB NEPEMHOXEHUS MATPUL, C BPEMEHHbBIMI 11 annapaTypHbIMI OLiEHKaMU X peanisaLiuu.

CuHTE3MpOBaHHble  (DYHKUMOHaNbHble OMOKM C MnaBaloWen TOYKOW, COBMECTUMbIE CO
crangaptom IEEE-754, moryT BbITb UCMONb30BaHbl B Ka4ecTBe BUONMOTEYHOrO anemMeHTa npu

pa3paboTke CIOXHbIX BbIYMCIINTENbHBIX YCTPOWCTB.
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FPGA-based single accuracy multiplication devices
Volodymyr Opanasenko, Sergii Kryvyi, Stanislaw Zavyalov

Abstract: The number of partial products is determined to ensure a single
precision result. The paper proposes a serial and serial-parallel structure of
matrix multiplication devices. Time and hardware assessments of their
implementation on the basis of FPGA are given. Functional floating point blocks
are synthesized that are compatible with the IEEE-754 standard, which can be
used as a library element in the development of complex computing devices.

Keywords: single precision, serial structure, serial-parallel structure,
multiplication, FPGA.
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K BONMPOCY NOCTPOEHUA ONTUMAIIBbHOIO
OEPEBA PELUEHUN

Butanun Benuuko

AHHOmMauyus: B pabome npusedeHa opmaribHass MnocmaHoeka 3adayu
rnocmpoeHus onmumarsibHo20 depesa peweHuUl 8 mepMuHax 3adaqyu 6uHapHoU
udeHmuukayuu. OnmumarsibHoe Oepeso peuwleHuli ornpedenieHo Kak depeeso
MUHUMasIbHO20 pasmepa u criocobHoe 6e3 owuboK Knaccuguyuposams ece
obbekmbl u3 oby4varouwel eblbopku. Paccmampusaemcs criydal, koz0a ece
ampubymbl 06bEKmMO8 S8/19H0MC HOMUHarbHbIMU. [ns ombopa Haumny4wux
npasusn ucrnonb3yemcsi Mepa UHGHOPMaUUOHHO20 8blugpbilua Ha OCHO8e
8blI4UCIEHUS ycrioeHoU aHmMpornuu. B pabome nokazaHo, Yymo Ons 3adayu
MocmpoeHuUsi onmumarsibHo2o Oepeea peweHul, CcghopMynupoeaHHoU 8
mepMuHax 3adayu buHapHoU udeHmuguKkayuu, cywecmesyem
MONIUHOMUAsbHbIU  an2opummMm ee peweHuss npu ycrnosuu onpedeseHus
cmoumMmocmu mecma (ro2udeckoeo rpaeusa) Kak yHKyuu ceolcme mecma.
BbiqucniumernbHas  CHOXHOCMb  Mpug8edeHHo20 arizopummMma Oz2paHuyeHa
MofIUHOMOM — mpembel  cmerneHu  MOWHOCMU  MHOXecmea 06bekmos
obyyarowelt ebibopku. [na ynpoweHUss paccyx0eHul npuHamo, 4mo Ors
Kax00e20 3Ha4dyeHusi uenesoz2o ampubyma cyuwecmgyem He MeHee O0OHO20
mecma, ycrio8Hasi 3HMPOMuUsi KOMmMopo20 Ha MHoxecmee 06bekmos u3
obyyaroweli 8bibopku pasHa 0. 3adaya nocmpoeHuUs onmumarsibHo20 depesa
peweHuti He sensemcs NP-nonHol 3adaveld npu ycroeuu 3adaHusi
OgpaHu4eHul Ha oripedesieHUe hbyHKUUU CMOUMOCMU f102U4eCcKo20 rnpasursna

(mecma).

Knroyeeble cnoea: 3adaya O6uHapHoOU udeHmudbukauyuu, onmumasbHoe

depeego peweHull, 8bI4UCTIUMEbHAs CITIOXHOCMb an2opumma.
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BBepeHue

[epeBbs pelleHnsa aBnsaTCa NONyNApHbIM NOAXOAOM K pelwleHuto 3agad Data
Mining [Cy660TnH, 2019]. OHK NO3BONSAOT NONYYNTb NEPAPXNYECKYID CTPYKTYPY
Knaccudpuumpyowmnx npasun, kotopas umeeTt Bug gepesa [Quinlan, 1986].
[depeBba  peweHWn  MOryT  OUEHMBaTb  3HAYEHUs  KaTeropuarnbHbIX
(HOMUHanNbHLIX) aTPUBYTOB, UMEIOLLNX KOHEYHOE YMCIO OUCKPETHBLIX 3HAaYEeHWUH,
a Takke KONMYeCcTBEHHbIX aTpubyToB. [peBoBMAHbIE MOAENW, B KOTOPbIX
ueneesasi nepemMeHHass MOXeT MpUHUMAaTb AUCKPETHbIN Habop 3HaYeHun,
Ha3blBalOTCA AepeBbsaMU Knaccudukauumn, B 3TUX OPEBOBUAHbLIX CTPYKTypax
NUCTbA  MPeAcTaBnsalT MeTKM 3HavyeHun LueneBoro aTtpubyTta, a BeTBU
NpeacTaBNAT KOHBIOHKLUMIO 3HA4YeHUI HelerneBbiXx aTtpnbyToB, KOTopble BeayT
K 9TMM MeTKaM 3HadeHun Lenesoro atpubyta. [lepesbs pewenunn, rae uenesasi
nepemMeHHass MOXeT MNPUHUMAaTb  HenpepbiBHble  3HayeHus  (06bIYMHO
AencTeuTenNbHbIE YNUCna), HasbiBaTCA AepeBbsMu perpeccun [Xindong at all,
2008].

dopmanbHO OepeBO pPELUEHMA MOXHO OnpeaenuTb Kak cnocod® nocTpoeHus
KnaccuukaumoHHOM WM pPerpeccuoHHOn Moaenu B Buae ApeBOBUOHOMN
CTPYKTYpbl. ¥Y3rbl AepeBa NOApasfensitoTca Ha peliarowme yanbl (B KOTOPbIX
npegcraBneHsbl Npasuna) n NMCTbs - y3nbl, Jarowme pelweHus. Nog npasnnom
NOHMMAETCA JornMyeckasl KOHCTPyKuusi, npeactaesneHHaa B Buge "ECJIIN...
TO..." ("IF-THEN").

B npouecce obxona AepeBa B KaxaoM y3ne B 3aBUCUMOCTU OT NPOBEPSEMOrO
YCrOBUSI MPUHUMAETCS OnpefefieHHoe peLleHne — nepemMelleHne no Tou unm
MHOW BETKe [epeBa OT KOPHS K «UCTbEBbIM» (KOHEYHbIM) BepliMHam. B
«NUCTbEBOW»  BeplUMHE  [epeBa  COOEPXUTCA  UCKOMOe  3HauveHue

WHTepecytowero aTtpmbyta. B y3nax OuMHapHbIX [epeBbeB  peLleHui
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BeTBETNIEHNEe UAET TONMbKO B ABYX HanpaBfeHusiX, T.e. CyWeCTBYeT TOSNbKO 2
OTBETa Ha MOCTaBfIEHHbIN BOMPOC: «Aa» WU «HeTy. ObyyeHMe [epeBbLEB
peLIEHNI BbINOMHAETCA UHOYKTUBHO Ha OCHOBE MNpeLeneHToB — HabnwoaeHumn
3a COCTOsIHMEM Mofenupyemoro obbekTa nnm npouecca. Paccmotpmum npumep
AepeBa peLleHnn, MnofydYeHHOro Ha OcHoBe aHanm3a Tabnuubl «OOBbEKT-
ceorctBoy» (Tabnuua 1). 3agaya, COCTOMT B TOM, YTOObI HA OCHOBE aHanmsa
npuMepoB cuTyaumn M3 Tabnuubl (Tabnuua 1) cdhopmmpoBaTb B SBHOM BuAe
npasuna onpegensitolime 3HadeHus uenesoro atpubyra (urpatb B ronbd mnu
He urpaTtb) B 3aBMCUMOCTW OT 3HAYEHU HelenesBbix aTtpnbyToB (NPeanKTopoB).
Has3BaHus 1 3Ha4yeHns aTpubyToB B KAKON-TO MEPE YCNOBHbI U CAYXaT rMaBHbIM
obpasom aOns  unncTpauuu

NOCTpOEeHNnA 1 WUCMNOoJNb30BaHUA [OepeBbEB

peLleHnn.

Ta6bnuya 1. NMpumep mabnuybl «O6BLeKmM-ceolicmeo» uzpams 8 20J/1bgh

ATpunbyTbl (MNpeankropsbl) Lleneson

aTpubyTt
(Target)

HanmeHo | Habnioge- | Temnepatypa | BnaxHocTb Betep | Urpatb B

BaHWA aT- Hue ronbg

pubyToB

o § [loxab Kapko Bbicokas HeT Het

o S

2 3

§ 2 3 | Joxab »Kapko Bbicokast Na Het

© I 5

°© = €

;5;. = E MacmypHo | XKapko Bbicokast Het Oa

S F

S O

= ¢

= @ ConHeyHo YMepeHHas Bbicokas Het Oa
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CornHeyHo lMpoxnagHas | HopmanbHasa | Het Oa
CornHeyHo MpoxnagHas | HopmanbHasa | Oda Het
MacmypHo MpoxnagHas | HopmanbHasa | Ha [a
Hoxab YMepeHHas Bbicokas Het Het
[loxab MpoxnagHas | HopmanbHas | Het [a
ConHeyHo YMepeHHas HopmarneHas | Hert [a

M3BneyeHHble n3 Tabnuubl NpaBuna nNpeAacTaBneHbl B BuAe AepeBa Ha
PucyHke 1. Camu npaBuna B AU3BIOHKTUBHOW HopmarnbHon ¢opme (OAHD)
npuBegeHbl B Tabnuue 2. lMpaBuna m3 Tabnuubl NOSly4eHbl C MOMOLLBIO
aHanutudeckon nnatcgopmbl Deductor 4.3 [Deductor, 2020]. Ona kaxgoro
npaBuna BblYMCeHa Noaaepkka (Konmy4ecTBO NPMMEPOB 13 Tabnuubl «00BHEKT-
CBOMCTBO» puC.1 ANA KOTOPbIX MPaBUIO BbIMOMHAETCA) M LOCTOBEPHOCTb
(konIMYEeCTBO NPMMEPOB 4SS KOTOPbIX BbINOSIHEHWE NpaBuna gaeT nNpaBuIlbHbIN

pesynbTar).

=} ECIMH [CranaaptHo)

= Hatmoaeruwe = Howab
Bnaxnocte = Beicokaa TOl A Wrpate B ronsd = Her
E nasxnocTe = Hopmanenas TOM A Wrpate B roned = la

Hatnoperme = Machypro TOM A Wrpate & roned = [a

= Ha6moaerue = ConHesHo
Berep = lla TOl & Wrpate B ronss = Het
Berep = Her TOIM A Urpate & roned = [la

PucyHok 1. [lepeBo pelueHn urpatb B ronbg
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Tabnuuya 2. Knaccughuyupyrouwjue npasusna uzpams 6 20/1bgh

CnepctBue Moopepxka [locToBepHOCTb
(Lleneson
N Ycnosue aTpuoyT:
Urpatb B % Kon-Bo (% Kon-Bo
ronbd)
HabnoaeHve = Joxab U
1 foxa HeT 30,00 |3 100,00 |3
BnaxHocTtb = Bbicokas
HabnioaeHue = Joxab U
2 foxa [a 10,00 1 100,00 1
BnaxHocTtb = HopmanbHas
3 |Habnwgenue = MNMacmypHo |[da 20,00 |2 100,00 |2
HabnioaeHue = ConHe4yHo
4 HeTt 10,00 1 100,00 1
N Betep = [la
HabnioaeHue = ConHe4yHo
5 [a 30,00 |3 100,00 |3
N Betep = Het
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MpuHUMN NocTpoeHus AepeBa peLueHUn

MpuHUMn nocTtpoeHus gepesa [Quinlan, 1986] cnegyowmin. [lepeBo cTpouTcs
«CBEpXY BHM3» OT KOPHA. HaunmHaeTcsa npouecc ¢ onpeaeneHnsi, Kakon atpnoyT
(npeaunkTop) cnenyet BblbpaTb ANA NPOBEPKM B KOpHE AepeBa. [na aTtoro
Kaxgblh atpubyT uccrnegyetca Ha nNpeaMeT,  HACKOMbKO  XOPOLIO  OH
knaccuduumpyeT Habop AaHHbIX (pasgenseTr MHOXEeCTBO NPUMEPOB Ha rpynnbl
No OOMHAKOBbIM 3HaveHusIM LeneBoro artpubyta). Korga pasgenstowwmi
aTpmbyT BbIbpaH, ANsl KaXXAoro ero 3Ha4yeHusi co3gaeTca BeTka AepeBa, Habop
AaHHbIX pasgenseTca B COOTBETCTBMM CO 3HAYEHMEM K KaXXOoW BETKe, npoLecc
NOBTOPSIETCS PEKYPCUBHO [AndA  Kaxaonm BeTkU. MoXHO cdopmynupoBaTtb
npaBuno Ans Bbibopa aTpubyta cnegyrowmnm obpasom: BblIOpaHHbLIM aTpubyT
AOMMKeH pas3buBaTb MHOXECTBO OOBLEKTOB Tak, 4TOObl Mofny4yaemble B UTOre
NOAMHOXECTBA COCTOSININ M3 OOBEKTOB, MMEKLIMX O4HO 3HAYEeHWEe LieneBoro
atpmbyTa, Mnn ObINM MakCMManbHO MPUONMXKEHbI K 3TOMY, T.€. KONIMYECTBO
00BHEKTOB, KOTOPbIE MMEIOT Apyrne 3HayYeHnsa Lenesoro atpmbyTa B Kaxkgom us
9TUX MHOXECTB ObISI0 Kak MOXHO MeHblue. Takke npoBepseTcs 3adaHHbIN
KPUTEPUIA OCTaAHOBKM BETBMEHUS AepeBa, KOTOPbIA MO3BOMSET OrpaHuynTb
BblAeneHne  OeTanu3npoBaHHbIX W ManosHayawwux npasun.  Lensto
NPUMEHEHNS KPUTEPUEB OCTAHOBKM BETBMEHUS SABNAETCA  BbleneHue
Hanbonee nomnMHbIX M TOuYHbIX npaswn. lNog TepmmHOM Hambonee nOMHble
npaesuna Oygem noHMMaTb npaBuna, KOTOpble WCTUHHBI NS Hanbonbluero
KonnyecTBa OOBLEKTOB, MMEKLNX OANHAKOBOE 3Ha4yeHue uenesoro atpubyra.
lMonHoTa npaBuna xapakTepusyeTcsi ero OTHOCUTENbHOM noaaepxkkoun. lMopg
TepMnHOM Hambonee TOYHble npasuna Gygem noHMMaTb NpaBwuna, KoTopble
WCTUHHbI TONbKO A5l OAHOro 3HayYeHusa uenesoro atpnbyta. TOYHOCTb NpaBuna

XapaKrtepunsyeTcd ero OTHOCUTESTIbHOW AOCTOBEPHOCTLIO.

AnropuTMbl MOCTPOEHUSI OepeBa peLUeHUs, UCMoNb3ywmne npuBeaEeHHbIN
npuvHUMn, Takne kak ID3, C4.5 asnawTca «xkagHbiMny. Ha kaxgon mtepaumm
anroputMa, KoTopas cocTtouT B Bblbope pasgendwowero aTtpubyra,
MaKCUMU3NPYETCs onpeaeneHHbI «JTOKanbHbINY KPUTEPUA ONTUMAanbHOCTU B
npeanonoXeHun, YTo NonyyYmBLIEECS OEPEBO B LEeNoM ByaeT «onTMMarbHbIMY.
CyuwiecTBylOT pasnuyHble KpuTepun Bblbopa aTtpubyTta AOns pacwenneHus
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AepeBa. Hambonee nsBectHble — «Mepa MHPOPMALMOHHOIO BbIUrpbILLA» (aHrm.
information gain measure, gain ratio) nnu mepa anTponuun n nHgekc Gini. MNpwu
nomowm nHgekca Gini atpmbyT BbIbMpaeTca Ha OCHOBAHUM PACCTOAHUA MexXay
pacnpegeneHMamMm  3HadeHuss uenesoro atpubyta. Yacto anroputmebl
NOCTPOEHNS OEePEBbEB PELLEHNIN Al0T CMULIKOM AeTann3npoBaHHble AepeBbS,
KOTOpble MMEKT MHOrMo Yy3fnoB W BeTBeW. JTO CBHA3AHO C  SABMEHUEM
nepeobyyeHuns, ansa n3bexaHus KOTOpOro MCNofb3yeTcs anropuTM OTCEeYEHUS
BeTBen (pruning). Takke AOnsi yCTpaHeHMst 3TOr0 HegocTtaTka MCMNONb3yHT
[Ho0,1998].

CcBA3aHa C

mMeTonq KOMUTETOB U3 pelavwmnx agepeBbeB nOHyJ'IFIpHOCTb

MCNONb30BaHMA [OEPEBbEB pPELLUEHUN HarnsagHOCTBIO U U
BO3MOXHOCTbIO MOSly4YeHUsI NpaBuil B BHOM BuAe. ANroputmbl MNOCTPOEHUS
OEPEBLEB pELUeHUA peanuayroT HauBHbIM NPUHUMN  nocrenoBaTenbHOro
npocmoTpa aTpubyta. Ho OepeBO pelleHun npuHUMNManbHO He CcrnocobHOo
HaxoauTb Hanbonee NOnHbIe N TOYHbIE NpaBuna B AaHHbIX. [puBegemM npocTomn
npuMmep, WNACTPUPYOLWNA 3TO yTBepxXaeHue. [aHa Tabnuua «obbekT-
ceonctBoy» (Tabnuua 3), cogepxawas 8 nNpumepoB, 2 3HAYEHUS LENEBOro

aTpubyTa, Kaxaoe 13 KOTOpbIX NPeAcTaBneHo 4 npuMmepamu.

Tabnuuya 3. «O6BLekm-ceolicmeo» npumep 2

ATpUBYTHI
O6bekThI a0 al a2 | Target
1 FALSE | FALSE A t0
2 FALSE | FALSE A t0
3 TRUE | TRUE D t0
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ATpUGYTHI
O6bekThI a0 al a2 | Target
4 TRUE | TRUE E t0
S FALSE | TRUE B t1
6 FALSE | TRUE C t1
7 TRUE | FALSE F t1
8 TRUE | FALSE F t1

OueBnaHO, YTO Haunydlwee OepeBO peleHun Ans NpuBeAeHHOro npumepa
coaepXxut 4 npasuna u MMeeT BuA, NnpueBeaeHHbIn B Tabnuue 4. Heobxoanmo
YTOYHUTb, YTO AN 3HaveHus uenesoro atpumbyta tO0 Bmecto npasuna Nei
MOXeT ObITb Takke chopMMpoBaHO NpaBuiio a2 = A, a Ansi 3Ha4YeHus LeneBoro
atpubyta t1 BMmecTto npaBmna Ne4 mMoxeT ObiTb Takke cOOpPMUPOBAHO MPaBUIo
a2 = F. [JaHHble npaBuna no KpuUTepuo Mepbl MHPOPMALMOHHOIO BbIUrpbILA
akBuBaneHTHol npasunam Ne1 n Ne4 n obuiee Konu4ecTBo npasun (Y4eTbipe) B
Hauny4lwem gepese peLleHuit BCce paBHO HE U3MEHHAETCS.
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Tabnuuya 4. OnmumanbHbie Knaccuguyupyrowjue rnpaesusa npumep 2

CnepnctBue Mopnepxka HocTtoBepHOCTb
eneBon
N YcnoBue M
aTpuoyr,
Target) % Kon-Bo % Kon-Bo
1la0 = FALSE U al = FALSE t0 25,00 2| 100,00 2
2|1a0 = TRUE U al = TRUE t0 25,00 2| 100,00 2
3|a0 = FALSE U al = TRUE t1 25,00 2| 100,00 2
4|a0 = TRUE U al = FALSE tl 25,00 2| 100,00 2

“YKagHble” anropuTMbl NOCTPOEHUS AepeBa peLlleHus He BblbupatoT aTpubyTbl

a0 u al ans pasgeneHust MHOXEeCTBa MPUMMEPOB MO 3HAYEHUSIM LIENEBOro

atpubyta (Tabnuua 3), NnoToMy 4TO Mepa MHAOPMALMOHHOIO BbIUrpbIWa AN

nto6oro n3 atpnbytoB a0 unu al paesHa 0 (kaxxgoe n3 2 3HadeHun atpmbytos a0

n a1l paBHOBEpPOSATHO Ansa obeunx 3Ha4YeHnn uenesoro atpubyta to0 u t1, koTopble

TaKKe paBHOBEPOSATHbI). [N MOCTPOeHUs OepeBa pelueHuin Bcerga OGyoet

BblbpaH aTpubyt a2. lNpasuna B AH®, nonyyeHHble C nNomMoLlbl "XKagHbIX"

anropnTtMoB NOCTpoeHnA aepesa, npmBeneHbl B Tabnuue 5.
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Tabnuuya 5. Knaccughuyupyrowue npasuJsia npu ucnosib3oeaHuu "aoHbix"

aseopummoe npumep 2

Chnencreme NMopnepxka [locToBepHOCTb
N| Ycnosue (Lleneson
aTpuoyT, Target) % Kon-Bo % Kon-Bo
la2 =A t0 25,00 2| 100,00 2
282=B tl 12,50 1| 100,00 1
3a2=C tl 12,50 1| 100,00 1
4a2=D t0 12,50 1| 100,00 1
S5la2=E t0 12,50 1| 100,00 1
6la2 = F tl 25,00 2| 100,00 2

Bcero BblgeneHo 6 npasun, M3 KOTOpbIX 4 wuMelT nogaepxky 1, T.e.
crnpaBeanuBbl TOMbKO OnA OgHOro obbekta M He obnagarT obobuarouien
CNOCOBHOCTLIO.
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BbluMcnuTtenbHasa CNOXHOCTb NOCTPOEHUA ONTUMaNbHOW NpoueaypbI

GuHapHOM ugeHTUdUKauumn

B obwem cnyyae, npu ucnonb3oBaHUM >XagHbIX' anropMtMoB, 3ajadva
NnocTpoeHnss onTumansHoro gepesa peweHun NP-nonHasa [Hyafil and Rivest,
1976]. 31O 04eBMAHO, MOTOMY YTO [ANs TaKMX anropuTMOB JlOKaslbHbIE
ONTUMarnbHblEe pELUeHNA He MOryT rapaHTMpoBaTb Mony4vyeHue rrnobanbHoro
onTumarnbHoro pAepeBa peweHund. NP-nonHoTa 3agaunm  nNoCTpoeHus
ONTMMarnbHOro AepeBa pelleHnn paccmatpmBaeTca B pabotax [Garey, 1972],
[Hyafil and Rivest, 1976]. B [Hyafil and Rivest, 1976] npuBeaeHa ob6o0bLieHHas
dopmynunpoBka 3agadn GuHapHon maeHTudukaumm, 6e3 3agaHus Kakmx-nmbo
OfpaHN4YEeHMA Ha MHOXeCTBO OWHaApHbIX TECTOB M CBOWCTB 31IEMEHTOB
MHOXecCTBa OuHapHbIx TecToB. [log onTuManbHbIM OGUHAPHBIM  AepeBOM
NOHUMaeTCsa AepeBo, KOTOPOe MUHUMU3UPYET OXnaaemoe KOIMYeCTBO TECTOB,
HeobxoouMMbIX AOns  uMAeHTUdMKauunM HeusBecTHoro obbekta. ABTOpamu
AokasblBaeTcs, 4To B obLliem criydae nocTpoeHne onTUMarnbHbIX OMHApPHbIX
nepesbeB pelleHnn aensetca NP-nonHow 3agaden. Takke yTBepXgaeTcs, Y4To
aTa Mojenb MAeHTUYHa mogenu, usydeHHom B [Garey, 1972]. PaccmoTpum
bonee nogpoGHO [aHHYy MoAenb, M npuBedemM OpMaribHYH MNOCTAHOBKY
3agaun BuHapHoM uaeHTUUKauumn, kotopast Obina npegnoxeHa B [Garey,
1972]. daHo:

a) KoHeyHoe MHoXecTBO M3 n obwvektos, O,,0,,...,0, , KOTOpble ABNALTCA

n?’
BO3MOXHbIMW A1151 HEKOTOPOro HEM3BECTHOrO OObBEKTA;

b) cooTBeTCcTBylOLEE MHOXECTBO N W3BECTHbLIX BEPOATHOCTENR, P, P,,...,P,
yaosnetsopsiowmx 0<p. <1, rae p, - BEPOATHOCTb TOr0, YTO HEU3BECTHbIN

obbekT gaBnsieTca Qi , W TNOCKOJIbKY Mbl paccmaTpmBaemM TOJIbKO OAWH

n
HEeN3BECTHbIN OOBLEKT — z p =1;
i=1

C) KOHEYHOE MHOXEeCTBO M3 M BMHapHbIX TecToB wunu Bonpocos, Q,,Q,,...,Q

m?

Kaxk[blit U3 KOTOPbIX, ABNAeTcs dyHkuen Q;: {0,,0,,...,0,} — {TRUE,FALSE},
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rae Q,(O,) onpedenseT pesynbTaT NpUMEHeHUs TecTa Q, AN HEeM3BECTHOro

obbekra O, ;

d) cooTBeTcTBylOLee MHoxecTBO M3 m croumocten C,,C,,...C , roe C,
3aTpaThbl Ha BbIMOSIHEHME TecTa Qj , Kaxkgoe Cj >0.

TabnunyHas popma onmcaHus 3agadnm npueegeHa B Tabnuue 6. B ctonbuax
npvBeaeHbl 06beKTbl, B CTPOKax TECTbl, @ s’MenKax — pesynbTaT NpUMEHEHUs

TecTa Q; k 06bekTy O, — Q,(0)).

Ta6bnuua 6. Tabnu4yHasi gpopma onucaHusi 3adavyu

6uHapHoU udeHmudghukayuu

P, P, P

0, o, 0,
C, Q, TRUE FALSE TRUE
C, Q, FALSE FALSE TRUE

C Q. FALSE TRUE FALSE
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CtommocTb npouenypbl GUHapHON naeHTUdMKaumm bygeTt onpegensitbCa Kak
ee CcpefdHsia CTOMMOCTb, paccyuMTaHHas Mo BCEM TecTaM Kak cymma
Npon3BefeHNs CTOMMOCTM KaXka4oro Tecta Ha BEPOATHOCTb TOrO, YTo TecT ByaeT
MCNOMb30BaH MpU MPUMEHEHMM npoueaypbl OVMHApHOW  MAEHTMdUKaLMK.
OKBMBANEHTHO, CPEAHIO CTOMMOCTb MOXHO BbIYUCIIUTL Kak CyMMy MO BCEM
obbekTaM MpoOM3BEOEHUA BEPOSATHOCTM OObekTa, Ha CymMMmy 3aTpaT Ha
BOMpPOCHI, KOTOpble 3ajatTcs, AN uaeHTudukauum obbekTa, Korga OH
ABNsieTCA HeM3BeCTHbIM 06bekToM. Toraa onTMmanbHas npoueaypa GMHapHOM
noeHTnrkaumm - 3To Takas, kotopas obecnednBaeT MUHUMATbHYIO CTOMMOCTb
BCEX npoueayp Ans ogHoM Ku Ton xe npobnembl. B [Garey, 1972]
AOKa3blBaeTCA, YTO BbIYUCAUTENbHAA CNOXHOCTb MOCTPOEHUS ONTUMAanbHON

npoueaypbl GUHaApHOM MAEHTUdUKaALMM C MOMOLLbI0 anroputma obpaTHOM

UHOYKUMM npornopumoHanbHa to m-n-2" | T.e. onTuMmanbHas npoueaypa

BuHapHon ngeHtTudukaumm asnaetca NP-nonHon 3agaden.

dopmanbHasa NnocTaHOBKAa 3afa4v NOCTPOEHUS ONTUMAaNbLHOro AepeBa
pelleHnn peLieHnn

PaccmoTpum bopmarnbHyt0 NOCTAHOBKY 3adayyM MNOCTPOEHMs OMTMMAarbHOro
AepeBa peLEeHUn Ha OCHOBE aHanui3a Tabnuubl «0OBLEKT-CBONCTBOY»
TepMuHax 3agadn GuHapHon ngeHtTupukaummn. Paccmotpum cnyyan, korga Bce

anI/I6yTbI MMEKT KOHEYHOE YNCI10 ANCKPETHbIX 3HAYEHUN.

O6o3Haunm:
V' — KOHEe4YHOe MHOXEeCTBO 3HayYeHun uenesoro aTpubyta (target)

V = {vj‘j :],nl}, n, = V| — KonNM4ecTBO 3HaueHu1 LieneBoro aTpubyTa;
W — KOHEeYHOEe MHOXEeCTBO 3HayYeHun HeuenesbiX aTpubyToB (NPeanKTOpOoB)

n; ) .
W =UW' , N, — KONMMYeCcTBO Helenesbix aTtpubytoB, W' — MHOXeCTBO
i=1
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3Ha4yeHun i-oro Heuenesoro atpubyta, W' :{r”j :],ns}, rae r' — j-Toe
3HayeHune i-eo aTpubyTa, N, — KONMMYECTBO 3HaAYEeHWUN i-20 HeLeneBoro

atpmbyTa;

KOHEYHOEe MHOXECTBO W3BECTHbIX O6bLEeKTOB Az{ak|k:],n4}, roe n, —

KONMYeCTBO W3BECTHbIX 0ObekToB. [nA kaxpgoro obbekta a, € A

onpepneneHo TOJIbKO OoaHO 3Ha4yeHune Vak eV n MHO>XXECTBO

(i i i P i . .
Rak_{rj‘rj eW,je{l...ns},l—l,ns} , roe r — j-Toe 3HaueHue i-20
Heuenesoro arpubyToB, N, — KONWYECTBO HeLenesblx aTpubyTos,
KOTOpble onpeaeneHbl Ana obbekra a, . MiHave, kaxablih 0O0beKT a, MOXHO

NpeacTaBUTb B CUHTaKCUMCe JOMMKM  BbICKasbiBaHW  crieayowen

n5 n5
dopmynon a, :Vrj', KoTopasa onpegenseTr UMNunKaumio: Vrj' >V, . ans
i=1 i=1
KaXaoro 3HayeHuss LUeneBoro atpubyta Vv, W3BECTHO MHOXECTBO
V, :{ak|k:],n6}, rae Ng — KONMMYECTBO OOBEKTOB U3 MHOXecTBa A,

MMEIOLLMX 3HaYeHne Lenesoro atpubyTa v, . [ins Kaxaoro v, onpeaeneHo

M
v

L]
O0<p; <1, Zp,- =1 O606leHHas dopma TabnuLbl «OBBLEKT-CBOICTBOY,
=1

— BEpOATHOCTb HabnioAeHWsl 3Ha4YeHus Lenesoro aTpubyra v,

codepalle MCXoAdHble [OaHHble AN MNOCTPOEHUs [epeBa pellueHuin

npuBegeHa B Tabnuue 7;
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Q — KOHe4yHoe MHOXEeCTBO M3 M GUHApPHBLIX TECTOB UMK BOonpocoB, Q,,Q,,...,Q

Tabnuuya 7. Tabnuya «06ekm-ceolicmeo» ¢ UCXOOHbIMU OaHHbLIMU

0151 nocmpoeHusi depeea peweHul

MpegukTopbl (W) Lleneson atpubyt (V ,Target)
wh | w? w"? Vv, v, Vi
a, rl rf r" FALSE | FALSE TRUE
a, Lo or r'? | FALSE | TRUE FALSE
A
a, rnl3 rn23 rn“32 TRUE | FALSE FALSE

Q;(a):

onpepenaeTt

KaXkO bl n3 KOTOPbIX, ABNAETCSH dyHKUMen

Q (a)

pesynbTaT npuMeHeHus TecTa Q; AnA obbekta a € A . Kaxabidi Tect

{a,a,,..,a,,} > {TRUE,FALSE|wv, eV} , rae

(I'IpaBI/IJ'IO aepesa peLLIeHI/IIZ) COOTBETCTBYET UMMJIMKaunn B CUHTAKCUCE

TIOTVKW  BbICKA3bIBAHUI: Q1 X AX, A AX, =Y, TAE Xy, Xppeues X,

onpedeneHbl Ha oanemeHTax MHoxectBa W - {rj“rj‘ eW’} n, —
KONWYECTBO 3MEMEHTOB B NOrMyeckol copmyne, a y onpeaeneHo Ha

MHOXecTBe {vj ‘vj eV} X

COOTBETCTBYOLLlEee MHOXecTBO M3 m croummocten C,C,,....C

1~m

roe Cj

3aTpaTbl Ha BbINonHeHue Tecta Q,, kaxpoe C, >0.
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HeobxoanmMo HanTn MHOXECTBO TECTOB CyMMapHOW MUHUMAasbHOM CTOMMOCTH,
HeoOXoauMbIX ANs OOHO3HAYHOW MpPaBWUMBHOW  MAEHTUMUKALUK  KaXKOoro

obbekTa a, € A, T.e. TakMx TecCTOB, KOTOpble A1 obbekTa a, npuHUMarT

3HavyeHune NCTUHA Tonbko Anga 3HavYeHus Vo eV u 3HadveHune JIOXKb ansa scex

OCTarlbHbIX 3HAYEeHUN v, eV.

TabnuyHas dopma onmncaHus 3agaym npueegeHa B Tabnuue 8. B ctonbuax

Target npvBedeHbl 3HavyeHWs LeneBoro artpubyta, B CTpokax TecCThbl

(normquKme npanu'la), a B siyenkax — pe3ynbTat NpUMEeHeHUd TecCTa Qi (ak) K

00beKTy a, € A Ans pasnuyHbIX 3HaYeHWI LieneBoro atpubyTa.

Tabnuuya 8. Tabnu4Hasi hpopma onucaHusi 3a0ayu MNOCMPOEHUs

onmuma’sbHo20 depeea peuweHul

Target
Py P Pns
Vv v, v, v,
C, Q(a) FALSE | FALSE | ... | FALSE
C, Q,(a,) FALSE | TRUE | ... | TRUE
C, Q.(a) | TRUE |FALSE| .. |FALSE
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Ecnn cpaBHuTb Tabnuubl 6 M 8, TO O4YEeBMAHO, YTO MNOCTAHOBKU 3agad
MOCTPOEHUS ONTUMArbHOMO [epeBa PeLIeHU U ONTMManbHOW npoueaypbl
OGuHapHoi naeHTMdMKaumm cxoxun. OgHako B 3aade NOCTpOeHust npoueaypsl

BGuHapHon naeHTUdUKaUMM cToMMmocTb Tecta C— HUKaK He CBsid3aHa HU CO

CBOWCTBaMU TeCTa, HU C BEPOSITHOCTSIMU HabnoaeHus o6bekToB. PaccmoTpmm
anropuTM MOCTPOEHMST ONTUMAsIbHOrO [AepeBa PeELUEHMIA HA OCHOBE aHanu3a
Tabnmubl «06BHEKT-CBONCTBOY» (Tabn. 7) npu ycrnoBun 3agaHnsi CTOMMOCTHM TecTa
Kak OyHKUMM CBOWCTB TecTa U BEPOSATHOCTU HabMoaeHUs1 3HAaYEeHUsI LieneBoro

atpmbyTa.

Mpoueaypa nocTpoeHUsi ONTUMaNbLHOro AepeBa peLleHU u ee

BblHUCIINTEJNIbHaA CINOXHOCTb

YTOYHMM  onpegeneHne MNOHATUA  ONTUMAarnbHOrO  AepeBa  PeLleHun,
MOCTPOEHHOrO Ha  OCHOBE aHanu3a Tabnuubl  «OOBEKT-CBOMCTBOY.
OntTumanbHbIM Bygem cuuMTaTb AEpPeBO, KOTOPOE COAEPXUT MUHMMArbHOE
KONM4ecTBO npaBusil  (MMELWKUX MakCUManbHyr MNOoAAEpXKKY), KOTOopble
OA4HO3Ha4yHO ©n GesowmnboyHo (co 100% [OCTOBEPHOCTLIO) oOnpeaenstoT
3HayeHus uenesoro atpumbyTta ans kaxgoro obbekTa, Bxogsawero B tabnuuy
«0bbekT-cBOMCTBO». Kpome 3TOro, B COOTBETCTBMM C  BblBO4AMM
CTaTUCTMYECKON Teopumn obyyeHus pacno3HaBaHuio [BanHuk n YepBOHEHKMUC,
1974], pomkHbl ObITb OTOOpaHbl 6onee npocTble NpaBwna, T.e. BKYaloLwue
MWHMMANbHOE KOMUYECTBO 3SNEMEHTOB (NPEAMKTOPOB) MPU MPOYMX PaBHbIX

XapakTepuctukax (nogaepxka n JOCTOBEPHOCTD).

Takum obpasom, npouedypa MOCTPOEHUA ONTMMAarnbHOrO [epeBa peLleHUi

BKIOYaeT 2 aTana:

1) HaxoxgeHne Bcex BO3MOXHbIX MpaBWil Ha OCHOBE aHanu3a Tabnuubl

«OOBEKT-CBOWCTBO;

2) OT6op Hauny4ywmx NpaBuI U3 HadEeHHbIX HA NepBOM 3Tane.

PaccmoTpum nepBsbiit aTan.
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Hangem kakoe MakcumanbHOEe KONMYEeCTBO TECTOB B CUMHTaKCUCE JIOTUKK
Bbicka3biBaHun B [JH® moxeT ObiTb 3agaHO Tabnuuenm «oObekT-CBOWCTBOY.
Tectom  saBnsieTcs Kaxgass  syeilka  Tabnuupl, COOTBETCTBYHOLLAA
onpeaeneHHoMy 3HayeHuo aTpubyTta obbekTta. TakMm 06pasoM, MHOXECTBO

BCEX BO3MOXHbIX TECTOB BkNto4aeT MHoxectBo W (Tabnuua 7), a

MaKcumarnbHoe KONIMYecTBO TakMX TECTOB pPaBHO |\N| Kaxabih 06bekT unm

CTpOKa Tabnuubl Takke sBNSIETCA TECTOM (COOTBeTCTByeT KOHBbIOHKUNN BCEX

atpnbytoB ob6bekTa), T.e. B MHOXECTBO BCEX BO3MOXHbIX TECTOB BXOOMT

MHOXecTBO A . KonuyecTBo Takux TeCTOB paBHO |A| TecTbl, KoTOpble

npegcrasneHsl MHoxecTBoM A, nmetoT 100% [OCTOBEPHOCTb, NOTOMY YTO MO

YCNOBWIO 3adavn Ans Kaxaoro obbekta a, € A onpederneHo TOMbKO OAHO

3HayeHue uenesoro atpubyta v, €V . [lpaBga Takne TecTbl He peLatoT

3agayn nocTtpoeHus obobuieHHon normyeckon ¢opMyrbl Kracca OOBLEKTOB,

noTomMy 4to 0b6riagatdT OTHOCUTENBHOW NOLAEPKKON PaBHOM 1/|A|. Kakue ewe

TECTbl, NpUrogHble Ans naeHTudrkaumm 3HadyeHnn Lenesoro atpubyTa (target),
MOXeT 3agaBaTb Tabnuua o6bekT-cBOMCTBO? TakMMn MOryT ObiTb dpparMeHTbl
OnMcaHun OOBLEKTOB, KOTOPblE MOBTOPAOTCA B OMUCAHUSX HE MEHee [BYX
pas3nnyHbiX 0b0bekToB. ®PparMeHTbl ONUCaHMM OOBLEKTOB, KOTOpble He
NOBTOPAKTCS, HE MOTYT nNpaBunamun (tectamn). BolaenaTtb Takon pparMeHT mn3s
NMOJTHOrO onucaHus obbekTa B Ka4ecTBe TeCTa, a He UCMONb30BaTb B KA4ecTBe
Tecta nMONHoOe onucaHne obObekTa, HeT Kakux-nmbo ocHoBaHun. OueHum
TEOPETUYECKM BO3MOXHOE KONMYECTBO (PparMEHTOB ONUCaHUN OOBLEKTOB,
KOTOpble MNOBTOPSOTCSA B OMNUCAHUSX pasfnyHbiX O6bekToB n3 Tabnuubl
«0O6BEKT-CBONCTBO» Bonee ogHoro pasa. [na HaxoXaeHust Takux pparmMeHToB

Heob6X0OAMMO BLINOMHUTL OMEPaLMI0 CPABHEHWSI OMUCAHWI OBBLEKTOB ApYyr C
npyrom. ®opmanbHo, ans Va, eA U1 Va eA,i,j=],_rL,,i¢j,n4=|A| ,

HeobxoguMo HalTM R; =R, NR, 1 ecnu R; #9 cdopmuposatb TecT
1

n7
(NpaBuno) Q, = I\/1rI neR;,n, = ‘Rii‘. Taknm o6pa3omM MakcMmaribHO BO3MOXHOE

KONMYeCTBO TECTOB OyaeT paBHO CYMME YNEeHOB apuMeTUYECKon Nporpeccuu,
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oT 1 Ao |A|—1 ¢ warom 1, ecnu nepeceyeHUss ONMNUCaHUIA BCEX OOBLEKTOB

pasnu4YHbl U HNU OOHO M3 HUX He pPaBHO MycToMy MHoxecTBy. Mo dhopmyne

CYMMbI 4J1EeHOB apMCt)MeTquCKOVI nporpeccnn KoJin4eCTtBoO TakKnUX TECTOB paBHO

|A|-(|A|—1)/2. Toraa mMakcumarnbHOe KOMMYecTBO TEeCTOB M, KoTopoe 3agaet

ncxogHass Tabnuua «OBBLEKT-CBOWCTBO», MOXHO HaWTU no  gopMyne:

A +A

m <A (A-1)/2- ]+ o= .

Konn4yectso OI'IGpGU,I/IVI Ona HaxoXaeHnAa BCeX BO3MOXHbIX TEeCTOB MOXHO

A
mal)

oueHuTb kak O

PaccmoTpum BTOpOM aTan. B kavyecTBe KpUTepUs, XxapakTepusyroLlero kKayecTso
npaeuna, MOXHO ucCMonb3oBatb Mepy WMHGPOPMAUMOHHOIO  BbIMIPbILLA,
BbIp@XXEHHYI0 4epe3 KonmyecTBO WHgopmauun. PaccmoTpum ee 6onee
nogpobHo. ba3oBbIM MOHATMEM BCen Teopun MHOPMaLMK ABNAETCA NOHATUE
3HTponun. MHpopmMmaunoHHasa aHTpONNA — Mepa HeonpeaeneHHOCTU HEKOTOPOW
HEKOTOPOW CUTyauuu UM CUCTEMbI, B YaCTHOCTM Mepa HenpenckasyemocTu
NOsIBNEHNS Kakoro-nnbo cumBona nepsuyHoro andasuta. [lpu oTCyTCTBUM
WHPOPMALMOHHBLIX  MOTEPb  JHTPOMUA  YUCIIEHHO  paBHA  KONMUYECTBY
WHopMauuM Ha cumMBON nepegaBaemoro coobuwenus. HdpopmaumoHHas

ABOUYHAs 3HTponNus Ans atpnbyTa (Cny4yarmHon BESIMYUHLI) pacCYnUTbIBAETCA Mo

"N N.
dopmyne LLeHHoHa: H(Y) = —Z NI -log, (WI] roe N — KONMYeCcTBO 3HaAYEeHUN
i=1

anI/I6yTa, Ni — KOJIM4eCTBO MNpuMepoB, KOTOPblE UMEKT i-oe 3HayeHus

atpmbyta, N — o6wee uucno npumMepoB B MHOXecTBe. daKkTnieckm
MHOPMaLMOHHAsA ABOMYHAS SHTPONMUS onpeaenseT MUHUMAIbHOE YMcro ouT,
KOTOpble HeobXxoanMbI AN KOAMPOBaHUS BbIOpAHHOIO aTpubyTa Anst HageXHoW
nepegaym nHdopmauum B BMAE OBOUYHBLIX YMCEN. JHTPONUSA, B OTNMYUKM OT
ANCMEepCcun, He 3aBUCUT OT Tuna pacnpeneneHnss BEPOSTHOCTEN CryYanHbIX

BenuuuH. Ecnn aee cny4vanHble BenuunHbl X 1Y , KakuMm-To 06pa3oM CBsi3aHbl
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OPYr C ApYroM, TO 3HaHWe OOHOW W3 HWX, YMEHbLIAEeT HeonpeaeNeHHOCTb
3HavyeHun pgpyron [KopotaeB, 2003]. OcraBwasca HeonpenereHHoCTb
OLEHMBAETCA YCMOBHON 3HTPOMMEil. YcnoBHas aHTponus X Mpu YCroBuK
K M
3HaHWA Y onpeaensieTcs Kak: H(X|Y):ZP(YK)ZP(Xm|Yk)-IogZ<P(Xm|Yk)),
k=1 m=1

roe — YCIliOBHble BEPOATHOCTU (BepOFITHOCTb M-ro 3Ha4vyeHna X npwu ycrioBun

Y =Y, ), KonuyecTtso 3HayeHun cnyvamHblx BennumH X Y (M un K ) He
obsizaTenbHO coBnagatoT. YTobbl paccumTaThb H(X|Y), paccunTbiBaloT K

SHTponui X , COOTBETCTBYIOLUMX UKCUpPOBaHHOMY Y, Adanee CyMMUpYLOT
pesynbTatel ¢ Becamu P(Y,) . YcrnoBHas SHTponus Bcerfa MeHblie

6e3yCcrnoBHON, TOYHEE:
0<H(X|Y)<H(X).

HyneBoe 3HayeHWe YCMOBHOW 3HTPOMUM COOTBETCTBYET OOHO3HAYHOW
3aBMCUMOCTU X OT Y , MakCUManbHOe 3HayeHue — MofHOW He3aBUCUMOCTU X
ny.

YcnoBHasi SHTponNMA — 3TO NpedenbHO oblwias XxapakTepucTuka CTeneHu
3aBMCUMOCTUN HEKOTOPbLIX NepemeHHbIX [KopoTtaes, 2003]. Ee MOXHO CpaBHUTL
C Koppensuuen, HO €eCnu Koppensaums XapaktepusyeT JUHENHYI CBSA3b
nepemMeHHbIX, TO YCMNOBHAd 3JHTpPONUS XapaktepusyeT byl CBs3b.
NHMpOpMaLMOHHLIN BbIUIPbIW OT UCMOSIb30BaHUA OOHOW CryYyanlHOW BENUYUHLI
AJ151 NPOrHO3MPOBaHUS APYron CriydaHOW BESNTMYUHLI onpeaenseTcs pa3HOCTbIO

mexay 6e3ycrnoBHON 1 YCNOBHOW SHTPOMUSIMU 3TUX CryYalHbIX BENUYUH.

B 3agaye noctpoeHus gepeBa pelweHun (TabnuyHasa oopma onucaHus 3agaym
npvBegeHa B Tabnuue 8) mepy MHMOPMAUMOHHOIO BbIMIPbIWA AS1S KaXKA0ro
npaBuia MOXHO BbIYUCTIUTL N0 OPMYIE:

Gain(Q, )V‘ =H(target =v,)-H(target =v,|Q,) , rme Gain(Q, )V‘ —  Mepa

WH(OPMAaLMOHHOTO  BbIUIPbIIA  OT  MCMOMb30BaHMM npasunia Q, Ans

onpepneneHna 3HavYeHuda LuereBoro anVI6yTa V, Ha MHOXecCTBe 00bekToB B
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McxopHoON Tabnuue «oBbeKT-CBOMCTBOY; H(target =v,) — MH(OpMaLMOoHHas
SHTPOMMS Vv, 3HaueHns Lenesoro aTpubyTa (target), H(target=v,|Q;) -
YCHIOBHAs SHTPOMMA V, 3HayeHWs Lernesoro aTtpubyTa npu  yCrioBuu

ncnonb3oBaHuM npasuna Q; .

MHdopmaumoHHass 3HTPOMMUSE U YCNOBHAasi 3HTPOMUS  BbIYUCIIAKTCSA Ha
MHOXecTBe OOBEKTOB U3 UCXxogHOW Tabnuue «0OBbLEKT-CBOMCTBO». [ns
YyrNpoLWeHNsa panbHEeNWnNX paccyXgeHUn npeanonioxXmMm, 4YTo Ans Kaxaoro
3Ha4eHus LeneBoro aTpubyTa cyLlecTByeT He MeHee OJHOro Tecra, YCroBHas
SHTPONUSA KOTOPOro Ha MHOXECTBEe OOBLEKTOB M3 Tabnuubl «0ObEKT-CBOMCTBOY

paBHa 0.

Btopon atan anroputmMa noOCTpPOeHUs ONTUMarnbHOro [epeBa peLleHWi

BKIMOYaeT criegytoLme Lwarm.

1) Ons xkaxporo Tecta Q., i =1m un Bcex 0ObLEKTOB a, eA,k=],n4,n4=|A|

onpeaennte v, €V ana  koTopbix Q(a)=True ¥ AnNS  Kaxaoro

v, eV,j=1ln,n =V| cchopMupoBaThb MHOXecTBa 06bekToB
Q _ —

ij _{ak|Qi (ak)—True} . Ha paHHOM ware BbinonHaetca pgobasnexHve

OObEKTOB B MHOXecCTBa MO 3HA4YEeHUsIM LEeneBoro anI/I6yTa, OnA KOTOPbIX

TEKYLUA TeCT NPUHMMaEeT NPUHMMaeT 3HayveHue nctuHa. Onpegenum cuctemy

MHOXecTB X© = {VV‘?i
J

\VAE= @}. Ecnn X9 copepxut 6ornee ogHOro MHOXecTBa
]

TO Heob6XxoAUMO yaanuTb OaHHbIM TeCcT u3 MHoxecTtBa Q . Takum obpasom B
MHOXecTBe Q OCTaloTCs TECTbl, KOTOPbIE MPUHUMAIOT 3HAYEHUSI UCTUHA TOSbKO

AN OOHOro 3HavYeHns LeneBoro artpmbyta Ha MHOXecTBe OOBLEKTOB U3
ncxogHonm Tabnuubl «0ObekT-cBoMCTBO». KonmnyecTtBo onepauuin Ha OaHHOM

2

A +|A A+ A
Liare MOXHO OLIEHUTb kak O m-|A|=| ——— +W| ~|A|=T+|W|-|A| .
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2) [Onsa kaxporo Tecta Q, m3 MHoxectBa Q Ans Bcex OOBLEKTOB a, er?‘
NPOBEPUTL BbINOMHEHME ycrosus v, =V, . Ecrm ycriosue He BbINOMHAETCS, TO
yOanuTb JaHHbIi TecT U3 MHoxecTBa Q . KonnyecTBo onepaumii Ha AaHHOM
Wware He npesbilaeT O(m-|A]). Warv 1 1 2 anroputMa peluaroT 3aaqy oT6opa

npasun co 100% O0CTOBEPHOCTLIO.

3) Oﬂpeﬂ,eﬂVlTb 3Ha4eHne CTONMOCTHU Ci TecCTa Qi B COOTBETCTBUMN CO

CBOMCTBaMM TecTa n TpeboBaHMAMMN, KOTOpble NPEAbSABSIOTCA K HAUMyYLLeMy

TecTy:
C = F(Gain(Qj )Vi ,pj,n7)

Mepa MH(*)OpMaLI,VIOHHOFO BblrpblLLa Gain(Qj ) HUKaK Heé Y4YUTbiBaeT
Vi

KONMMYECTBO 3MIEMEHTOB B riorndyeckon dopmyrie tecta Q.. TecTbl, cocTosLme

N3 MUHMMASTbHOIO YMCria SNEeMEHTOB, SABMSKTCA NyYWNUMU NPU NPOYNX PaBHbIX
xapaktepuctukax [BanHuk u YepBoHeHkuc, 1974]. oatomy B YHKUUIO
CTOMMOCTW TecTa HeobXxoaMMO B KayecTBe aprymeHta pobasutb n; —
KONIMYECTBO 9fIEMEHTOB B Jnormyeckon ¢opmyne. [Ona  MuHMMM3aumm
KONMYecTBa BblMUCNAEMbIX TECTOB, BHa4ane AOSMKHbl BblYMCNATLCA Hanbonee
BEpPOSITHblE TeCTbl, T.e. Takue, KOTOpble MNPOBEPSIOT Hanuune y obbekTa

Hanboree BEPOATHOrO 3HaueHWa uenesoro atpubyta — p,. Jlydwwme TecTsl

AOSDKHbl UMETb MUHUMASbHYK CTOMMOCTb, MO3TOMY CTOMMOCTb TecTa [OSKHa
ObiITb NPAMO  NPOMOPLMOHANBHO KOMWYECTBY 3fIEMEHTOB B JIOrMYECKOW
dopmyne, obpaTHO nNPONOPUNOHANBHO BEPOATHOCTU 3HAYEHUA LEreBoro
aTpubyta n mepe MHPOPMALMOHHOIO BbiMrpbilwa. B kavectBe dyHKuumn F
yaoBneTBopsowen npuBegeHHbIM TpeboBaHMsaM MoxeT ObiTb BbliOpaHa,

Hanpumep, cneayoLLas:

C :(]/Gain(Qj )Vi ).(]/pj)-n7

KonuyecTtso onepauw?l Ha AaHHOM LUare He npesbillaeT M.
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4) OTcopTUpoBaTb MHOXeCTBO TecToB Q no BospactaHuto C, . KonuyectBo

onepauuii Ha 4aHHOM Luare He npeBsbllaeT O(|m|-|og(|m|)).

5) Ons kaxporo obbekta a, € A nocnegoBaTenbHO MPOBEPUTb UCTUHHOCTb

TEeCTOB U3 OTCOPTMPOBAHHOIO MHOXecTBa Q B Mopagke BoO3pacTaHus
ctoumocTtn tecta — C. lNpu nonyyeHnn pesynbTata UCTUHA, OTMETUTL JaAHHbLIN

TEeCT M nepenTn K criegyrowemy obbvekty a, € A. Konmyectso onepaumin Ha
AAHHOM Luare He npesbIWaeT m |A| Mcnonb3oBaHue mepbl MIHGPOPMaLMOHHOIO

BbiMrpbiwa Ha 3 ware 1 warn 4 n 5 npegHasHayeHo ans otbopa npasun c
MakcumarnbHoW nogaepxkon. Lar 5 npegHasHadeH 4N BbIMNOMHEHUS YCIOBUS
onpefeneHns 3HadeHus LeneBoro atpubyTta aAngd Kkaxgoro obbekTa, BXOAALWEro

B Tabnmuy «00bEKT-CBOMCTBOY, C MOMOLLbIO BbiIOpaHHbLIX TECTOB.

6) OTmeueHHble TecTbl M3 Q npeactaBnsalT cobOM MHOXECTBO TecToOB
MWHMMaNbHOW CTOMMOCTU, HEOBXOoAMMbLIX AN OAHO3HAYHOW MAEHTUUKaLUK
Kaxxgoro obbekta n3 MHoOXectBa A U COOTBETCTBYKOT ONTUMAarbHOMY AepeBy

peLeHnin B popMe MHOXECTBA NTOMMYECKUX (PYHKUUN.

Kaxgbii war npMBeAeHHOro anropytMa MMeeT MOSNMMHOMUAnNbHYI0 CITOXHOCTb
(CNOXHOCTb OrpaHn4eHa NOIMHOMOM TPETbLEWN CTEMEHU MOLLHOCTU MHOXEeCTBa
obbekToB obyuvatowern Bblbopkn). Takmm oBpasoM CrOXHOCTb MPUBEAEHHOMO

anropmtma noJinHoMmnHarbHa.

BbiBoAbI M AUNCKyccus

B pabote npuBegeHa dopmanbHasi MNOCTaHOBKa 3agayM  MNocTpoeHus
ONTUManNbHOrO [epeBa pEeLIeHUn Ha OCHOBe aHanu3a Tabnuubl «0ObekT-
CBONCTBO» B TEpMMHaxX 3agavn GuHapHou naeHTudukauun. PaccmaTtpuBaeTtca
crny4van, korga Bce aTpubyTbl MMEKOT KOHEYHOE YNCIO ONCKPETHbIX 3HavYeHun. B
paboTe nokasaHO, YTO CyLleCTBYeT MOSIMHOMUANbHbLIN anropuTM MOCTPOEHUS
ONTUManbHOroO AepeBa peLleHnin Npu yCnoBun onpeaeneHnsa CToMmMocTu TecTa
Kak (yHKUMM CBOMWCTB TecTa (fnornyeckoro npasuna). 3agada MNOCTPOEHUS
ONTUManbHOro AepeBa pelweHun He sBnaetca NP-nonHow 3agaden npu



International Journal "Information Models and Analyses" Volume 9, Number 1, © 2020 75

YyCNoBUW 3a[aHuUa OrpaHuWyeHnin Ha ornpegeneHve QYHKUMM CTOMMOCTU
nornyeckoro npasuna. MOXHO nMokasaTb, 4YTO MPUHATOE [ONyLeHne o
CyLLEeCTBOBaHUW ANs KaXA0oro 3Ha4YeHust uenesoro atpubyta He MeHee OAHOro
TecTa C YCNOBHOW 3HTponuen paBHon 0 Ha MHOXeCTBe 0OBHLEKTOB M3 Tabnuupbl
«OBBEKT-CBOMCTBO» He BMMSET Ha MOMy4YeHHbIN BbiBO4 O MNOMIMHOMWANbHOW
CMOXHOCTW 3afiayn MOCTPOEHMS OMTMMarnbHOro AdepeBa pelweHun. [ns
NMOCTPOEHNSI MOSMIMHOMUAITLHOIO anropuTMa peLleHus 3aayn B 3TOM Criyvyae
Heob6xoQMMO NpeaBapuUTeribHO MOCTPOUTL CrieumanbHY CTPYKTYpPY, B KOTOPOM
nornyeckune npasuna (TecTbl) YNopsAoYMBaKOTCA MO  BXOxAeHuo 6Honee
KOpOTKOro npasuna B G6onee gnvHHOe u AobaBuTb onepaumio OTpuLaHus B
nornyeckne npasuna. [lpumepom noooOOHOM CTPYKTYpbl MOXET CRYXUTb
pacTywas nupamuaanbHasa ceTb, B KOTOPOKW onpeaeneH anroputM HaxoxaeHus
nornyeckux npasun [[nagyH, 1994]. [etanbHoe onucaHue anroputma
NOCTPOEHMUS OMTMMAaribHOrO [epeBa peleHMn Ha OCHOBe pacTylien
nMpamMuganbHOM CeTU U OueHKa ero CroXHocTn Oyaetr npvBedeHO B
AanbHenwmnx paboTtax.
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To the Problem of Constructing the Optimal Decision Tree
Vitalii Velychko

Abstract: The paper presents a formal statement of the problem of constructing
an optimal decision tree in terms of a binary identification problem. An optimal
decision tree is defined as a minimum size tree and capable of classifying all
objects from the training set without errors. The case is considered when all
attributes of objects are nominal. To select the best rules, a measure of
information gain is used based on the calculation of conditional entropy. The
paper shows that there is a polynomial algorithm for solving the problem of
constructing an optimal decision tree, formulated in terms of a binary
identification problem. The condition for the existence of the algorithm is the
determination of the cost of the test (logical rule) as a function of the test
properties. The computational complexity of the above algorithm is limited by
the third degree polynomial of the power of the set of objects of the training
sample. For the sake of simplicity, it is assumed that for each value of the target
property there is at least one test, the conditional entropy of which on the set of
objects from the training set is equal to 0. The problem of constructing an
optimal decision tree is not an NP-complete problem if constraints are set on
determining the cost function of a logical rule (test).

Key words: binary identification problem, optimal decision tree, computational
complexity class P.
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CPEAOCTBA TPAHCOAUCUUNMIIMHAPHOIO NPEACTABJIEHUA
WHOOPMALIMOHHbIX PECYPCOB PA3HbIX CTUJIEU

CBeTnaHa Nanko, Butanuu NMpuxogHiok

AHHOmMauyus. Cmambsi kKacaemcsi rnpobrieMbl 3¢hgheKmu8HO20 UCOIb308aHUS
pPasHOPOOHbIX UHGOPMaUUOHHbIX pecypcos (UP). OzspomHoe Konu4ecmeo
€CcmecmeeHHOSI3bIYHbIX OOKYMEHMOB, HaKOIM/EHHbIX 8 cemu, ocmarmcs
rnaccueHbIMU UCMOYHUKaMu 3HaHul. [nsa agpgpekmueHol pabombi ¢ makumu
dokymeHmMamu, rpexoe gceao, mpebyemcs ux cmpykmypu3sauyusi, Komopasi He
MOXem rpou3sodumbsCs 6py4qHyr, y4umsbieass Heobxodumbie O 3mMoeo
mpydo3ampamel. Takxe Heobxodumo ornpedenumes criocob npedcmasrieHus
pesyrnbmamos cmpykmypusayuu UP, m.k. om 3moao 3asucsim darnbHelwue
803MOXHOCMU rpu pabome ¢ HUMU. BaxHelwel U3 makux 603MOXHocmeu
fensgemcsi uHmeezgpauusi P pasHbix cmurned, ornucklearowux pasfiudyHbie
npedmemHsie obracmu (I100) 8 eQUHOM UHGOpPMayUOHHOM rpocmpaHcmee. B
cmambe npednazaemcs MoOeslb UHmMezpauuu pasHOPOOHbIX OOKYyMEHMOS,
peanusyrowas npuHyun mpaHcoucyunnuHapHocmu. OnucaHa mexHonoaus
asmomamu3upogaHHol 0bpabomku ecmecmeeHHOs3bIYHbIX mekcmos (EAT)
pasnuyHbix cmuneld u ¢opMUPOBaAHUS Ha UX OCHOB8E UHMEPaKMUBHbIX
0oKymMeHmMos8. PaccMompeH MexaHu3M omobpaxeHusi UxX CmpyKkmypabl,
KomopbIm senssemcs HappamueHhbIU ouckypc. [MpedcmasrneHa
Mamemamuyeckas Mooesnib 0aHHOU mexHosioauu, Mooeslb Mo8edeHuUs
cucmemsbl (8 sude UML-Ouazpamm), a makxe apxumekmypa rnpocpaMmMHO20

cpedcmea, co30aHHO20 Ha OCHOB8E oriucaHHbIX Mooderied.

Knroyeeble crniosa: mpaHCcOUCUUNIIUHAPHOCMb, OHMOJIO2Us, pacmyuas
nupamudanbHass cemb (PlIC), HappamueHbIl OuCKypcC, QYHKUUOHarbHbIe
cmusu.
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ITHEA knaccugpukayus. H. Information Systems — H.1 MODELS AND
PRINCIPLES - H.1.2 User/Machine Systems.

BBenoeHue

B nocnegHve pecatunetus ctana akTyanbHOW HeobXooMMOCTb peLleHus
BONbLWOro KOMMYecTBa CIOXHbIX MHOrO(akTOPHbIX NPOGReM B pasnnyHbIX
cthepax yenoseyeckon pedaTenbHocTU. B aTmx ycnoBmax nosbiCUSIAChb
NOoTPeBHOCTb B KOMMNBLIOTEPHbLIX CpeacTBax, MO3BOMALWNX Ucnosnb3osaTb NP 13
pasHbiX obnacren 3HaHun. Hapsagy ¢ atum, EAT oo cux nop ocrtatotca camon
pacnpocTpaHeHHON hopMoKn nNpeacTaBneHnsa 3HaHun. Takne 3HaHus SBRASTCS
NacCMBHbIMKW, MNOCKOSbKY OONbLWMHCTBO [JOKYMEHTOB CO34aHbl Ha OCHOBE
NCMNOSIb30BaHNA PasfiMYHbIX MHPOPMALMOHHBLIX TEXHOMNOIMM U cTaHgapToB. B
OCHOBHOM, OHM OTHOCATCA K Kraccy crnaboCTpyKTypuUpOBaHHbIX, a o
COBOKYMHOCTU U XapakTepy M3noxeHus, Kk knaccy bonbwmnx JaHHbix (Big Data)
[Mayer-Schonberger, 2013]. [lpeobpa3oBaHuve Takux MNacCUBHbLIX CUCTEM
3HaHUN, oToBpaXkalLWNXCS B BUAE LOKYMEHTOB, KOTOpbIE coaepaT OnucaHus
onpeaesieHHbIX NPOLEeCCOB N UX CBOWCTB, B MHTEPAKTUBHYIO (hopmMmy sBsieTcH
BeCcbMa akTyanbHoun npobrnemon. OgHako Ans 3Toro HeobxoanMo peanu3oBaTtb
KOFHUTUBHbIE nNpoLeaypbl nx npeobpasoBaHus, YTo, Kak MUHUMYM, onpeaenseT
yCnoBus peanusaumm B3aUMOAEWUCTBUS C 3TUMU CUCTEMAMU, YXKe aKTUBHbIX

3HaHun [Ctpwxkak, TpaHcamcumnniHapHa iHTerpauis, 2014], [Ctpwxak, 2020].

Takum o00pasoM MOXHO BblOAENUTb OCHOBHbIE 33a4ayM  KOMMbITEPHOM

06paboTkn ecTecTBEHHOA3bIYHBIX JOKYMEHTOB. K HUM OTHOCSATCS:
1) aBTOMaTU3NPOBAHHAA CTPYKTypu3aumsa pasHopoaHbix UP;

2) npencTaeneHve pesynbTatoB  00paboTkM B BUAE  MHTEPAKTUBHbIX

OOKYMEHTOB,

3) MHTEerpauuna NP peneBaHTHbIX 3adadYaM KOHKpPEeTHOro nolib3oBaTend

(akcnepTa).
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PeweHne nocTaBneHHbIX 3aday CBA3aAHO C pPSOAOM  TEXHOMOrMYECKUX U
MEeTOA0SIorMyecknx npobnem. 3OTo 0OycnoBneHo kak akToM HaKomnneHus
cBepxbonbwmnx o6bEMOB MHGPOPMaAUUKU, TaK WU BbICOKOW WMHTEHCUMBHOCTbIO

npoueccoB ceTeBOro B3aun MOOENCTBUS.

YuyutbiBasgs 3TO, Haubonee CIOXHOW $SBNAETCS WMMEHHO TpeTbs 3ajavda
nHterpaumm WP, KoTopasi cBOAUTCA He K NMPOCTOMY OObeMHEHUI0 KOHTEKCTOB
HappaTMBOB, OTBEYalOLMX 3afaHHOMW TemaTuke, a obecnedmBaeT aKTUBHOE
NCNonb3oBaHWE  CBOWCTB  CBSA3EWN MeXay  KOHTeKcTamu [CTpuxkak,

TpaHcaucumnniHapHa iHTerpadis, 2014].

B cratbe onucaHa Moaenb TPaHCAMCUMMNMHAPHOIO  MNPeACTaBneHus
pasHocTuneBbiX WP, nexawass B OCHOBE MNOCTPOEHUs WHAOPMALMOHHO-
aHanMTUYecKoW CUCTEMbI, MPU3BAHHOW pelaTb 3agayn kak obpaboTku wu

CTpyKTYypusauum EAT, Tak 1 UX KOHCTPYKTUBHOW MHTErpaLnu.

O630p nuTepaTtypbl

KaTeropuss  TpaHCOUCUMNAMHAPHOCTU  UMEET  LUMPOKYHD  TPaKTOBKY W
npUMeHeHne B COBPEMEHHOM Hayke. B cdepe MHMpOpMaALMOHHBIX TEXHOMOMMN
AAaHHasa KaTeropusi TpakTyeTCcHa Kak runepCBONCTBO MHOXECTBEHHOW YaCTUYHON
YyNOpsSAOYEHHOCTM  3fIEMEHTOB  WMH(popMaumoHHon  cpegbl  [CTpukak,
TpaHcaucumnniHapHa iHTerpauis, 2014]. To eCTb, KaTeropus
TpaHCANCLMNITMHAPHOCTU nossonseT paccmaTpmBaTb NHTEerpaumio
MHPOPMALMOHHBLIX PECYPCOB KaK HEKU Mnpouecc WCnonb3oBaHus MobbixX
peneBaHTHbIX KOHTEKCTOB, M B3aMMOOENCTBUSA CeTeBbIX WMHPOPMaUMOHHbIX
cuctem. [aHHas koHuenuusi npeactaeneHa B pabotax [[ManarnH, 2014],
[Wwnpokos, 2017], [Benuyko, 2017].

OOHVM 13 BO3MOXHbIX MNOAXOAOB K peanusauun TpaHCOUCUMUMIMHAPHOW
nHterpauun NP saBnsietcs oHTOnorMyeckuii noaxod. TpaHcAucUMniMHapHbIE
OHTOMOrMM  obGecrneynMBalOT  KOPPEKTHOEe  arperMpoBaHvMe  pasfnyHbIX
TemMaTMyeckux npoueccoB nyteM (OPMUPOBaAHUS  CTPYKTYPMPOBAHHOM
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COBOKYMHOCTN  MHPOPMALMOHHbIX  00bekToB-kKoHuenTtoB 140, KoTopble
onpefensiTcs Kak eauHbIA TUN OaHHbIX. TEeXHOMOrmsa MX WUCNoNb30BaHUS B
ceTeBOM cpefe, B KOTOPOW aKTUBUPYKTCA MpOLEeCcChbl B3aMMOOeNCTBUA
CNOXHbIX MHPOPMALUMOHHBIX CUCTEM, NO3BONAET ycTaHOBUTL Hag VP, koTopble
aKTUBHO WCMONb3YHTCH, OTHOLWIEHMe 4YacTuyHoro nopsigka. OHTonornyeckue
acnekTbl TpaHcaucuunianHapHon wHTerpaummn WP unsnoxeHbl B paboTte
[Ctpwxak, OHTOnornyeckue acnektol, 2014]. B pabotax [Bactok, 2017],
[ManarmH, 2012] NOCBSALWEHHbLIX BOMPOCaM OHTOJSIOMYECKOr0o WMHXWUHUPUHIA B

LilenioM, NpeAcTaBnseTcs Takke Wupokast bubnmorpadusi No gaHHOMY BOMpocy.

MexaHn3amomMm oOTOOpaxeHus CTPYKTypbl pasHocTuneBbix WP gaBnsietcs
HappaTuBHbIN auckypc [David, 2012]. [JaHHbIM MexaHn3M nogpobHO onucaH B
ctatbe [Ctpwxkak, 2020]. CyTb ero 3aknw4yaeTca B pPacCMOTPEHUU
HECTPYKTYPUPOBAHHbIX CETEBbIX [OOKYMEHTOB KaK HappaTuBOB, KOTOpble
npeacTaBnsAT cobon MHOXECTBO OOBLEKTOB, SABMSKLMXCHA KOHUENTaMun, u
MHOXECTBO OOBLEKTOB, KOTOpbIE SBMAIOTCA Knaccamun. Takme o0bekTbl, B CBOKO
oyepedb, CMOCOOHbLI K B3aMMOLEWCTBUIO (CBOWCTBO OMCKypca), U 9TO daet
BO3MOXHOCTb OTOOpakaTb CBA3HOCTb ABYX W Bonee HappaTtmsoB. [locTpovB
TaKCOHOMMYECKYK CTPYKTYPY Kak Kagoro JOKyMeHTa, Tak M MeTaTaKCOHOMUIO
cogepXaHuss  Bcex  ucnonb3yemblx — gokymeHtoB 1O,  pgocturaetca

0T06pa>+<eH|/|e CBA3HOCTUN OOKYMEHTOB M NpoLeccoB B3aMMOOENCTBUSA C HUMMW.

BxoaHble AaHHble U MeToAbl

Mogenb TpaHcaucumnnuHapHoro npeactasneHns WP pasnuuHbix cTtunen
ABNAETCA  OMMCAHMEM  TEXHOMNOrmMm  aBTOMaTU3MpoBaHHOW  0BpaboTku
pa3HOCTUNEBLIX AOKYMEHTOB rrobanbHOn cpegbl M npeacrtaBneHne ux B
dopme, NpurogHoM AnNA JarnbHeuwero npespaweHus B akTUBHbIM dopmart
WHTEepaKTUBHbIX 6a3 3HaHWi. [MpakTnyeckass peanusauus Takom TEXHOSormu
ocywectBndetTca Ha ocHoBe WEB-opueHTMpoBaHHOro cepsuca KorHuTuBHas
nHpopmaumnoHHas TexHonorus (KUT) «Monunagp».
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lMpencraBneHHass B CcTaTbe TEXHOMOMMSA npegycmatpvBaeT MpUMEHeHue
metoda noctpoeHus PIIC [(nagyH, 2004], a Takke MeToga pPEKYPCUBHOM
peaykumn [MpuxogHtok, 2018].

[na NOCTPOEHWs OHTONMOrMYECKOro KrnaccudgukaTopa CTUNEN SKCMEPTHbIM
obpasom 6bin 0bBpaboTaH MacCUB Hay4HbIX, Y4YeOHbIX, 3akoHoLAaTEmNbHbIX,
BEAOMCTBEHHbIX,  NYyOMMUMCTUYECKUX WU,  YACTMYHO,  XYAOXECTBEHHbIX
AokyMeHToB. B pesynbTate Obina nocTtpoeHa TakCOHOMMYEcCKas CTPyKTypa
PYHKUMOHarbHbIX CTUNEN A3blka, a Takke onpegeneHbl atpnbyTbl 06bEKTOB,

OTHOCALLMNXCA K OCHOBHbIM CTUITAM.

OcHoOBHas YacTb

Mogene TpaHcoucumnnMHapHoro npegcrasneHna WP pasnnyHblx  cTunen
COCTOUT U3 MaTtemMaTU4eckon MoZenn u mMogenu nosBeneHuUs cuctembl (B BUae
UML-gnarpamm), a Takke apxXuTekTypbl NPOrpaMMHOro cpeacrsa, CO34aHHOro

Ha ee OCHOBe.
MaTtemaTnyeckasa mogenb

MocKkombKy MexaHM3MOM OToBpaKeHust CTPYKTypbl pasHocTuneBbix WP
SIBNSIETCS1 HAappaTMBHbIN OUCKYPC, Npexae Bcero, Heobxoammo opmann3oBatb

JaHHOe MNMOoHATHnE.

Kak oTme4vanocb Bblle, eCTeCTBEHHOSA3bIYHbIE [AOKYMEHTbl SABMATCS
naccmBHbIMMU cucTemMamm 3HaHUN. OHW, aKTU4eckn, nNpeacTaBnaT cobowu
onpeneneHHble TEKCTbl, KOTOpble oTObpaxalTca B Buae nocrenoBaTesibHOro
N3NOXEHNA oOrnpefeneHHbIX KOHLEMNTOB, YCTOMYMBO 3adaHHbIX YCMOBUW UX
CyLleCTBOBaHUA, OMNUCAHUM UX CBOWUCTB U (YHKUMOHANIbHOCTEN U TOMY

nogo6Hoe. VX MoXHO npeacTaBuTb B BUAE:

0, =(X(K).p), 1)



International Journal "Information Models and Analyses" Volume 9, Number 1, © 2020 83

roe Onr — AOOKYMEHT C nocrneagoBaresibHO onpeaerieHHbIMU OnncaHnaMu,

X — KOHUEenTbI;
K — onucaHust KoHLEeNToB (KOHTEKCTbI);

p — OTHOWEHNE CTPpOroro nopdnka, onpenendetr ycrloBud CyulecTtBOBaHUA

KOHUEeNnToB X B TEKCTe.

To ecTb, HappaTMBOM $€BNSAETCS TEKCT, KOTOPbIA MNACCUMBHO MW3naraeT
onpeaesieHHy CUCTEMY 3HAHUA, U UMeET NPU3HAaKN OHTONOMMYECKON CUCTEMBI,
B [OaHHOM cnyyae, WMEeeT BbIKONOTOE 3HadeHue oHTonornn [CTpukak,
OHTonornyeckne acnektol, 2014], [bactok, 2017], [ManaruH, 2012], [ManaruH,
2016], [MpuxogHtok, 2018].

OnepaunoHanbHUCTb  MNPOU3BONILHOMO Tekcta Buaga (1) onpeaensercsa
cnegyowmmm rmnepceoncteamu [CTpwkak, TpaHcaucuunniHapHa iHTerpauis,
2014], [Ctpmxak, 2020]: pednekcus — R,, pekypcusa —R, , U peaykuma —R, .
KOrHUTUBHBIN  XapakTep YKasaHHbIX [MNEePCBONCTB peanu3yeTca B UX
MHTepnpeTaumm rmnepgyHKUMaMn Tuna: aHanm3 60nblnxX OaHHbIX, WX
CTPYKTYpUpOBaHue, CUHTE3, BbIOOp M NPUHATME pEeLUeHU, KOTOpble COrfacHoO

[Amit, 2005] aBNATCA KOTHUTUBHBIMM.

[aHHble rMnepcBonCcTBa 06pasyoT onpeaeneHHoe 3aMKHYTOoe MHOXeCTBO R3,
koTopoe obGecneuynBaeT CBsi3blBaHME W AMHAMUYECKOE  U3MEHEHWe

ynopsaoyeHnst KOHTEKCTHbIX onucaHui Happatmea O, [Malyshevsky, 1998].

OTO 3HaA4nUT, 4YTO BbLIKOMNOTYKD OHTOMNOrMK Buaa (1) MOXHO pacwmpuUTb

MHO>eCTBOM ‘R3 U FI/II'IepbeHKLI,I/IeI;I ee nHrepnpetaummn Emi

O, =(X(K),p) >0y = (X (K), 3 F,)

nr

Uepe3 npeobpasoBaHune (2), NOLCTAHOBKOW MHOXeECTBa rMNepCcBONCTB R3 u
byHKUMOHAnNbHBIM ~ paclumpeHmem F,, , BMECTO OTHOLUEHMSI CTPOroro

ynopaaodeHna p MOXHO MOJNyYUTb OHTOJIOTMHECKYHD CUCTEMY Ond’ KOTOpad

(2)



84 International Journal "Information Models and Analyses" Volume 9, Number 1, © 2020

obecneunBaet pa3findHble BUAbI CBA3en Mexay KoHuentamm X N KOHTEeKCTamu

K.

ABTOMaTU3MpoBaHHas 0bOpaboTka pPasHOCTUNEBLIX [OKYMEHTOB COCTOMT U3

Tpex 3Tanos:

— knaccundpukauma EAT — onpeaeneHne ero ctung;

— vaeHTUdMKauns MHpopMaumMm M3 TeKcTa COrnacHo onpeaeneHHoro

cTnnA,

— TpaHcaMCUMNNMHapHas WHTerpauus nHdopmMauunm, coaepkallencss B

pa3nn4yHbIX O6p860TaHHbIX TEeKCTax.

[ns koppekTHon 06paboTKM TEeKCTa cornacHo ero CTursi HeobxoaAnMmMo MMETb

onncaHna CcobCTBEHHO cyweCTByrOLnNX ctunen. EcTecTBEHHbIM crnocobom

npeacTaBneHnss Takou Kraccudukaumm ABnseTcAa OHTONMOMMYECKUn peecTp

cTunen B Buge oHtornorun O, (puc. 1).

BRacHe HaykoBui

Hayk0B 0-A0EIKEBKA
Hayk0B0-HAEHANEHMH
HaykOBO-NOMyNADHAA
FEKOHOAAEMIA
AAARORATISHIN
ANMIRICTPATMBHO-KEHLETTAPCEKWIA
TOPMANHHME

ENACTHE My BnILMC Tk
HaykoBs O- My i CTI-HmA
Ry 0 HE O-AYANILMeTIHMT
MWoBa npeti

Mopa.pajio iTenebaqeqHa
YeHaryfnivHa Mpes

LiepeneasiansHa Moes

FNACDIKALIA OYHKLIOHANBHKA CTANIE

BinacHe iHihopme

AHANTUHHKMA
Haykosii OCHOBHI TN IHLLI CTLATI

THchopraLiAHMRA
OhivyHd-ainogwia Ol iAHMA
ERICTONApHMA -
HeoiifiHui

CakpansbHMiA
My @RILMETHHHIMA e
ROHMpECIAHMA irypriAHMi

MponaBigHUL BKAR

HBDKHIG HayKOBO-KOHECIAHMIA
OnaTopChKUA -
pamop Ry AOKHED-KOHECIAHMEA

PO3MOBHMA MPOMaACEKO-NONITWHHE OPaTOPCHKE MWUCTE

AKaJEMMHE DPATOPCEKE MUCTELITED

CyAOBE DPATOPCHKE MUCTELTED

PucyHok 1 OHmonoau4eckul peecmp cmunet

lMockonbKy [OaHHbIN peecTp SABNSAETCS OHTOMOrMen, OH MOXeT ObiTb
npeacTaBneH Kak:
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0=(X,R,A),

rae X — MHOXEeCTBO KOHLUEeNnToB, npeactaBrieHHbIX COBCTBEHHO CTUNAMU U
rpynnamm cTunewm;

R — MHOXECTBO CBA3EMN MeXxay KOHUEeNnTaMu;

A" — aTpubyTbl KOHLENTOB, KOTOpble 3adalT  KnaccuduKaunoHHbIe

XapaKTePUCTUKM COOTBETCTBYHOLLMX CTUNEN.

3apgava knaccudmkaumm TEKCTOB MO CTUMO pewlaeTcs nytem noctpoenus PIIC.

OHTonorusa ctunen O, moxeT BbITb NpeobpasosaHa B PIC. [Ans aT0ro HyxeH

I'IpOMe>KyTOLIHbII7I war — BblgesfieHne TakCOHOMMMN N3 OHTOJIOTUN:
O, —2 T,

TakcoHomMuA T, UMeeT CTPYKTYpY:

To =(X;.R;)

roe X, — MHOXEeCTBO OObEKTOB, NpUHaAsexallyx TakCoHOMUK;
R, — MHOXECTBO CBS3el, COOAEPXALLMXCS B TAKCOHOMMMU.

MHoxecTBO X; COCTOUT U3 obbekToB XS Ha4yanbHON OHTOMOMNW Os, a TakKxe

MHOXeCTBa OObBLEKTOB, npegcrasnArOLLnNX KJ'IaCCI/ICbI/IKaLl,I/IOHHbIe CcBOMCTBA

COOTBETCTBYIOLUMX CTUMEN (MOCTPOEHHbIX Ha OCHOBEe aTpmbyToB A; 06BLEKTOB
Xs):
X; =Xg UX(AL)

MHOXecTBO R, COOEPXUT B3aMMOCBSI3M  Mexay obbektamun X,
npeacTaBnsiolWmMe cTunu, u obbektamn X (AL) , KoTopble npeAcTaBnsioT

KnaccuduKaLMOHHbIE XapakTepPUCTUKN 0B EKTOB:

R, =R(Xs X (&)
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Ans TakcoHomun T, MOXHO nocTpoutb Takyto PIIC, kotopas 6yget

YHVBaIIEHTHON en:
Ty —>
S l//S
Ts=ys

[Ana peweHna 3agayn ngeHTUUKaumm mMHopMaumMm B TEKCTe HeobGXOoaMmo
npeacTaBnTb KraccudukaumoHHble aTpubyThl, coaepXalumeca B OHTONOMMN, B
dopme, npurogHon onst paboTbl C METOAOM peKkypcuBHOM peaykuuun. OgHon s
Takux hopM MOXeT ObITb aKTUBHAs OHTOMOIMSA, KOTOpasa UMeeT BUA:

O, =(X,R,F,AD,Ry)

rge X — MHOXECTBO KOHLIENTOB;

R — KOHEYHOE MHOXECTBO CEMAHTMYECKM 3HAYMMbIX OTHOLUEHUN mexay

KOHUEeNnTamu;,

F — KOHeYyHoe MHOXeCTBO (byHKLl,I/IIZ MHTEepnpeTaunn, 3agaHHbiX Ha KoHUEeNnTax

N/ NN OTHOLWIEHNAX (OTMETKA, KaKyto MH(POpMaLMIO CYMTLIBATD);

A — KOHEYHOE MHOXECTBO aKCMOM, KOTOPbIE UCNONb3YTCA AN 3anMcn Bceraa
MUCTUHHBIX BbICKa3blBaHUA (OnpedenieHnn N orpaHuyeHur) B TepMuHax

Tematukm Mgo:;

D — MHOXeCTBO [OMNONHUTENbHbIX onpeueneHMVl NOHATMA B TepMnHax

TemaTuku MNgO (TekcToBble onucaHus);

RS — MHOXeCTBO orpaqueHMVl, onpegenAarmnx obnactb AgencTeus

MOHATUNHBIX CTPYKTYp onpeaeneHHon Tematuku Mgo.

Ona npencTaBneHUss OHTOMOMMYECKOro peecTpa B Takoi copme cneayet

NHTEepnpeTMpoBaTb MHOXECTBO aTpMOyTOB creayHoLLMM 06pasom:

Oy =(X,R,F(A),A(A),D(A),Rs (A))
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Ans aTtoro Heobxogumo nocTpouTtb G, — npeobpasoBaHve WHTeprpeTauuu
aTpunbyToB:
o
OS OSt
Mpw aTom:

— KoHe4yHble MHOXecTBa (PYHKUMW MHTeprnpeTauum F 1 OOMNOSNHUTESbHbIX

orpaHuyeHun Ry c€O34alTCa € MOMOLLbIO  CreunanMsaMpoBaHHOM
npoueaypsbl;
— MHOXeCcTBO AOMONHUTENBHLIX ONpPeaeneHnn MNOHATUA D MOXeT ObiTb

npeacraBneHo € MOMOWbLID  onpedeneHHblx — atpubytoB  Ges

[OMONTHUTENBbHOWN NHTEeprpeTauuu;

— KoHe4yHoe MHOXeCTBO akcMomM A He ncnonb3yetcda B 3apjade

KJ'IaCCI/I(bVIKaLI,MM, MO3TOMY MOXHO NPUHATL A= .

AKTMBHasi OHTONoOrma MoxeT ObiTb npeobpas3oBaHa B Habop npaBun Ans

peKypcuBHOro peayktopa. Kaxxaoe npaBumno MMeeT CrieayoLLyto CTPYKTYpPY:

g =(fe.17),
roe f2 — dyHKUMS NPUMEHUMOCTM, onpeaensiowas, MoXeT N Npasuno ObiTh
NPUMEHEHO K onpeaeneHHoMy Habopy BXoAHOW MHOpMaLmu;

f? — pyHkUMA TpaHcdhopmaumm, 3agatowas npeobpasoBaHme Habopa BXO4HON

MHopMauuu.

MpaBuno Takoro Buaa MOXeT OblTb CCOPMMPOBAHO C  MOMOLLBIO

COOTBETCTBYHOLLErO NpeobpasoBaHus:
Rg (A)—2—f2
F(A)—2ef?

roe G, — npeobpasoBaHve hopMMpoBaHUS PEAYKTUBHbBIX NPaBus.
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CospaHHas Takum obpasom 6Gasa npaBun MoXeT OblTb McCnonb3oBaHa Ans
dhopMmpoBaHus cneumanu3npoBaHHOro onepartopa peayKkunw,

npeaHa3Ha4YeHHoro Aand co3gaHnAa BbIKOJ10TbIX OHTONNOMMM:
0, =(X,R,K(X))
roe K(X) — KOHTEKCTbl 0ObekToB X , saABnsAOWME cobon MNogMHOXECTBO
atpmbyTtoB A'.
BbikonoTasi OHTONormnA TaKkke MoXeT bbiTb NpeobpasoBaHa B PI1C:
O, ——y,,

Takke [OOMONMHUTENBHO AN pelleHus 3agadn  TpaHCcAUCUMNNMHapPHOM

NHTerpaumm nipopmaumm PINC HeobxoamMmMo paclumMpuUTb KOHTEKCTaMM:
W' — X, (WT)

roe W' — KOHTEKCT;

X, — KOHUENT, KOTOPbIA COOEPXUTCH B KOHTEKCTE.

lMpeobpasoBaHMe HappaTMBa Ha  NpUHUMNAX  TpaHCAUCUMNIIMHAPHOMN
WHTerpaumMm  dopmupyetr ©“3  "BbIKOMNOTbIX  OHTONOrMM"  "TakCOHOMWIO

HappaTuBHOro auckypca". [MpeobpasoBaHne OCYLLECTBSETCA C MNOMOLLbLO

dYyHKUUKM noncka:
Q. (HT)= {H (v ()xv (T )})}

roe H — MHOeKc, Nony4YeHHbl B pesyrbTaTe UHOEKcaUMM MaccuBa HappaTUBOB
CeTeBbIX JOKYMEHTOB C MOMOLLbI CneunanmanpoBaHHoOW YHKLMN HOEKCaLUN

Qy:

V(I)V(T) — wnaeHTuduKaTopbl nekcembl | M TakcoHoMuM T Happatusa

[OKymMeHTa O,, COOTBETCTBEHHO.
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(DyHKLI,I/IFI NOUCKa Mo3BOJIAEeT (bOpMVIpOBaTb CBA3N MeXOYy KOHTEeKCTaMn BCeX
JIEKCNYECKMNX €ONHNL MHOXeCTBa CeTeBbIX HappaTUBHbIX JOKYMEHTOB. [aHHas
onepauna ABNAEeTCA OCHOBHOW Ans NOCTPOEeHUA (byHKLl,I/II/I KOHTEKCTHOM
CBA3HOCTMW.

Q (M) =U(Qs(Qs(C).1,))

XeT

rae C — MHOXEeCTBO HappaTuBOB CETeBbIX [OOKYMEHTOB Ond , KOTOpble

onpeaensoT coaepXxaTenbHOCTb MHAOPMALMOHHON cpefbl, B paMkax KOTOpPOro

OCYLUECTBIAETCA CBA3bIBAHUE,

T — TakCOHOMUA, C JIeKCUYEeCKUMU eguHuLammn KOTOp0I7I OCYyLLeCTBIIAETCA
CBA3bIBAHUE;

L, — TEeKcToBOe npeacTtaBrieHne KOHTEeKCTa NeKcn4yeckon eguHuubl X

X

npuHagnexatlien TakcoHomum T .

MHoXeCTBO MHAEKcoB {H}, koTopoe hopMUPYyeTCA Ha OCHOBE MPUMEHEHUs K

MHOXeCTBY C (DYyHKUMM MHAeKkcauun Q,, hopmmpyeT MHAOEKCHYO 30HY H Bcex

HappaTnBOB CETEBbLIX JOKYMEHTOB Ond .

H ={{H} T}

Taknm o6pas3om, OYHKLMIO KOHTEKCTHOW CBSA3HOCTM MOXHO NpeacTtaBuTb B

Buae:
Q. (I)=HxCxT xR3

@PYHKUMSA KOHTEKCTHOM CBS3HOCTM cCO34aeT ycrnoBus Ans opMmupoBaHua
HappaTUBHOMO  AuCKypca Ha  OCHOBE  CEMaHTUKO-IIEKCUYECKON n

KoHLenTorpacuyeckon o6paboTkun BCeX HAPPATMBOB CETEBbLIX JOKYMEHTOB O, .
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Mopenb noBegeHust CUCTEMbI

Mopenb noseaeHust CUCTEMBI npuBoanTCS ans npeacTaBneHust
B3aMMOLENCTBUA, OTHOLLUEHUA W 3aBMCUMOCTEW KOMIMOHEHTOB, M3 KOTOpPbIX

COCTOUT cUCTEMa CTPYKTYypuUpoBaHUS pasHocTunesbix UP.

Mopenb noBeaeHWst CUCTEMbI MOXET ObITb NpeAcTaBrieHa CTPYKTYPOM:

Mp = (dyger O Do)

use’ “act?

roe d,. — UML-anarpamma BapnaHTOB UCMONb30BaHUSA CUCTEMBI;
d,, — UML-gmnarpamma akTMBHOCTU CUCTEMBI;
d., — UML-gnarpamma B3avMOAENCTBUSA CUCTEMBI.

UML-guarpammy  BapuaHTOB  UCMOJSIb30BaHUA  NPOrpaMMHOM  CUCTEMDbI

CTPYKTYpPU3aLMn pasHOCTUINEBBIX JOKYMEHTOB NPeACTaBNeHO Ha puc. 2.

DdopmuposaHune
OHTOMNOMYECKOro peecTpa
cTunei

\

\ AHanM3 ecTecTBEeHHOA3bIYHbIX
TEeKCToB

\
\extends»

3 3
dopm1posaHme N TERadendey
OHTONOMMYECKNX LWABNoHOB «extends»_(  POPMUPOBAHME OHTONOTMIA oY
obpaboTku > | «extends»
\ Knaccudukaums tekcrta no
X cTunio

AnmuHucTparop A
/
/
/
/

~
N
N
“extendsy
UHpekcauus MHhopMaLMOHHbIX \
& : pecy?;c(?a E i PekypcuBHas peaykums
% Sso_/«extendsy \

\/!inchides»
/ ™

] e S
Paspabomink dopmuposaHune / S~ i
OHTONOMYECKUX LWabnoHos ~ TpaHcancumnnuHapHas
npeacrasnexuns nHterpauua UP Mons3oeatens
MpocmoTp uHdopmaLmm

PucyHok 2 BapuaHmbl UCofib308aHUS cucmeMabl

[aHHas anarpaMmmMma oOTpaxaeT Y4YaCTHUMKOB rnpouecCa CTPpYKTypupoBaHUA
pa3HOoCTUINEBbLIX OOKYMEHTOB M UX OCHOBHblE BO3MOXHOCTU. Tak, B pamMKax

CUCTeéMbl  MOTYT pgencrteoBatb «[lonb3oBaTenby, «A,D,MI/IHI/ICTpaTOp» n
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«Paspabotumk». [Nonb3oBaTenb OCyLECTBRSET Krnaccudukaumo Tekcta no
CTUMNIO, MPUMEHSIET PEKYPCUBHYIO pPeaykuuio Anst MNONy4YeHUst OHTOJSIOIUMN,
npocmaTtpuBaeT MHopMauno, a Takke OopMUPYyET TPaAHCAUCUUNIIMHAPHYHO
nHterpaumio  P. AamuHuctpatop cuctembl  opMupyeT U HanosnHseT
OHTONOMMYECKUA peecTp CTunen, OopMUPYET OHTOMNOrMYeckne LWabnoHbl
obpaboTkn n ocywectensaeT nugekcauno VIP. Paspabotumk, umetowmin goctyn
KO BCEM (YHKUMAM CUCTEMbI, CO34aeT OHTonormdeckne  LWabnoHbl

npegcraBsneHns.

AnroputMm paboTbl C CUCTEMOW CTPYKTYPUPOBAHUS LOKYMEHTOB pPasfnyHbIX

CTUNEN nokasbiBaeT guarpaMmma akTMBHOCTHU (puc. 3).

Monb3oBaTenb MOXET NPUMEHATb PeayKUM0 TEeKCTOB, OCYLLEeCTBASATb WX
Knaccudukaumio M NOMb30BaTbCA  PEXUMOM  TpaHCOMCUMMIMHAPHOIO
npeacraBneHusi. B pexume agMUHUCTPUPOBAHUSA CO34atoTcs  LWabnoHbI
npeacraBneHnss n  obpaboTkn, a Takke OCyWEeCTBAAeTcsa  aHanua

CYLLECTBYIOLLMX U HEOOXOOUMbBIX CTUIEN.

Wunumanusaums

Ananus [cTunu] \[AAMMHMCTpMpOBaHne])K [ucnonb3osaHue]
CYLLECTBYIOLNX U
HeobXoauMbIX CTUnen

AHanuna
TpeboBaHuit k
npeacTaBneHunio

[wabnoHbl NpeacTaBneHUs]

Tp. NpeacTasnexune]

[peaykums]

[knaccudmkaums)]

[wabnoHbl 06paboTku]

BbinonHeHue noucka

Wcnonb3osaHue
Confor

BbinonHexue
peaykuumn Tekcta MpocmoTp
TPaHCANCUMNAMHAPHO

VHTErpUPOBaHHbIX
maccusos

AHanus nmeromxcsa
TEeKCToB

ﬁopmwposanue

OHTONOoMn

[noBTOPUTL]

[3aBeplumnTb]

®

PucyHok 3 [uazpamma akmueHoOCmMu cucmemabl
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Ha puc. 4 npeacrasneHa guarpaMmma B3anMogenCcTBUS.

'—  maccus uHdopmaumm  ——

Moaynb o6paboTku PekypcuBHbIn Confor NHTepaKTBUHbIN AOKYMEH WHpekcatop
OHTONOMM CTUNEn peaykrop :Cucrema NuTtepdenc KUT :Mounckosas nogcucrema
:Mogaynb 06paboTku JInHrBucTuyeckui Knaccudukaumm
QHTONOMMM aHanusartop 1 : ;
T |
| |
i ! i i 0
| | 1‘
|
|
; |
| |
|
3anyck ! I
|
: peaykumn 3anyck |
| Knaccudmnkaum
I
I
|
I
I
I
I
|
I
{ I
| | CoxpaHeHue
J i | cchopMUPOBaHHOM
| | ! OHTONOMU Mouckosbli
: | ! 3anpoc
|
| |
|
| |
i I :
I I
| | 1 TpaHcaMcumnnaMHapHo
] 0 | VIHTErpupoBaHHbIi
I
I I
| | 1‘
| |
i ! |
I
| | !

PucyHok 4 [Quazpamma e3aumodelicmausi cucmemal

B3avmopgenicTBue noacncTem NpouCXoauT B CneaytoLLernt nocneaoBaTenbHOCTH:
1) B mogyne o6paboTkmn oHTONOrMm nponcxoauTt obpaboTka OHTONOIMK CTUNEN;

2) 3anyckaetca peaykuus EAT Kk koTopou noaknoyaeTcs Krnaccudukaums

TEeKCTa o6pa6aTb|BaeM0ro no CTUINto;

3) CdopmupoBaHHaa oOHTONorms otobpaxaetca uHTepdencom  KUT

«|_|OJ'II/I3,EI,p» B Bnae MHTepaKTUBHOIO JOKYMEHTAa;

4) OnemMeHThI NOJTY4EHHOIo MUHTEPAaKTUBHOINO AOOKYMEHTa MOTYT BbICTyNnaTb B
KayeCTBe MOUCKOBOIro 3anpoca, BbINMOJIHUB KOTOprIZ C NOMOLWbO MHOEeKcCauunn,
cuncrema npenocrtaBiideT norib3oBaTersito TpaHcancumnimHapHo

NHTErPMPOBaHHbI MaccuB MHOPMaLUN.
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ApXuTeKkTypa cuctemMbl

ans obecneyeHns HageXHown n GbicTpon paboThbl cucTeMbl
TpaHcoucumninnHapHon uHterpaunn EAT pasnuuHbiX CTUNEen UCnonb3yeTcs
TpexypoBHEBas apxuTekTypa, BKIYasi YpOBEHb MpeAcTaBrieHUs, YpPOBEHb

NOTVKM M YPOBEHb AaHHbIX (puc. 5).

PekypcuBHbIN peaykTop
VIHTepnpeTaTong KnaccwcbmxaumD
OHTOMOrMU CTUNEN BXOAHOrO TeKkcTa
baza npasnnD E Moanporpamma E% ﬂoanporpamma@ Confor E
peaykummn CTPYKTYpU3aLmm TeKCToB topmupoeanus PIC

Moacucrema chopMmupoBaHms
MHTEPaKTUBHbIX OKYMEHTOB

XpaHunuie oHTonoruin

Xpanunuuie OHTOnorus crunen D
[OKYMEHTOB
EAT D -
MHCbOpMELI,MOHHaﬂD OHTonoruyecknin D
OoHTONOrMUA wabnoH npeacTaBneHns
esit [
EAT D HartypaneHas @ WHTepnpertatop E
B MH,aeKcaTop@ cucrema <1 wabnoton npeacTasneHus

PucyHok 5 Basoeasi apxumeKkmypa cucmeMbl CMpyKmMypupo8aHusi

OOKyMeHmMOo8 pa3fiu4dHbIix cmunel

Cuctema coctouT wu3 [OBYyX MOACUCTEM: MOACUCTEMbI, OCYLLECTBIISIOLLEN
CTPYKTypupoBaHne TeKCToB («PeKypCuBHbIN peaykTop»), W NOACUCTEMBI,
obecneynsatoLLen Nnonb3oBaTeSIbCKUN NHTepdgenc («MNogcnctema
POPMUPOBAHNA NHTEPAKTUBHBIX OKYMEHTOBY ).
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Cuctema npegHasHadeHa Ans paboTbl ¢ pacnpegeneHHbiM maccuBom EAT,
KOTOpble MOryT OblTb MOMyYeHbl U3 PasfUYHbIX MCTOYHUKOB. LieHTpanbHbIM
9NIEMEHTOM CUCTEMbl SABMNSAETCS OHTOSOMMS  CTUNEN, coaepkalascs
XpaHWNuLLLe OHTOMOMMN B paMkax nogcuctemMsl GOPMUPOBAHUA UHTEPAKTUBHbBIX
AOKyMeHTOB. [JaHHaa nogcuctema B ToM uucne obecneymBaeT WHTepdenc

agMUHuUCTpaTopa and nSMeHeHnA OHTOJ10rnMn cTunen.

Mpw 3anycke noacucTeMbl CTPYKTYpPU3aLmMM OHTONOMUSI CTUMNEN U3BMEKaeTcs U3
XpaHunuwi@a, W € MNOMOLWbK  crleunannsMpoBaHHON  noanporpamMmbl
«VHTEpPNpeTaTop OHTONOMMU CTUNEN») NpeBpalaeTcs B NOAMHOXECTBO 6asbl

npaBun peaykuuu.

C yyeTOoM 3TUX NpaBU U OCYLLECTBASETCA CTPYKTypu3aums Ha nepBoM aTane.
Pesynbtatel  CTpykTypmsauum npespawatotca B PMNC ¢ nomouibto
COOTBETCTBYHOLEN nNogMporpamMMmbl, UM Ha WX OCHOBE  MNpPOBOAUTCSH
Knaccuukauma MCXo4HOro TeKCTa C NOMOLLbIK KnacCcuUKaLMOHHOW CUCTEMBI
«Confory». lMonyyeHHas knaccudgukauusi nogaetca Ha Bxon nognporpammbl
CTPYKTYypM3aunn, YTo NO3BONSIET NOBTOPUTL PeayKUMIO C 6ONbLIEN TOYHOCTLIO U
NOSTYYUTb KOHEYHbIN pe3ynbTaT - WHAOPMAUWOHHYK OHTOMOMMI, KoTopasi B

AanbHenLWweM XpaHUTCHa B COOTBETCTBYIOLLEN Ba3se.

Moacuctema OPMMPOBAHUS WHTEPAKTUBHbLIX [OOKYMEHTOB COAEPXWUT [ABe
OCHOBHbl€ COCTaBAOLWME: XPAHUIULLE OHTONOMMIA U HaTyparibHYl CUCTEMY.
[lononHUTENbHO MCNOMb3yeTCA WHTEPNpeTaTop OHTOMOMMYECKMX LWaGroHOB
npeacTaBneHnsi, 4To no3BonsieT  MoauduumpoBatb  PYHKLMOHANbHOCTb
HaTypanbHOW cuctembl. OHTOMorMyeckne  WAGNOHbI  NPeACTaBrEeHUs,
ncnonb3yemble B paboTe MHTeprnpeTaTopa, XpaHAaTCA B XpaHUNULLe PsSAoM C

I/IH(bOpMaLI,VIOHHbIMI/I OHTOJ1I0rNMAMMN.

[lononHuTensHo HaTyparnbHas cuctema nossonsiet BbIMOMHATb
TPaHCOUCUMMIIMHAPHYO MHTerpauuto MHgopmaumn. [na aToro ncrnonb3yeTtcs
cneumanuaMpoBaHHbIM  MoayNnb  uHAaekcauun («MHgekcaTtop»). Ha Bxog
nHOgekcatopa MOJAKTCHA  KaK  CTPYKTYpUpOBaHHble  (MH(POpMaUMOHHbIE
OHTONOMMN), Tak U HECTPYKTYpUpoBaHHble (EAT) ooKyMeHThI, a pesynbTaThl ero

paboTbl 0TOBpaXarTCs C NOMOLLbIO HAaTypanbHOW CUCTEMBI.
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Mpn atom kaxpgaa M3 NOACUCTEM UMEET CBOW YPOBHU JNOMMKW, AaHHbIX W
npeactasnennda. [Ona  nogcuctembl  (POPMUPOBAHUA  UHTEPaKTUBHbIX
AOKYMEHTOB YPOBEHb AaHHbIX obecneynmBaeTca XpaHWULLEM OHTOMOMMK, a
YPOBHM JIOTMKN U NpeacTaBneHuss — HaTypasnbHou cuctemoun. [lloacucrema
CTPYKTypu3aumm He npegycMoTpeHa Ana npsaMoro B3auMOOEWCTBUS C
nonb3oBaTenieM W He UWMeeT YPOBHA NpeAcTaBfeHnsd, YpPOBEHb FOMMKK
obecneuynBaetca nognporpamMon CTPYKTypu3auuMum, a YpOBEHb AaHHbIX —
cneumanMsaMpoBaHHbIMW NognporpaMMaMmn CYMTbIBaHUS M 3anucu ¢annos (B
YaCTHOCTW, MHTEpPNpPeTaTtopoM OHTOMOrMKM  CTUNEen Un  NoAnporpamMmon

dopmuposaHus PI1C).

Takaa apxuTekTypa no3BonseTr obecneuntb MakcumanbHO 3addekTnBHOE
B3aMMOAENCTBME Pa3fIMYHbIX YacTen cucTeMbl Mexgy cobon nm cuctembl B

Luernom — C nofib3oBaTternem.

BbiBoAabl

Crpyktypmsauusa EAT no3BonseTr 3HauYMTENbHO MOBLICUTH 3(PPEKTUBHOCTL
paboTbl C wuMewLWencs B HUX UHpopmaumen. PaspaboTka cuUCTEMBI,
obecneunBaroLlen aBTOMaTU3NPOBAHHYIO CTPYKTYpM3aunio, 4aeT BO3MOXHOCTb
addekTMBHON paboTbl C O4YeHb OOMbLUMMKM MacCMBaMu [OaHHbIX, KOTOPble

HEBO3MOXHO 06paboTaTb Bpy4YHYHO.

MpumeHeHne OHTONOIMMYECKOro kKnaccudukaTopa CTuren U OBYXYPOBHEBOW
cxembl 00paboTkm (C  OONOMHUTENBHOW  Knaccudukauuen) nossonget
3HAYUTENBbHO MOBLICUTb TOYHOCTb BbIXOQHOMO pe3ynbTaTa M YMEHbLUUTb

Konn4yecTBo ownbok obpaboTku.

OcyuwiecTBneHne  TpaHCOUCUMMIMHAPHOM  WHTErpauMm  no3BonseT B
AanbHenweM MnoBbICUTb 3PP eKTUBHOCTL 06paboTkn 6Gonblnx MaccuBOB
pPa3HOPOAHbIX MPOCTPAHCTBEHHO pacnpeneneHHbIX JOKYMEHTOB.
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MEANS OF TRANSDISCIPLINARY REPRESENTATION OF DIFFERENT
STYLES INFORMATION RESOURCES

Svitlana Gaiko, Vitalii Prykhodniuk

Abstract: The article deals with the problem of effective use the heterogeneous
information resources (IR). A huge number of natural language documents
accumulated on the web remain passive sources of knowledge. To work
effectively with such documents, first of all, their structuring is required, which
cannot be done manually, taking into account the necessary labor costs. It is
also necessary to determine the way of presenting the results of IR structuring,
since further possibilities when working with them depend on this. The most
important of these capabilities is the integration of different styles IR that
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describe different subject areas in a single information space. The article
proposes a model for the integration of heterogeneous documents that
implements the principle of transdisciplinarity. The technology of automated
processing of natural language texts (NLT) of various styles and the formation
of interactive documents on their basis is described. The mechanism of
displaying their structure, which is the narrative discourse, is considered. A
mathematical model of this technology, a model of system behavior (in the form
of UML diagrams), as well as the architecture of a software tool created on the
basis of the described models are presented.

Keywords: transdisciplinarity, ontology, growing pyramidal network (GPN),
narrative discourse, functional styles.
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