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M. NEGRETE, J. SAVAGE , L. CONTRERAS -TOLEDO
A MOTION-PLANNING SYSTEM FOR A DOMESTIC SERVICE
ROBOT

Negrete M., Savage J., Contreras L. A Motion-Planning System for a Domestic Service Robot.

Abstract. Service robots are intended to help humans in non-industrial environments such
as houses or offices. To accomplish their goal, service robots must have several skills such as object
recognition and manipulation, face detection and recognition, speech recognition and synthesis,
task planning and, one of the most important, navigation in dynamic environments. This paper
describes a fully implemented motion-planning system which comprehends from motion and path
planning algorithms to spatial representation and behavior-based active navigation. The proposed
system is implemented in Justina, a domestic service robot whose design is based on the ViRBot,
an architecture to operate virtual and real robots that encompasses several layers of abstraction,
from low-level control to symbolic planning. We evaluated our proposal both in simulated and
real environments and compared it to classical implementations. For the tests, we used maps
obtained from real environments (the Biorobotics Laboratory and the Robocup@Home arena)
and maps generated from obstacles with random positions and shapes. Several parameters were
used for comparison: the total traveled distance, the number of collisions, the number of reached
goal points and the average execution speed. Our proposal performed significantly better both
in real and simulated tests. Finally, we show our results in the context of the RoboCup@Home
competition, where the system was successfully tested.

Keywords: Autonomous navigation, behavior-based robotics, domestic service robots, path

planning.

1. Introduction. According to the International Organization for Stan-
dardization a service robot is a robot that performs useful tasks for humans or
equipment excluding industrial automation applications [13]. This norm also
states that a robot, in general, requires a certain degree of autonomy which, in
this context, is considered as the ability to perform intended tasks based on
current state and sensing, without human intervention. The degree of autonomy
in a service robot ranges from partial autonomy, which includes human-robot
interaction, to full autonomy (without human intervention). Although by def-
inition service robots do not need to be fully autonomous, the more degree
of autonomy, the more useful the robot will be. For example, in space appli-
cations, due to the delay caused by the enormous distances, teleoperation is
not a feasible solution, thus a fully autonomous robot is needed. In domestic
applications, if a robot is going to clean a room, it should do it without human
help. Thus, a high degree of autonomy is desired in a domestic service robot.

Domestic service robots need several skills: motion planning in dynamic
environments, object recognition and manipulation, human-robot interaction,
which can include human detection, gesture recognition and speech under-

SPIIRAS Proceedings. 2018. Issue 5(60). ISSN 2078-9181 (print), ISSN 2078-9599 (online) 5
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POBOTOTEXHUKA, ABTOMATU3ALINA N CUCTEMBbI YINPABJNIEHNA

standing and synthesis, task planning, real-time awareness, among others. The
problem of motion planning refers to the robot’s ability to localize itself, map
an environment and plan secure paths from one point to another [6].

A motion planning system consists of many components that are inter-
connected and whose performance depend on other modules’ performance.
For example, following a path depends on the path planner and the low level
control, and both depend on the localizer, but also the localizer depends on the
control module because if robot moves abruptly or shows oscillations, local-
ization will be more likely to fail. In principle, one can test each module in an
isolated manner and the reliability of the whole system can be argued based on
the reliability of each component. This is possible when only a feedforward in-
teraction is present, nevertheless when feedback is involved, the whole system
performance must be tested since it can differ from each module’s performance.

As stated in [1], robotic competetions are useful to test and compare
different algorithms and systems by providing an objective performance evalu-
ation under controlled and replicable conditions. Robocup@Home [30] and
RoCKIn@Home [1] are examples of competitions for domestic service robots
to evaluate specific and general robot’s performance. Contrary to experiments,
where specific hypothesis are tested, a competition usually evaluates general
abilities of robot systems. Testing a robot system in a competition also helps to
find solutions to problems that only arise in fully integrated systems.

There is a large amount of work reported in the scientific literature about
motion planning for autonomous robots, nevertheless, it is still an open and
challenging problem when talking about robots navigating in real environments
[5]. This can be seen, for example, in the Robocup@Home 2018 rulebook
where the tasks of three tests are focused, among others, in safe navigation
and obstacle avoidance. Autonomous navigation is developed to the point that
there are open libraries to implement navigation systems, but these libraries
commonly implement basic skills and a lot of work can be done, for example,
for improving path planning in hard-to-navigate environments such as messy
rooms. Robocup@Home rulebook also contemplates tests where the robot has
to evade hard-to-see obstacles such as an apple (small object), glass or Lego
brick. The fact that very recent competitions still pose challenges for testing
autonomous navigation in domestic service robots shows that navigation is still
an open problem.

This paper is organized as follows: In Section 2 we present the related
work and highlight the novelties of our approach. Section 3 is dedicated to
explain ViRBot, the architecture our domestic service robot is based on. In Sec-
tions 4 to 8 we explain in detail every module of the proposed motion planning.
In Section 9 we describe the results of applying the proposed system in the con-

6 Tpyabl CMMMPAH. 2018. Bbin.5(60). ISSN 2078-9181 (nev.), ISSN 2078-9599 (oHnaiiH)
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ROBOTICS, AUTOMATION AND CONTROL SYSTEMS

text of the tasks required by the international competitions Robocup@Home
and we compare the performance with one of the most used packages for
navigation. We state our conclusions and sketch the future work in Section 10.

2. Related Work.

2.1. Complete motion planning systems. Most of the literature in this
topic reports isolated problems and experiments, such as mapping algorithms,
path planning algorithms, localization or obstacle avoidance but there is only a
few works reporting fully implemented and tested motion planning systems for
domestic service robots. Examples of these works are the robots Markovito [4],
LISA [26] and Cosero [27].

The work of [4] propose a navigation system based on a three-level
software architecture: functional, execution and decision. This motion plan-
ning system uses dynamic programming for path planning, particle filters and
geometric landmarks (corners and lines) for localization, occupancy grids
for environment representation and include semantic information for a better
motion planning. This motion planning system is based on a well defined
architecture both, contrary the work presented in this paper, they do not use
biology models of behavior.

The work of [27] is focused on the design and building of a cognitive
service robot. To building a map, their motion planning system uses simulta-
neous localization and mapping based on Rao-Blackwellized particle filters
and the Adaptive Monte Carlo Localization for estimating the robot’s position.
Authors of this work use 3D surfel grids from which they extract 2D navigation
maps by exploring the traversability of surfels. When using a 2D sensors, they
extract line segments from 2D scans and align them with the surfels in the map.
Their software is also designed based on an architecture with four layers: task,
subtask, action and perception, and sensori-motor.

The work of [26] developed a ROS-based autonomous service robot
called LISA. Its motion planning system also uses particle filters for map
building and localization. A* algorithm on the occupancy grid is used for path
planning and the calculated path is post processed to get smooth trajectories.
The smooth path is followed using waypoints along the planned path. Authors
mention the close integration with the graphical user interface as the main
benefit of their motion planning system. Contrary to this work, [26] do not
mention the use of reactive behaviors to deal with unexpected obstacles.

2.2. Localization and Mapping. In order to fulfill their tasks, service
robots need a representation of the environment (a map either geometric,
topological or semantic), and its current configuration within such environment.
The problem of building a map while estimating robot’s position at the same
time is called SLAM (Simultaneos Localization and Mapping) and is commonly

SPIIRAS Proceedings. 2018. Issue 5(60). ISSN 2078-9181 (print), ISSN 2078-9599 (online) 7
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POBOTOTEXHUKA, ABTOMATU3ALINA N CUCTEMBbI YINPABJNIEHNA

solved using Kalman [9] or particle filters [11]. More recent work has tackled
this problem using cameras and data compression techniques such as [8] and [7].
To solve only the localization problem, one of the most used techniques in the
development of service robots is the Adaptive Monte Carlo Localization [28]
which is also used in this work.

Roadmaps are a class of topological maps that are useful for mobile
robots’ navigation in structured environments. There are several techniques
for roadmap construction when a geometrical representation of the objects in
the environment is available, for example, Voronoi diagrams [17], visibility
maps [19] or probabilistic roadmap methods [15]. In this work we describe how
we build roadmaps using data from RGB-D cameras and vector quantization
techniques. A similar work is presented in [24]. Vector quantization has a very
high computational cost and processing can be very slow. In this proposal
computation time is significantly reduced by implementing such algorithms in
parallel.

2.3. Obstacle Avoidance. Artificial Potential Fields [16] are a tech-
nique for path planning and obstacle avoidance. In this work, potential fields
are used as a behavior and they are part of the behavior-based methods of the
ViRBot architecture. Costmaps are also a technique commonly used for obsta-
cle avoidance and path planning, for example, the work of [20] uses a scheme
of layered costmaps to plan paths in dynamic environments. Nevertheless a
costmap requires a map while artificial potential fields can be purely reactive.
As it will be discussed later, costmaps may become uneffective when robot is
navigating in narrow spaces.

2.4. The ROS package nav2d. Robot Operating System (ROS) [23]
is an open source middleware which provides the functionality commonly
needed in the development of software for autonomous mobile robots such as
message passing and package management. ROS also has several packages with
algorithms to implement the most common skills needed in an autonomous
robot such as perception of objects and people, knowledge representation
and navigation. Nav2d is an open source package for 2D navigation (http:
/Iwiki.ros.org/nav2d) whose main features, according to its web page, are a
purely reactive obstacle avoidance, a simple path planner and a graph-based
SLAM that allows multiple robots to cooperatively build a map. The last
update was done in 2017 (according to the web page). This package was used
to compare the performance of the proposed system.

3. ViRBot: an architecture for the operation of service robots. To
develop domestic service robots a minimum hardware is required and also a
design architecture must be followed in order to integrate the huge amount of
software that is required to operate this kind of autonomous robots. To perform

8 Tpyabl CMMMPAH. 2018. Bbin.5(60). ISSN 2078-9181 (nev.), ISSN 2078-9599 (oHnaiiH)
www.proceedings.spiiras.nw.ru


http://wiki.ros.org/nav2d
http://wiki.ros.org/nav2d

ROBOTICS, AUTOMATION AND CONTROL SYSTEMS

the intended tasks, domestic service robots must have from low-level controls,
to make actuators move according to a set point, to high-level task planning,
to understand, plan and execute commands given by humans. Designing a
domestic service robot requires much more than merging and coordinating top
trending technologies in machine learning, computer vision, control, navigation,
real time mapping, artificial intelligence, and human-computer interaction.
A service robot interacts with an ever-changing environment in which the
“optimal” conditions of a research laboratory are almost never met. For these
reasons, a design architecture is mandatory for succeeding in the development
of autonomous robots.

ViRBot is an architecture to design, organize, integrate and test software
for autonomous service robots [25]. In the ViRbot architecture the operation of
a service robot is divided in four general layers: Inputs, planning, knowledge
management and execution, having each of them several subsystems, see Figure
1. Each subsystem has a specific function that contributes to the final operation
of the robot. This architecture has similar features to the ones presented in the
INTERRAP agent architecture [21].

Input layer. This layer encompasses all propioceptive and exteroceptive
robot’s sensors. Every sensor has also a simulation mode so that, when a virtual
robot is used, algorithms can be tested using simulated sensor data. This layer
also includes data coming from the human-robot interaction subsystem, which
can be recognized voice or gesture commands. Digital signal processing
techniques are applied to data comming from all sensors to obtain a symbolic
representation of the environment and, with this representation, a series of
beliefs are generated. A set of programmed tasks are also included in this layer
since they stablish a set of goals used to plan actions.

Planning layer. In cooperation with the Knowledge Management layer,
beliefs are validated in the Planning layer and thus, a situation recognition
is created. Given such recognized situation, a set of goals are activated and
then, the action planner finds a sequence of physical operations to achieve
the generated goals. The motion planner module is in charge of planning the
movements of the actuators (mobile base and manipulators) to perform the
sequence of physical operations generated by the action planner. If during
the execution of a plan, something not considered in it happens, the exception
recognizer module will try to solve the problem by setting new goals and
re-planning the overall sequence of operations.

Knowledge Management layer. This layer builds and manages the
robot’s knowledge both declarative and procedural. The cartographer module
is in charge of three tasks: to keep a representation of the environment using
geometric maps and roadmaps, to build such representation using SLAM and
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Fig. 1. The ViRBot architecture: several layers and subsystems are integrated to operate
autonomous service robots. Highlighted modules are those involved in this paper
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clustering algorithms, and to localize the robot using an Extended Kalman
Filter and the Adaptive Monte-Carlo Localization. This layer also includes a
knowledge base which keeps both procedural and declarative knowledge. The
first one encodes the knowledge of an expert using a rule-based system written
in CLIPS, a logic language developed by NASA. The declarative knowledge
encompasses patterns of objects and faces, predefined locations and regions in
the environment and positions of objects and persons. Learning algorithms
are used to train patterns and to generate new behaviors.

Execution layer. The first module of this layer is the executor. It takes
a set of hardwired procedures to transform plans generated by the action
planner into simpler sequences of actions. The executor informs the result of
the execution of each hardwired procedure to the supervisor, which checks
that all actions and movements are performed according to the plans. The
bank of hardwired procedures is a set of augmented finite state machines
used to partially solve specific problems such as taking and object or ask and
memorize a name. Once the executor generates simple sequence of actions,
a set of behaviors are used to cope with problems not foreseen by the action
planner, like the avoidance of unknown obstacles. Behaviors generate signals
taken as desired values by the control algorithms and finally, the outputs of
such low-level controls are used to move the actuators.

The ViRBot and the proposed system. The ViRBot architecture is an
abstraction of the tasks and interactions between of the software used to operate
a service robot. A program running on the robot can perform more than one
task of the ViRBot and also a subsystem of the ViRBot can be implemented
in more than one programs. The proposed system is part of the path planner,
cartographer, human-robot interface, bank of procedures, behaviors and control
algorithms. Figure 1 shows, highlighted in green, those subsystems involved
in this proposal. In the following sections we describe each module of the
proposed system and their corresponding parts in the ViRBot architecture.

4. Control Algorithms. In Sections 5 to 8 it is explained how the
motion planning system plans paths, represents the environment and uses
behaviors to avoid obstacles, nevertheless, all those algorithms will require
control laws to guaranty that all planned motions will be performed correctly.
For that purpose, we designed a non-linear control law.

Consider an omnidirectional mobile base like the one shown in Figure
2, where configuration is determined by three variables [x,,y,, 6,]. If only the
kinematic part is considered and assuming there is no slip, the model of the
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Fig. 2. Omnidirectional mobile base, the current and the goal position

robot is given by

Xr = vxco86,—vysinb,, (1
Yr = VysinB,+vycos 6, 2)
gr = o, (3)

where v,, v, and @ are the frontal, lateral and angular speeds, respectively,
taken as input signals.

Note that the dynamic part of the robot is not modeled, i.e., the configu-
ration [x,,yr, 6,] is also considered as the state vector. Also, it is assumed that
Vx, vy and @ can be set arbitrarily. In the real system this is not the case, the
real input signal is the voltage set in the motor terminals, nevertheless, we can
assume that electrical and mechanical responses of the four motors are fast
enough and thus, we can set any desired motor speed and it will be reached in
a very small time.

The objective of the control laws is to determine signals vy, vy and @
such that it can be ensured that the robot will reach the goal position (xg,y,)
even in the presence of uncertainties (such as non modeled dynamics) and
perturbations. Although the mobile base is omnidirectional, in this work all
movements are done taking it as a differential mobile base. Omnidirectionality
is used in our service robot in other tasks where fine lateral movements are
needed (e.g., when the robot needs to move laterally for grasping and object)
but that is out of the scope of this work.

Consider the scheme shown in Figure 2. Let theta, be the desired angle,
which corresponds to the angle of the position error vector [xg — X, y, — y,}T,
calculated as

0, = atan2 (yg — yr,Xg — Xr)
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and then, angle error can be calculated as
eg = 0, — 6, = atan2 (y, — y,,xg —x,) — 6. )

It is important to note that eg, same as any other angular measure, must be
always in the interval (— 7, z]. If the difference given by (4) results in an angle
greater than 7 or less than —, it must be corrected so that ey € (—m, 7] and
the correct performance of the control laws can be guaranteed.

To model an omnidirectional base as a differential one, it is enough to
set vy = 0. Assuming we have a mobile robot whose model is given by (1)-(3),
then the control law

2
_%
Vx = Vmax€ %, (5)
2
o0 = wmax(ee_l>7 (6)
1+e P

ensures the robot will reach the goal position (x,, yg)T. Given v,, vy and @, the
four motor speeds (left v,;, right v,,, front v, r and rear vy, can be calculated as

L L
Vg = VX—E(D, vyfzvy—i—ia),
L
Vyr = Vx+§a)a Vyr:Vy_Ewa

where L is the robot diameter (see Figure 2).

The control law (5)-(6) has four parameters: vy, and @y, are the
maximum linear and angular speeds, respectively, that the robot can reach
during its movement. These parameters, in principle, can be set arbitrarily,
nevertheless, in a real implementation, they are bounded by the actuators
capabilities.

For a better understanding of constants @ and f3, consider the Figure
3. It can be seen that constant o determines how fast linear speed v decreases
when error angle increases. A small o will make linear speed to decrease too
fast, that is, robot will not move forward until it is pointing directly to the goal
point. In other words, it will first turn until angle error is very small and then
it will move towards the goal point.

Constant 3 determines how fast increases angular speed @ when error
angle increases. In general, a small § will make the robot to keep always “point-
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Fig. 3. Linear and angular speeds for different values of o y 8

ing” to the goal point, i.e., it will help to a better path tracking, nevertheless, if
B is too small, it can generate undesired oscillations.

5. Cartographer. Cartographer, in the ViRBot architecture, is part of
the Knowledge Management layer. It does not make any movement plan but
builds and keeps a representation of the environment. Using this represen-
tation and the information coming from sensors, it also estimates the robot
configuration.

5.1. Environment Representation. Occupancy grids are a type of ge-
ometric maps in which the space is dicretized with a given resolution. Each
resulting cell is assigned to a number p € [0, 1] which indicates the occupation
level. In the simplest interpretation, p = 1 means the cell is occupied and p =0,
the cell is free space. Occupancy grids can also be used with a probabilistic
approach where p indicates the certainty that a given cell is occupied. In this
work we use occupancy grids for representing the environment due to the ease
to build them and the availability of standard formats to represent them such
as the OccupancyGrid message in the platform ROS.

5.2. Localization. Adaptive Monte Carlo Localization is a probabilis-
tic method used to determine robot’s position based on particle filters to track
the 2D position against a known map. It is implemented in the open source ROS
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package amcl. The theorical base is explained in [28] and the implementation
details are documented in the package web page. In this work, we used the
amcl package to localize our domestic service robot.

5.3. Roadmap Construction using Clustering Algorithms.
Roadmaps are useful for mobile robots’ navigation in structured environments.
If such roadmaps are constructed with a fast enough sampling time and based
on information extracted from robot’s sensors, they can be used for obstacle
avoidance. If a geometric representation is not available, it can be obtained
by vector quantization (VQ) methods and, based on this representation, it is
possible to build a roadmap. Roughly explained, the process for building such
roadmaps is as follows: we process the point cloud acquired from a Kinect
device to separate free and occupied space. Then, both the free and occupied
space are clustered. Centroids and sizes of the occupied space clusters are used
as a geometrical representation of the objects in the environment. Centroids of
the free space are used as nodes of the roadmap.

Separation of Free and Occupied Space. RGB-D cameras provide
information through an RGB image and a point cloud that represents the
spatial position of each pixel of the captured image. This research uses only
the spatial information which comes as a set R of triplets of the form r; =
(xxcreenja Yscreen;d j) , where (xscmnj , y‘ycreen/.) is the pixel location in the image
and d;, the distance to the object on the line of sight. The point cloud S
expressed in cartesian coordinates s; = (x;,y;,z;) of the objects w.r.t. the
RGB-D camera plane, can be obtained with the transformation

Sj:MVj, (7)

with M, the matrix of intrinsic parameters of the RGB-D camera, which can
be obtained by several methods (e.g., the work of [14]).

Since the camera is mounted on a mechatronic head with pan and tilt
movements, it is convenient to apply a homogeneous transformation to express
point with respect to the mobile base. After transformation, a point p; is
classified as free space if its z component is less than a constant Kj, and, as
occupied space, otherwise.

Vector Quantization. Vector Quantization [18] is commonly used for
data compression in telecommunications and digital signal processing. In
the field of robotics, it is also used to compress data and get a smaller but
significant set of data. In this work, we use VQ to cluster the free and occupied
space and, based on this clusters, to construct a roadmap.

Given a point cloud P, i.e., a set of n, vectors p; = (x;,y;,2);J =
1,...,n, that represent the position in space, a set of centroids that represent
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these vectors is found. A collection of centroids is called a codebook and it
is designed from a long training sequence that is representative of all vectors
p; to be encoded. The codebook is created with the Linde-Buzo-Gray (LGB)
algorithm [18] as explained in Algorithm 1.

Algorithm 1. Vector Quantization by the Linde-Buzo-Gray algorithm

Require:
Point cloud P = {p;[p; = (x},yj,2j),J € [1,m]}
L, the desired codebook size

Ensure: Codebook D ={Cy, }

m <— 1 //Current iteration
L,, < 1 //Current number of centroids
/[First centroid is the average of all points
Ci L Y pj
ny =
Dy, < {C1} //Initial codebook
while L, < L; do
for VC; € D,, do
y < disturbance of small magnitude
Obtain two new centroids by adding +y
end for
/IDyy+1 will now contain L, new centroids
Lm+1 <~ 2Lm
//Set of clusters for each centroid
5(— {Rk},k S [I;Lm—&-l}
d; < oo /[Average change in centroid values
while d; > € do
for Vp; € Pdo
Assign p; to the nearest cluster Ry whose corresponding centroid is
Ci €Dpy1-
end for
for VR, € R do
Recompute centroid Cy by averaging all vectors p; € Ry
end for
Calculate d, as the average distance between the current centroid Cy
and its value in the previous iteration
end while
end while
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The desired codebook size L; (number of regions in the environment)
is chosen with a tradeoff between computation time limitations for real time
operation and the desired precision. In this work, we used |y| = 0.01, € = 0.03
and L; = 64. The LGB algorithm is applied to cluster both the free and occupied
space and a total of 128 centroids are calculated, 64 for the free space and 64
for the occupied space. Figure 4, left and center, shows the resulting clusters.

b c
Fig. 4. a) original image captured by the Kir)lect; b) free space clusters ar)e colored in
light gray and occupied space clusters, in dark gray. The black regions are those points
with no depth information; c) resulting environment representation. Dots represent the
nodes (free space centroids) used to build the roadmap and calculate a path. Light gray
rectangles represent obstacles from which paths are calculated by A* algorithm to
reach a goal point

Roadmap Construction After the free and occupied spaces are separated
and clustered, the roadmap is built following the Algorithm 2. In this algorithm
e(v,v) represents the edge between nodes v and v/ and Vis(v, v/, p) is a function
that determines if it is possible to reach the node v from node v/ without crashing
with the obstacle whose centroid is p. NV means Not Visible and function Vis
return this value when node v is not visible from v/.

Algorithm 2. Roadmap construction from clusterized space

Require:
P = {p;} //Centroids of the quantized occupied space
C = {c;} //Centroids of the quantized free space
Ensure:
Roadmap G(V,E) with
E: The edges of the roadmap
V: The nodes of the roadmap

E+0
V«C
i+~0
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for Vv €V do
for Vv € V do
if e(v,v1) ¢ V AVis(v,v/,p) # NV V¥p € P then
E < EU{e(v,v)}
end if
end for
end for

Figure 4 shows the original image, the clusterized free and occupied
space and the resulting roadmap. In general, clustering algorithms have a very
high computational cost, which results in latencies that could make not possible
to use them online as a method for obstacle avoidance. Nevertheless, in this
work vector quantization was implemented in parallel allowing to get much
shorter latencies. Details of this implementation are given in [22].

6. Path Planner. In the ViRBot architecture, the Path Planner is part
of the planning layer. It takes information coming from the Action Planner
and the environment representation kept by the Cartographer to calculate safe
paths.

If environment is represented with an occupancy grid, the problem
of planning a path can be solved by applying a search algorithm in graphs.
In this case, each cell represents a node in the graph and it is considered to
be connected only with the neighbor cells belonging to the free space. To
determine the neighbor nodes, either four or eight-connectivity can be used.

A* is a search algorithm which explores the path with the lowest ex-
pected cost. For a given node n, the expected cost f(n) is calculated as

f(n) = g(n)+h(n),

where g(n) is the cost of the path from the start node until node n and h(n) is
an heuristic function which determines a cost that would be expected from
node n to the goal node. The expected cost i(r) must actually subestimate the
real value, i.e., it must be hold that h(n) < g(n) Vn e Graph.

The A* algorithm finds a path that is optimal with respect to the cost
function g(n). This function should be designed according to what is needed in
the robot navigation: traveling the shortest distance, the fastest path or the most
energy-efficient trajectory, for example. In this proposal, the risk of collision
is taken as part of the cost function such that the robot will always navigate
through the safest paths. To achieve this, we define the cost function as

g(n) =d(n)+r(n), ®
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Fig. 5. Comparison of paths using: a) only distance as cost function; b) distance plus
nearness to obstacles

where d(n) is accumulated distance from the starting node to the current node
n and r(n) is a value inversely proportional to the distance from node n to the
nearest obstacle. Figure 5 shows a comparison with and without the component
r(n) in the cost function. As can be seen in the upper Figure, if only distance is
taken as a cost function, the path is calculated with positions next to the walls,
since this is the shortest distance. Lower Figure shows the result considering
the nearness to obstacles as a cost function and, as it can be seen, it is much
safer for navigation.

A similar path can be obtained by augmenting the size of all obstacles
in the map, nevertheless, with this approach the planner may be unable to
calculate paths through small spaces. Costmaps are also a similar approach
but, as it will be shown in the results section, they also have the problem of
being unable to calculate paths through narrow spaces.

The heuristic function we use is the Manhattan distance from the current
node to the goal node. After the path is calculated, it is post-processed to
obtain a smooth path such that the control signals can also be smooth and avoid
damages to the motors.

7. Behavior-Based Methods. Deliberative and reactive are two
paradigms in robotics each one with advantages and disadvantages. Deliber-
ative paradigm assumes an environment representation and this gives robots
high prediction capabilities and thus, more complex tasks can be solved. Since
the robot actuates based on a knowledge representation, the response is slow
and in general it is difficult to handle fast changes in the environment. In the
opposite side, the reactive paradigm does not depend on a knowledge repre-
sentation and its response is faster. Reactive paradigm is better to handle high
dynamic environments but their prediction capabilities are poor.

Behavior-based robotics states that intelligence in robots can be achieved
as an emergent property of a large enough set of behaviors interacting with
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each other [3]. A behavior is a pair of stimulus-response and, since there is
no symbolic planning, response is fast and computational cost is low. Since
each behavior represents a “direct connection” of sensors with actuators, it
is possible to have several behaviors trying to control the robot’s actuator. A
solution for this problem is the use of an arbiter which can make a selection of
only one behavior, based on a hierarchy or the amplitude of the response, or it
can produce a response by weighting all behaviors responses.

Hybridizing paradigms allows to take the advantages of each one and
that is the case of the ViRBot architecture. Environment representation and
planning algorithms allows the robot to perform more complex movements
while behavior-based methods allows it to deal with changes in the environment
such as obstacles not considered in the map. In our work, once a path is planned,
it is executed with a behavior-based approach. There are three behaviors
running concurrently: go-fo-goal-point behavior, avoid-obstacle behavior and
collision-risk behavior. To assemble all behaviors, we use a priority-based
arbiter where the first behavior has the lowest priority and the last one, the
highest priority.

7.1. The Go-To-Goal-Point Behavior. This behavior takes as input
signals the desired positions calculated by the path planner (see Section 6)
and the robot’s position estimated by the localization algorithms (see Section
5). The output of this behavior are the tire speeds calculated according to the
control laws explained in Section 4. This behavior is considered to be activated
any time a new path is calculated.

7.2. The Avoid-Obstacles Behavior. We use the potential fields
method as a behavior to avoid unexpected obstacles. The potential fields
method proposes to design a potential function U(g) : R" — R, where g is the
robot position, such that it has a minimum in the goal point and local maxima
in every obstacle’s position. If U is taken as a potential energy function, then
its gradient VU (q) is a force vector whose direction points to the direction of
maximum change. If the robot moves always in the opposite direction to the
gradient (a method called gradient descent), then it will stop its movement in a
local minimum. Thus, if the potential function is correctly designed (with a
minimum in the goal point and local maxima in every obstacle) and the robot
moves following the gradient descent, then it will reach the goal point evading
obstacles at the same time [16].

There are several methods to design the potential function U and one of
the most used is the attractive and repulsive field method. Since the movement
will be guided by the gradient VU and not the function U, it is easier to design
directly VU, i.e., to design the attraction and rejection forces. In this work we
use the forces proposed by [2] given by
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F,o= (79 ray, ©)
g — gl
1_1\49i—9 :
P n ( i do) d ,if  d < dp, (10)
0 , otherwise,

where g is the current robot position, g, is the goal position, g,; is the position
of obstacle i and d = ||g,; — g||- These forces have three design parameters
£ >0,1>0anddp > 0. Constant { defines how big is the attraction force and
constant 1, how big is the rejection force. d is called the influence distance. If
the distance between an object an the robot is greater than dy, then that object
will no affect the robot’s movement.

The resulting force is calculated as the sum of the attractive force and
the mean of all repulsive forces:

1 n
F=F,+-YF, (11)
ni3

Once calculated the gradient, we move the robot using the Algorithm 3
(gradient descent). Constant & > 0 must be small enough to avoid oscillations
but also considering that a too small & will imply a high computational cost.

Algorithm 3. Gradient descend to move robot through a potential field

Require: Initial position gy, goal position g, obstacle positions g,;
Ensure: A sequence of points {qo,q1,42,. ..}
q0 < gs
i+ 0
while | VU (g;)|| > 0 do
giv1 < qi—aVU(qi)
i+—i+1
end while
Finally, to move the robot towards each point g; we use the control
laws given by (5)-(6). Designing the potential function U using attractive and
repulsive fields has the problem of local minima, i.e., the robot can stop in a
point (local minimum) because gradient VU at that point is zero, but it is not
the goal point. Nevertheless this problem can be overwhelmed if behaviors are
assembled correctly, as it will be explained in the following subsections.
It is worth to note that, although Algorithm 3 assumes all obstacle
positions are known, it is not necessary to have an environment representation
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with all obstacle positions. Since the robot has a laser sensor, every reading can
be regarded as an obstacle and thus potential fields can be calculated directly
from robot’s sensors.

7.3. The Collision-Risk Behavior. The goal of this behavior is to stop
the robot if a risk of collision is detected. Since the laser sensor makes only
2D scans, it is not possible to detect obstacles that do not cross the plane of
readings, that’s why we use the RGB-D camera mounted on the robot’s head.
The criterium for determining if there is a risk of collision is the detection of
an obstacle in front of the robot but only if the robot is going to move forward.
To determine the presence of an obstacle, we count the number of pixels in the
RGB-D image that have a Z-value greater than zero and are within a rectangular
area in front of the robot; if the counting exceeds a threshold K,,bs, then there
is an obstacle in front of the robot. Consider the Figure 6. The yellow square
in front of the robot is the detection region and is defined by the bounding box
[(Xmins Ymin)s (Xmax, Ymax)]- Collision risk detection is performed according to
Algorithm 4.

(Xmax, Ymax) (Xmax, Ymax)
1%
‘\
A 1!
(Xmin, Ymin) (Xmin, Ymin)
a b)

Fig. 6. a) risk of collision is detected since the obstacle is in the robot’s path;
b) obstacle is not in the path of the robot, thus, no risk of collision is detected

Algorithm 4. Detection of collision risk

Require:
Point cloud P = {pjlp; = (x,y;,2),J € [L,n]}
Control signals v and @
Minimum number of points K,pgqacie
Minimum linear speed v, to consider the robot is moving forward
Ensure: Collision risk flag
i+ 0
Collision risk < False
for Vp; € Pdo
if Xj > Xmin NXj < Xmax NYj > Ymin NYj < Ymax then
i—i+1
end if
end for
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if v> Vfwd N1 > Kopstacie then
//The number of points is greater than a threshold and the robot is moving
forward
Collision risk < True
end if

The output of this behavior is always zero since it is intended to stop the
robot in case of a risk of collision, thus, this behavior is considered activated
any time the conditions described in Algorithm 4 are hold.

7.4. The Arbiter. Figure 7 shows a block diagram of the behavior
based movement. Arbiter takes the activated behavior with the highest priority.
The go-to-goal-point behavior activates any time a new path is planned. Avoid-
obstacles behavior activates when the calculated repulsive force is greater than
zero and the collision-risk behavior, when a collision risk is detected. With this
scheme, robot is able to avoid unexpected obstacles and also the problem of
local minima in potential fields is overwhelmed since, every time an obstacle
is in front of the robot (possible causing local minima), the robot is stopped
and a new path is calculated using a map built as described in Section 5.3.

Path Planner »  Go to Goal Point

Arbiter ~ f——— Mobile
Base

Avoid Obstacles

Stop if Risk of I

Collision

g

Y

Sensors

>

Fig. 7. The priority-based arbiter. Arrow thickness indicate the behavior priority

8. Bank of Procedures. In the ViRBot architecture, the bank of proce-
dures is a set of state machines used to perform simple tasks such as taking an
object (once position has been determined using computer vision algorithms),
asking and memorizing a name and following a path, among others.

The control law (5)-(6) has the disadvantage of depending only on
the angle error, i.e., robot does not decelerates as it approaches to the goal
point. This will cause the robot to have strong oscillations when it is in a small
region around the goal point. There are two ways to address this problem. The
easiest one is to execute the control law only if the distance to the goal point
d = \/(xg —x,)2+ (v, — yr)? is greater than a tolerance €:
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In this case the robot will stop abruptly when the error distance is less
than &, which is not desirable since the robot should decelerate slowly as it
approaches to the goal point. It is also desirable that robot increases it linear
speed slowly at the beginning of the movement, which is not yet considered,
because according to (5)-(6), the robot can have a linear speed of v,,,4x since
the begining of the movement.

In the other hand, control law (5)-(6) is designed to reach a goal point,
but what we have to follow is not a point but a path composed by a sequence of
points. Acceleration and deceleration can be achieved by parameterizing with
respect to time the full path. This is commonly done by adjusting a fifth degree
polynomial, or a higher degree if more variations of speed and acceleration
are required. Nevertheless, expressing positions x and y as a function of time
is easy when only straight-line movements are required, but in the case of a
service robot moving in a domestic environment, paths can be too complex
and parameterization with respect to time can become unfeasible.

Augmented Finite State Machine. An easy way to make the robot to
accelerate and decelerate, that is, to get a speed profile, is through an Augmented
Finite State Machine (AFSM) that establishes the value of v,,,, in control law
(5)-(6). Let vy, be the new maximum speed, such that

62
Vo= vgme @, (12)

2
l1+e B

Control given by (12)-(13) is designed to reach a goal point (xg,ye),
nevertheless, what we want is to track a path given by N points (x7,y7) i€
[0,N —1]. To follow this path is is enough to set as a goal point, the point
(xP.y¥) which is “in front of” the robot, that is, a point in the path whose
position is a small distance away from the current position. In this work, we
consider “small distance” a distance of 0.3 [m].

Figure 8 shows the AFSM used to determine v, and the goal point. In
general, vy, is increased slowly until it reaches the final value of v,,,, and it
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starts to decrease when robot is “near” the last point of the path, that is, when
distance r is less than a constant r;. When distance to current goal point is
less than 0.3 [m], then it is changed by the next point of the path. Values of r;
and Av are determined depending on how fast the robot should accelerate and
decelerate.

9. Results.

9.1. The Service Robot Justina. Justina is a domestic service robot
built at the Biorobotics Laboratory of the National Autonomous University of
Mexico and developed under the ViRBot architecture (see Section 3). This
robot and its predecessors have been participating in the Robocup@Home
league [30] since 2006 performing several tasks such as cleaning a table,
serving drinks and several other tasks that humans ask for. To sense the
environment, Justina has several sensors: two laser range finders, an RGB-D
camera, a directional microphone, an array of omnidirectional microphones and
encoders in each motor. The actuators of Justina consist of an omnidirectional
mobile base, a 2-DOF head (pan and tilt movements) where the RGB-D camera
and the directional microphone are mounted, two 7-DOF anthropomorphic
manipulators and a 1-DOF torso to modify Justina’s height. Figure 9 shows
robot Justina and the location of its sensors and actuators.

As mentioned in Section 2, the nav2d package was used as a baseline
to compare the performance of our proposal. Experiments were conducted in
real and simulated environments as follows.

9.2. Simulation Results. To test the performance of our proposal and
compare it with the nav2d package, we generated 10 artificial maps consisting,
each one, of polygons with random shapes and positions. Figure 10 shows
examples of the artificial maps and the random points. We also used 2 real
maps: The Biorobotics Laboratory and the @Home arena of the Robocup
2018 (shown in Figure 13). The nav2d pacakge was used with all constants
and parameters in their default values, except for the maximum linear speed,
which was set to 0.7 to be the same than the value used with the control laws
(5)-(6), and the map inflation radius, whose value of 0.2 was selected as the
greatest value that allowed nav2d to calculate a path through the doors of the
environment.

The low-level control was implemented using as constants o = 0.6, 8 =
0.09, wqr = 1.0 and V4, = 0.7. Path planning was implemented according to
the algorithms described in Section 6. For RoC detection we used x,,,;, = 0.3,
Ymin = —0.25, Xnax = 0.9, Yimax = 0.25, Kopgracte = 30, K1 = 0.05 and Viwd =
0.1. Potential fields used the constants { = 1.0, 1 = 5.0 and dy = 0.8.

The baseline (nav2d package) and the proposal were tested with 100
random goal points for each map. Comparison was made base on three param-
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Fig. 8. Augmented Finite State Machine used to generate a speed profile
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Fig. 9. The domestic service robot Justina

eters: TDEDR. Traveled Distance to Euclidean Distance Ratio. Calculated as
the total traveled distance divided by the euclidean distance from the start to
the goal point. We consider that the longer the path traveled, the less efficient
the moving planning system. AMpS. Average Meters per Second. Calculated
as the total traveled distance divided by the total time spent to reach the goal.
This measure can give an insight of how fast the robot moves towards the goal.
NoC. The total number of collisions (NoC) with any part of the map. Since
these tests were simulated, we counted the times the robot touched any part of
the map.
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Fig. 10. Examples of the worlds used to test path planning and the random goal points
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Table 1 shows the mean and standard deviation of the TDEDR for the
100 random goal points for each world. In order to determine if there is a
significant difference between both navigation systems, a two-tailed t-Student
test was performed. Last columns show the statistic and the p-value. In a
similar way, tables 2 and 3 show the means, standard deviations and t-Student
tests for AMpS and NoC, respectively.

Table 1. Ratio of the Traveled Distance to the Euclidean Distance (TDEDR) for our
proposal and the baseline (the Nav2d package) for simulated scenes. One-hundred
random paths were evaluated per map

Proposal Nav2d Significance

World Mean SD Mean SD t p-value
Biorobotics L. 129  0.39 1.18 020 245 0.01534
@Home arena 1.56  0.98 1.19  0.18 3.73  0.00030
Random 1 1.31 0.35 .12 020 441 1.88E-5
Random 2 1.26 0.27 1.13 0.22  3.76  0.00022
Random 3 130 0.24 1.10  0.13 7.55 3.4E-12
Random 4 1.31 0.26 1.11 0.15 6.62 55E-10
Random 5 1.27 0.22 1.13 021 443 1.54E-5
Random 6 124 021 1.11 0.17 473 422E-6
Random 7 124 0.18 1.10  0.13  6.19 3.83E-9
Random 8 122 027 1.15 022 196 0.05032
Random 9 122 027 1.13 0.26 244 0.01540
Random 10 126  0.22 1.08 0.14 7.01 5.6E-11

Table 1 shows that TDEDR was greater for the proposal, i.e., distance
traveled using the nav2d package was significantly less than the distance using
the proposed navigation system in 11 out of 12 tested worlds (using 95% of
confidence). This is due to the cost function described in Section 6. Since
the nearness to obstacles is taken as part of the cost function, paths are in
general longer because robot will tend to be away from all obstacles. Figure
11 shows a comparison of the paths calculated by Justina and by the nav2d
package. As mentioned in Section 6, safer paths can be obtained by the nav2d
package by incrementing the obstacle inflation radius, but doing so, disables
the package to calculate paths through small doors. Despite the longer paths,
Justina reached the goal points in shorter times, as it can be seen in table 2,
which shows that the Average Meters per Second (AMpS) was significantly
greater for the proposed system than the Nav2d package.

For both navigation systems, we counted the NoC (any touch to some
part of the map was considered a collision). Table 3 shows the statistics of NoC
for the 100 goals for every map. As it can be seen, NoC with Justina’s system
was significantly lower for all maps, as a result of the safer paths calculated by
the path planner. Figure 11 shows a comparison of the paths calculated by the
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Fig. 11. Lower path: Calculated by nav2d. Upper path: Calculated by Justina. Justina’s
path is safer

Table 2. Average Meters per Second (AMpS) for our proposal and the baseline (the
Nav2d package) for simulated scenes. One-hundred random paths were evaluated per
map

Proposal Nav2d Significance

World Mean SD Mean SD t p-value
Biorobotics L. 0.43 0.107 020  0.042 20.08 2.2E-16
@Home arena  0.43 0.109 0.19 0.048 19.62 2.2E-16
Random 1 0.41 0.110 0.20 0.046 1798 2.2E-16
Random 2 0.43 0.099 020 0.040 21.61 2.2E-16
Random 3 0.46 0.091 0.20 0.033 2281 2.2E-16
Random 4 0.43 0.092 0.21 0.047 21.73 2.2E-16
Random 5 042  0.086 020 0.037 2342 2.2E-16
Random 6 0.43 0.090 0.21 0.036  23.14 22E-16
Random 7 044  0.091 020 0.034 2464 2.2E-16
Random 8 042  0.113 020  0.035 1837 2.2E-16
Random 9 042  0.111 020 0.046 1832 2.2E-16
Random 10 0.43 0.089 0.21 0.036  23.09 22E-16

baseline and the proposal. Justina’s system gets safer paths which results in
less number of collisions.

9.3. Results with the real robot. Similar to the simulated results, we
tested our proposal and the nav2d package with 20 points but only in the
Biorobotics Laboratory. For security reasons, once we detected the robot is
going to crash or even touch some obstacle, we stopped the robot, thus, contrary
to the simulated results, we don’t have a measure of the number of collisions,
instead, we have a Number of Reached Goal Points (NoRGP). For all goal
points, we put some obstacles in front of the robot to check the performance
for obstacle avoidance. All parameters and constants were the same than those
used in the simulated results.

Of the 20 goal points, Justina reached 18 goals without crashing or
touching the unexpected obstacles using the proposed system. When using the
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Table 3. Number of Collisions (NoC) for our proposal and the baseline (the Nav2d
package) for simulated scenes. One-hundred random paths were evaluated per map
Proposal Nav2d Significance

World Mean SD Mean SD t p-value

Biorobotics L. 0.22 0.48 1.96 1.76 -9.51 3.7E-16
@Home arena  0.43 0.97 2.70 1.82  -11.00 <2.2E-16
Random 1 0.10 0.30 1.88 1.66 -10.55 <2.2E-16
Random 2 0.08 0.31 2.19 1.61 -1290 <2.2E-16
Random 3 0.13 0.34 1.91 1.62 -10.74 <2.2E-16
Random 4 0.08 0.27 2.27 1.68 -12.86 <2.2E-16
Random 5 0.05 0.22 1.85 1.59  -11.20 <2.2E-16
Random 6 0.07 0.25 2.08 1.64 -12.12 <2.2E-16
Random 7 0.15 0.48 2.40 1.73  -1250 <2.2E-16
Random 8 0.14 0.38 243 2.10  -10.71 <2.2E-16
Random 9 0.15 0.39 1.99 1.50  -11.82 <2.2E-16
Random 10 0.07 0.26 1.93 1.68 -10.92 <2.2E-16

Table 4. Statistics of the Traveled Distance to Euclidean Distance Ratio (TDEDR) and
the Average Meters per Second (AMpS) for the proposal and the baseline in the real
environment. Last row shows the Number of Reached Goal Points (NoRGP)

Proposal Nav2d Significance
Param Mean SD Mean SD t p-value
TDEDR 1.06 0.337 1.36 0.365 -2.6376  0.01253
AETPM 0.19 0.052 0.17 0.054 1.4153 0.1661
NoRGP 18 14

nav2d package, it only reached 14 goal points. Figure 12 shows the performance
of the behavior-based approach for obstacle avoidance. The upper Figure shows
the robot at the beginning of the movement. At this point, go-fo-goal-point and
avoid-obstacles behaviors are activated. The center Figure shows the moment
when a collision risk is detected and the robot is stopped. Although a person
was in front of the robot, what could cause a local minimum, robot was able
to reach the goal due to the activation of the collision-risk behavior and the
calculation of a new path, as shown in the lower Figure.

Table 4 shows the statistic data for the TDEDR and AMpS for both
navigation systems. As it can be seen, in the real world with unexpected
obstacles the mean distance traveled using the nav2d package was significantly
longer than the distance with the proposed system. This means that the proposed
system avoids objects more efficiently since it travels a shorter distance. The
AMpS had no significant difference for both systems, which is actually a good
indicator: the proposed system traveled shorter paths which, at the same average
speed, means shorter travel times.
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Fig. 12. Behavior-based obstacle ‘avoidance. Top: justina starts its movement. Center: a
risk of collision is detected. Bottom: a new path is calculated
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9.4. Service Robots Competitions. To promote and foster develop-
ment of autonomous robots, there are international competitions, such as
Robocup [10] and RoCKln [1]. Both competitions have the advantage of pro-
viding a standard problem where a wide range of technologies and approaches
can be integrated, examined and evaluated. As stated in [12], competitions are
useful when it is necessary to evaluate the general performance of a whole
system and not only isolated hypothesis. For these reasons, robot Justina and
its predecessors have been participating in the Robocup@Home since 2006.
The motion-planning system described in this paper was tested in the last
Robocup@Home edition held in Montreal, Canada, where Justina achieved
the second place. In the @Home league, navigation was necessary in 6 of
7 tests [29]. In all of them, Justina successfully performed all the required
motions. Figure 13 shows the map of the @Home arena where the proposal
was tested.

i sy
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Fig. 13. The @Home arena of the Robocup 2018. Even though a clear drift is observed
in the map during the slam process, our system performs well due to the active
navigation module

10. Conclusions. We built a motion-planning system following the
guidelines proposed by the ViRbot architecture. The motion planning was
implemented in the service robot Justina and was tested both in real and
simulated worlds. To evaluate the performance, we compared it with the nav2d
package taking the Traveled Distance to Euclidean Distance Ratio (TDEDR),
Average Meters per Second (AMpS), Number of Collisions (NoC) and Number
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of Reached Goal Points (NoRGP) as evaluation parameters. Distances traveled
using the proposed system were significantly longer, in the simulated test, than
the distances traveled using the Nav2d package, according to the TDEDR. This
is due to the cost function used in the A* algorithm which results in longer but
safer paths. Safety of paths was verified by the significantly lower Number of
Collisions (NoC) when using our motion-planning system, in the simulation
tests, and the greater Number of Reached Goal Points (NoRGP), in the real
experiments. Contrary to the simulation results, in the experiments with the
real robot, distances using our proposal were significantly shorter. This is due
to the presence of unexpected obstacles, i.e., the proposed system avoided
obstacles more efficiently.

As stated in the introduction of this work, testing whole systems is
important when there is a feedback between the involved subsystems and thus,
the reliability of each module does not guarantee the reliability of the whole
system. In this work, we implemented several algorithms already described
in the literature but we integrated them following the ViRBot architecture
and we tested the performance of the whole system in the context of the
Robocup@Home competition, where navigation was required in 6 of the 7
tests. Justina was able to successfully perform all the required motions.

As future work, we plan to make a more extensive comparison with
other service robot architectures in similar conditions by promoting open source
access and research collaboration.
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M. HEI'PETE , X. CABAX , J1.D. KOHTPEPAC -TOJIEIO
CUCTEMA IINIAHUPOBAHU A IBUKEHUA BBITOBOI'O
CEPBUCHOI'O POBOTA HA OCHOBE AJI'OPUTMOB
IMPOCTPAHCTBEHHOI'O IIPEJICTABJIEHNA 1 AKTUBHOW
HABUTAIIUA

Hezpeme M., Casanxc X., Kommpepac-Toneoo JI.D. CucTemMa IUIAHHPOBAHHUS JBUKEHHS
OBITOBOr0 CEPBIICHOI0 POOOTA HA OCHOBE AJIrOPUTMOB POCTPAHCTBEHHOTO NPe/ICTABJICHHS
H aKTHBHOI HAaBHT AU,

AnHOTanusA. [J1aBHBIM IpeIHA3HAYEHUEM CEPBHCHBIX POOOTOB SABJIACTCS MOMOIIb JIOAAM
B HENPOMBIIUICHHBIX Cpelax, TAKMX Kak JoMa wiad oduckl. i JOCTHXEHUs CBOEil Lesin
CEepBUCHBIE POOOTHI IOJKHBI 00JIaJjaTh HECKOJIbKUMY HaBbIKaMHU, HAIIPUMeEp paclo3HaBaHKe U
MaHHUITYTMPOBaHKUe 00bEKTOM, OOHApPYKEHHE 1 PaCIIO3HABAHHKE JIHLI, PACIIO3HABAHHME U CHTE3 PEyH,
IUTAHIPOBAHHUE 33124 ¥ OJJHUM U3 CAMBIX BaXKHBIX HABBIKOB — HABUT Al B JUHAMHYECKHX CpeJax.
B craThe ONMMCHIBAETCS TOJTHOCTBIO BHEJPEHHAs! CUCTEMA TUIAHUPOBAHUS ABMKCHHS, KOTOpast
YUHUTBIBACT BCE: HAUMHAS OT aITOPUTMOB JBIDKEHHsI M INIAHMPOBAHMSI [Ty TH 10 HPOCTPAHCTBEHHOTO
NpEICTaBJICHNs] M aKTUBHOW HaBUTalluM Ha OCHOBe moBeaeHus. Ilpemnaraemasi cucrema
peann3oBaHa B OBITOBOM CEPBHCHOM podoTe 1oz Ha3BaHueM «lOcTrHa», KOHCTPYKIIUS KOTOPOro
OCHOBaHa Ha pOOOTOTEXHMUYECKOH apXUTEKType Hoj Ha3BaHueM «ViRBot», ncronb3yomeics
JUIs1 KOHTPOJIsI ISWCTBUI BUPTYAJIbHBIX M PEabHBIX POOOTOB, KOTOPAsi OXBATHIBAET HECKOJIBKO
YPOBHeil aOCTpaKLMX OT HU3KOYPOBHEBOT'O YIIPaBJICHHSI JO CUMBOJILHOTO IUTAHUPOBaHUS. MBI
OLICHWJIM HAIl MPOEKT KaK B CUMYJIMPOBAHHOH, TaK U B PealbHOW cpejie M CPaBHUIM €ro
C KJIACCHYECKMMHM pean3alusMu. JIJIsi TECTOB MBI HCIONb30BAIM KapTHI, MOJTydYEHHBIC U3
peanphbIx cpen (Jlaboparopusi 6nopodotoB 1 Robocup@Home arena), ¥ KapThl, CO3aHHbIE
U3 [PEISITCTBHI CO CIIyYalHBIMU MOJIOKEHUIMHU U (hopmamu. []j1s1 cCpaBHEHHST UCIIOJIB30BAIOCh
HECKOJIbKO TapaMeTpoB: o0Liee NPOiiIeHHOEe PAacCTOsIHKIE, KOJIMYECTBO CTOJIKHOBEHHI, KOJIMYECTBO
JOCTHUTHYTHIX LIeJIeii ¥ CPe/Hsisl NCHIOMHUTEIbHAsI CKOPOCTh. Halll IPOeKT 3HAYMTEIIBHO YTy YLIHIICS
KakK B peaJIbHbIX, TaK ¥ B CHMYJIALIMOHHBIX TecTax. [IpejcTaBleHbl 9KCIIepUMEHTAIbHBIE Pe3Y/IbTaThI
YCIEIIHO NPOTECTUPOBAHHON CUCTEMBI B KOHTEKCTe KOHKYpca RoboCup@Home.

KuroueBble cJ0oBa: ABTOHOMHAsI HaBUTallUsl, MOBeJeHUECKass POOOTOTEXHHKA, OBITOBbIE
CEpBUCHBIE POOOTHI, IJTAHMPOBAHKIE MapIIPYTa.

Herpere Mapko — acnuipaHT JjabopaTtopur OMOPOOOTOTEXHUKHU, HHKEHEPHOTO (haKy/IbTeTa,
HaronansHbIil aBTOHOMHBI yHUBepcuTeT Mekcuky. O61acTh HayYHBIX MHTEPECOB: CEPBUCHBIIH
poOOT, yIpaBjieHHE W aBTOMAaTH3allMs, aBTOHOMHAs HaBUIallUM, KOMIIBIOTEPHOE 3pEHME,
KOTHUTHBHUCTHKA, OMXeBUOPU3M. YUCIO HayuHBbIX MyOyrKaumii — 12. mnegretev @ gmail.com;
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poboTE, 00paboTKa IKU(POBOro CHUrHaNa, KOMIIBIOTEPHAs apXUTEKTypa. UWMCIo Hay4dHBIX
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B.X. [TI1xonos, M.1O. MEJIBEJEB
I'PYHITIOBOE YIIPABJIEHUE NIBUKEHUEM MOBUJIBHbIX
POBOTOB B HEOHPEI[EJIEHHOFI CPEJE C
HUCIOJBb30BAHUEM HEYCTOMYUBBIX PEXKUMOB

Tuuxonoe B.X.,, Meosedes M.IO. I'pynnooe ynpapjieHHe [IBH:KeHHeM MOOMJILHBIX
PoGOTOB B Heompe/IeIeHHOIi cpe/ie ¢ HCIOJIb30BAHHEM HEeyCTOHYHBBIX PEKMMOB.

AnHoTammsi.  PaccMaTpuBarOTCs ~ QJrOPUTMBI  YIPaBJICHHS,  OOECIECYHMBAIOLINE
COrJIaCOBAHHOE IMEPEMEIICHHE TPyl POOOTOB B HEOIPEAENCHHOH TpeXMEpHOi cpexe ¢
IpensTCTBUAMH. HeonpeneneHHOCT cpelbl 3aKII0YaeTcs] B HUINYUH allPHOPH HEN3BECTHBIX
MPEISITCTBUI, YacTh KOTOPBIX MOXET OBbITh HECTalMOHAPHBIMH. MOOHIBHBIE POOOTHI
TPYIIIBI AODKHBI ABTOMATHYECKU PACHPEICINTHCS B 3aJaHHOMN NPSIMOYTOJIbHOH 00JacTH Ha
IUIOCKOCTH M [BUTaThCsS B HAMpaBICHWH, MCPICHANKY/SIPHOM YKa3aHHOW 001acTd, o
BO3MOXKHOCTH ~ COXpaHsis 3aJ@aHHOE B3aMMHOE pacloJiOKeHWe. B nanHO#  crarthe
Ipe/UIaraloTcsi HOBBIC AITOPUTMBI  aBTOMAaTHYECKOTO pacHpeleNieHHs poOOTOB Ha
IUIOCKOCTH, HE MPENoarailiie MpeaBapiTeIbHOr0 Ha3HAYCHHUsI MecTa KaXaoro podora.
OTta 3a7a4a pemaercs ¢ IPUMEHEHHEM TPHAHTYIISIHN J[eJIoHe U naidbHeHIeil onTHMU3annu
MOJI0KeHUsT podoTa. J{ns KOPPEKIHH JBHKEHUSI OTAENBHOro poboTa M BCei Ipynmbl MpU
CONMMKEHHN C MPEMATCTBHEM IMPEATOKEHbBI aITOPUTMBI, Oa3UpYIONIHEcs Ha HEYCTONYHBBIX
pexKHMax, MO3BOJISIONIMX TPAHC(HOPMUPOBATH NPEISTCTBHS B penesuiepsl. PaccMoTpeHo aBa
BapHaHTa aJrOPUTMOB 00X0ja MpensTCTBUH. B mepBoM BapuaHTE HCHONB3YIOTCS TOJIBKO
HEYCTOHYNBBIC PEXHMBI, a BO BTOPOM BapuHaHTe — TMOPHUAHBIA AITOPUTM, BKIIOYAIOIIUH
HMHTEJUIEKTYQJIBHBIH aHAJIN3 TEKyIled CHTyallMd W HEYCTOHYHMBBIH PEXHM [BIDKCHUS.
Ipe/uiokeHHbIe aITOPUTMBI MOTYT PpEallM30BBIBAThCS JELEHTpalM30BaHO. B crarbe
AQHAIU3HUPYIOTCS [[Ba BApHAHTA AITOPUTMOB IPYIIIOBOTO YIPABICHHS, a TAK)KE BBIITOIHACTCS
YHCIEHHOE MOJEIMPOBAHUE TPYNIBI M3 5 TEKCAaKONTepoB B HEONPEIENCHHOH cpele ¢
HETOABWKHBIMU M TIOJBM)KHBIMH NPEHATCTBUAMU. Takoke NPUBECHBI SKCIIEPUMEHTAIbHbBIC
JaHHBIC, TTOATBEPKIAIOIIHE PAOOTOCIOCOOHOCTh MPEATAracMbIX AITOPUTMOB Ha MpPUMEpe
rmojera JBYX TIEKCaKONTEPOB B CPele C HEIOJBIDKHBIM IpensTcTBHeM. Pa3zpaboraHHBIC
AJITOPUTMBI MOTYT IPUMEHATBCS B CHCTEMaX YIPABICHUS MOOMIBHBIME POOOTaMHU IPU HMX
IPYNIIOBOM ABIKECHHUH B HeonpeaeneHusx 3D cpenax.

KiioueBble cj10Ba: TPYyNIIOBOE YIpaBIECHHE, HEONpPEACNCHHAs Cpena, HeyCTOWYMBEIC
PEXHUMBI, yIPABICHNC JBUKCHUCM.

1. BBenenue. B HeompeneneHHBIX cpenax ¢ MPEMSATCTBUAMHU CHCTe-
Ma yIpaBJieHUss MOOMJIBHOIO po00Ta, KaK MpPaBHJIO, CTPOUTCS 110 HepapXu-
YeCcKOH CTPYKType, BKIIOUAIOIIEH YPOBHU YIIPABICHHUS WCHOIHUTEIbHBIMU
MEXaHU3MaMHu, YNpaBICHUs JBMKCHUEM U TJIAHUPOBaHUS JBUxkeHHs [1].
B Hacrositee Bpemst 0oJbIlIOE BHHUMAaHHE HCCIIEIOBATEIM YIENSIOT alro-
pUTMaM TUIAHHUPOBAHUS JBUKCHUS MOOWIBHBIX POOOTOB U WX rpymm [2-5].
[Ipu mraHMpoBaHWM ABYDKEHHS TPEOYeTCS Ha OCHOBE IAHHBIX CHCTEMBI
TEXHUYECKOTO 3PCHUS TOONPEACIATH CPelny U BHEIOMPATh ONTHMAIILHBIN
MapuipyT. Pemenue Takux 3agad JenaeT akTyalbHbIM HCIOJb30BaHUE WH-
TEJUIEKTyaJIbHBIX TOJX0I0B U TEXHOJOTHH [6-9].

B cBs3M CO CIIOKHOCTBIO TIPOOJIEM IDIAHUPOBAHHS W TPYIIIOBOTO
YIpaBJICHHUS ABIKCHHEM MOOMIFHBIX pOOOTOB €IMHOTO TOAX0/1a, TAIOIIETO
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3¢ dexTUBHOE pellleHre B 00IeM ciaydae, He cyriecTByeT. [loatomy B pas-
JIUYHBIX YCIOBHUAX IPUMEHSIOTCS pa3Hble moaxonpl. O0mas npobiemaTuka
TUTaHUPOBAHMS JABHKEHHSI MOOMIILHBIX pOOOTOB OCBellleHa B paborax [2, 3].
B [10-14] mpencraBieHbl OCHOBHBIE METO/ABI TPYIIIOBOTO YIPaBICHHUS, UC-
T0JIb3yeMble B MOOMIIBHON POOOTOTEXHHUKE.

Ananm3 pabot B 007aCTH TPYNIOBOTO YIPABICHUS ABIKCHHEM DPO-
0OTOB TOKa3bIBAET, YTO B JJAHHOM HAIIPaBJICHUH HCCJIEIOBAHUS HalleJICHbI
Ha pemeHre IpobieM IpyIoBOro IUIAHWPOBAHUS TPACKTOPHH, (HOPMHUPO-
BaHMS U MOJJIEPKAHUSI CTPOSI.

Cpenu MoaxoaoB, HCIOIB3YEMBIX [UIS PEIICHUS YKa3aHHBIX 3afad,
MOHO BBIICINUTE METO/J UCKYCCTBCHHBIX MOTCHIHUAIBHBIX noneﬁ, o6yqa-
IOIIMecss CUCTEMBI Ha 0a3e MCKYCCTBEHHBIX HEWPOHHBIX CETEH, METOIbI
MYJIBTHAT€HTHOTO YTPABICHUS, METOABI 3BOJIOLUOHHBIX BBIUUCICHHH,
JIOTHYECKOTO BBIBOJIA M METOJIbI, Oa3upyroIuecs Ha UCIIOJIB30BaHUH TIPH-
POAHBIX aHAJIOTUM.

Meron noreHUMalbHbBIX NoJel [23] sBasieTcs: OAHUM U3 CaMbIX pac-
NPOCTPaHEHHBIX, OJHAKO OH MOJpa3yMeBaeT KapTorpadupoBanue o0JIacTH
(YHKIIMOHMPOBAaHUS M UMEET IpoliieMy MONaJaHus B JOKAJIbHbIE MUHU-
MyMbl. Kpome TOro, MeToJi MOTEHIMAIbHBIX MOJEH TpeOyeT MPUMEHEHUS
JIOTIOJTHUTENBHBIX MPUEMOB, MO3BOJIIOIINX YUYUTHIBATh MEPEMEHHBIE CKO-
POCTH M yCKOPEHHSI OOBEKTOB CPEIBI.

WHTennexryanbHble 00ydYaroluecs CHUCTEMBI JIEMOHCTPUPYIOT BbI-
COKHMII TIOTEHIMaN B 33a4ax ymnpasieHus nBwkeHueM. Ilocnennue noctu-
JKSHUS B 9TOM 00JIaCTH CBSI3aHBI C HEHPOHHBIMHU CETSIMH TITyOOKOro o0yde-
HUS [26], KOTOpPBIE YCIENIHO PEIaloT 3aJa4n KIACCH(PHUKANU B CHCTEMax
TEXHHUYECKOTO 3PEHUS U yIpaBJieHus. BMmecte ¢ TeM cieayer OTMETUTb, Y4TO
HEHpPOHHBIE CETH TIYOOKOTO O0y4YeHHs TPeOYIOT HAIW4HsA OOJBIINX 00Be-
MOB 00Y4aroImuX BHIOOPOK U JUTUTENBEHOTO OOYUYEeHHUS [UIsl TOCTHIXKEHUS He-
00XO0IMMOI Ha/Ie)KHOCTH. B CBSI3M ¢ HEOCTATOUHO BHICOKOI HAZEKHOCTBIO
B CUCTEMax YyIHpaBJICHUA HeﬁpOHHBIC CCTH, KaK IMpaBUJIO, UCIOJB3YIOTCA B
COYETaHUH C TPAJUIHNOHHBIMU PETYIISTOPaMH.

MynpTHareHTHBIE TEXHONOTHH [27] TakkKe YacTO MPUMEHSIOTCS IS
MIOCTPOEHHSI CUCTEM TPYIIIOBOTO YIPABICHHUSI MOOWIEHBIMH pOOOTaMH, TakK
KaK OHU T03BOJISIFOT OPTaHU30BBIBATh B3aUMO/ICHCTBIE OOBEKTOB B yCIOBH-
SIX BO3MOJKHBIX KOH()IMKTOB, KOHKYPEHIINH, IPOTUBOJACHCTBHS. MybTna-
TEHTHbIE TEXHOJIOTUM B TOM WJIM MHOM BHJE MPUMEHSIOTCS MPHU PEICHUU
3aj1a4 yIpaBJIeHUS B HEOIPEICIICHHBIX U KOHQIIMKTHBIX Cpeax.

DBOJIONMOHHBIE AJITOPUTMBI, XOPOIIO 3apEKOMEHIOBABIIUE CeOsl
IIPYU pELICHHH 3aJad MHOTOMEPHOH OITHMH3alWH, B IIOCIECIHEE BpeMs
MIpHOOpeNN aKTyalbHOCTh B PEIICHUH 3a/ad IPYIIIOBOTO YIPABICHHUS MO-
OWIBHBIMH POOOTaMH. DTO CBS3aHO C TOSIBJICHHEM CHCTEM TIPYIIIOBOTO
YIpaBJICHUS, BKIIOYAIOMINX B ¢€0sI COTHU M THICSIYM MOOMIBHBIX POOOTOB.
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Tak, MunucrepctBo o6oponsl CIIA mposeno B 2015 roxy «0oi» aByx
TPyII KBaAPOKONTEPOB YUCIEHHOCTHIO 20 ITYK B Kaxa0i. B xozxe skcme-
pUMEHTa MpoBe/ieHa 0TPab0TKa Pa3IMYHBIX CTPATEruil rpyIIoBOro yIpaB-
nenus. B oxts6pe 2016 roma ¢ tpex mctpedbuteneit F/A-18 ocymectBien
copoc 103 MuHHMATIOpPHBIX OecMIOTHUKOB Perdix, KOTophie 0OBEAMHIINACH
B CTa0, PEAIN30BATH HECKOIBKO KOH(GUTYpAIMH U MPOU3BENH WMHTAINIO
ataku Ha oObekT. B Hauane 2017 rona B Kutae cocrosiiach geMoHCTpanus
TpymIbl U3 THICSYH KBanpoxonTepoB Ghostdrone 2.0, KOTOPBIMU YTIpaBIISsIT
OJIMH MHXXeHep. B OonbmMx rpynmax poOOTOB ONTHMHU3AIMS JBHXKCHUS C
TIOMOIIBIO IBOJIFOIOHHBIX ITOPUTMOB MOXET JIEMOHCTPHUPOBATH BBICO-
Ky[0 3¢ QeKTHBHOCTE. BMecTe ¢ TeM cieayeT OTMETHTb, YTO JBONIOLMOH-
HBIE AITOPUTMBI Hanboee 3 (HEeKTHBHBI IPH HAJIMYUK KapThl cperp! [1].
1 ynpaBneHus rpyniamMyu MOOUIBHBIX POOOTOB OONBLION pa3sMepHO-
CTH MOTYT TakKXe IPHUMEHSTBHCS METOIbI, HCIIOJB3YIOIINE PUPOJHBIE aHAJIO-
MU — CTaifHbIe IPUHLUIBI YIIPABJICHHS, MypPaBbHHBIC U MTUEIHHBIC AJITOPUT-
MBI, METO/] HEYCTOMYMBBIX PEKUMOB. [IpiMeHEHNE TaKMX TTOIX0I0B TO3BOJISI-
€T He 33/1aBaTh MOJIOKEHUE KaXXJO0T0 poO0Ta IPYyIIIbI IPH JOCTHKEHUH LIEITH.
MHoTrouHCIeHHBIE Pe3yIbTaThl IPOBEACHHBIX NCCIIEJOBAaHUN yKa3bl-
BalOT Ha A(P(PEKTUBHOCTh THOPUAN3ALNNHU PA3TUYHBIX AITOPUTMOB M METO-
JIOB B 33/1a4ax IUIAHUPOBAHMS W YIpaBIICHUS ABMKeHHEM poboros [1, 15-
19]. B wactHOCTH, B paboTe [1] moka3zaHo, 4T0 THOPUAN3ALINST METOIOB IIpU
pELIeHnH 33/1a4 TUIAaHUPOBAHUSI Iy TH IIPUBOJUT K YBEIHUCHUIO HHTETPaITh-
Horo Kpurtepus kadectsa 10 50 %. B 37011 cBA3M B naHHO# cTaThe paspada-
TBHIBAIOTCSl TUOPUIHBIE aJrOPUTMBI YIIPABICHUS IBI)KCHUEM B TPEXMEPHOU
cpeze B YCIOBHAX HEoIpeAeneHHocTH. IpeiaraeTces cucremMa miaHupoBa-
HUSI ¥ YIIPaBJICHUS JIBH)KEHHEM, B KOTOPOH MPUCYTCTBYIOT KaK peaKTUBHAs
cocraBisomas [2], Tak M WHTEIUIEKTyallbHas. JTH BE COCTABIIAIOIINE JI0-
MIOJTHSAIOT APYT Jpyra ¥ MO3BOJSIOT (PyHKIMOHUPOBATH B Cpelie, allpuopHast
KapTa KOTOPOH OTCYTCTBYET.
CrpyKTypa CHCTEMBI INTAHUPOBAHUS U YIIPAaBICHUS MOOMIEHOTO Po6o-
Ta B HEOIPEIEIICHHON TUHAMUYECKON cpefie MpeacTaBiIeHa Ha pucyHke 1 [1].
brok mnaHupoBaHMs ABHXKEHUS HAa OCHOBE HABUTAIIMOHHBIX JaH-
HBIX (), X) U JaHHBIX O MOJOXKEHUN IPETATCTBUH Y1 HopMHpYyeET xKemaeMyro

TPaeKTOpUIO IBWKEHHS .. Brok ympasieHus nBrkeHneM (opMupyeT

BEKTOp YIIPABJICHUS ¥ UCIIOIHUTEIBHBIMA MEXaHH3MaMH1, KOTOPbIE BO3EH-
CTBYIOT Ha MOOHMJIBHOTO po0OTa.

Paccmorpum cnenyromyro 3anady. Mmeercs TpexmepHasl npsiMo-
yrojbHasi 00JacTh, OrpaHn4eHHas koopauHatamu (Li, L, L3) (cM. pucy-
HOK 2), comepxaluas Todeynsle npenstcTus I1i, pacmosoxeHne KOTOPBIX
3apaHee Hem3BecTHO. IIpensrcrBust [I; MoryT mepememiatbcs ¢ KyCOYHO-
MIOCTOSIHHBIMH CKOPOCTSIMH.
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ROBOTICS, AUTOMATION AND CONTROL SYSTEMS

Maremarnueckass MOAEIb MOOMIBHOTO po0OTa IpeCTaBlieHa ypaB-
HEHUSIMU KHHEMATUKU U TWHAMUKH TBepaoro Tena [20]:

Vi :R(yi)xi; (1

X =M (F,+Fy), 2

ui

IZie y; — BEKTOp, OMpPEACIAOMINN MOJI0KEeHHEe i-r0 poOoTa B HEHMOABMXK-
HBIX JIEKapTOBBIX KOOPAWHATAaX; X; — BEKTOP CKOPOCTEH B CBSI3aHHBIX C
MOOWJIBHBIM POOOTOM KOOpIUHATAX; R,.( yl.) — MaTpHliia, OMUCHIBAIOIIAS
KHHEeMaTHKy pobora; M; — MaTpuila MHEPLMOHHBIX IlapaMeTpos; [, —

BEKTOp yIpaBleHus; F,; — BEKTOp IPOYUX CHI U MOMEHTOB, JEHCTBYIO-

UX HAa MOOHIBHOTO poborta; i =1, N; N — uucio pobOTOB B rpymIie.

\‘-_
~
-~
-~
~
~
ph|
-
P
- I
-~ -
| I
MNpenatcteme |
_-.—_"L—‘ |
T""’-\ |
\ =~
~J
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Puc. 2. 3agaya oGcnenoBanus 061acTH rpyIoi poOOTOB

MobunbHbIe pOOOTHI OCHAIIEHBI HABUTAIIMOHHOM CHUCTEMOIi, KOTO-
pas ompezensieT WX IOJIOKEHHS B HETOABMXKHON CHCTEME KOOpAMHAT.
Po0oThI TpymnmBl TakkKe OCHALIEHbI CHCTEMON TEXHHYECKOTO 3PEHHsI, KO-
TOpasi omIpeAessieT TeKyllee MOJOXKEHUE NPENITCTBUA U JAPYIHX O0bek-
TOB, U CHCTEMOH CBSI3H.

I'pynma n3 N MOOMIBHBIX pOOOTOB HOJKHA PacTIpeeIUTHCS B ILIIOC-
KOCTH CTpOs (CM. PHUCYHOK 2) TakuM 0Opa3oM, 4TOOBI ONTHMHM3HPOBATh
(YHKIIMOHAJ, 3aBHCAIIMI OT pacCTOSHUHA MEXITy poOOTaMu, TpaHUIAMHU
obsactu u npernsaTcTBUsIMU )(755). TIpy 3TOM ONTHMHU3UPYEMBIMH TTapaMeT-
paMu SBISIFOTCSI KOOPAMHATHI y1; U V2i K&XKAOTo podoTa rpymnmel. Kpome To-
TO, TPyIa MOOWIBHBIX POOOTOB JOJDKHA IEepeMenIaTbes BIoib ocu Oys ¢
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3aJJaHHOM TIOCTOSIHHOM CKOPOCTBIO Yy, =V, V,; =const , 0OMTHOBPEMEHHO
YZIOBJICTBOPSA PABEHCTBAM V3, = V3, I, | = LN .

Jlig pelieHus: MOCTaBIEHHON 3a/aud B JAHHOM CTaThe paccMaTpu-
BAIOTCS CIEAYIOIINE BOIIPOCHL:

—TIpeUIaraloTcst ¥ UCCIETYIOTCS aJITOPUTMBI aBTOMaTHYECKOTO pac-
TIpeaeIeHUsI MOOMIIBHBIX POOOTOB B INIOCKOCTH CTPOST;

—TIpeuTaraloTcss M HCCIENYIOTCS JBa ACLEHTPAIN30BAHHBIX ajro-
pUTMa IUIAaHWPOBAHUS ABWXKEHHS TPYIIBEI MOOMIIBHBIX POOOTOB B Cpeze ¢
HECTaIlMOHAPHBIMH MPETSITCTBUIMH.

2. PacnipenejieHue poGoOTOB B IJIOCKOCTH cTposi. PaccmarpuBaeTcst
COBOKYIHOCTh POOOTOB WM HPEMATCTBUH, OOHAPY)KEHHBIX CHCTEMaMH TeX-
HUYECKOTOo 3peHus. Ha3oBeM Takyi COBOKYHMHOCTh OOOOIICHHOM Trpymmoi
MTOJABUXHEIX 0OBLEKTOB.

Pemienue 3amaun pacnpeneneHusi poOOTOB B INIOCKOCTH CTPOST MOXK-
HO Pa3JIeJMTh HAa TPU OCHOBHBIX JTarla.

Ha nepBom stane BbeienatoTcss 00beKThI (POOOTHI MITH TPETISITCTBUS),
HaxO/sIIMecs HA MUHHMAJIbHOM PAacCTOSHHM K TPAHUIAM IPSIMOYTOJIBHON
obnacty. B kadecTBe yKa3aHHBIX I'paHHUII MOTYT HCIIONB30BATHCS MO0 BEp-
LIMHBI IPSIMOYTOJILHUKOB, MO0 MX pedpa. Hampumep, Ha pucyHke 3 npen-
CTaBJICH BapuaHT ()OPMHUPOBAHUS JOTIOIHUTEIBHBIX IPETSATCTBUI HA OCHOBE
KOOpAMHAT 0OBEKTOB, HAXOIINXCS HanOomee OJIM3KO K IPaHULAM IPSMO-
YTOJBbHOM 00macTi. TH 0OBEKTHI OTMEUCHBI Ha PUCYHKE 3 KpecThkamu. [Ipn
9TOM TOUKH IEPECCUCHUs MEPIEHIUKYISIPOB OT OMIKANHIINX OOBEKTOB IO
TPaHHUII IPSIMOYTOIILHOM 00IACTH TaK)Ke CUUTAIOTCS 0OBEKTaMH 0000IIIEHHON
rpymmsl (pensaTcTBHAME). TakuMm oOpa3om, 0000IIeHHas TPYIa BKIIOYAeT
B ce0s1 MOOHMJIBHBIE POOOTHI, IPETSATCTBUSI BHYTPH MPSIMOYTOJIBHOM 00J1acTH U
JIOTIOJTHUTENBHBIE TPETISITCTBUS Ha TPaHHUIaX 00JIACTH.

& B
B 3 4
Q@ Q@

2

Puc. 3. ®opMmupoBaHue NPEeNsATCTBUHA Ha TpaHUIAX 00JIaCTH
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[Tpu ucnonb30BaHUM B Ka4eCTBE TPaHUIl 00JIaCTH (QYHKIIMOHUPOBA-
HUS BEPILUH NPSMOYTOJIbHHUKA, BbIIEIeHHE OJIMKaiix o0beKTOB HE Tpo-
n3BouTcsi. B 00001IeHHYI0 TpYyNITy MOJIBMXKHBIX OOBEKTOB BKIHOYAIOTCS
YeThIpe NPEMATCTBUS C KOOPAWHATAMH YKa3aHHBIX BEPILUH.

Ha BTOpOM 3Tame ocymiecTBiseTcs KiacTepusanus o0beKToB 0000-
LIEHHOH TpyMIbl, BKIIOYaomel B ceds po6oToB u npensTcTBus. s ocy-
IIECTBJICHNS KJIACTEPHU3AIlMHM HUCIIONB3YeTCS MEXaHW3M TPUAHTYIISIHH.
B wacTHOCTH, MOXET OBITH HCIIOJIb30BaHa TpHaHTysMs Jlenone, obnana-
foIasi M3BECTHBIMH TipenMytnecTBamu [21]. [Ipu TpuaHTYIAINN yYUTHIBA-
I0TCS BCe 00BEKTHI — U POOOTHI, U IPENATCTBUS. Pe3yapraToM TpHAHTYIIs-

LUK JUTSE KaKA0To pobora Ri, i =1, N sBnsiercst MHOKeCTBO ); 00BEKTOB, ¢

KOTOPBIMH i-if poOOT cBs3aH pebpamu. Takum o0pas3om, B pe3ynbTaTe Kia-
cTepuzanmu Gopmupyercs N HOATpYIH, BKIIOYAIOMMX B ce0s poOOTOB U
npensitcTByA. [laHHas onepanys MO3BOIAET BBIACIHUTh MOHATHE «COCEIHHE
00BEKTH» Ha IUIOCKOCTH. BO3MOXKHO HCIIONIb30BaHHE M JPYTHX CHOCOOOB
kiactepuzauuu. Hampumep, B [1] npuMeHeHO pa3feneHne Ha CeKTOPHI Ipo-
CTPAHCTBA, OKpY’KaroIlero MoouiasHOro pobora. B 3tom cmydae ans i-ro
poboTa «coceTHUM OOBEKTOM» B j-M CEKTOpE SIBISIETCSI OOBEKT, BXOISIINHA
B 9TOT CEKTOP M HaXOJSIIUICS HAa MUHIUMAJIBHOM PaccTOSIHUM OT Hero. Of-
HAKO TaKoil cnocod TpedyeT 000CHOBAaHHOT'O BbIOOpA KOJIMYECTBA CEKTOPOB,
Ha KOTOPBIE pa3zeisieTcs OKpyXKaromiee podoTa IpOCTPaHCTBO.

Ha pucynke 4 npusenena rpagudeckas WUTIOCTPALMS Pe3yIbTaTOB
TpuaHTyIsAnuu Jlemone mist Tpynmsl U3 5 poOoroB. TpuaHTynsamus ocy-
miecTBieHa B cpeae Matlab. Ha pucynke 4 B kadectBe rpaHuI] 001acTH UC-
MIOJIb30BaHbl BEPIIMHBI IMPSIMOYTOJIbHMKA, OTPAHMYMBAIONIETO 00JIACTh
(YHKIMOHUPOBAHHSA IPYIIIEI POOOTOB.

Puc. 4. Pesynbrat Tpuanrymisuuu Jlenose

B pesynbrare KiacTepu3allMd C HUCIOJIB30BAaHHEM TPUAHTYIISIUU
Jenone Gpopmupyercs MaccuB cBs3ei KaXJ0ro podoTta ¢ ApyruMu podoTa-
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MU H IpensITcTBUSMHE. Jlanee BBIIOIHIETCS 00paboTKa U COPTUPOBKA MOJTY-
YEHHOTO MacCHBa CBs3ei, B XOlle KOTOPOW YNAIISIOTCS MOBTOPSIOIIHECS
9JIEMEHTBI U BCE POOOTHI COPTHPYIOTCS B IOPSIIKE BO3pACTaHUsI UX HOMe-
poB. Pe3ynmbTaTroM sBISIETCS MaTpHla COCETHHX OOBEKTOB KaKIOTO MO-
OumipHOrO pobota rpynnel. B Hell o omHOMY pasy nepeducieHbl HoMepa
coceTHMX 00BEKTOB /ISl JAHHOTO poOoTa B MOpsiAKe Bo3pacTaHus. JlaHHas
MaTpHIa OIIMCBIBAET i-H KJIacTep TPyIITEI poOOTOB.

Ha ocHoBe yka3zaHHO#M MaTpuLbl HOPMUPYETCs (PYHKLMS, SBIISIOLIA-
sicsI CyMMOWM PacCTOSIHUH OT i-ro po0oTa 10 BCEX COCETHIX 00BEKTOB!

n

S,.:gry=Z[(y”—ylj)2+(y2,~—y2j)2} )

J=1

Ilie 7, — YUCIO COCEIHHUX OOBEKTOB AJIA i-ro poOoTa, MONYyYEHHBIX B pe-

3YyJIbTAaTC TPUAHTYIALINU IIGJ'IOHC; };'j

— paccTosHHE OT i-T0 poboTa 0 j-TO
00BEeKTa KIacTepa.

Ha Tpethem stame [yis HaXxOoXKIeHHS TPeOYyEeMOro IMOJIOKEHHS I-T'O
poboTa craBuTCs 3a/a4a ONTUMHU3UPOBATH MOJMy4YeHHYIO QyHKuuio (3), uc-

TI0JIb3Ysl B Ka4€CTBC HE3aBUCHUMBIX IICPEMCHHBIX KOOPAHUHATBL );, Vy; - Tax

Kak ¢yHKIHs (3) He UMeeT 0COOEHHOCTEH, TO HEOOXOAUMBIE YCIOBUS JKC-
TpeMyMa UMEIOT BHI;

oS, & ) ) %: . ) )
a—zg(yli ylj)—O, P 2;()/21' yz_i) 0. (4)

W3 ypaBueHnwuii (4) HaX0IATCS ONITUMAJIFHBIE 3HAYEHUST KOOPAWHAT i-
ro po6oTa B Twiockocta Oyiys:

* 1 & * 1 &
Yy :_zylj’ Yo :_ZyZ/' : (5)

n; j=1 n; j=1

Berlpakenust (5) onpenensoT xKejJaeMble 3HaY€HUSIM KOOPIMHAT i-TO
pobota B ockocti Oy1y, (CM. PUCYHOK 2) B CHTYaIllH, KOTAA OTCYTCTBY-
0T JIOTIOJIHUTENBHBIC IIPETISITCTBHUS, KPOME TPaHHL] 00IACTH.

Beipaxenus (5) JOMOMHSAIOTCS JKeJIAeMBIMU 3HAYCHUSMHE YIJIOB OpH-
SHTALlUH i-r0 po00Ta, KOTOPHIEC 3aBUCAT OT KOHCTPYKTUBHBIX OCOOCHHOCTEH
1 pa3MeIICHUs YIPaBIIOMUX d1eMeHToB [20].

CuHTE3 anropuTMOB YIPAaBJIEHHs HIKHEr0 YPOBHS, 00€CIIeUHBaIO-
MIKMX OTPabOTKY JKENaeMbIX 3HAUCHUH KOOPJIMHAT U YIJIOB OPUEHTAIMHU T0-
JBWKHOTO OOBEKTa, OCYLIECTBIICTCS Ha OCHOBE METOAA IO3MIMOHHO-
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TpaekTopHOro ynpasieHus [1, 20], ¢ moMomp0 KOTOPOro penraercs oopart-
Had 3aJlada IWHAMHKH 110 OIPEACIICHUIO CUJI U MOMCHTOB, Tpe6yeMI)IX JJIsA
peanu3anuy 3aiaHHON TpaekTopuu. TpaexTopus MOOMWIBHOrO poboTa 3aa-
eTcsl B BUJIE BEKTOPA, COJIepiKalliero pyHKIMH, ONpeelistolie TpeOoBaHus
K JIMHEHHBIM M YTJIOBBIM KOOpAWHATAM MOOHIBHOTO pobora [1]:

Wi, =AYy, + 4,y +4,; =0, (6)

i .

rne Y, — BekTop (yHKnmii 6a30BBIX KOOpAWHAT poOOTa, (popMHPYyeMbIX

Ha OCHOBE JKEJIAEMBIX TPACKTOPUIl IBIKECHHS; A;j— MaTPHIBI TOCTOSHHBIX

KO3 (QHIMEHTOB, ONPEICISIOIIE KOHKPETHBIC TPaeKTOpUH. Pa3mepHOCTD
! 4., A

BekTOpa Y, paBHa puxl. Marpunsl 4;, 4,; uMeOT pa3MepHOCTb WUxO6,

matpuna A;; mMeer pasmepHoOCTh px1.

Marpuia Y; siBiIsieTCsl [UaroHaJbHOM, ONpeaessieMoi CleoyIomuM
BBIPAXKEHUEM:

Y = diag([yu Vai Y3i Yai Vsi Vsi ]) .

Bripaxenne (6) 03BoJISIET 33/1aBaTh ABWKEHHE i-T'0 poO0Ta B TOUKY,
BJIOJIb MPSIMOM JIMHUM WX BAOJb KPUBON BTOPOT'O MOPSIKA.

Beipaxenne (6) pononHsieTcst TpeOOBaHUAMHI K CKOPOCTH JIBHXKEHHS
TpyIBI pOOOTOB, KOTOPBIE B OOIEM CiTydyae 33/1al0TCs B BHIC:

*
11

)'}3i:V17_}"VL*Z(y3i_y3j)’ (7

n; j=1

rAe pa3Hula IIOJIOKEHHIA Vs _y3j BBIYUCIIACTCA TOJBKO JIA MOOHUJIBHBIX

poGOTOB IpymIbl O3 yuera MPensTCTBUH, A, — MOCTOSHHBIN KO3 duLu-

eHT HACTPOHKM; 1, — YHCIIO0 POBOTOB, BXOMAIIMX B KJIACTEP, TOTYIEHHBIH
B pe3ynbTaTe TpUAHTyJsAnuu JlenmoHe; V), — 3agaHHas MOCTOsSHHAs CKO-
POCTh IBUXKEHHUS TUIOCKOCTH CTPOSL.

B cootsercTBHM ¢ BBIpakeHHEM (7), €CIH TEKyIee TOJIOKEHUE i-TO
poOoTa MEHBIIIE CPETHETO 3HAUCHHUS TTOJIOKEHUH BCEX OCTAIBHBIX OOBEKTOB
TPYIIIBI, TO 33aJaHUe TI0 CKOPOCTH yBenuuuBaercs. Eciu Texyiee momosxe-
HUE i-r0 poOoTa GONbIIE CPEIHETO 3HAYCHUS MOJIOKEHHH BCEX OCTaJIbHBIX
00BEKTOB TPYIIIBI, TO 33JaHUE 0 CKOPOCTH yMeHbIIaeTcs. [Ipu 3HaueHnn
A, =0 poGOTHI rpymIbl OTPAOATHIBAIOT YCTABKY 1O CKOPOCTH V; He3aBH-

CHMO YT OT JpyTa.
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TpeboBanust (7) MOTYyT OBITH CPOPMYIIHPOBAHEI B BUJIE:

*
i

; 1
Voo = Ay + A5+ _*Z(J’y _y3j) , ®)

i j=1

rae Matpuna A, uMeer pasmepHOCTH VX6, a Matpuna As; mmeer pasmep-

HOCTB VX1.

3. I'uOpuaHbIi ANTOPUTM PEeKOH(UIYPALMU CTPOSl NPH JABHAKE-
Huu. O0X0Jl MPEISITCTBUN IPYNIONA POOOTOB OCYHIECTBISIETCS] C UCIIONB30-
BaHUCM HeyCTOfI‘-IPIBBIX IO pacCTOAHHUIO 10 HpeHHTCTBHﬁ PEXKMUMOB JIBHKEC-
HUS, BIEPBBIE NPEANIOXKEHHBIX B [22] u pa3Buthix B [1]. JlaHHBII MeTon
HMEeT CXOJCTBO C METOJOM IMOTEHIMAJbHBIX Mojeil. OCHOBHOE OTIHYHE
METOJja HEYCTOMUUBBIX PEXKUMOB OT METOJA UCKYCCTBEHHBIX MOTEHIMAIb-
HbIX mosiedt [23-25] 3akimioyaetcs B cienyromeM. Kak U3BECTHO, B METOJE
MOTEHIMATIBHBIX 1T0JIEH MPUTATHBAIOIINE (OTTAIKUBAIOIINE) CHIIBI SIBIISIOT-
sl QyHKIMSIMU KOOPAWHAT V:

For = For (.V): Frep = F;‘ep ()/),

roe £, ( y) — PesyNbTHpYIOIIas NPATATHBAOIMX CHIl; F,, () — pe-

3YJIETHPYIOIIAs OTTAIKUBAIOIIMX CHIL.

B npennoxenHoMm B padotax [1, 22] MeToe HEYCTOHYUBEIX PEKH-
MOB IPUTITUBAIONINE ¥ OTTAIKUBAIONINE CHIIBI SBISIOTCS (DYHKLIUSMH KO-
OpJIMHAT, CKOPOCTEH M yCKOPEHUH IMOJBI)KHOTO 00BeKTa M OMypKamon-
Horo napametpa 3. OHu GopMupyIOTCS Kak pemieHne TudQepeHratbHOro
ypaBHEHUsI BUa:

Far(y7y>j}al3):0;

rae F, (y,7,7,B) — dyHKuMs, KOTOpas B 3aBUCHMOCTH OT 3Ha4eHWs Ia-

pameTtpa 3 SIBJISISTCS IPUTSTUBAIONIECH HITH OTTAJIKUBAIOLIEH CHIIOM.

Wnes, npennoxennas B [1, 22], cOCTOUT B INPUMEHEHUU TEOPEMBbI
JIsrryHOBa O HEYCTOHYMBOCTH JUISl JIMHEWHOTO AN EpeHIINATBHOTO ypaB-
HEHHS 3aMKHYTOH CHCTEMBbI YIPaBJICHHS OTHOCHUTEIHHO JKEIAeMOM Tpaek-

Topun Y(y):
G+ (B)W+TL(B)w=0, )

roe 1 (B) , T, (B) — MaTpuUIbl KOAPPHUITHEHTOB.
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Ecnu paccrostHust OT MOOMIIBHOTO POOOTa JI0 MPEISITCTBUNA OO0JTbINe
JIOIYCTHMOTO 3HAYEHHUSI 7, TO €CTh:

rp >y, J =Ly, (10)

TO OM(ypKaMOHHBIN MapaMeTp 3 MPUHIMAETCS! PAaBHBIM HYJIIO, @ MaTPHIIBI
L (B), T, ([3) TIOJIOXKUTENHHO OIpeZieTIieHHble. B 3TOM ciyyae perieHue
y(y)=0 ypaBHeHu (9) sBIAETCS ACUMITOTUYECKH YCTONIHBBIM.

Eciu onno n3 HepaBenctB (10) Hapymaercs, To 0udypKanroHHBIN
napaMeTp [3 OTJIMYEH OT HyJIs, a MaTpULbl 7, ([3), T, ([3) CTaHOBSITCS OTpPU-
LIaTeJIbHO OTpeeTICHHBIMH. B 3TOM citydae nosnokeHne paBHoBecus y(1)=0
SIBIISIETCS] HEYCTOMYMBBIM.

B pabotax [1, 22] OudypKaroHHBIH TapaMeTp BBEIYUCISIETCS B CO-
OTBETCTBUM C BBIPAKCHUCM:

B; =i[ln,—rd|—(n,—rd)]. (11)

B nanHO# cTaTthe On(ypKaIMOHHBINA TapaMeTp BEIYUCISETCS B COOT-
BercTBuH ¢ (11), ogHaKo mpemmaraeTcss KOMOWHUPOBAHHBIA allTOPUTM, pea-
JIM3YIOLIUICS CTPYKTYPOH, IPEACTABICHHON Ha PUCYHKE 5.

OO0nacTe HEYCTOHYHMBOTO

JIBHOKCHHS
B,- JononHuTtenbHan &
RSN
— ANHaMUn4ecCKaa cuctema N\| dopmuposaHue
> EEVERTE] i
§=—(Te—B)E+8 U
A Yy + 4y + :

K, i
i |WMHTENneKTyanbHbIM aHaius | A +4, +AE,
ﬁ nosoXeHnsa poboTos u :>

npenaTcTBuit

O6nacth YCTOWYHBOTO
JBIDKCHHSA

Puc. 5. ®opmupoBaHue TPa€KTOPUH C YUETOM NPENATCTBUSA

HpeﬂnaraeMHﬁ AJITOPUTM COCTOUT B MOCJICAOBATCILHOM BBITIOJIHE-
HUU CJIeIyIONHX I1aros.

[lar 1. Ha ocHOBe MaHHBIX, MOCTYMAIOIINX OT CHCTEMbI TEXHHUE-
CKOTO 3peHHs i-ro poboTa, B COOTBETCTBUH C BhIpakeHHeM (11) Beramcis-
ercs OnbypKalOHHbIN mapamMeTp 3, ¥ Ha0Op BEKTOPOB Ki, CBA3BIBAIOIINX
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pobota ¢ ONMIKAHIIMME IO HETO TOYKaMH Ha OOHapy)KCHHBIX MPETsATCTBH-
ax. budypxauuonnslii napamerp B; nocrynaer Ha Bxoj AuddepeHuans-
HOTO ypaBHEHUS BHIA:

& =—(T,—IB, )& +Bi1 , (12)

rac ?;l- — BCKTOpP AOIOJHUTCIBHBIX ICPEMCHHBIX, TE} — IOJIOKUTCIBHO

Ompe/IeNeHHast MaTpHIIA.
U3 (12) cnenyer, 4To mpu nomajaHuu i-ro podoTa B 00JacTh mpe-
ISITCTBHSL mapamerp [B; HaumHaer pactd. [Ipu BBIMONHEHHH YCIOBHS

T;; <PB; pewenne ypaBHeHus (12) CTAaHOBHTCSI HEYCTONYMBBIM, MOITOMY

BEKTOp &, DKCIOHEHIMAIBHO HAapacTaer.
[lar 2. dopmupyercs MaTpuua A; aJroOpuTMOM, 3aJalOIUM

HarnpaBlieHne 00Xoja NMpensaTcTBUs. J[aHHBIH alTOpUTM aHATU3HPYET pac-
MIOJIOKEHHE COCETHHX OOBEKTOB B KJIACTEPE M PAHKUPYET KOOPAWHATHI
poboToB u npenstcTBuii o ocu O u ocu OY,. [ns i-ro poboTa paccmar-
pHUBaroOTCs paccTosiHusl 10 i—1-ro u i+1-ro oObvekToB. Ecim paccrostHme
MEXIY i-M U i—1-M 00beKTaMH MEHBIIIE, YeM PACCTOSTHUE MEXKIY I-M H i+1-M
00BEKTaMH, TO MIPUHUMAETCS pelIeHrne 0OXOIUTh MPEMSITCTBHE TaK, YTOOBI
COOTBETCTBYIOIIAsT KOOpAWHATA yBennuuBanack. IlycTs, Hampumep, amro-
PUTM BEPXHETO YPOBHS ONpPENEIHI, Y4TO TpeOyeTcs OCYIIECTBUTH OOJIET
HPEISATCTBHA B CTOPOHY YBEIHUCHHSI KOOPIMHATHI V'1; U YMEHBIIEHUS KOOP-

JUHATHI }2i. Torga A, (1,1) =1 A (2,2) =-1.

Hlar 3. Beraucinsiercst TpaeKTOpHAasi ONIMOKa CHCTEMBI yIPaBICHUS
poboTa Ha OCHOBE BBIPAKEHHUS:

W, = A+ Ay + Ay AL (13)

[ar. 4. TpaekropHas omuoka (13) mepemaeTcs B CUCTEMY yIpaBJe-
HUSI IBIKEHUEM MOOMIIBHOTO po0oTa.

Otmernm, 49TO 3amaromuii curaan (13) orpabarbiBaercsi cHCTEMOU
YTpaBIEeHUS i-TO TOJBI)KHOTO O0BEKTa B YCTOWYMBOM pekume. MHbIMH
CJIOBaMH, HEYCTOWYHBBINA PEXXUM PEANN3yETCsI Ha yPOBHE IUNIAHUPOBAHMS.

4. HeruOpuaHblii aJroput™M pekoHGUIypauuv cTpoOsi NpPH JABU-
JKeHUU. PaccMOTpUM aHaIMTHYECKUH aJrOpPUTM, HE TPEOYIOUUNA 3BPHCTH-
YEeCKOTo aHaju3a MpH OIpeJIeIeHUH HAIlpaBiIeHHUs 00X0Ja MPEemsTCTBUM, a
0a3MpPYIONIMICS TOJBKO Ha HEYCTOHUYMBBIX peXHMax. JlaHHBIA aaroputm
COCTOMT M3 IOCJICA0BATEIFHOTO BhINOMHEHUs maroB (1)-(4), ormucaHHbBIX B
MyHKTE 3, OJHAKO OH OTJIMYAETCs CIOCOOOM pacuera OH(YpKAIIMOHHBIX
napamMeTpoB 3; M IOMONHHUTENBHBIX IIEPEMEHHBIX &, .
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JItst k1ot MTUHEMHONW KOOpAMHATHI, TpeOOBaHUSI K KOTOPOM Ompe-
JeITSIOTCSl BeKTOpoM (6), BBOJMTCS J(Ba JIOMOJHUTEIBHBIX OU(YpKaIOH-
HBIX ITapaMeTpa, KOTOPbIE BBIYUCISIOTCS B COOTBETCTBHU C BBIPAKCHUSMU:

xa _ | xa xa xb __ | xb xb .

B =[r —r| = (r =), B =[5 =] - (5 =) (14)
ya _ | ya _ _fya _ yb _|.vb b _ .

i —|”l ’"d| (’”i ’”d): B =1 ’”d| (”z Ta)> (15)
za _ |, za za zb _ | .zb zb

B = == (7 =), B = |7 == (5 =1 (16)

xa _ xb ya _yb za zb

rne v, , v, , 1, , 1,1 —— IIOKa3aHus NATYUKOB PACCTOSHUA OO

MPEMSITCTBHIA TI0 COOTBETCTBYIOIMM KOOPAWHATAM.

Ha ocnoBanmu On¢ypkammonssix napamerpos (14), (15), (16) BovI-
YUCIAIOTCA BEKTOPBI JOMOJHUTCIBHBIX MEPEMCHHBIX KaK PCIICHUA CIICAY-
I0IIMX AU PepeHINaTIbHBIX YPaBHEHHA:

g = —(Ty — 1B )&y + BT, &7 =~ (T — 1B )& +B" 15 (17)

& = (1, 1B )Er + By 1L & = (T~ 1B )8+ s (18)

& = (T 1B e 4B & = (T~ 1B )& g (19)

1

ITycts TpeboBanms (6), (8) chopMHUpOBaHBI B BHIE:
. ) “ T
V=4 + 4y +[§fb —g" g -} Ou—zJ , (20)
. T
Wi = Ay, + A +[00 € g 0, T 1)

IIpu 3TOM TpeGOBaHUS K CKOPOCTSIM JOTOTHHUTEIHHO OrpaHUYHBA-
IOTCS B COOTBETCTBHHU C XapaKTEPUCTUKAMHU TIOIBUKHOTO OOBEKTA.
Jns HaxoKIOEHWs BEKTOpa yHpaBlieHWH F). WCIONBb3yeTcs METOl

ut

0OpaTHBIX 33/1a4 TUHAMHKH, B COOTBETCTBUH C KOTOPBIM TPeOyeTCs, YTOOBI
nepemenHnsle (20), (21) y10BIeTBOPSUIN ypaBHEHUSAM:

¥y, + T, + Ty, =03 (22)
Vo + Ty =0, (23)
HaxojuTcs BekTop F ..

ut
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AHanu3 yCTONYMBOCTH 3aMKHYTOH CHCTEMBI IPOBOJUTCS C HCIIOJb-
30BaHHEM cCieayromieh ¢pyHkuuu JlsnyHosa:

Lo it Lo Lo, i\ (i i
Vi = E\VCZ\Vck +\Vt;Tl\Vtr +5Wtf‘|’tr +E(\Vtr +T2\Vtr) (\Vtr +T2\Vtr) : (24)

IIpon3BonHas oT BbIpaxeHUs (24), BEIYHUCIEHHAs B CUIIy ypaBHEHUH
3aMKHYTOH cuctemsl (22), (23), paBHa:

Vi = WLl + 20 T+ (<L, ~ T, )+
+(,+ Tl ) (v ~Ta, + o, ) = 25)
= VW =V TLV, — Vi T
W3 Beipaxkenwuii (24), (25) cnenyer, 9ro:
Vo =0, v, = 0.

VYuureiBas (20), (21), momyyaeMm B yCTaHOBUBIIIEMCS pEXXHUME:

Ay =y -[E0 g &g 0,,]

Ay, = =4y, — [OOQVZI’ —E 0, ]T :

Torzna B 06nacTH, OrpaHUYCHHOI HEPABEHCTBAMU:

xXa
hi

>ry, rl.Xb >, >y, riyb >r, >y, rl.Zb >ry, (26)
YCTAHOBUBLIMIACS PEXUM OINPEIEIAETCS BHIPAKEHUSIMMU:

jo=—4,' 4

Vi =~y Ay

e

X, =—Ay 4 .

BHe oOxacTu, onpeneneHHoi HepaBeHCTBaMH (26), YCTaHOBHBILIHMA-
CA PpEKUM JOCTUTACTCA ITPU YCIIOBUAX:

g =g" =g, g =g" =g, g’ =g =¢". 27)

Huddepenuupyst paBercta (27), ¢ yuerom BoipaxkeHuid (17)-(19),
HOJTy4aeM:

B =B, B =P, B =B (28)
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Takum 00pa3oM, B 3aMKHYTOH CHUCTEME YIpaBIICHUS YCTaHOBHB-
IIMACST PEeKUM TI0 KOOPAMHATAM U CKOPOCTSIM poOOTa TPyMIIbl JOCTUTAeTCs
KaKk TIpM  YCTOMYMBBIX  peHIeHHAX Au(QepeHIraIbHbIX  YpaBHe-
Huit (17)—-(19), Tak 1 TpuU HEYCTONYMBBIX pEIICHUSX yKa3aHHBIX ypaBHeE-
uuii. [lpn opunakoBbix napamerpax I; ypasrennit (17)-(19) ycnosus (28)

NPUBOAAT K TOMY, 4TO POOOTHI PAaCHpE/ENsIOTCS PABHOMEPHO B 33aJaHHOMN
obmacty. 3ajaBasi pasIMYHbIC NapameTpbl I; MOXHO M3MEHSTb YCTaHO-

BHUBIIIMECS 3HAUCHHS [TOJIOKEHHUIH POOOTOB TPYIIIIHL

5. Pe3yJibTaThl YMCJEHHBIX MCCIEJ0BAHMN M IKcIepuMeHTa. B
KadecTBe MpUMeEpa pacCMOTPHM CUCTEMY YIIPaBJICHUS TPYIION poOOTOB,
COCTOAIIUX U3 IMATH OAHOTUIIHBIX FeKcaKOHTepOB. Macca FeKcaKOHTepa
coctasmsier 1.08 kr, ero quametp 0,55 M; Macca mOJIE3HON HArPy3KH 10
2.7 xr. [Ipu cTaHOApTHOM aKKyMYJSTOpE TeKCAaKONTEp MO3BOJIACT JICTATh
q0 20 MHHYT C MakKCHUMalbHOW ckopocThio 1m0 4 wm/c. KomudectBo
TEKCaKOIITePOB BRIOPAHO M3 COOOpaKeHHUH JOCTATOYHOTO MX KOJIWYECTBA
JUTST JIEMOHCTPAITUU aJTOPUTMOB, c y4eTOM AMEOIITUXCS
BBIYUCJIUTCIBbHBIX MOmHOCTeﬁ.

Mopnens rekcakonrtepa (1), (2) omuceIBaeTcs CIeayrOMUMH MaTpH-
[aM¥ 1 lapameTpamu (MHICKC i IS YIPOIIECHHS BRIPaXCHUH OMYIICH):

0 cosy _siny
cosé cosé
A,=0 siny cosy |

1 —tgfcosy tglsiny

[ —cosysin9cosy+ sinycosy+ |
cosycosd | i . )
sinysiny cosysindsiny
A= sind cosJcosy —cosJsiny
_ cosysiny+ COSYCOSY —
—sinycos 9 . i ] . .
L sinysindcosy  sinysinJdsiny |

m=32kg,J, =J. =0.032kg-m*,J, =0.062 kg-m"

E

M:diag([m,m,m,Jx,Jy,Jz])
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m(—g sind—w V, +mZVy)
m(—gcosScosy—szx +0°sz)
m(gcosSsiny—coxVy +cony)
_(Jz _Jy)wymz
-(J,-J.)o,.0,
—(Jy —Jx)m o,

y

(0000
1000
0000
“ 10100
0010
10001 |

bﬁ
1l
= v

==

riue Py ,N., N v N, — Tsra ¥ MOMEHTHI, CO3/1aBacMbIe BHHTAMH.

Ha pucyHkax 6—8 mpeacTaBieHbl pe3ysbTaThl MOJCITHPOBAHUS MIPU
JBIDKCHUH TPYIIBI C HEMOJBHXXHBIM TMPEMSTCTBUEM, PACIOJIO0KEHHBIM B
Touke y,=[16; 14; 15; 0; 0; 0]T. Ha pucyHKe 6 NMpenCTaBIEHB TPAEKTOPHH
IPYIIbI MOABMXHBIX 00BEKTOB B TPEXMEPHOM IPOCTPAHCTBE CO chepude-
CKHUM MPEMSITCTBUEM, a Ha PUCYHKE 7 UX MPOCKIMH B TNIOCKOCTH Ox))o.

hY

N\

3
\

- \
\

T
|
|
|
|

n
|
|

4

0% 10

Puc. 6. TpaeKTOpI/II/I JABWIKCHUSA I'PYIIILI B obiacTu ¢ HENOABMUKHBIM MTPEHATCTBUEM
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MonenupoBaHue MPOBOAUIOCH TIPH CIEAYIONIMX TMapaMeTpax: pas-
Mep obmactu La=30 m; 6e3omacHoe paccrostaue 3 M, Tp; =3.

40
35
30
25
20
15
10

5 10 15 20 25 30
Puc. 7. TIpoeKius TpaeKTOPHiA IBIXKESHHSI TPYIIIIBI B 00JIACTH C HETTOABHKHBIM
HpeHHTCTBI/IeM

Ha pucynke 8 mpeacraBieHbl mepeMeHHbe &, 00ecrednBarome

HEYCTOIYMBBIA PEXUM JIBIDKCHHUS, M paclpelelIeHHe TPYIIIb TOIBIKHBIX
00BEKTOB Ha MIocKocTH Oy1):> B KOHEUHBIH MOMEHT Bpemenu t = 30 c.

B HavanbHBINA NEpHOA BPEMEHH TpyIINa, BKIOYAIOIAs IATh T'eKca-
KOMITEPOB, U YeThIpe npenarcTBus ¢ koopauHatamu (0, 0), (La, 0), (La, La)
u (0, La), c momMouIpio TPUHTYIALUU [[enoHe OCyIIecTBIsSeT KiacTepusa-
IO Ha MOATPYIIIIbI. Cucrema TJTAaHUPOBAHUA JIBHMKCHUA KaXXKIO0r0 reKCcaKo-
TITepa rpyIIIbI ONpeesieT CBOE MECTO Ha IIocKocTd Oy1)», OTHOBPEMEHHO
JIBUTASICh C 3a/IaHHOM CKOPOCTBIO Vyy BIONB ocu Oys.

2

1.5

0.5

0

Puc. 8. ﬂOHOIIHI/ITCHLHLIC IMEPEMECHHBIC (:l» T'pynribl DIOABHUKHBIX 00BEKTOB
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[TpuOIM3UTEILHO B MOMEHT BPEMEHH ¢ = 5 ¢ TpyIna 00HapyKHUBAET
NPENSTCTBHE, B PE3yJIbTATE YEr0 OHO YYUTHIBAETCS MPU PACHpE/ICIeHIN Ha
wiockoctu Oyiys, ¥ TpyNIa HAuYMHAET repecTpoeHue. [Ipu nepectpoeHnn
BTOPOH IOJBMKHBIN OOBEKT MPHOJIMIKAETCS K NPEISITCTBHIO HA PAaCCTOSTHHUE
okono 3,3 Merpa, MOATOMY y HErO BKJIIOYAETCS HEYyCTOWYMBBIH PEKHM,
KOPPEKTUPYIOIINH YCTaBKH IO TOJIOXKEHUI0. B 3ToH CBsI3M rpynmna npoaosi-
xaer nepecrpoenue. [Tocne obnera mpensTCTBUS, MPUOIU3UTEIFHO B MO-
MEHT BpeMeHH ¢ = 11 ¢, Tpynma BEIXOAWT W3 HEyCTOHYMBOTO PEKUMA, U B
MOMEHT BpEMEHH { = 12 C MPemATCTBHE YK€ HE YUHTHIBACTCS MpH (HOPMHU-
poBaHMM cTpos. ['pymma rekcakonTepoB CHOBAa IEPECTPaMBACTCA W IPO-
JOJDKAET MPSIMOJIMHEIHOE ABHKEHHE.

PesynbraThl MOJIEIIUPOBAHKS TPYIIIBI TE€KCAKONITEPOB B CUMYJISITOPE
NpU JIBWKEHUH B Cpe/ie C HECKOJIBKMMH IOJBHXXHBIMH IPEISTCTBHIMU
MIpeCTaBICHBI Ha pUCyHKax 9 u 10.

a
a

TR S SRy

Puc. 9. Ilonet rpynms! KBagpakonTEpoOB B CPesie C TPEMs HECTALHOHAPHBIMU
HPETATCTBHAMH, BHJ B IIockoctH OY1Y3

Kak BupHO M3 pucyHKa 9, Tpynma yCHENIHO OCYIIECTBISIET oOieT
TIOJIBIDKHBIX IPEISTCTBUN, KOTOPBIE OTMeueHbl TpeMs cdepamu. [Ipu stom
rpylna nocie o0JieTa MPENsITCTBUI BOCCTAHABIMBACT CTPYKTYPY, CHOpPMH-
POBaHHYIO JI0 OOHAPY>KEHHUS MPETISITCTBUMA.

KonmyecTBeHHas OLIEHKA CHCTEMBI TPYIIIIOBOIO YIPABJICHHUS IT0 PE3yIlb-
TaTaM YHMCJICHHOTO MOJCIMPOBAHKS OCYILECTBISICTCS 110 MHHUMAIBHOMY pac-
crostamo 10 npersiteTBrst 1 CKO oTpaboTKH CKOPOCTH TIPH IBIKEHUHN TPYII-
bl YncTIeHHbIe OLIeHKH YKa3aHHBIX IapaMeTpOB IpeICTaBlIeHbI B Tabimie 1.
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1< Gropht €1
e Graph2 (3
V% Grepha
L2 Gropha 1
1% Grophs (1
Q
U‘ Sphe
B Forer
Fe fdt Vs imen Took Deskop Window elp
Dadds kSN OPLL- 208 s 0

Puc. 10. Iosxet rpynmsl reKCakonTepoB B CPe/ie C TPEMs: HECTALIMOHAPHBIMHU
MPENSTCTBUAMH, BHJ B IuIockocT OY1)2

Ouenka TpeOyeMbIX BBIYMCIUTENBHBIX PECYPCOB OCYLIECTBIAIACH
IIyTEM CPaBHUTEIBHOIO MOJAEINPOBAHUS MPEATIATaeMbIX alfTOPUTMOB C Me-
ToJaMu, Oa3upYIONIMMKCS Ha BUPTYAJIbHBIX HOJSX M Ha HCIIOJIb30BAHUU
HEHpOHHBIX ceTell. Pe3ynbraTel npeacTaBieHs! B Tabnuie 2. MoaenupoBa-
HHUE MPOBOIWIOCH B cucteMe Matlab na 9BM ¢ mponeccopom Icore 7. C
TOYKHM 3PEHHS BBIYMCIMTEIBHBIX 3aTpaT, NpeaiaraeéMble ajrOPUTMBI MOKa-
3aJIM BBICOKYIO 3()()EKTUBHOCTb.

Tabnmna 1. UnciieHHbIe OLIEHKU Ka4eCTBA CHCTEMBI YIPaBIICHHS

[Tapamerp R1 R2 R3 R4 RS

MunumansHOe — paccTosi- 8.4 33 10,0 5,5 4.5

HUE JI0 MPETATCTBHS, M

CKO no ckopoctu, M/c 0.07 0.12 0.15 0.18 0.21

Tabnuna 2. BpeMsi BRIIONHEHHS aITOPUTMOB YIIPABICHUS

Merton Bupryansusie Heliponnsie Heycroituu-
TIOJISt ceTH BBIC PEKHMBI

Bpewmsi BbInonHeHus1, Mc 0,4 1,2 0,4

OKCTIeprMEHTaIbHBIE NCCIIEIOBAHNS TTPOBOIMIIICEH C MCIOIb30BaHUEM
TeKCaKONTepa, OCHAIIEHHOTO TIOJIETHRIM KoHTpoiuiepoM Pixhawk 2.4.8, crmyT-
HHMKOBOM HaBurarronHoi cucremoii GPS RadioLink M8N SE100 ¢ komMmacom,
orrrrrgeckiM MozylieM PX4FLOW, 60pTOBBIM BEIMHCITUTEINIEM C IIPOLIECCOPOM
Intel Atom® x5-7Z8350, crepeokamepoit ELP-960P2CAM-V90 ¢ yriiom 0630pa
90 rpaxycos. 3asBnerHoe CKO HaBHTarMOHHOHM CHCTEMBI 2,5 M IO IOJOXKe-
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Huto, 0,1 M/c o ckopocTH. B Xone sKcIeprMeHTOB HCIIONIB30BaHO ABa IeKca-
KOIITepa Ha MOJMIOHE ¢ MMpHHON U BbIcoTOM 30 M. B memsx Ge3omacHocTu
HETIO/IBIKHOE TIPENSTCTBAE CUMYJIMPOBAJIOCH MPOrpaMMHO. Pe3ynbrarhl sKc-
TIEPUMEHTAJIBHOTO T10JIeTa TPE/ICTaBJIeHbl Ha pucyHke 11, Ha KOTOPOM IOCTPO-
eHbl TpaduKH, MOJyYeHHBIE B PE3yJbTaTe MOJCIMPOBAHUS (cepast JUHUS) U
3alMCaHHbIe C HABUTAIIMOHHBIX CHCTEM I'eKCAKOITEPOB (YepHast JIMHHMS).

30
Yo
20
10
0. z0 x0
40 30
20 20
0 10
20 0

Puc. 11. DxcnepuMeHTaIbHBIE U MOAETHPYEMBIE TPACKTOPUH

ITo pesynpratam 8 noneroB CKO 3kcriepuMeHTANBHBIX TPAEKTOPUIA
OT MOJICITUPYEMBIX COCTaBHIIO 0KOJIO 2,0 M. MHUHHUMaJIbHOE PAacCTOSIHUE JI0
npensTCTBUs cocTaBuio 4,0 m.

6. 3aximouenue. B cTaThe MpemioKeHBI aJTOPUTMBI JCICHTPATIH30-
BaHHOT'O IUIaHWPOBAHMS JIBIKEHHsSI IPYIIBI MOOMIIBHBIX POOOTOB B Cpefe ¢
TperATCTBUsIMU. Pa3paboTaHbl anropuTMbl pacipezeneHnst poOOTOB Ha ILIOC-
KOCTH, He TpeOYIOIHe MPeIBapUTEILHOIO 3ajaHksl MX KOOpP/IUHAT, OCHOBAH-
HBIC Ha TpuaHTyssmu Jlenone. MoOMiIbHBIE pOOOTHI BBIYHMCISIIOT CBOE Pac-
TIOJIOXKEHHE TaKUM 00pa3oM, YTOOBI ONTHMH3HPOBAaTh CYMMY PACCTOSHUMA
MexIy oObeKTamu B Kiactepe. CKOpoCTh KaXIoro MOOWIEHOTO poboTa dhop-
MHpYeTCsl Ha OCHOBE 33/IaHHOI CKOPOCTH JIBHIKEHUS TPYIIIBI M TEKYLIEro Io-
JIO’KeHUsI 0OBEKTOB B Kiactepe. st 00Xoaa MpensiTCTBUN MPEATIOKEeHBI Jie-
HCHTPAIM30BAHHBIC AJITOPUTMbI IUIAHUPOBAHUA JABWIKCHUSA, BKIIHOYAIOIIHC B
ce0s Tpu ypoBHA. Ha BepxHeM ypoBHE NPOW3BOIMTCS y4eT 0OHAPY>KEHHOTO
NPETISITCTBUA MPU KJIACTEPU3allMK IPYIIBI HA OCHOBE TpUaHTyJsiuu JlenoHe.
Ha cpensem ypoBHe ocyIecTBIsIeTcsl aHalN3 TEKYIIEH 00CTaHOBKH B KJIacTe-
pe u onpenensercst Harboee O6e30macHoe HarpaBIeHHe 00X0/a MPEIATCTBHUSL.
Ha HmxHeM ypoBHE NpH MomiaJJaHu MOOWIIBHOTO poOoTa B 00JIaCTb MPErsT-
cTBUs (DOPMHUPYIOTCSI HEYCTOMYIMBBIE KOMIIOHEHTHI, KOPPEKTHpYIomme chop-
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MHPOBaHHBIC PaHee YCTaBKU. YKa3aHHBIC alrOPUTMBI TJIAHUPOBAHMUS JIBIDKE-
HHS MOTYT NIPUMEHATHCS KaK COBMECTHO, TaK M 1O OTAENbHOCTH. IIpu 3TOM
ITOPUTMBI BEPXHEr0 YPOBHS (DYyHKIMOHMPYIOT Ha OCHOBE MH(OpMAaIHU O
KOOpIMHATaX MOOMIBHBIX POOOTOB, TPaHUIIAX 00IACTH (PYHKIMOHHPOBAHUS U
KOOp/IMHATAX TPETSITCTBUN. AJITOPUTMBI CPEJTHETO U HUXKHET'O YPOBHS TPEOy-
eT NH(OPMAIHIO TOIBKO O PACCTOSHUN MEXITY COCCTHUMHU OOBEKTaMH B Kila-
cTepe U He TpeOyIoT KapTorpadgupoBanus. B pesysbTaTe UnCIeHHBIX U HATYyp-
HBIX KCIEPUMEHTOB TOIYYCHBI CICAYIONINE YCPEIHCHHBIC OLICHKH: MHHU-
MaJIbHOE pacCTOSHHE MO0 mnpensrctBusi — 3,3 M (MOAeNupoBaHHE) H
4,0 m (3xcnepumenTt); CKO skcnieprMeHTaTBHBIX TPAGKTOPHIA OT MOJEIIHPYe-
MBIX COCTaBHJIO OKOJIO 2,0 M. YUHTbIBasi, YTO MOTPEIIHOCTH HAaBUIAI[MOHHON
CHCTEMBI COCTABIISIIOT 2,5 M, MOXKHO CJIETIaTh BBIBOJ] O XOPOIIIEM COBIIaJICHUN
9KCIIEPUMEHTANIBHBIX IAHHBIX C PE3yIbTaTAMH YHUCIEHHOTO MOJIEIMPOBAHHSI.
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V.KH. PSHIKHOPOV, M.YU. MEDVEDEV
GROUP CONTROL OF AUTONOMOUS ROBOTS MOTION IN
UNCERTAIN ENVIRONMENT VIA UNSTABLE MODES

Pshikhopov V.Kh., Medvedev M.Yu. Group Control of Autonomous Robots Motion in
Uncertain Environment via Unstable Modes.

Abstract. The paper is devoted to the methods and algorithms of group control, providing
a consistent movement of a moving objects group in a partially uncertain three-dimensional
environment with obstacles. The uncertainty of the environment is a priori unknown moving
obstacles. Mobile robots of the group should create a formation in a given rectangular area in
the plane. The robots formation must move in the given direction. The problem solution is
carried out by using algorithms based on unstable modes. The unstable modes allow to
transform obstacles into repellers. The proposed algorithms can be implemented decentralized.
Two algorithms options for group control are analyzed in the paper. Also a numerical
simulation of a hexacopters group in an uncertain environment with obstacles is performed.
The developed algorithms are used in the control system of mobile robots in their group
locomotion in an uncertain 3-d environment. A group of mobile robots should be self-
organized into a structure that does not require a preliminary assignment of the place of each
robot. The group of robots can adjust the formation at occurrence of obstacles.

Keywords: group control, uncertain environment, unstable mode, motion control.
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3.51. PAnionioprT, 10.5. IIJIEIIUBLEBA
METO/ MHOT'OKPUTEPHUAJIBHON ONITUMU3ALINA
YIIPABJISIEMBIX CUCTEM C PACIIPEJIEJIEHHBIMUA
IMAPAMETPAMM

Panonopm 2.4., Ilnewusyesa FO.D. MeToaq MHOTOKPHTEPHAIBHON ONTHMH3AaLMH
yHpaBJsieMbIX CHCTEM € pacnpeeeHHbIMH apaMeTPaMu.

AnHotanusa. IIpemmaraercs ~ KOHCTPYKTUBHBIH ~ METOA ~ MHOTOKPHUTEpPHAIBHOU
ONTUMM3ALUM  IIPOLIECCOB  YNpPaBIE€HHs JETEPMUHUPOBAHHBIMH M  HE  IIOJIHOCTBIO
OINpe/ie/IeHHBIMU  YNPABIAeMBIMH ~ CHCTEMaMH C  paclpejeleHHBIMH  IapaMeTpaMH,
ONHUCHIBAGMBIMH JIMHEHHBIMH MHOTOMEPHBIMU YPaBHEHHSIMH B YaCTHBIX HPOU3BOAHBIX
apaboIMYecKOro THIA ¢ BHYTPEHHUMHU M TPAaHUYHBIMH YIPABISIOIIMME BO3ICHCTBUSAMHU B
YCJIOBHSX 3aJJaHHOW TOYHOCTH IPUOJIMDKEHHS KOHEYHOT'O COCTOSHUS 00BEKTa K TpeOyeMoMy
IIPOCTPAHCTBEHHOMY pPAacIpeeleHHIO YIpaBiIsieMol BenmuuHbl. [IpemmaraeMmblii B cTaTbe
moaxox Oasupyercss Ha ONHOKPUTEPHANbHOH BepCHM B BHAE MHHHMAKCHOH CBEPTKU
HOPMAaJIM3yeMbIX KPUTEPHEB KauecTBa M MOCIEIYIOIEeM Iepexoe K SKBUBAJICHTHOH dopme
TUIIOBOH BapHAIlMOHHON 3a/1auyl ¢ OrPAaHHYCHHUSAMHU. AHAIN3 IPOBOAUTCS NMPUMEHHTEIBHO K
JETCPMUHHUPOBAHHOH  MOJIEMH  OOBEKTa,  ONMHCHIBAGMOH  OECKOHEUHOH  cHcTeMoi
I GepeHINaTbHBIX YPaBHCHNH OTHOCHTENBHO BPEMEHHBIX MOJ Pa3JIOKEHHs YIPaBIsieMOn
BEJIIMYUHBl B P MO COOCTBEHHBIM (GYHKIUSIM HadyalbHO-KpaeBOil 3amauu. [lanpHeiimme
IIpoLEeypEl NPEABAPUTEIPHON MapaMeTpU3alUH YIPABIIONMUX BO3AEHCTBHI Ha OCHOBE
AHAJINTHYECKUX YCIOBUH ONTUMAJBHOCTH ¥ DPEAyKIHMH K 3ajadaM I0JTyOecKOHEYHOI'o
IIPOrpaMMHpPOBAHMS MO3BOJAIOT HAHTH HCKOMBIE OKCTpEMald C HCIOIb30BAHHEM HX
4eOBINIEBCKUX CBOMCTB M (PyHZaMEHTAIBHBIX 3aKOHOMEPHOCTEH IpeJMeTHOH o0macTu B
TUINHWYHBIX U TNPUIOKEHUH YCIOBHUSAX OLEHKM B PABHOMEPHOH METPHKE TOYHOCTH
MpUONIKEHUsT KOHEYHOTO COCTOSHMS 00BbeKkTa K Tpebyemomy. IlomyueHHBIE pe3ylbTaThl
PACIpOCTPAHSAIOTCS Ha 337a4d IPOrPaMMHOTO YIPABICHHUS 110 IPHHIUITY TapaHTHPOBAHHOTO
pe3yinbTaTa aHCaMONSMH TpPAeKTOPUIl IBIDKEHHS OOBEKTa B YCIOBUSIX HHTEPBAILHOU
HEONpPEAENCHHOCTH IapaMEeTPHYECKHX XapaKTEePHCTHK pPACIpPENeNeHHOH CHUCTeMBl U
MHOJKECTBEHHBIX BHEIIHHUX BO3MyIIeHUH. [IpuBOAUTCS IMpeacTaBIsIONUi caMOCTOSTENbHbIN
MHTEpPEC TpHMEp pEIHIeHHs TNpeaIaraéMbIM METOAOM 33Jadd  MHOTOKPHTEpUalIbHOM
ONTHMH3AIMM  IEPEOBOH  TEXHOJOTHMM MHAYKIMOHHOTO  HAarpeBa  METaUTHYECKUX
norydadpukaToB mepes mocnexylomeid oOpaOoTkol naBieHHeM. B kauecTBe KOMIIOHEHT
BEKTOPHOTO KPHUTEpUS ONTUMH3ALUKM PACCMATPUBAIOTCSA PAcXo], SHEPTUU HA HArpeB, NOTEPH
MeTa/ula Ha TEPMOXHUMUUYECKHE B3aMMOJAEHCTBUS M TOUHOCTh HOCTIDKEHMS 3alaHHOU
KOHEYHOH TeMIlepaTyphl Harpesa.

KirouyeBbie ¢J10Ba: MHOTOKpHTEpHAIbHAs ONTUMU3ALMS, CUCTEMBI C PACIpeeIeHHBIMU
rnapamMeTpaMu, YIpaBiIse€Mble CHCTEMBbI, I10JyOECKOHEYHAss ONTUMM3AIMs, PaBHOMEpPHbBIE
NpUOMIDKEHNS], AalNbTePHAHCHBI METOJ, HWHTEPBaIbHbBIC HEONPEIEIeHHOCTH, IIPUHIHII
rapaHTHPOBAHHOI'O PE3yJIbTaTa.

1. BBenenue. XapakrepHbie TpeOOBaHUs K OIeHKE 3()(HEKTUBHOCTH
(YHKIIMOHMPOBAHUS CJIOKHBIX TEXHHMUYECKHX CHCTEM [0 LEJIOMY POy
KOH(IMKTYIONMX APYr C JpyroM IIOKa3aTeled KadecTBa INPHBOAAT K
aKTyaJbHOH 3ajade MHOTOKpUTepuanbHOM onTuMuzaruu (3MO) HCKOMBIX
YIPaBIISFOIINX BO3JAEHCTBUI (YB) B MOJOOHBIX YCIOBHAX
HeomnpesieneHHoCcTH  1eneid  ympasnenust [1-5]. Ilpm  stomM  otbop
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NpUeMJIEMBIX  BapUAHTOB  IPOU3BOIUTCS Ha  MapeTo-3¢p¢GeKTHBHOM
MHOXecTBe pemennid ([IDMP), He ymydmaemMelx HH 1O OJHOMY U3
KpHUTepueB 0e3 yXyIIIeHHs TOKa3aTellell Mo KakoMy-TH0O N3 OCTalbHBIX.
s ompemenenns [IOMP B Hactosmiee Bpemsl HCIONB3YIOTCS [1Ba
OCHOBHBIX MOAXO0Aa, 6azupyromuxcs Ha MIPEABAPUTEIHLHON
napaMeTpu3anuy UCKoMbIX YB [1-9].

Bo-nepBrIX, B LeNIX HENOCPEACTBEHHOTo mocTpoeHus IIOMP
9 QEKTUBHBIM OKa3blBaeTCs IPUMEHEHHE pPa3INyYHbIX Moaudukanmi
TeHETUYECKUX aAJITOPUTMOB, OTIMYAIONUXCSA APYT OT Jpyra crnocobaMu
arpernpoBaHusl TOMYJSIUHA Ui YacTHBIX KpUTepHeB 3(dexTHBHOCTH B
COUETaHUH C COBPEMEHHBIMM METOJAaMH YHCIEHHOIO MOAEIHUPOBAHUS
ONTHUMU3UPYEMBIX IPOLECCOB [5, 6]. DTOT MOAXO] YCIELIHO pealn30BaH Ha
MPaKTHKEe, B YaCTHOCTH B CIOXKHBIX 3MO  HHTErpHpOBaHHOTO
MIPOCKTUPOBAHUSI ~ OOBEKTOB  TEXHOJOTMYECKOW  TEINIODU3UKH  C
pacmpeneneHHBIMU Tapamerpamu [6-10].

Bo-BTOpBIX, UCIONB3YyETCSA TPAAMUIMOHHAS TEXHOJOTHS PA3IMUHBIX
BapHaHTOB OJHOKPHTEPUAIbHOM CBEPTKH B3BEIIMBAEMBIX KOMIIOHEHTOB
BEKTOPHOW IeNeBOil (YHKIUH C MOCIeAyIoINUM mocTpoerneM IIOMP,
KOTOPOMY MpUHAATIEKAT BCE peneHus COOTBETCTBYIOIINX
OJTHOKPUTEPHAIBHBIX 3371a4 [IPU BapbHUPOBAHUU BECOBBIX KOA(P(PUIMEHTOB B
npejaenax TUMOBOro cuMmIuiekca [1-4].

3MO B peanbHBIX YCJIOBHUSIX HEMOJHOW ONpPEeleNeHHOCTH UCXOIHBIX
JaHHBIX MOTYT OBITh pEIIeHbl Ha OCHOBE YKa3aHHBIX [OJXOJ0B
pa3NMYHBIME MeTOlaMH. B ToM umcie myteM (OpMHpPOBaHHS KPHUTCPHEB
ONITUMAJIFHOCTH B TePMHMHAX (DYHKIUH IMPUHAIJICKHOCTH B paMKax TEOPUHU
HEYeTKHX MHOXecTB [11] wmn B opMe MaTreMaTHuecKoTo OXHUAAHUS TPH
3aJaHHOH  (YHKOMM  IUIOTHOCTH  pAclpeleleHUs  BEpOSTHOCTH
HEOIIpeNeIeHHOH Benn4yuHBl [12]; myTeM TONydeHHs HemocTaromei
nH(POpPMAIIN METOJAMH pPErpecCHOHHOTO aHanmm3a [2]; pemenuem 3MO B
YCIOBUSIX OTpaHUYCHHOMN HEONPEIeIEHHOCTH o IPUHLIUILY
rapaHTHPOBAHHOTO pe3ynbTarta [4].

ITocne moctpoerns [I9MP Bo3HHKaeT camocTosTeNbHAs MpobiemMa
BBIOOpa B mpejenax MHOkecTBa [lapeTo elMHCTBEHHOW alnbTepHATUBBI PU
HAJINYUY 3HAYUTEIHHOTO YKCia BO3SMOXKHBIX BapHaHTOB. B wacTHOCTH, npu
Nepexojie K OTHOCUTENBHBIM OL€HKaM MpPEeABAPUTEIBHO HOPMaU3yeMBbIX
PaBHO3HAYHBIX COCTaBIISIIOIIMX BEKTOPHOIO KpPUTEpPHsl KauecTBa C
MOCIIEAYIOIUM HCIIONb30BaHHEM WX MHHUMAaKCHOW (MM MaKCUMUHHOM)
CBEPTKM C C€OUHUYHBIMH BECOBBIMH  Kod(ddummeHramm  pemenne
COOTBETCTBYIOIIEH OJHOKPUTEPHAIBHON 3a/aud  3aBEIOMO  SIBIISIETCS
napeTo-3¢pQEeKTUBHBIM U OTBEYaECT MCKOMOMY ajbTEPHATHBHOMY BapHaHTY
pemrerust 3MO 10 IPUHIMITY TApAaHTHPOBAHHOTO pe3ynbTara [2, 3].
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Hckomple VYB 1npu 3TOM  HENOCPENCTBEHHO  3aJalOTCsi B
napameTpu3oBanHoi hopme B 3MO NPOSKTHBIX PEIICHUH HIH CTATHYSCKIX
PEXUMOB pabOThl 00BEKTa, KOTOPBIE B PE3YJIbTaTE CBOMSTCS K THIIOBBIM
3aJjayaM MaTtemMaTuueckoro rnporpammupoBanus (3MII) ¢ yuerom 3agaHHbIX
orpanudeHuit [2-4].

[Ipny  MHOTOKpHTEpHATBHOM  ONTHUMH3AIMK  JAWHAMHUYECKHX
MIPOIIECCOB MpEABApUTENbHAS IpoleAypa NapaMmerpusanmnud YB Tpebyer
MIPUMEHEHHSI HW3BECTHBIX AHAJIMTHYECKUX YCIOBHI ONTUMAJIBHOCTH U
MPENCTAaBIsAET COOOM OTHENBHYIO JOCTaTOYHO CIOXKHYIO 3amady [13, 14].
Tpymaoctn mepexoma k 3MII B muHammdeckux 3MO B ycrmoBHAX
HEOOXOIWMOCTH  WCIIONB30BAaHHWA  NPSAMBIX  PEMIEHWH  CHCTEMBI
mnddepeHInaTbHBIX YPaBHEHHH MO 00BeKTa C MapaMeTpHU30BaHHBIMU
VB pe3ko BO3pacTarOT C IOBBILIEHHMEM MOpsAKa 3TUX YPaBHEHUH U
NpUOOpETAIOT  NPUHUMIMAIBHBIMN ~ XapakTep  NPUMEHUTEIBHO K
0ecKOHEYHOMEPHBIM 00BbEKTaM ¢ pacrpezeiaeHHbME napamerpamu (OPIT).
B »toM cnyuae 3MO cBonsTCS BMECTO THMOBBIX 3a7ad K CHEIHAbHBIM
3aja4yaM TI0JlyOCCKOHEYHOW ONTUMM3ALMH C OECKOHEYHBIM YHCIIOM
orpaHuueHui Ha koHeuHoe cocTossHue OPII B xapakTepHOU cuTyaluu ero
OLIECHKM B PpPaBHOMEPHOH METpUKE Ha MHOXECTBE ONpEAeTICHUs
TIPOCTPAHCTBEHHBIX apTyMEHTOB YIIPABIIEMBIX BenuuH (8, 13, 14].

B Hacrosmielr  paboTe  mpemiaraloTcst  MOCTAaHOBKM U
KOHCTPYKTHBHBII ~ CrocOO  pemieHus]  OTIMYAIOIIMXCS  yKa3aHHBIMU
3aTPyIHEHUSIMA ~ MAaJOMCCIECAOBAaHHBIX ~ MHOTOKPHUTEPHANbHBIX  3a/1ad
orntuMansHOTO yrpasieHus: OPII, B 3HaUUTENEHON CTENICHH OMUPAIOIIHNACS
Ha  pa3paboOTaHHBIA  paHee  aBTOpaMH  aJIbTCPHAHCHBI  METO.X
napaMeTpUUecKO ONTUMH3AINHY YIIPaBIsSEMBIX MporieccoB [8, 13, 14].

2.3aga4a MHOIOKPHTEPHAILHOIO YIPABJICHHS [eTePMHHH-
POBaHHBIMH MOJEJISIMH 00beKTa ¢ pacnpeaeIeHHBIMH NMapaMeTpaMH.

Mycrs  ynpasmsiemas  (yskums — cocrosmms  Q(X,7)  oOwbekra ¢
pacrnpeielleHHEIME TIAPAMETPaMH OITIHCHIBAETCS B 3aBHCUMOCTH OT BPEMEHH
te (O,t*) M TPOCTPAHCTBEHHBIX KoopamHar X €V; X =(x;), i=1,m;

1<m<3 B mpenmenax 3aJaHHOU OJHOCBA3HOW 001acTH V'  m-MEPHOTO

€BKIMI0BA IPOCTpaHcTBa E” ¢ KyCOYHO-TIIAAKON IpaHMIEl S JTUHEHHBIM
HEOIHOPOJHBIM YPaBHEHHEM B YAaCTHBIX MPOW3BOJHBIX IapabOINIECKOr0
THUIA C TIOCTOSSHHBIMHU BO BpeMEHH KOA(PPHUIHEHTAMU:

%:éai(X)%+2bi(X)%+C(X)Q+gv(X)”V(t)Jr W
+ gy (X)m (1),
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C HAaYaJIbHBIMH U 'PAaHUYHBIMHA YCJIOBUSAMMU:

0(X,0)=f(X), XeVUS;

2_]%+ﬂQ =8s (X)MS (t)+gS1(X)f72 (l‘), XeS;

2

M COCPEIOTOYCHHBIMH BHYTPCHHUMH 1), (1) Wi (M) TPaHHYHBIME ug (1)
YIPaBISIOIMMA ~ BO3IEHCTBUSAMA ~ TIPM  M3HAYQIBHO  (PUKCHPYEMBIX
dynkmmsax g, (X), gg(X) ®X DpOCTPaHCTBEHHOro paclpeNe/IeHHs.

(v} * ~
3neck N — BekTop BHemHed Hopmanu K S; [ =const 20; ¢ — KOHEUHBII

MOMEHT Ipoliecca yIpasieHus; aupdepeHuaibHblii oneparop B NpaBoi
yactu (1) camoconpspkenHbl; Gynkiua f(X) e L, (V) u xoddduuueHTs!

a;(X),b,(X),c(X) ABHAIOTCS H3BECTHBIMH JOCTaTOYHO  TIJIAJKUMH
GyHKUMSMU CBOUMX apryMeHToB, npudeM He Bce a,(X) B (1)
OJHOBPEMEHHO PaBHBI HYIIIO; 77,(),77,(t) — agAUTHBHBIE 110 OTHOLIEHUIO K
u,(t) ¥ ug(t) KycCOUHO-HENpPEPHIBHBIE BO3MYILIEHHA C 3aJaHHBIM
xapakTepoM g, (X) u g (X) ux 3aBucumoctr oT X .

VYpasnsitoriue BO3IEHCTBUS u(t)e{u,,(t),us(t)} JIOJDKHBI  OBITH

TNOAYUHCHBI OTPAHUYCHUAM:

Upy S () Sty 1 €[0,17], 3)

C U3BCCTHBIMH IIPCACIbHO AOITYyCTUMbIMY 3HAYCHUAMHA U .. U U

n max *
Paccmotpum manee 3MO nerepmunuposanaoit moxemu OPII (1)-(3)
npu 7,(¢) =17,(£) =0 B (1), (2).
IIpumenenne k ypaBHeHHsM (1), (2) MeToga KOHEYHBIX
HHTETrpajibHBIX IpeoOpa3oBaHuii NMpHUBOIUT K onucaHuto moxenu OPII
0ECKOHEUHOH CHCTEMOW OOBIKHOBEHHBIX AU (PEepeHINATIBHBIX YPaBHEHUI

OTHOCHMTENBHO BpeMEHHBIX Mo (O, () — KO0d(DPUIHEHTOB pPa3NIOKEHUs
QO(X,t) B cXomsmuics B CpeAHEM s IO OPTOTOHAIBHOM ¢ BecoM 7(X)
cucTeMe coOCTBEHHBIX QyHKIUH ¢, (X) [15]:

dg,

= 120, + ko, () +kgug(t), n=1,2,...; 0,(0)= f,, 4)

0(x.1)=30,(4,(X). 5)

n=1
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2
3nech 4, — COOCTBEHHBIE UHCIa, U

T = [ £, raY: ko = [ g, (N, V)r(V)aY;
%4 4

- (©6)
ksi = [ g5 (g, NIr(X)dS(Y).
N

PaCCMOTpI/IM q >1 Ppa3JMYHbIX YaCTHBIX 3aJad OINTUMAJIbHOIO

yrpaBieHust 00beKToM (4)-(5) ¢ HHTErpaIbHBIMU KPUTEPUSIMH KauecTBa:

*

1,() = [ £,,(Q,u)dt — min, p=1,q, 0, =(Q,, (). )
0 ue P

C 3aJaHHBIMU MOABIHTEIPAJIbHBIMU JOCTATOYHO I'TaIKUMU d)yHKI_II/ISIMI/I fOp

CBOMX AapryMEHTOB (3agaun Ha Makcumym [ It pe{l,q} INPUBOJATCA K

munuvusaunn —/ ). 3aga4n (7) GpopMyIHpYIOTCs B YCIOBUSX OTPaHIMYCHHH

Ha yHnpaBJIgromune BO3H€ﬁCTBHH, OTBCUHAIOIIUX Tpe6OBaHI/ISIM obecneyeHust

- *
JOIMYCTUMON  TOYHOCTH &), npuOmmkenns O, (X,t) K 3aTaHHOMY

MPOCTPAHCTBEHHOMY  PaclpeesIEHUIO Q** (X)=0Q.=const, xoropas

OIICHUBACTCSI B  PAaBHOMCPHOW  METPUKE  NPUMCHHTEIBHO K
MPEICTABISIONIMM HAaWOONBIINA WHTEPEC CUTYallUsM B TPHUKIAIHBIX
3aJayax ¥ ONpPEJeNsieT IEJIeBOe MHOMXKECTBO JIOCTHIKUMBIX KOHEUHBIX
cocrostauit OPII [13, 14]:

Q, ={u:@,W)<&,,u €Uy, Uny 1} (8)

®,(u) = max |0, (X.1') - Q.

=max
XeV

30,(0-0]  ©
n=1

3nece B (7)-(9) ép— BEKTOP MOJAIIBHBIX TEPEMEHHBIX é (D)

o *
ynpasisiemoit Bennaunbl Q, (X, ) U &, 2 &,,,0 20, 10 & TOYHas

pinf —
HIJKHAA TPaHUIA JOCTHKAMBIX 3HAYECHUH &, » [13].

Ilpy HEOOXOOMMOCTH OLEHKHM KayecTBa IIpollecca YIpaBJIeHHs
OIHOBPEMEHHO 110 BCeM ¢ ToKasatesnsM sddexrnsroctu /, B (7) MOKeT ObITh

copmynupoBana Ha ocHOBaHHH (7)-(9) MHOTOKpHTEpHAIbHAS 3a1a4a [ 1-5]:
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Iy —>J£1gi)1;;12 :(Ip(u)),p =Lgq, (10)

Qs :{u Dy (u) < gy,u e[umin,umax]},OSginf <g, Sm;txgop;

) o _ (11)
() = max |O(X, ) - O, = max |30, (1")¢, (X) - ©,
€ S =1

MHUHUMH3ALWMK ¢ Kputepues [, cornacHo (10) ¢ yuerom orpanuyenns (11)

Ha anpuopu (UKCHpPyeMylO0 TIO YCIOBHSAM BBIOJHEHHS HEPABEHCTB
& < m]i)iX &), BCIMYMHY &, NOIPELIHOCTH PABHOMEPHOIO NPUOIMKCHUS

oxX ,t*) K (. TIpu ymnpaBieHHH OO0BEKTOM (4). 31ech HCKIIOYaeTcs

o o o *
TPUBHAIIBHBII Cily4aii coBnajeHus peiuennii u, 3agad (7)-(9) mo kaxmomy
u3 kpurepues /, JuniBeex p=1q.

OO0mras Teopusi YIpaBICHUS HE COOCPKHUT METONOB perreHus 3MO
yIpaBIIeMbIX OCCKOHEYHOMEPHBIX 00BbekTOB BHma (4), (10), (11) ¢
OrpaHMYCHUEM Ha OLICHMBAEMYI0 B PaBHOMEPHOH METPHKE TOYHOCTh
NpUOIMKEHUsI KOHEYHOT'O  COCTOSIHUSI  YIPaBiIsIeMOM  BEAMYHMHBI K
TpeOyemoMmy. B HacrosimiemM pasjene craTbu  IpeJyularaeTcs HOBBIN
KOHCTPYKTHBHBII CIIOCO0 peIIeHHs TaKOH 3a1auH.

2.1. DxBuBajeHTHasi ¢opMa eTePMUHHMPOBAHHON OJXHOKpHUTe-
PHAJBHOI 3aJa4M ONTHMAJBLHOrO ynpasjienus. He Bausrommii Ha
pesynbrar pewenns 3anaqu (10)-(11) mepexox ot /, K OTHOCHUTEIBHBIM

paBHO3HAYHEIM OIICHKaM [2, 3]:
I (u)-1I, —
P p. .
=== 04, w)<Lp=1gq, (12)
p Ip

A, (1)

MIPUBOAMT (B OTIMYHNE OT THIIOBOW (POPMBI C BECOBEIMH KO3 (DHUITMCHTAMM)
k muHnMakcHoi ceepTtke 3MO (10)-(11) cremyromero Buaa:

Alu) = pril{%} A, (u) > ggg, (13)

TOYKA ONITUMYMa KOTOPOM:

u" =argmin| max A (u)|, 14
g min b (W) (14)

anpuopu MPUHAANIEKUT MHOXKecTBY Ilapero ucxomuoit 3MO u MoxkeT
paccMaTpuBaThCd B KauyeCTBE HCKOMOIO OINTUMAIBHOIO YIPABIECHUS B
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o *
MCXOJHOM 3a1a4e [2, 3]. B Beipaxkenuu (12) [, — MUHHMAasbHAs BEIUYNHA
*
I,, mocruraemasi IpH YIPaBICHUN u,, B yCIOBISIX (8):

I =

p mélz) 1,(); u, =arg mg; 1,@w); A,(u,) =0, (15)

u Ig — «Hamxyjuee» sHayeHue /,(u) Ha MHOXeCTBE (2.

MunumakcHas 3a1aya (13) SKBUBAJICHTHA 0OBIYHOM
OJTHOKPUTEPHAIBHOMN 3a/laue C MHTErpalbHbIM (PyHKIIMOHAIOM KayecTBa:

t*
1=l*jﬂ°dt=/10 — min; A° = const, (16)
t s ueQy
OTPaHUYCHUSIMH:
0 _
A,w)<A”, p=1lg, (17)

¥ MEHUMHE3HPYEMbIM mapamMeTpoM A° | BBOIUMBIM COITIACHO YPABHEHHIO:
dA°’/dt=0. (18)
B wrore wucxommas 3MO (10)-(11) cBomurcs 0e3 Kakux-1u00

HOFpeIHHOCTeﬁ B paMKax pacCMaTpuBaCMbIX MOI[CHCﬁ K OTBICKaAHHIO

k3%
pemrenus u 3amaum (16)-(18) ¢ omHMM KpuTepmeM onTHManbHOCTH I B
YCIOBUSX 3alaHHbIX orpanndenuit (11) u (17).
BBCI[CM B paCCMOTPCHUEC ONMCBIBAEMBIC YPABHCHUAMU

dz, [di = f,,: 2,(t) = 1,w);p=1g (19)

HOBBIE  IIEpEMEHHBIE z,(u);p=1,q, B  TEpMHHaX  KOTOpPBIX
orpanndenus (17) IpUHUMAIOT CIIEAYIOIUI BU:

z ()T, _
L= <2 p=1gq (20)
]17_117

Jomomane Monenb o0bekTa (4) ypaBHeHHsaMu (18), (19), mpuxomum
Terepb K clienytollel SkBuBaieHTHOH hopme 3amaqn (16)-(18).
Heo0Oxomnmo OTIpeICTINTh CTECHSIEMOE YCIIOBHAMU 3)

o ok
yOpaBlsomee BoO3AeHCTBUE u (), KOTOpOE TMEPEBOIUT  OOBEKT
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ynpasienus (4), (18), (19) B tpedyemoe cormacHo (11), (20) koHeuHOE
COCTOSIHUE NTPH MUHUMAJIHOM 3HauU€HUH KPUTEpHs onTUMabHOCTH (16).
Ha 3amauwy (11), (16), (20) onTUMambHOTO  YyHpaBICHUS
OeckoHeuHOMepHBIM 00bekToM (4), (19) pacmpocTpaHsieTcss MPUHIKI
MakcumyMma [loHTpsrHa.
baszoBoe ycnosue:

HQ 0" @.% )= max  HQ @u@d.¥ 0),1e0,6) 1)

UE|[Umin > Umax

JocTxenus Mmakcumyma (ynkuuu [lontpsiruna [16]:

H(Q@),u(1), ¥ (1)) =-A° + i W (=412 O, + eyt (£) + kg, (1) +
n=1

\ (22)
+qupf0p’

p=l

B ONTUMaJbHOM  IIpoIlecce (é (t),u**(t),g (t)), rme BekTOp
COTIPSDKEHHBIX IIepPEMEHHBIX ?(t) =(¥ pP= E; Y, (@).,n=12,.)

OIMMCBIBACTCA YPaBHCHUSAMMU:

na — v
L A S L R L B (23)
di oz dt 00,

P

o Kk v}
W, KaKk NpaBWIO, MMO3BONSCT Hailttm u (f) B Qopme sBHOW (yHKIHH

u**(é**(t),ﬁ**(t)) NepeMEHHBIX é(t):(én) u @(t), BUJI KOTOPOM

He 3aBUcHT OT orpanmdeHnii (11) m (20) Ha KOHEYHOE COCTOSHHE
00beKTa yIpaBJeHUs.
2.2. Penyknus K 3agadye MNOJy0eCKOHEYHOH ONTHMM3ALHU.

. sk —kk pu—
Haiinennsie cormacho (21)-(23) 3asucumoctu u (Q (¢),'Y (¢)) Bo MHOrHX
CydasgX  HEIOCPENCTBEHHO  YCTaHABIMBAIOT  CTPYKTYpY  HCKOMBIX
*k *
ONTHMAIIBHBIX QIrOPUTMOB u (f) (M aHAIOTMYHBIM OOpasoM u,(f) B

3amade (15)) B popMe WX MmapamMeTpUIECKOTO ONHCAHUS C TOYHOCTBHIO [0
N . T .
BEKTOpa AN = (AEN)),Z =1,N , ynopsfao4eHHOM MOCIENOBATEIBHOCTH

KOHEYHOro uucia N napamMeTpoB A](N ),A(ZN ),..., Ag\j,\'), HENOCPEICTBEHHO
XapaKTepU3yIOIMX ~ TOBeeHHE  u (1), u;(t) B o0mactu WX
ompenencuus [13, 14].
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WurerpupoBanue ypaBHEHHH oObekTa (4) ¢ mapamMeTpu30BaHHBIM
ynpasinernem u(A") f) TmpHBOAMT B TAKMX CIy4asX K NPEICTABICHHIO

kputepues ontumansHoctd [, B (7), A, B (12) M KOHEUHBIX COCTOSHMIA
QP(X,t*) , O(X,t') B (9), (11) B BHAC SBHBIX JOCTATOYHO INAKHX
sapucumocreit 1, (AY), 4, (A"), 0, (X,AM) u 0X,AM) or
A™) | ecnut cuMTaTh N3BECTHBHIMU 3HAYCHHUS I; u 12 B (12).

N
PasmepHocte N BekTOpa A YCTaHABJIUBAETCS IO HM3BECTHBIM
opaBUIaM B 3aBUCHUMOCTH OT 3HaueHus ¢, B (l1), mubo ampuopu

(duKcUpyeTCs  BO3MOXHOCTSIMM ~ TEXHHUUYCCKOW  peau3aliu AN

napaMeTpU3yeMbIX YIIPABIAIOIIMX Bo3aecTBuil [13].

B pesynbrare mpomsBomuTcs TouHas pexykunus 3amaun (16)-(20)
onTUMankHOrO ympaBieHus oO0wvexToM (4), (5), (18), (19) x 3amaue
MHUHAMH3aLIUH HEeNeBOH (yHKINH:

I1=2°A""Y> min R
A7) (24)
KOHEYHOro uyuciaa N IEepeMEHHBIX AEN )i=I,N Ha JOIyCTHMOM

N
MHOXecTBe Gy 5A"Y)  ux u3MeHeHms ¢ GECKOHEUHBIM  UHCIOM
OTrpaHUYEHUM:

@5 (A™) = max|O(X,A™) -0, | < 5, (25)

IUKTyeMbIx TpeboBanmsamu (11) ams Bcex X €V W JONMONHSIEMBIX B
cootBercTBUH ¢ (17), (20) HepaBeHCTBaMHU:

(N) *
1,A")-1, _

0
A,(A"M) = o <Aprslae (26)
p pr

(3amava momy6eckoneunow ontumusarmu (3110)) [13].

3110 (24)-(26) 9KBUBAJICHTHA MUHUMAaKCHOMN 3a/1aue
MoTyOSCKOHEYHOH ONTHUMH3aluu 0e3 JOTONHUTENBHBIX YCIoBHi (26) ¢
KPUTEPUEM ONITUMAILHOCTH:

I, = max A (AY))> min ,
) P47 AN gy @7

1 KOHTHHYYMOM OTpaHu4eHui (25).
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PaccmarpuBast BMecTo (27) KpUTEpHit ONTUMATBHOCTH:

_ (N) ;
Ly =4, (A7) = AUI\’I%IEHGN’ (28)

MOCIIENOBATENbHO U BCEX P, :E, momyuuMm psax 3I10 (25), (28)

paccmotrpeHHoro B [13] TumoBoro BHAa, Ha PEHICHUAX KOTOPHIX
N
AN = Al] ompeziessIeMbIX 10 CXeMe albTepHaHcHoro mertoxa [13],

Lri] -1, ) =
Bpruncisitorest A, (A1) Vp=1,q. 3a pewmenue A MUHHMAaKCHOU

3amaun (25), (27) npuHnMaercs Alrt] IpU TaKuX p, = p,* , IUII KOTOPBIX

BBIIIOJIHSIOTCS. HEPABEHCTBA A, AP <2 APy maeeex p=1.q.
Pl

Ucxomgnas 3I10 (24)-(26) 3HauMTeNBPHO YIpOIIaeTCs Kak pa3 B

HauOornee XapaKTepHOW Uil TPWIOKEHUH cuTyauud B (25) ¢ MUHUMAJIBHO

o . N .
JOCTUKUMOM BENIMUMHON & B KIlacce AN -[1apaMeTPU3yEMBIX YIIPaBJICHUN:

Q(X7 A(N)) - Qc

g =ming(A")) = min [max
AV Gy XeV

} : (29)

B Takom ciydae 3amada (24)-(26), (29) cBoauTCs K MHUHIMAaKCHOM
3amade 06e3 orpaHuIeHUH

O (AY)> min ,
(A7) A(}VH)IEHGN (30)

Ha pelIeHUSIX KOTOPOIl aBTOMAaTHYECKH YJOBIETBOPSIOTCA ycioBus (26)

TP OTIPE/ENICHNN B Ka4€CTBE A, MaKCHMAIBHOIO U3 3HAYCHHUH A, .

Permenust K(N) 3ana4 (25), (28) npu TpeOyeMoM 3HayeHUH &, B (25)

00J1a1a10T aJbTepHaHCHBIMU CBOMCTBaMH [ 13], COrTIACHO KOTOPBIM B YCIIOBHSIX
HEKOTOPBIX MAJIOCTECHUTCIILHBIX }IOHyHIGHI/Iﬁ BBITIOJIHAIOTCS paBEHCTBA:

. N

0o <) . N,&, >ming(A™M);

Q(Xj:A )_Qc ZEO,JZI,R,RZ . (M) (31)
N+1l,gy =mine(A™);

B HEKOTOPBIX TOYKaX X j(.) eV,j=1R. Uucno R 3TUX TOYEK OKa3bIBAETCS

PaBHBIM YHCIIy BCEX HCKOMBIX IapaMeTpoB ONTUMAJILHOIO IIpolecca,

“~WV) . T —~W) o

BKJIFOYasi Bce KOMMOHEHTHl A; ,i=1,N Bekropa A mnpu 3aJaHHOMN

BEIMYHMHE &, >ming(A”Y)) u Hapsy ¢ HHME anpHOPH HEH3BECTHYIO

Benmuuny MunnMakca min s(AY)) B ycrosusx (29).
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[lpn HanWYUKM [OMONHHUTENBHOW HWHPOPMAIMK U3 IPEAMETHON
. (V)
obmacth o0 KoH¢urypaumn 3aBucumocteir Q(X,A ) or XeV,

MO3BOJISIOIIEH HACHTU(DHUIIMPOBATh 3HAYCHHUS Xf A 3HaKd pa3HOCTeu

—(N
[0/0.¢ ? , A( )) — Q. , paBeHcTBa (31) BMecTe C yCIIOBUSAMU:

v

0 —(N)
a?Q(XO A )=0,v=1R,, (32)

—@)
CyliecTBoBaHus  dkcTpemyma  ¢ynkmumn  Q(X,A ) B TOYKax

X ‘(i)v eintV,v=1R,, R, <R, TpaHchopMHUPYIOTCSI K 3aMKHYTOH cucreme
R+ R, ypaBHeHui. Pemenne 310 cucTeMsl (Kak MpaBUIIO, €AMHCTBEHHOE)

-—N) . T .
OTHOCHUTENIBHO BCEX HMCKOMBIX BeamuuH A; ,i=1N; mmg(A(N )) B

0
ciydae (29) W TPOMEKYTOYHBIX HEW3BECTHBIX X ,V

v

IR, Haxomutcs
HM3BECTHBIMM YMCIIEHHBIMA METOJAMH.

. —(V)
[To HalineHHOMY yKa3aHHBIM CIIOCOOOM BEKTOPY A~ W W3BECTHBIM
0

min

3aBUCUMOCTSIM /Ip(A(N)) BBIUMCIISIETCST MHHHUMAJILHOE 3HadyeHne A
neneBoit pynkuun (24):
0
A

min

. —(N) —(N)
= min AAM)=2%A" )= max 1,(A ), (33)

AVeGy pe lyq}
obecrieunBasi BBINOJIHEHHE HEpaBeHCTB (26) W 3aBepmias TeM CaMbIM
peutenue 3anauu (24)-(26) B yCIOBUAX &, = min e(A™M).
Hdus pemenns 3amau (25), (28) m ompeneneHus /11(1)1111 B (33)
" * 0 T
HE00X0MMO NpeBapuTeNnbHO Hait [, u I, mwiscex p =1.g B(12).

YacTHbIe OOHOKpHUTEpHAIbHEIC 3amaun omrtumusanmu (7)-(9) mocme
o *
napaMeTpU3alii HCKOMBIX ympasieHuit u,(f) B (15) ¢ ucnonbsoBanueM

CTaHIApTHOH TpOIENypsl MpHWHOMNA MakcuMmyma Buma (21)-(23)
MPUBOASTCS OH00HO (24), (25) x 3I10:

1,(18™1,) ~ hin ©,([A™],) = max|O(X,[A™],) = 0| &, (34)

KOTOPYI0O HEOOXOAWMO paccMaTpuBaTh, Kak 93TO  CICIyeT U3

BeIpakeHud (22) must ¢yHkumu IloHTpsiTMHA, Ha 3JIEMEHTax [A(N)]p
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TOMHOKECTBA {[A(N) ]p} - {A(N) € GN} spauermii A" B p-
oit 3anmaue (34).

IIpu sToM B ycmoBusax (29) moctatouHo paccMoTpeTs 3anaqu (7)-(9),
NPUHUMAs aHAJIOTHYHBIM 00pa3oM &, = min 5([A(N)]p) , TIe

o(X,[A™M])-0,

min g([A = min | max
([ ]p) [A(N)]p[xey/

| (35)
", CJICAOBATCJIbHO, 3aBCOMO BbIIIOJHACTCA YCIOBUC 80 Smaxgop
P

B (10), (11).
Ha pemennsx A1 3anaq (34), onpenenseMbIX 10 OIMHCAHHON CXeMe
IBTEPHAHCHOTO METO/Ia, HAXO/STCS BEJINUNHBIL:

I,=1,(A"),p=14. (36)

MakcuManbHO BO3MOXHBIE 3HAYEHUS 12 kpurepus [ » hopMabHO

3a1ar0TCA 3aBUCUMOCTSAMM:

1y =1, A" ;AP ~arg max 1, (1AM], @, (A],) <4, ). @7)
[at\y,,

0 I
OIHaKo BemuuuHbl [,,p=1,g MoOryr ObITh YCTAaHOBICHBI MpOLIE,

HaIpHMep, 10 CIEAYIOMEMY AITOPUTMY:

I = max I, (A", k=1,
£ el ¢ (38)

p#k

WM UCXOJIs U3 (PU3MUECKUX COOOpaKEHHH B Ka)K/10 KOHKPETHOH 3aj1a4e.
B wrore pemeHne mo ONMMCAHHOM cXeMe aJbTEPHAHCHOTO METOna
3amau nmoiybeckoHedHoi omtumuzaiu (34) u (24)-(26) ¢ BeIYHCICHHEM
*
A2 I un 12 cormacHo (33), (36) m (37) (wmm (38)) mcuepmbIBacT

‘min > P
pemenne ucxoxuHor 3MO (13).

3. 3agaya MHOIOKPHUTEPHAJILHOH ONTHMHU3ALUH B YCIOBHUAX
HHTEPBAJbLHOIl HeoNpeAeJIeHHOCTH NMapaMeTPHYeCKHX XapaKTePUCTHK
o0bekTa ynpasieHusi. CaMOCTOATENBHBIM UHTepec mHperacraBiser 3MO
OPIl B XapakTepHBIX YCIOBHAX HHTEPBAJIBHONH HEONPEICICHHOCTH

_0 p—
HagansHOTO cocTostHUS O = (0, (0)) 1 HEM3MEHHOTO BO BPEMECHH BEKTOPa
w TapaMeTPHUYECKHX XapaKTepHCTHK oObekra ympasiaeHus (1)-(4), c
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TOYHOCTBIO JI0 KOTOPBIX oOmpenenceHsl koddouumeHtst «,,b,c u [ B
HavyallbHO-KpaeBol 3amaue (1), (2), rae mo-mpexHeMy, Kak U B pazjiene 2,
nonoxum 7,(¢t) =1,(t)=0.

—0
Bee cBemennss o Q0 M W HCUEPIBIBAIOTCS B TAKOH CHTYaIMU

uHpopManmeli 00 WX TNPUHAUICKHOCTH 3aJJaHHBIM ~ KOMITAKTHBIM
MHOXecTBaM B u W:

—0
O eBwelW. (39)
Kaxmoit ¢ukcupoBaHHOW Tmape 3HAYCHHH HEOIpeIeIeHHBIX

—0
¢daxropoB ¥y =(Q ,w)e€ A=BxW upu moboMm IomycTUMOM cornacHo (3)

ynpaBieHUH u(f) COOTBETCTBYET OINpeneNsieMas PELUIEHHEM CHCTEMBI

ypaBHeHMIA (4) TpaeKTopus Imporecca @(t, y) = (én (t,y)) m ympasisemas
(yHKIHSA COCTOSHUS:

0(X.3.0)= 30, (t. ), (X). (40)

n=1

cornacHo (5). OO0benuHEHHE ITHX TPACKTOPHUI MO BCEM JOMYCTHMBIM
BEJIMYMHAM ) TpPH OJHOM H TOM JK€ YIPABIAIOLIEM BO3ACHCTBHH
obpasyer aHCaMOJIb:

éz(t,y) = U{@(t,éo,w) :éo eBweW,te [O,t*]}, 41)

BMECTO €IMHCTBEHHON TPAaeKTOPUH B €ro COCTaBe NpH (UKCUPOBAHHBIX
3HAYEHMAX ¥ B JETEPMHUHUPOBAHHOM CIIydae.

KoHcTpykTuBHBIE crocoObl  pemeHust noxoOHeix 3MO  OPII
HEW3BECTHBI. B HacrosimieM pasjene Ha MHOTOKPHUTEpPHAIbHBIC 33/1a4d
ONTUMH3AIMY TIOBEACHUS paclpelelleHHBIX OOBEKTOB B  YCIIOBHSX
HeonpenaeneHHOcTH (39) pacnpocTpaHseTcs IpeIaraeMblii METOI PeIIeHNs
JnerepMHHUpOoBaHHBIX 3MO.

Crpaterus ynpasieHUs aHcaMOJieM TpaeKTopuit (41) 1o mpuHIHUITY
rapaHTHPOBAHHOTO Pe3yJIbTaTa IPUBOAUT Tenepb BMecTo (7)-(9) K 4acTHBIM
3aJa4aM MHHUMAaKCHOH ONTUMHU3AIN:

*

t
I,(u) =max ] = 0 dt — min; p=1,q;
() max L, U, y) rﬁlg;i{fop(Q,,(y),u) —>Lfg£1)1;,p N @)

QP :{u :d)p(u)ﬁgop; u e[umin,umax]};
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ﬁ)P(u) = max[max‘Qp(X,y, M-
yed L XeV

1) 43)
|

31ech yuTCHBI 3aBUCUMOCTH MOJBIHTErPAIbHBIX QyHKUMH f;, B (7)

ZQ,M (" 1), (X) 0.

= max| max
yed | XeV

OT y W yCJOBUSA HEOOXOMUMOCTH IOCTIDKCHHS 33aJaHHOHN B (8) BETMUMHBI
&y AIISL BCEX JIOIYCTHMBIX peanu3anmii y Ha MHOXKeCTBe A.

Ha 3TOM OCHOBaHHHU hopmynmupyercs ClIeyIomnas
MHOTOKpHUTEpHaNbHas 3aa4a onTumu3anuu smecto (10), (11):

Iy > mins 1y = (4, ), p=1Lq; (44)

sz{u Dy (1) < &y, u €[ty u max]} <max50p,

@ su)= I?Eax[max (X, p,t)— L}Z (45)
= max| max ZQ (1, )¢,(X)-0,

B xauecTBe HCKOMOTO ONTHUMAaIbHOTO yrpasineHust B 3MO (44), (45)
K o
OIATH MOXKHO pacCMaTpUBaTh JKCTpeManmd # (f) OJHOKPUTCPUATHLHOU

BApHAIIMOHHON BEpCHH, MEPEeXO0l K KOTOPOH OCYIIECTBISAETCS IO
cxeme (12)-(18):

o 7Y (1) T A
Izi*jﬂodtzﬂo—)min;%zo;/lp(u)=%sﬂo;p= ,q;
t ueQy  dt [p _Ip (46)

I = ;Brlzr:, I,(); i) (1) = arg gg; 1)) = LIES); I,(u).

OKBHUBQJICHTHBI ~ XapakTep  pEUICHWH  3agad  ymIpaBiCHUS
ancamOiieM (41) 1 «M30IMPOBaHHON TPAEKTOPUEH B €r0 COCTaBE MPHUBOAUT

v v ~ k%
K aHaJIOTUYHOM JIeTEepPMUHUPOBAHHOMN 3a]1au€ CTPYKTYpe ajJrOpUTMOB U (t)
%
U u,(f), TOINYYaeMBIX C HCIOJIB30BAHMEM IPUHIUIA MaKCHMyMa

monobuHo (21)-(23) B mapamerpm3oBaHHOW (opMe C TOYHOCTBIO JO

N
xoneunomeproro sekropa AN napamerpos, k onpexenenmo koToporo u
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CBOIUTCS JaibHeWInas mnpobiema. B wrore, aHamormuno (24)-(26), ¢
y4eTOM BBIpAKEHHH mus | ) n @y (u) B (42), (45) npomssomurcs

TOYHas peayKIus 3a1auu (46) k 3a1ade NoIyOeCKOHEUHONW ONTHMH3ALINU:

7T_7 (N) :
I =4,(A )—)A(l\rglenGN (47)
@y (A™) = max 0(z,AM) = Q.| < 2032 = (X, Z =V x 4 (48)
(A(N)ay) g P
2,(A™) = m 5 <Asp=Lg (49)
yeA I, —Ip

Ora 3amava oTamyaercs ot (24)-(26), BO-epBbIX, OTPaHUYCHUEM HA
¢byHkIMI0 Makcumyma B (48), KOTOpoe paccMaTpuBaeTCsl Ha PacIMPEHHOM
M0 CpaBHEHHIO C (25) MHOXXECTBE JIIEMEHTOB, BKIIOYAIOMIEM KpOMe
MIPOCTPAHCTBEHHBIX apryMEHTOB X €} Bce [OIyCTHMBIE pealnn3alin
HEOINpPECICHHBIX (aKTOPOB ) € A, W, BO-BTOPBIX, ompexaencHueM B (49)

3HAYCHHUS ZP(A(N )) mo MakcuManbHOH Bemmumpe [ p(A(N), y) Ha

MHOKECTBE A .
3amaqa (47)-(49) cBomutes o cxeme (25), (27) x 3110:

I, =max 1 (AY)> min ;
1= e 4,(AT0) AMcgy (50)
By (AM) < (51)

6e3 orpannyenuii (49). Takas 3amaga, B CBOIO o4yepenb, peayLHpPyeTcs K ¢
3amavyaM THITOBOH (opmel Bua (28), (25) ¢ KpUTEPUSIMH ONITUMATEHOCTH:

(N)
Ly, =4, (AY) > (m)IEnGN,pl—lq (52)

u orpannueHmsiMA (51), mubo B yacTHOM cirydae:

& —mmg(A( ))— min [max‘Q
AV) zeZ

-al) (53)

eGy

anaiornaHoM (29), ucxomnas 3I10 (47)-(49) cBomuTcs K MHHHUMAaKCHOMN
3agade Oe3 OrpaHMYCHHNI:

0 (V) i
(A7) - KL (54)
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Ha 3amauy (51), (52) pacmpocTpaHsSIOTCs MPH MaOCTECHUTEIBHBIX
JUISL TIPWJIOKEHUH JOMYNICHHSIX, MOA00HO IEeTePMUHUPOBAHHOMY CIIy4alo,

TCXHOJIOIUA AJbBTEPHAHCHOIO METOAA OTBICKaHUA €€ PpCIICHUA A(N),

0a3upymomascsi Ha €ro albTePHAHCHBIX CBOHCTBaxX. OJTH CBOWMCTBA
yCImoXHs0Tes 1o cpaBHennio ¢ (31), (32) zamenoit Touek X ? eV mnHa

SJIIEMEHTHI z? =(X ?, y?) € Z , B KOTOPBIX JIOCTHTAcTCs MAKCHMyM B (48),
PaBHBIH &,, W IONOIHUTEIBHON CHUCTEMOH COOTHOIUEHHMH AJS 3HAYECHUH

(N) ~0 .
rrvleaji /1171 (A", y), nocruraembIX B Toukax y, [13]:

0o (V) .
Q(Zj:A )_Qc =80a]=1a X5

—Q( v (N)):O,V—lRXl,R <R,,z° e{ }XO eintV;

X< jv
. (55)
2, A" 50 =2, A" yi=1R ;50 € 4
(N) ~0
Ay (A,
> 0,k =1, R,;R, SR‘,,ylk cint 4,y € {)70}.
3mech
Ry +R, =N+1, ecru min&(A™) < g, < &;
Ry = N +1, ecnu &, = min &(AM);
(56)

Ry =N+l ecwu g 2¢;

=0, (AM); AM =arg min 1_(A"Y),
() 8, fin 2, &%)

TOYKHU )7? OTIIMYAIOTCS OT y?; 3HAYCHUS CIDZ(A(N)) B (51) moryt

JOCTUIaThCsA B Pa3HbIX  TOYKax X;) 1A pa3HbIX 3HAYCHUU

HEONPCACICHHBIX (baKTOpOB y;) n MO-NpeCIKHEMY CHUCTEMA

paBeHcTB (55), (56) oka3pIBaeTCsl 3aMKHYTOW OTHOCHTEIBHO  BCEX

—()
HCHM3BECTHBIX, K 4HCIy KOTOPBIX Temepb OTHocatcs A, A, (A7),
i S(AN) — min S(AY)
X0 v 7y u min &AMY), ecmn g, = min §(AN) .
B 4acTHOM ciIy4ae MHUHUMAaKCHOU 3a7a9u (54)

cootHoreHus (55)-(58) ynporarorcs u cBoasTcs k mogooHoi (31), (32)
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cucTeMe IEpBBIX IBYX paBeHCTB B (55), rae R, U R, ONpeleistoTcs
ananornuHo R u R, B (31), (32).

AHanoru4HelM ~ 00pa3oM  YCIIOXKHSAIOTCS ~ YacTHbIE  3a/1a4u
ontumuzanmu 1o cpaBHeHHO ¢ (34). Cnenuduyeckas mpobiema

—~(V)
BBIBIICHUSI Xapaktepa pacmpeaencuus (J(z,A ') Ha MHOXecTBe Z U

1 p(Z(N), y) Ha MHOXecTBe A B (48), (49) B memsax peayKuud CHUCTEMBI

paBseHctB Buaa (31), (32) k pacyeTHBIM CUCTEMaM YPaBHEHHN 4acTO MOYKET
OBITH peleHa Ha OCHOBE CBOMCTB pe3ysbTHpytomux coctosauii OPIT s
JICTEPMUHUPOBAHHBIX Mopened oO0beKTa M 0a30BBIX 3aKOHOMEPHOCTEH
MPEIMETHOM 00J1aCTH HCCIIEYEMBIX MporieccoB [8, 13, 14].

4. 3agaya MHOrOKpPHUTEPHAJLHOH ONTHMH3AIMU B YCJIOBHUAX
BO3JeliCTBHS MHOKeCTBEHHBbIX Bo3mymieHuii. Paccmorpum nmamee 3MO

oobextoM (1)-(3) ¢ ampuopu (uKkcHpyeMbIMH 3HaueHHsME Q' M w ero
mapaMeTpu4eckux  xapakTepucTuk B (39) B yCHOBHSAX — HATU4UA
BO3MYILLIEHUH 77(¢) € {771 ®), n, (t)} B (1), (2), paccmaTprBaeMbIX B KayecTBe
HE IIOHOCTBIO OIPEJEIECHHBIX (AKTOPOB Y, =(7,,77,), BCS alpHOpHAs

I/IHq)OpMa]_[I/ISI O KOTOpPBIX HCYEPHBIBACTCA 3aJaHHBIMH TI'paHUIAMUA
JHuarra3oHa uX BO3MOXXHOI'O U3BMCHCHUA:

n(t) € Wy = {0(t) : Qi < 0(E) < M- €[0,67 1} (57)

IIpennonaraercs, 4to orpanudeHus (57) coriacoBanwl ¢ (3) u
COXpaHSIOT YIPaBJISIEMOCTD 00BeKTa o TpeOOBaHUAM,
aHanoruyHbIM (42), (43), rae cieayer 3aMeHUTb Y Ha .

VYcnoBust  HeompeaeneHHocTH  (57)  MOpOXTAIOT  aHCaMOJb
TpaekTopuii nBmxeHus oobekra (1), (2) Buma (41):

O™ (t,) =Ut0( ) e Wyt €[0,1° 13, (58)

OTIHCBHIBAEMBIN BMeCTO (4) cHCTEMON ypaBHEHHIL:
dQn _ 2 A
7 =—H, Qn + kVan (t) + kSnuS (t) + lennl (t) + kSl)1772 (t)’

(59)
kvin = [ 1 (DG, NrMAY 5 ksy, = [ 261D, (NFTIAS(Y).
14 N

[IpuHIKI rapaHTUPOBAHHOTO pe3ysibTaTa (OPMANBHO MPUBOIAUT K
OX00HBIM (42), (43) YaCTHBIM 3a7adaM OITHMHU3AIINH;
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aHanornuHoii (44), (45) 3MO wu oxHOKpuTepHaIbHON Bepcuu (46), rie
JWIIb CIEeXyeT 3aMeHUTh y Ha 77 U A Ha W,. OmHako 5TH 3amauu
CYIIECTBEHHO YCIOXHSIOTCS o CpaBHEHUIO c (47)-(49)
HEOOXOOMMOCTBIO IOMCKAa (YHKIUA MakCHMyMa Ha MHOXECTBE
JONMYCTUMBIX corynacHo (57) Bo3mymenud 7,(?), 7,(¢) ¢ 3apaHee
HEU3BECTHBIM XapaKTEepOM HX U3MEHEHMs BO BpeMeHH. B aToii curyanun
npejuiaraeTcsi paccMaTpuBaTh Takue 3a/ladd B UTPOBOI MOCTaHOBKE B
kayecTBe  aAupepeHurHanbHOH  UTpBl € aHTarOHUCTUYECKUMH
ynpasieHusMu u(t) u 7n(¢t) odonexroMm (59) [16, 17] ¢ nmocnenyromum
peleHneM 1o cxeMe IeTepMuHIpoBaHHbIX 3MO.

B TunuyHOM ciydae MpencTaBIEHHS IOJBIHTEIPAJIbHBIX (YHKIMN
Buga (42) B ¢opMe aaTUTHBHON 3aBHCUMOCTH OT u(¢t) U 77(f) MCKOMBIC

* *
ONTUMAIIFHBIC yTIpaBieHus u (¢), 77 (f) B YaCTHBIX 3ajadaxX YIpPaBJICHUS U

u”(t), n”(t) B onHOKpuTEpHANBHO Bepcui 3MO MOryT GbITh HaifCHBI

u3 YCJIOBI/IP’I CyHI€CTBOBaHUA CCHHOBOﬁ TOYKH UT'PBI:

1, (1),7" (1)) = min max I , (u(6),7(1)) =
ueQ, nem
. — (60)
= max min 1, u(t),7(0); p = 1, q;
nem ueflp

1™ (@.7” (1) = min max [ (u(t). (1)) = max min [(u(t).7(1). (61)

rae obosHayeHnss (), u )y COOTBETCTBYIOT NPHUHATHIM B (42)-(46) ¢

3aMEHOM y Ha 77 .

CHCLII/IaJ'II)Haﬂ (bopMa INpuHIKMIIa MakCMMyMa JJId MUHUMAaKCHBIX
3amaa  (60), (61) [16] c ¢yukoueir IlonTpsruHa Buma (22),
ompenensieMoit s Moaeau oowsekta (59) BMecTo (4), OMATH MO3BOJSACT
NoJ00HO  JETEPMUHUPOBAHHOMY  CIydald  HalTH  3aBHCHMOCTH

ok —kk — ke sk —kk — ek * «
u (O ),Y ), n (Q (),Y (¢)) (u aHamoruyHo ajas u u 7 ), C
MIOMOIIBI0O KOTOPBIX YCTaHABIMBACTCS CTPYKTYpPa MCKOMBIX AJITOPUTMOB
W WX TapaMeTPHUYECKOe MPEIACTaBICHHE C TOYHOCTBIO 10 BEKTOPOB

N
napamerpo AN u Afy ) B urore onsth MOXKeT GBITb OCyIECTBIICHA
mpoueaypa pPeOYKUMH K 3ajade MoNyOeCKOHEYHOW ONTHMHU3ALUU
Buja (24)-(26):
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1=2° (ASIN“),AEZN”)) —  min

() o)
Ny N _ Ny N .
(DE (A(u );ASI ”))_I)I(lgl)/( Q(X’A( )5A£7 n)j_Qc Sgo’ (62)
I, (AS,N“),Af]N”)) I .
/lp(Ale“),AglN”))— e <2, p=1yg,
15 -1, ("0’

KOTOpasi OTIIMYaeTcst 0T (24)-(26) Gonpmmm uyuciom N, + N, HCKOMBIX

HEH3BECTHBIX.

JanpHelmas pemyKITHs 3110 (62) K aHAJOTUYHOMN
JIeTepMUHUpPOBaHHOH cutyarmu dopme (25), (28) (wmm (30) B wacTHOM
ciydae, mofo0HOM (29)), M TOCIeayroliee €€ peIIeHHe MOXET OBITh
BBITMIOJTHEHO II0 CXEME AJLTCPHAHCHOT'O METOJa Ha 63,36 AJIBTCPHAHCHBIX
croiictB (31). AnanmorumusbiM oOpa3oM 1o cxeme, momoOHoU (34)-(38),
MOTYT OBITH PEIICHBI YaCTHBIC 3a7]a4d ONITUMHU3AIMY U HANJICHBI BETHUUHBI

* * * O
Ip(u 7 ) 1% B (62).
HcxonHas 3agaya MHOTOKPUTEPUATBHON ONTUMM3ALUM B YCIOBHAX

JEHCTBUS MHOXECTBEHHBIX BO3MYIICHMH KapAWHAJIBHO YIPOLIAeTCs B
XapaKTepHOM YacTHOM CIy4ae €€ JHHEHHOCTH IO YIpaBICHUIO u(?).

k%
[IpumenuTenbHO K  3TOMYy ciaydalo u (f)  sBIAETCd  KyCOYHO-

MTOCTOSTHHOM (penerHoi) pyHKInel BpeMeHH:

e Upax +U
u (1)=—"—=—00

min +(_l)j+1 Umax —U

2

min
2

(63)
SINCS SN TR AW
DAY <t<Y AN, j=1,N,Af =0,
i=0 i=0
amnpHopy OMPEAEITIEMON C TOYHOCTBIO IO BEKTOpa AiN ) MOMEHTOB ee
(N) . k3%
nepexmoyenus A;'’,i=1,N, nu 1o 3HaKa u Ha IEPBOM HHTEpBaJe
o o Ak
MOCTOSTHCTBA. B Takol CUTyalluu aHTarOHUCTUYECKUW anroput™m 7 (¢)
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3aBeioMo (opMupyeTcsi B MogoOHOM (63) Bue ¢ 0OpaTHBIM 3HAKOM Iepen

muoxHTeneM (—1)7*

o _ T + T 41 T~ T
t — max min _1 J max min
n () 5 D 5

(64)
ZA<N><t<ZA<N>, =N, A{Y) =0.

3nece B(63),(64) N=N,=N,.

5. MmHorokputepuajibHasi 3agada yNOpaBjeHHS] O00BbEKTOM
TeXHOJI0TH4eCcKOM Tennopu3NKH. B KauecTBe IIpuMepa,
HpPECTABIISIONIET0 CaMOCTOSATENIbHBIN HHTEpecC, paccMoTpuUM
MHOTOKPUTEPHAIBHYIO 3a/ady ONTHUMH3AIMK TIpolecca HHAYKIMOHHOTO
HarpeBa  METAJUIMUECKMX  mnoiydalbpukaToB  mepex  oOpabOTKOM
naBneHuem [6-9, 14, 18-22].

Ilycte TtemmeparypHoe moine ((x,f) Tena LIHIMHIPHYECKOH

¢opMBl B Tpolecce HWHAYKIMOHHOTO HarpeBa OINHCHIBACTCS B
3aBUCHUMOCTH OT paadalbHOH KOOPAMHATEI X W BpPEMEHH !
HEOJHOPOJHBIM OJHOMEPHBIM YpPaBHEHHMEM TEIUIONPOBOJHOCTH B
OTHOCHUTENBHBIX enuHunax Buaa (1)-(2) [14]:

+gy (Ouy (1), 0<t<t,0<x<],

00(x,t)  0°0(x,1) L1000
a ol ox

0(x,0) = 0" = const, 0 < x <1 5Q;0J> @Q(l f)
X

+p00,1) = BO°.

3mech 3amannblii kodddumuent S =const >0 omnpenensieT ypoBeHb

TEIIOBBIX HIOTEPh B OKPYKAKOIIYIO Cpey ¢ Temneparypoii Q° Ha BHemHeit
HOBEpXHOCTH LuimuHApa x=1; g,(x) — wu3BecTHas (QyHKIUA

panuaNbHOTO PACIIpeesieH s IEKTPOMAarHUTHBIX NCTOYHUKOB Tetnia [14];
u, (t) — cymMMapHas yJebHas MOLIHOCTb BHYTPEHHETO TEILIOBbIIEICHHUS,

paccMarprBaeMasi B Ka4eCTBE YIPABIIOMIETO BO3ICHCTBUS, CTCCHEHHOTO
orpanndenueM (3):

0<u,(t)<1, 0<t<t,
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U B YCIIOBHSIX MHTEPBAJIBLHOW HeompeneneHHOCTH (39) Bes uHbopMalms o
spauennax O W B HCUEPHBIBACTCA CBEICHHSMH O JMANA30HAX HX

MaKCHMaJIbBHO BO3MOKHOI'O U3MCHCHHU

0 0 0 .
Qmin < Q SQmax’ ﬂmin Sﬂsﬂmax'

[Iycth kadecTBO mpolecca HHAYKIMOHHOTO HarpeBa ¢ ampHoOpH

(DUKCHPYEMOIi THTETEHOCTBIO { OMHCHIBACTCS TPEMS PACCMATPHBACMBIMHU
B  KayeCTBE KPHTCPHEB  ONTHMAJIBHOCTH  THIUYHBIMH  TEXHHKO-
SKOHOMHYECKUMH TT0KazaTessiMi Buaa (7)-(9), XxapakTepu3yOUIMHA Pacxol
sHepruu Ha HarpeB (/;(u,)), morepu Meramna B okamuHy ([,(u,)) u

TOYHOCTh TPHONMKCHUS K 3alaHHOMY KOHEYHOMY TEMIICPaTyPHOMY
cocrosiHMIO (/;(u;,)) , OLIEHMBaEMYIO B paBHOMEpHOI MeTpuke [8, 14]:

*
t

I(u,)= jqut — min ;
0 uy €

L) = [ £3(Q(1,0))dt — min ;
0 uy Q)

0,0L0)<Q,,

for (O(L,1)) =
w@ ©1L,H-0)"", 001,02 O;;

*

t ~ ~
£ ~ . de
Li(uy) = {t_*dt =& u;nglgl_}l},;= 0.

3pece (0, — u3BecTHas TeMIlepaTypHas TIpaHMIA Ipolecca
okucnenus; Q(l,¢) — TeMriepatypa MoBEpXHOCTH HarpeBaeMoOM 3arOTOBKU;
¥ — 3aJlaHHO€ 4MCII0; TpeOyeMas KoHeuHas Temneparypa O, >0, u I

MPE/CTABISETCS B W3BECTHON (hopMe HHTErpanbHOro (yHKIHMOHAIA C
JIOTIOJTHUTEIBHBIME (Da30BBIMUA OTPAHUYCHUSIMH, TJIC Q3 COBITAZAET C f)z
B (44), (45).

COOTBETCTBYIOIIAas MHOTOKpUTCpHAIbHAS 3aada YIPABICHUS C
YYeTOM UHTEPBAIBLHON HEONPEACTICHHOCTH 3HAUCHIH Q0 " [/ TPUBOTUTCS
K BHTY (44)-(45) mpu

y=(0".); A={y:0% <0’ <O Buin < B < P}
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rae Ttemmeparypuoe mome  Q(x,y.t ),x €V =[0,1], upeacrassercs

paznoxenuem (5) B psa mo coOctBeHHbIM (yHKIMsIM beccens HyJIeBoro
nopska ¢, (x) = J, (11,%) [14];

2
S JO (/’lnx) Aok
0(x.y.1") §—+ 0.0

u @n () oIpezieNisieTcs peleHusaMd ypaBHeHuH (4) mpu ug(t)=0 B
3aBHCHMOCTH OT 3HaueHus O°

[Mocnenyromuii mepexox K OAHOKpUTEpUAILHOH Bepcun (46) u
npumeneHue 1o cxeme (21)-(23) cranpapTHOW mponEeqypbl HPHHIUIIA

MakcuMyMa TToHTpsriHa 1ist 1o6oit fomycTiMoit apsl 3Hauenuii (Q°, 4)
]

o *k
OPUBOTUT K HMCKOMOHW 3aBucumoctd u (Q ,¥Y ) is ONTUMAIBHOTO
yrpasieHus B opMe pelieitHoi GyHKIMH BpEMEHU:

%Kk 1 ~ k% ks Kk
u, (z):E 1+ sign| U7+ ky, ¥, (1) ||,

n=1

Ha BCCX UWHTEpBAJIaX H3MCHCHUS OINTHUMAJIbHOMN IporpaMmsbl, TOE€ HE
BBIMIOJIHAETCS TOXIACCTBEHHO PAaBEHCTBO!

o0
~ ke *%
\I]l + szn\Pn (t) = 0’
n=1
u B hopMe 0co00r0 yIpaBiIeHHS U, () Ha TE€X y4acTKax B €€ COCTaBe rac
0 >

MOCJIETHEE COOTHOIICHNE HIMEET MECTO.

MoxHO TmOKazaTh, YTO HWCKOMas ONTHMajbHAas IporpamMMma
JICUCTBUTEIILHO COJCPIKUT OCOOBIC yYaCTKH, Ha KOTOPHIX MHUHHMH3HUPYHOTCS
NOTEpH METaJlIa B OKAJIMHY, CYLLIECTBEHHO YCJIOXKHSIS [POOIeMy OHO3HAYHOTO

BBIOOpA CTPYKTYPHI u;* () Y3 MHOXKECTBA JIOMYCTUMBIX BapyuaHToB [14].

OrpaHnyuMcs Jajee TUIIMYHOW HamOoJiee MPOCTO peaan3yeMon
CUTYyalMel ¢ IporpaMMOi ONTUMANBHOIO ynpasieHus [14]:

,0<t<t;
wy, () = uy (1), t, <t <ty; (65)
0,1, <t<t,

o * vy
KOTOpass Ipu 3adaHHOW BCJIUYHNHE t >t2 COACPKUT CAWHCTBCHHBIN

Y4YacTOK [UIUTENIBHOCTBIO f, —f; C OCOOBIM YyIpaBieHHEM (PUCYHOK la),
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OTIPEICTISIEMBIM B NIEPBOM MPUOIMKECHUH B 3aBUCHMOCTH OT f; H3BECTHOM

HKIMEH u,(Z,¢,) SKCIOHEHIMAIbHOTO BUa [14].
y ollh

us uy uy

1 1 1

, i,
| L=lo: .
0 t t, r*t 0 i 5t 0 t, t=t 1t
a) b) ¢
Q x:ﬁp}. -9, [l

o] ( J o(x.A )—g

£

~min &( 3"35’] 1
d) e

Puc. 1. ba3oBble XapaKTepUCTHKU ONTHMAIBLHOTO TIPOIIEcca: a-c) CTPYKTypa
YIPAaBISIIOIINX BO3IeHCTBHI; d, €) pOpMBI KpUBBIX IIPOCTPAHCTBEHHOTO
pacrpeeneHus. KOHEUHBIX TEMIICPaTyPHBIX COCTOSHUMN B IIpoLecce
MHOTOKPHTEPHAIBEHOH ONTHMH3AINN

B wurore mnpu (QUKCHPOBAHHOI BeTUUMHE { omThManbHOE
ynpaBieHue u  (f) OJHO3HAYHO XapPaKTEPHU3yEeTCs €ro NapamMeTpHuecKuM
IIPEJCTABICHUEM C TOYHOCTBIO N0 BEKTOpaA A(N):A(z):(Afz),A(zz))
rnapaMeTpoB Afz) =1; Agz) ={, — HA4YaJIbHOI'O ¥ KOHEYHOI0O MOMEHTOB
ocoboro yuactka. Ilocienyromee MHTEIpUPOBAHHE MOJAEIH OOBEKTa C
rmapaMeTpU30BaHHBIM yTIpaBIeHHEM uV(A(z),t) obecrieunBaer npu N=2
peaykuuto k 3I10 Bunma (47)-(49) ¢ SBHBIMH BBIPRKEHUSIMH IS
0(z,A?), 1A%y, 1,(A%), I, I), re z=(x,0°p);

Z=[0,1]xA4. TlpumenurenbHo K HauboJiee XapakTepHOW  Jyis
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npunoxenni curyauuu (53), 3110 (47)-(49) cBoguTCST K MUHHUMAaKCHOM
3amaue Buaa (54):

2( ) Z:(Qo,ﬂ)eA Xé[o,l]‘Q( Q ﬂ ) QE‘ A2 (66)

3aKOHOMEPHOCTH HECTALMOHAPHBIX IMPOLECCOB TEIUIONPOBOJHOCTH
MO3BOJISIIOT YCTaHOBHTH IOKa3aHHYI0 Ha pucyHke 1d dopmy kpuBoii

o, QO, ,B,K(z)) [IPOCTPAHCTBEHHOI'O  PAaCIpPElNEICHUs]  KOHEYHOI'O

TEMIIEPATYpPHOTO COCTOSHHS Ha PEUIICHUN K(z) 3amaun (66) [13, 14].

CornacHo pucyHKy ld cucrema mepBbIX IBYX albTEpPHAHCHBIX PaBEHCTB B
(55) mpum Ry =N+1=3 BBIIIOJHACTCS B TpeX  TOYKax

z=(x =0,0) =00, 8 = Brax) - 25 = (x3 €(0,1,05 =00, By = Brin) »

zg = (xg =1, Q3O = Qrgm, B = Prax) U pEoyLUpYyeTCs K pacueTHOU cHCTeMe
YeThIpeX ypaBHEHUH aJlbTePHAHCHOTO METO/a!

(1'Q0 =Q21ax;ﬂ=ﬂmin; 2'QO =Q21in;ﬁ=ﬂmax;
3- lein <QO <Q31ax;ﬂmin <ﬂ<ﬂmax )

Q(O’ Qx(r]lin H ﬁmax >Z(2)) - QL. =—min é(A(Z) );
Q(x(z) ’ Qt?lax ) Bmin ’K(Z)) - Qg = min é( A(Z) );

00,00 B oA ) =0, =-ming(A); “
—(2)
aQ(xg’Qr?mx’Bmin’A ) =0
ox '

Orta cucTeMa pa3pemacTcs W3BECTHBIMUA YWCICHHBIMH METOJaMHU

OTHOCHTEJIHO BCEX YETHIPEX HEU3BECTHBIX MMAPaMETPOB ONTHMAIBHOTO
ne) ~) ) 0

mpouecca A1 =¢, A2 =t, min&(A”) wu x,. Ilocnenymwomee

. —(2)

BBIUMCJICHUE 10 Hal/ICHHOMY YyKa3aHHBIM CIIOCOOOM BEKTOpy A

3HaYeHUH ip(Z(z)) B (49) mpu M3BECTHBIX i;, ]1?

u momoduo (33)
=0 5 <2
BEJINUHMHBI Amin = max 4,(A ) obecrieunBaeT BBIIIOJIHEHHE
p=1,2,3

HepaBeHCTB (49), 3aBepiias pemienue ucexoauoi 310 (47)-(49).
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=%
At onpenenerust [,  HEOOXOLMMO HPEABAPHTEIBHO —PELIMTH

YacTHBIE 3a7]a91 onTUMHU3anuu Buaa (34):

1,(a7], )—)max[ ([A?1,. 0%, 8) > rgln s p=1,2,3;
o’ A,

[
i| gop ’

Ha DJIEMEHTaX [A(z)]p MOJMHOKECTBA {[A(z)]p} c{APre G, 3Ha4YeHUH

@ ([A(Z)] )= max[max ‘Q (xQ B0

€[0,1]

AP =(t,t,). 3necs I , u @, ompenemtiorcs cormacho (42), (43); B

paccMaTprBaeMBIX yCIOBHAX (53) creyeT aHaJIOTHIHBIM 00Pa30M IIPHUHSITH:

&, =min&([A?], )— mm {max ‘Q (x,0°, B.[AP], }
x.00.p

U B TaKOM Ciyd4a€ 4YaCTHBIC 3aJa4yd OITHMH3alUU OIATh CBOIATCA

1107106H0 (66) K MuHEME3aIMH D » ([A%] p)

ollom

d,([a?],)= mex,| max 0,(x.0°. 81471,
Q x€[0,1]

IIpMMEHUTENPHO K KPHUTEPUIO [, MHHUMAIBHBIA PAaCXOJ DHEPTUH

IT JocTuraerca Ipu He(UKCUPYEMOM 3apaHee MOMEHTE t:p, OKOHYaHHMsA

mporecca yIpaBICHUS C pelieiiHoN (opMoil HE Coaepikaliero oco0oro
yuactka anroputma (65) (pucyHok 1b), napaMeTpryecKky MpeaCTaBIsieMOro

B O3THX YCIOBHSX Ha  IOAMHOKECTBE {[A(z) ] p:l} BEKTOPOB
2 2 2
A = (t,0, <t') ,rae {[AP], 3 = A = (4,8,) 1, =1,,,,uy = 0} .
3nech to , COBIIAJIa€T C MMHUMAJIbHBIM BPEMEHEM tmin JIOCTH)KCHUS
TpeOyeMOH BEINIHHBI &£y = min £([A™ 1), ¥ TOT/JIa BCET/1a BBITOIHSCTCS

YCIIOBHE t:pt <t s dukcupyemoro suavenns ¢ [14].

B takom ciydae 3ajepka Hadaia mporecca yIpaBieHHs Ha BpeMs

* * ~%
t —t,, obecIevnBacT MOUCK [; HA MOJAMHOXKECTBE {[A(z)]pzl}. B utore

3aja4ya cBOJMTCS K Buay (68) mpu p=1.

88 Tpyabl CIMIMUPAH. 2018. Bbin.5(60). ISSN 2078-9181 (neuv.), ISSN 2078-9599 (oHnaiiH)
www.proceedings.spiiras.nw.ru



ROBOTICS, AUTOMATION AND CONTROL SYSTEMS

1 *

Ee pemenue A[]z(tlr)pt’tapt) obnagaer mnomoOHBIMH  (67)
aIbTEPHAHCHBIMH CBOWCTBaMH, KOTOpBIE TPH COXpaHEHHH XapakTepa
3aBHCHMOCTH Qp(x,QO, B, Ay or  x,0°,p, mnokasammoro Ha
pucynke 1,d [14], npuBomsaT k aHamormuHou (67) cucreMe ypaBHECHHUH.

—(2) 1 a2
3meck TpeOyeTcsl TOJIBKO 3aMEHUTh A~ pPELICHUEM Al min £(A?) —
3HAYECHUEM miné([A(z)]P=l) U TPENCTaBUTH Ql(x,QO,ﬂ, A" B Buze,

* v vy

OTBEYAIOIEM aJlTOPUTMY yIpaBieHus u, (t) peneiiHol GpopMslL.

N [1 s I =

OCIIeyroLee Beiucenne A mossossieT Haiin [} =1, .
Munumuzanusa [, obecreduBaeTcsi B YCJIOBHAX MaKCHMaJbHOH
*

JUIIUTENIBHOCTH 0Cc000ro y4yacTka npu ¢, =t B (65) (pucyHok lc) [14], u,
CJIC/IOBATEIILHO, B IAaHHOM Clly4yae Oy/leM UMETh:

1A%],00 =18 = (4.1 ) 1y =13,

o *
nmpu QuKCUpyeMOH 3aBeioMO BennuMHe ¢ . B wrore, mnosyuyaem
2) —

OJHOMApaMETPUIECKOe MpeAcTaBIeHre [A7], , =1,.

Takum oOpa3oM, BTOpas yacTHas 3ajada ONTHUMH3AIMH CBOJHUTCS K
Buay (68) mpu p =2 W anbTEpHAHCHBIE CBOiiCTBA ee pemenns AlY = Hopt
cornacHo (55), (56) BBIMONHAIOTCSA Tipu yCIoBusXx N=1, Ry = 2. MoxHO
nmokaszatb aHajormyuo [13, 14], 4ro KoHQUrypanus pacupeneieHus

0O, (x, 0°, B, A™) 1o x B 3aBucumoctu or 3nauennit 0° u S MIPUHUMACT
BUJI, TIOKA3aHHBIN HA PUCYHKE 1€ ¢ JByMsI TOUKaMH aJbTepHAHCAa

0_ (.0 0 _ A0 L0 (0 0 _ A0 _
2 = (xl = O!Q] = Qmin’ﬂl = ﬂmax ) > I = (X2 € (0’1)’Q2 - Qmax ’ﬂZ - ﬂmin )
COOTBETCTBYIOLIAs CUCTEMA TENEPD yIKE TPEX YPABHEHHIT ISl OTPEIEIICHNUS
APl =, ., min &([AP »=2) » M X) BBITISIUT CIEAYIOLIMM OOPasoM:

0,(0,00+ B » AP =0, = —min £([AP] _,);
0, (23,00 s Brnins AP = 0, = min &([AP] _,);

00, (3 O s Buin» A1) _
ox

0.

Ilo  HalineHHBIM  KOpHAM  O3TOH  CHCTEMBbl  BBIUMCIISIETCS
Tk * o *
I, =1,(t,,,t ) Husl 3a1aHHOW BEMYUHBL [ .
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[TpuMeHUTENBHO K KpUTEpUIO [; TOAMHOXECTBO {[A(Z)]p:3}

COBIAJAET CO BCEM JOMYCTHMMbIM MHOXXECTBOM 3HAUYECHUM A®? €G,, u

—(2 ~% [
3ajaua (68) He oTaHuaeTcs ot (66), To ecth AP = A n I, =min HINAP

SHauenus | 2, p=12,3 B (49) Moryr OBITH ONpEACICHHI IO

aNropuTMy, IoJJ00HOMY (38).
Ha pucynke 2 mnpuBefeHbl HEKOTOpPbIE pE3yJbTaThl PEIICHUS

paccMaTpHBacMOM 3ajavyd IpU
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0,00 mpu  p=123: 3(A?)=0.081845  1,(A?)=0.09654;
LAY =0; Ap;, =A°(A?) = max 1,(A?) =4, (A®) =0.09654.
p=1,2,3

6. 3akawuenme. Ilpennaraemple cHnocoObl IOKMCKa IapeTO-
93¢ (}EeKTUBHBIX  pelIeHHH  JIOCTaTOYHO IIUPOKOro  Kpyra  3aaad
MHOTOKPUTEPHATbHONH ONTUMH3ALMH CHCTEM C paclpele’IeHHbIMA
rnapaMerpaMy TapaboIMYecKoro THIIA CBONATCS K IIOCIENOBAaTEIbHO
OCYILECTBIISIEMBIM MPOLEAYPaM MHHHMAKCHOM CBEPTKH HOPMAaIM3YEMBIX
KpUTEpUEB KayecTBa; Iepexoia K HKBHBAJICHTHOW BepcuH B (opme
THUIIOBOM BapHaIllMOHHOW 3a/la4M ¢ OTPaHWYCHHWSMH; TOYHOU (B paMKax
HCCIIEyEeMBIX MoOJeNel) peayKIMH K 3amade MoIyOecKOHEYHOTO
MIPOrpaMMHPOBAHMA IOCIE TapaMETPU3AIUN HCKOMBIX YIIPaBIISIOLUINX
BO3JCHCTBUI U €€ aNrOPUTMHUYECKH TOYHOMY PELICHHIO aJbTePHAHCHBIM
METOZIOM, KOTOPBIH pAacIpoCTpaHsieT Ha paccMaTpuUBaeMble 3aJadyu
HU3BECTHBIE pe3yNbTaThl TEOPHUH HEJINHEUHBIX 4eObIEBCKUX
OpUOJIMKEHUH C CYIIECTBEHHBIM MCIIOJIb30BAHHEM 3aKOHOMEPHOCTEH
MIpeIMETHOM obxnacru. [MonoOHas cXeMa  peaju3oBaHa B
HauOosiee XapakTepHbIX ISl TNPWIOKEHUH  YCJIOBUSAX OLCHKH B
paBHOMEpHOM METpUKE  TpeOOBaHM K  KOHEYHOMY  COCTOSIHHIO
pacnpeneneHHON CHCTEMBI.

PazpaboTanHass MPUMEHHUTENBHO K JETEPMHUHHUPOBAHHBIM MOEISIM
00BEKTa TEXHOJIOTHSI MOKET OBITh pacHpoCTpaHeHa Ha 3a/1auu yIpaBIICHUS
10  TPHUHOWITy  TapaHTUPOBAHHOTO  pe3yiabTaTa  CHUCTEMaMH  C
pacIpeieIeHHBIMH TTapaMeTPaMi ¢ HHTEPBAJIBHBIMU HEOIPEIEICHHOCTIMHA
MapaMeTPUIEeCKAX  XapakTepUCTHK  0O0beKTa ¥ (WIM)  BHEIIHUX
BO3MYIIAOIIKX Bo3aeicTBuil. Ilo cymiecTBy, Takue 3agaud CBOIATCS K
JETepMHUHUPOBAHHOMY BapHaHTy U1 HauOoJjiee HeOIaronpusITHONH U3
BO3MOJKHBIX pealli3alliy HEOpeIeICHHBIX (DaKTOPOB.

[TpuBeneHHBIH TPUMEP WILTIOCTPUPYET KOHCTPYKTHBHBIA XapakTep
npeagaraéMol TEXHOJIOTHH B  YCJOBUSIX HAJMYUS  JOTIOJHUTEIHLHOMN
nHpOpMauK 0 0a30BBIX CBOMCTBAX HCCIEAYEMBIX IPOIECCOB B KaXIOU
OT/EJBHO B3STOH 3a/ja4e MHOTOKPUTEPHAIBEHOTO YIIPaBICHNUSI.
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E.YA. RAPOPORT, YU.E. PLESHIVTSEVA
METHOD OF MULTIOBJECTIVE OPTIMIZATION OF
CONTROLLED SYSTEMS WITH DISTRIBUTED PARAMETERS

Rapoport E.Ya., Pleshivtseva Yu.E. Method of Multiobjective Optimization of Controlled
Systems with Distributed Parameters.

Abstracts. The constructive method for multicriteria optimization of control processes
of deterministic and not fully defined controlled systems with distributed parameters,
described by linear multidimensional parabolic partial differential equations with internal
and boundary control actions, is proposed. The optimization problem is considered when
an uniform approximation accuracy of object’s final state to the required spatial
distribution of controlled function is given. The suggested approach is based on the one-
criterion option in the form of minimax convolution of the normalized quality criteria and
the subsequent transition to the equivalent form of a typical variational problem with
constraints. It is applied to the deterministic model of an object described by an infinite
system of differential equations with respect to time-dependent modes of the controlled
quantity expansion in a series of eigenfunctions of the initial-boundary value problem.
Further procedures for the preliminary parametrization of control actions, based on
analytical optimum conditions and reduction to semi-infinite programming problems,
allow one to find the desired extremals using their Chebyshev properties and fundamental
laws of the domain in typical application conditions of estimating the accuracy of
approaching the object’s final state to the required one in a uniform metric. The obtained
results are extended to the tasks of program control on the principle of guaranteed result by
ensembles of object trajectories under conditions of interval uncertainty of the parametric
characteristics of the distributed system and multiple external disturbances. A
demonstrated example of a multicriteria optimization of an innovation technology of metal
induction heating prior a hot forming is of special interest. The typical optimization criteria
such as energy consumption, metal loss due to scale formation, and heating accuracy are
considered as components of vector optimization criterion.

Key words: multiobjective optimization, system with distributed parameters, semi-infinite
optimization, controlled systems, uniform approximation, alternance method, interval of
uncertainty, principle of guaranteed result.
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JI.A. IBAHOB, M.A. IBAHOBA, b.B. COKOJIOB
AHAJIN3 TEHJIEHIINA N3MEHEHUS IPUHIIUTIOB
YIIPABJIEHUMS NPEAIIPUSTUSAMU B YCJIIOBUSAX PABBUTHUS
TEXHOJIOTUM UHIYCTPHUHU 4.0

Hsanos /].A., Heanosa M.A., Coxonog b.B. AHaIM3 TeHJeHUUH H3MeHEHHMs] NPHHIMIIOB
yIpaB/eHUsl NPeANPUATHIMH B YCJIOBHAX Pa3sBUTHSA TexHoJoruii Huaycrpuu 4.0.

AnHotamusi. OOBEKTaMHM [JaHHOTO HCCICNOBAHHS SBISIOTCS — CYLIECTBYIOIME U
MEepCNEeKTUBHBIE HMH(MOPMALMOHHBIE TEXHOJIOTHH, (HOPMHUPYIOIIME OCHOBY KOHLEMIHMi
«Mupycrpus 4.0» u kubepdusmdaeckux cucreM (KOC), u coorBeTcTByIomuUe NpeIpUsTHs, HA
KOTOPBIX OHM BHEAPSIOTCS. B crarbe B KadecTBE MPHMEPOB TAKUX HPEINPUITHH
paccMaTpUBalOTCsl TPAHCIIOPTHO-JIOTUCTHYECKHE M HPOMBIIUIEHHbIE npennpuarus. Lleas
HCCIIEOBAHUN COCTOMT B aHAIM3¢ BIUSAHHA HMHTEIUICKTYalbHBIX HH()OPMAIHOHHBIX
texnonoruit (VUUT), paspabatbiBacMbix B pamkax mnpoektoB «Uupyctpus 4.0» u
COOTBETCTBYIOIMX KHUOEpHHU3MYECKUX CHUCTEM, HA HM3MEHEHHsS IPUHLMUIIOB M CHOCOO0B
yIpaBIeHHs yKa3aHHBIMH HPEANPHATHAMH B HACTOSIIEe BpeMs U B Ommkaifmem Oymymiem.
B crathe Ha KOHKPETHBIX MPAKTUYECKUX MPHMEPaX IMPOBOIHUTCS HLTIOCTPALUS MPOUCXOSIINX
M3MEHEHUH, BbI3BaHHBIX BHeapeHueM MNUT. AHanu3 nurepatypbl U NPaKTUUECKUX MPUMEPOB
Wunyctpun 4.0 mokasay, yTO Hapsay C pa3BUTHEM HH(MOPMAIMOHHBIX M HMH)XEHEPHBIX
texHonoruit Munyctpum 4.0 B DKOHOMHYECKOW 4YacTH YIIPaBICHUS TPAHCHOPTHO-
JIOTUCTMYECKUMU U TPOMBIIUIEHHBIMH TPEANPHATUSIMU OTCYTCTBYET YETKOE NMOHUMAaHUE M
omucaHue OH3HeC-MOfenel, B paMKaX KOTOPBIX OTU TEXHOJNOTMH MOTYT IPHUMEHSITHCA.
IIpoananu3npoBaHHbIE NPHMEPHl U3 NPAKTUKH MO3BOJLIIOT CHENIATh BBIBOJ, YTO TEXHOJOTHU
Unnyctpun 4.0 1 kubGepdU3HUECKUX CHUCTEM HCMOJIB3YIOTCS KOHTEKCTHO B BHAE JIMILIb
orpaHu4YeHHOro Habopa Toi mwiu uHOH QyHKuuMoHansHOCTH. OCHOBHAs ke uzaes Mumyctpun
4.0 u KOC — co3naHne caMOOpPraHU3YHOLIMXCA M CaMOAJalTUPYIOIIUXCS JUHAMUYECKUX
CETEBBIX CTPYKTYp IIOCTABOK Ha MPOTSHKEHMH BCETO >KU3HEHHOTO LHKIA HU3JAeIud Uit
peanu3anyuy MaKCUMalbHO THOKOTO HHAMBHAYAIbHOTO IPOU3BOACTBA C 3aTPaTaMH MacCOBOTO
NIOTOYHOI'O IIPOM3BOACTBA — HAa JAHHBIH MOMEHT peajln30BaHa JIMIIb B  psae
HCCIIE/I0BATENBCKHX TIPOEKTOB. B cTaThe NpessiokeHa OpUrMHanbHasi HHTEPIPETals CEpBUC-
OpPHEHTHPOBAHHOTO IIOAXOAAa K ONMCAHMIO U pEIICHHIO 3aJad OLECHHBAHUS H BBIOOpa
s¢dexTuBHBIX crTpareruii ucnons3oBaHuss MWUT Ha CcymecTBYIOIIMX M IIEPCIEKTHBHBIX
npennpusaTHixX. JlaHHas uHTEephperanus 6a3upyercst Ha pa3pabaThIBaeMOil aBTOpaMH CTaTbu
TEOPHU yIpPaBJICHUS CTPYKTYPHOH AUHAMUKOI CIOKHBIX OOBEKTOB.

KroueBnle cioBa: kubepdusnueckue cucremsl u « Auayctpus 4.0», HHTEIIEKTyalbHbIE
HH)OPMALOHHBIC ~ TEXHOJNOTHWH, LEMH  IOCTABOK, IMPOMBILUICHHbIC  NPEANPUSITHS,
9 HEeKTUBHOCTH UCIIONB30BAHHS HHOOPMAIIOHHEBIX TEXHOIOTHI

1. BBegenne. B HacTosilmee BpeMsl MBI SBIISIEMCS CBUAETEISIMU
HACTYIUIEHHs] HOBOTO 3Tala HayYHO-TEXHHYECKON PEBOIIOLMH, XapaKTEePH-
3YIOLIEHCS MHTEHCUBHBIM U TIOBCEMECTHBIM CO3JJAHHEM M BHEAPEHHEM HH-
TEPHET-CEPBHUCOB W HOBBIX MH(OPMAIIMOHHBIX TEXHOJOTWH. B ycrnoBmsx,
KOTJ]a Pecypchl IKCTEHCHBHOT'O POCTa 3KOHOMHUKHU 3a CYET HapallMBaHUA
NPOU3BOJICTBA HOBBIX TOBAPOB U YCIYT 3aMEIUISIOTCS, KIIFOYEBbIM (aKTo-
POM JAJIbHEWIIIEro pa3BUTUSI CTAHOBUTCS POcT 3(HeKTHBHOCTH MPOM3BOA-
CTBEHHO-COBITOBBIX MPOLIECCOB, BaXKHAsI POJIb B KOTOPBIX OTBOIMTCS Kak
TPaHCIIOPTHO-JIOTUCTUYECKUM, TaK U COOCTBEHHO NPOMBIIIICHHBIM Ipe-
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npusatusm (TJIT u III1)). [laHHbIe mpoliecChl U CHCTEMBI MIPETEpIeBaOT
MOCTOSIHHBIE M3MEHEHHS, YTO NMPHUBOIUT K IMOSIBICHHIO HOBBIX KOHIEHIIHUN
OpraHM3ali W YIPaBJICHHUS NPOMBIIIICHHBIMH W TPAaHCHOPTHBIMH Tpea-
MIPUSATHSAMH, aJ€KBaTHBIX YPOBHIO Pa3BUTUSl PHIHOYHBIX OTHOIICHWH, WH-
¢dopmanonnsix Texuosorunid (MT) u umxkenepHsix cucteM. CoBpeMeHHas
crynens pazsutus TJIIT u IIIT TpeOyer TOTO, YTO OHM TOIKHBI IPOESKTHPO-
BaThCsl KaK pacrpesieiicHHbIe, YHU(PHUIMPOBAHHbIE U MHOTO(QYHKIIHOHAIb-
HBIE CHCTEMBI C PEKYPCHUBHBIM, CaMONIPOU3BOAAIIMMCS aJallTUBHO 3aMKHY-
TBIM XapaKTEPOM KOMMYTAIIMOHHBIX OTHOIICHNH. B amanTuBHO 3aMKHYTHIX
TJIIT u I popmupyroTcs (CHHTE3UPYIOTCS) TAKHE MEXaHU3MBI HX M30Mpa-
TENFHON 4yBCTBUTENBHOCTH, KOTOPBIE 00ECHIEUNBAIOT OCIA0ICHNE HEXeTa-
TEJIbHBIX BO3IACUCTBUI BHELIHEN CPElbl 32 CUET KOHTYPOB OTPULATEIbHOMN
00paTHOW CBSI3M M YCHJICHHE TOJIE3HBIX BO3AECHUCTBHH (CHTHAJIOB) MO COOT-
BETCTBYIOIINM KaHaJlaM TIOJIOKHUTENbHON oOpatHoit cesizu. B TJIIT u I1I1
JIOJDKHBI OBITh peaM30BaHbl TEXHOJIOTHH YIPABJICHUs, 00OECICUNBAOIIHIE
ru0Kkoe coyeTaHHe MPUHIMIIOB HEPApXUUECKOTO0 M CETEBOTO YIPaBICHUS
MIpU TUHAMHYECKOM CTPYKTYPHO-(YHKIIMOHAIEHOM CHHTE3€ €€ OOJIHKa.
Kpowme Toro, co3nanue nporpaMMHO-MaTeMaTHYECKOTO U MH(POPMAI[IOHHO-
ro obecrieuenns (MO) U COOTBETCTBYIOMIMX IOJICHCTEM JOJDKHO 0azupo-
BaThCs HA KOHIIEIIMK UX CaMOIIOJ00HOTO peKypcHBHOTO moctpoeHus. Ca-
MOIIoJ00He SIBIIETCS OAHUM M3 HEOOXOMMMBIX YCIOBHH >KH3HECIIOCOOHO-
ctu TJII u III. IlpenBapurenbHble UCCAEAOBAHUS MOKA3AJIH, YTO MpPUME-
autensHO TJIIT m III1 camomonoGme mposBIsAeTcs, Tpekae BCEro, depes
KOHLENINIO pa3BUBAIOLICHCS CHUTyallMH, KoTopas Ha (hOpMaIbHO-
MaTEeMaTH4eCKOM YPOBHE OTHCAHUS PEATM3YETCs C TIOMOINBIO 3aJaHus CO-
CTOSIHMM, CTPYKTYPHBIX COCTOSIHMM, MaKpOCOCTOSIHMM, MHOIOCTPYKTYPHBIX
MaKpOCOCTOSIHUH, KJIACCOB 3KBUBAJICHTHBIX CTPYKTYPHBIX COCTOSHUI [ 1-6].

Hawubonee pacnpoctpanennoit ¢popmoit TJIIT u 11 sBisroTes 1ien mo-
craBok (LIIT) [5-6]. Llens mocTaBok (IporiecCHOE TOHUMAaHHE) — 3TO COBOKYII-
HOCTb ITOTOKOB U COOTBETCTBYIOLIUX UM KOONEPAIMOHHBIX U KOOPIUHAIIUOH-
HBIX TIPOLIECCOB MEX/Y Pa3INIHBIMK yJIaCTHUKAMHU IIEIH CO3JaHHS CTOMMOCTH
JUTSL Y/IOBJIETBOPEHUS TpeOOBaHMH MOTpeOUTENel B TOBapax U yCIlyrax.

Hemns nocTaBok (00BEKTHOE MOHHMAHHE) — 3TO COBOKYITHOCTBH Op-
raHu3auui (NpeAnpusTHH-U3rOTOBUTENEH, CKIIagoB, AUCTpHOyTOpoB, 3PL
u 4PL mpoBaiinepoB, SKCIEAUTOPOB, ONTOBOH M PO3HUYHOW TOPTOBIH),
B3aUMO/ICHCTBYIONINX B MaTepUabHbIX, UHAHCOBBIX U MH()OPMAIIMOHHBIX
MOTOKAX, a TAK)KE ITOTOKAX YCIYT OT HCTOYHHKOB MCXOJHOTO CHIPBSI 10 KO-
HEYHOTO MOTPEOUTEIS.

Pa3BuTHe M BUIOM3MEHEHHE TPUHIMUIOB YIpPaBICHHS IEMSIMHU M1OCTa-
BOK MMEET OOBEKTUBHBIE OCHOBBL. [IpeAnochuikaMu NPOUCXOSIINX H3MEHE-
HHUH B TIOXOJaX K OPTaHM3ALMN M YIIPABJICHUIO HETSIMH TOCTaBOK SIBIISIOTCS,
NPEXIIe BCETO, NOSBJICHHE HOBBIX (DOPM KOHKYPEHTHOH OOpHOBI, OCHOBaHHBIX
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Ha cTpaTterndeckoM B3aumopericteum (Collaboration) npeanpusTuii, a Takxke
Bce OosTbIniee IPOHIKHOBEHNE HH(POPMAIIMOHHBIX TEXHOIOTHIA B OM3HEC.

MoIIHBIM CTUMYJIOM CHHTE32 HOBBIX IIOKOJICHMH Lerel mocra-
Bok (LII1) cramm nHTEHCHBHO pa3BHBacMble HHPOPMALIMOHHBIC TEXHOJOTHH H
cootBercTByIoMe nHpopmarmonusle cucreMsl (MC) [7-9]. K umcny ykazan-
HBIX TEXHOJIOTHI MOXKHO, B MEPBYIO OYEPE/lb, OTHECTH: TEXHOIOTHIO COBME-
LIEHHOTO TPOEKTUPOBAHUS; TEXHOJOTHMIO Y/IOBJIECTBOPEHHSI OIpPaHUYCHUIA;
TEXHOJIOTHH PAaIHOYacTOTHOW MACHTU(HKAIINHA W MOOIIbHBIE HHPOPMAIIHOH-
HBIE TEXHOJIOTUH; TEXHOJOTHIO CHCTEMHOTO MOJECIHMPOBAHHS U UHTEIUICKTY-
AIBPHOTO TIPOAKTHBHOTO YTIPABICHHUSA; TEXHOJOTHIO CO3MAHUS OOBEKTHO-
OPHUCHTHPOBAHHBIX M MHTEIJIEKTYaJIbHBIX 0a3 JaHHBIX; TEXHOJOTHIO HHTEN-
JIEKTyaJIbHBIX TeOMH(OPMAIMOHHBIX CHCTEM; TEXHOJIOTHIO TIPOSKTHPOBAHUS 1
NPUMEHEHUsT MHOTOAreHTHBIX M THOPHAHBIX cHUCTeM. Bce mepeuncieHHble
TEXHOJIOTHH TIOJy4YaloT IMPOKYIO MPAKTHYECKYIO pealn3aliio B paMKax Ta-
KUX TJI00ANBHBIX OM3HEC-IPOEKTOB, Kak VHTepHeT Beiei u [IpoMbliueHHbINH
Wntepner, xotopslii acconunpyercst ¢ nporpammoit Uunyctpus 4.0 [10-14].
Hapsiny ¢ yka3aHHBIMH TEXHOJIOTHSIMU HEOOXOIMMO yUHUTHIBATh TAKXKE U TIEp-
CIIEKTUBBI UX JTAJIbHEHINETO Pa3BUTHsL, KOTOpbIE 0a3upyloTCs Ha TeHACHIMAX B
UT cdepe, cBA3aHHBIX € TIEPEXOIOM OT KITACCHYECKHIX BBIYMCIICHUH K alTbTep-
HaTHBHBIM CIOCO0aM OpraHMW3allK BBIYUCIUTEIFHOTO IPOIIecca; ¢ UCHOIb30-
BaHMEM TEXHOJIOTHH aKTHBHBIX OOBEKTOB; OPHUEHTAIMEH Ha MIPHOPUTET MOJIE-
JIeH, a He aJITOPUTMOB; pean3alreil eCTECTBEHHOTO Mapajuiei3Ma BIUHCIIe-
HUIT; TPOAaKTUBHOCTH U caMOOpraHu3anuy Beraucnenuii [10, 15].

[Tpy 5TOM TEXHOJOTHH ITPOAKTUBHOTO MOHUTOPUHTIA U yIPaBIICHHS
TJII u IIII B oTM4Yue OT TPaAULMOHHO HUCIIOIb3YEMOIO Ha MPAKTHKE pPe-
AKTUBHOTO YNPaBJCHUS, OPUEHTHPOBAHHOTO HA ONEPAaTUBHOE pearupona-
HUE W MOCIeIyoNiee HEAOMYIIEHHE HHIIUACHTOB, IPEAIIONaraeT npenoT-
BpallleHHe BO3HUKHOBEHHsS JTAHHBIX WHIMJEHTOB 32 CUET CO3JaHHs B CHU-
CTeMaX MOHHUTOPHMHTA M YINPaBJICHUS NPUHIMIINAIGHO HOBBIX NMPOTHO3H-
PYIOIINX ¥ YHOPEKIAIOMNUX BO3MOKHOCTEH MPH (GOPMHUPOBAHUHU U peajv-
3alliy YNPaBISIOMINX BO3JEHCTBHH, 0a3MPYIONIMXCS HAa KOHIENIUU CH-
CTEMHOT0 (KOMIIJIEKCHOTO) MOJENUPOBaHUs. JJaHHAs KOHIIEIIHs, B CBOIO
ouepenpb, OazupyeTcss Ha MOJIMMOJICIEHOM OIHMCAHMHM COOTBETCTBYIOIIECH
IpeaAMEeTHOH 00JIaCTH, a TaKkXKe NMPUMEHEHHH KOMOMHHUPOBAHHBIX METO-
JIOB, JIFTOPUTMOB U METOAMK JUIsl PELICHUs 3a7a4 MHOTOKPUTEPHAIBLHOTO
OLICHUBAHMS, aHAJIN3a U BBIOOpA HanboJIee NPEANOYTUTEIbHBIX aIbTEPHA-
TUBHBIX yNpaBIeHUECKUX pemieHui [15, 21-23].

B cBsi3u cO cka3aHHBIM BECbMa aKTYaJbHBIMH CTAHOBSATCS BOIIPOCHI
aHaJIM3a BIMSHUS CYIIECTBYIOIIMX M MEPCIEKTHBHBIX WHTEUIEKTYaJbHBIX
nHpopMannoHHbIX TexHonorui (MNUT), momokeHHBIX B OCHOBY IPOEKTOB
Wunycrpus 4.0 1 xubepu3nueckux CHCTEM, Ha OPraHU3alHI0 (YHKIHO-
HUPOBAHUSI TPAHCIIOPTHO-JIOTHCTHYECKHUX U MPOMBIIUICHHBIX NPEANPHATHH.
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2. Mupyctpus 4.0: yeTBepTasi HHAYCTPUAJILHASI PEBOJIIOIHSA.

2.1. DKOHOMHMYECKHII M yNpaBJIeHYeCKUH CMBIC]A KOHUENIUH
HNnpycrpus 4.0. 13 xypca COBpeMEHHON HCTOPUU YEJIOBEUECTBA U3BECT-
HO O TpeX MHAYCTPHAIbHBIX PEBOJIIOLUAX: IIepBas MHIYCTPHAIbHAS pe-
BOJIIOLIMSI IPOM301Ia B KOHIE 18 Beka, Korjna ObUM M300peTeHBl U yCO-
BEPIICHCTBOBAHBI ITAPOBHIC ABUrATENM, 3aMEHHUBIINE PYYHOH TpyA Ma-
LIIMHHBIM ¥ MHOTOKPAaTHO YBEJIMUYWBIIME TEMIIbI IIPOM3BOJCTBA U TPaHC-
MOPTUPOBKHA TponykKmuu; 1863—1947 rr. Ha3BIBAIOT 3MOXON BTOPOH HH-
JyCTpPHAJIbHON PEBOJIOIMH, B OCHOBE KOTOpPOil — m300perenue ['enpu
®opaoM KOHBEHEpPHOW IWHUH, MaccoBas SIEKTPUPUKAIHSI MPOU3BOI-
CTBa, BBI3BABIINE PE3KUH IMOABEM IPOMBIIUIEHHOTO MPOU3BOACTBA U
CHHU3UBIINE CTOMMOCTH T'OTOBOW MNPOIYKIMH, HAIpHUMeEp, aBTOMOOWII,
CZeNaB €€ JOCTYNHOM ISl MacCOBOTO MOKYyHaTesl.

Tperbst uHAYCTpHAIBbHAS peBomoLus Havyanach B 1960 rr. OObdHO
€e Ha3bIBaIOT LU(POBO PEBOIIOLMEH, IIOTOMY YTO 3TO BPeMs HOCIY)KHIIO
HayaJIoM HKCIOJIb30BaHUs MOIynpoBoAHUKOB 1 DBM. Haiue Bpems — sto
NepexoJHbIN nepros. YeTBepTast peBOMIOLUS €Ile HE HACTyNWIa, HO HHHO-
BallMM TPETHEH yXKe JOCTUTIIM CBOETO POMBIIIJICHHOTO Mpeea.

Ha ocHoBaHMM JaHHBIX, KOTOPBIC OBIIM MOJIYYEHBI OT KBaIH(UIM-
poBaHHBIX 3KcrnepToB, Kiayc 11IBab mpenmonaraer, 4To BpeMeHEM Hadaja
YEeTBEPTOH MPOMBIIIICHHON PEBONIONUH MOXHO cuutath 2025 rom [24].
VIMEeHHO B 3TOT IEpHOJI MHOXECTBO IKCIIEPTOB IPEICKA3bIBAIOT MaclITad-
HBIE U3MEHEHHS BO BCEX OTpaciax Hamied »u3HU. OTHO U3 IVIaBHBIX OTIIH-
YUH 3TOM PEBONIOLUH OT OCTAIBHBIX COCTOUT B TOM, YTO U3MEHEHHUs OyayT
MIPOUCXOIUTH CTPEMHUTEIbHBIME Temramu. lIpoiiner Bcero 10 met, u mMup
KapJIUHAIBHO U3MEHUTCS.

UYerBepTylo HMHAYCTpHANbHYIO peBomtonmio win Mumyctpuio 4.0
MOJXKHO OXapaKTepHU30BaTh CICIYIOIUMH OcoOeHHOCTsMH [3, 6, 8, 17-20,
24]: KOMIIIEKCHAs! MHTEJUICKTYaJIM3alnsl ¥ aBTOMATH3AIsI IPON3BOJICTBEH-
HBIX U TPaHCIIOPTHBIX IMPOLECCOB; paanovaCTOTHAA HHGHTHq)HKaHHH JcTa-
nerr (RFID), texHomormueckoro o0opynoBaHusl U poOOTOB, KOTOpasl Ocy-
LIECTBIIAETCS C TIOMOLIBI0 HASHTU(GUIMPYIOIIEil 1 YIPaBIAIOMWEeH 3IeKTpo-
HHUKH; CIHOCOOHOCTh OBICTPO M TMOKO MepeHacTpauBaTh TEXHOJOTHYECKOe
o0opyioBaHue; JeTalu U 000PyI0BAHUE CAMOCTOSITENBHO «I0TOBAPUBAIOT-
Cs» MEXIy co0OH ¢ IMOMOIIBIO CMAapT-CEHCOPOB, KOTZla M Ha KakoM 000py-
JOBaHUH JIOJDKCH MPOU3BOIUTHCS MPOIYKT, 9TOOBI CKOPOCTh U 3P PEKTHB-
HOCTb NPOU3BOICTBA OBIIIM MaKCUMaJIbHBIMU. BO3HHKaeT HOBOE MTOKOJICHHE
smart factories — «yMHBIX paOprk». OCHOBHOE MX OTIMYHE OT Kiaccude-
ckux (Gabpuk, paboTaIOMMX HAa NPUHIUIAX JUHEWHBIX PON3BOJICTBEHHBIX
MIPOIIECCOB, COCTOUT B TOM, YTO BCE NMPOM3BOACTBEHHBIE IIUKIIBI THOKO KOH-
(GUrypupyroTcs B COOTBETCTBHU C 3alpocaMH ITOKyHaTellss M 3arpy3Koit
000pyIoBaHUSA. DTO MOBBIMIAET THOKOCTH, 3((HEeKTUBHYIO 3arpy3Ky U Ipo-
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W3BOJUTENBHOCTh «yMHBIX (aOpuk». [IpoM3BOACTBO HMHIMBHIYaNIU3UPO-
BaHHOM NMPOAYKIMH CTAHOBUTCS PEHTA0CIBHBIM U BO3MOXKHBIM B OTPAaCIIX
MaccoBOTO CEPUHHOTrO MPOM3BOJCTBA, TaKMX KaK aBTOMOOMIIECTPOEHUE,
MaIIMHOCTPOECHHUE, aBUACTPOCHHE U APYTHE.

I'enpu Dopa, ocHOBaTedb OJHOTO M3 KPYIHEHIINX aBTOMOOWIIb-
HBIX KOHIIEPHOB M H/EOJIOT KOHBEHEPHOTO NMPOM3BOJACTBA, TOBOPHII, YTO
MOKYIaTeNlb UMEEeT MPaBO caM BHIOpaTh I[BET CBOETO aBTOMOOWIIS, eciu
3TOT 1BeT Oyzer uepHbIM. COBpEeMEHHAs aBTOMHIYCTPHS TaBHO OTOILIA
OT 3TUX NpUHIMNOB. Ha mepennuii ruiaH BBIXOIAT WHAWBUAYAIN3AIUSL
MIPOAYKIIMK ¥ yIOBJIETBOPEHHE 3ampocoB mokynarens. Mugyctpus 4.0,
OCHOBOHM KOTOPOIl SBJISIOTCS BBICOKOABTOMATU3MPOBAHHBIE U KOMIIbIOTE-
pHU3UpOBaHHbIE ceTeBble (PadpukH, QOKyCHpYyeTCsl TIaBHBIM 00pa3oM Ha
YZIOBJIETBOPEHHH 3aIIPOCOB MOKYMATENsl. Y UEHbIE PACXOASITCS BO MHEHHSIX
0 TOM, 4TO mpexacTasisieT coboit Munycrpus 4.0, u ciexyer a1 roBOpuTh
00 SBOJIFOLIMOHHOM HJIM PEBONIOLMOHHOM IYTH Pa3BUTHS MHIYCTpUAIU-
3auu. CKEeNTUKH CUMTAIOT, 4TO cama TepMmuHoiorus «Unmyctpus 4.0»
MpUAyMaHa MOJUTUKAMH U POOOTOTEXHHKAMHU B MAPKETHHIOBBIX LETSX.
OnHaKo HEJB3sl OTPHULATH TOT (aKT, YTO HAyYHBIE JOCTHKEHUS B 007IacTH
MHUKPO3JIEKTPOHUKH, CCHCOPHKH, POOOTOTEXHUKH, MPOTPaMMHOro obec-
TIEYEHUS U PaJUO0NIIEKTPOHUKH M UX YCIECIIHOE NPUMEHEHUE Ha MPAKTHUKE
CO3JaJIi HOBOE TIOKOJICHHE «YMHBIX (haOpuK».

Amnanoru nporpammsl Muayctpus 4.0 CymecTBYIOT U B Jpyrux
ctpanax: Smart Factory 8 Hunepnangax, Usine du Futur Bo ®panmm, High
Value Manufacturing Catapult B BenukoOpuranuu, Fabbrica del Futuro B
Urammu, «Cuenano B Kurae-2025» u Tomy nogo6Hoe.

B CHIA TOXe€ 3ayMBIBAIOTCS O OYAyIIEM HHAYCTPHATIHHOTO MIPOH3-
BoactBa. B 2014 rogy xommannu General Electric, AT&T, Cisco, IBM u
Intel cosmamn Koncopumym mnpomsinuiennoro uHrepHera (Industrial
Internet Consortium), KOTOPBIi ceroaHs BKItoYaeT yxe 170 dreHoB.

Takum o6pazom, Uuayctpuro 4.0 (unu no-apyromy — Ilponsson-
CTBEHHBII MHTEpHET) MOKHO CUMTATh KIIOYEBBIM, HO Oojiee Y3KHM IIO-
Hstuem, yem Vutepuet Bemeit (Internet of Things), mockonbky nociuen-
HUH 00BEANHSET HE TONBKO 00OPYJOBAaHNE W TPOU3BOJCTBEHHBIE [TUKIIBI
BHYTpPH INpPOU3BOACTBEeHHOW cdepsl, HO U UT BHe ee, kak, Hampumep,
cMapT¢OHBI, yMHBIE Yachl (smart watches), ObITOBbIE IPUOOPBI, «yMHBIE
nomay (smart homes), aBromoOunu [2, 8]. Takoii B3y Ha Muaycrputo
4. 0 ocobenHO nomyJIsipeH B ['epMaHuy, TIOCKOJIBKY 3Ta CTpaHa SIBISIETCS
HE TOJIBKO JIMJIEPOM MHUPOBOW MHAYCTPUH, HO U BEAYIIUM NPOU3BOJHUTE-
JeM 000pyAOBaHUS M NPOTPAaMMHOTO OOECIICHYEHHUs JJIsi aBTOMaTH3HpO-
BaHHBIX NPOM3BOACTBEHHBIX cuUCTeM. llepen cTpaHOW OTKpBIBAIOTCS HE-
OTpaHWYCHHBIE BO3MOXXHOCTU CTaTh IJIaBHBIM IIOCTAaBIIUKOM O3JIEKTPO-
TeXHUKH TSI KyMHBIX (abpuK».
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2.2. Texnojaoruuyeckue ocHoBbl Muaycrpuu 4.0: cmapr-
CeHCOpPbl U MCKYCCTBEHHBIH HMHTeJIeKT. PaccMOTpuUM KiroueBbIE KOM-
TTIOHEHTHI, JIeKalllie B OCHOBE «yMHBIX (hadpuk». Cpeau HUX BaXKHEHIINM
KOMITOHEHTOM ABIIAIOTCH KubOepdmsmueckue cuctemsl (Cyber-Physical
Systems, nanee B Tekcre — K®C). Tepmun «xubepdusndeckue cucre-
MbI» mpemnoxnia B 2006 rogy Xened JKumi, B TO BpeMsi JUPEKTOP 1O
BCTPOEHHBIM U THOPHUIHBIM cucTeMaM B HanponanbHOM Hay4HOM (oHIIE
CIOA, >xenast MOAYEPKHYTh OTINIUTENbHYI0 OCOOCHHOCTh OPTraHW30BaH-
Horo cto cemunapa NSF CPS Workshop. Eii ynanock ynoBuTh 00IIyrO
TEH/ACHIMIO TIEPECMOTPa PONH BCTPOCHHBIX cHcTeM. CormacHo coBpe-
MeHHBIM B3rsiiaM KOC — 3T0 CHCTEMBI, COCTOALINE U3 PA3JIUIHBIX Ma-
TEpPHATbHBIX OOBEKTOB, HMCKYCCTBEHHBIX MOJCHUCTEM W YIIPaBIISIONINX
KOHTPOJUIEPOB, KOTOpPBIE MPENCTaBIAIOT coboii emuHoe 1menoe. B KOC
obecrieunBaeTCsl TECHas! CBA3b M KOOPJAMHALUS MEXIY BHIYMCIUTEIbHBI-
Mu U puznueckumu pecypcamu. Obmnacte neiicteust KOC pacnpocrpans-
eTcsl Ha pOOOTOTEXHUKY, TPAHCIIOPT, SHEPTeTHUKY, YIPABICHHUE POMBIII-
JIEHHBIMH TIPOIIECCAMH M KpYIHBIMH HH(ppacTpykTypamu [3, 19].

Ot cymecTByronmx MexarpoHHbeIx cucteM KOC ormnmyarorcs Haiu-
YHeM MHTEIEKTa (3HAHWH M Mporenyp X (pOpMHpPOBaHHMS, MOMOTHEHHS,
MaHHUITYJIMPOBAaHUS) U CHOCOOHOCTBIO B3aMMOAEHCTBOBATH CO CBOUM OKpY-
KEHHEM; IUIAHUPOBAaTh U aJalTUPOBATH CBOE COOCTBEHHOE MOBEIEHUE CO-
TJIACHO OKPYIKAIOUIMM YCIIOBHUSIM; YYUTHCSI HOBBIM MOJIEIISIM U JIMHUSIM T10-
BeJeHHUs M OBITh camoontumusupyromumucs [13-15, 20]. B mepcnekruse
K®C Oynyr takxke o0iajnarh TaKMMH CBOMCTBaMHM KaK CaMOCO3HaHHE U
MIPOAKTUBHOCTh, CaMOKOH(HUIYPHPOBaHNE, CaMOCOBEPIICHCTBOBAHUE, Ca-
MoJieueHue, camocoxpanenue [13-14, 20].

KirroueBpim B KOC sBisieTcss Momens, UCHOIb3yeMasi B CHCTEME
yIpaBJeHUs, — OT TOT0, KaK OHA COOTHOCHTCS C PEaJbHOCTHIO, 3aBHCHUT
pabotocnocobnocts KOC. PazpaboTka yHUPHUINPOBAHHBIX S3BIKOB OIIH-
CaHHUS Pa3HOPOIHBIX OOBEKTOB IJIS MOCTPOCHHUS Mojeneil ux (pyHKIHo-
HUPOBAHMS, a TAK)KE METOJIOB OLIEHKH KauecTBa ATHX MOJIEIEH SBISIOTCS
Ype3BBIYAWHO aKTyaJbHBIMM HaydHbIMH 3ajadaMu. Hapsany c atum
OospIIOe 3HAUYEHWE IMPHOOpETaeT pa3BUTHE TEOPUHM OLIEHWBAaHUS Kaue-
CTBa MOJIEJIEH U TOJHUMOJIENbHBIX KOMIUIEKCOB, C TEM YTOOBI NOBBICUTH
000CHOBaHHOCTb aBTOMAaTHYECKOTO BHIOOpa MOAENEi CBOEro MOBEIEHHS
camumu KOC [15].

Ha pucynke 1 B xauecTBe nmpumepa npuBesieHa 0000IIEHHAs! CTPYK-
Typa CHCTEMBI YIPABICHUS KU3HEHHBIM IIMKJIOM MEPCIIEKTHBHON CIIOKHON
OPTaHHU3aIOHHO-TEXHUYECKOW CUCTEMBI, B COCTaB KOTOPOH BKITIOUEHBI KaK
CYIIECTBYIOLIME, TaK U mepcrnekTuBHbIe KPC, KOTOpBIE B COUYETAHUH C CO-
OTBETCTBYIOIIMMH OPraHU3alMOHHBIMH CTPYKTYpaMH Y)ke 00pa3yroT couu-
oxunbepdmmueckue cucremsl (CKDC).
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Ha prcyHke 1 pUHSTHI CIEAYyIOIINE YCIOBHBIE COKPAILIEHHs: 3 — 3Ha-
Hust, Y — ynpasienue, /1113 —mnannslie, nagopmanus, 3Hanus, b1, b3 — Oa-
3bl JIAHHBIX, 0a3bl 3HaHWI. J[aHHBI PUCYHOK WIUTIOCTPUPYET, KaK OCHOBHBIE
KOMITOHEHTHI U TexHonorun Uamnyctpun 4.0 B3aMMOIEHCTBYIOT MEXIY COOOM
Ha Pa3IMYHBIX dTalax CO3JaHus ¥ UCIIONB30BAHMS TIEPCIIEKTHBHBIX IIPOU3BOI-
CTBEHHBIX IIPOLIECCOB M CHCTEM (B TOM YHCJIE U NPUMEHHUTENIBHO K OCHOBHBIM
obbekTam ganHoro 063opa — IJII, TIJIC, HIT u cootBercTByrOmIM UC).

Heo0xoquMo MoAYepKHYTh, YTO B HACTOALIEE BPEMs B pe3yibTaTe
MOBCeMECTHOTo BHepeHus Ha npaktuke kak KOC, tak u CKOC mpoucxo-
IHUT DBOJIOLHOHHBIA II€peXo]] OT CYLICCTBYIOLIMX CHCTEM YIIPABJICHUS
xu3HeHHbIM 1ukioM (CY XKI) (3apyOexnbiit ananor — Product Lifecycle
Managemen (PLM) cucremsl) k 6osiee COBEpIICHHONW TEXHOJIOTHH YIIpaB-
nenunst XKL, koropast nonyuuna Hazanue CL2M (Closed Loop Lifecycle
Management — ynpasnenue JKL| ¢ oOpaTHOI CBSI3bI0).

Hosoe noxonerane PLM cuctem (CY XKI[ CTO) mommkHO OBITH CO-
NIPSDKEHO € pacnpeieNieHHBIME 0a3aMy 3HaHUK. B cBs3u ¢ 3TUM B nanbHEi-
IeM TpeycMaTpUBaeTCs pa3paboTka (alanTaIs), BHEIPEHHE U UCTIONB30-
BaHME CIJICTYIOIINX HOBEHIINX MH(OPMAIIMOHHBIX TEXHOJIOTHI M 3JIEMEHTOB
HoBO# CY XII: BcTpamBaeMbIX B W3/EIINE HHTEIUIEKTYaIbHBIX HH(POPMAIT-
OHHBIX CEHCOPOB M NMPUOOPOB (HAIpHUMep, paJuodacToTHEIX MeToKk — RFID
tags, mpuemHrKoB GPS, GSM curranoB), MO3BOJIONINX OCYIIECTBISTH
rJ100abHOE ¥ JIOKATGHOE TO3UIMOHUPOBAHUE M3, TTOJydaTh W Tpe-
BapHUTEIIFHO 00pabaTHIBATh JAHHBIE M HH(POPMAITHIO O COCTOSIHUHN H3/IENHs, a
TaK)Ke CBEJEHUS 0 HEoOXOJUMOM 00beMe ero oOCITy)KMBaHMs; BCTpauBae-
MBIX B HM3/I€JIME MHTEIUIEKTYaJIbHBIX HH()OPMAIIMOHHBIX CEHCOPOB VIS KOH-
TPOJISI TEXHHMYECKOTO COCTOSIHUS M3Jenuid (smart tags), oOecrieuuBarommx
HETpepHIBHOE HAKOIUICHHE M 00pabOTKY JaHHBIX, MH(POPMAIH 1 3HAHUN O
pexxnMax QyHKIHMOHMpoBaHUs u3nenust B Tedenue ero JKLI, a Takxke cBee-
HUH O CTETICHN YJOBJICTBOPEHHOCTH 3aKa3dMKa FOTOBBIM M3JIEJIEM H CO3/ia-
HHS Ha DTOM OCHOBE JIy4IIuX, OpUCHTUPOBAHHBIX HAa 3aKa3unKa U yCTOﬁ'—IHBO
Pa3BHUBAIOIINXCSI W3/ENHUI, TIPOIIECCOB M YCIyT; MOOMIBHBIX TEICKOMMYHH-
KaIlMOHHBIX CHCTEM U CPEJCTB JUIsl OECIIPOBOAHOTO CUMTHIBAHUS M NIEpeAauH
JaHHBIX CO BCTPOEHHBIX B H3JIENIHE MHTEIUIEKTYAIbHBIX MH(OPMAIIMOHHBIX
CEHCOpPOB; MPOrPaMMHOT0 obecrieuenus a1 OecripoBogHoro VHTepHer co-
€IMHEHHs] MOOMJIBHBIX CPEJCTB CUMThIBaHU MHpopManuu ¢ PLM cucrema-
MH B JII000M MecTe MHUpa; IPOrPaMMHOT0 00eCleyeH s, KOTOPOEe MO3BOJIUT
C Y4ETOM pa3rpaHH4eHHs JAOCTyIa paclpesieisiTh JaHHbIe, HHHOPMAIHIO 1
3HaHUS MEXAY CyObeKTaMH YIIpaBJICHHUS B JII000€ BpeMs U B JTI000M MecTe.
Ha 0ase mepednciieHHBIX BO3MOXXKHOCTEH M TEXHOJOTHH HCIOJIB30BAHMS
K®C (xak HOBOTO MOKOJICHHS BCTPOEHHBIX CHCTEM) HapsAy C MPUHIUIIH-
IBHBIM M3MEHEHHEM TexHojoruu yrpasnenus KL msnmenuid mpomcxoasr
TaK{e e MacIITaOHble U3MEHEHUS B OPTaHU3allM{ HCIIOJIb30BAHUS IIPOU3-
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BOJICTBEHHOT'O 00OPYIOBAHHSI, O COCTOSIHUHM KOTOPOTO JUCTAHIIMOHHO TMOITY-
YaroT JaHHBIE W WH(POPMAIIUIO HE TOJIBKO JIIOJH, €r0 SKCIUTyaTHPYIOIIHe, HO
Y TIPOM3BOJMTENH JJAHHOTO 000pynoBaHus. Bee 310 1mo3Boiisier cBoeBpeMeH-
HO ¥ 00OCHOBAaHHO IPOBOJUTH PETIaMEHTHBIC paboThI, MPeICKa3bIBaTh aBa-
pHH, IIPOBOJIUTD IIAHOBBIE NPEAyIpEIUTENIbHbIE PEMOHTHI, 3apaHee MOo/Aro-
TaBJIMBATh 3aMEHY TeX MM WHBIX JeTaNCH.

B P® nannble cuCTEMBI yKe ceiiuac MOJy4YHJId caMoe IIUPOKOE pac-
NPOCTPaHEHUE B PAKETHO-KOCMHUECKOI OTpaciu.

Ha muOTHX coBpeMeHHBIX (habpukax B PD u 3a pybesxom yke cyle-
CTBYeT KOMIIIOTEPU30BaHHOE YIIPaBJIEHHE CTaHKaMU M pOOOTaMH C MOMO-
MIBIO PACIpeNeNICHHOW CeTH KOMITbIOTepOoB. Ha JaHHBII MOMEHT 3Ta TeXHO-
JIOTHSI PaclpOCTPaHsIETCsl Ha HEKOTOPBIX HanOoJiee TEXHUYECKH OCHAIICH-
HBIX 3aBOJIaX B aBTOMOOMJIECTPOCHUH M TIPOU3BOJICTBE MUKPOUYHUIIOB.

Tak, Hampumep, Uil yCTpaHEHHs INPOCTOEB HAa «YMHBIX aBTOMO-
OmIBHBIX (habpHKax» CYIIECTBYIOT YIIPABISIONINE KOMITBIOTEPHI, KOTOPBIC
Ha OCHOBE JIWHAMHYECKOTO CHUTYAIlHOHHOTO PEHICHUS 3a[add TCOPHH pac-
MMMCAaHUN OCYIIECTBILTIOT KOPPEKIINIO IIPOU3BOACTBEHHOTO TUTaHa U TIEpeHa-
MIPABIISAIOT Ky30B K COOTBETCTBYIOIIEMY POOOTY.

ITomoOHBIE 3a1a4M CIIOKHBI KaK C MOJEIEHO-AITOPUTMHUIECKOM, TaK
Y TEXHWYECKON TOYKH 3PEHHUS U MX YCIIEUTHOE PEIICHHE BO3MOXKHO TOJBKO
B Clly4yae, €CJIi COOTBETCTBYIOIIUE JIETANN, pOOOTHI, CTAHKU U 000pyI0Ba-
HHE 00J1a1al0T COCOOHOCTRIO (HOPMHPOBATH W PEATHM30BHIBATH B MPOAK-
TUBHOM PEKUME COOTBETCTBYIOUINE YITPABIAIOIINC BOSHeﬁCTBHﬂ.

[IpoBeneHHBIN aHAM3 TOKa3bIBaeT, YTO B COBPEMEHHBIX YCIOBHSX
JuIs obecrieyeHus TpeOyeMol CTerneHH aBTOHOMHOCTH, Ka4eCTBa M ONepaThB-
HOCTH ympaBiieHUsI npoMbinuieHHbIMU npeanpusitusimu (III1) m cootBert-
CTBYIOIIMMH IIPON3BOACTBeHHBIMH Tporieccamu (IIpIl) HeoOxoanmo pemmTh
CIIeJ[yIOIe OCHOBHBIE HAayYHO-TEXHHYECKHE ITPOOJIEMBI: BO-TIEPBBIX, obec-
TIEYUTHh MOJACITFHO-AJITOPUTMHUYECKOE OIMCAHUE IIPOIECCOB CMBICIIOBOM WH-
TEpIpeTalii BCEX BO3MOXKHBIX INTATHBIX M HEIITATHBIX COCTOSHHUHA WX
(YHKIIMOHHPOBAHUS, ¥ BO-BTOPHIX, Ha 3TOW OCHOBE PEIINTH BECH IEPEUCHB
3a7a4 KOMIUIEKCHOM aBTOMAaTH3alWH ¥ MHTEIUIEKTYaIN3alliy MPOIIECCOB MO-
autopunra u ynpasienus [1I1 u IIpll B pa3snuuHBIX yCIOBUSIX OOCTAaHOBKH.
OpHaxo, K COXaJICHUIO, B TIO/IABITIONIEM OOJIBITITHCTBE CITy4daeB Ha IPAKTHKE
MOHHUTOPHHT, IPOrHO3UPOBAHKE U YIIPABICHUE UX COCTOSHUSIMU B YKA3aHHOM
BBIIIC TPAKTOBKE aBTOMAaTHU3UPOBAH B JIYYHIEM CJIy4yac JIMIIb YaCTUYHO. Kax
MpPaBIJIO, B COBPEMEHHBIX CHCTeMaxX MOHUTOpUHTA U yrpasienus (CMY) 111
n cootBerctBytommu [Ipll omepaTopaM mNpencTaBisieTCs CMbBICIOBas WH-
(opManust TOJILKO O COCTOSIHUSIX MX 3JIEMEHTOB, a HE OOBEKTOB KOHTPOJISI B
LeJIOM. YKa3aHHbIE OOCTOSITENbCTBA TPHUBOJAT K TOMY, YTO MHTErPaJbHYIO
OLICHKY WX COCTOSTHHS Tak jke, Kak M (hOpMHpOBaHUE HEOOXOIMMBIX YIpaB-
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JISIFOLIMX BO3/ICHCTBUI OIepaTophl BHIMOJIHSIIOT B OCHOBHOM BpYYHYI0, 0a3u-
PYACH Ha TeX WM UHBIX BPUCTUYECKUX IPaBHUIIAX.

Otu 3amaun B npoekte Mupyctpus 4.0 mmaHupyeTcs BO3IOKHTb,
HpeXe BCETo, Ha smart-sensors — «yMHbIE CEHCOPbI» M COOTBETCTBYIOIINE
YIIPaBISIFOIIME TIOICUCTEMBl. «YMHBIH CeHCOop» (B OTJIIMYME OT Kiacchye-
CKUX BCTPOEHHBIX CHCTEM) CIIOCOOEH M3MEPSTh MHOTOYHCICHHbBIE (QYHKIIH-
OHAJIFHO CBsI3aHHBIE (PM3MYECKHE MapaMeTpbl. DTH MapaMeTpbl MOTYT Xa-
PaKTEepHU30BaTh B KX/ KOHKPETHBII MOMEHT BPEMEHH COCTOSIHHE 3a-
JaHHOTO 00BeKTa, 00pabaThiBaTh U aHAJIM3UPOBATH MOJYUYCHHbIC TaHHBIC U
WH(POPMANIHIO U OCYIIECTBITE UX MpeoOpa3oBaHUe B MU(PPOBON BHI IS
HocleAyroLel nepeaayy ynpasisiomeMy KomneioTepy. Ha ynpasisitomem
KOMITBIOTEPE OCYIIECTBIACTCS MHTETPALUs JaHHBIX, MH()OPMALUN W 3Ha-
HUM, TOCTYMAIOIIKX OT PacHpeeNeHHON CUCTeMbl YMHbBIX ceHcopoB. KOC
CHCTEMBI BMECTE C KOMIBIOTEPAaMH IMO3BOJISIOT PEAIN30BaTh Ha MPAKTHUKE
TEXHOJIOTHH TOBCEMECTHBIX BBIYMCICHUN M KOMMYHHUKALMH MPU pelIeHUU
3aJja4y aHaJIM3a M CHHTE3a OM3HEC-NIPOLECCOB NPEINPHUIATHA B AMHAMUKE, a
TaKXe 3a]a4 OLEHUBAHUS TaKH MMapaMeTpoB, KaK KadyecTBO, BPEMs, pacxosl
pecypcoB ¥ TOMY O100HOE.

K HacTosiieMy BpeMEHH COBpEMEHHAs Hayka co3lana OoraThlii Me-
TOJIOJIOTHYECKUI U METOAWYECKHI ammapar, KoTopsli Hapsagy ¢ KOC mo-
JKeT OBITh MOJIOKEH B OCHOBY paccMaTpHBaeMbIX TexHosoruii MHTepHeTa
Bewed u [IpomeinienHoro MHTepHEeTa, NO3BOJIAIOMIUN YCIIEIIHO MPEOIO0-
JIeBaTh TPYIHOCTHU, CBSI3aHHBIE C BO3/EHCTBHEM (AKTOPOB CIOXHOCTH B
COBPEMEHHOM MHpe. B OCHOBY 3TOro ammapara 1mojioKeHa MEeXIHCLUILIN-
HapHasi OTpacib CUCTEMHbIX HAYYHbIX 3HaHUN. BOZHUKHOBEHHE CUCTEMHOI
OTpaciy Hay4HBIX 3HAaHUIl SBJISIETCS BEJICHUEM BPEMEHH, TaK Kak Ha JaH-
HOM JTalle pa3BUTHS HAyKH (STare MHTETPALMM HAYYHBIX 3HAHWI) Ha Ie-
penHul miuaH B pa3sBUTUU HAyYHBIX 3HAHMN BBICTYNAET METOJOJOIHUs, Tpe-
Oyromias couetaHus (€IWHCTBA) MPOIECCOB aHANN3a W CHHTE3a IPH H3yde-
HUH CBOWCTB CJIOXKHBIX OOBEKTOB M MPOLECCOB (K YUCTY KOTOPBIX OTHOCST-
csl M paccMarpuBaeMble B ctathe [IpIl) kKak MEeNMOCTHRIX 00pa30BaHUA, CO-
CTOSIIMX U3 B3aUMOCBS3aHHBIX YacTel W 00JIaIa0INX KaueCTBEHHO HOBBI-
MM CBOWCTBAaMHU 10 CPaBHEHHUIO CO CBOMCTBamMM 3THX yacTei. [Ipu sTOM B
HacToslIee BpeMs pedb JOJDKHA MJITH HE O B3aMMHOM IOIVIOIEHHH, a O
B3aUMHOM JIOTIOJTHEHHUH, KOHIIETITYaIbHOM M NACHHOM B3aMMOOOOTalleHNIH,
FapMOHMYHOM M COTJIACOBAHHOM Pa3BUTHHU 0A30BBIX MEXKIUCUHUILIMHAPHBIX
HaIpaBJICHUH, B YHCIIE KOTOPBIX, MPEXE BCETO, BBIICISIIOT TAKUE HAYIHBIC
HarpaBJeHus, Kak WHpOpMaTHKa, 00IIas Teopusi cUcTeM, KnbepHeTnka (B
COBPEMCHHBIX YCIIOBHUIX — HeoKnOepHeTHKa) [23-29].

l'oBopst 0 mocrmeaHeM HayYHOM HAampaBICHUH (HEOKHOEPHETHKA),
MOJYYMBIINM CYIIECTBEHHOE pa3BUTHE B HAIICH CTpaHE M 3a pyOexoM,
CJIelyeT yKa3aTh, YTO OCHOBHBIE HAay4YHbIE HAIPABICHUS HEOKHOEPHETHKU
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CBSI3aHBI C HCCIIEIOBAaHUEM NPOOJIEMAaTHKU YIIPABICHUS CIOKHOCTBIO U Op-
TaHU3ALUHU JIesTeabHOCTH cormokubeppusndyeckux cuctem (CKDC) B yka-
3aHHBIX ycnoBusX (problem of complexity control and management). Cre-
JyeT OTMETHUTh, YTO pacCMaTpUBaeMble B JJAHHOH CTaThe LIEMU IOCTABOK
TOXKE OTHOCATCS K Kiaccy cinoxHbix CKOC.

Oprammsanus ynpasieanss CKOC tpebyer (B oTIH4Une OT yHpasiie-
Hust KOC) npoBeneHnst MeXIUCIMIUIMHAPHBIX HCCIE0BAHUN ¢ MpUBIeYe-
HHEM CIICIMAINCTOB Pa3HBIX CHENNATbHOCTE: SKOHOMHCTOB, OHOIIOTOB,
(PU3MKOB, MaTEMaTHKOB, CHEMAIUCTOB B 00JIACTH KOMITBIOTEPHBIX TEXHO-
noruii. [Ipu 3TOM camo ympaBieHHE B €ro KIACCHYECKOM ITOHMMAaHUH (TO
ecTh peanu3anysi GYHKIUH [IeJIenoIaranusl, TNIaHUPOBAHUs, ONIEPaTUBHOTO
yIIpaBJIeHUs,, MOHUTOPHUHTA, KOHTPOJISl, KOOPAWHAIMYN U T.II.) B TaKUX CH-
cTeMax 0e3 ydeTa 4eloBedecKoro (pakTopa HEBO3MOXKHO, TaK KaK IOBEIE-
Hue (GpyHKIMOHMPOBAHKE) JAaHHBIX CHCTEM CJIa00 MpeacKa3yemo, ¥ Mo3TOo-
My B KOHEYHOM HMTOTE CBOJMTCS K OPraHU3alMH LEICHANPABIEHHOTO (Hop-
MHUPOBaHHS BO30YXKHAIOMINX W TOPMO3SIIUX CTHMYJIOB (YHPaBIISIOIINX
BO3JICHCTBHUII) B MHOTOYHCIICHHBIX KOHTypaxX MPSAMBIX B OOpPaTHBIX CBS3EH,
obyaarommx OOJBIION AMHAMUYECKOW HWHEPIMOHHOCTBIO M TPeOyIOUHMX
MIPOBEJCHUSI MHOTOBAPUAHTHOTO YIPEKAAIOIIETro (MPOAKTUBHOTO) IPOTHO-
3upoBaHus cueHapueB Gpynkunonuposanus CKOC [15, 23].

Baxnas pons B ¢pyaxmmorupoanun CK®C oTBoauTcs mporeccam
HX CaMOOpraHU3aluH, KOTOPYI0 MOKHO TPAaKTOBAaTh KaK MX CIIOCOOHOCTH
YIOPaBIATH PazHOOOpa3HeM CBOMX COCTOSHHH W COCTOSHHN BHEITHEH cpe-
nbl. boppba ¢ pazHOOOpa3ueM BHEIIHeW cpeibl BO3MOYKHA Ha OCHOBE JMHA-
MHYECKOH aJanTaluy CTPYKTYp CHCTEMbl K HM3MEHSIOLUIMMCS YCIOBHAM
¢ynkponupoBanus. CiieyeT IpU3HATh, YTO KOHUENIHS [EHTPaIU30BaH-
HOTO YNIPAaBICHUS C OTPUIATEIHLHON 0OpaTHON CBA3BIO, JIEXKAIIas B OCHOBE
knaccuueckoil kubepnernkn H. Bunepa, B HacTosiiee Bpems HE Bceraa
aJleKBaTHA COBPEMEHHBIM IpoleccaMm ympasieHus [15, 24-26]. B gactHo-
CTH, OHA HE I03BOJISICT ONMUCHIBATH IIOBEJICHUE CIIOXKHBIX PACHpPEIEICHHBIX
CaMOOPIaHU3YIOIUXCA CHCTEM, K 4Hciay KOTopelx oTHociaTca CK®C. B
CBSI3M C 3TUM B KHUTE [28] CUCTEeMaTU3UPOBAHBI METOA0JIOTHUECKHE TTOAXO-
JIbl COBPEMEHHON KHOEpHETHKH, TPUMEHUMbIE K MOJIEITMPOBAHHIO PacIpe-
JIETICHHBIX CaMOOPTaHU3YIOIIMXCSI CUCTEM. DTH MOJXObl B OCHOBHOM Oa-
3MPYIOTCSl HA U3BECTHBIX KOHIICTIIUSAX, PACCMOTPEHHBIX BBIIIE, HO B JIOMOJ-
HEHME K HHUM MPEJOCTaBIIIOT KOHCTPYKTHUBHBIE MEXAHU3MBl OIHMCAHMS
MIPOIIECCOB CaMOPETYJISIIUK ¥ 3BOJIIOLMHY, TIPUMEHUMBIE Ha mpakTuke. [Ipu-
MEpBI, PACCMOTPEHHBIE B KHHUTE, HE HCUEPIIBIBAIOTCSI OMOIOTMYECKUMH CH-
CTEMaMHU, peub UJET MPEexkJe BCEro O CUCTEMAaX €CTECTBEHHOTO MPOMCXOXK-
nernd. [Ipu stom nporecest Baumopeiictsuss CKOC ¢ BHemHeH cpenoit, ¢
OJTHOI1 CTOPOHBI, 00ECIIEYNBAIOT MOIEPKAHUE JUHAMUYECKOT'O PAaBHOBECHUS
CHCTEMBI, a C JPYrOi CTOPOHBI, HanboJIee BayKHBI C TOUYKH 3PCHHUS BHEIIIHE-
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ro HaOmogarens. Jlyisg ommcaHWs TIPOLECCOB B3ammMojehcTBus H.
Hydtyniemi B [28] mcmons3yeT noHATHE aOCTpaKTHOW »HEpTuu (MHpOpMa-
LIMOHHOW 3HEPTHUH), TPUMEHSIS TEPMUH «3IMEPrHs» (KaKk pe3ysbTaT 00beu-
HEHUsI TAKUX MOHATHHA KaK YHEPTUU U AMEPIKEHTHOCTB). MOXHO TOBOPHUTH
0 MOTOKE «3MEPTHM» M3 CUCTEMbI BO BHEIIHIOK CPeAy W 00 0OpaTHOM Io-
Toke. Teneps, omupasce Ha CPOPMYITHPOBAHHBIC TMPUHIIAITEI MOICITHPOBA-
HUS CAMOOPTaHU3YIOIIUXCS CHCTEM, MOKHO MOCTPOUTH OOMIYIO MOJICIBEHYIO
CXEeMy CaMOOpTaHHM3aIHnH, 0000IIAIONIYI0 CXeMY KIIACCHYECKOTO IEHTPAJH-
30BaHHOTO YIIPABJICHUS C 0OPATHOH CBSA3BIO (PUCYHOK 2) [26].

CocrosmHue Cpeabl

CocrosHue
BHPTyaJbHON
cpenpl

CocrosHue
CHCTEMBI

P TToTox «OMEPrum»

TToTox «OMEPTrum» *

Puc. 2. Camoopranuzanus ¢ 00paTHOH CBS3bI0, 3aMBIKaoIIeiics yepe3
BUPTYaJIbHYIO CPeIy

Ha npuBeneHHON cxeMe MOKa3aHO, YTO CHCTEMa HEMOCPEACTBEHHO
B3aMMOJICHCTBYET C HEKOTOPOH aOCTPaKTHOW BHPTYaIbHOHW cpemoil. 3ame-
THM, YTO I[eJICHANpaBJIEHHAs CHCTeMa MOJKET HCIIOJIb30BaTh MOJIENb BHEII-
Hell cpeabl uid (GopMHpOBaHHUS BBIXOJHOIO MOTOKa «dMeprumy». [Ipu pea-
JIM3ALMH CXEMBbI CTPEIIKH 3aMEHSIOTCS (yHKIMOHABHBIMU 3aBUCUMOCTSIMH,
KOTOpbIE B OOLIEM Cilydae MOTYT OBITh ONpeJesieHbl HESBHO, HaIpUMeED,
QITOPUTMUYECKH, B BHJE CHUCTEM alreOpanvyecKux WiIn OOBIKHOBEHHBIX
nuddepeHnanbHbIX YpaBHEHHUH.

OTy MOAEIBHYIO CXEMY MOXKHO HCIIOJIb30BaTh TAKXKE AJS UCCIENO-
BaHUS LIEJICHANIPABICHHBIX BO3ACHCTBUHA HA CaMOOPTraHU3YIOLIYIOCSI CHCTeE-
My, TO €CTb JJIsl IPaBICHUS yKa3aHHOI CUCTEMOIL.

g 3TOro COBOKYIHOCTb XapaKTEPUCTUK BHUPTYaJIbHOW BHEUIHEH
Cpenbl CleAyeT pa3AeluTb Ha IPYINbl PEryJIUpyEeMbIX U HEPETYIHPYEMbIX
XapakTepucTuk. [lanee ynpasisiomue BO3ACHCTBUSI HA CUCTEMY 3aKIIIOYA0T-
Csl B HETOCPEJCTBEHHOM HM3MEHEHUM PEryIMpYyeMbIX XapaKTepucTuk. boiee
TOTO, YIPaBICHUIO MOTYT IOJABEPraThCs M CTPYKTYpHL. B pabotax [15, 29]
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TIPE/ICTABICHbl OCHOBBI YIPAaBJIECHHSl CTPYKTYPHOW JWHAMHKOW CIIOXKHBIX
TEXHIHYECKUX OOBEKTOB, KOTOPBIE MOTYT OBITH MOJI0KEHBI B OCHOBY emie 00-
Jiee MHTEPECHOT0 HayYHOTO HallpaBJICHHs, CBI3aHHOTO C YIPaBJIsieMON caMo-
opranusaiueil. [Ipu 3Tom, TOBOPS O TaHHOM BapHaHTE PEasI3allii MpOoLec-
COB CaMOOpPTraHU3alMH, CIEAYET MOMYEPKHYTh, YTO YIPaBJICHHE B paccMar-
pUBaeMOM cIydae TpaKTyeTcs HE B KIACCHUECKOM (KHOSPHETHIECKOM)
cMeiciie, a Oonee mmpoko. [Ipemnaraercs ynpaBisiTe HE caMHM OOBEKTOM
ympaBieHus (B HaIIeM CITydae IEMSIMH MOCTAaBOK U COOTBETCTBYIOIIMMH HH-
(OpMaLMOHHBIMH CHUCTEMaMH, 00ECTICUUBAIOIINMHU UX d(dexTnBHOE PyHK-
LMOHNPOBAHKE), @ PA3HOOOPa3HeM MOTEHIMAIBHBIX COCTOSHHH, B KOTOPBIX
OH MOXET HaXOAUThCS. JIpyruMu clI0BaMM, B OTIMYHE OT KJIACCHYECKOH ca-
MOOpPTaHU3aLMK B paMKax MpeylaraéMoro Mojaxoja Ha JTare MpUMEHEHHs
LIEJICHAIIPABICHHO W TUHAMHUYECKH (OPMUPYIOTCS (BBIBIIIOTCS) JONOIHH-
TeJIbHBIE CBOWCTBA M XapaKTEPUCTUKK 00bekTa yrpasieHus. K ux uuciay mo-
TYT OTHOCHTBCS TpeOyemasi CTeNIeHb (PYHKIIMOHAIEHON H30BITOYHOCTH B BU/IE
JIOTIOJTHUTENBHBIX I1apaMETPOB, CTPYKTYP, PEXKUMOB (DYHKIIMOHHPOBAHUS,
CUTYallMOHHOE M3MEHEHHE IPAHUIl MEX/Y OOBEKTOM yNPaBIICHUS U BHEITHEH
Cpeloif W T.a1.). DTO MO3BOJIAET CYMIECTBCHHO MOBBICHUTH 3(P(EKTUBHOCTH
MIPOLIECCOB peaM3alliK TPAAUIMOHHON CaMOOpraHU3aliy. ABTOpaMH JaH-
HOM CTaTh¥l NPEIJIOKEHO HECKOJIBKO BapHAaHTOB PEAU3aLUH CIEHAILHOTO
MOJIETbHO-ITOPUTMHIECKOTO M IIPOrPAMMHOTO 00ECIIEYEHHST IPOAKTUBHOTO
yIIpaBieHus CTpyKTypHoi nuHamukod KOC (B ToM 4nciie M 1ensiMu ocra-
BOK), B paMKax KOTOPBIX Ha KOHCTPYKTHBHOM YPOBHE OBIIM MPOJEMOHCTPH-
POBaHbI BO3MOXKHOCTH MPEIAraéMoro Moixo/1a K POBEICHHUIO YIIPaBIIsieMOit
CaMOOpPTaHU3aALNH IPUMEHUTENIFHO K PAa3IMYHBIM BHAAM TEXHHYECKHX CH-
crem. Ha caiire [30] M0OkHO 1I0pOOHO O3HAKOMHUTCSI C IPOEKTaMH M ITyOJIH-
KaIMsIMH aBTOPOB, B KOTOPBIX UCHOJIB30BAIIICH MTPEIOKEHHBIE TIOIXOIBI.

B pesynprare Takux BO3AEHCTBUI ONOCPETOBAHHO, @ UIMEHHO uepes
M3MCHEHHE COCTOSIHHSI CHCTEM, MOTYT M3MEHSATHCSI 3HAUEHHs HEToCpe-
CTBEHHO HEPETYJIUPYEMbIX XapaKTepUCTHK. Kak mpaBuiio, ieiab yrpaBiIeHUs
cucTeMoi (hOpMyJIMpyeTcss HMEHHO B TEPMHUHAX HM3MEHEHHUS YKa3aHHBIX
HeperyJIHpyeMbIX XapaKTepHCTHK BHUPTyaldbHOW cpenapl. Perymmpyemsle
XapaKTEePUCTUKH (BXOJHBIC BO3/ICHCTBUS Ha CHCTEMY) MOXKHO B CBOIO OYe-
pelb pa3lieNuTh Ha JBa Kiacca. 3HAUCHUs XapaKTepUCTHK MEPBOroO Kiacca
HEIIOCPEJICTBEHHO BO3JICHCTBYIOT HA MHOTHE 3JIEMEHTHI CHCTEeMBI. [ 9Ko-
HOMHYECKHX CHUCTEM MPUMEPOM TaKUX XapaKTEPUCTHK MOTYT CIIy>KHTb Be-
JVYMHBI HAJIOTOB, MOUUIMH, aKIM30B U Tak jaaiee. BxojHble BO3JeiCTBHS
BTOPOTO KJIacca BJIUSIIOT HA COCTOSIHUE OHOTO WIJIM HECKOJIBKUX DJIEMEHTOB
cucreMbl. IlocnmencTBust Takux BO3JIEHCTBHI C TEYEHHEM BPEMEHH MOTYT
CKa3bIBaThCSl HA COCTOSIHUM JPYTHX 3JIEMEHTOB 3a CUET B3aHMMOJICHCTBHSA C
y)K€ W3MECHUBIIUMHUCS diieMeHTamMHu. Hanpumep, GaHKpPOTCTBO KpYyIHOTO
MIPEANPHUATHS OKa3bIBACT BIMSIHUE HA €r0 MOCTABIINKOB M KIMEHTOB. Y II0-
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CTaBILMKOB U KJIHEHTOB, B CBOIO OYepellb, MOTYT CYyLIECTBOBaTb CBOU IO-
CTaBIIVMKHU U KIIMEHTBHI, YCIIOBUS IESTEIbHOCTH KOTOPBIX TAKKE U3MEHATCA.

IIponecc U3MEHEHUs COCTOSHMS 3JEMEHTOB CaMOOPraHU3YyIOLIEH-
Csl CUCTEMbI MMEeT NpsMbIe aHAJIOTHUU ¢ mpolueccamu auddysun B xu-
KOCTSIX M raszax, I03TOMY JJISi UX ONHCAHUS MOTYT OBITh HCHOJIb30BaHbBI
HU3BECTHBIE MOJIEIIH.

Crenyer OTMETHTB, YTO Pa3BHBasi KOHIETIIMH KJIACCHUECKOH Kubep-
HeTukn Broporo mopsiaka Poepcrepa, H. HyOtyniemi BBen cnemyromme
KOHCTPYKTHBHBIE OIPEAEICHHS KHOEPHETHUECKUX CHCTEM BBICOKHMX HOPSI-
KOB MCXOAS W3 WX CHOCOOHOCTH K CaMOOpTaHM3allMHu W »Bommorn [28]:
KubepHemuueckas cucmemda nepeo20 NOpsiOka HAXOAUT paBHOBECHE B
YCIIOBHUSX BO3MYIIAIOUINX BO3JCHCTBHI BHEIIHEH Cpenbl, KubepHemuue-
CKas cucmema mopoz2o nopsaOKa HaCTpauBacT BHYTPEHHNUE CTPYKTYPBI JUIs
JIYYIIETO COOTBETCTBUS HAOIIOJAaCMBIM BO3JCHCTBUSM BHEIIHEH CpEAbl B
WHTEpecax YBEIWYEHHs XECTKOCTH CHUCTEMbI (M0 KPUTEPUI0 MHHUMYyMa
HAOJIFOTaCMBIX M3MEHEHHI B CHCTEME); KubepHemuueckue cucmemnl 0ojiee
8bICOKUX NOPAOKOG TIEPECTPAUBAIOT BHEIIHHE CTPYKTYpPHI IS CO3MaHUSA
Oosiee koM(pOPTHOW BHEIIHEW cpelpl. BHENIHUe CTPYKTYphbl IepecTpanBa-
I0TCSL 110 KPUTEPUI0 MAKCHMAJIBHOTO MOTOKA «3MEPrum» (MaKCUMalbHOIO
NepeHoca «IMEPIruu» 4epe3 BHEIIHIOI cpery). s S5KOHOMHYECKUX CH-
CTEM 3TOT KPUTEPHUil MOXKET MPUHUMATH (POpMY MaKCUMH3AIMK 000pOTa.

K HacrosimeMy BpeMEHHU Ha NPAKTUKE MPHUXOANTCS CTAIKHBATHCS C
MHOTOUYHMCIICHHBIMH TPUMEpPaMH peajibHO CYNIECTBYIOIINX KHOepHeTHde-
CKUX CHCTEM PA3JIMYHBIX MOPSAKOB, MOIyYEH PsJl UHTEPECHBIX TEOPETHYE-
CKHUX W NMPAKTUYECKUX PE3YJIBTATOB IPH HCCIEAOBAHUH IPOOJIEM yIpaBiie-
HUA CTpyKTypHOU nuHaMukoi LTI, KoTopble MOKHO MOBCEMECTHO UCIIOJIb-
30BaTh B YCJIOBHSX PACIIMPSIOMICHCS TEXHOJIOTHYECKOH 0a3bl, MpeaocTaB-
nsiemoit mporpammont Munycrpus 4.0 [3, 4, 19].

IIpoBeneM KpaTkuii aHaIM3 TOTO, B KAKOW CTENIEHU NEPEUUCIICHHbIE
Hay4YHO-METOINYECKHEe MOJXO0/bl PeaTH3yI0TCs Ha NMpaKTUKE yKe ceiluac B
pamkax nporpaMmel Manyctpus 4.0.

3. Anaiau3 npakTndeckux npumepos Uuaycrpum 4.0. B npencras-
JICHHBIX Jajiee NMpUMepax MPOWLIIOCTPUPOBAHBI T NPHHIMIHAILHO HOBBIC
BO3MOKHOCTH IO OPraHU3alMU MPOLECCOB YIPABICHHUS, a TAKXKE ONTHUMU3a-
LUH IEMOYeK CO3JAHUs CTOMMOCTH, KOTOPbIE MOSBISIOTCS IIPU BHEAPEHUH B
CYILECTBYIOIIME POM3BOICTBEHHO-JIOTUCTHYECKHE CHCTEMBI HOBBIX HMH(OP-
MAIMOHHBIX TEXHOJIOTHIA, pa3padaTeiBaeMbIX B pamkax Uumyctpun 4.0

3.1. lIpuMep KOMNIAHUM N0 NPOU3BOACTBY MHKpounnos. Komna-
Hust Globalfoundries — w3BecTHBIN B MHpe MPOM3BOIUTEIH MUKPOUHIIOB.
Ha 3aBoze B Jlpe3neHe yxe MPOU3BOAATCS KPEMHUEBBIC MAOBI (Tak HA3bI-
BaeMbIe «Badim»). TpaHCIOpTHPOBKY «Badurein» ocymecTsistor FOUPS —
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«Front Opening Unified Pods», kaxaplii U3 KOTOPHIX MEpeBO3UT A0 25
«Baduieity. OHU MepeIBUTAIOTCS 110 PeNbcaM uepe3 Bce COOpOYHbIe 1exa, a
crielaIbHble pOOOTHI OCYLIECTBIISIIOT NOTPY3KY U pasrpy3Ky «Baduieit» Ha
BCEX JTamax COOPKH, CUMTBHIBAIOT C HUX JJICKTPOHHYIO MH(pOpMAIHIO, Ha
OCHOBE KOTOPOM CaMOCTOSITEIbHO ONPENENAIOT CICAYIOUUI MyHKT Ha3Ha-
YeHHS Ha COOPOYHON JTMHUU TSI KAXKIOH «Ba(IIm.

IIpu 3rom UUT BHeApEeHBI HE TOJIHKO B HCIOIB3yEMBIX POOOTaX, HO
u B camux FOUPS: Ha uX mMoBepXHOCTh HAHECEHBI IEKTPOHHBIE MOIYJIH,
TIepeJaroIie IeHTPATFHOMY KOMITBIOTEpY HH()OPMAIHIO O MECTOHAXOKIe-
HuHU Kaxkgoro u3 FOUPs Ha c6opounoif muHMH. L{[eHTpansHBIii KOMITBIOTED
MOJKET JaTh UM KOMaHIY «IpUIapKOBaThCA» HAa KOHKPETHOM COOpOYHOM
y3J1€ W KOaTh, 9TOOBI M30eXaTh «IIpoOOK» Ha O0COOEHHO 3arpy’KeHHBIX
ydacTKax JHHUHU WIH, HallpUMeEp, MPOIYCTHTh BIiepen Ooiee CpOUHBINA 3a-
Ka3 OT mokymnarens [2-4].

3.2. Ilpumep u3 aBTOMHAYCTpHUH. Benyiye npousBoaurenu aBTo-
MoOuiel, Takue kak KoHuepH «Volkswageny, akTUBHO NPUMEHSIOT TPHH-
uuIel 1 TexHojoruu npoekra Muayctpus 4.0 Ha mpaktuke. OCHOBHBIE
MIPOM3BOICTBEHHBIE MTPOLIECCHI, TAKHE KaK CBapKa, JTaKUPOBKA, MOHTaX KO-
JIeC U CTEKOJI 1aBHO pobotm3upoBansl. Kommanus ycremHo BHenpser MUT
pu cOOpKe JeTaieil: KaKIplii aBTOMOOMIEHBIA Ky30B B MOMEHT IPOU3BO/-
crBa noiy4aer cBoi RFID-umm, Ha KOTOpoM coxpaHeHa MH(pOpPManus o
TOM, KaKUM JIOJDKCH OBITh IIBET aBTOMOOWJIS, KaKyl0 OCHACTKY OH Oyaer
WMETh, KOTJa OJDKEH OBITh M3TOTOBJIEH W Tak manee. «Volkswageny mpu-
MeHseT nnuppoBeie U MHTEPHET-TEXHOIOTHH HE TOJBKO HAa COOCTBEHHBIX
3aBOax, HO M B IeMAxX IocTaBoK. Hampumep, crermansHbiii Big Data
Monitor, co3nannbiii s 3aBoaa Audi B Hemerkom ropoae Kapicpys mos-
BOJIAET B PEKUME PEATbHOTO BPEMEHHU IIPOBOIUTH MOHUTOPUHT JIOTUCTHYE-
CKHUX IMOTOKOB 12 TBICSIY MMOCTABUIMKOB KOMITaHUU. 11 KOMnaHusi, 1 1OCTaB-
MK TOJYYalOT aKTyalbHYI0 MH(OpMaLHMIo 0 3aKa3ax, MOI'yT TOYHO IpO-
THO3UPOBAaTh CIPOC M CPOKH MOCTABOK, COKpallas NpOCTOM 000pYAOBaHUS
U CKJIQJICKHUe 3amackl [2, 7].

3.3. Ilpumep KoOMNAaHUH, OPraHM3ylOIieldl Nenmu MNOCTABOK.
SupplyOn — kommanust, 3aauMaromasics ¢ 2000 roma. co3maHueM eauHON
MHPOPMAIIMOHHON TIIaTGOPMEI B OONACTH YIIPABICHUS LEMSAMHU ITOCTABOK
U Takux KommaHui, kak Bosch, Continental, Siemens, Airbus u apyrue u
UX MOCTaBIMKOB. OCHOBHBIMH KIIEHTAMH KOMITAHUU SIBIISTFOTCS TIPENIpHs-
THS aBHA- © aBTOMOOHJIECTPOCHHS, HIICKTPOHHKH, IPOMBIIIICHHBIE TIPEAPH-
stusi. C MmoMenTa csoero ocHoBaHus B 2000 roxy SupplyOn crana mcnoss3o-
BaTh MH(GOPMALMOHHBIE TEXHOJIOTHH JUIsl B3aMMOJACHCTBHSI KOMIIaHUH C I10-
CTaBIIMKAMH W TPAHCIOPTHBIMH KOMHNaHHsMH (Hampumep, Software—as-a-
service (Saas) 3amonro g0 Toro, kak SaaS u Cloud-computing cramu mory-
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nsipHBIMU B Mupe. Ceronust equHas nHpopManuoHHas iardopma Supply On
o0benuHseT cBbie 12 Thicsd kommanuii B 70 cTpaHax Mupa.

3amaueii SupplyOn siBIIsseTCsS TEpeBOJI LEMH MMOCTABOK B IIM(DPOBYIO
¢bopmy. Hanuare nipo3padHoi ¥ BEICOKOTEXHOJIOTHYHON eIMHON HH(pOopMa-
LMOHHOM MIaTOpMbl — 3aJI0T ycremHoro BHeapenuss Muaycrpun 4. 0 B
nens nocraBok. Supply On paspaborana udpoBoe perieHue it CTaHaap-
THU3UPOBAHHBIX IPOLECCOB Ieneil MOCTaBOK KEJIE3HOJOPOKHBIX KOMIa-
Hul — npunoxkenue RailSupply, mo3Bomstomee oToOpakaTh B 3IEKTPOH-
HOM BHJE TPOILECCH 3aKa30B, TOCTABOK M y4eTa KPYIHBIX X/J IEPEeBO3YH-
KOB M UX KOMITaHUH-KJIHEHTOB [3, 8].

3.4. Adidas: 3D-npunTepbI U NepBLIi pazmep naptun. Kommanus
Anmnnac npezncrasmia B 2015 roxy cBoro «dabpuxy Oymaymero» B ['epma-
Huu (T. AHcOax) — Speed Factory, Ha KOTOpOIl TIiIaHHPYETCS TPOU3BO-
CTBO CHOPTHBHBIX TOBapPOB B MaKCUMAaJIbHO KOPOTKHE CPOKH IO TPUHIIUITY
«pa3mep naptiu = 1». PaHee mo4Tu Bcs MPOMYKIUSI KOMIAHUH ITPOU3BOIM-
nack B Kurae, cpoku OCTaBKM NOTPEOUTENIO COCTABIISUIN B CPEIHEM 3 Me-
csma. Ha Speed Factory akTHBHO IpHMEHSIIOTCSI pOOOTEHI, CIIOCOOHBIE M3r0-
TaBJIUBATh BHICOKO (DYHKIMOHAJIBHYIO MPOAYKIHIO B MAKCUMAJIBHO C)KaThle
CPOKH M 10 MHAWBUAYaJIbHBIM 3akazaM. Ha ¢abpuke B Hemenkom AHcOaxe
paboraer 6 COBpeMEHHBIX eIMHUI] 000PYIOBAHHS: BA3aJIbHAS MAaIIMHA IIPO-
W3BOJUT W3 TOJMMEPHBIX HUTEH BBICOKOKAUYECTBEHHBIM MaTepHan Juis
KPOCCOBOK U TIEPEAAeT €ro Ha Ja3epHYI0 3aKpOHYI0 MallNHY, OIHOBpE-
MeHHO ¢ 3TuM Ha 3D-mpuHTepe m3roTaBImMBacTcs momomrBa. llocmenauit
3Tall MPOU3BOJICTBA — «CBapKay MOJOMIBHI U Bepxa 00yBu. Mcmonbs3oBanue
COBPEMEHHBIX TEXHOJIOTMH NPU NPOU3BOJCTBE O0YBU MO3BOJIMIO MPaKTH-
YeCKU HCKIIFOUUTH HCIOIb30BaHHUE Kiesl, CeaB TOTOBYIO MPOXYKIHUIO 00-
nee skonoruuHoi. Ilens Speed Factory — rubkas u ObIcTpast peakiust Ha
3anpochkl MOTPEOUTENsT M JIOKAIM3alus BOJIM3M OCHOBHBIX IOKYyIaTelNeH,
MIO3BOJISIIOILAST COKPATHTh BPEMsl HAXOXK/IEHHS B IIyTH, CHU3HUTh TPAHCIIOPT-
HBIE PacXoJbl U MOBBICUTh HE3aBUCHMOCTH OT MOCTAaBIIMKOB. J{J1si poms-
BOJICTBA OJIHOM Napsl 00yBH TpeOyeTcst MPUOIN3UTEIHLHO S5 4acoB.

Apromaru3zanus mpousBojcTBa Ha Speed Factory mo3Boimt cosna-
BaTh 3arachl TaM, I7I¢ JOKAJIM30BaHBl OCHOBHBIE MOTpeduTenn. OTKpBITHE
«pabpuku Oymymero» B nexadbpe 2015 roma sBUIOCH BaKHEUIIEH HHHOBA-
Uel I KOMITAaHWK AIMIac ¥ MO3BOJIMIIO 33 CUET CO3MAHHSI aBTOMATH3H-
POBaHHOTO, NELEHTPATU30BAHHOIO M THOKOTO MPOW3BOJCTBA HM3TOTaBIIH-
BaTh WHIVBHIYAJIN3UPOBAHHBIC CIIOPTHBHBIE TOBAPHI BBICOKOTO KadecTBa,
Haxo/sICh BOIM3HM OCHOBHOTO pBIHKA B EBpoIe, CHIKasi TPaHCIIOPTHBIC 3a-
TpaThl ¥ MOBBIIIAs YKOJIOTHYHOCTh TOTOBOU MPOIyKIUH [9, 16].

3.5. Amazon Robotics: Uugycrpust 4.0 B 1McTpHOYLIMOHHOMH JIO-
ructuke. J[ucTpuOyIMOHHBIE [IEHTPBI CErOJIHS CTAIKHUBAIOTCS C HEOOXOAHU-
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MOCTBIO YHPaBJIATH BO3paCTarOIIMMHU IMOTOKaAMU TOBApOB, YBCIMYHBAIOIN-
MHCsl 00beMaMu MH(POPMAIMU, PUCKaMH U OXKUAAHUSIMU JIPYTUX yYaCTHHU-
KOB 1lenn nocTaBok. Bueapenne Unnycrpun 4.0 B aucTprOyIMOHHbIE LIEH-
TPl MOKET MOBBICUTH TMOKOCTb ITPH BBINOJIHEHHUH Olepalnii, CHU3HUTH Olle-
palvoHHBIE 3aTpaThl, aBTOMATH3MPOBAaTh IPOLECCHl U, KaK CIEJICTBHUE,
o0ecTeunTh SKOHOMHYECKHH POCT.

Texnonoruu, npumensemsle B Muayctpun 4.0, No3BOISIOT co3ia-
BaTh MOJTHOCTHIO POOOTH3NPOBAHHBIE «YMHBIE» JUCTPUOYIMOHHBIE IIEHTPHI,
00BEANHSS WHTEIUICKTyalIbHbIE BO3MOKHOCTH CYIIECTBYIOIINX M MEPCIIEK-
TUBHBIX TIPOU3BOACTBEHHBIX PO000TOB. Crieruduka TUCTPUOYIIMOHHBIX IEH-
TPOB 3aKJI0YAETCS B TOM, YTO B OTJINYHUE OT (abpHK CO COOPOYHBIMH JIMHHU-
AMH U [I€XaMU PeIleHHs ATl JUCTPUOYIHMOHHBIX LIEHTPOB B cdepe MHTEN-
JIEKTYaJIbHOTO MPOAKTHBHOTO MOHHUTOPHHTA U YIPABICHUS JIOJDKHBI OBITH
60.]166 THOKUMM U BBICOKOTEXHOJIOTUYHBIMHM. DTO BBI3BAHO KOJIOCCAJIHLHBIM
ACCOPTUMEHTOM TOBApOB, MOCTYMAIOIIMM B KPYMHBIE AUCTPUOYIIMOHHBIE
HCHTPBLI, TIOCTOAHHO MECHAIOIIUMCS CIIPOCOM U OKHUJAHUAMU APYTUX YyUaCT-
HUKOB LIENH MOCTaBOK. TpaHCIIOPTHPOBKA TOBAapOB B KPYITHBIX JUCTPUOY-
LUOHHBIX IIEHTPax OCYIIECTBISIETCS aBTOMAaTH3UPOBAHHBIMH pOOOTAMH-
norpy3unkamMu (AGV), mepeaBHUTaomuxcs 1Mo CKJIAAy C UCIIOJIb30BaHUEM
JIOKAJIBbHBIX HaBUTaMOHHBIX YCTPOWCTB, 00ECIEYMBAIOIINX UX TOYHOE TI0-
3unroHupoBaHre. COBpEMEHHbBIE CEHCOPHBIE TEXHOJIOTHH IIO3BOJISIOT PO-
060TaM CaMOCTOSTEIBHO BHIOMPATh ONTHMAIBHBIN MapHIpyT, KOPPEKTHPO-
BaTh 33Jaull W B3aMMOJCHCTBOBAThH C JApyruMu poboramu. Paccmorpmm
TpuMep aMepuKaHCKOW KoMmmaHuu Amazon Robotics, kpymHelmero mpo-
U3BOJUTEIS pOOOTU3UPOBAHHBIX CHCTEM.

Amazon Robotics paspaboraia poOOTOB I MEPEABIIKCHHS CTE-
Jaykel He3aBUCUMO OT pa3Mepa MPOIYKTOB U OPM UX pa3MELICHUs B CTEl-
nakax. POOOTHI ynpaBisitoTCs LIEHTPAIM30BaHHO Ha OCHOBE OECIIPOBOIHBIX
texHosorui. IlepenBmkeHus ocHoBaHbl Ha uTeHHe QR-k0omOB Ha mOIy
CKJIJICKOTO KOMILIeKca. POOOTHI sIBJIAIOTCSI 00y4aeMbIMU U CaMOaJanTHpy-
€MBIMH 3JIEMEHTaMH CHUCTEMBI YNPAaBJICHUS CKJIQJ0M, 00anas K TOMY JKe
CIIOCOOHOCTBIO K KOMMYHHKaIMK JIpyr ¢ Apyrom. [lo cocrosHuro Ha BTO-
pyro nonoBuny 2015, Amazon ucnomns3yet 6osee 30000 po6oto B 13 muc-
TPUOYIIMOHHBIX LIEHTPAX, YTO TO3BOJMIO KOMIIAHHH CYHIECTBEHHO YCKO-
PUTH BHYTPHUCKIIAJCKHAE OTEPALNH M COKPATUTh YNCIIO OMIMOOYHBIX YIpaB-
JIeHYeCcKHX perrenuii [4, 17, 18].

4. AHa/M3 OCHOBHBIX HampasJjeHuil BiausitHus Muaycrpun 4.0 Ha
H3MEHeHHs] MPUHLHUINOB YNPaBJeHUs LeNsiMH NMocTaBok. [IpoBeneHHBIN
aHanmM3 pe3yJbTaTOB BHeApeHus TexHonoruid Muayctpuu 4.0 mokasbiBaer,
YTO TPENIPHUATHS Pa3IMYHBIX (OPM COOCTBEHHOCTH, IPEAIOJararolme
BHEIPCHUC YKa3aHHBIX TeXHOJ’IOFHﬁ, JOJI’KHBI 6I)ITB XOpOIIO MOATOTOBJICHBI K
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YKa3aHHBIM IIPOIECCaM KaK B OpraHHU3allUOHHO-TEXHUYCCKOM, TaK U q)HHaH-
COBO-9KOHOMHYECKOM Iu1aHe. [Ipu 3TOM TOJNBKO KOMIUIEKCHAs aBTOMarh3a-
s, uHopMaTH3alMs W HHTEIUIEKTyalu3alus OCHOBHBIX TEXHOJOTHH
¢ynxumonupoanuss TJIIT u IIIT Oynmer oOecnieunBaTh rapaHTHPOBaHHBIN
poct 00opoTa, THOKOCTH TPOU3BOJCTBA, NPOM3BOJUTEILHOCTH U B IEJIOM
3¢ (eKTHBHOCTH KOMIIAHHH, BXOSIIIUX B COCTAB YKAa3aHHBIX II€NEH ITOCTABOK.

OpHako BHeApeHHE U UCHONb30BaHUe TexHonoruid Munyctpuu 4.0 n
KHOEepPU3UIECKUX CHCTEM OyIeT MPOXOJUTE B YCIOBUSX BIMSHUS PA3IMIHO-
TO poja HEONpeIeeHHBIX (haKTOPOB (BO3MYILAIOIINX BO3ACHCTBHIT). JTO B
KOHEYHOM HTOTe OyJeT IPUBOIUTH K CUTYaIlMsIM IPHHATHS YIPaBICHUECKUX
pewenuii B TJIIT u II1 B ycnoBusX pucka U HEONPEAEICHHOCTU. Y Ka3aHHbIE
(akTopbI YCIOBHO MOXKHO Pa3/ieluTh Ha TpU Oombline kinacca [5]: unaudde-
PpeHTHBIE HeolpeaeneHHbIe (HaKTOpbl (BOMYIIAONIE BO3ISHCTBHA | THIIA);
HeJIeHalpaBJIeHHbIE Heonpe/eeHHble (akTopbl (BO3MYIIAIONINE BO3JICH-
cTBUsl 2 THMA); (aKToOphl, CBSI3aHHBIE C HEONPEACICHHOCTHIO LIeNei CyOBhek-
ToB, yuacTHuKoB TJIIT u I1I1 (Bo3Mymiaronyie Bo3neHcTBysA 3 THIA).

WNumuddepentasie HeonpeneneHHble (GakToOpbl, WIN HO-IPYroMy He-
OTIPENIeNICHHOCTh BO3ACHCTBHH TPHPOJBI, XapaKTEpU3yeT OrPaHHYeHHOCTh
HalIMX 3HaHUH 00 M3y4aeMbIX M MCHOJIL3YeMBIX 00BeKTax. B aTnx ciyyasx,
KaK MpPaBUIIO, HEN3BECTHBIE (DAKTOPHI MPEICTABISIOT COOOH OOBIYHBIE OOBEK-
TBI U3YYEHHSI TEOPHU BEPOSITHOCTH, MATEMATHIECKON CTaTUCTHKH, B TIOCIIE-
HEe BpeMsI TEOpPUH HEYETKNX MHOXKeCTB. [Ipu 3TOM mpenmnonaraercs, 9To Be-
POSITHOCTHO-CTaTHCTHIECKHE XapaKTEPUCTHKH 3THX (PAaKTOPOB M3BECTHBI MITH
MIOTEHIMAIBHO MOTYT OBITH IOJYYEHbI OT SKCIIEPTOB B BHIE COOTBETCTBYIO-
mux QyHKIMI npuHauIexKHOCTH. ClienyeT OTMETHTD, YTO BO MHOTHX CITyd4a-
AX HEBO3MOYKHO MAaTEMaTHYECKOE ONMCAHHE CTENEHM BIIMSIHUS Pa3IMYHBIX
(bakTOpOB Ha MpoLEcC MOCTIKEHHS IIeNieH, CTOSIIMX Iepell Y4aCTHUKAMH
TJIIT u II1, 1160 e 3TO onucanue OyIET CACIAHO C HEAOCTATOUYHON CTere-
HBIO TOYHOCTH M JIOCTOBEPHOCTH. DTO CBSI3aHO C TEM, YTO HPOLECCHI B pe-
anbHbIX TJIIT u I, kak npaBuso, HOCAT HEMOBTOPSAIOIIMICS, HECTALIMOHAP-
HBII XapakTep, a TaKKe C OTCYTCTBHEM WIIM HETOJHOTONH HEOOXOIMMOH pe-
TPOCHEKTHBHOH CTaTUCTUUECKOW MH(OPMAIIHH.

HeompenenenHocTb, BBI3BaHHAS ~ JAEATENBHOCTBIO  KOHKYpEH-
TOB (TN00 KaKWX-TO APYTUX YIACTHUKOB PHIHOYHBIX OTHOIICHHIT) 00Y-
CJIOBJIEHA aKTUBHOCTBIO areHTOB (IPEANPHUATHII) U eHTpa (opraHa Koop-
muHarw TJIT u III1) u ux npeanmoyreHnsamu (MHTepecaMu). AHAIHA3 He-
OTIPENICJICHHOCTH ACHCTBHH KOHKYPEHTOB 0Oa3mpyeTcsi Ha MYJIbTHAreHT-
HBIX CHCTEMaX, HI'POBBIX MOJENAX, METOJE HEYETKOH JIOTHKH. B maHHBIX
NOJX0/IaX Pealn3yloTCs MPUHIHUIBI YIPABICHUS KOH(PIUKTAMH, a TaKKe
yueTa TaK Ha3bIBAEMBIX «MATKUX» TPYIHO (OopMaiu3yembiX (akTOpoB,
TaKuX KaK JJOBEpHe, penyTalys U TaK Jajee.
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HeonpeneneHHoCTh 1i€N1el, WM UHBIMU CJIOBAMH — MHOTOKPUTEPU-
QIBHOCTb, CBSI3aHA C HEBO3MOXKHOCTBIO OIHO3HAYHOTO (HOPMYIIHPOBAHUS
LEM U YCJIOBHUSA COOTBETCTBYIOIIMX 3aJad IJIAHUPOBAHUS U YIPaBJICHUS
TJIIT n [I1. JIns pemeHns MHOTOKPUTEPHAIBHBIX 3a/1a4 OOJIBIION pa3Mep-
HOCTH C HEOOXOAMMOIl OIEPaTUBHOCTHIO B HACTOSILEE BpeMsl HIMPOKO HC-
MONB3YIOTCSI HEMpOHHBIE CETH, TreHeThuyeckue anroputMel, ACO-
ITOPUTMBI, MyJIbTHAT€HTHBIC CHCTEMBI.

B menmom mist 000OCHOBaHHOH peanmu3alii paHee IEePEUNCIICHHBIX
MHTEIJIEKTYaIbHBIX MH(GOPMAIIMOHHBIX TEXHOJOTHH, COCTABIIONMX 0a3y
nporpammbl Uanycrpus 4.0. B cymecTByromux u nepcnekTuBHbX TJIT n
IIIT mpexacrapnsieTcs 1eseco00pa3HBIM POBOANTH COOTBETCTBYIOIIEE KOM-
IUIEKCHOE MOJETMPOBAHME U AaHAIW3 PA3IMYHBIX CIIEHApHEB BHEIPCHUS U
WCIIOJIb30BAHUS JAHHBIX TEXHOJIOTHH.

Kpatko octaHoBHMCS emie Ha OJHOM BechbMa Ba)XKHOM BOIpOCE,
MMEIOIIEM HENOCPEICTBEHHOE OTHOLICHUE K MpoOiieMe MPOAaKTHBHOTO MO-
Hutopunra u ynpasienust TJIIT u I1I1, a uMeHHO Ha npobiIeMe MHOTOKpPH-
TEpUANBbHOI0 KOJUYECTBEHHOIO OLEHMBAaHUSA M aHanu3a BknajgoB MUT B
OCHOBHYIO J€SATEIBHOCTh NPEINPHUATHH (PUPM), N3 KOTOPBIX (OPMUPYIOTCS
yKa3aHHBIC NIPEeIPUATHS.

[Tpu sToM Bo3bMeM coBpemeHHbIe nenu nocraBok (L) B kauectse
nprMepa, 0OBEANHSIONIETO TOAXO/AbI, UCIIOIb3YEMbIe NPU OLCHUBAHUHM U
anamuse BkianoB MUT xak B gestensrocts TJII, Tak u III1. Conepxanue
MHOTOUYHCIICHHBIX ITyONMKaIMi 10 JaHHOM TeME MOKa3bIBaCT, YTO, K COXKa-
JICHUIO, HA JAHHBII MOMEHT BPEMEHH HET KOPPEKTHBIX METOJMK, MO3BOJIS-
IOLIMX YCTAHOBUTH OJJHO3HAYHYIO CBA3b MEKIY IOBBIIIEHUEM IPOU3BOIH-
tenpHocTH UUT 1 napopmanmonnsix cuctem (MC) u yBennueHnem 10X0/-
HOCTH W TpHOBUILHOCTH OM3HEca B COOTBETCTBYIOIIEH oOpraHu3anuu (B
HameM ciydae B L{IT). Tak mpuMEHHUTEIBHO K OLCHUBAHUIO 3(DHEeKTUBHOCTH
YyipaBJICHUA ]_lH HeO6XOIll/IMO MMOHUMAThb, 4YTO LECJIU, KOTOPLIC CTABATCS I1€-
pex ympaBlIeHHEM LEIsIMH IOCTaBOK (HampHMep, YPOBEHb CepBUCA WIH
MIpUOBLTL) CBSA3aHBI C TaK HA3bIBAEMOW NMOTEHIMAIBHON 3((EKTHBHOCTHIO.
Peanpnas xe adexTrBHOCTD peanusyercst yepes ycroiunsocts LII1. Tlo-
9TOMY, Hapsay ¢ 3KoHoMmH4eckoi s pextuBHOCTBIO LI1, Oonbmioe 3Haue-
HHUE NPU KOMIUICKCHOM OLICHWBAaHWU M BBIOOpE 3(P(PEKTHUBHBIX cTpaTerui
ynpasnerust LI1 B anHaMudeckn H3MEHSIOMIEHCS OOCTaHOBKE SIBIISETCS
obecrieueHne nx 0€30MacHOCTH M yCTOHUMBOCTH. Kak mokas3pIBaeT MpakTH-
Ka, HaOmomaeTcs 3HAYUTENBHOE CHIDKEHHE SKOHOMHYECKHX 3(PQEKTOB
ynpasinienus LI BcieacTsue noBpekaeHU rpy30B, KOJIJIAIICOB TPAHCIOPT-
HBIX CHUCTEM, HapylICHH B (DMHAHCOBBIX ITOTOKAX, & TAKIKE HEJIOCTATOUHOMN
koopauHaiuu B LIT (konebanusi cripoca, HECOOTBETCTBUSI 00BEMOB TIPOU3-
BOJICTBA U 3aKyIOK U T.1.). COBpeMeHHO TeHIeHIIuel moHnManus 3ddex-
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tuBHOCTH LI sBNsSIeTCS Takoe MX MPOEKTUPOBAHME YIpaBIEHUE, KOTOPHIE
Obl XapaKTepU30BAINCH BBICOKUM YPOBHEM 3KOHOMHYECKOH 3(h(eKTHBHO-
CTH ¥ HEOOXOANMBIM YPOBHEM yYCTOWYHMBOCTH. B OCHOBY COOTBETCTBYIOLIHX
pacueroB nokazareineit apdexruBHocTH ynpasnenus L1 noxoxeHs! ob1e-
n3BectHble SCOR-Mozeny, a Takke METOUKU MX HCIIOJIb30BaHMs, KOTOphIE
npeacTaBieHbl B padorax [1, 5, 9], a takke Ha caiitax Supply Chain
Council (www.supply-chain.org u supply-chain.ru). OmHako B yCIOBHIX
IIMPOKOMACIITAOHOTO IH(PPOBOTO TPOU3BOACTBA U IH(PPOBHIX IKOHOMHK,
JTAaHHBIC MOJIEJTH JIOJDKHBI OBITH JTOMIOJTHEHBI MOJEISIMH, C ITOMOIIBI0 KOTO-
PBIX YyUHTHIBATIHCH 3 deKThl, co3naBaembie UNT B paMkax WX moBceMecT-
HOTO0 ucmojb30oBanus B 1II1.

AHanu3 Nokas3bIBaeT, YTO B Pa3HBIX MPEAMETHBIX OOJACTSIX CyIle-
CTBYIOT OT/CNIbHBIC YACTHBIC METOAMKHM OLICHWBAHMSA KaK Ha Makpo, TaK U
Ha MHUKpoypoBHe 3¢ dexruBHocTr BHeapenust UUT, B ToMm unciie U TexXHo-
soruit ynpasneHus xusHeHHbIM nukioM (OKII) (PLM texnomormii) mpo-
MbinuieHHbIX npeanpustuii (I1I1) u TpaHCIOPTHO-TOTHCTUYECKUX KOMIIa-
wuii (TJIK) [1, 5]. /laHHBIE METOAMKH B CBOEM OOJBIIMHCTBE 0a3HPYIOTCS
Ha MeTooJIornK (yHKIMOHAIbHO-cToMMocTHOTo aHanmu3a (DPCA). ['oBops
o pomu ®CA npu pemenun mpobiem ympaenenus XKL uzmenuit ¢ nensio
TIOBBIMICHUS] MX KadecTBa M MCIOJB30BaHUS cooTBeTcTByonmx PLM cu-
cTeM 11 MH()OPMALMOHHOH TOIIEP)KKN NPUHATHS PEIIeHHH, He00X0IMMO
OTMETHUTH, YTO B HACTOSIIEE BpeMs OM3HEC U TOCYapCTBO TOTOBBI OIJIAYH-
BaTh POBHO CTOJBKO MH(OPMAIIMOHHBIX PECYPCOB, CKOJIBKO MM HEOOXOIH-
MO JAJIsl OPTaHU3ALNH YIIPABICHIECKOHN JIESTEIbHOCTH.

IIpy 5TOM OHM HCXOIAT M3 TAaKUX KIACCHYECKHX IIOKaszaTeneil s¢-
(DEeKTUBHOCTH, HCIIONIb3YEMBIX B HACTOSIIEE BPEMs HA PHIHKE KOMIIBIOTEp-
HBIX YCIJIYT, KaK MOKa3zaTejb BO3BpaTa MHBECTHIMi (return on investment,
ROI), moka3zatens kauecTBa oocayxuBanus (quality of service, QoS), moka-
3arenb COBOKymHOW croumoctu Biuagenus (CCB) (total cost of
ownership (TCO). Jlumnue nHGOPMAMOHHBIE PECYpCHl U W30BITOUHBIE
crateu UT GropkeTa — 3T0 3aMOpOXKEHHBIE HHBECTHIIMH U pecypchl (Ooiee
TOTO, TMOTEPSHHBIE PECYPCHI, YUUTHIBASI OBICTPOE MOpPAIBHOE CTapeHHe arl-
MapaTHO-NPOTPaMMHBIX CPEJICTB U 00opyaoBanus). Henocrarounsie pecyp-
CBI — 3TO ymymieHHas Beirona. OcoberHocTho okazarenss CCB sBisgercs
BO3MOXKHOCTH OLICHKHM COBOKYITHBIX 3aTpaT Ha co3faHue (IIproOpeTeHue) n
HCIOB30BaHNE TOTOBBIX m3fmenuit 1 UT ¢ mocnemyrommM aHamu3oM 3¢-
(eKTUBHOCTH CIIeHapHeB HX ucmons3oBanusa. Meronnka CCB mozBoisieT
BBISIBUTh W30BITOYHBIE CTaThbH PACXOIOB M JAET BO3MOXHOCTh OLIEHKH BO3-
Bpata BioxeHHBIX B UUT u MC cOOTBETCTBYIOMUX OpTaHU3aINi, BXOI-
mux B LII1. B obmem Buae nokazatens CCB He mM03BOJISIET OIEHUBATH TIPSI-
Mo# sxoHoMuueckuii addext ot BHenpenus UUT u UC, nostomy anst pe-
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IICHUS JTaHHOM 3a/Ja4yM YaIle BCero NMPUMEHsETCs IoKa3aTeslb BO3BpaTa HH-
BecTulMi (return on investment, ROI). PesynbraTom pacyera MeTOAMKH
siBsiercst koaddunuent Bo3epata nHBectuuuii B IC npeanpusitus. C no-
MOIIBIO JJAHHOTO TI0Ka3aTelisi MOXKHO OLIEHUTh 3KOHOMHYECKUI 3 ekt oT
BJIOJKEHUS CPEJICTB B MOBBIIICHUS KauecTBa co3qaBaeMblx B LIII HOBBIX cep-
BucoB Ha ocHoBe BHeapenus UUT u UC. 'maBHOW TpyIHOCTBIO JaHHOM
METOJUKH SIBIIIETCS ONpPEAEICHUE IPSAMBIX BBITOJ, NOTYYaeMbIX KOMIIAHH-
eit ot Baenpenust HOBeIX UNT u VIC B pazmuunbix gactsax LI1. [Ipu anammsze
YKa3aHHBIX BBITOJ] BBIACISAIOTCS HaNpaBlCHUS OW3HEca W IIEIH, CTOSIIHE
mpu BHeapenun UUT u UC, a 3aTem paccunuTHIBaeTCS BBHITO/A, TOTydaeMast
COOTBETCTBYIOIINMH MpeAnpusATHAME, Bxoaamumu B LI, oT ux goctmxe-
HUs. OTO MOTYT OBITh Kak IOBBIIICHHE KAauecTBa CEPBHCA, TAK U BO3MOXK-
HOCTb pa3pabOTKH M MPOU3BOJCTBA HOBBIX TOBAPOB, JAIONIHE JAHHOMN Opra-
HHU3aIlMM KOHKYPEHTHBIE NMpeuMyIlnecTBa Ha peiHKe. B Metonuke ROI Bax-
HyI0 ponib mrpaer nokazarens TCO, Tak Kak OH oTpaxaeT (haKTHYECKHe
pacxoasl Ha UUT u UIC [32]. OtmeTum, uto nmokazarenb ROI paccmarpuBa-
€TCsl Ha IPOTSHKECHUM OBOJBHO JUIMTENIBHOTO CPOKa U SIBISIETCS OLEHKON
WHBECTHIMOHHBIX MPOEKTOB. JJIs TOro 4ToO0bI CBSA3aTh BCE paHee Mepeyuuc-
JICHHBIE TE€XHOJIOTUU U IOKa3aTeNH, ¢ MOMOILBI0 KOTOPBIX OLEHUBAIOTCA
BBITOJIBI ¥ 3aTPaThl IIPH TOM WJIM MHOM BapHAHTE CO3JAHMS U PA3BHUTHS M3-
JIeTHst, ¢ NHPOPMAIMOHHBIMH pecypcaMu, 00eCIeYMBAIOIINMH HX pean3a-
U0, OBUT TPEAJIOKEH CepBUC-OpUEHTHPOBaHHBIN moaxox [15, 31, 32]. C
TTOMOIIBIO MOHATHS CEPBUCAa MOXKHO Ha KOHCTPYKTHBHOM YPOBHE OIHCATh
3anmoneiicteust UUT u MC cucremsr ¢ 6msnec-mporneccamu. [lo cytw,
mobas MHGOPMALMOHHAs CHCTeMa IPEeNOCTaBiIsAeT Ha0Op CEpBUCOB LA
nosnb3oBaTeneil. Kaxaslii U3 3TUX CEpBUCOB JOKEH BBINOJIHATH IIOCTAB-
JIGHHBIE TIepel HUM 3aa4yd, UMeeT sl (GYHKIUH U UCIOJIb3YeT OlpeieeH-
HOE KOJIMYECTBO pecypcoB. Jlis omucaHust 3TUX CepBUCOB B pabore [32]
OBUIO TPEAJIOKEHO HCIOJIb30BaTh THIIOBYIO MOJENb HH(OPMAIOHHBIX
cnyx6 ITSM (ITSM). JlanHast Mozienb MPEACTABISICT COOOW MOIIHBIN HH-
CTPYMEHT JUIsl KOHTPOJSI W ympaBieHus OW3HEC-TpoleccaMyd KOMITaHUH.
Takke C ee MOMOIIBIO JOCTUTAeTCsl YETKOE IpeAcTaBieHne 00 MHpopma-
IMOHHBIX cinyx0ax (MUT cepBucax) KOMIaHUH, UX CTPYKTYpPE M KOMITOHEH-
Tax, a TaKKe WX 3aTpaTHBIE COCTaBisoOmye. [IpyruMu cIoBaMH, B paMKax
JAaHHOW MOJIETIM BBIACNSETCS B3aMMOCBSI3b MH()OPMAMOHHBIX CITyX0 ¢ Qu-
HaHCOBBIMH pecypcamu KommaHuu. [Ipudem wuH(pOpPMAIOHHBIE CITyXKOBI
SIBITIOTCS CBsI3yromuM 3BeHOM Mexny MUT, MC u OusHec-mporeccamu,
mpoucxomsmmmu B LII1. B aTom ciygae npu pemennn 3agaqu pacaera CCB
¢ nomortpto mojenn ITSM unbopMmanmoHHbIE Ci1yXObI TPUHUMAIOTCST B
Ka4yecTBe OOBEKTOB 3aTpart, U JJIsl KAXKIOW M3 HUX PellaeTcs 3a/iaua pacyera
CCB. [l 3TOr0 BBIIENSIOTCS PECYPCH KaX10i MH()OPMAIIMOHHON CITyX-
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ObI. 3aTeM PaCCUUTHIBAETCSI CTOMMOCTH 3TuX pecypcoB. CCB paccmarpuBa-
€TCs KaK 00OOIICHHBIN TOKa3aTeNb A1 Habopa HHGOPMAIIMOHHBIX CITYkKO,
MIPEAOCTaBIIIOINX HeoOXoMuMble cepBHchl osib3oBarensiv UUT n UC. B
paMKax Takoi MOJIEN JIETKO BBIBIAIOTCS HanOoiiee MpoOIeMHbIe YHaCTKH
CYIIECTBYIOIIMX U nepcrekTBHBIX MC U, Kak clieicTBHE, YIaeTcs C TOUKU
3peHHsI YKOHOMUYECKOH 3()h(HEeKTHBHOCTH ONTHMH3UPOBATh M COKpAIIATh
pacxoner Ha MIC LI B memom. BaxkHo# mpoOieMoii Tpy OTpeIeIeHUu  COo-
BOKYITHOM CTOMMOCTH CEPBHCOB SBIIICTCS TOT (akT, YTO Pa3HBIC CEPBUCHI
MOTYT HCIIOJIb30BaTh ONWH W TOXe pecypc. Jns pemeHWs 3Toil 3amadn
TIPUMEHSETCS METOA (PYHKIIMOHAIFHO-CTOMMOCTHOTO aHanmm3a. B oOmem
Buze nokazatens CCB (TCO), xak yxe yka3pIBaJoCh paHee, He TIOKa3hIBaeT
psiMoii 3KOHOMUYecKuit a3 dekT oT BHeapenust PLM cuctemsl, mosToMy Ha
MIPAaKTHKE IS PeIIeHUs TaHHOH 3a/1a4y IpuMeHsieTcs mokasatens ROIL:

ROI(?) =%0(2), (1)

rae Ef(t) — sxonomuueckas 3pPpekTuBHOCTH BHeApsiemoit PLM cuctemsbl.

C moMomIpi0 JaHHOTO TOKAa3aTeNs MOXHO KOJIMYECTBEHHO OLICHUTH
skoHoMHu4Ieckuil 3¢dekt ot Bnoxkenusa cpeacts B MUT u UC. Dto mMoxer
OBITH KakK IOBBIIICHHE KadecTBa cepBHca, co3naBaembix B LI, Tak u BO3-
MOJKHOCTB pa3pabOTKH M MPOU3BOJCTBA HOBBIX TOBApPOB, JAIOIINX OPTraHH-
3auusiM, Bxoasmux B LI kOHKypeHTHBIE IIpeuMyLIecTBa Ha pbIHKE. B pa-
6otax [5, 32] npencTaBieHbl KOHKpETHBIC MyTH pacdera mokasarens ROI,
Oasupyromyecs HA KOMOMHHUPOBAHHOM HCIIOJIb30BAHUH JTAHHBIX, (GopMHPY-
€MBIX B peaJIbHbIX CHCTEMax OyXTalTepcKoro, (PMHAHCOBOTO M yIpaBiieHYe-
CKOTO y4eTa U TEHEpUPYyeMBIX C HCIOIb30BAaHHEM  AHAIUTUKO-
MMUTAIMOHHBIX Mojened. B pabore [33] mpoBeneH aHaiu3 MOIXOI0B U
BEIpa0OTKA MPEUIOKECHUH MO PEIICHHIO 3a7a4M OLeHUBaHMs 3¢} dexTHBHO-
CTH MH(OPMAIMOHHBIX CHCTEM U TEXHOJIOTHH. B maHHOI cTaTthe mpoBOIUT-
csl majbHeiee pa3BuTue coaepxanus [33] B yactu ydera (akTopoB, OIH-
CBIBAIOIINX BOIONMOHHOE pa3BUTHE Kak camux [1I1 (Ha mpumepe LIIT), Tax
1 MH(POPMAIIMOHHBIX CUCTEM, 00ECIIEYNBAIOIINX MX (PYHKINOHUPOBAHHE.

Eme onHoit n3 BaxHeHmmx mpobiaem monepHm3anuu L1 Ha ocHOBe
moBcemecTHOTO Hcnonb3oBannss MUT u coorercTByronmx MC, paspaba-
TBIBAEMBIX B pamkax mnporpammbl Uunyctpus 4.0, sBisercs mpoOiema
YIPAaBJIEHUS YKa3aHHOW MOJEPHU3aLUEl, B X0J€ KOTOPOH Hal0 KOMILIEKC-
HO DEUIUTh 751Mb OCHOBHBIX 80ONPOCO8: CHOPMHUPOBATH (CHHTE3MPOBATH)
KOHEYHBIH OOJNHMK COOTBETCTBYIOMMX MojepHu3upyeMmbix VC, ompenenuts
CPOKH, K KOTOPBIM JOJDKHA 3aBEpILUTCS yKa3aHHAas MOJAEPHHU3ALUS, OIpe-
JenuTh TexHoaoruu moaepHusauuu MC (B pamkax KOTOpoH Ha KaKOM-TO
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HHTEpBaJIc BpEMEHU OyIyT OJHOBPEMEHHO (PYHKIIHOHHUPOBATH DJIEMCHTHI U
MOJICHCTEMBI «CTapoii» U «HOBOI» MC, 4T00BI 00eCeYnTh YCTONYNBOCTh
¢byaknmonupoBanus B nenom LIIT), onpeaenuts nmporpaMmy mnepexona OT
«crapoii» u «HoBo¥» UC, 1 HakoHell chOPMUPOBATH MPOTPAMMBI MEperLIa-
HUPOBaHUsSI JINOO KOPPEKIMM HCXOJTHON mMmporpammbl mMoaepuusarmu HC,
€CJIM MOSBATCS HEMPEYCMOTPEHHBIE BO3MYIIAIOIINE BO3JICHCTBUSI.

B Hacrosimmee Bpems cymiecTByeT O0JIbIIOE pa3sHOOOpasye MoIX0/10B
K PELIEHUIO MEePEeUUCICHHBIX MATH 3a1a4. OCHOBHOM UX HEIOCTATOK COCTO-
WT B Pa300IIeHHOM pemreHun. [Ipu 3TOM Ha mpakTHKe OYeHb TPYAHO COTIa-
COBaTh PEIIEHUS, MOIYYEHHBIE C HMCIOJIb30BAHUEM pPa3IMYHBIX KJIaccOB
MOJIeNel, METOIOB M alTOpUTMOB. B paMkax paspabaTeiBaeMOi aBTOpaMu
CTaTbM TEOPHUM NIPOAKTHBHOIO YIPABJIEHUS LEMSAMHU IOCTABOK yIajoCh BCE
NepeurcIieHHbIe 3a1a4u (popMabHO OMKUCATh U MCCIIEIOBAThH C EIUHBIX Me-
TOJIOJIOTHUECKUX U METOJUYECKUX MO3UIMHA. B 3TOM ciydae 3amaya MHOTO-
KPHUTEPUATILHOTO BbIOOpa 3(h(EKTUBHBIX CTPATETHid CO3IaHMsl, TIPUMEHEHUS
u MozaepHuzanuu kak camux LI1, Tak u cootBeTcTByromux UUT u UC, uc-
MOJTE3YEMBIX B HUX MOXKET OBITH (hOPMAIEHO MPECTABICHA B CICAYIOIIEM
BHJIC. HEOOXOAWMO pa3padoTaTh MPHHITUIIGI, ITOIXOIBI, MOJICIH, METOJEI,

*
1
aNTOPUTMEI, TIO3BOJISIONINE HAXOAUTh Takue <UL, S 5f >, IIPU KOTOPBIX

BBITIOJTHAKOTCS CIEAYIONINE YCIIOBUS:

JH(X;,r;,z;, ;Z,Z.>,n;55),te(zo,tf])—> etr

’ <Ut,Sé-f>eAg
A =l<U',sY SR, (X', 1,2 F'  II'. - |<R.; @
g e B\ 0070 <nx>705,8)) T T8

(
t _ T4 n ) .
U =Ty 65 o T, 551155 5.3 7 € B}’

TZIe )} — WHJIEKC, XapaKTepU3YIOMUH pa3nuaHble THIIB cTpykTyp LT  co-
orBercTBytonMx Moaepuusupyembeix UC, xe {Tomn, ®yn, Tex, [IMO, U1O,
Op} — MHOXECTBO MHIIEKCOB, COOTBETCTBYIOIIUX TOMOJOTHYECKOH, (hyHK-
LIUOHATBHOH W TEXHWYECKOH CTPYKTypaM, CTPYKTypam IIPOrpaMMHO-
MaremaTuideckoro u nHdopmamuonnoro ooecnedenus (IIMO, UO), oprauu-

o t
3ALMOHHON CTPYKType, f€] — MHOXECTBO MOMEHTOB BpeMeHHM; X, =
{x} /€ L,} — MHOXKECTBO DIIEMCHTOB, BXO[IIMX B COCTaB CTPYKTYPBI

JUHAMHUYECKOTO allbTepHATUBHOTO cucteMHoro rpada (JACT) G;{ (MHOXE-

ctBo BepiiuH JIACT'), mOMOIIBIO KOTOPOTO 3aJaeTcsl yIpasiseMasl CTPYyK-
TypHas quHamuKka kak LTI, Tak u coorBercTByronmx C B MOMEHT BpeMeHU

LT =V I'e L,} — wmuoxectso ayr IACT tnma G;{, OTpasKaro-
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IMIUX B3aUMOCBI3M MEXIYy €ro »JJIeMEHTAMH B MOMEHT BpEMEHHU f;
to_ gt ’ o o _
Z,=4Z_,r-LI'€L } MHO)KECTBO 3HAYEHHH ITapaMeTpoB, KOIWYE

CTBCHHO XAapaKTCPUIYIOIINX B3aWUMOCBA3b COOTBCTCTBYIOIIUX 3JICMCHTOB

JIACT. F! — oTobpaxenus pazmmuHbix crpykryp LI n UC npyr Ha

Xox>

Jpyra B MOMEHT BpeMeHu f, IT°

~ % —— onepanys KOMIIO3WIOHUKW MHOI'O-
<0,0>

CTPYKTYPHBIX MAaKpOCOCTOSHHII C HOMEpaMH 3.5 B MOMEHT BPEMEHH f;
U'— ynpapisromue (IporpaMMHBIE M B PEaIbHOM MacIuTade BPEMEHH)
BO3EUCTBHUS, O3BOJIAIONINE CHHTE3UPOBaTh Kak cTpyKTypsl LIIT u cooTBeT-
cTByroIMX MojepHusupyembix MC, Tak u npouecchl (pyHKIHOHHPOBAHUS
npeanpusatuil, Bxoxamux LII; Jo — cTOMMOCTHBIE, BpEMEHHBIE, PECYPCHBIE
MI0Ka3aTeNr, XapaKTepH3yIoIe KayecTBO (PyHKIMOHMPOBAHUSI BUPTYallb-
HBIX npemnpusatuit, q € Q = {1,...,/} — MHOXXeCTBO HOMEPOB TOKa3aTele;

A, — MHOXECTBO IMHAMHYECKHX AbTEPHATHB (MHOXECTBO CTPYKTYpP H

napametpoB L1, UC u npennpusituii 1{I1, MHOXecTBO nporpamMm ux (yHK-
LIUOHUPOBaHUs); B — MHOXeCTBO HOMEPOB NMPOCTPAHCTBEHHO-BPEMEHHBIX,
TEXHUYECKHX U TEXHOJIOTMYECKUX OIpaHMYEHUH, ONPEAEISIOIUX IPOLECCH
peanmuzanuu LIT 1 pa3snuuHbIX clieHapUeB BO3MYILAOIIUX BO3JACHCTBUIA;

R, — sanannbie Benmuumnsl; T = (fo, ff] — MHTEpBAN BPEMEHH, Ha KOTOPOM

CHUHTE3UPYIOTCs ¥ MojepHu3upytorces kak L1, UC, tak u 00JIMKH COOTBET-
CTByIOIIMX Tpeanpuatui, Bxomsamux B LI [5, 6, 15, 29, 30]. Ocobenno-
CTBIO MOJIeNH BUa (2) SBISAETCS TO, YTO C €€ ITOMOIIBI0 MOJKHO KOHCTPYK-
TUBHO ONHCaTh U PEMINTh TpaAuLuoHHbIC 3agauu ynpasaeHus KL LI u
UC (B pamkax texnonoruit PLM), HO u 3aauu IPOaKTUBHOTO YIIPaBICHUS
KO LIT u UC yxe B paMKax NPUHLMIMAIBHO HOBOM KOHIIETILIUU YIIpaBiie-
nust XKL ykazaHHBIX 00BEKTOB, Oa3upytoreiics Ha TexHonorun CL2M.
[pencrasnennyo ¢opmysoit (2) mpodieMy MHOTOKPUTEPHAIBHOTO
BbIOOpa 3 (heKkTUBHBIX cTpaTeruil (mporpamm) moaepuusarmu 111 Ha oC-
HOBE TEXHOJIOTHH, pa3pabaTbiBaeMbIX B poekte Muayctpus 4.0. npemara-
€TCsl PEIINUTh B paMKax CJIEIYyIOLe MHOTO3TalHOM MPOIeAypHl, B COOTBET-
CTBHHU C KOTOPOW Ha nepeou ¢haze NOIHKHO OCYIIECTBIATHCS (hOPMUpPOBaA-
HUe (TeHEpUPOBaHHUE) JIOMYCTUMBIX BapUAHTOB MHOTOCTPYKTYPHBIX Makpo-
cocrostanit LT (B ToM yncie VIC) vy, qpyruMu CIIOBaMH, JJOJDKEH ITPOBO-
JUTBCSI CTPYKTYPHO-(DYHKIMOHAJIBHBIA cuHTe3 HOoBoro obmmka LTI, coot-
BETCTBYIOIIETO CKIAbIBAIONICHCS (IpOrHO3upyeMoii) obctanoBke. Ha nan-
HOM 3Talle Ha OCHOBE MHOTOMEPHOT'O OPTOrOHAIBHOTO MTPOCKTUPOBAHUS Ha
MHOXXECTBO JOCTH)KUMOCTH, C(HOPMHPOBAHHOTO B PE3YJIFTATE KOMIUIEKCHO-
ro MOJAEIMPOBAaHUS CTPYKTYpHOH auHaMuku LIII, MHOXKecTBa, ¢ IOMOILIBIO
KOTOPOTO 3aJat0TCsl TpeOOBaHMS, IPEABIBISIEMbIE K YaCTHBIM HOKA3aTEIAM
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spdexruBnoctn LIT (HoBomy obamky LIIT), mpoucxomut QopmupoBaHue
MHO)KECTBa HEOKOHYATENbHBIX peIleHHH (MHOXXECTBA HEJIOMHHHPYEMBIX,
3¢ QEeKTUBHBIX ajJbTepHATUB, MHOXKecTBa [lapero). OKOHYATENBHBIH BHIOOD
3¢ PEKTUBHBIX CUCTEMOTEXHUUECKUX PEIICHUH JIOJDKEH OCYIECTBISATHCS U3
YKa3aHHOTO MHOXecTBa. Ha 6mopoii ¢haze NpoBOANTCS BHIOOP W peayu3a-
YISl KOHKPETHOTO BapHaHTa MHOTOCTPYKTypHOTO MakpococtostHust LIIT ¢
OJTHOBPEMEHHBIM CHHTE30M (IIOCTPOCHHMEM) aJaNTHBHBIX IUIAHOB (TIpo-
rpamm) ympasneHus nepexonom LIIT u3 Tekymero B TpeOyemoe (BBIOpaH-
HOE) MakpococTostHue. [Ipyu 3TOM paccMaTprBaeMble TUIAHBI TODKHBI 00ec-
MIEYMBATh TaKOE IBOIOIMOHHOE pazBuTHe L1, mpu KoTopom Hapsgy ¢ pea-
JIW3aled MporpaMM IIEpPexoja M3 COOTBETCTBYIOIIMX MAaKpOCOCTOSHHN
IIPeAyCMaTPUBAETCSI OAHOBPEMEHHO U peai3alis IporpaMM yCTOWYHUBOTO
ynpasnenusi LI B mpoMexyTOUHBIX MaKPOCOCTOSIHUSIX.

5. 3akumouenne. B cratbe paccmotpenst MUT, Gpopmupyromiye ocHo-
By KoHuenuuii Mumycrpus 4.0 u kubepdu3nyeckux CUCTEM JUIsl BBISBICHUS
OCHOBHBIX HAITPaBJICHUH BIMSHUS yKa3aHHBIX KOHIICTIIIMM U TEXHOJIOTHH Ha
W3MEHEHUsI IPUHIMIIOB YIPaBJICHUS LEMsIMH II0CTaBOK B OrpKaiieM Oymy-
meM. Bmecte ¢ TeM aHanM3 JUTEpaTyphl U MPAaKTHYECKUX MpuMepoB MHmy-
crpuu 4.0 mokazai, 4To HapsAy ¢ pa3BUTHEM MH(GOPMAIMOHHBIX U MHXXEHEp-
HbIX TexHosoruit Munycrpuu 4.0 B s5koHOMU4eckoi yactu ynpasnenus TJIIT
n I1IT oTcyTCcTBYET YeTKOe IOHUMAaHKE U ONMCaHNue OM3HEeC-MOAeINeH, B pam-
KaxX KOTOPBIX 3TH TE€XHOJIOTMH MOTYT INpPUMEHSThCs. [IpoaHanusupoBaHHbIe
TIPUMEPBI U3 MPAKTHKU TTO3BOJIIOT CIENATh BBIBOJ, YTO TeXHOJOTMH MHmy-
crpru 4.0 u Kubep(HU3NIECKUX CHUCTEM HCIIONB3YIOTCS KOHTEKCTHO B BHJE
TV OTPAaHMIEHHOTO Habopa TOH Wi HHOW (PYHKIIMOHATEHOCTH (HApuMep,
RFID, cencops! nnmu 3D mpunteps!). OcHoBHas xe unes Mugycrpun 4.0 u
K®C — co3ganne caMOOpraHu3yOMUXCs W CaMOaJaNTHPYIOMIUXCs JHA-
MHYECKHX CETEBBIX CTPYKTYp IOCTABOK Ha MPOTSHKEHUH BCETO JKU3HEHHOTO
IMKJIa M3IENUI Ul pealn3aliy MakCUMaJbHO THOKOTO MHAWBHIYaJbHOTO
MPOU3BOJICTBA C 3aTpaTaMH MacCOBOT'O IOTOYHOIO ITPOM3BOACTBA — HA JIaH-
HBIIl MOMEHT peaiM30BaHa JIMIIb B PsiIe UCCIIEI0BATEILCKUX IIPOCKTOB.

K npuumnaM no00HOTO pa3BUTHS cilelyeT OTHECTH npeoliaganue
WH)XEHEPHBIX pa3paboTok B obnactu texHosornu Munycrpun 4.0 u KOC
W HEJOCTATOYHOE yJacTHe HKOHOMHCTOB W YIIPABIICHIIEB-TPAKTUKOB B
JaHHBIX MpoeKTax. J{Is MeHeIKepoB IeTel MOCTaBOK I0Ka OCTAaeTCsl He-
MOHATHBIM BJIUSIHUE WHBECTHLMHM B TexHosnoruu Muayctpum 4.0 u ku-
Oepdu3mueckux CHCTEM Ha MOBHIIICHHUE JTOXOAHOCTH Om3Heca. Bmecte ¢
TeM moTeHrman texHonoruit Manycrpun 4.0 u kubepPpu3udecKux cucTeM
Hapsagy C YXe CYMECTBYIOIIMMH MPAKTHYECKUMH pealu3anusiMi He
OCTaBJIIET COMHEHUH B TOM, YTO HPUHIIMII «TEXHOJIOTHUS ONpEAeseT op-
raHM3alMIo» U Ha 3TOT pa3 MOJATBEPIUTCS Ha MpaKkTHKe. B cBs3u co cka-
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3aHHBIM B CTaThe €€ aBTOpaMH IpeJJIoXKeHa OpUTMHAJIbHAs WHTEpIIpeTa-
Ul CEpBHUC-OPUEHTHUPOBAHHOTO IIOAXO0JA NPHUMEHHUTENHBHO K 3a7adyaM
OLICHUBaHMS U BBIOOpa AP PEKTUBHBIX CTPAaTETUil BHEAPEHHS M UCIIOJIB30-
Banud MUT u UT B cymecTByIOIMX U MEPCHEKTUBHBIX IEMSIX MOCTABOK,
Oasupyromiasics Ha pa3pabaTbiBaeMOW aBTOpaMH MPUKJIAJHOW TEOpUH
MPOAKTUBHOIO yNPAaBICHUS CTPYKTYpHOU auHaMukoi LI1.

B paMkax mpemioskeHHOTo 1Moaxoza K (GopMaIn3aliy U PELICHUI0
OJTHOH W3 LEHTPAIBHBIX MpoOJeM NpoMblnuieHHOTo MHTepHera Berew,
CBSI3aHHON C CHUTYalMOHHBIM CTPYKTYPHO-()yHKIIMOHAJIBHBIM CHHTE30M
kak LTI, tak u coorBercTBytomux UUT u UC ynaercs ¢ equHBIX METOIO-
JIOTUYECKUX M METOJUYECKUX MO3UIHUHA OJHOBPEMEHHO PEIIMThH CIIEIYIO-
LIKe TATh OCHOBHBIX 3a/1a4 KOMILIEKCHOTO IUIAHUPOBAHUS (QYHKIIHOHHUPO-
BaHHUA W MOJepHM3anuu paccMmatpuaemoro kiaacca CK®C. Bo-nepBrix,
ynaercs ¢hopMHUPOBaTh (CHHTE3UPOBATH) KOHCUHBIH OOJUK COOTBETCTRY-
romux MoaepHuznpyeMbix CK®C. Bo-BTOPHIX MOSBISAETCS BO3MOXXHOCTH
OTIPENICIINTH CPOKH, K KOTOPBIM JIOJKHA 3aBEPIIUTCS yKa3aHHAst MOJIEPHU-
3anus. B-TpeThux, MOXXHO ONpEAENUTh TEXHOJOTMH MOAECPHU3ALUU
CK®C (B paMkax KOTOpOIl Ha KAKOM-TO HHTEpBaje BPEMEHH OyIyT OIHO-
BPEMEHHO (YHKIMOHHUPOBATH JIEMEHTHI U MOJICHUCTEMBI «CTapOi» U «HO-
Boit» CK®C, uroObl obecrneynTh YCTOWYHMBOCTH (YHKIMOHHUPOBAHHS B
neaomM CK®C). B-yeTBepThIX, MOSABISAETCS BO3MOXKHOCTH OIPEJEIHUTHh
MIporpaMMy Inepexona ot «crapoi» u «HoBoi» CK®C. B-naTeix, ynaercs
c(opMHPOBaTH NPOTrPaMMBbl HEPEIIAHUPOBAHUS JINOO KOPPEKIIMU UCXOJI-
HO# mporpamMmbl MoaepHu3anuu CK®C, ecnu mosBATCA HENPETyCMOT-
PEHHBIE BO3MYIIAIONINE BO3ICHCTBUSI.

[Ipu 5TOM B pamKax NpeUIOKEHHOro (OPMajbHOTO OMUCAHMS (CM.
¢dbopmyity (2) ¥ KOHKpPETHBIC BapHaHThI e peanu3aiuu [30]) ymaercs onucarsb
KaK TIPOIECCH COBMECTHOTO (yHKIoHupoBanus ouzHec-cucteM (BC), cBs-
3aHHBIX ¢ PyHKImoHupoBanueM LI, Tak u obecreunBatomux ux padory UC,
a TaKKe mporeccsl MoaepHu3anuy MC ¢ yueToM pasiuyHbIX cXeM UX (HHaH-
CHPOBaHHS W CIIEHAPHEB peaM3allii BO3MYIIAIOLIUX BO3AEHCTBHII CO CTO-
poHbI BHemHe# cpensl. K HacTosimiemy BpeMeHH, 0asupysich Ha CEpBHC-
OPHEHTHPOBAHHOM TOAX0e K oneHuBaHuto 3pdekrusHoctu LI, UT u UC
yZIaercs, ¢ OJHOW CTOPOHBI, 3a()MKCHPOBATh B CTOMMOCTHOW (hopme 00beM
yeiyr, okaszbiBaeMbIx MIC cooterctBytomeit BC (LI1), a ¢ apyroii cTropoHsl,
Ka)XIYIO YCIYTy (CepBHC) MOXHO HEIIOCPEACTBEHHO CBA3aTh C KOHKPETHBIMU
MH()OPMAIIMOHHBIMU PECypcaMy, KOTOPbIE HEOOXOIMMBI [UIS €€ pealn3aliH.
VYka3aHHOE 00CTOSTENHECTBO OUSHb BaYKHO NP 0OOCHOBAHWH pacIpeeIeHHs
JICHE)KHBIX CPE/ICTB, BBIACIAEMBIX Ha IPHOOpETEeHNE U SKCIUTyaTaluio aria-
paTHO-NIPOTPaMMHBIX CpelCcTB coBpeMeHHbIX MC B pamKax CO37aBacMBbIX
CTPYKTYyp NPOU3BOACTBEHHOTO VIHTEpHETA BemIei.
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WMCKYCCTBEHHbLIV UHTENNEKT, MHXXEHEPWA OAHHBIX 1 3HAHUI

VIK 004.912+004.932.2 DOI 10.15622/sp.60.5

A.B. Ko3auoK, C.A. KonbuioB, P.B. MEIIEPIKOB, O.0. EBCIOTUH,
JI.M. TyAH
MOIXO/1 K U3BJIEYEHHUIO POBACTHOI'O BOJASHOI'O 3HAKA
N3 N30BPAKEHUI, COIEPKAIIINX TEKCT

Kozauox A.B., Konvinoe C.A., Mewepsikoé P.B., Eectomun O.0., Tyan JI.M. Tlopxon k
H3BJIEYEHUIO0 POOACTHOrO BOJSTHOTO 3HAKA U3 H300PaKeHNI, COIePKAINX TEKCT.

Aundoranus.  [IpencraBieH MOAXON K U3BJIECYCHHIO POOACTHOTO BOMSIHOTO 3HAKA U3
N300paXeHuii, CoaepKalnx TeKCT. M3BedeHne JaHHBIX OCHOBAHO Ha pa3pabOTaHHOM IOAXOJE K
BHEJ/IPEHHIO B TEKCTOBBIC JAHHBIE POOACTHOTO BOASIHOTO 3HAKA, OTJIMYAIONIErOCs yCTONYUBOCTHIO
K NMpeoOpa30BaHUI0 TEKCTOBBIX JAaHHBIX B (popMmar uzoOpaxeHus. [IpoBe/ieH CpaBHUTEIIbHBII
aHaIM3 CYIIECTBYIOIIMX IOAXOJOB K CTeraHorpauMyeckoMy BHEApPEHHI0 HHpOpMaluu B
TEKCTOBbIE [JAHHBIE, OTPE/IEJICHB UX JOCTOMHCTBA U HeqocTaTKu. OGOCHOBAH BHIOOP TPYIIIIBI
METO/IOB CTEraHOrpauuecKoro BHeApeHUs1 HH(OPMAIMK, OCHOBAHHBIX Ha (hOPMATUPOBAHHU
TekcTa. B KayecTBe anropuTMa BCTpAaNBAHUS BRIOPAH MOXO/ Ha OCHOBE M3MEHEHHST BETMUNHBI
MEKCTPOUHBIX MHTepBaIOB. [IpyBeieHb! GJIOK-CXeMa U ONMCaHue pa3padOTaHHOTO AITOPUTMA
BCTpauBaHus1 MH(OPMAIMHU B TEKCTOBbIE JaHHble. OCyIeCTBIEHa SKCIIEPUMEHTAIbHAS OLICHKA
€MKOCTHU BCTPaMBaHMUS U FPAHUIL TIEPLETITHUBHON HEBUIMMOCTH BCTPOCHHBIX JaHHBIX. Ha ocHOBe
CYIIECTBYIOIIMX OrpaHUYCHHUiT pa3paboTaH MOAXO K M3BJICUECHUI0 BCTPOSHHOU MH(OpMALU
13 M300paKEHHUH, COIEpKaMX POOACTHBIN BOISHOM 3HAK. Ba30BbIM B Mpolie 1y pe U3BIeUCHUS
BCTPOEHHOI HH(OpMALKH BEIOpaHo npeodpa3oBanue PaoHa, Mo3Bosisioliee H3BIEKATh 3HAUCHUS
BEJINYMH MEKCTPOYHBIX MHTEPBAIOB. [[J1s1 BhIIE/ICHNs 3HAYECHUI OGUTOB BCTPOEHHOM HH(MOpMAIUN
HCIIOJIb30BAH MOAXO[] Ha OCHOBE Pa3ZeJIeHUs] CMECH HOPMAJIbHBIX pacipe/iesIeHuil, TOCKOIbKY
MOJIyIeHHOE pacrpe/esieHue SIBISETCST OUMOAANBHBIM. DKCIEPUMEHTAIBHO YCTAHOBJICHBI
IpaHUIbl NPUMEHHMOCTH, a TaKXke JlaHa OLleHKa poOAacTHOCTH pPa3paOOTaHHOro IOAXOfa
BCTPaMBaHUsl K OCYIIECTBJICHHIO Pa3M4YHBIX NpeoOpasoBanuid. OmpejesieHbl Cleayolye
rapamMeTpsl poOacTHOCTH pa3paOOTaHHOTO TMOAXOJa K OCYIIECTBJICHHIO MpeoOpa30BaHUil:
MOBOPOT U300paKEHHsI, COIEPKAILEro BCTPOSHHbIE JaHHbIE Ha JTI00O0M yroj, MacIliTabupoBaHue
HU300pakeHUST C MHOXHTEJIEM MACIITAOMPOBAHUS, He TpeBbIIaonmM 1,5; npeoObpa3oBaHue B
Tmo6oi hopMat pacTpoBOro U300pakeHus1; IPUMEHEHHE MeJUAHHOTO (DHIIBTPA K H300PAKEHHIO C
PEJIENIOM SI/Ipa CBEPTKH He Oosiee 9 MUKcesel, raycCOBCKOro (PUIbTPa Pa3MBITHSI — C TIPeIeIOM
HIOKa3aTeJisl pa3MbITHsI He Ooliee 8 muKcelell ¥ yepeJHEHHOTo (DMIIbTpa C IPEeesIoM siIpa CBEPTKU
He GoJjiee 5 NMUKCeei.

KuroueBble cioBa: 3amuTa MHGOpMAIMK, TEKCTOBas cTeraHorpadust, tudpoBoii BOASIHON
3HaK, npeodpa3oBaHue PasoHa, pa3ieneHre cMecH pacipeieeH L.

1. Beegenne. CtpemutenbHOe pa3BuTHE «VIHTEepHETa Belleil» MpuBe-
JIO K YBEJIMUCHHIO YCTPOUCTB, UMEIOIIMX TOCTYH K II00abHOi cetH [1, 2].
C pocToM 00hEMOB JIAHHBIX U CTEIICHU Pa3HOPOJHOCTH YCTPOUCTB B 3HAUU-
TEJIPHOU CTETIEH! BO3POCIIO U KOJIMIECTBO WHIMIEHTOB MH(OPMAITMOHHOMN
6€30MacHOCTH, CBSI3aHHBIX C HAPYIICHHEM aBTOPCKUX MPAB BJIA/IEIIbIIEB TEKCTO-
BO MH(OpMAIIUH U TOAMEHOH X coiepkuMoro. [1o TaHHBIM aHATUTUIECKOH
kommanuu Solar Security Bo Bropom nonyroguu 2017 roma Habmogancs cra-
OWJIbHBIN POCT WHIMJICHTOB, CBSI3AHHBIN C yTeUKaMU KOH(PUICHIINATBHBIX
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JAHHBIX ¥ KOMIIpOMeTaIlel y4eTHbIX 3aruceil [3]. OnHuM U3 TUIIOB JaHHBIX,
MOJBEPTIINXCS KOMIIPOMETAIUU SIBJISIIOTCSI TEKCTOBBIE IaHHBIE, CONEpXKaIIe
KoH(puaeHIMaIbHYI0 nHGpopMaivio. [TOBHIIIEHUIO 3aIUIIIEHHOCTH TEKCTO-
BBIX JIJaHHBIX, [IPEJICTABJIIEHHbIX B JIEKTPOHHOM BH/[IE, TIOCBSIIEHO MHOXECTBO
pabot [4-8]. B To %e Bpems 3a1aua Mo 3alIUTe TEKCTOBBIX JAaHHbIX, MPEICTaB-
JICHHbIX B HAalleYaTaHHOM BUJIE, OCTAETCs1 HaMOOoJIee aKTyabHbIM HAalpaBJieHUEM
ucclieioBanuii. JlaHHast 3a1a4a MOXeT ObITh pellieHa MOCPEICTBOM CKPHITOrO
BHEJ/IPEHUsI B TEKCTOBbIE JaHHbIe UIeHTU(PHULIMPYIOLIEi nHpOpMAaIIUU, KOTOpast
MOXET XapaKTEepU30BaTh BJIAAeblla JaHHbIX, CAMU JaHHBIE UM COAEPKaTh
Jpyryio metauHgopmanuio [9].

B Hacrosimee BpeMs IUIsi BCTpaWBaHUs MH(pOpPMAIMK B TEKCTOBHIC
JIaHHBIE UCTIONB3YeTCs TEXHOIOTUS BHEAPEHUs [IM(PPOBBIX BOASHBIX 3HAKOB
(IIB3). IIB3 MoryT OBITh UCIIOIB30BAHBI [Is1 3AIUTHl aBTOPCKUX MPaB, OOHA-
PpY’KeHUsI IOAMEHBI JaHHbIX, IPOBEPKU MOAJMHHOCTHU WM BCTABKU JOTIOJIHU-
tesbHOU nHpopmanuu. [{B3 npeacrtapiser co00il BUANMBIH UM HEBUUMbIiA
3HaK (MH(OPMAIMOHHYIO [TOCJIEI0BATEIHFHOCTS), BCTPANBAEMBIil B ICXOIHBIE
nanHble. B acniekte pabothl kinaccugukanus [IB3 paccmarpuBaercs 1o AByM
HanpasieHusM (pucyHok 1) [10].

IudpoBsie BoIsIHBIE 3HAKH

[
[ |

Io meprenTUBHON HEBUANMOCTH ITo pobacTHOCTH
Bunnmsie Xpynkue
Hepnammeie Tonyxpynkue

PobacTHbIe

Puc. 1. Knaccudukamms LIB3

[Tpumepom BHeapenus Buaumoro LIB3 B TeKCTOBbIE JaHHBIE SIBIISIETCS
BCTpavBaHUE K TPOHHOI noarcy. HerocTaTok MCIONB30BaHUS BUAUMBIX
1IB3 3akmoyaeTcsi B BOSMOKHOCTH yIaJIeHHs WM MOAUDUKAIIN BCTPOSHHBIX
JAHHBIX, YTO, B CBOIO OYepe/ib, He TIO3BOJISAET MPABIIIBHO ACHTH(ULIMPOBATH
BJIaJIeJIbIIa IMOO OIpene/IuTh MOAMEHY 00JIACTH UCXOHBIX JaHHBIX. HeBumam-
Mble [1B3 nuineHs! JaHHOTO HeIOCTaTKa, OIHAKO B MPOLIeCcCe UX U3BJICYECHUS
HEOOXOIMMBI TOTIOTHUTEIIbHBIE STAITbl, HATIPABJICHHBIE Ha OIIpe/ie/IcHe HaJi-
YKsI BOISIHOTO 3HAKA M BOCCTAHOBJICHUE JTAHHBIX, KOTOPHIE OHU CONEpKaT.
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Mo kpurepuio HapexHocTH LIB3 MOTyT OBITH IPENCTABIICHBI CIIEAYIO-
HIUMU TPYTITAMU:

— pobacTHblii BogsiHOH 3Hak (PB3) — obecrneynBaeT yCTOWIUBOCTD K
BHECEHHIO NCKAXKEHUI U OCYIECTBIICHUIO Pa3/IMYHBIX MPe0oOpa30BaHHU;

— XPYIKHUI BOISHON 3HAK — pa3pylIaeTcs MpU BHECSHUN UCKAKEHUI
M OCYIIECTBJICHUM PA3JIMYHBIX TPe0oOpa30BaHuUil;

— TONYyXPYNKUH BOASHON 3HAK — Pa3pylIaeTCsl OTAEIbHBIM TUIIOM
UCKakeHHH (peoOpa30oBaHuil), OHAKO 00ECIICUMBACT YCTOUYMBOCTD K APYTHM
THUIaM HCKaxeHui (peodpa3oBanuii) [11].

B ciryuyae nprmMeneHus peoOpa3oBaHUil 1 BHECEHM S UCKaKEHUI B XPyTI-
KHe U MOJyXPYIKYE BOASHBIC 3HAKM HEBO3MOKHO OCYIIECTBHUTDH U3BJICUCHUE
BCTPOEHHON MH(OPMAIIK BBUY pa3pyIlleHUs] BOASHOTO 3HaKa. YKa3aHHasI
0COOEHHOCTDb HE MO3BOJISIET UCTONIL30BaTh AaHHble [[B3 B mportiecce 3arim-
THI aBTOPCKHX MPaB U MPOBEPKU MOJIMTHHOCTY TEKCTOBBIX JaHHBIX. B cBOMO
ouepenp PB3 crocobeH obecnieunTs CBOMCTBO MHBAPHAHTHOCTH BCTPOSHHBIX
JAHHBIX B CJIy4ae MPHMEHEHHs peoOpa30BaHUA M BHECEHUS HCKAKEHHIA.

HeBuniMble poOacTHbIC BOJSHBIE 3HAKK XapaKTEPU3YIOTCS CIIEAYIONIH-
MU napameTpamu [12-14]:

— €MKOCTh BCTpauBaHusl (I0J1e3Hasl Harpy3Kka) — KOJMUYECTBO UH(POP-
Maru, KOTopasi MOKeT OBITh BCTpOEHA (BHEJIpeHO) B KOHTeitHep. B kauecTse
KOHTEWHepa MOTYT BBICTYIIaTh THITHI JAHHBIX, IPUTOIHBIC [IJI1 BCTPAUBAHU
uH(pOpMaIH;

— HEBUUMOCTH (NepIeMmIMOHHAs MPO3PaYHOCTh) — KayeCTBEHHAs Xa-
PaKTEepUCTUKA, OTpaKAIoIasl CTENEeHb UCKaXEHUsI KOHTeHHepa BCTpauBacMbIMU
JaHHBIMU. [[aHHAS XapaKTepUCTHKA OCHOBAHA Ha MEPLENTUBHOM BOCIIPUSATHI
YeJIOBEKa;

— HeOoOHAPYKMBAEMOCTb (CJIOKHOCTh OOHAPYKEHHSI) — KauyeCTBEHHAs
XapaKTepUCTUKA, OTpaXarolias CTeNeHb UCKaXKEHUS CTATUCTUUECKUX XapaKTe-
PUCTUK KOHTEHHepa, He CBSI3aHHBIX C MEePIIENTUBHBIM BOCIIPUATUEM YeJIOBEKA;

— pobaCTHOCTh — CHOCOOHOCTb BCTPOCHHBIX JAHHBIX COXPAHATh CBOK-
CTBO MHBAPUAHTHOCTH IMOCJIe OCYIIECTBICHUS PA3JIMUHBIX PeoOpa30BaHUiA
HaJl KOHTEHHEepOM, TIOIMEHBI WM yAaJIeH!sI BCTPOSHHBIX TaHHBIX;

— U3BJIEKAEMOCTb — CIOCOOHOCTD MPABUIBHOTO U3BJIEYEHNUsI BCTPOCH-
HBIX JAHHBIX U3 KOHTEHHepa.

Jist obecrieueHrst HEBUTUMOCTH U HeoOHapyxkuBaemocti PB3 B ipo-
Iecce BCTparBaHUsI B TEKCTOBbIC JaHHBIC IIUPOKOE PACIIPOCTPaHEHHE MOy~
YIJTH CTeTaHOTpaprIecKue MEeTOb], TO3BOJISIONINE OCYIIECTBIATh CKPHITOE
BCTpauBaHUE JONOJHUTENbHOI nHGOopMaluK B IU(pPOBbie OOBEKTHI 32 CUET
BHECEHHS1 HEKOTOPHIX U3MEHEHUIA B 9JIEMEHTHI JIaHHBIX, COCTABJISIONINE ITU(-
poBoii 00beKT [15, 16]. [Ins onpeaenenust Haubosee MOAXOASIIETO aITOPUTMA
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cTeraHorpa4eckoro BCTpauBaHUsl MH(pOPMaUK B TEKCTOBbIE JaHHbIE HE00-
XOAUMO IPOBECTU CpaBHHTeJ’IbeIﬁ aHaJIM3 CyHIECTBYIOIUX METOJ0OB TEKCTOBOM
creraHorpaguu.

2. O6GocHOBaHUe BLIGOPA MeTO/1a BCTPAUBAHUS U HH(pOpMAIMH B
TeKCTOBbIe JaHHble. MeTo/Ibl TEKCTOBOH CTeraHOT pauy NPUHSATO Pa3AeisTh
Ha cienyromre rpymisl [17, 18]:

— METO[bl, OCHOBaHHbIE HA CO31aHHH MTOCJIeJOBATEIbHOCTH C yYETOM
CTaTUCTHUYECKUX XapaKTEePHUCTHK UCXOIHOTO TEKCTa;

— JIMHI'BUCTUYECKHE METO/IBI;

— METO[bl, OCHOBaHHbIE Ha (hOPMATHPOBAHNH TEKCTA.

Mertoasl TEKCTOBOM cTeraHorpagun, OCHOBaHHBIE HA CO3[JaHUH TTOCIIe-
AOBATCJIbHOCTH C YYETOM CTATUCTUUYCCKHUX XapPaKTCPHUCTHUK UCXOAHOI'O TEKCTA,
MOTYT OBITh pa3jieJieHbl Ha METO/bl, TeHePHPYIOIIMe CIyJaiHyIo Moceno-
BaTEJIbHOCTh CUMBOJIOB, M METO/Ibl, OCHOBaHHBIE Ha YUeTe CTAaTUCTUUECKUX
XapaKTEepPUCTHK UCXOAHOTO TEKCTA. B epBoM cirydyae reHepupyeTcs clrydaiHast
MOCJIeJOBATEIbHOCTh CUMBOJIOB, KOTOpast BCTpanBaeTcs B TekcT. HemocTaTok
JAHHOTO METO/Ia 3aKJII0YAETCS B OTCYTCTBUM CKPBITOCTU BHEPSAEMBIX JIAaHHBIX
MO OTHOIICHHIO K CEMaHTUYECKOMY M BU3YaJIbHOMY aHAJIU3y TeKcTta. Bropoit
METOJ JIMIIEH AaHHOTO HeJocTaTka. OH MOJTydrI Ha3BaHUe TEKCTOBAsI MUMMK-
pus. [Ipu ucronb30BaHNM TEKCTOBOM MUMHUKPHUH I'€HEPUPYETCSI OCMBICJICHHBII
TEKCT Ha OCHOBE CHHTAKCHCa, OIIMCAHHOTO B KOHTEKCTHO-CBOOOIHOI rpamMma-
THKe, 1 BCTpauBaeTcsi MH(opMaLys 3a cueT BHIOOpa U3 Hee OIpelesIeHHbIX
¢pa3 u cyos [19].

MeTo/pl JaHHOM T'PYIIIIBI TO3BOJISIIOT COXPAHUTD BHEAPEHHYI0 HH(OP-
MaIMIO KaK BHYTPH 3JIEKTPOHHOTO JIOKYMEHTa, TaK U B CJIydae BBIBOJA €TI0
Ha rnevatb. [laHHas rpynma MeToIOB XapaKTepu3yeTcs OOJIbIION eMKOCTBIO
BCTPaWBaHMUs1, HAIMIMEM CTOMKOCTH K OIEpaIusM IOBTOPHOTO HA0Opa TEKCTa
1 00paboTKe TEeKCTa CPeICTBAMU ONTHYECKOrO PacliO3HABAHUsI CUMBOJIOB.
HenocraTkoM JaHHOM IPpYIIIBI METO/IOB SIBJISIETCSI BOBMOKHOCTH OOHApY KEHU s
BCTPOEHHBIX JaHHBIX B ITPOLIECCE CEMAHTHYECKOTO aHAIM3a TEKCTa.

JIMHrBHUCTHYECKME METOIB TEKCTOBOM cTeraHorpaduu JJIsi BCTpau-
BaHMs MH(OPMAIINN HCTIONB3YIOT S3bIKOBBIE CBOMCTBA M CTPYKTYPY TEKCTa.
JIMHrBUCTHYECKHE METOABI COYETAIOT B cebe CMHTAKCHYECKUe, TyHKTYallnOH-
Hble [00aBIeHUs (T00aBIEHHE 3HAKOB MyHKTYAIMK B CTPOTO OIpe e/ ICHHbIC
MeCTa B TEKCTE) U CEMaHTUYECKUE METO/bI (3aMeHa OIpe/Ie/ICHHBIX CJIOB B
TEKCTE Ha CHHOHMMBI, MICIIOJIb30BaHNE KOIOBBIX TaOJINIL, CJIOBApEil COKpaIleHUI
u ab0peBuatyp) [20-23] BcTpanBanus MHMpOPMAIMK B UCXOAHBIA TeKCT. K
HeJOoCTaTKaM JaHHOTO METO/la OTHOCHUTCS HeOOJIbIIasi EMKOCTb BCTPaUBAHUS
JaHHBIX ¥ BBICOKAs! CJIOKHOCTb BOCCTAHOBJICHH L.
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Mertozp! JaHHOM IPYTIIBI IPUMEHSIIOTCS IJIs1 BCTparBaHus HH(pOpMaum
BO BCE BUJIbI TEKCTOB. JlaHHAs rpymma MEeTOI0B 0OecreuYrBaeT CTOMKOCTh K
omeparysiM OBTOPHOTO Ha0oOpa TeKCTa M 0OpadOTKM TEKCTa CpPeJCTBAMU
OITHYECKOTr0 pacIiO3HABaHUsI CHMBOJIOB. B CBOIO oUepenp qaHHAs TpyIma, Kak
Y TIpeIbIAYIast, XapaKTepru3yeTcsl HEBO3MOXKHOCTBIO IPUMEHEHH S K O(hUIIHAITb-
HBIM TEKCTOBBIM JIOKYMEHTAaM, IOITOTOBJICHHBIM [IJIs1 [IEYATH 1 Ty OJIMKAIMH.

K mMeTonam TekcToBO# cTeraHorpaduy, OCHOBaHHBIM Ha (hOpMaTHPOBa-
HHUU TEKCTa, OTHOCSITCS. METO[IBI, OCYIIECTBIISoIUe (hOPpMATUPOBAHKE TEKCTa
¥ TEKCTOBOTO MpocTpaHcTBa. [log hopMaTupoBaHHEM TEKCTa M TEKCTOBOTO
MPOCTPaHCTBA MOAIPa3yMeBaeTCsl U3MEHEHHEe CTPYKTYPHI TEKCTa, a Takxke (op-
MBI U TIpeficTaBieHus mpudToB. K nmaHHO# rpymme oTHOCATCS Clieayomye
MOJXObI:

— OCHOBaHHBIC Ha UCIOJIb30BaHUM MPOCTPAHCTBA UHTEPBAJIOB U OTCTY-
OB (CIIBUT JIMHUM TEKCTa, CIIBUT CJIOBA TEKCTA, CIIBUTI CUMBOJIA BHYTPH CJIOBA,
caBur ab3aIHOTO OTCTYIIA);

— OCHOBaHHbIE Ha FICIIOJIb30BAHUH OTKPBITOTO MTPOCTPAaHCTBA (BHECEHUE
JOTIOJTHUTEJILHBIX TIPOOEJIOB);

— OCHOBaHHbIE Ha KOTUPOBAHUY MPU3HAKOB (3aMeHa CUMBOJIOB).

B asroputMax BCTpauBaHHUs, PeaM3yOIIUX U3MEHEHHE MOJIOKESHUS
JIMHUU TeKCTa (PUCYHOK 2), KOOUpOBaHWE WH(POPMAINH OCYIIECTBISCTCS
MOCPEACTBOM BEPTUKATILHOTO CABUTA JIMHIM TEKCTa Ha OIPeeSIeHHOe pacCTo-
auue [24,25].

1 Nam dui ligula, fringilla a, euismod sodales, sollicitudin_vel, wisi..
2 Morbi auctor lorem non justo. Nam lacus libero, pretium at, lobor.
3 vitae, ultricies et, tellus. Donec aliquet, tortor sed accumsan biben
h+ Ai

5 tesque a nulla. Cum_ sociis natoque penatibus et magnis dis_parturi
¢ montes, nascetur ridiculus mus. Aliquam tincidunt urna. h — Ai

7 per vestibulum turpis. Pellentesque cursus luctus mauris.
Puc. 2. CaBur 1MHNU TEKCTA

AJITOpUTMBI BCTpaMBaHUsI, OCHOBAHHBIC HA U3MEHEHUM TOJIOKEHHS
CJI0B [26], peann3yoT KoAUpoBaHUe NH(POpMALIUK IOCPEACTBOM TOPU3OHTAIb-
HOT'O CIBHUTa CJIOB (BJIEBO WJIM BIIPABO Ha ONPEAEIEHHOE PACCTOsIHUE) JTUO0
yBeJMUYeHHUs1 (YMEHbIICHHUs) MHTEpBala Kak MeX]y CJIOBaMH, TaK ¥ MEXKLy
CHMBOJIAMH BHYTPH CJIOBA.
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IMogxox K BCTpamMBaHMIO, OCHOBAHHBIN Ha CABHUI€ CHMBOJA BHYTPU
CJIOBa, peanu3yeTcs MOCpeCTBOM KOJMPOBaHUS MH(OPMAIIUK 32 CUET MOJY-
JISLIAY JIOKAJIBHOTO UHJIEKCa CUMBOJIOB TeKcTa [27] (pucyHok 3). B oTinune
OT PaCCMOTPEHHBIX paHee AJTOPUTMOB BCTPAWBAHUS MOJIOKEHUE CHMBOJIA
KOJMPYETCsl AByMsI OUTAMHU.

Z0, Yo z1 =10 — Az Y1 =1y — Ay 1 =20 + Az
Y1 =190+ Ay

Puc. 3. I3MeHeHue MOI0KEHUSI CUMBOJIA

B anroputmax BcTpaMBaHMsI, OCHOBAaHHBIX Ha M3MEHEHUU 3HAYEHUS
OTCTYIIA ¥ MapaMeTPOB TEKCTa, KOJUPOBaHNE NH(GOPMAIIUN OCYIIECTBIISIeT-
CsI TIOCPE/ICTBOM M3MEHEHHS BEJIMIMHBI OTCTyNa (B TOM 4YHciie ab3allHoro),
TaOYJISALMHY, 3HAYESHHUS TI0JIeH, KOJIOHTUTYJIOB 1 BBIPABHUBAHHS TEKCTA.

OcoGeHHOCTD MOAX00B BCTPaUBaHMUs, OCHOBAaHHBIX Ha MCTIOIb30BAHIN
MPOCTPAHCTBA MHTEPBAJIOB U OTCTYIIOB, 3aKJII0YAETCs B IPUMEHEHNH HEOOTb-
IMX 3HAYEHUi1 BEJIMUMH OTCTYIIA U CIIBUTa 11 00eCIIeYeHusI IepLEenTHBHON
HEBUIMMOCTH BCTpanBaeMoi NH(OPMAIHH.

Bropas rpynmna nogxonos BCTpanBaHUsI, OCHOBaHHBIX Ha MCIIOJIb30Ba-
HHUM OTKPBITOTO MIPOCTPAHCTBA, PEATN3yeT CXEMY BHECEHUS JOMOIHUTEIbHBIX
npo0eIoB B UCXOIHbIN TEKCT. B kauecTBe CBOOOAHOTO (IyCTOr0) NPOCTPaHCTBA
MOXET BBICTYIATh: ITyCTOE NPOCTPAHCTBO B KOHIIE KaXJJOH CTPOKH, MPOOEIIbI
MEk 1y CJIOBaMH B IPEIJIOKEHUN U TPOOEJIBI, CJIe I IOIIHE 32 TYyHKTYallMOHHBIMA
3HaKam# [28].

AJITOpHUTMBI BCTPaNBaHMs1, OCHOBAHHBIE Ha BHECEHN! B TEKCT JOTOIHHU-
TeJIbHBIX MTPpo0eJIoB [12], OCyIecTBIAIOT KOAUPOBaHKUE UH(GOPMALMH MTOCPE/-
CTBOM COIOCTABJIEHUsI €JUHUYHOMY JIOTIOJIHUTEJIBHOMY MPOOesy 3HaYEeHUs
«1», a nBOMtHOMY TIpoGeTy — «O».

AJTOpUTMBI BCTpaNBaHMsl, OCHOBaHHbIE HA BHEJPEHUH JOTOIHHUTEb-
HBIX IPOOEJIOB B KOHEIl KaX/I01 CTPOKH, KOAUPYIOT OOWH OUT BCTpauBaeMoii
nH(pOpMaLUK AByMs JOTOJHUTENBHBIMU NPpoOeaMy B KOHIIE CTPOKH, ABa
6ura nHpOpMaIK — YETHIPbMsI MIPOOEIaMU M TaK Jlajiee B 3aBUCUMOCTH OT
JIOCTMXKUMOM eMKOCTH BCTpauBaHus [26].

B nozxonax K BcTpauBaHWIO, OCHOBAHHBIX Ha KOAAMPOBAHUY MPH3HAKOB,
BCTpauBaHKe MH(DOPMAIN B NICXOAHBIN TEKCT OCYIIECTBIISAETCS TOCPEICTBOM
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3aMeHbl OIHOTO U 00JIee CUMBOJIOB TEKCTA. IJIst 3TOr0 MCXOMHbIA TEKCT aHAJIM-
SUPYETCA U MPOU3BOJUTCA BI)I60pKa CHUMBOJIOB, IPUT'OJHBIX AJI BCTPaUBAHUA.
TakuMu CUMBOJIaMU MOTYT OBITh CHMBOJIBI, COJIEpXKaIllie TUAKPUTUIECKHUE
3HAKH, KOTUPOBaHUE MH(OPMAITNX B KOTOPBIX MPOU3BOJUTCS IMyTEM UX CMele-
HUA (yIaTeHns ), WA CUMBOJIBL, COIepXKalllyie BHHOCHBIE JIMHIY, KOTUPOBaHHE
MH(pOPMAIUH B KOTOPHIX OCYIIECTBIISACTCS MOCPEACTBOM U3MEHEHUS UX JITMHBI
Y IUpuHbI [29].

ITomMumo n3mMeHeHus (hopMbI U pa3Mepa CUMBOJIOB aJITOPUTMBI BCTPau-
BaHUs1, OCHOBaHHBIC Ha KOIMPOBAHUU NIPU3HAKOB, MOT'YT HCIIOB30BATh OCO-
OEHHOCTH CTaHIAPTOB KOOUPOBAHUS. AJTOPUTM BCTPAUBAHMsI, OCHOBAHHBII HA
cranpapre koguposanus Unicode [30], ocymiecTBiisieT BCTpanBaHue nHpopMa-
1Y TIOCPEJCTBOM 3aMeHbI OTHOTO U3 13 CMMBOJIOB aHIJIMIICKOTO aipaBuTa,
UMEIOIINX aHAJIOTUYHOE TPeICTaBIeHNE B IPYTUX andaBUTax, Ha OJMH U3 TPeX
CUMBOJIOB-aHajoros B (popmare Unicode.

KomupopaHre IpH3HAKOB B aJITOPUTMAaX BCTPAUBAHUS MOXKET OBITh OC-
HOBAaHO Ha CXOJCTBE HEKOTOPHIX THITOB MIPH(TOB 1 peaTn30BaHO IIOCPEICTBOM
3aMeHbl CUMBOJIOB OJHOTO THUIIa mpudTa Ha Apyroi. s peanusanyy anro-
puTMa BcTpauBaHusl MHGOPMaIMU HEOOXOAUMO OINpeeUTh Habop MpHUdTOB
CXOXHX C UICXOJIHBIM, COCTABUTh TaOJIMITY 3aMEHBI U OCYIIIECTBUTh BHEIPEHIE
MH(pOpMaLIUK.

MeTonpl TEKCTOBO# cTeraHorpadur, OCHOBaHHbBIE Ha (popMaTHpOBa-
HHM TEKCTa, MOT'YT PUMEHSTLCS B CIIy4asix, KOraa He0OOX0AUMO COXpaHeHHe
BHeJpEeHHON MH(OPMALIUK NIPU MeYaTh JEKTPOHHOIO JOKyMeHTa. JlaHHas
TpyIIa METO0B 00eCIeYNBAET BHICOKHI YPOBEHb HEBUIUMOCTH BCTPANBACMBIX
JAHHBIX 110 OTHOIICHUIO K BU3YaJIbHOMY M CEMaHTHUECKOMY aHAJIN3Y TEeKCTa.
HenocraTok, mpucymmmii BceM NMOAXOJaM JaHHOU TPYIIIBI, 3aKJI0YaeTcs B
OTCYTCTBUM CTOHKOCTH K OTEpaIsIM TOBTOPHOTO HaGopa TeKCTa U 00padoTKU
TEKCTa CPeJCTBAaMHU ONTHYECKOrO paclio3HaBaHUSA CUMBOJIOB. Kpome Toro, pac-
CMOTpPEHHBIE TOIXO/TBl XapaKTePU3YIOTCsI HEOOJBIIION eMKOCThIO BCTPAUBAHUS
JIQHHBIX.

‘VkazaHHbIE JOCTOMHCTBA M HEJJOCTATKN METOJIOB TEKCTOBOM CTEraHO-
rpacduy MO3BOJISIOT CAENIATh BBIBOJ, O IIPIMEHUMOCTH METO/IOB, OCHOBAaHHBIX
Ha (hOpMaTHPOBAHUM TEKCTa, 1151 BHeApeHus: PB3 B TekcTOBbBIE JaHHBIE, TTOATO-
TOBJICHHBIC JI4 IIE€YaTu. OCO6€HHOCTB TEKCTOBbBIX JAHHBIX, IIOATIOTOBJICHHBIX K
nevyaTy, 3aKJII0YaeTcsl B HeBO3MOKHOCTY U3MEHEHHU T CEMaHTHIECKON M CHHTaK-
CHUYECKOU CTPYKTYpHI TeKcTa. [laHHast 0COOCHHOCTD HAaKJIAIbIBAET OT paHIICHIE
Ha KCITOJIb30BaHKE JIMHIBUCTHYECKUX METOJOB U METO/IOB, OCHOBAaHHBIX Ha
CO3[IaHMY TIOCTIeIOBATEIbHOCTEMH, B miporiecce BHeaApeHus: PB3 B TeKcTOBbIE
IaHHBIE.
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Vcnons3oBanue B mporecce BHeApeHus: PB3 monxonoB BcTpavBaHus,
OCHOBAHHBIX Ha BHECEHUH JIOTIOJTHUTEIIbHBIX IPOOEJIOB U KOAMPOBAHUM IIPU-
3HAKOB B TEKCTOBbIE J1aHHBIE, TTOJrOTOBJICHHBIE [JIs1 MeYaT, HaKJaIblBaeT
JIOTIOJTHUATETbHBIEC TPEOOBAHMS HA STAIbl OOHAPYKEHUS U U3BJICUCHHS BCTPO-
€HHBIX JaHHbIX. B mporiecce u3BieveHnsi BCTPOSHHbBIX JaHHBIX HEOOXOIUMO
TOYHO OIPEJIEIUTh KOJIMYECTBO JJOMOTHUTEILHO BCTPOSHHBIX MPOOEIIOB Uin
PpacrmooXeHre U3MEHEHHBIX CUMBOJIOB BHY TPH TEKCTA, UTO SIBJISIETCS TPYIHOBBI-
TOJTHUMOH 3a/1a4eit /151 CYIIECTBYIOIMX CUCTEM ONTUYECKOrO PACIO3HABAHUS
CUMBOJIOB. [1JIs pelieHus JaHHOH 3a/1a4uX HanboJee MOIXOISAININMHI SBIISIOTCS
CcJieIyIoIIre TIOAXOIb K BCTPAUBAHMIO: ITOIXOJ, OCHOBAHHBIN HAa N3MEHCHUN
BEJIMIHMHBI MEKCTPOYHOTO MHTEPBAJIA, ¥ MMOAX0, OCHOBAHHHIN Ha M3MECHEHUN
BEJIMYUHBI MEXCUMBOJIBHOTO UHTEpBaa.

ITonxon k BHeApeHUIO HH(POPMAITUK, OCHOBAHHBII HA U3MEHEHUH MEX-
CHUMBOJIFHOTO MHTEpBaJia, TPUMEHUM IPU HAOOpEe TEKCTa C UCTIONIb30BaHUEM
MOHOIIMPUHHBIX TIPHQPTOB, UYTO HE COOTBETCTBYET CYIIECTBYIOIINM IIPaBHIaM
MOATOTOBKH OPUITMAJIBHBIX JOKYMEHTOB U IOKYMEHTOB, TOATOTOBJIEHHBIX K
nevaTv Win onyo6srkoBanuio. [Togxon K BHEAPEHHUIO TAaHHBIX, OCHOBAHHBIN
Ha U3MEHEHUU MEKCTPOUYHOTO MHTEpBaJIa (MOMOKEHUN JTUHUM TEKCTA) JIUIEH
YKa3aHHOTO HEJIOCTATKa ¥ MOXKET OBITh HCIIOJIb30BaH B MPOIIECCe CTeraHorpa-
¢uueckoro BcTpauBaHusi PB3 B TeKCTOBbIE 1aHHBIE, TOATOTOBJIEHHBIE 1JIsI
TevaTy.

Takum 00pa3oM, yKa3aHHbIE OrpaHUYEHHSI TO3BOJISIIOT BHIOPATh B Ka-
YecTBe MOAX0/a K BCTPaUBaHUI0 MH(POPMAIIMK B TEKCTOBbIE TaHHBIC pa3pado-
TaHHBIA aTOPUTM cTeraHorpaduueckoro BHeapeHuss PB3, ocHoBaHHbII Ha
W3MEHEHUN BeJIMIMHBI MEKCTPOYHOTO MHTEPBAa.

3. IHoaxox k BcTpanBaHui0 HH(OPMAIINHA B TEKCTOBbIE JaHHBIE.
BapuanT BcTpanBanus HH(GOPMAITUM Ha OCHOBE N3MEHEHUS] MEKCTPOYHOTO
UHTepBaJia (PUCYHOK 2) MO3BOJISIET KOAUPOBaTh 1 OUT MH(MOPMAIIUHK C TOMOIIIBIO
M3MEHEHHsI MEeKCTPOYHOTO MHTepBajia TeKcTa Ha BesmuuHy A. B paspabo-
TaHHOM aJITOPUTME BCTpavBaHUe WH(MOPMAIIUN PEeaTM3yeTCsl CJIeTyIIuM
obpazom:

— YBEJIMYCHHE BEJIITUYMHBI MEKCTPOYHOTO MHTEPBAJIa Ha YCTAHOBJICHHOE
3HaYeHue A Mexay COCeHMMHU CTPOKaMH TEKCTa MHTEPIPETUPYETCs Kak
3Ha4YeHHE «1»;

— OTCYTCTBHE U3MEHEHUH B BEJIMUMHE MEKCTPOUHOTO UHTEPBAJIa MEX-
Iy COCEIHUMHU CTPOKAMH TEKCTa MHTEPIIPETUPYETCs Kak 3HaueHne «0».

Brnok-cxema anroputma creraHorpaguaeckoro BHeJpeHus nH(popma-
IIUM B TEKCTOBBIE IaHHBIE TIPEICTABJICHA B JINCTUHTE 1.

VIcXOMHBIMU TaHHBIMH JJIs1 PA0OTHI aJITOPUTMA SIBJISICTCST TEKCTOBBIMA
JIOoKyMeHT 1Dy (1OKyMEeHT-KOHTEWHEp), COAepKAIlUil TEKCTOBbIE JaHHbIE.
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Data: TexcToBslit fokymeHT 1" Do, BcTpauBaemast uadopmars 1
Result: TToanucanHblil TeKCTOBbINH JOKyMeHT T Dy
Len < GetLength (1)
N < CountLines (T'Dg)
if N > (Len + 1) then
fori < 0 to (N —2) do
j < i mod Len
if I; = 1 then
| TDo «+ Embed (T Do,i)

9 S wm R W N =

8 TDs < TDg

9 return T'Dg
JIuctunr 1. Anropurm BHeipeHUs! UH(OPMALUU B TEKCTOBBIA JOKYMEHT

HormyckaeTcs UCMONb30BaHUE CIAeAYIOMUX (OPMATOB TEKCTOBBIX JOKYMEH-
TOB:

— RTF (Rich Text Format) — cnenudukanms [31];

— PDF (Portable Document Format) — cranaapt [32, 33].

[MepBbIM 3TanIOM PabOTH AITOPUTMA CTETaHOTPA(PUIECKOTO BHEPEHHUS
nHpopmanmu (maru 1-2) sABisieTCs onpeAesieHue pa3Mepa BCTpauBaeMOt
UH(OPMAIIMY U TOCTHKUMOI eMKOCTH BeTpauBanust pynkuueit Get Length u
CountLines COOTBETCTBEHHO.

Ha Bropom stane (wuar 3) onpenesnsercs: BO3MOXHOCTb BCTparBaHUs
MH(pOpMAIUH B NCXOJHBIE TEKCTOBBIC JaHHbIe. Ha sTane kogupoBaHus BCTpan-
BaeMoii mH(popmMary (mard 4-7) KogoBasi mocae0BaTeIbHOCTh BCTPauBaeTCs
B UCXOJIHBII TEKCTOBBI JOKYMEHT CJIeIyIONUM 00pa3oM:

— BHeJpeHue uHGOpMaIlUU OCYIIECTBIsAETCs ¢ nepBoii (¢) 10 (N — 2)
CTpOKH, TAe [V onpejessieT JOCTUKUMYIO eMKOCTh BCTPAaUBaHUS;

— B¢ CTPOKE CUMTHIBACTCSI CUMBOJI KOIOBOI KoMOuHaImu [ ;

— €CJIM CUMTAHHBIA CMMBOJI COOTBETCTBYET «l», TO MEXCTPOYHBIN
MHTEPBAJI MEXAY ¢ U 7 + 1 CTPOKaMH yBEJIMYUBAETCS HA BeJIMUMHY A.

ITo okoHYaHWMM pabOTHI AJTOPUTMA CTEraHOrPa(PUIECKOro BHEIPSHUS
uH(opMatuu GopMUPYeTCs MOANUCAHHDBIA TEKCTOBbIN AJOKyMeHT 1 Dy, copep-
Kaluil BcTpanBaeMmyo uHpopMarmio /.

s onpeneneHrss BO3MOXXHOCTH peajn3alyy YKa3aHHOIO MOoAX0oJa
BCTpauBaHus, JOCTM)KMMOM €MKOCTHA BCTPAUBaHUsI U YyCTAHOBJIEHUS TPaHUL]
MEePUENTUBHON HEBUIUMOCTH BCTPOEHHON NH(OPMAIIMKU B TEKCTOBBIE TaHHbIE
ObLTa TIPOBeJ/IcHa MX SKCIePHMEHTAIbHAS OIleHKa Pa3pabOTaHHOTO aJITOPUTMA.

4. OueHka eMKOCTH BCTPAMBAHHUSI H NEPIENTHBHON HEBIIUMOCTHU
N0AX01a HA OCHOBE N3MEHEeHHsI MeKCTPOYHOro nHTepBaJa. [IposeneHHas
Ipynna 3KCIEPUMEHTOB MO3BOJIMJIA ONPEIEIUTh BEJIMYMHY NPEAEIIBHO HO-
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CTHKMMOW €MKOCTHU BCTpauBaHUs, YCTAHOBUTh 3aBUCUMOCTb JOCTHAXKHUMOMN
€MKOCTH BCTPaWBaHUsA OT pa3Mepa U rapHUTYPHI UCIIOIb3yeMOro HpudTa u
M3MEHEHUs BEJIMYMHBI MEeXCTPOUHOro MHTepBaita. Kpome Toro, mposeneHa
OLIEHKa MEepLENTHBHON HEBUANMOCTH BCTPOCHHBIX JAHHBIX U OIpEeJICHbI
MOPOTOBBIE 3HAUCHUS N3MEHEHH ST BEJIMIMHBI MEXCTPOYHOTO MHTEpBAIa.

HcxXomHbIMY AaHHBIME SIBJISUICS] TEKCT, CO3/IaHHBIN B CHCTEME KOMIIBIO-
TepHoil BepcTku IATEX, pasmepom He MeHee 10 CTpaHHIl cO ClIeAYIOLUIMMU
pasmMepaMu HoJIeH:

— BepxHee, HIXHee — 20 MM;

— neBoe — 30 MmMm;

— npaBoe — 10 mm.

[penenbHO JOCTHAKUMAsST eMKOCTh BCTPABAHUSI aITOPUTMA XapaKTepH-
3yeTcst KOJIMYECTBOM MEKCTPOUHBIX MHTEPBAJIOB TEKCTA Ha OJHOI CTpaHUIIE.
JLJ1s1 yCTaHOBJIEHHS 3aBUCUMOCTH MEXy EMKOCTBIO BCTPauBaHMs, TapaMeTpa-
MU pUQTa U BETNINHON MEKCTPOYHOTO MHTEpBaIa OB BEIOPAHHI CJleIyI0-
IIMe BapbUpyeMble MTapaMeTphL:

MEXCTPOYHBIN UHTEPBAJI: OJUHAPHBINA, IOy TOPHBI, IBOHHOM.
— ke mwpudra: 10 T, 12 it u 14 nr.
rapHUTYpa UCTIONb3yeMOro IpudTa:

1. Ipudrt ¢ 3aceukamu (serif) — Computer Modern Roman (anasnor
Times New Roman).

2. Ipudr 6e3 3aceuek (sans serif) — Computer Modern Sans Serif
(ananor Arial).

3. MoHoumpuHHbl mpudTt (monospace) — Computer Modern
Typewriter (ananor Courier New).

[Momy4eHHbIe 3HAYEHNUS TIPEEITBHO JOCTHKUMOM €MKOCTH BCTPaNBaHNUS
npencrasiieHsl B Tabuue 1.

Ta6uuna 1. 3aBUCUMOCTb €MKOCTH BCTPAaUBaHMUS OT U3MEHEHHUST MEKCTPOYHOTO
VHTEpBaJIA U KerJis mpudTa

Kernb BemiunHa MeXCTPOYHOrO ITpesebHO TOCTHKUMAsST EMKOCTD
mpudTa MHTepBaJa BCTPaNBaHUSA
10 1 60
10 1,5 40
10 2 30
12 1 49
12 1,5 33
12 2 24
14 1 42
14 1,5 28
14 2 21
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AHa3 MOJMyYeHHBIX Pe3yJIbTaTOB MO3BOJISIET CAEJIATh BBIBOI O 3a-
BHUCUMOCTH €MKOCTH BCTPauBaHMs OT BEJIMUYMHBI MEKCTPOYHOTO MHTEpBaJIa
U pa3Mepa Kerisl mpudTa, a Takke 00 OTCYTCTBHUM 3aBUCUMOCTH OT rapHH-
TYpBI UCHIOJIB3yeMOro mprdTa. MakcUMaJIbHO JOCTHKMMOE 3HaYeHUE eM-
KOCTH BCTpauBaHHs cocTapisier 60 OuT (pu MCIONB30BaHMM MIpUdTa C
kerieM 10 OT U BeWYMHE MEXCTPOYHOrO MHTEpBaia 1), MUHUMaIbHOE —
21 6ut (1pu UCTIONB30BaHKUM HIpUQTa C KerieM 14 T 1 BeJIMYMHe MEeXCTPOY-
HOTO MHTepBaja 2).

B xozie mpoBeieHus BTOPO#A IpyNITHI 9KCIIEPUMEHTOB OblTa POU3BEICHA
OLIeHKa MepIeNTHBHON HEBUIMMOCTH BCTparBaeMbIX AaHHbIX. KopmpoBanue
MH(pOPMALIUK Peau30BaHO CIEAYIONINM 00pa3oM:

— BEJIMUMHA MEXCTPOYHOI'O MHTEPBAJIA MOCJIE KaXA0H HEYETHON CTPO-
KM TeKCTa He U3MEHAETCs U MHTepIpeTUpyeTcs Kak 3HadeHue «0»;

— BEJIMYMHA MEXCTPOUHOr0 MHTEPBAJIA MOCJIE KaX0i YeTHON CTPOKU
TEKCTa yBEJIMYMBAETCS HA YCTAaHOBJIEHHOE 3HAUSHHME M MHTEPIPETUPYETCS KaK
3HaYeHUE «1».

B naHHOM 3KCTIepUMEHTe HCIOIb30BAJICs OOUH ab3al] TeKCTa C FapHHU-
typoii Computer Modern Roman u kernem 14 nit. [l onpeieneHus nopora
NepUENTUBHON HEBUIUMOCTH UCIIOIb30BAIUCH CIEeAYIOIe BapbUpyeMble Ma-
pamMeTpbl:

1. HIpudt Computer Modern Roman 14 it (4,94 Mm) ¢ MeKCTPOUHBIM
MHTEpBAJIOM, paBHBIM 1 (4,94 Mm):

— yBeJIMuYeHHe MEXCTPOUHOro uHTepBana 1o 1,25 (6,17 mm) ¢ marom
0,05 (0,245 mm);

— yMeHblIIeHHe MeKCTpouHoro unrepsania ao 0,75 (3,71 mm) ¢ marom
0,05 (0,245 mm).

2. Mlpudt Computer Modern Roman 14 ot (4,94 MM) ¢ MeKCTPOIHBIM
WHTEpBaJIoM, paBHbIM 1,5 (7,41 mm):

— yBeJMUYeHHe MeXCTPOUHOro uHTepBana 1o 1,25 (8,64 mm) ¢ marom
0,05 (0,245 Mm);

— yMeHbIIIeHIe MeXCTpOoUHOro uHTepBaia ao 0,75 (6,17 mm) ¢ marom
0,05 (0,245 mm).

B pe3ysbpTaTe BU3yalbHOTO aHAIN3a MOMYUYEHHbIX JaHHBIX SKCIIEPTHBIM
nmyTeM OblJI YCTAHOBJIEH MOPOT MEPLENTUBHON HEBUIMMOCTH BCTPOEHHBIX
JIaHHBIX:

- 0,85-1,15 (4,20-5,68 MM) — 7151 OIMHAPHOTO MEKCTPOYHOTO UHTEP-
BaJIa;

- 1,35-1,65 (6,67-8,15 MM) — 1151 IOy TOPHOT'O MEXCTPOYHOTO MH-
TepBaja.
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[MomyyeHHble pe3yabTaThl eMKOCTH BCTPAUBAHHUS M IIEPLETNITHBHON HEBHU-
JMMOCTH TO3BOJISIIOT UCTIONIb30BATh pa3padoTaHHbIi MOAX0/ K BHeApeHHio PB3
B TEKCTOBBIE JaHHBIE JUISl PELeHUS 3a/1a4M M0 3aIlUTe TEKCTOBBIX JaHHBIX,
MOATOTOBJICHHBIX K TIEYaTH.

[Mpouiecc m3BIeYeHNST BCTPOSHHBIX JAHHBIX HAKJIABIBAET JOTIOTHUTE b
Hble TPeOOBaHMUS 110 TOYHOCTH OOHApYkKeHus BcTpoeHHoro PB3 u onpeneseHus
BEJIMYMH MEKCTPOYHBIX MHTEpBaJoB. Kpome Toro, u3BneyeHue BCTPOSHHOIO
PB3 npoucxoanT u3 n300paxeHus1, COEPKAIIEro TEKCT, YTO TpeOyeT BBEACHNU S
B TIIPOILIECC U3BJICUCHHUS dTAlla TIPeIBAPUTEILHOM 00pabOTKU N300paKeHUS.

5. Iloaxon K wu3BJeYeHHI0 HH(OPMALMH H3 H300pa’KeHHil o
BerpoennbiM PB3. [111s peanu3aimu yka3aHHbIX TpeOOBaHUI U oOecrieYeHu s
JIOCTOBEPHOCTH U3BJICUEHUsI BCTPOSHHBIX JJAHHBIX ObLT pa3paboTaH MoAX0 K
W3BJIEYECHHIO HH(OpMaIuK U3 u300pakeHuil co BcTpoeHHbM PB3, coctosmuii
W3 CJICYIOUINX STAIOB:

— TpejBapuUTeNbHAs 00padoTKa N300pAKEHUS;

— OOHapyXeHHue JIMHUI TeKCTa;
ofpeesieHre MaCCUBa 3HAYEHUIH MEKCTPOUYHBIX HHTEPBAJIOB;

— JIeKOAMPOBaHUE BCTPOSHHON MH(OPMAIHH.

OTIMYUTENBHON 0COOEHHOCTHIO pa3pabOTaHHOTO MOAXOAA SIBJISETCS
NpUMeHeHre HOpMaIbHOTO TpeoOpasoBanus PasoHa 11t oOHApYKEHUS JIMHII
TEKCTa.

5.1. IIpeodpa3oBanue Pangona. [IpeoGpasosanne Pagona §(p,T)
HeTPePhIBHOM AByMepHOi (pyHKImMH f (2, ) ONpelenseTcs oCpeJCTBOM CyM-
MHUPOBaHHs (MHTETPUPOBaHMsI) 3HaUeHUIl [ BIOJIb HAKJIOHHBIX JIMHUIL [34].
[omoxeHue NMWHUM ompejesisieTcs] mapaMeTpaMyd HaKJIOHA p M CMeEIIeHUs
JIHWH T

g(p,7) = /f(m,p’varT) dz. (1)

K cBoiictBam npeoOpasoBanusi Pajiona otHocsTCS:

— 00paTUMOCTbh — BO3MOKHOCTh BOCCTAHOBUTh UCXOJHYIO (DYHKIIHIO
10 ee Ipeodpa3OBaHMIO;

— JMHeHHOCTh — IpeoOpa3oBaHue PaoHa B3BELIEHHON CYMMBI (DyHK-
1A paBHO B3BEILIEHHO CyMMe OT/IeJIbHO IPeo0pa3oBaHHBIX (DYHKIIHH;

— cMmeneHue (PyHKIMM — HaKJIOH JIMHUM HE MOXET ObITh M3MEHEH
TIOCPE/ICTBOM IIPHMEHEHHsI IPe0Opa30BaHHuS;

— MaciTabupyeMOCTb.

Boipaxenue (1) npeacrapisier co0oil 0iHY U3 HECKOIBKHX (DOPM 3amu-
cu npeoOpa3oBanus. B o0iem Buge npeodpasoBanue PagoHa onuceBaeTCs
CJIeIyIOIIIM 00pa3oM:
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?](50751752)2//f(ff7y)5(fo—§1'x—fz'x)dxdy- ®)

—00 —O0

OcoBGeHHOCTh TIPAMOTO Mpeodpa3oBanust PasoHa 3akimoyaeTcs B mpe-
00pa30BaHUHU KakIOW JIMHUK U300paxkeHUs1 B ONpe/IeICHHBIM 00pa3oM pac-
MOJIOKEHHBIE MTUKHU, COOTBETCTBYIOIUE NTApaMeTpaM 3TuX JuHui. O6paTtHOe
npeoOpaszoBanre PajoHa MO3BOJISET BOCCTAHOBUTH M3 MOJYUYEHHBIX ITMKOB HC-
XOJIHbIE JIMHUK. V3 CBOMCTBA 06paTHMOCTH MpeoOpa3oBanust Paona ciemnyer,
4To TpeodpasoBanue PagoHa, MpUMEHEHHOE K TOUKE, TPAaHC(OPMHUPYET ee B
JIMHUIO, a TIPUMEHEHHOE K JIMHUK — B TOUKY.

Eciu 6azoBast pyHKuus f(x,y) HE UMEET MPEANOYTUTELHON OpH-
€HTAIMK, TO YPABHEHHE MPSMON MOXKET OBITh MPEICTABIEHO B HOPMAJILHOM
BHIE:

p=x-cosf+y-sinb. 3)

[MoacTapisis onyveHusle 3HadeHus (&o, &1,&2) = (p,cosf,sinf) B
BIpakeHue (2), MoJy4rM HOpMasbHOE NpeodpazoBaHue Panona:

g(p,0) = / /f(x,y)é(p—w-6089—y-sin9)dl‘dy- 4)

— 00 —O0

HopmasbeHoe npeodpa3oBanue PajioHa uMeeT npocToil reoMeTpruyecKuii
CMBICTT — 3TO uHTerpai ot (pyHKmu f(x,y) BHOJIb MPSIMOM, OMMCAHHON
BeIpaxkeHHeM (3) M MOBEpHYTOW Ha yroi 6, MepneHIuKYISIPHOH BEKTOpY
(cos 8, sin @), mpoxopsiueil Ha pacCTOSHAM p OT Havasia KoopauHar [35].

B cityuae npuMeHeHHst HOpMAIBHOTO npeobpasoBanus Pamona Ry (')
K H300pakeHuIo, onmucanHoMy (yHkuuei f(z,y), pe3yaprar npeoOpa3oBaHust
[peJICTaBIAET COOOM HAOOP JIMHEWHBIX UHTErpasoB OT pyHKumu f(z,y), no-
Jy9IeHHBIH Mpu BpamieHnu ocu abermce (Pucynok 4). [Ipyriuvu cnoBamu, A
Npe/ICTaBJICHNsT N300paXeHHs yepe3 HopMallbHOe Npeodpa3zoBaHre Pagona
HEOOXOIUMO B3SITh HECKOJIBKO Mapajie/bHO-JIyYeBbIX OTOOpaKeHUil n300pa-
KEHHM 1, BBIYUCIIEHHBIX [Ty TEM [IOBOPOTA UCXOJHOM JIMHUM (OCH abCIMCC) BOKPYT
LEHTpa N300pakeHus Ha pa3/InyuHble Il [36].

PaccmoTpeHHoe nnpeoOpa3oBaHue IPUMEHSIETCS B pa3pabOTaHHOM aJl-
TOPUTME M3BJICUCHUS] BCTPOCHHBIX JaHHBIX U3 M300paXeHUI, ColepKalix
TEKCT co BcTpoeHHbIM PB3, Ha 3Tarne oOHapysKeHHs JIMHUIA TekcTa. Takxke
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- FEAY \\ x

Puc. 4. T'paduueckas nnrepnperanms npeodpasosanust Pagona

JaHHOe peoOpa3oBaHue MO3BOMNSET ONPEAEIUTh YroJl IOBOPOTA M300pakeHus,
COJepIKaIero TEKCT, ¥ y4eCThb ero MpH W3BJICUCHUH JUHUHA TEKCTa.

5.2. AJuropuTm H3BJeYeHHs] BCTPOEeHHOW HH(popMamuu u3 H300-
pakeHHH. AJITOPUTM H3BJIeUYeHNsI MH(OPMAIMY, BCTPOEHHOH B TEKCTOBBIE
JaHHBIE N3 M300pakeHNil, cogepkammx poOACTHBIM BOISHON 3HAK, ITPEACTaB-
JIEH B JINCTHUHTE 2.

B kavecTBe MCXOAHBIX JAHHBIX BHICTYNAET U300paKeHue, Coaepxaiiee
BCTPOEHHYI0 MH(OPMALIUIO B TEKCTOBBIE JAHHBIE MOCPEACTBOM aJIrOPUTMA
cTeraHorpaguueckoro BHeJpeHusi, OCHOBAHHOTO HA NU3MEHEHUH MEKCTPOUHOTO
MHTepBaja (JIUCTUHT 1).

Ha nepBoM 3Tane ocyiecTBiseTcs peiBapuTebHas 00padoTKa UCXO-
Horo uzo6paxenust Im, (maru 1-2). ®yukuus ConvertT oGray npeodpasyer
[[BETOBOE IPOCTPAHCTBO U300pakeHust 11m; K MOy TOHOBOMY N300paxeHHIo (B
rpajanusx ceporo) Imgye,. KoMInoHeHTa ApkocTH 0Ty TOHOBOIO N300paske-
HUs M grey NOABEPraeTca cpenHeapudmernyeckoit pubrpanuu (pyHKumsa
Filtration). B pe3ynbrate 00pabOTKH UCXOHOTO N300paxeHus popmupyercs
HOPMAJIM30BaHHOE N300pakeHNe B rpajalusax ceporo Im gi;.

B nporiecce oOHapyxeHUst IMHUIA TeKcTa (1uar 3) HOpMaJIM30BaHHOE
n3obpaxeHue Im g;;: IpeodpasyeTcs B CHHOTpaMMY Sinogram MocpecTBOM
HOpMaJIbHOTO TipeoOpa3oBanusi Pagona. [lox cuHOrpamMmMoii moHMMaeTcst ABY-
MepHOe pacrpejesieHre OTHOMEPHBIX MPOEKIINii CI0s1 00beKTa KaK (PyHKIMN
yIJ1a MPOEKIHH, TJ€ YTroJ MPOSKIUH PACIONOKEH [0 OCH OPJIMHAT, a JIMHEH-
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Data: V3o0paxenue, cogepxariee Tekct Imy
Result: Bcrpoennas uagopmanust 1.

1 Imgrey < ConvertToGray (Imy)

2 Imgy < Filtration (Imgrey)

3 sinogram < RadonTransform (I'mg;;4)

4 for! < 0 to 180 do

5 L R[l] < RmsCalculation (sinogram,)

6 rot < Argmax(R)

7 row < sinogram|rot|

8 M < FindPicks(row)

9 min_mode, maxr_mode < FindModes(M)
10 D < CorrectErrors(M)

u if Std(D) > 0, 8 then

12 ‘ B <+ GaussianMixtureModel(D, min_mode, max_mode)
13 else

14 L b; < 0, i=1,|D|

15 B+ {b;}

16 Io +— B

17 return /.

JIuctunr 2. 3BneveHne BCTpOEHHON NH(MOPMALIMK U3 N300pakeHNUs

Hasi MPOEKIMsI pacnoyioxkeHa 1o ocu abcuucc [37]. [Jannoe npeobpa3oBaHue
ocyinectBisietcs pyukuueit RadonTrans form.

N3  chopMupoBaHHON CHHOTpaMMBI  IOCPEACTBOM  (DYHKIUH
RmsCalculation pna kaxgoro psaa (yria IMOBOPOTa) BBIYUCISIETCS
cpenHekBagpaTuHoe 3Hauenue (R[l]) cortacHo BbipaxeHus (maru 4-5):

s = [T
n b

Tae 1,22, ..., Ty — 3HAYCHUSI CHHOI'PAMMBI 110 Iy (.

3arteM U3 CHHOIpaMMbl IOCPeICTBOM (PYHKIIMU Argmax BeIOUpaeTcs
psn row, odiagamuil HarndoJee BHIPOBHEHHBIM IO JIMHUY YepeI0BaHIeM
OeJbIX MOJIOC ¥ YePHBIX TOYEK. [JaHHBIA psilT OnpeiensieT MoJoKeHe TeKCTa U
yToJI IOBOPOTA 70t KCXOIHOTO H300paKEeHU.

Drtan BIYMCIICHNS] BEJIMYMH MEKCTPOUYHBIX HHTEPBAJIOB TEKCTA N300-
pakeHHsI COCTOUT U3 OOHAPYKEHHUsI JIMHUIA TEKCTa U BBIYKMCJICHUS BEJIMYMH
MEKCTPOYHBIX 3HaYeHui pyHkumeint Find Picks. Ha nepBom artare rnpoucxo-
JUT 0OHApY KeHe JINHMUIA TeKcTa. [1o/ MHreil TekcTa MOHMMAeTCsl BUPTyalbHAs
JIHUSA, TIO KOTOPO¥ BHIPOBHEH WM 00beAWHEH TeKCT [36]. s n3BnedeHus
JIMHAH TEKCTa B 0w OCYIIECTBIISAECTCS MMOUCK WHIEKCOB CMEHBI 3HAaKa, KOTOPhIE
COOTBETCTBYIOT JIMHUSIM UCXOJHOTO TeKCTa. PaccTosiHue Mex 1y MHIEKCaMu
CMEeHbI 3HaKa ONpeiesIsieT BEMUMHY MEXCTPOUHOIO UHTEPBAIa MEXy JBYMSI
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CTPOKaMH UCXOJHOro TeKcTa. MaccuB BEJIMYMH MEKCTPOUHBIX HHTEpBaIOB M
BBIYMCIISIETCS KaK Pa3HOCTh MEXAY JIByMs MH/IEKCAaMHU CMEHBI 3HaKa.

Ha srane koppekivu omm6ok (mar 10) monydyeHHsle 3HaYeHust M
MPOBEPSIIOTCS Ha HAIMUKE OIINOOK MepBoro 1 BToporo pozaa. [lox ommbkamu
MIepBOTrO poja MOHMMAETCs U3BJICYCHUE MEKCTPOUHBIX NHTEPBAJIOB, HE MPH-
CYTCTBYIOLIMX B HCXOIHOM TeKcTe. OIMOKN BTOPOTo POfa XapaKTepu3yIoTcs
HPOITYCKOM MEKCTPOYHBIX MHTEPBAJIOB B UCXOJHOM TeKcTe. [[71s1 oOHapyxe-
HUA oMO0K (yHKumen F'ind M odes BHMUCIHSETCS BEPXHsISI M HIKHSST MOJIBI
min_mode, max_mode MaccuBa M. Ecim ajeMeHT MaccuBa O0JIbIIe, YeM
3HaveHue 1,7 - max_mode, IpUHAMAETCS pPElIeHNe O HAJIMINK OMMOKH BTO-
poro poja. I ucnipaBieHusi oOHapy KEHHOM ONIMOKHM yKa3aHHBIA SJIeMEHT
MaccrBa 3aMEHsETCS Ha J[Ba JIEMEHTA, KaX/Iblil U3 KOTOPBIX UMEeT 3HaUeHHUe
max_mode. OmmOKaM NepBOro pojia COOTBETCTBYIOT BEJIMUMHBI MEXCTPOY-
HBIX MHTEepBaJoB Maccuba M meHblme, yeMm 0, 6 - min_mode. VicnpaBienne
OLIMOOK IEPBOTO POJia OCYLIECTBIISICTCS IyTeM YIaleHUs JaHHOTO JIeMeHTa
n3 maccuBa M.

Ha mare 11-15 ocymectsisiercs nmpeoOpa3oBaHie CKOPPEKTUPOBAH-
Horo maccuBa D B nqBonuHbIi BU. [lonydeHHbIli MaccuB ) MOXHO UHTEP-
NPETUPOBaTh Kak OMMOIAIbHOE pacripeieieHue (3HAUYSHHUI HYJIsl ¥ €IUHULIBI).
Takum ob6pa3omM, 3aaua NpeoOdpa30BaHMUsI IOy YEHHOH MOCIIEI0BATEILHOCTH
JaHHBIX B JBOMYHBIA BHI MOXET OBITH pellleHa IOCPEACTBOM NPHUMEHEHHUS
METOZO0B MaTeMAaTHIECKOI CTATUCTUKY, HAIIPABJICHHBIX Ha pa3/ieJIeHe CMECH
pacnpesieneHuil. B kauecTBe MeTosa pa3zieieHrst CMECH HCIIOb3YeTCsl MOJeb
pasjesieHrs CMecH HOpMaJIbHBIX pacrpezesenuii [38].

5.3. Pazpenenne cmecH pacnpeneiennii. OCHOBHas 3a/ja4a pasjelie-
HUS1 3aKJTI0YAETCST B BOCCTAHOBJIEHUM KOMITOHEHTOB f,, (X; #(w)) u cmenmBa-
omei pyskpn P(w) no 3amannoit neBoit yactu f (X)) COOTHOLICHUSL:

w

F(X) = / Fo(X:0(w)) dP(w) 5)

— 00

Y Ha3bIBaeTCs 3a/layeil MAeHTU(UKAIMY KOMIIOHEHTOB cMecu [39].

Bripaxenue (5) npeacTapiisieT coO00i (PyHKIMIO TNIOTHOCTHU (TIOJMTOH
BEPOSITHOCTEN) pacmpe/ie/ieH!s1 Ha3bIBaeMOi cMechio (Wl P-CMechio) pactpe-
JesieHus cemeicTa F.

JlaHHOE pa3jieneHre MOXeT ObITh peaIM30BaHO B ciydae, ecii P =
{P(w)} npencrapisiet cobo0ii CEMEACTBO CMEIIMBAIIMX (DYHKIIMIA pacmpe-
JeJIeHNsT M MMeeTCsl [BYXIapaMeTPUYECKOe CEMEICTBO pP-MEPHBIX IUIOT-
HOCTel (TIOJIMTOHOB BEPOSATHOCTEN) paclpeaeIeHUs:
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F={fo(X;0(w))}, (6)

rJie OJHOMEPHBIHA (1IeJIOYNCIICHHBIIA I HEMPEePhIBHBIN) MTapaMeTp w B Ka4ecTBe
HIKHETO MHJIeKca (QyHKIMM f onpenesser cnelmgrKy oOLero Buaa Kaxaoro
KOMIIOHEHTa — paclpe/iesIeH!s] CMeCH, a B KaueCTBe apryMeHTa IPH MHO-
rOMEpHOM IapameTpe ) onpeesseT 3aBUCUMOCTb 3HAYEHUIT XOTsI Obl YacTH
KOMIIOHEHTOB 3TOr0 IapameTpa OT TOro, B KAKOM MMEHHO COCTABJIAIOIEM
pacnpesienieHun f,, OH IIPUCYTCTBYET.

Torza 3a1a4a pasJie/ieH!s] CMECH pacIpeie/ICHHI 3aKII04YaeTCsl B BbI-
6opke kinaccupuimpyembix HabmogeHut X1, Xo, . .., X,,, U3BJICUCHHON U3
IEHEPAJIbHON COBOKYIHOCTH, SIBJISIOLIEHCS CMECBIO, OTIMCHIBAEMOI BBIPAKEHU-
€M 5, reHepaJIbHbIX COBOKYITHOCTEH THIIA, IPUBE/ICHHBIX B BHIPAKEHHH 6.

Eciu B kauecTBe (pyHKLMM ITIOTHOCTH BEPOSITHOCTH BBICTYIIAET IUIOT-
HOCTb BEPOSITHOCTH HOPMAJIPHOTO 3aKOHA pacIpe/Ie/IeHHS:

) (x —m)*
T 9202

¢ ,
oV2r

TO IaHHBII METOJ pa3[eIeHUs] CMECE! paclpeie/IeHUil Ha3bIBAETCs FayCCOB-
CKOI1 MOJIeJIbI0 pa3/ieieHUsl CMECH PacIpe/ieIeHU .

ITpeodpazoBanne mMaccuBa D B ABOMYHBIA MaccuB B 3aBHCHT OT Be-
JIMYMHBI CPEJHEKBAPATHUECKOTO OTKJIOHEHHS 3HAYEHHWiIl 3JIEMEHTOB Mac-
cuBa D. OyHKIMA Std 0CylIEeCTBIsIET BHIUUCICHHE CPEAHEKBAAPATIHYECKOTO
OTKJIOHEHMsI 3HA4YEeHU 3neMeHToB Maccua D). Ecim monydeHHoe 3Haue-
HHE Cpe/IHeKBaIpaTUUECKOro OTKJIOHeHus1 npeBbiiiaeT 0,8, To OuHapu3aus
OCYIIECTBJIIeTCS ¢ UCIob3oBanueM yHkmn GaussianMizture M odel
(mar 12), peanmsyiomieit Mogesb pa3/iesieHls] CMEeCH HOPMaJIbHBIX pactipejielie-
Huit. HTepripeTanus MaccuBa D Kak AMCKPETHOTO OMMOJIIBHOTO pacrpene-
JIeH!sI TTIO3BOJISAET PA3esuThb €ro Ha ABa Kiacca. Kiace, XapakTepu3yomuiics
MEHBIIINM 3HAYEHUEM MOJIBI 3JIEMEHTOB, COOTBETCTBYET «(0», a Kjlacc, Xapak-
TepU3yIoIuiicsa OOJbIINM 3HAUYEHHE MOJbL, COOTBETCTBYET «1» B TBOMUHOM
maccuse B. Ilpu 3nauennn Std(D) < 0,8 maccuB D cunraercsi yHUMO-
JaJIbHBIM ¥ IPHHUMAETCs pelleHrne 00 OTCYTCTBUM BCTPOSHHONW MH(OPMAIIUHL.
B pesymbraTe yero Ha marax 14-15 ¢popmupyeTcst ABOMYHBIN MaccuB BB, cocTo-
st u3 «0» smemenToB. [1omyyeHHBI TBOMYHBIA MacCUB BB mpeAcTaBiseT
c000ii BCTpOCHHBIC JaHHbIE .

ITo okoHYaHMM pabOTHI AITOPUTMA U3BJIEUEHHsT THPOPMAIMH, BCTPOEH-
HOI1 B n300paskeHune, cofepxaiiee podacTHbIN BOASIHOM 3HaK, AETAeTCs BHIBOJ

fz) =
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O TOVIMHHOCTH TIOJIyYEHHBIX TaHHBIX M COOTBETCTBUU WX IOANMCAHHOMY
BJIA/IETIbILY.

JList pa3paboOTaHHOTO aJTOPUTMa W3BJICUCHUs] HH(OPMAIIMU, BCTPO-
€HHOHM B TEKCTOBBIC HaHHBIC W3 W300pakeHHs, ObUIa MPOU3BecHa OICHKA
CJIEYIOIINX OCHOBHBIX CBOWCTB:

— pe3ylIbTaTUBHOCTb;

— 3JIeMEHTapHOCTb;

— KOPPEKTHOCTB;

— BBIYHCJIATEJIbHAS CJI0KHOCTD.

PesynpTaTBHOCTH (OTCYTCTBHE aBapHIHOTO OCTAHOBA) AITOPUTMA
3aKJII0YAETCS B TOM, YTO FCIIOJHEHHE aITOPUTMA 3aBEPIIUTCS 32 KOHEYHOE
YKCJIO IIIaroB.

JlaHHBI aITOPUTM SIBJISETCS SJIEMEHTAPHBIM, TaK KaK COIEPKUT OJIOKH,
BBITIOJTHSIIONIHE TIPOCTHIE OTIEPAIHIH.

Joka3aTeIbCTBO KOPPEKTHOCTH AITOPUTMA OTPe/IEISIeTCs CIeAYIOIIM
00pazoM: TS 3aJaHHBIX TAPAMETPOB AJITOPUTM BCET/Ia IMO3BOJISET ONPEAETUTh
uHpopManuio, npejcTaBieHHylo PB3, BHeJpeHHY10 B N300paxeHHe.

BpeMeHHY10 CJI0KHOCTh aJITOPUTMa OIPECIIUM ISl HanOoJjiee BhIUUC-
JIUTEJILHO CJIOKHBIX MPOIEeTyP:

— mpeobGpaszoBanus PagoHa, mmemriero ciaoxuocts 11 (180 - x - y), toe
Z,Yy — pasmep U300paxXeHHs B MUKCESX;

— pasjeNneHust CMeCH HOpMaJIbHBIX pactipeseneHuil To(n - k - p - 1), rie
7, — YKCJIO 3JIEMEHTOB B MacCHBE, k — 4MCJIO MofaibHOCTel (kK = 2), p —
pa3MepHOCTh MpocTpaHcTBa (p = 1), ¢ — YKCJIO UTepaIyii AITOPUTMA.

TakuM 006pa3oM, OOIIYI0 BPEMEHHYIO CIIOKHOCTh aJITOPUTMAa MOKHO
npejcraButb Kak T(180 -z -y +2 - n - 4).

CroxHOCTh anropur™a mo namstd paBHa O(x - y). Takas oueHka
CJIO)KHOCTH SIBJISIETCS TMHEHHOM.

JLJisi ompesiesieHUs] TPAHUI] U3BJIEKAEMOCTH BCTPOCHHBIX TaHHBIX W
pobacTHOCTH pa3pabOTaHHOTO MOIXO/IA K CTeraHOrpapuuecKOMy BHEPSHUIO
uH(pOpMaNUK B TEKCTOBBIE TaHHbe PB3 Obl1a mpoBeieHa KCIepiMeHTaIbHAS
OIICHKA.

6. DKCHepHUMEHTAJbHASI ONlEHKA NMPHMEHHMOCTH M POOACTHOCTH
Pa3padoTaHHOIr0 aJrOpUTMA W3BJEYEHHSI BCTPOEHHOI HH(popManuu u3
n300pakeHnii. B xoyie npoBeieHNs SKCIIepUMEHTa KOJAUPOBaHue WH(pOpMa-
U TIPOU3BOIUCH IMyTEM YBEJMUCHUS MEKCTPOYHOTO MHTEpBaIa Ha 3HAYe-
HUS, HaxonsIuecs B npegenax nepuentuBHoit Hesugumoctu (ot 0,01 o
0,1). Buenpenne mH(pOpMAIK OCYIIECTBISIIOCH B TEKCTOBBIE JaHHBIE, Ha-
6pannbie 1mpudrom Computer Modern Roman ¢ pasmepom kerist 14 mr.
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PB3 npencrapien nocieaoBareabHOCTHI0 «0101», IMKIMYECKH BCTPOSHHOH B
WCXOIHBIN TEKCT.

PesynbraT nssneuenns PB3 u3 n3obpaxkenusi, cogepxkaliero BCTpOeH-
HbIE JaHHbIE, IIPECTaBlIeH Ha pucyHKke 5 (PucyHok 5a — ncxognoe nzobpa-
KeHue, cogepxkaiiee PB3; PucyHok 56 — copmupoBaHHasi CHHOTpaMMa;
PucyHok 5B — pesysbratr nnpeodpa3oBanus PasoHa, rie NMKM COOTBETCTBYIOT
JIMHUSIM TEKCTa Ha M300paKeHUH.

By
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Puc. 5. Ilpumep u3BIIeUeHNs JIMHUI TEKCTa U3 N300pakeHNs, COEPXKAIIEro TeKCT

HOHy‘{CHHbIC SHAaYCHHA KOJIMYECTBA CTPOK U COOTBCTCTBy}OH_II/Iﬁ num
MaCCHB BCJIMYUH MEKCTPOUYHBIX UHTEPBAJIOB MPEACTABJICHLI B Ta6nnue 2.

Ta6JII/H_Ia 2. MaccuB BeJTMUUH MEKCTPOUYHBIX UHTEPBAJIOB

Yucso cTpok B Brruncen- MaccyB U3BJIEUEHHBIX BETMUUH MEKCTPOUHBIX
HCXOHOM HOE YHCIIO HHTEPBAJIOB
JOKyMeHTe CTPOK
28 30 [83, 80, 83, 80, 82, 80, 83, 10, 4, 2, 80, 83, 80, 82, 80,
83, 80, 82, 80, 83, 80, 83, 188, 80, 83, 80, 83, 79, 83]
28 31 [85, 80, 86, 80, 85, 80, 86, 80, 12, 8, 86, 79, 86, 80,
86, 79, 86, 80, 86, 79, 86, 80, 8 79, 86, 24, 80, 86,
80, 85]
28 27 [80, 88, 80, 89, 80, 88, 80, 89, 79, 89, 80, 88, 194, 80,
88, 80, 89, 79, 89, 80, 88, 80, 89, 80, 88, 80]

PesynbraThl mporecca UCIpaBlieHUsI OMMHOOK MEKCTPOYHBIX MHTEPBa-
JIOB TIPYIBEJICHBI B TabwLIe 3.

Pe3ynbTaThl OMHAPU3AIUHN U3BJIEYEHHBIX JAHHBIX U3 N300paKeHHid CO
BcTpoeHHbIM PB3 nipencrasiensl B Tabuuiie 4.

TOYHOCTH U3BJIEYECHHUsT BCTPOCHHBIX JaHHBIX U3 U300paXeHHd, comep-
xamux PB3, npeacraenena B Tadbsmue S.
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Ta6m/1ua 3. CKOppeKTI/IpOBaHHHe MacCCHBbI BEJIMIMH MEKCTPOYHBIX UHTEPBAJIOB

Yucno cTpok B Hcnpasnen- MaccuB UCTIpaBJIEHHBIX BEJIMIUH MEKCTPOUHBIX
HCXOIHOM HOE YHCII0 HHTEpBAJIOB
JIOKyMeHTe CTPOK
28 28 [83, 80, 83, 80, 82, 80, 83, 80, 83, 80, 82, 80, 83, 80,
82, 80, 83, 80, 83, 83, 83, 80, 83, 80, 83,79, 83]
28 28 [85, 80, 86, 80, 85, 80, 86, 80, 86, 79, 86, 80, 86, 79,
86, 80, 86, 79, 86, 80, 86, 79, 86, 80, 86, 80, 85]
28 28 [ 80, 88, 80, 89, 80, 88, 80, 89, 79, 89, 80, 88, 88,
88, 80, 88, 80, 89, 79, 89, 80, 88, 80, 89, 80, 88, 80]
TaGmuua 4. Pesynbrar OMHAPU3AIMY N3BJICUYCHHBIX JTAHHBIX
BeTpoennas JIBOMUHBI MacCUB MEKCTPOUHBIX UHTEPBAJIOB
nnpopmanusa
1010 [t,0,1,0,1,0,1,0,1,0,1,0,1,0,1,0,1,0,1,1,1,0,1,0, 1, 0, 1]
1010 [t,0,1,0,1,0,1,0,1,0,1,0,1,0,1,0,1,0,1,0,1,0,1,0, 1, 0, 1]
0101 [0,10,1,0,1,0,1,0,1,0,1,1,1,0,1,0,1,0, 1,0, 1,0, 1, 0, 1, 0]
Ta6mmua 5. TOYHOCTH U3BJIEUEHNU JAaHHBIX
Pasmep Benuuuna nzmenenus TouHocTh Jloxnsle cpa- | IIpomyck
Kerst MEKCTPOUHOIO HHTEpBaJIa W3BJICYCHUST GaTbIBaHUS nem (%)
(rit) (MHOXHTEJIb) (%) (%)
14 1,01 67,8 28,6 3,6
14 1,02 60,5 16,1 234
14 1,03 72,9 8,6 18,5
14 1,04 95,1 1,2 3,7
14 1,05 96,3 2,5 1,2
14 1,06 96,3 2,5 1,2
14 1,07 98,8 0 1,2
14 1,08 98,8 1,2 0
14 1,09 98,8 1,2 0
14 1,10 98,8 0 1,2

[TorydeHHble 3HaYE€HNs] TOUHOCTH M3BJICYECHHSI JaHHBIX U3 N300paxe-
HUH, copepxamux PB3, Ho3BOMAIOT caenaTh BEIBOJ O 3aBUCUMOCTH Pe3y/IbTaTa
U3BJIEYEHUS BCTPOEHHO! NH(OPMALIUK OT BEJMYUHBI U3MEHEHUS MEXCTPOU-
HOT'O MHTEpBaJa, UCIOJIb3YeMOro B Ipoliecce BcTpavBaHus. Tak, u3MeHeHne
BEJIMYMHBI MEKCTPOUHOIO MHTEepBaja B AuanaszoHe 3HadeHuit ot 0,01 (0,05
MM) 10 0,03 (0,15 Mm) uHTEpBasa He MO3BONAET MPABUIBHO U3BJIEUb BCTPO-
eHHYI0 MH(OpMAaLlMK BBULY BBICOKOTO MpOLIEHTa OMMOOK. B TO ke Bpems
M3MEHEeHHe BeJIMIMHBI MEKCTPOYHOrO MHTepBaja B auanaszone ot 0,04 (0,20
Mmm) g0 0,10 (0,50 MM) HHTepBasia XapaKTePU3YIOTCS OMUHOYHBIMU OIUOKAMM
u3BieyeHus. i uCTipaBieHNst OIMHOYHBIX OIIMOOK B MPOLIECCe BCTPauBaHMUs
MOTYT OBITh IPUMEHEHBI METOIbI [IOMEXOYCTONYMBOIO KOJUPOBAHMUS, YTO MO3-
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BOJIUT TIOBBICHTH TOYHOCTb M3BJIEYEHN S BCTPOSHHBIX JaHHBIX U3 U300paXKeHui,
conepxanmx PB3.

[ToMKMO OlLIEHKHM rpaHuUI] IPUMEHUMOCTHU pa3paboTaHHOTO aJropuTMa
ObL1a IPON3BE/IeHA OLIEHKA YCTOMUMBOCTH M300pakeHHit co BcTpoeHHbIM PB3
K Pa3JIMYHBIM Pe0Opa30BaHUsM HaJ N300PaKSHHUSIMH.

OueHKa CTOMKOCTH pa3pabOTaHHOTO aJrOpUTMa U3BJIeyeHn s MHpopMa-
11U U3 U300pakeHuii co BcTpoeHHbIM PB3 cocToUT B BO3MOXHOCTH I0CTOBEP-
HOT'O U3BJIeUeHNs MH(POPMALMK U3 N300paKeH i 11ociie MPUMEHEHUsT K HUM
CJIeIyIONMX MpeoOpa30BaHuiA:

— TIOBOPOT U300paKeHHUST;

MacuiTabupoBaHue;

npeodpasosanue ¢opmara (JPEG, PNG, BMP, PDF);
— MeAuaHHas puIbTpaLus;

rayccoBcKasi (puIbTpanus;

ycpeaHeHHas (puibTpanus.

[Monmy4eHHble pe3yabTaThl SKCIIEPUMEHTAIBHOMN OLIEHKH CTOMKOCTH pas-
pabOTaHHOTO AIrOpUTMa U3BJIeYeHNs1 MHMOPMALUK U3 N300pakeHHsI CO BCTPO-
ennbiM PB3 npencrasnenst B Tabnuiie 6. [Ipumep pesysbraTa U3BICYESHUS
JaHHBIX M3 n300paxeHus, cogepxamero PB3, nociie npuMeHeHus rayccos-
cKoro (pWIbTpa pa3MbITHS C NMPEAEJIOM MoKa3aTellsl pa3MBITHS § NHUKcesen
MIpEe/ICTaBJIEH Ha PUCYHKe 0.

Ta6uuia 6. CTORKOCTh pa3paboTaHHOTO AJIFOPUTMA K MPeoOpa3oBaHUIM
NPUMEHSIEMBIM K U300paKeHHSIM

Tun npeodpasoBaHus YeToiunBOCTS pa3pabOTaHHOTO AITOPUTMA K PE0OpPa30BaHMIO
ITosopoT TIOBOPOT Ha JII000i yroin

MacuirabupoBanue MHOXHTEJb MacIITabupoBanus 1o 1,5

Ipeodpasosanue dopmata | JPEG, PNG, GIF, BMP, PDF

MenuanHas (puabTpaLus C MpeJesIoM siipa CBEPTKH 9 nukcenei

TayccoBckas ubTpanus ¢ IpeJiesIoM MoKa3aTess pa3MBITUSA 8 MUKceseil

VepenuenHas puibTpalys | C IIpejesioM siipa CBepTKU 5 MUKceneit

7. 3akmouyenne. PazpaboraHHbIil MOAXOA K BHEAPEHNIO POOACTHOTO
BOJSTHOTO 3HAaKa B TEKCTOBBIE JaHHbIE ITO3BOJISIET OOECTICUNTD 3aIUTY aBTOP-
CKHX TpaB BJIAJIEJbIEB JaHHBIX ITOCPEJICTBOM BHeApeHus B KadecTse PB3
uH(pOpMaNUH, UASHTU(UIMPYIOIIEH Baebla JaHHbIX, a TAKKE JPYroi MeTa-
uHpopmanuu. Kpome Toro, pa3paboTaHHbIN MOIXO0/ K BHEAPEHHUIO pOOACTHOTO
BOJISIHOTO 3HaKa 0OecreYnBaeT MHBAPHAHTHOCTh K PACCMOTPEHHBIM MPeodpaso-
BaHMSIM U TT03BOJISIET IOCTOBEPHO M3BJIEKaTh BCTPOSHHbIE 1aHHbIe. [ToBbIeHme
TOYHOCTH M3BJICUCHH ], & TAKXKE CHIKCHUE KOJIMYECTBA OIMOOK BCTPAHBAHUS
ABJIAIOTCS HAIPABJIEHUEM JAJIbHENIINX UCCIENOBAHNN.
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AN APPROACH TO A ROBUST WATERMARK EXTRACTION
FROM IMAGES CONTAINING TEXT

Kozachok A.V., Kopylov S.A., Meshcheryakov R.V., Evsutin O.0., Tuan L.M. An Approach to a
Robust Watermark Extraction from Images Containing Text.

Abstract. This paper presents an approach to a robust watermark extraction from images
containing text. Data extraction based on developed approach to robust watermark embedding
into text data, characterizing by conversion invariance of text data into an image format. The
comparative analysis of existing approaches of steganographic data embedding into text data
is carried out, their advantages and disadvantages are determined. The choice of groups to
steganographic data embedding methods based on text formatting is justified. As an embedding
algorithm is determined approach based on interline space shifting. The block diagram and the
description of the developed algorithm of data embedding into text data are given. An experimental
estimation of the embedding capacity and perceptual invisibility of the developed data embedding
approach was carried out. An approach to extract embedded information from images containing
a robust watermark, based on the existing limitations, has been developed. The Radon transform is
chosen as the basic extraction procedure of embedded information, allowing to extract values of the
interline spacing. An approach based on Gaussian mixture model separating to isolate the values
of the bits was chosen. The limits of the retrieval of embedded data have been experimentally
established, and the robustness of the developed embedding approach to the implementation of
various transformations has been estimated. The following parameters of robustness developed
approach are defined: rotation of an image containing embedded data at any angle; scaling an
image with a scaling factor not exceeding 1.5; conversion to any bitmap format; the application of
a median filter to an image with a convolution core limit of not more than 9, a Gaussian blur filter
with a blurring limit not exceeding 8 and an average filter with a convolution kernel limit of not
more than 5.

Keywords: information security, text steganography, digital watermarking, Radon transform,
separation of mixture distribution.
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JAYAJBbHAS ONTUMM3AIIMA TOHOBOM ATIITPOKCUMAILIMA
MOHOXPOMHBIX U30BPAKEHUM TAPAJJIEJIBHBIM
9BOJIOINOHHO-TEHETHYECKUM MIONCKOM

Heiioopgh P.A., Aeadoscanan A.0. JyajabHas ONTHUMM3AUUs TOHOBOH aNNMpPOKCHMALMH
MOHOXPOMHBIX H300paskeHHUil Mapa/lieJbHBIM 3BOTIOIHOHHO-TEHETHYECKUM NTOUCKOM.

Annortamus. PaccmatpuBaeTcss ONTHUMM3AIMsl HPOLEAYPHl TOHOBOH  aIIPOKCHMALUH
MOJIYTOHOBBIX (HAlpUMep, B MHAIUTPE CEeporo Lpera) u3oOpaxenuid. Ilpouenypa TOHOBOM
aIPOKCHMAIHY TIOAPa3yMeBaeT COKpPAIICHHEe B MAIUTPE aIIPOKCUMHPOBAHHOIO H300paXKeHUs
KOJIYECTBA UCIOJIB3YEMBIX TOHOB IO CPABHEHMIO C KOJIMYECTBOM TOHOB B NAJUTPE HCXOIHOTO
n300pakeHus. ONTUMH3aLMS 3TOM MPOLEAYPhl 3aKJIFOYAeTCs B MUHMMM3ALMU TIOTEPU KayecTBa
nepeqaun rpadudeckoil HHGOpMaIHK, KOTOpasi OLIEHUBAETCSl CyMMAapHBIM WM yCPEIHEHHBIM I10
H300PKECHUIO OTKJIOHCHHEM TOHOB KOOPAMHATHO-HACHTHYHBIX IIMKCENeH allPOKCHMUPOBAHHOTO
n300paXkeHUss OT TOHOB HCXOAHOro. B KauecTBe MHCTPYMEHTAa ONTHMM3ALMHU IIPEIAracTcs
THOPHIHBI AITOPHTM, KOTOPBI COBMEIAeT IBPHCTHICCKHI M JeTCPMUHUPOBAHHBINA alrOPUTMBI
NOMCKa HAWIydIled [0 KPUTEPHI0 MHHHUMH3ALMK OLIMOKM AaIIPOKCHMALMU  CTPYKTYpBI
ANIMPOKCUMUPYIOLIEH MaTUTPbl. DBPUCTUYECKUI AITOPUTM PEAIM30BaH HA OCHOBE BOJIFOLOHHO-
TeHCTHYECKOH TapagurMel. Ero 3amadeil sBIsieTcss MOHMCK OONACTH TOHOBBIX CTIPYKTYp
aIMNPOKCUMUPYIOIIEH — NMaIWTPhl, MakCUMaJbHO  ONM3KMX K ontuManbHOW.  Llenms
JICTEPMUHUPOBAHHOTO ~ AIrOPUTMA  HAIpABJICHHOro Iepedopa — HalTH Ombkadmmid K
MOMy4eHHOMY  NpPEeIbIIyIINM IIOMCKOM  pe3ylbTaTy OKCTPEMyM KPHTEpHS  KauecTBa
aIMpPOKCUMAIMH. OBPUCTUYECKUI alrOpUTM, Kak Ooyiee OBICTPOACHCTBYIOIMM, HAlleleH Ha
OIEPAaTHBHOE COKpalleHHue 001aCTH MOMCKa, a IETEPMUHHUPOBAHHBIH, KaK Oosee 3aTpaTHbIN, — Ha
HaXOJXKJICHHE XOTsI OBl JIOKAIBHOTO 3KCTpeMyMa (2, BO3MOXKHO, U IJI00aJIBHOr0) M0 MaKCUMAIbHO
COKpAaIlleHHOMY TIPEeIBIAYIMM ITOpuTMOM ITyTH. CoBMecTHas paboTa 3THX alITOPUTMOB
O3BOJIACT 0OECIIEUHTh MPOLIECCY TOHOBOH aINMPOKCUMALHHU 3(PPEKT ONTHUMHU3ALMK, HA3BaHHbII B
crarthe AyaiabHOW. I1of 3TUM TepMHUHOM MOJpa3yMeBAaeTCs MOMy4eHHE Pe3ysbTaTa, P KOTOPOM
JOCTUTaeTCsl SKCTPEMYM KPHUTEpHsl KauecTBa AaIPOKCUMAINK NPH MHHAMM3ALHMN BPEMEHH €ro
noctikenus. OMUChIBAEMOE B CTAaThe UCCIIECAOBAHHE TIOCBSILECHO TTOBBIILECHHUIO PE3y/IbTATHBHOCTH
THOPUIHOTO aNropuTMa Ha OJBPUCTHYCCKOM JTale, B KaueCTBE KOTOPOTO HCIOJIB3YETCs
MOJH(UIVPOBAHHBIA 3BOJIFOLMOHHO-TEHETHIECKHH aNropuT™M. PaccMaTpuBaroTcsi NMepCreKTUBEI
paspaboTku U OUEHKH S((PEKTHBHOCTH BHEOPECHUS MOJACIU MapaUICIbHOIO HCIOIb30BAHMUS
AITOPUTMOB C PA3JINYHBIME MapaMeTpaMu HacTpoiiku. OOCYKIar0TCs MEPBUYHbIC SKCIIEPUMEHTHI,
a MIX pe3yJIbTaThl CPABHHUBAIOTCS C M3BECTHBIM AJITOPHTMOM PEIICHHS IIOCTAaBICHHON 3a/Ja4H.

KiroueBble CJI0Ba: TOHOBas ANNPOKCHMALMs, TMOPHAN3ALMS, MapajulelbHas MOJIEb,
OINTHMHU3ALIHS, a/lanTHBHAs cxema, 9BOJIOIIHOHHO-TCHETHYCCK U AITOPHUTM,
ANMPOKCUMUPYIOIIAs TATUTPA.

1. BBenenne. ToHOBas anmpoKCHUManusl TpeJICTaBisieT co0oi
MMOHMKEHUE Pa3MEPHOCTH MaJMTPHI, BOCIPOU3BOASIIEH LUPpOBOE
n3zobpaxenue. JlaHHas mpoueaypa MpeanojaraeT 3aMeHy OpHIHHAJIbHBIX
TOHOB W300pakeHws, wucxoxHod mamutpel (MII), wame Bcero
CTaHJapTHOHM, ToHaMH anmnpokcumupytomei nanutpsl (AIl). ITockombky
UIT wumeer Oonpmioe KOJIMYECTBO TOHOB JUISI  BOCIIPOW3BEICHHUS
m300pakeHUs,, a TOHOBas pa3MepHOCTh All 3HauWTENTHPHO MEHbBIIE
pe3yapTaToM TOHOBOH — ammpOKCHMAalMK  OKa3bIBAeTCA  YIPOILEHHE
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00pa3oB, nepenaBaeMbix n3oOpakeHHeM. Eciiu mpu 3TOM €ro OCHOBHBIE
BU3YAJIbHBIC TIPU3HAKH COXPAHAIOTCA, TO BO3HHUKAECT BO3MOXHOCTH
BBINOJIHATL 00pabOTKYy H300pakeHHsi C MEHBIIMMH 3arparaMmu. OTO
BoCTpeOOBaHO BO MHOTHMX 3aiadax (ckatue uudpobix ¢ainos [1],
pacrmo3HaBaHue 00pa3oB [2, 3], B TEXHOJIOTUAX 3aIUThI H300pakeHui [3]
n T1.1.). HecmoTps Ha TO, uro mpoOieMa TOHOBOW amNpoKCHMalHuu
BO3HHKJIA eme B Hawaige 80-X ToJOB, B COBPEMEHHBIX pEaHiXx 3Ta
mpo0iieMa Bce erie aktyanbHa [3-12].

B mactosmeit pabGoTe mporeaypa TOHOBOW —ammpOKCUMAIIUU
paccMaTpuBaeTcsi IMPUMEHUTEIBHO K MOHOXPOMHBIM MYJIBTHTOHOBBIM
uzobpaxenusm (MMMU), cocrosiumm u3 256 Tpajauuii OJHOTO IBETA,
KOTOpBIE UMEIOT MIMPOKOE PACIPOCTPAHEHHUE B TEXHUUECKHX 33/1a4aX, U UX
00paboTka SBISIETCS TakkKe aKTyalbHOW NpoOJIeMOil, HecMOTpsi Ha
Cepbe3HOE pa3BUTHE MNHU(MPOBBIX TEXHONOTUH [2, 6]. DTO 00yCIOBICHO
OIMPOKUM HCToNb30BaHHeM MMM B anropuTMax pacno3HaBaHHsS 00pa3oB,
B YaCTHOCTH NPEISTCTBHH THUINA IOMEX 0€30HacHOMY JBH)KEHHIO, YTO
aKTyaJlbHO B CBA3HM C paclpOCTPAaHEHHEM OCCIIIOTHBIX TPAHCIIOPTHBIX
cpencte [2, 6-8]. Takum oOpa3oM, ToHOBas ammpokcumarms MMU
BocTpeboBaHa B cxkaTuu wmH(popMmanmu [9], pacmozHaBanmmu ob6pazos [10-
12], m Moxer OBITh HCIONB30BaHA B DpAAE APYTUX TEXHUYECKUX
otpacneii [14, 15]. IIpu 3TOM OYEBHIHO, YTO UIS YCIIEIIHOTO Pa3BUTHUSA
9TOr0 HAay4YHO-TEXHMYECKOTO HANpaBJeHUs] BaKHO BBIBUTH 0a30BbIE
3aKOHOMEPHOCTH TOHOBOM annpokcuManuu MMU.

KauecTBO mpoueaypbl TOHOBOH amnmpoKCHMalud OIpenesseTcs
creneHsio cpenneit 6mmzoctu ToHOB All m UIT mo Bcemy m300paxeHwmro.
OTo, B mepByl odepenp, omperensercs cIpykrypoil AIl, To ecTh
TOHAMH, BXOMSIIUMH B 3Ty HamuTpy. 1103TOMy TpaHHUIBI HOKPBHITHS
tonoB UII omquum ToHOM AIl MOIOKHEL OBITH CHOPMUPOBAHBI U3 YCIOBUS
ux HaUMEHBIIETO CPEIHETo B3aMMHOTO OTKJIOHEHHUS B
annpoxkcumuposanHom MMU.

HawnbGonee momyIsipHBIM M HCTIONIB3yEMBIM Ha IIPAKTHKE alTOPUTMOM
nogoopa AIl At TOHOBOM amnmpOKCHMAIMK MPUMEHUTEIBHO K IBETHBIM
pPacTpoBBIM H300paKEHUSM SIBIISETCS alTOPUTM «MEAWAHHOTO CEUYEHHS»,
npemnoxkeHHslit [lomom Xoxbeprom [16]. Ero mmpoxoe mpuMeHeHHe
00YCIJIOBJICHO TPOCTOTOM M BBICOKOW CKOpocThi0 00paborku. Iloctpoenne
BapUaHTa aJIropuTMa MEAMAHHOTO CEYEHMsl NpUMEHUTeNnbHO k MMU
MIPUBOAUT K paBHOMEPHOMY pacnpenencHuto ToHoB All no mkane UIT. o
O3HaJaeT pasiesieHne cTaHmapTHoW mamutpsl MMMU Ha npuOIU3UTETHHO
paBHBIE YYacTKH, KOJMYECTBO KOTOPHIX WJAEHTHYHO pasmepy All, a
cpemauii TOH Kakaoro ydactka UII Bxomut B AIL

OpHako wuccrnemoBaHus Tokazanw, uto AIl ¢ paBHOMEpHO
pacnpeaci€cHHbIMU  TOHAMH U3 WUIl numes B pEeAKUX ClydadX JaacT
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yZIOBIIETBOPHUTENILHOE KauecTBO anmpokcuMmanuu. [lonckoBas onTuMu3anus
C 1EJbI0 YJIYYIIUTb KayeCTBO AaNlpPOKCHUMAallUU BapbHPOBAaHHEM TOHOB
MIPUBOJIAT K CyIleCTBEHHO HepaBHOMepHOH All [17-22], yto 0OycioBnuBaer
LIeJIecO00pa3HOCTh  HMCCIIEIOBAHUSL  CIHOCOOOB  YCOBEPILEHCTBOBAHMS
aIropuT™Ma IMOHMXAoIEell TOHOBON anmpokcumanuu. OAHAaKO MOMCKOBas
ONTHMU3AINs, BO-IIEPBBIX, HE TApPAHTHPYET IIOJYYCHHUS ONTHMAIILHOTO
pesyibTaTa  anmpoKCHMaluH, a, BO-BTOPBIX, MOXeT o0ecrednTsb
NMpUONIDKEeHne K HEeMy JIMIIb 3a CYET CYIIECTBEHHOTO YBEIHUYCHHUS
BPEMEHHOTO pecypca paboThI allrOpUTMA.

Lenplo TPEACTaBIEHHOTO HCCIENOBAHWS  SIBISIACH  pa3paboTKa
AITOPUTMa ONTHUMAJBGHON WIM TPEHNenbHO ONMM3KOH K ONTUMANBHOM IO
KauecTBy  TOHOBOM  aNMpPOKCHMAIMKM  MOHOXPOMHBIX  H300paKeHHH,
00MNaaroLIMii TIPY ATOM CBOWCTBOM CyOONTHMAIEHOCTH 0 OBICTPOICHCTBHIO.

2. CymHocThL U MHCTPYMEHThI ANMPOKCUMALMH H300pakeHMii.
Huxe paccmarpuBaercs npumep TOHOBOM anIpOKCUMAIH
pou3BoJikHOr0o MMU Npou3BOICTBEHHOTO TOMEIICHUS, BBIIIOJIHEHHOTIO
B cranpaptHoit UII mpu paspemenun 400 Ha 261 nuxcens. Pemaercs
3ajadya rpeoOpa3oBaHUsi €ro B amnmnpoKcUMHUpoBaHHBIH ~ MMU,
BBINOJTHEHHBIN B 8 ToHOBOM ATl

2.1. Bausinue ctpykrypbl AIl Ha pe3yibTaT annpoKCUMALMH.
W3o0paxkeHne Ha pUCYHKE | ammpoKCHMHPOBAJIOCH IIBYMS alllOPUTMaMH
mpeoOpa3oBaHus:

— ¢ ucnonb3oBaHueM All, MOIy4eHHOTO € MOMOIIBIO ANTOPUTMA
MEINaHHOTO CEUCHUST;

— ¢ wucnons3oBanneM All ¢ [moka3aHHON AKCTPEMATBFHOCTHIO
KauyecTBa anmnpoxcumarmu [20-22].

Puc. 1. Opurunansaoe MMU ¢ ormeuennsivu dparmentamu I, 11 u 111
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Pesynpratel  anmpokcumanuu — opuruHaneHoro MMMU - nByms
ANTOPUTMAaMH aHaMH3upoBaiuch st Tpex ¢parmentos I, 1T u Il canmka,
BBIJICICHHBIX paMKaMH Ha pucyHke |. OHM paccMmaTpuBaloTCi Jajee B
yBeIM4YeHHOM (opmare.

Ha yBenmuenHoM yuactke Nel Ha pHCyHKE 2 BHIHO, YTO IIOCTE
TOHOBOM aNNpOKCUMALMH aJTOPUTMOM MEJUAaHHOTO CEUEHHUs, KPOHIUTEWH U
KoJlecHasi 0a3a, OTYETJIMBO pa3iuuuMble Ha opuruHansHom MMU (prcyHok
2a), 0TOOpa)KaroTCst Ha anmpOKCUMUPOBaHHBI MM, ubs manmTpa nomyveHa
C TIOMOIIBIO AITOPUTMa MEJUAaHHOTO CedeHHs (PUCYHOK 2b), ¢ CHIIbHBIMH
MIOTPEIIHOCTAMH. B KayecTBe MpUYMHBI TaKOro 3(PQeKTa MOKHO BBIIBHHYTH
MIPEATIONIOKEHHE O HEAOCTATOYHOCTH BBIOpaHHOW pasmepHocTn All mis
0oJiee KOPPEKTHOTO OTOOpaXEHUsI JaHHOrO 00BhekTa. ONHAKO JalbHEHIIHe
HCCIIE0BAHMS ITOKA3BIBAIOT, YTO 3TO HE TaK.

OpHIHHAT

DRCTpeMaIbHAag DA IHTPA

¢
Puc. 2. YBenmuennsiid yaactok Nel: a) opuruHambHOTO H300paxkeHus; b, c)
ANMpOKCUMHUPOBAHHOTO pasnuuHbiMu anroputMamu (KL — kponmreitn, Kb —
KostecHas 0aza).
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PaBHOMepHOe pacnpenesicHue ToHOB AIl cmocoOHO oOecneduTh
3¢ (deKTUBHYIO anmpoKCHMAIMIO JIMIIb B TOM Cily4ae, KOTJa 4acTOTHO-
SIPKOCTHAs Juarpamma opuruHaibHoro MMMU pocraTouHo paBHOMEpPHA,
YTO, KOHEYHO, BO3MOXXHO, HO Ha TMPaKTUKE BCTpedaeTcss KpahHe
penko. Ha pucynke 3 npejcraBieHbl TakKue JUarpaMMbl TPEX pa3IMUHbIX
MMMU, Ha KOTOpBIX BHUAHO, YTO HH OJHO M3 HHUX HE HMEET
paBHOMEPHOM AMarpaMMBbl.

\ A
F NS A AN |
7 AR

Puc. 3. ITo ocu abenucce otinoxens! 3HaueHust Tonos UIT, a mo ocu opaunar —
KOJIMYECTBO MHUKCEIeH 3Toro Tona B MM

2.2. T'nOpuaHbIii aJrOpUTM ONTHMHM3AUMH CTPYKTYpsl All
Takum o00pa3oM, OAHOW W3  COCTABISIOIIMX 3aJadyd  TOHOBOU
anmpokcuManuu — opuruHaibHoro MMM sBngerca  mocTpoeHue
onTUManbHON min Onmskoi k Heil AIl. Beicokas pasmepHOCTh 00BEKTa,
CBsI3aHHAsl KaK C KOJIMYECTBOM NMUKCeNeH B opuruHaibHoM MMMU, Tak u ¢
MOKa3aTeIbHOIM 3aBHCUMOCTBIO KOJIM4decTBa KoMOnHami m ToHOB All U3
n toHoB UII, oOycroBimBaeT, BO-IEPBBIX, MOMCKOBO-ONTHMHU3AIIMOHHBIN
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XapakTep ATOH 3aJadyd, a BO-BTOPBIX, MPEIANOYTHTEIHHOE MPUMEHEHNE
SBPUCTHYECKHUX AaITOPUTMOB Ui ee pemeHus. Iloatomy aBTOopamu
MIPOBEJIEHBI UCCJIEOBaHUsI ~ MO  IPHUMEHEHHUI0  3BOJIOLHOHHO-
reHerudeckoro anroputma (3I'’A) B KauecTBe HHCTPYMEHTA pPELICHUS
9TOH 3a7ayd. O(P(PEeKTUBHOCTH TaKOrO0 MOJX0Aa C TOYKH 3pEHUs
BO3MOXHOCTH  IOJIy4E€HUS  BBICOKOTO  KauecTBa  amlpOKCHMalluu
MIpoIeMOHCTpHUpOBaHa B pabdorax [17-19].

Tem He MeHee ucnonb3oBaHue OI'A B UNCTOM BUJE HEAOCTATOYHO
sdextuBHO. C OOHOW CTOPOHBI, SBPUCTHYECKAS W B 3HAYUTEIHHOU
CTETIEHN BEPOSITHOCTHAs CYIIHOCTh ODI'A HE TMO3BOJSET rapaHTHPOBATh
HAXO0XICHUS HE TOJIBKO II100aJIbHOT0, HO U JOCTATOYHO OJIM3KOTO K HEMY
JokanpHOro 3KcTpemyma. C [pyroil CTOpoHB, MHOTOBAapHaHTHOCTH
00BEKTa ONTUMHU3AIMM TPUBOANT K HU3KOMY ObicTpoaeiicTBuio OT'A.
Juns perenust nepBoit mpob6semMsl ObUT pa3paboTaH AETEPMHUHUPOBAHHBIN
aNTOPUTM IPOBEPKH 3KCTpeMalbHOCTH mpou3BoibHOW AIl [20]. Cyth
JAaHHOTO METoJa 3akKivaercs B  (OPMHPOBaHHMM  OJrpKaiiei
okpectHocTu uccaenyemoil AIl [20], KOTOpBIE MOXHO paccMaTpuUBaTh
KaK BEKTOp (CM. pas3zien 2), W IOJHBIM IepedopoM B IOUCKE JIydIlei
toukn (AIl) cormacHo kputepuio KkadectBa (cM. paszmen  2).
CoOTBETCTBEHHO, OTCYTCTBHE Oojee  Jydmed TOYKH, HEXKEIH
nccnenyemas  All, TOBOpUT O cTaryce JIOKAIBHOTO JKCTPEMyMa.
AJNTOpUTM TIPOBEPKH pEIICHUS Ha HKCTpeManbHOCTh [20] mokaszan, 4To
OI'A He Bcerna BEIZAET «IKCTPEMAIBHBIN BRIXOTHOUW pE3yIbTaT.

Takum ob6pa3oM, IeIeco00pa3HO HCIIONB30BATh JAHHBIA ANTOPHTM
Ul UTepaTHMBHOro Tmoucka dkcTpemMansHoW All. Ecnum  ouepennas
HaiinenHas AIl okaspIBaeTCsi HE JKCTpeMajbHOW, TO W3 HCCIEIOBAaHHOM
OKPECTHOCTH BBIOMPAETCS] HAWIYYINMHA BapHaHT W TaKXKe HCCIEAYeTCsl Ha
9KCTpeManbHOCTh. OObEMHEHNE 3TOTO AETEPMHUHUPOBAHHOTO aJrOPUTMa C
OI'A TO3BOJMIO MOCTPOUTh THOPUAHBIH aNropuT™M CyOONTHMHU3AINU
ctpyktypsl AIl [21, 22]. B Hem OI'A BINONHSET 3a1a4y CyXEHUs 00J1acTH
rmoncka cybontumansHOH All, a anropurM moucka Oukaifmero
9KCTpeMyMa oOecreunBaeT CyOONTUMAalIbHOCTh pemieHus. [locKombKy
QITOPUTM TIOMCKa 3KCTpEMyMa, BXOIIINA B THOPHUAHBIH, OCHOBAaH Ha
moTHOM Tiepebope, ofmiee OBICTPOACHCTBHE IMOWCKOBOW ONTHMH3AINN
THOPHIHBIM ANTOPUTMOM 3aBHCHT OT OJNH30CTH K CYOONTHMAaIbHOMY
pemrenuro HarinenHoro DI'A. Takum 06pa3om, OBEIIICHHE Y HEKTHBHOCTH
OI'A Biewer 3a coOOH COKpamieHHE KOJMYECTBa HTEpaIMii alropurMa
MOMCKa ONFpKaiimero sKCTpeMyMa, 4TO YMEHBIIAeT o0Iiee BpeMst padoTHI
THOPUIHOTO aITOpPUTMA.

B pesynbraTe HyXHO OTMETHTbH, YTO pa3zpaboTaHHas TUOpUAHAS
Mozelb [21, 22] oOHapyKUBaeT CBOWCTBO MyadbHOCTH ONTHUMHU3AIUA B TOM
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CMBICJIe, YTO THOPHIHBIA AITOPUTM OOECHeYMBaET KaK CyOONTHMH3ALUIO
OBICTPONEICTBHSL, TaK M TapaHTHPOBAaHHYIO IKCTPEMAIBLHOCTh TOYHOCTH
annpokcuManuu [21, 22]. Oro mno3BoifeT NpU IKCIEPUMEHTATIbHON
HaCTpOiKe 3TOr0 ajiropuTMa B KayeCTBE KpHUTEpUsl CyOONTUMH3ALMN
HCII0JIb30BATh JIMIIb 00Iee BEIYUCIUTEIBHOE BPEMSL.

2.3. KayecTBeHHOe CpaBHeHHe pe3yJIbTATOB aNNPOKCHMMALMH
MMM aJIropuTMOM MeJIMAHHOIO CeYeHHs] M THOPHIHBIM AJITOPHTMOM
cyoonTummu3anuu. Pesymprar o0pabotkm MMMUM  paspaboTaHHBIM
THOPHIHBIM anropuTMoM cybonTuMuzanuu All mpencTaBieH Ha pUCYHKE
2c ¢ Haamuceio: «OKCTpeManbHas MalInTpa». BusyanbHeI aHamN3
MIOKa3bIBAET, YTO MOJy4YEeHHAsl dKCTpeMmanbHas §-ToHoBast All mossosser
3HAYUTENBHO KaUECTBEHHEE, YEM II0CIIE allTOPUTMa MEJUAHHOTO CEUCHHS,
OTpa3uTh Kak KOJIECHyl0 0a3y, Tak ¥ KpOHIUTEHH MeXaHU3Ma
(cMm. pucynok 2b u 2c¢). Takum oOpa3om, THOPUIHBIH aJITOPUTM
cyoontumuzanmu AlIl oOecnieunBaer yJydllleHHE KauecTBa TOHOBOIA
armpoOKCUMAIINH, BBITIOJTHSISI 6onee 3¢ HEeKTUBHYIO TOHOBYIO
annpokcuManmio MMM, d9ro MoxeT OBITh  HCIIOJIB30BAHO B
COOTBETCTBYIOIMX oOnacTsiXx. TOT jke HSKCHEpUMEHT IIOKa3ad, YTO B
OONBLIIMHCTBE  CiIydaeB  THOPHIHBI  alTOPUTM  JAEMOHCTPHUPYET
MTOBBIIIEHHOE OBICTPOACHCTBIE HAXOXKICHNS SKCTPEMAIILHOM MMaIUTPBHI.

B moarBepxkaeHne yHHUBEPCATBHOCTH (MHOTOIEIIEBOTO XapakTepa)
rHOpugHBI anroput™m cybontummsanmu All wccimenoBaHBI Pe3yinbTaTHI
anmpoxcumarin ¢pparmenTos 11 u I11.

Ha yBenmnuennom ¢pparmente Il Hanbosee mHTEpecHa KOPPEKTHOCTD
0TOOpaKeHHE TPAHMIIBI Ky30Ba MOTPY30YHOr0 ammapara (PUCYHOK 4a), 4To
MOJKET OBITh INOTEHIHAIBPHO HCHOJb30BAaHO [UIA IIOBBILIEHHS TOYHOCTU
JITOpUTMa pacllo3HaBaHMSA 00pa3oB, B TOM 4YHCIE MPEMATCTBHHA IS
ABTOHOMHO JIBHXKYIIUXCS] OOBEKTOB.

Ha npencraBieHHOM npuMepe BUIIHO, YTO KOPPEKTHBIN monoop Al
MI03BOJISIET TOYHEE OTPA3UTh TPAHUILIBI HCCIIeayeMoro o0bekTa (pUcyHok 4b
u 4c), HO cllelyeT OTMETUTh, YTO TPaHHIA Ky30Ba HECKOJIBKO pacIljiblBUaTa
u Ha camMoM opurnHaibHOM MMM (pucyHok 4a), a 3TO, HECOMHEHHO,
OTpakaeTcs M Ha pe3yJibTare pa3pab0TaHHOro aJIrOpPUTMA.

Iocnennuit pparMeHT (PUCYHOK 5) AEMOHCTPHUPYET dPPEKTUBHOCTD
pa3paboTaHHOTO AITOPUTMA KaK C TOYKH 3PEHHS IOBBIIICHHUS KadyecTBa
TOHOBOM aNNpPOKCHUMAIIMH U TPUMEHEHUs C LEenbio 3()(HEeKTUBHOTO CHKATHSA
obbema (aiima, Tak W C TOYKH 3PEHUS NMPUMEHUMOCTH B TEXHHYECKOM
3peHnu. Metammdyeckas TpyOa, cOCTaBIIIOIAs KapkKac KaOWHBI, YETKO
pasnuuuMas Ha opuruHanbHoM MMMUM  (pucyHok 5a), mIpakTHYecKd
MOJIHOCTHIO Pa3MbIBACTCsl, IMOCIEe OOpPAa0OTKH aJrOpUTMOM MEIHaHHOTO
ceueHust (PUCYHOK 5b).
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OpHrasa

€IHAHHOE CeYeHHe

b)

DKCcTpeMaabHAS NAJIHTPA
¢)
Puc. 4. YBennuennsiii yuactok Nell: a) opuruHanbHOro n300pa)eHus;
b, ¢) annpPOKCUMUPOBAHHOTO PA3IMYHBIMH AJITOPUTMAMHU

Pe3ynbraT TOHOBOW ammpokcHMManuu pa3pabOTaHHBIM THOPHUIHBIM
anroputMoM cyOontuMuzanuu All TO3BOIMI KOPPEKTHO OTPa3uUTh Kak
METaJUINYECKYIO TPYOy, TaK U OTJAEIbHBIC MEIIKHE 3JIEMEHTHI HCCIEAYEMOro
yuyacTka (pUCYHOK 5c¢).

HeobOxoaumo  ormeruTh, uto  ¢parmentst [ w1
ObUIM IOJBEPTrHYTHl ~ 3HAYUTEILHOMY  IOBBIIIEHUIO  KOHTPACTHOCTH
CTOPOHHHMM PEIaKTOPOM, YTOOBI MPOAEMOHCTPHPOBATh WX B II€YATHOM
BEPCHH CTaTbH.

[TonoxxuTenpHble pe3ynbTaThl KPaTKO OIMCAHHBIX BHU3YaJbHBIX
HUCCIEAOBAHMM  TOCIHYXKWUIM  OCHOBAaHHEM IS  JOMOJHHUTEIbHBIX
CTPYKTYPHBIX W  KOJIMYECTBEHHBIX  YTOYHSIOIUX  HCCIIECOBAHUM,
pe3yJIbTaThl KOTOPBIX UCIOJIb30BAHbI IPU HANIMCAHUY JAHHOM CTaThH.
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> rcTpeMAaIbHAS DA THIPA
7
Puc. 5. YBenuuennslit ygactok Nelll: a) opurnsanbHOro n300paxeHus;
b, ¢) anmpOKCUMHUPOBAHHOTO PA3THUYHBIMH AJITOPUTMAMHU

2.4. Bo3MokHbIe NYTH pelIeHUs NOCTABJIECHHOH 3ajaum.
HccnenoBanue pa3paboTaHHOIO aBTOpaMH paHee THOPUAHOTO aJIrOPUTMa
cy0onTHMalIbHOM anmpoKCHMAINK C Hcroyb3oBaHueM DI'A n anroputma
HaxoXJIeHus Ommxaimero »skcrpemanbHoro AIl  maer ocHoBaHue
IpeIoaraTb, 4To, INOBBIIICHWE INOMCKOBOH TouHocTH OI'A 3a cuer
aJanTUBHOTO 1OAOOpa €ro HAaWIYYIIMX BEPOSATHOCTHBIX HACTPOEK,
YOPOCTHT 3ajjady ajlropuTMa MOHCKa 3KcTpemanbHOU All, 94T0 cokpaTut
BpeMst ero paboTbl. DTO JOJIKHO OOECIeYHTh OJHOBPEMEHHO U
BBICOKOTOYHYIO U OBICTPOJICHCTBYIOIYIO anmpokcuMaio MMU.

Jlst 00BEKTUBHONI OILICHKH pe3ynbTaToB HUCCIEIOBaHuI
HCHOJB3YIOTCA MaTeMaTHdecKHe MOJENH OINMCAaHUs U aNlpOKCUMAaluu
MM, cymHOCTE KOTOPBIX PACKpBIBAaeTCs Aajee, a TakKe OMHCHIBAeTCA
pa3paboTaHHbIi BapHaHT MPEeIMETHON MOAM(HUKALNKN HCIIOIb3YEMOTO JUIs
cyoonrummsanuu DA,
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3. AJropuTMsl ONTHMAIbHOH anmpokcumanun MMMU. Panee
OBUIO OTMEYEHO, YTO MPOIEypa TOHOBOI aNNPOKCHUMAIMK 3aKIII04YaeTCs B
COKpallleHWH  Pa3MEpHOCTH  SIPKOCTHOM  HalMTpbl  W300pakKeHHUS.
PaccMoTpum MaTeMaTH4ecKyro 0a3y JaHHOM MPOLETY L.

3.1. MaremaTuyeckas mojaeab annpokcumauun MMMU. Onnum
13 OCHOBHBIX CBOWMCTB, BIMSIOIIMX HA KAYECTBO BOCIIPOM3BENICHHUS JIHOOOTO
n3zobpaxenus (B wactHoctn MMM), sBisieTcss manuTpa, KOTOpask MOXKET
OBITh TIpeJICTaBIeHa KaK YIOPSIJ0YeHHOE MHO)KECTBO TOHOB:

S s 1 s S
P> ={p |se LS} =(p p’sp”) 1
rae S — ee pasMEepHOCTb, TO €CTh KOJIHYECTBO PAa3IMYHBIX TOHOB IS
3pUTENBHOH Nepefavn H300paKeHUsL.
IIpouenypa TOHOBOM armpoKCUMaLuu OCYLIECTBIIAETCS

nocpeacTBoM 3aMenbl nukceneil UII B opurunansHom MMMU Ha nukcenu

AIl. Crpykrypa UII umeer Bun (1) ¢ MCXOIHBIMH MHUKCEIIMHU poo u
S

npeacTaB/ICHaA 3allMCbIO:

P z{p:o |s% e [I,S"]}z(pl",...p:o,...p;’o). )

Ctpykrypa AIl ¢ pasmeprocthio S* < S u ammpoxcumMupyromEMHI

a
MAKCeNAMA P, Takke uMeeT Buf (1):
S

P"={pz’a|s“e[I,S“J}=(pf’,...p:a,...p;a). 3)

JanHas  omepamus  MOXET  pPEaJU30BBIBATBCA  PA3TMYHBIMU
QITOPUTMaMHM, Ha 4TO OBUIO YKa3aHO B NMPEIbLAYLIMX pa3jieNnax CTaThbH, HO
(yHAaMeHTalIbHAsL 4aCTh ITUX AJITOPUTMOB OJiMHaKoBa. OHa 3aKIIto4aeTcs B
3aMeHEe OIpEeJEJICHHOro NHKcess opuruHansHoro MMU uz UIT (2) nHa
COOTBETCTBYIOIINI MuKcens annpokcumupoBannoro MMU u3 Al (3). Ilpu

0
stom B UIT PS5 Heo6GX0oaMMoO HammydmmM o6pa3oM Iomo0paTh UCXOMHBIE

0
IMOJIMHOKECTBA IMHKCEIIEH PS5

s

P =1p° |50 els’ ,8° +d =15 €[1,5]¢, O]

54 54 +dsa » 54 +dsa 1
a
rae dSa — KOJINYECTBO TOHOB P 00 WII, 3ameHsiembIx TOoHOM P , u3 All
Sq §
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IIpu 3TOM [UMana3oHbl APKOCTEHM, KOTOPHIE IIPEIHA3HAYECHBI UL

a
3aMEIICHUSI KOHKPETHBIMH MHKCEISIMH P € P* | a crnenoBartenbHO, M
N

IIOJAMHOXKECTBA PZ , JOJDKHBI OTBCYATh IBYM 00s13aTeILHBIM YCIIOBUAM:
K

P C P Vs e[S ] 5 U P = PP &S P =D, (5)

Ceoiictea (5) TOAMHOXKECTB P° s € [I,SOJ obecreynBaroT
s

KOPPEKTHOCTb AJITOPUTMA 3daMCHBbI MUKCeNnell u noApa3yMeBar0T, BO-
NEPBBIX, MOJHOTY BKIIIOUCHHS B UX COBOKYITHOCTB BCEX MHKCeIIeH I/IH, a BO-
BTOPBIX, HEBO3MOXXHOCTH IPUHAICKHOCTH MO00ro M3 HHUX ABYM
Pa3sIMIHBIM IOAMHOXKECTBAM OJHOBPEMEHHO.

CHCZIYGT O6paTI/ITb BHHUMAaHHEC, YTO KOJHYECTBO IIOAMHOXKECTB

P, onpenenseMoe MHAEKCHBIMHE mpenenaMu B (5), paBHo pasmepy All,

N

TO ecThb S . DTO BBI3BAHO HEOOXOAMMOCTHIO HMCIIOJB30BaHUS BCEX
o a

nukcenein Al psaEPa IpH  aNIpOKCHMHPYIOIIEM MpeoOpa3oBaHUU

opuruHaibHOro MMMU. Takum 00pa3oM, MEXaHU3M AaIMMPOKCUMAIUU
dbopMupyeTCsT  CIIEAYIOIIMM  YCIOBHEM 3aMEHBI  JIIOOOTO  ITHKCENS

o O
P, eP’ m opurnHasibhHoro MMW Ha oAMH U TOT >X€ NHUKCENIb
N

p°, € P* uz AI:
N
Vs’ :psoo eP - p:O = p:O € PS‘; c P°. (6)

CrenoBarenbHO, BapHaTHBHOCTh M 3()(EKTHBHOCTH alrOpUTMA
npeobpa3oBanus opuruHaabHOro MMU B ammpokcumupoanHsii MMU
LIEJIMKOM U TIOJTHOCTBIO OTIpeZIeTsieTCs ABYMsI (hakTopamu:

— crpykTypoil pasbmenns WMII Ha mogmuoxectBa [, , TO €CThb

N

CKOJIbKO M Kakue nukcenu I BXOJAT B MHTEPBaJl, BCC DJIEMCHTBI KOTOPOT'O

a
3aMCHSIOTCA HA P , ;
A
a
— KOJIMYECTBEHHbIMHM 3HAYeHUAMHU P , , cocraBmsommx All,
A

v a o
KaXKIblil M3 KOTOPHIX COBIAJAeT C OJHMM M3 3ieMeHToB P, =p° € P°
s N N
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IMOCKOJIBKY 3Ha4Y€HHsA JJCMCHTOB MNAJIWUTPbl BCETAa ABJIAIOTCA YHCIaMU
HATYPaJIbHOTO Psijia.

KoHeunslii 5Tanm TOHOBOHM anmpoOKCHUMallMd — OLIEHKa €€ KauecTBa.
OcHoBOI1 1151 pacuera oueHKH siBisieTrcss MM n3o0paxeHus B nuppoBoii
cpene. B pacrpoBoii rpaduke nmdppoBoe H300paKeHHE IPEACTaBISETCS
MHOKECTBOM P KOOpIOWHATHO TMpPHUBS3aHHBIX K  MOJIO  9KpaHa
TOUeK (MUKcenel), coaepkamux HHOOPMAIHIO O I[BETE W/WIH O €r0 TOHE.
Jis  MOHOXpPOMHOTO (B CMBICIE «OJHOIIBETHOTO») M300paKeHUI —
MMM — Takoe MHOXECTBO MOYET OBITh MPEACTaBICHO KaK MaTpula u3 ¥

. 1
CTPOK (row) u ¢ cToJIo1oB (column) mukcenei ( P )
Sy

Plshijl=| i . i, (7)

1 1
(), (),

1
rJIe€ CUMBOJI P | — YHCIOBas XapaKTCpHUCTHKA SIPKOCTU MOHOXPOMHOI'O
s

IIMKCEJIsI B TAJIATPE CO3JaHHOIO I/I306pa)KeHI/I$[, OTMEYCHHOTO BEPXHHUM
HHACKCOM 1 , 4 HMKHHUC HNHACKCHI iu ] YKa3bIBalOT Ha KOOPAWHATHYIO

MIPUBSA3KY MTUKCEIEeH K CTPOKaM M CTOJIONAaM COOTBETCTBEHHO.

Takag Mozenb  MO3BOJSAET  NPOM3BECTH  IIOIMHKCEIBHOE»
CpaBHEHHE " pacuer OTKJIOHEHUS MEXIy TTUKCEISIMA
anIpOKCUMHUPOBAHHOTO W opuruHasbHoro MMM. Haubosee wacro
HCIIONIB3yEMBIM KPUTEPUEM ONTUMHU3ALUU SIBISETCS MUHUMYM KBajapaTa
oTkJIOHEHHs. OJHAKO CpaBHEHHE 3TOTO KPUTEPUS C JAPYTHMMH, B
YaCTHOCTH C KPHUTEpHEM MHHHMYMa MOIYINS OTKIOHEHHUs B padote [4],
MIPOAEMOHCTPUPOBAIO TMPEUMYIIECTBO HCIIONB30BAHNS HMEHHO 3TOTO
HECTaHJapTHOTo Kpurepus. B pabore OH mpUMEHseTCs B IBYX BHIAX,
NpUBEJIEHHBIX Janee. Tak, Ui pEmeHWss M HCCIeN0BaHUS 3aaad
anmpoOKCUMALUU  OTHCNbHBIX  HM300PaXCHWH, WJIH  HECKOJBKHX
U300pakeHUIl, UMEIOIMX OJMHAKOBBIM pa3Mep B HHUKCENsX, ylnoOHee
IPUMEHSTH a0COOTHYIO (POPMY BBIpaXKEHHUsI JIJIsl BBIYMCIICHHUS KpUTEpUS,
TaK KaK TOTJla €ro 3Hau€HUE BCErla OCTACTCS LEJIBIM YHCIIOM:

CARTAS
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[lpu oOpaboTke ke, W OCOOGHHO TMpU CpPaBHEHWHM KauecTBa
alMpOKCUMAlUK  PAa3HOBENMKUX HW300paKEHMH, HY)XHO HCIOJIB30BaTh
BBIPaKCHNS JUISl BBIYUCIICHNSI KPUTEPHS B OTHOCUTEIBHON opMme:

(i), - (#2),

MIOCKOJIbKY a0CONIOTHBIE 3HAYCHHS CyMMapHOT'O OTKJIOHEHHUsS TOHOB IpH
pa3HOM KOJIMYECTBE MHKCEJIeH B M300paKeHUSX HECONOoCTaBUMBI. Toraa
Ap sBnsercs, B OOmEeM ciydae, BEIIECTBEHHBIM, YTO TpeOyeT IpH

1 n m

AP:;Z 2

i=1 | j=I

(86)

CpaBHCHUHU 3HAYCHHI HCII0JIb30BaTh MAaKCHUMAJIbHYIO TOYHOCTH
npeaAcCTaBICHUA YUCIaA.

a

3,Z[€CI> (p u) — IHHKCCJIb CO3IaHHOTO alIpPOKCUMHUPOBAHHOIO
sy

MMU, (p"a) — 1nWKcenb opurmHaisHoro MMMW, N=mXn —
S

KOJIMYECTBO MTUKCEIeH H300paKeHUs.

IIpunsatue pemenuii o kadectBe annpokcumanuu MMM ¢
MIpHUBIICYCHNEM OOBEKTHBHO BBIYHMCISAEMBIX MO (opmynam (8a) mwmm (86)
OLICHOK, & HE BU3YyalbHBIX KPHUTEPHEB, ITO3BOJIECT IPOBOJIUTH pa3pabOTKy
ITOPUTMOB, CO3/1aBacMbIX Il 00pabOTKM H300paKCHUH, Ha €IMHOU
00BEKTHBHOM KPUTEPHAITHEHON OCHOBE.

3.2. MoaupuuupoBaHHas NoA 3aaavyy annpoxkcumanuum MMU
TeHHO-XpoMocoMHasi cTpykrypa JI'A. Pe3ynbTaTMBHOCTH anropurMma
OI'A B mepByl ouepens OIpeneNnsercss KOPPEKTHOM HHTerpammen
MIPEAMETHON 3aJaddl B SBOJIONMOHHOE MPOCTPAHCTBO HA YPOBHE T'CHHO-
XPOMOCOMHOM CTpYKTyphI [23-38]. MHOTOUHCIIEHHBIE SKCTIEpUMEHTAIbHEIE
HCCIIEI0BAaHMS PA3INYHBIX MOAN(PUIMPOBAHHEIX 1O CHOPMYIHPOBAHHYIO
3[IeCh MPEIMETHYIO 3aJady BapHaHTOB 3TOW CTPYKTYpHI [17-19] mokazamm
LesIeco00pa3HOCTh MPECTABICHHS €€ B CIIETYIOIIEM BHJIC:

— 0co0BI0 (aBTepHATHBHBIM petIeHnem) Ha3HAYaETCA
anmpoxkcuMupoBaHHeE MM, TO ecTh JIF000i MOTYyYeHHBIH arpoKCHMAaei

BapuaiT MMU — P [s’ o0, j] , IpeJicTaBNeHHbIN B BHE (7);
— TMOpOXJAIoIas JaHHYK 0COO0b alMpoOKCUMHUPYOUIas NaluTpa
P?, 3ananHas MHOKECTBOM (3), paccMaTpUBaETCsl KaK XPOMOCOMA,;

a
— T'€Hbl — 3TO OTACJIBHBIC TOHA i1 — P a » A3 KOTOPBIX CTPOUTCA
K

AILQ3);
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— TIOIMHOXXECTBA f:f, , 3aJlaHHBIe BBIpaXXeHUEM (4), U3 KOTOPBIX

a o
BBI6I/IpaIOTC${ BapUaHTbl P a » IPCACTABIIAIOT cO0O¥ aJIelH.
s

OcoOeHHOCTP ~ TAaHHOW  MOZENM  3aKI0YaeTcsi B OTCYTCTBHHU
HETOCPEICTBEHHOIO BO3JEHCTBUS T€HETUYECKUX OIEpaTOpPOB HA MATPHUILLY
anmpokcuMupoBaHHOTO MMM Kkak TakoBYIO, YTO C TOUKH 3PEHUS T'€HETHKU
SIBIISIETCS. KOPPEKTHBIM, TIOCKOJIbKY 9Ta MaTpHIA PacCMaTPHUBACTCsl KaK HEKHid
KOHCUHBI ~ pe3ynbTaT, TMOJYYEHHBI HAa  OCHOBE  CTPYKTYphl H
9NIEeMEHTOB (TEHOB) XPOMOCOMBI, KOTOpasi COJEPHUT BCIO HACIECTBEHHYIO
nH(OpManKIo, MO3BOJSIIONIYIO CO3/1aTh 0c00b. Heo0X0anMo OTMETHTH, YTO B
Ha4aJIbHbIX MCCIIEI0BAHMUSX, HAIIPUMED, TOAOOHOTO pa3/ielieHHs He ObLIo, U B
KauyecTBE XPOMOCOMBI paccMaTpHBallach MaTpHIa aNlpOKCUMUPOBAaHHOTO
MMMU, duro penaso CTPYKTYpy airopurMa TIpOMO3IKOH, a IOTOMY
MarnodddextrBHOM. MccnenoBanack Takke JBYXpOMOCOMHasI cTpykTypa [18],
KOTOpasi OKa3aiach W30BITOYHOH. VccriemoBaHms jke HOBOM MOJENH T€HHO-
XPOMOCOMHOM ~CTPYKTYpbl TOKa3aJl €€ BBICOKYI0 3()(EKTHBHOCTh B
CpaBHEHHU C TIEPBBIMH OoJtee abcTpakTHRIME Mojersimu [17, 18].

Xpomocoma, mpexactaBineHHas All, sBiusercs ¢ MareMaTHYeCKOU
TOYKHM 3pEHHMS BEKTOPOM HATypaJbHBIX YHCeNl pa3MepHocThio S . B
monpazzmene 2.1  moka3zaHBI  pe3yNbTaTHl  BBIOJNHEHHOW C  ee
TTOMOIIBIO ANIPOKCHMAIINU BBIOpaHHOTO JUIst JIEMOHCTpAINU
nzobpaxenus (pucyHok 1). Vcnonp3oBanace XxpomMocoMa pasMepoM s =8,
a armMpOKCHUMAIHSI OCYIIECTBIISIIACH PA3INYHBIMU AT OPUTMaMH.

PaccmoTrpum, Hampumep, BEKTOpP XPOMOCOMBI, KoTopas Oblia
MOJTy4eHa B pe3yJbTaTe NMPUMEHEHWS aJITOPUTMa MEAMAHHOTO CEYCHUS
JUIsl pUCyHKa 1:

B™C =(15,47,80,111,142,172,205,240)" . ©))

CpenHee OTKIOHEHHE AaNNPOKCHMHUPOBAHHOIO M300paXKEHHS OT
ucxogHoro B ToHax MWII, BerumcieHHoe 1o Kputeputo (86) s
xpomocoMmsl (9), cocraBmiio  7,65. [lisg  cpaBHEHHMS ~— PacCMOTPUM
9KCTPEMANIBHYI0 XPOMOCOMY, IOJyYSHHYIO HOCPEICTBOM pPa3pabOTaHHOTO
THOPHUIHOTO alTOpUTMa JUIS ATOTO K& U300paskeHUs:

B"° =(10,25,46,67,90,119,145,191)" . (10)

Onenka kadectBa xpomocomsl (10), wmcmoms3yemoit xkak All,
BBIYHCIIEHHAs 1Mo KpuTepuio (80), cocraBmser 6,67. JTO O3HA4aeT, 4To B
CpefHEM MO0 M300paKEHUI0 C TOMOIIBI0 T'MOPUIHOTO  aJIrOpUTMA
CyOONITUMH3ALMHN TIONyYeHO YIyYIIeHHEe ammpoKkcuMupoBanHoro MMU
MIOYTH Ha TOH I10 CPABHEHHUIO C PE3yJIbTaTOM NpUMeHeHus (9), 1 cocTaBUIIO
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12,8%. CoBepiiieHHO 04E€BHIHO, YTO CTPYKTYpsl All B Bume xpomocom (9)
u (10) ceppe3HO OTIHYAIOTCA:

ARMETACO — pAMC _ pIACO (592 34, 44,52,53,60,49)" . (11)

[NokazarenbHO, UYTO SKCTpeMasibHas xpomocoma (10) mo BceM ToHam
CMelIeHa OTHOCUTENbHO (9) B MeHblIyIO (T.€. B TEMHYIO) CTOPOHY. OTO
CBSI3aHO C TeM, 4YTO opuruHaipHeli MMM (pucyHok 1) ucmoms3yer
MIPEUMYILIECTBEHHO TEMHBIE OTTCHKH, YTO (PMKCHUPYETCS Ha €€ 4acTOTHO-
APKOCTHON Auarpamme (pUCYHOK 6a).

TN A a
TN [\

- AT
i A\‘M/_/K
W\N’\\

Puc. 6. SIpkocTHbIe fUarpaMMsl: a) opuruHaasHoro MMU; b, ¢) aByx
aNMPOKCHMHUPOBAHHBIX BEPCHI

PaccMoTpuM Ha pucyHKe 6Ob YaCTOTHO-SIPKOCTHYIO AHMArpaMmy
anmpoxcuMupoBaHHoro MMU, nopoxaeHHy 0 XpomMocoMoii (9). Anroputm
PaBHOMEPHOTO PAaCIpeeIeHHs Wi MEIUaHHOTO CEUEHHMS, BBIACIAET 3 TOHA
ATl yyacTKy, IMEIOIIEMY MaJoe KOJIMYEeCTBO TOHOB (TIOKa3aH SJUIMIICOM Ha
pucynke 6a, b, c), 4TO cCO37aeT HEXBATKy TOHOB Uil JOCTATOYHO
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aJIeKBaTHOTO OTOOpa)keHUs OOJBIIMHCTBA MUKCENeH opuruHaisHoro MMU
U IPUBOJUT K BH3YaJbHBIM OTKJIOHEHHSM, NPEACTABICHHBIM Ha
JEMOHCTPAllMOHHBIX IpuMepax (cM. pucyHku 2, 4, 5). OTkIOHEHUs
paccuMTaHbl IO KPUTEPHIO onTuMu3anuu (80).

I'uOpumHbIi anroput™M cyOONTHMHU3AIMU B XOJ€ MOKCKA ITO3BOJISIET
HaliTu cybontuManbHyto cTpykTypy All kpurepuio ontuMuzanuu (8a), 9To
U TO3BOJISIET MUHHMMH3UPOBATh OTKJIOHEHHsA. Ha YacTOTHO-IpKOCTHOU
Juarpamme annpoOKCUMHUPOBAHHOTO MMU, MIOPOXKIEHHOTO
xpomocomoii (10), BuaHO, 9T0 GoIBIMHCTBO TOHOB AIl cocpenoTodeHs Ha
TEMHOW CTOpOHE TAaJWTPBl, a TOT JK€ YYacTOK CBETIBIX TOHOB
anmpoxcumupyercs yxe | tonom All (pucynok 6¢). HecomueHHo, mpu
Takol cTpykType AIl OCHOBHBIE MOTEPHM NPUXOIATCS HA MHKCEIH CO
CBETJIBIMU OTTEHKaMH, HO JJI1 KOHKPETHOT'O N300paskeHus (pUCYHOK 1) 3Tn
OTKJIOHEHUsI HE CO3/Ial0T CEPbE3HBIX MH(OPMATHBHBIX MOTEPh, TAK KaK HE
JOMHHHUPYIOT TIPH Niepeiaue H300paKeHusl.

s JIOTIONTHUTEIBHOI JIEMOHCTpAIIH s dekTUBHOCTH
MPEAJIOKEHHOT0  MeToja TuOpuaHoi  cybonrtmmmsanmu  All  Han
CTaH/IapTHBIM aJITOPUTMOM MEIUaHHOTO CeYeHHus mpoBezeHa oopadorka 30
Pa3sHOPOIHBIX 10 MPEAMETHOW o0JacTH | pasMepy HU300pakeHui,
BBIOpAaHHBIX CIy4allHBIM 00pa3oM. AHaIW3 TpeanosiaracT MpocToe
CpaBHEHHE COTJIACHO KpHUTEpHIO KadecTBa (8a) ammpoKCHMHPOBAHHBIX
n300paXeHHH, TOyIEHHBIX AByMS METOJaMHU.

PesynbTaThl  TPOBEAEGHHOTO  CPAaBHHUTEIBHOTO  SKCIEPHMEHTA
MIPOIEMOHCTPUPOBAHBI HA THCTOTpaMMe (PUCYHOK 7), TA€ MO OCH OpAMHAT
OTJIO’KEH TPOIEHT YMEHBIICHUs OTKJIOHEHHs (8a) anmpoKCUMHUPOBAHHOTO
n300paXKeHUs OT OPUTMHAIBHOTO B pe3yibTaTe NMPUMEHEHHS THOPUIHOTO
ITOPUTMA, a 10 OcH aldCIHCC HyMepalus 00pabOTaHHBIX HM300paKEHH.
W3o0paxeHuss ObUTM OTCOPTHPOBaHBI B TOPSAKE YOBIBAHUS MPOLIEHTHON
JOJM  YJAy4UIEHUs] pe3ysbTata TUOPHIHOTO alrOpUTMa B CPaBHEHUH C
QITOPUTMOM MEJHAaHHOTO CEUCHHSI.

B cpennem npeyioskeHHBIH THOPHUITHBIN aIrOpUTM CyOONITUMU3AIMN
MMO3BONIMJI ~ OOECHEeYNTh  MHMHHMHU3AIMIO  OTKIOHEHHH  COTJIACHO
kputeputo (8a) Ha ~15% TO CpaBHEHWIO C aNrOPUTMOM MEAWAHHOTO
cedeHus. Hambompimass MUHUMH3AIWsS OTKIOHEHWH cocraBmia ~58%, To
€CTh TI0 CPAaBHEHHIO C MEIWAaHHBIM CEYEHHEM THOPUAHBIA aIrOpuTM
CyOONITUMH3AIINH TTO3BOJIMI YIIyUYIIUTh KA4eCTBO TOHOBOH ammpoKCUMalnuu
Oosiee yeM B 11Ba pa3a. HanMeHb1ass MUHUMH3ALUS OTKJIIOHECHHUH COCTaBUIIA
1%, 4TO OOBSICHACTCA OTHOCHTEIBHO PAaBHOMEPHON YaCTOTHO-SPKOCTHOM
JMarpaMMOll OPUI'MHAJIBHOTO HM300paXKeHUs, TJieé MEIMaHHOe CedyeHHe,
OCHOBAaHHOEC Ha pABHOMEPHOM pa30MEHHM SPKOCTHOM JIuarpaMMbl Ha
YYaCTKH, CIIOCOOHO AaBaTh 3(p(PEKTUBHBINA PE3yIbTaT.
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Jis HarysiIHOCTM Ha pPHCYHKE 8 pacCMOTPUM TPU YacTOTHO-
SPKOCTHbIE JAMAarpaMMbl, € THUOPUIHBIM QJITOPUTMOM OBUI IIOJNy4eH
HauOOJIBIINK BRIUTPHIIT ~58% (pucyHok 8a), cpeauuii ~15% (pucyHok 8b)
n HamMmeHblmmit ~1% (pucyHok 8c). UacTOTHO-SIPKOCTHBIE JHMarpaMMbl
OPUTHHAIBHBIX HM300paKCHUH (PUCYHOK 8) MONTBEPAMIIM B3aUMOCBSI3b
MEXIYy HHU3KAM TIPOLEHTOM  YIYYIICHUS pe3yibTara THOPHIHBIM
QITOPUTMOM B CPAaBHEHWH C MEIMAHHBIM CEYEHHEM M OTHOCHTEJLHOMN
PaBHOMEPHOCTBIO IPKOCTHOW THarpaMmel.

Puc. 8. SIpkocTHbIe MarpaMMbl TpeX OPUTHHAIBHBIX H300pakeHuii (a, b, ¢),
00paboTaHHBIX aNMPOKCUMHUPYIOLUINMU METOAAMHU

[pemnoxkeHHas TEHHO-XPOMOCOMHASI CTPYKTypa OTPEIENSET OIHO
W3 OCHOBHBIX OTJIMYMH MOIU(PUIIMPOBAHHOTO MOJ pemmaemMyro 3aaaay OLA
OT TPAJUIMOHHO HCIOIB3YEMOTO alIropuT™Ma. ECTECTBEHHO, MOMHMO
TEHHO-XPOMOCOMHOM BECOMOE€ BJIHSHHEC Ha PaboTy MOAUGPHUIMPOBAHHOTO
OI'A oOka3bplBAIOT Kak pa3pa0doTaHHas CTPYKTypa ajiropurMma, Tak H
peanusanusi TEHETHYECKUX omepatopoB (cM. pasmen 2.3), a Takke
HACTPOCYHBIC MMapaMEeTPhl aropuT™a (cM. paszen 2.4).
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3.3. CrTpykrypa H TPaIHLHOHHBIE MeXaHU3MbI
Moaupumupoannoro II'A. Pabora OI'A HaumHaercs ¢ (HopMHPOBaHUS
UCXOJHOM (MaTepuHCKOI) rmomyssiuny. [Tomymnsauust B MoauUIMpOBaHHOM
OI'A — »3TO TpaIMIUMOHHO OpraHu3yemasi COBOKYIHOCTb XPOMOCOM,
CO3JAlOIIMX  MHOXECTBO  albTEPHAaTHBHBIX  pelIeHHid —  ocobeit
annpoxcuMupoBanHoro MMH. B pemraemoii 3aaue NONHOCTBIO ClIy4aifHOE
¢dopMmupoBaHue MOMyISIIUM  HEd(Y(PEKTHBHO, TIOCKOJIBKY MOPOXKIAeT
MHO’XECTBO 3aBEJOMO IUIOXUX PEIICHHH, YTO CHIIBHO YIUIHHSET ITOHCK.

IMosTomy cTapToBasi momynsus (OpPMHPYETCS Ha OCHOBE HEKOU
CTapTOBOI XPOMOCOMBI, KOTOpasi TeHEPUPYETCS alrOPUTMOM B3BEUICHHOTO
pacnpenenenus, npeacTaBieHHoro B padore [17]. B pabore [19] mokasaHo,
YTO OHO B OOJBIIMHCTBE CIlydaeB [aeT Ho Kpurepuio (8a) rydrmmid
pEe3yJIbTaT, HEXKEJIN PABHOMEPHOE PaclpeelIeHHE.

Ilocne co3maHus CTapTOBOM XpPOMOCOMBI B €€ CTPYKTYpPY Ha4yHMHAIOT
UKINYECKH (OT MEpBOTO 10 TOCIEAHEr0 TI'eHa) BBOAMUTHCS ClIydaiiHbIC
u3MeHeHus. IIpu 3ToM mocnenHuE OrpaHUUYMBAIOTCA 3aJaHHOM JOJIEH
BO3MOYKHOTO DPACCTOSHUS MEXAYy COCEAHUMH TeHaMHM. OTa J0Jd
olpenensercs: CIelHanbHOM IpOorpaMMHONM HACTPOIHKONW Tak Ha3bIBa€MOIO
«HMCXOIHOTO BapbUpOBaHUs». JlaHHas Mpoleypa NOBTOPSAETCS A0 MOJIHOTO
(hopMHpOBaHUS CTAPTOBOH MOIMYJISIINY 33JJaHHOTO pa3Mepa.

OTHOcsimuecs K TPaJUIMOHHBIM T'€HETHYECKHM  OIepaTopam
CKpenBanue (KpoccuHTroBep) U MyTanus [23-38] Taxke mpeayCMOTpPEHBI.
Kpoccunroep peanusyercst MOCPEACTBOM OOMEHA T'€HOB MEXIY IBYMS
XpOMOCOMaMH, HAaIPaBJICHHBIMM Ha CKpEIIMBaHHE, a MyTalus BHOCUT
CllydaliHble W3MEHEHHMsS B TEeHHYI0 CTPYKTypy XpomocoM. B kauectse
MeXaHM3Ma CEJEKLUH HCII0JIb30BaH MPOCTOil M 3(dexTHBHBIH, a moTOMY
MOMyJIApHBII MeTo pyeTku [23-38].

PesynpraToM 1nmKNIa BO3MCHCTBHA CENEKIMM M T'€HETHYECKUX
OIIEpaToOpOB SIBJISICTCS (POPMHUPOBAHME HOBOTO MOKOJIEHHUS XPOMOCOM.
COOTBETCTBEHHO, 3a/laHHOE YHNCIIO TOKOJECHUH OIpeessieT KOJINYECTBO
9THX NUKIOB. [IpocTeiimM yciIoBHEM 3aBEpIICHHS ANrOpUTMa SIBIISETCS
JOCTHKEHHE TIOCIIETHETO TIOKOJICHUS.

IIpu uccrnemoBanmsax B pabore [18] BBIIBICHO, YTO HAWOOIBIIHIA
KO3 QUIMEHT 3HAYUMOCTH HMEET II0Ka3aTelb MCXOJHOTO BapbUPOBAHUS,
TO ecThb (OPMUPOBAHUE HAYAIBHOW MOMYJSIIMU 3a7aeT OIpeAesrolIee
3HauYeHWe Ha xoJ| moucka. s 3ddexkTHBHOrO HCHONIB30BaHUSI JTAHHOTO
acriekta  ObUIO  NPHHATO  pEIIEHHWs  pealn3oBaTh M BHEJAPHTH
«TIepe3alyCKaroIyocs» MOAeTb, KOTOpas YacTHYHO TOX0XKa Ha MOJelb
CHC, omnucannas OmenmanoMm [39]. Henonnas peanuzanust MOJENH
MIpEAroaracT MCIOJIb30BaHNE MAJIOYMCICHHOW TOMYJSIUM, a TakKxke
Majoro KOJIMYECTBA IOKOJIEHUIl, HO BBINOJHEHHE IOBTOPHOIO 3amycKa

174  Tpyasl CMIMMPAH. 2018. Bein.5(60). ISSN 2078-9181 (neu.), ISSN 2078-9599 (oHnaiiH)
www.proceedings.spiiras.nw.ru



ARTIFICIAL INTELLIGENCE, KNOWEDGE AND DATA ENGINEERING

QITOPUTMa, T/Ie CTapTOBOM XPOMOCOMOHM uiss (HOPMUPOBAHUS HMCXOIHOMN
HOITYJISAINY Ha3HAYAeTCs JTydIlas XpoMOCOMa MPEeIbIIYIIero UKIa MOUCKA.
JanHplii  mOAXOJ — MO3BONIMJI  PE3KO  IMOBBICUTH  A(PPEKTUBHOCTH
anmroput™a [19] mo cpaBHEHWIO C TpeAbAyIneH, Oojice KAHOHHMYHOU
peamuzanuerr [17, 18]. Peanmn3oBanHas cxema (akTHYECKH HPOU3BOJHUT
OOIIMpHOE KOPPEKTUPYIOLIee H3MEHEHHE TMONMyJSIIMU Yepe3 3aJaHHbIe
MIPOMEXYTKH mokosieHnd. [lapamerp, ompeaeisomuii  KOIMYECTBO
TIePe3aITyCKOB, MOTYYNII Ha3BAHUE «KOJIMIECTBO MMONCKOBBIX HTEPALUil».

Takum obpazom, TIPUBEICHHBIH KpaTKHH 0030p
MomudumupoBanHoro DA, pa3paboTaHHOTO TOX 33Jady ONTHMHU3ALNUN
TOHOBOM anmpoxcumanuu MMMU, mokasbiBaeT, 4TO MHOTHE IapaMeTphl
aNIropuTMa SIBJIAIOTCS HACTPOCYHBIMH M caMH 10 cebe TpedyroT
ontummu3anuu. Ha ypoBHE OCHOBHBIX HACTPOCUHBIX IapaMETPOB
TeHETUYECKUX MEXaHM3MOB B JIAaHHOH padoTe (B TEKYLIEM HMCCIEOBaHUH)
paccMaTpUBAIOTCST BO3MOXXHOCTH TMOBBIIICHHS A(PQEKTHBHOCTH pPabOThI
BCEro THOPHUIHOTO ajropurMa 3a CYeT HACTPOHKH IapaMeTpoB
MomudunupoanHoro OI'A.  Ilox  addexTuBHOCTBIO  T'HOpPHIHOTO
aNIrOpuTMa  IOHMMAeTCs  JOCTH)KEHHE €ro  ONTUMAJIBHOIO WM
CyOOINTUMAaJIBLHOTO OBICTPOAEUCTBHSI NMPH COXPAHEHHH TrapaHTHPOBAHHOMN
TOYHOCTH OTBICKAHHUS ONTUMYMa KPHUTEPHs TOYHOCTH. DTO IOCTHraeTcs
Takoi HacTtpoiiko OI'A, 4YTOOBI OH 3aTpayMBajJl MHHUMAaJIbHOE
KOJINYECTBO MOMCKOBBIX HTEPAIMH, TOCTATOYHOE Ui OBICTPOTrO BBIXOAA
THOPHIHOTO aJdrOpuTMa B OKCTPEMAlbHYIO 30HY, YTO IIO3BOJIAET
COKpaTHuTh o0IIee BpeMs moucka. B pesynpraTe odiiee BEIYUCIUTEIHHOE
BpeMsl OCTaeTCsl CAMHCTBEHHBIM KPHUTEPHEM OLICHKH 3(GQEKTUBHOCTU
ruOpuIHOTO anroputMa (cm. 2.2).

OCHOBHBIM YCJIOBHEM OLICHKHM pPE3YJIbTaTOB TaKUX HCCIECJOBaHMI
JIOJDKHA OBITh €e OOBEKTUBHOCTh, TO €CTh OHA JIOJDKHA ONUPAThCs HE Ha
BU3yaJlbHBIE, a Ha KOJMYECTBEHHBIE METOAbl C HCIIOJIB30BaHHEM
kpurepues (8a) wu (80).

4. JkcnepuMeHTajbHble HMcciaedoBaHHs 3P PeKTHUBHOCTH
THOPUAHOTO ANTOPUTMA CYOONTHMHM3AUMU TIPH  HMCNOJIb30BAHHH
MoaudumupoBanaoro II'A. Ha ocHOBaHHMU ONMMCAHHOW CTPYKTYPHI (CM.
pasmen 2.3) MOXXHO BBIACIHUTH [BE TPYIIBl OCHOBHBIX HACTPOCUHBIX
napamerpoB MoxuduirpoBaHHoro O'’A — KonndecTBeHHbIE (DAaKTOPHI U
BEPOSATHOCTHBIE (DaKTOPHI.

4.1. Hacrpoeunsle mapamerpbl Moaupuuuposannoro JI'A B
cocTaBe THOPUAHOrO ajiropurma cydonrumusanuu. [Ipupona moseneHus
KOJIMYECTBEHHBIX (DaKTOPOB MOAJACTCS aHAJIM3y 3HAYMUTEIBHO JIerde, 4emM
BEPOSITHOCTHBIX, TIOCKOJIbKY YeM OOJIbIlle MX 3HAYCHUS, TEM, KaK IpaBHJIO,
6onee 3pdextuBeH mouck MoauduimpoBaHHoro OI'A ¢ TOYKH 3peHHUS
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ToyHocTH. OJHAaKO YBENUYCHHWE KOJMYECTBEHHBIX (PAKTOPOB MPSMO
MponmopuruOHAIBHO YBEIIUYNBACT BBIYUCIIMTCIIBHOC BpEMs
MoguduimpoBannoro OI'A. DTo cBA3aHO C yBEJIMYCHUEM 4YHCIA

BBIUUCIICHUN QyHKIMH npucrocobienHoctH (8a) wiu (80).

B paspaboranHOi Momenu MoaumdunupoBanHoro OI'A mon
paccMaTrpuBaeMyro TIPEAMETHYIO 3a7aqy HCIIOJIB30BAHO TpH
KOJINYECTBEHHBIX (pakTopa:

— pa3smep MomyJIsIIny;

—  KOJIMYECTBO ITOKOJICHHIA

— KOJHMYECTBO ITIOMCKOBBIX HTEPAINi aNTOPUTMA.

B macrosmuii MOMEHT caMoOi akTyanbHOW paboToil sBisercs [22],
rze ObUIM MONy4YeHbI CyOONTHUMAJbHBIE 3HAUEHHS pa3Mepa MOIMyISALIUd —
12, xonmuuecTBa nokosaeHuid 10 1 KOJIMYECTBA MOMCKOBBIX UTEeparuii 12.

K BepostHocTHBIM (akTOopam B MoaubuuupoBanHoro OI'A
OTHOCSTCS CIIEAYIOIINE [TapaMeTph:

— BEpOSITHOCTh KPOCCHHIOBEpA I'CHOB;

— BEpOSTHOCTh MYyTall{ T€HA;

— aMIUINTYy/a MyTally TeHa.

— HCXO/IHOE BapbHPOBAHUE T€HOB.

B paborte [40] ObuT CIDIAaHUPOBAaH W TPOBENEH AKCIEPHUMEHT IO
TIEPBUYIHOMY HCCIIEIOBAaHNIO MTOTCHIUATIBHON BO3MOXKHOCTH
CyOONTUMH3AIMH BEPOSITHOCTHBIX (pakTopoB MoaupuimpoBanHoro OI'A ¢
LIENTBI0 MOBBIIEHUS () (HEeKTUBHOCTH PabOThl THOPHIHONH MOIETH B IEIIOM.
HccnenoBanuce TpH pa3nW4HBIX HaOOpa 3HAYEHHH BEPOSTHOCTHBIX
(axTOopoB, BBIOPAaHHBIX OTHOCHTEIBHO CYOONTHMANBHBIX 3HAYCHHMA,
KOTOpbIe OBIIM TOJIyYeHBI A0 CTPYKTYPHBIX W3MEHEHHH alropuTMa.
VYcinoBHO 3TH HaOOPBI MOXKHO Pa3leluTh IO CTENEHH arpeCCUBHOCTH HX
BIMSHUSA: BBICOKAs, CpelHss M Majas. 3HaueHHs MCCIENOBAHHBIX B
pabote [40] BepOSTHOCTHBIX (PaKTOPOB MPEACTABICHBI B Ta0uIe 1.

Tabnuna 1. MccaenoBaHHbIe 3HAUCHHS BEPOSITHOCTHBIX (JAKTOPOB
CrencHb Ucxonnoe
BepositHocTs | BepositHoCTh | AMmnuTyna
arpecCUBHOCTH BapbHUpO-
KpOCCHHIOBEpa MyTaluu My TaIiu
MOAU(DUITPOBAHHOTO BaHHE
T'enon reHa T'ena
OI'A T'CHOB
Bonpmas 20 20 3 0.3
Cpennss 10 10 2 0.2
Manas 5 5 1 0.1
[Ipy mpoBemeHHMH HSKCHEPUMEHTAa 3HAYEHHUS  KOJMYECTBEHHBIX

(haKTOpOB, KPOME KOJIMYECTBA IOMCKOBBIX MTEpaLvid, ObUTH 3aUKCHPOBaHBI
Ha MX CyOONTHMAaJIbHBIX YPOBHSIX, TOJMy4eHHBIX B padore [22]. KonnuectBo
e urepauui Obuto yBenuueHo a0 50, 4ToObl UIMETh BO3MOYKHOCTh OLICHUTH
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NIOBEJICHHE alITOPUTMAa M XapaKTep BIMSHUS BEPOSTHOCTHBIX (DaKTOpOB Ha
OoJiee JUIUTENILHON MPOTSHKEHHOCTH SBOJIIOLMOHHOTO Tpoliecca.

AHanmu3 1o  TpeM  HM300paxeHHsSM  IPOJEMOHCTPHPOBAI
Pa3HOpPOJIHOCTh  pE3yJbTaTOB B CBSA3M C CHJIBHBIM  BIUSHHEM
MIPOCTPAHCTBA PEIICHUI KOHKPETHOTO M300paskeHUs] Ha MOBEJICHUE TOTO
WIM WMHOTO Habopa BepOSTHOCTHHIX (akTopoB. Takum oOpasom,
BBISICHMJIOCH, YTO BO3MOJKHOCTH BBIOOpA OJHOW HEM3MEHHOH CTpaTernu
pelIeHus] TOCTaBICHHOM 3aJauyd MaloBeposiTHa. B cBsi3um ¢ sTuMm B
pabote [40] Oputa mpemmoxeHa wuaes pa3pabOTKH aTaTHBHOW WIIH
CMEIIaHHOH CXEMBbI U3MEHCHHS  BEPOSTHOCTHBIX (hakTopoB.
OmnuceiBacMO€ B JaHHOW CTaThE HCCIIEOBAHUE IOCBAILICHO OLICHKE €€
PEe3yIbTATUBHOCTH U IEPCHEKTUBHOCTH.

4.2. HUccnenoBaHue BJIMSIHAS BePOSATHOCTHBIX (aKTOPOB Ha
TOYHOCTHh ANMNPOKCHMANMHU H300pakennii moguduuupoBanabiM DA,
[IpeaBapurenbHOe HCCIENOBaHHE NPEANPUHATO ISl MPHOIMKEHHOU
OLICHKH BJIMSTHHUSI HACTPOEK BEPOSITHOCTHBIX (PAKTOPOB Ha OBICTPOICHCTBHE
MouduipoBanHoro OI'A npu noucke skctpemyMma. CyTh UCCIEIOBaHUS
COCTOSIa B PpAaCIpeleNieHHH MeXIy TpeMsl NONMyJBIIUsIMH 3HaueHUi
BEPOSITHOCTHBIX (DaKTOPOB, MPEACTABIEHHBIX B TaOiune 1, ocymiecTBisist
MIOLIArOBBIA MOUCK AKCTPEMyMa JITUMH TMOMYJSIIUAMH B IapaJuIeIbHOM
pexxume. IIpm 3TOM Ans KaXIOro NOCHEAYyIOUNIEro Iara B KadyecTBe
BBIXOZJHOTO 3HAYEHHs HCIOJIb30BATACh HAWIydIIash XpoMOcOMa M3 Tpex
mapajuiennbHo  00pabotaHHBIX momyisinui. OmucaHHas cxeMma IONyduiia
YCIOBHOE Ha3BaHNE «TPEXXOJOBKIY.

IIpn wuccrnenoBaHUM «TPEXXOMOBKM» Ha KaXJIOM HOBOM Ilare
OCYILIECTBIIUIaCh ~ 3allMCh  IOPSIIKOBOIO ~ HOMepa  Toro  Habopa
BEPOSITHOCTHBIX (DaKTOPOB, KOTOPBIA Jal HAaWIydIIMA pe3ynpTaTr. ITo
TIO3BOJIMJIO  OTPE/ICNUTh TOTEHIMAIbHBIE BO3MOXXHOCTH (MKCHPOBaHHOM
CXEMbI UX UBMCHCHUS OT 11ara K miary.

TectupoBanue nposeaeHo Ha [IK ¢ mpoueccopom Intel Core i7
4700MQ 2,4 GHz (up to 3,4 GHz). IIpu sTOM BpemMsi OJHOBpPEMEHHOU
00pabOTKH TpeX MOMYJSIHNA MO CPAaBHEHHUIO C OJHOU («OIHOXOJOBKOM)
yBenuumioch Ha ~35%. Jlns skcnepuMenta otobpano 6 MMU ¢
Pa3NNYHBIME YaCTOTHO-IPKOCTHBIMH JIUarpaMMamu. Bce wnzo0paxeHus
00pabaThIBATICH ITOPUTMOM OINITIMHU3AIIMOHHON TOHOBOM
aNMpOKCUMAIIMN  CTAaHAAPTHOW MAIUTPBl 256-TH  TOHOB  8-TOHOBOH
nanutpoii. [locnennee cBs3aHO ¢ Tem, 4To B pabdore [19] OpuTO TOKA3aHO,
4T0  §-TOHOBass MaJIMTpa CTPYKTypHO OiaM3Ka K  ONTUMAIbHBIM
MHOT'OLCJICBBIM alllTPOKCUMUPYIOITUM CBOMCTBaM.

OKCIEpUMEHT COCTOSUT B TECTHPOBAHMU aJTOPUTMa arpOKCUMAIU
Ha 6 BBIOPaHHBIX H300pPAKEHUSIX IPOM3BOJCTBEHHBIX MOMEIICHUH MO
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OTHMCAaHHOM CXeMe «TPexXXOMoBKm». Kaxmoe M300pakeHHe MPOTECTHPOBAHO
30 pa3. [ns  oneHkd 3(DGEKTHBHOCTH  TPEXXOJOBKH — HM300paKCHHS
MOJIBEPTalICh TAKOMY K€ TECTHPOBAHHUIO, HO IO CXEME «OIHOXOIOBKHY», TO
ecTh ¢ peanmzanmedl MogauduImpoBaHHOro OI'A, HCHONB3YIOMICH TOJIBKO
OJTH (PUKCHUPOBAHHBINA HAOOP BEPOSTHOCTHBIX (pakTopoB (0e3 mapayuieu3ma).

Pe3ynbTaThl HCCIEIOBAHUS NPEACTABICHBI Ha rpaduKax U3MEHEHUS
CpeliHero 3HaveHWs Kputepusi onTumuzanuu (8a) mo BeOOpke u3 30
onbiToB (pucyHok 9). Ilo ocu OpJHMHAT OTIOKEHBI 3HAYCHHS KPUTEPHUS
ONITHUMU3AIINH, & TI0 OCU a0CIUCC UTEPALH AJITOPUTMA.

— -bonbwme = --Manbie e---- CpegHue ——Tpexxogoska

4310000
4250000
4270000
4250000
4230000
4210000
4190000

4170000

4150000
1357 91113151719212325272931333537394143454749

_ H30-3

785000

780000

770000

135 7 91113151719212325272931333537394143454749 10305 7 9 101315171921232527 29 31 33 35 37 39 41 43 45 47 49

2900008 740000,0

7850000 735000,0

- 7300000
H30-5

7750000 7250000

7700000 720000,0
7650000 7150000
7600000 710000,0
7550000

705000,0

7500000 700000,0

7450000 695000,0
13579 UBBUABBTHNNSTHNABST 136 7 9 11131517 19 21 23 25 27 29 31 33 35 37 39 41 43 45 47 49

Puc. 9. I'paduxu ¢ pe3yapraTaMu SKCIIEPUMEHTA
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I'pamku OTHETIMBO AEMOHCTPHPYIOT MOBBIIEHHE YPPEKTUBHOCTH
pabdoTel MoauduiuporaHHoro DA mpu KCIIOIB30BAHUN TPEXXOJOBKH. ITO
MPOSIBUJIOCH KaKk B TOJYYEHHHM HAWIy4lIero KPHUTEpUs TOYHOCTHU
annpoKCHMallMM, TaK W B CYIIECTBEHHO OOJIbIIEM OBICTPOJICHCTBHH.
AJNropuUTM TPEXXOAOBKHU BO BceX ciydasx, kpome M30-1, mo3Boaui BelifTH
B OKCTpEeMaJbHYyI0O o00jmacTb He XyXe, dYeM K ~15 wurepamun
MoudupoBanHoro SI'A (cM. pUcyHOK 9).

B cBmBm c TeM, 4UYro OAHOXOAOBAas CXEMa MPUMEHEHHS
MOIU(HUIIIPOBAHHOTO OT'A, HCTIONB3YIOMIast TOJIBKO OOoJIbIIINE
BEPOSITHOCTHBIE (DAKTOPBI, MOKa3ana HaWXyALUIMH pe3yiabTaT II0 BCEM
n300pakeHMsIM, OHA UCIIONIB3YETCS IS OLEHKH 3()(HEKTHUBHOCTH OCTATBHBIX
cxeM MoauduiupoBaHHoro DI'A ¢ ToukH 3peHus ObICTpoACHCTBIS. HBIMU
CJIOBaMH, TNPEIJIAracTcsi B3ATh 3a OLEHKY IIar, Ha KOTOPOM pE3yJbTaThl
OCTaNIbHBIX ~ peajM3aluii  airopuT™a, MomuduuupoBaHHoro OI'A,
NPeB30LLUTH (PUHATBHBINA pe3yJIbTaT OJJHOXOIOBKH C OOJBIIMMH 3HAYEHHSIMU
BEpOATHOCTHBIX (hakTopoB. Homepa maroB m 3HauyeHus mokasarens (8a),
YJIOBJIETBOPSIIOLIMX 3TOMY YCIIOBHIO, IIPUBE/ICHBI B TabuIe 2.

Tabnuua 2. 3HaueHne onTuMuU3anuy (8a) U mary, Ha KOTOPBIX YKa3aHHBIC
peanu3anuy ajaropuTMa IpeB3oluIN pe3yIbTaTO0IBIINX BEPOSTHOCTHBIX
¢akTopoB Ha 50 mare

B® 130-1 | U30-2 | U30-3 | M30-4 | U30-5 | U30-6 | Cpen.
o 420001 | 579230 | 774042 | 751804 | 748231 | 698644 |661992
50 50 50 50 50 50 50
419801 | 579076 | 774001 | 751579 | 748213 | 698637 | -107
Cpen. 33 36 28 25 12 27 26,8
N— 419949 | 579015 | 773960 | 751725 | 748164 | 698484 | -109
26 49 25 22 10 17 24,8
419671 | 579015 | 773985 | 751748 | 748031 | 698639 | -144
B-X0I0BKA|
14 19 10 11 6 10 (1151”666)

Pesymbratel  TaOMUIBI 2 IEMOHCTPUPYIOT  IPEHMYIIECTBO
TpexxomoBoro aiaroputma. CpeqHUH IIar mo BCceM H300paKECHUSM IPHU
9TOM cxeme paBeH 11,6 maram, Torxa Kak OJHOXOJOBKa C MaJbIMH
BEPOSITHOCTHBIMH (pakTopaMu uMeeT moka3atenb 24,8 mrara. OmHako
HE0OX0AMMO OOpaTHTh BHHMaHHE, 4YTO 11,6 IIaroB TpPEeXXOIOBKH
sSBisieTcsl  (paKTUYECKUM 3HAYEeHHWEM, TOTAa KakK [UJIs CpaBHEHHUS
HEOOXOIMMO HCIOJIh30BaTh JKBHBAJICHTHOE 3HAYCHHE K OIHOXOIOBKE,
NOCKOJIBKY OJIMH IIAr TPEXXOJIOBKU TpeOyeT Ha 35% Ooublie BpeMEHH.
OKBUBaJICHTHOE 3HAYeHHE YyKa3aHO B CKoOkax (cMm. Tabnuma 2,
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cT. «Cpen.») Takum o00pa3oMm, TpPEXXOJIOBKa B CpEOHEM MO3BOJSET
COKpaTHUTh BpeMst 00paboTku Ha ~37%.

AHanu3 BceX apXUBHBIX (DalJIOB TPEXXOJOBKH C OTMEUYEHHBIM
HabOpPOM BEPOSITHOCTHBIX (PAKTOPOB, JABABIIUM JIyYIIMHA pe3yjbTaT Ha
KOHKPETHOM IIare, okasal, 4To B Ipolecce paboThl alropuTMa 1o Mepe
MpUOMIKEHU K OJKCTpeMyMy Bce Ooiee >(PQPEKTHBHBIM CTAHOBHUTCS
HACTpOWKa C MaJILIMH BEPOSTHOCTHBIMH (akTopaMu. DTO CBSI3aHO C
HEoOXOAMMOCTBIO  cyXaThb  oOmacte  moucka. OpHako — u3-3a
Pa3sHOPOJHOCTH TIPOCTPAHCTBA PEMICHUH Yy KaXTOTO H300paKeHHs
(UKCHpPOBaHHAs CHCTEMa HW3MEHEHHsS BEPOATHOCTHHIX (DAKTOPOB He
[O3BOJIAET  YHUBEpPCANbHO  IOJyYaTh  yIAy4IICHHS OIS JIHOOBIX
n300pakeHHH. OTO  OOBSACHIET NPEHMYIIECTBO TPEXXOJOBKH B
IIPOBEICHHOM OJKCIIEPHMEHTE M JaeT OCHOBAaHHE OPHEHTHPOBATHCS B
pellaeMoi 3amade Ha MapajulelbHO KOHKYPHUPYIOIIUE alTOPHUTMBI.
KoHKpeTHBIE pelleHHs, KaK 10 MX KOJUYECTBY, TaK M MO 3HAYCHUSIM
KOHKYPUPYIOIIUX BEPOSTHOCTHBIX (PAKTOPOB, SBISAIOTCS HPEAMETOM
JIOTIOJTHUTENFHBIX MCCIIEIOBaHHH.

UYro KacaeTcsl ONHMCHIBAEMOTO B JIAHHOW CTaThe MCCIIEIOBAHUS, TO
BBHIY OUYEBHJHOTO M YCTOHYMBOTO IPEUMYIIECTBA TPEXXOJOBKH IO
CPaBHEHHUIO C HCIOJB30BAaHHBIMH Ha0OpaMu BEPOSTHOCTHBIX (DaKTOpOB B
OTHEIBHOCTH, a TaKXe C YYeTOM OOCCICUeHHs CXEMOH TPEeXXOZOBKH
BBIXOJIa Ha SKCTPEMaJbHYIO 30HY YXke K ~15 mary npuHATO peleHue
BHEJPHUTH pa3pabOTaHHYIO CXEMY TPEXXOJOBKH B THOPHAHBIA anropurTM,
YTOOBI COKPATHTh KOJIMYECTBO HTepanuii MmomuduupoBanaoro JI'A, dro,
KaK 0’KMJaJ0Ch, 00ECIIEUUT CEPbE3HBIA BHIMIPHIII B OBICTPOACHCTBUYL.

4.3. CybGonTumusauust KOJIN4eCcTBa uTepanuit
MOAM(PUIIPOBAHHOI 0 Ira B rudpuaHoOM aJIropurMe
cy0onTuMM3aNuH. [TomyueHnHsle pe3yIbTaThI HCCIIeIOBaHUSA

3¢ PEKTUBHOCTH TPEXXOJOBOW CXeMbl paboThl MoauduuupoBanHoro JI'A
Jlali OCHOBaHMSA Ha TIPOBEJCHHE IOMOJHUTENBHOTO HCCIECIOBAHUS YyiKe
MOJICpHU3UPOBAHHOTO THOPUIHOTO aJITOPUTMA C IEIbI0 CyOONTUMHU3AIMN
KOJIMYECTBa MOMCKOBBIX nTepaumii. Mcxons n3 ananmsa rpadukoB paboTsl
TPEXITOMYJSIIMOHHOTO aaropuTMa (pUcyHoK 9) BeIOpans! 3 3HaueHus — 12,
16 u 20 maroB. DkcrepuMeHT mpexycMmarpuBan 10-kpatHyio oOpaboOTKy
n300pakeHN THOPUIHBIM aJITOPUTMOM.

I'maBHBIM KpHUTEpHEM OIICHKH B HOBOM DJKCIIEPUMEHTE BBIOpaHO
obmee  Bpemst  pabOTBl  THOPHOHOTO  aNrOPUTMA,  MOCKOJIBKY
9KCTPEMAIBHOCTD pe3ynbTrara rapaHTHpyeTcs 3TaroM
JETePMUHUPOBAHHOTO TIOMCKAa. JTO CBA3aHO C TeM, YTO OCHOBHOH
BPEMEHHOW pecypc NPUXOJUTCS Ha pPaboTy JeTepPMHUHHUPOBAHHOTO
ITOPUTMa, U 00lIee BPeMsl BBIMOJHEHHUsI THOPUIHOTO aJropUTMa 3aBUCHT
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OT TOYHOCTH pe3yibrara padoTel MoaubuuupoBanHoro OI'A. [laHHoe
00CTOSATENBCTBO MOJPA3yMEBACT NPUOPUTET OJIM30CTH ATOTO Pe3yJibTara K
9KCTPEMYMY IO CPAaBHEHHIO C KOJIMYECTBOM MOUCKOBBIX UTEPALIUH.

PesynbraThl SKCIIEpUMEHTa NPOJIEMOHCTPUPOBAHBI B Tabiuue 3, rie
YKa3aHO cpelnHee BpeMs 00pabOTKH THOPHUIHOTO aarOpUTMa JUIS KaKJOro
n300pakeHHsl TPH COOTBETCTBYIONIEM KOJIMYECTBE ITOWCKOBBIX HWTEpaIui
1o naHHeiM 10 TecToB.

PaccMoTpenme  cpemHero  mokasarens — BpPEMEHH 10 BCEM
m3o0pakeHmsIM (cM. Tabimma 3, cTpoka §) TO3BOJAET OCTAHOBHTHCS Ha
BeiOOpe 20 wrepammit MomudummpoBaHHoro DOI'A  ams  coxpalieHus
BpeMEHH 00pabOTKU THOPHUIHOTO aNrOPHUTMa B CPEIHEM II0 COBOKYIMHOCTU
n3o0pakenuit. [IpoBeACHHBIH SKCICPUMEHT IMOKA3bIBACT, YTO BBHIOPAHHAS
HACTPOWKa IO3BOJIIET COKPATHTh BpeMs PaOOThI THOPUIHOW MOAETH B
cpenHeM Ha 14,5 cekyHJ 10 CpaBHEHHIO ¢ 12 UTepalusMu, 4TO COCTaBIISIET
13,9% BBIUTpHIIIA BO BPEMEHH, a 10 CpaBHEHHIO ¢ 16 Ha 13,2 cexyHmbl, TO
€CTh CokpaieHue obmiero Bpemenu Ha 12,8%. Uto ke kacaercs CKO, To
OHO 3aKOHOMEPHO YMEHBIIAETCsl C POCTOM uucia urepauuil. [Ipu Oomee
TOHKOM HCCIICIOBaHNY 33a4M ATOT TI0KA3aTeNb MOXKET OBITh YTOYHEH.

Tabnuna 3. Pe3ynbpTaThl 3KCIIEPUMEHTA MO UCCIICIOBAHHIO KOJIMYCCTBA TOMCKOBBIX
nrepanuit (KIIM) mognduimposanHoro 3I'A

KITU mopuduimposannoro SI'A 12 16 20 24 28
Cpennee Bpems no M30-1 (cek) 106,3 1074 75,3 94,4 85,4
Cpennee Bpems mo U30-2 (cek) 173,1 1534 114,1 97,2 97,4
Cpennee Bpems mo M30-3 (cek) 75,1 78,7 80,8 86,9 98,2
Cpennee Bpems mo M30-4 (cek) 112,7 107,1 101,2 100,4 89,6
Cpennee Bpems o M30-5 (cek) 70,5 74,1 76,2 75,9 82,6
Cpennee Bpems no M30-6 (cex) 85,3 94,3 88,1 88,8 96,8
Cpennee Bpems o Bcem N30 103,8 102,5 89,3 90,6 91,7
CKO 1o Bcem N30 37,8 28,5 15,4 8,8 6,7

Cpennee BpeMs THOPHOHOTO airopuT™Ma IpH 24 UTepamusx
Bo3pocino Ha ~ 1,3 cexyHnsl mo cpaBHeHmio ¢ 20 maramu, xotss CKO
YMEHBIIMIOCh.  JlanpHeWInee TMOBBIIIEHHE KOJIWYECTBA  ITOMCKOBBIX
WTEepanuil MPUBOJUT K HE3HAYUTEIBHOMY YBEIMYCHHIO OOLIEr0 BPEMEHHU
amroputMa u  cokpamenumro CKO. Takoe moBeneHHE ITOJTHOCTBHIO
COTJIACyeTCsl C paHHee OMUCAaHHBIM XapaKTepOM pacrpe/ielieHHs BpeMEHHOH
COCTaBHﬂIOHICIjI MCXIY 3BPUCTHUUCCKUM U ACTCPMHUHHUPOBAHHBIM MECTOJIOM.
BepositHo, mpu Oojiee TOHKOM WCCIEAOBAaHWMM 3aaadyd Iokaszaresb 20
HEOOXOMMO YTOYHHUTD.

Crnenyer OTMETUTb, uTO 1o u3obpaxenusm N30-3, U30-5 u U30-6
mpu 12 wurepamusx ObUI TONyYeH HECKONBKO JIYYIIMH pe3ysbTar
(tabnuua 3, crpoku 4, 6, 7) B cpaBHeHHHU ¢ ApyruMu. OJHAKO BBIMTPHII B
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9THX OMNbITaX OBLI HE3HAYUTENbHBIM, a 10 OCTAIBHBIM H300paKEHHSIM
YBEJIMYCHUE KOJIMUECTBA MMOMCKOBBIX MTEpAlMi CHWIIBHO YXYIIIANO BpEeMs
o0pabotku. [IpuunHa BBISIBIEHHOTO ()EHOMEHA CTaHOBMTCS SICHOM NpHU
JeTAIbHOM ~ aHanu3e rpaukoB Ha pucyHke 2. B ynmomsHyThIX
n300paKeHUAX BBIXOJ B JKCTPEMaJbHYIO 00JIACTh NPOUCXOAMT OBICTpEe
Ipyrux, U 12 wurepaumii okaszbIBaeTCsl BIOJHE JI0ocTarodyHo. Ho Tak Kak
BBIYMCIIMTENIFHOE BpeMsi MoauduiupoBaHHOro OI'A Mano OTHOCHTENBHO
BCel TMOpUIHON MoJeny, TO yBenuueHue 1o 20 urepannii He IPUBOIUT K
CHJIPHOMY BO3pacTaHHMIO 0o0mero BpeMeHH moucka. Ilpm sTomM B ciydae
HEONMArompuATHON  NHKCENBPHOH  CTPYKTYPBHl  HM300pakeHWH  Maloe
KOJIMYECTBO IIOMCKOBBIX HTEpALMH yke He oOecrednBacT BBIXOAA B
SKCTPEMaNbHYI0 007acTh, U 00IIee BpeMs pabOThl THOPHUAHOTO aIrOpHUTMa
PE3KO BO3pACTAET HA 3Tare JeTEPMUHUPOBAHHOTO MIOUCKA SKCTPEMYMaA.

YunThIBass 3HAYMTENIBHOE pasziM4yMe TOIOJOTWH IPOCTPAHCTB
pemIeHnsT pPa3HBIX HM300pAKECHUH, B MOCIEAYIOINX HCCIEIOBaHMAX
1eNIeco00pa3Ho paccMOTPETh BOMPOC pa3pabOTKM aJaNTHBHBIX CHUCTEM
W3MCHEHHS, Kak KOJIMYeCTBA IIOMCKOBBIX HWTepamuii, Tak ¥ JIpyrux
HACTPOEYHBIX MapameTpoB MoauduipoBanaoro J'A.

5. 3akaouyenme. OCHOBHBIE  pe3yibTaTbl  IPOBEAECHHOTO
SKCIEPUMEHTAIBHOTO HCCIEIOBAHHSA MOMKHO OIEHHUTh CIETYIOUIMHU
TTOJIOKEHHUSIMHU:

1. DKCHepUMEHTaJIBHO TIIOKa3aHa HEBO3MOXKHOCTh IOCTPOCHHUS
YHHUBEPCAILHOTO M 3((EKTUBHOTO alrOpUTMa PEIIeHUS 33/Ja4d TOHOBOU
anMpoKCUMAaI1 MOHOXPOMHBIX pacTpoBbIX n300pakeHIH c
ucnospzoBanueM OI'A ¢ (QUKCHPOBAHHBIMHM 3HAYECHUSIMH BEPOSTHOCTHBIX
(haKTOpPOB €ro HACTPOMKH.

2. PeanuzoBannas mnpu Moxumdpukanmm OI'A  mapamiensHO
paboTaromiasi  TPEXMOMYJSALMOHHAS  MOJENb NpPU  HUCIOJIb30BAHUU
9KCIIEPUMEHTAIFHO IOJ0OpPaHHBIX HACTPOEK II03BOJISIET O00ECHeYnTh
YMEHBIICHHE KOJINYEeCTBAa OUCKOBBIX UTEpauuii B cpeaHeM Ha ~37% 1o
CPAaBHEHUIO C HAWITYYIIEeH OXHOIOMYISIIHOHHOW MOJIENBIO.

3. Kaxk pe3ynpTar 3TOr0 B NPEATIONKEHHOM THOPHUIHOM alrOpHUTME
MomuduupoBanHbiii  OI'A  pemaeT 3agady MOWCKAa  OJHM3KOW K
ONTHUMAJILHOM CTapTOBOM CTPYKTYpPbl ANNPOKCUMHUPYIOLIEH NaIUTphl IS
ObicTporo  moucka ee  Ommkailliero  9SKCTpeMyma, oOecrednBas
ONTHUMAJIBHOCTh MM CyOONTHMAaIbHOCTH TOHOBOHM  amMIIPOKCHMAIIWH,
HOBBILIAsE OBICTPOEHCTBHE THOPHUIHOTO ANITOPUTMA B 1eJIoM Ha ~14%.
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DUAL OPTIMIZATION OF MONOCHROME IMAGES TONE
APPROXIMATION USING PARALLEL EVOLUTIONARILY
GENETIC SEARCH

Neydorf R.A., Aghajanyan A.G. Dual Optimization of Monochrome Images Tone
Approximation using Parallel Evolutionarily Genetic Search.

Abstract. The paper considers the optimization problem of tone approximation for
monochrome (for example: in grayscale palette) images. The procedure of tone approximation
implies the reduction of approximated image’s number of tones, which are used in image
displaying, compared to number of tones in the original image. The point of the procedure
optimization consists of minimization of visual quality loses that estimated according to total
or mean deviation between the same pixels of original image and approximated one. As a tool
of the optimization the hybrid algorithm is used. It was developed and investigated by authors.
The hybrid algorithm combines heuristic and deterministic algorithms of searching the best
structure of approximating palette according to criterion of deviations minimization. The
heuristic algorithm is based on evolutionarily-genetic paradigm. The main goal of heuristic
stage is the reduction of search area of approximating palette’s structures that are the closest to
optimum. Such role for heuristic stage was defined according to its fast computational time.
The goal of deterministic algorithm of directed exhaustive search is to find the nearest extreme
for the result that was obtained by previous algorithm. The developed hybrid algorithm allows
to provide dual optimization of tone approximation. It means that the algorithm provides a
result, in which two different criteria become optimal relative to each other. The current
investigation is devoted to consideration of possibility to increase the effectiveness of hybrid
algorithm on the level of heuristic stage. The possibility of implementation the parallel model
of evolutionarily-genetic algorithm with different settings is considered. The results of initial
experiments are discussed and compared with known algorithm of tone approximation.

Keywords: tone approximation, hybridization, parallel model, optimization, adaptive
scheme, evolutionarily-genetic algorithm, approximating palette.

Neydorf Rudlof Anatolyevich— Ph.D., Dr. Sci., professor, professor of hardware and
software engineering department, Don State Technical University. Research interests:
mathematical modeling, optimization and processing of information, heuristic methods of
investigation. The number of publications — 379. rudolf.neydorf.44@mail.ru; 1, Gagarin
square, Rostov-on-Don, 344000, Russia; office phone: +79034722292.

Aghajanyan Albert Grantovich — Ph.D. student of hardware and software engineering
department, Don State Technical University. Research interests: heuristic algorithms,
evolutionary methods of optimization, processing of digital data. The number of
publications — 15. foralbert92@gmail.com; 1, Gagarin square, Rostov-on-Don, 344000,
Russia; office phone: +79515050716.

References

1. Brun L., Tremeau A. Digital Color Imaging Handbook. The Electrical Engineering
and Applied Signal Processing Series. NYC: CRC Press. 2003. 764 p.

2. Shapiro L., Stockman G. Computer Vision. Prentice Hall PTR. 2001. 609 p.

3. Emre C. Improving the Performance of K-Means for Color Quantization. /mage and
Vision Computing. 2011. vol. 29. pp. 260-271.

4. Burger W., Burge M. Color Quantization. Digital Image Processing. Texts in Comuter

Science. 2016. pp. 329-339.

186  Tpyabl CMIMMPAH. 2018. Bbin.5(60). ISSN 2078-9181 (neu.), ISSN 2078-9599 (oHnaiiH)
www.proceedings.spiiras.nw.ru



ARTIFICIAL INTELLIGENCE, KNOWEDGE AND DATA ENGINEERING

15.

16.

20.

21.

22.

Yue X.D. et al. Chen An efficient color quantization based on generic roughness
measure. Pattern Recognition. 2014. vol. 47. pp. 1777-1789.

Kanan C., Cottrell G. Color-to-Grayscale: Does the Method Matter in Image
Recognition?  PLoS  One. 2012. vol. 7. 7 p. Available at:
https://doi.org/10.1371/journal.pone.0029740 (accessed: 02.07.2018).

Knyaz V.A. et al. [Intelligent Data Processing Technologies for Unmanned Aerial
Vehicles Navigation and Control]. Trudy SPIIRAN — SPIIRAS Proceedings. 2016.
vol. 2(45). pp. 26—44. (In Russ.).

Padmavathi K., Thangadurai K. Implementation of RGB and Grayscale Images in
Plant Leaves Disease Detection — Comparative Study. Indian Journal of Science and
Technology. 2016. vol. 9. pp. 1-6.

Hu Y.-C., Chen W.-L., Lo C.-C., Chuang J.-C. Improved vector quantization scheme for
grayscale image compression. Opto-Electronics Review. 2012. vol. 20. pp. 187-193.
Ramirez E., Jimenez O., Perez A., Pogrebnyak O. Grayscale Image Segmentation Based
on Associative Memories. Computations in Systems. 2011. vol. 15. pp. 149-162.
Kharinov M. [A generalization of three approaches to an optimal segmentation of digital
image]. Trudy SPIIRAN — SPIIRAS Proceedings. 2013. vol. 2(25). pp. 294-316. (In Russ.).
Kharinov M. Reclassification formula that provides to surpass K-means method.
Computer Vision and Pattern Recognition. 2012. 10 p. Available at:
https://arxiv.org/ftp/arxiv/papers/1209/1209.6204.pdf (accessed: 02.07.2018).
Derevyankina A.A. [Automation of images investigation by the s-approximation
method] Matematicheskie Metodi v Texnike i Texnologivax (MMTT) [Mathematical
methods in technics and technologies (MMTT)]. 2010. Issue 6. pp. 37-43. (In Russ.).
Patel T., Srivastava R., Hierarchical visual cryptography for grayscale image. Online
International Conference on Green Engineering and Technologies (IC-GET). 2016. pp. 1-4.
Zhang S., Wu Y., Bao Y., Bai J. Watermarking Algorithm for Bas-Relief Based on
Depth Grayscale Image. International Conference on Computing Intelligence and
Information System (CIIS). 2017. pp. 294-297.

Heckbert P. Color image quantization for frame buffer display. Proceedings of the 9th
annual conference on Computer graphics and interactive techniques (SIGGRAPH’82).
1982. pp. 297-307.

Neydorf R.A., Aghajanyan A.G., Vucinic D. Monochrome Multitone Image
Approximation on Lowered Dimension Palette with Sub-optimization Method based
on Genetic Algorithm. Improved Performance of Materials. 2018. pp. 144-154.
Neydorf R.A., Aghajanyan A.G., Vucinic D. Monochrome multitone image
approximation with low-dimensional palette. IEEE East-West Design & Test
Symposium (EWDTS). 2016. pp. 1-4.

Neydorf R.A., Aghajanyan A.G. [The Research Of The Application Possibilities Of
Tones Approximation In A Technical Vision For The Autonomous Navigation
Objects]. Izvestia SFEDU. Texnicheskie nauki — Izvestiva SFedU. Engineering
Sciences. 2017. vol. 1-2(186-187). pp. 133-145. (In Russ.).

Neydorf R.A., Aghajanyan A.G., Neydorf A.R. [Optimization of approximation
results of halftone images and assessment of their extremality] Matematicheskie
Metodi v Texnike I Texnologiyax [Mathematical models in technics and technologies].
2017. Issue 1. pp. 19-26. (In. Russ.).

Neydorf R.A., Aghajanyan A.G., Vucinic D. A high-speed hybrid algorithm of
monochrome multitone images approximation. IEEE East-West Design & Test
Symposium (EWDTS). 2017. pp. 1-4.

Neydorf R.A., Aghajanyan A.G., Vucinic D. Improved Bi-optimal Hybrid
Approximation Algorithm for Monochrome Multitone Image Processing. The
Eleventh International Conference on Advanced Engineering Computing and
Applications in Sciences (ADVCOMP 2017). 2017. pp. 20-25.

SPIIRAS Proceedings. 2018. Issue 5(60). ISSN 2078-9181 (print), ISSN 2078-9599 (online) 187
www.proceedings.spiiras.nw.ru



WMCKYCCTBEHHbLIV UHTENNEKT, MHXXEHEPWA JAHHBIX 1 3HAHUIN

23.

24.
25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

188

Luke S. Essentials of Metaheuristics. Lulu. 2013. 227 p. Available at:
https://cs.gmu.edu/~sean/book/metaheuristics/Essentials.pdf (accessed: 17.03.2018).
Mitchell M. An Introduction to Genetic Algorithms. MIT press 1999. 221 p.

Eiselt H.A., Sandblom C-L. Heuristic Algorithms. Integer Programming and Network
Models. 2000. pp. 229-258.

Cook S.A. An overciew of computational complexity. Communication of the ACM.
1983. vol. 26. no. 6. pp. 401-408.

Deb K., Pratap A. A fast and elitist multiobjective genetic algorithm: NSGA-II. JEEE
Transactions on Evolutionary Computation. 2002. vol. 6. pp. 182-197.

Deb. K., Himanshu J. An Evolutionary Many-Objective Optimization Algorithm
Using Reference-Point-Based Nondominated Sorting Approach. Part I: Solving
Problems with Box Constraints. /EEE Transactions on Evolutionary Computation.
2014. vol. 18. pp. 577-601.

Sun J.Q., Schiitze O. A hybrid evolutionary algorithm and cell mapping method for
multi-objective  optimization problems. 2017 IEEE Symposium Series on
Computational Intelligence (SSCI). 2017. pp. 1-9.

Fogel D.B. An introduction to simulated evolutionary optimization. [EEE
Transactions on Neural Networks. 1994. vol. 5. pp. 3-14.

Roeva O. Genetic Algorithm and Firefly Algorithm Hybrid Schemes for Cultivation
Processes Modelling. Transactions on Computational Collective Intelligence XVII.
2014. vol. 8790. pp. 196-211.

Neumiiller C., Wagner S. Parameter Meta-optimization of Metaheuristic Optimization
Algorithms. International Conference on Computer Aided Systems Theory. 2012.
vol. 6927. pp. 367-374.

Chekanin V.A., Chekanin A.V. Design of Library of Metaheuristic Algorithms for
Solving the Problems of Discrete Optimization. Advances in Mechanical Engineering.
2018. pp. 25-32.

Podorozhniak A., Lubchenko N., Balenko O., Zhuikov D. Neural network approach
for multispectral image processing. Advanced Trends in Radioelectronics,
Telecommunications and Computer Engineering (TCSET). Ukraine. Lviv-Slavyansk.
2018. pp. 978-981.

Grishkin V., Lakushkin O., Stepanenko N. Biofouling detection based on image
processing technique. 2017 Computer Science and Information Technologies (CSIT).
2017. pp. 158-161.

Gillette A., Wilson C., George A. Efficient and autonomous processing and
classification of images on small spacecraft. 2017 IEEE National Aerospace and
Electronics Conference (NAECON). 2017. pp. 135-141.

Nikam P.A. Sawant S.D. Circuit board defect detection using image processing and
microcontroller. 2017 International Conference on Intelligent Computing and Control
Systems (ICICCS). 2017. pp. 1096-1098.

Schiitze O. Hernandez V. The hypervolume based directed search method for multi-
objective optimization problems. Journal of Heuristics. 2016. vol. 22. pp. 273-300.
Eshelman L.J. The CHC adaptive search algorithm: how to safe search when engaging
in non-traditional genetic recombination. Foundations of Genetic Algorithms. 1991.
pp. 265-283.

Aghajanyan A.G. [Analysis the influence of probabilistic parameters on results of
evolutionary-genetic algorithm optimization of images approximation] Texnika i
texnologii: kurs na innovatsii: sbornik materialov mejdunarodnoy nauchno-
prakticheskoy konferentsii [Technics and technologies; the road to innovations:
collected papers of international science conference]. Irkutsk: «Apex». 2017. pp. 49—
57. (In. Russ.).

Tpyabl CIMIMUPAH. 2018. Bbin.5(60). ISSN 2078-9181 (neuv.), ISSN 2078-9599 (oHnaiiH)
www.proceedings.spiiras.nw.ru



ARTIFICIAL INTELLIGENCE, KNOWEDGE AND DATA ENGINEERING

DOI 10.15622/sp.60.7

R. YOSHINOV, O. ILIEV
THE STRUCTURAL WAY FOR BINDING A LEARNING
MATERIAL WITH PERSONAL PREFERENCES OF LEARNERS

Yoshinov R., Illiev O. The Structural Way for Binding a Learning Material with Personal
Preferences of Learners.

Abstract. Learning content creation process requires more than just collection and
presentation of set of information. In order to gain knowledge, the learning content should
be designed in such a way to meet predefined learning goals. Learning goals determine the
entire process of learning. Bloom’s Taxonomy provides a description of a cognitive process
with six hierarchical levels, each containing specific learning goal to achieve. It could be
adapted into a model by which tutors create learning materials. However, when it comes to
productivity of learning, it is important to consider the personalization of the presented
content according to the learning style of the individual. This article analyzes the correlation
between Bloom’s Taxonomy and Honey & Mumford’s learning cycle, providing a way to
bind the structure of learning material to the personal preferences of learners. This novel
way of creating learning materials is integrated into a model that is used for automatic
generation of personalized learning materials. The effectiveness of the model is further
verified through an experiment with real participants. The results of the experiment show
promising potential in the way of how a learner’s capabilities may be enriched. However,
while experimenting and rest of the work on the model outline some challenges before the
model’s application and future work.

Keywords: learning goals, bloom's taxonomy, Honey & Mumford learning cycle, learning
materials, gamification, personalized learning process, A/B testing.

1. Introduction. Learning goals determine the entire process of
learning. Goal priorities and goal dependencies when deciding what to
learn, and how to coordinate multiple learning strategies improve the
effectiveness of learning often changing the context in which the process of
learning is being performed, as described in Section 2 “Importance of
learning goals in the process of learning”.

The process of learning content creation requires more than just
information grouping. The learning content should be designed in such a
way to meet predefined learning goals. Section 3 “Segregation of the
learning content according to Bloom’s Taxonomy model” provides a novel
way to adapt the Bloom’s Taxonomy to segregate a learning material to six
parts, each of them setting a specific learning goal to achieve. The
granulation of the learning content is made following the Wagner’s [26]
model and provides a way to reuse the created content.

In order to create a learning material, it is necessary to have some
kind of source of learning content that is properly structured and described
in advance so that the information there to be reusable. However, the
existing repositories are not following a common standard and this
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interference their reusability. The advantages and disadvantages of the
modern learning content management systems are overviewed into
Section 4 “Source of learning content” as well as a novel data structure that
can solve their limitation.

The process of learning cannot be universally applicable for all
learners. Different learners perceive the information transmitted in
various ways, and their performance is influenced by how the learning
content is being served. Learning styles, presented into Section 4
“Personalizing the learning materials according to the cognitive abilities
and the preferences of the learners”, aim to make complex tasks
seem casy-looking, simply adapting the method of presentation
of the information.

The segregation of the learning material following the adapted
Bloom’s model would increase the productivity of the learners in the process
of acquiring new knowledge. This productivity could be further enhanced
when the segregated learning material is re-arranged in such a way as to
follow a specific learning style appropriate for each of the different types of
learners. A novel way to bind the structure of learning material to the personal
preferences of learners is provided into Section 6 “Binding the structure of
learning material to the personal preferences of learners”.

The model of segregation the learning content and re-arrange it to
satisfy the preferences of the individuals having different learning styles,
can be automated as described into Section 7 “Automatically generated
learning materials”. When it comes to automation of a process, however, it
is important to get feedback from the people who use the results of this
process. In this way, the model that describes the process can be self-
correcting in order to provide more accurate results. Section 8 “Ways to
collect the learner’s feedback and increasing their motivation” provides a
way to both motivate all the participants in the learning process and collect
their feedback using so called “Gamification” strategy.

Section 9 “Example of the application of the model for automatically
generated personalized learning materials” presents the model’s application
into a real scenario — lesson in Informatics, in order to show its benefits
and the way it is working.

The effectiveness of the presented model was verified through an
experiment with real people described into Section 10 “Active
experiments — A/B Testing approach”. These experiments show the
practical potential of the presented model, but also together with the rest of
the work on the model outline some ‘“challenges before the model’s
application and future work” as it can be seen in Section 11.
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2. Importance of learning goals in the process of learning.
Learning goals determine the entire process of learning. Goal priorities and
goal dependencies when deciding what to learn, and how to coordinate
multiple learning strategies improve the effectiveness of learning often
changing the context in which the process of learning is being performed. It
is also explicit in the formulation of the learning process, the search for
information, hypothesis evaluation, and other aspects of learning. Learning
strategies, represented as methods for achieving learning goals, can be
chained, composed, and optimized, resulting in learning plans that are
created dynamically, and pursued in a flexible manner [21]. Identifying or
determining the learner’s goals and analyzing them into lower level learning
goals is a very challenging task that is very difficult to be performed by the
learner, and it is usually performed through the instructor’s intervention,
based on the appropriate methods, and decomposing learner’s goals into
lower level learning goals in order to facilitate the learning process.
Previous knowledge, as well as previously acquired skills, are closely
related to the learning objectives, measured directly by the use of tests,
concept maps, portfolios, auditions, etc. — or indirectly, by means of self-
reports, inventory of prior courses, experiences, and so on.

The learner’s goals should be taken into account both in the
organization of a learning experience, and the selection of its underlying
content — the learning objects. In order to be able to be selected during the
personalization procedure, the learning objects should also be dependent on
difficulty, domain, and the learning experience and educational level of the
learner. Participation in learning activities which correspond with the proper
use of associated learning resources and materials, explore the ability for
their transformation into knowledge for the target learner, with regards to a
domain, and preferred difficulty is highly dependent on his learning
experience aligned with the corresponding educational level.

3. Segregation of the learning content according to Bloom’s
Taxonomy model. Bloom's Taxonomy [4], and its revised version
developed by Lorin Anderson [1] present a 6-level hierarchical
classification of cognitive processes, taking place during the acquirement
of a new piece of knowledge or skill, to gain expertise in a topic. Each
level of Taxonomy presents a specific learning goal, described with key
verbs (Table 1), helping the tutors to formulate questions, tasks,
examples, definitions, etc. [1]. This model could be transferred into
model by which tutors create learning materials — each such material
should be composed of six parts needed to complete the process of
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learning some newly acquired knowledge, which should be relevant to
the specific learning goal.

Table 1. Verbs describing the learning goals, typical for each cognitive domain,
described in Bloom’s Taxonomy model

Taxonomy Level Verbs Describing the Learning Goal

define, describe, identify, know,
Remembering label, list, match, name, outline,
recall, recognize, reproduce, state

understand, comprehend, convert,

defend, distinguish, estimate,

Understanding explain, extend, generalize, give an
example, paraphrase, summarize,
translate

apply, change, compute, construct,
demonstrate, discover, manipulate,
operate, predict, prepare, produce,
relate, show, solve, use

analyze, break down, diagram,
deconstruct, differentiate,
discriminate, illustrate, infer, select,
separate

evaluate, appraise, conclude,
Evaluating compare, contrast, criticize, critique,
interpret, justify, support

create, categorize, combine, compile,
compose, devise, design, generate,
Creating modify, organize, plan, rearrange,
reconstruct, reorganize, revise,
rewrite, tell, write

Applying

Analyzing

The verbs that characterize the learning objectives defined in
Bloom’s Taxonomy levels are not universally applicable when it comes to
drawing up the content of a certain learning material. The idea of
hierarchical classification of learning as a cognitive process is to describe
the way of acquiring new knowledge. When it comes to building up
learning material, however, these verbs do not always work. For example,
if a tutor prepares a job-specific assignment, he could use the "define"
verb characteristic feature of the Taxonomy “remembering” process, but
when the lesson is to be composed, it would be more appropriate to use
the word “definition” that will clearly describe this part of the lesson
associated with the “remembering” process. Moreover, the use of the set
of verbs related to specific levels of Taxonomy, supplemented by nouns
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and overriding syllables, would increase the number of search terms that
an automated content collection system could use. Such a system could
search ready-made repositories with learning content for “definition” or
the task of “defining” a specific problem.

The main components of the learning content model are as
follows [26]:

— Content Asset: Content assets include “raw” media such as
images, clippings, audio and video clips, and more.

— Information Object: Text passage, web page, etc. that focus on a
single piece of information. Such a piece can explain a concept, illustrate a
principle or describe a process.

— Learning Object: In the learning content model, the learning
object is a collection of information objects that are assembled together to
meet a learning goal.

— Learning Component: The learning component is a basic concept
of things like lessons or courses that are related to meeting multiple learning
goals at a higher level. They are a combination of several training sites.

— Learning Environment: The learning environment is a
combination of learning content and technology that the learner interacts
with. The combination of training components with communication tools
and/or other functionalities that aim to provide online learning experience
can be aggregated in a learning environment (like LCMS).

The individual parts that could be divided into a learning material
following Bloom’s Taxonomy model can be considered as information
objects (I0s) in the sense of Wagner’s model [26] (Figure 1), and the whole
group forms a learning object (LO). This granulation of information objects
will allow easy aggregation, and re-use of individual “pieces” of
information (IOs) into complete lessons (LOs).

It is generally accepted that there is a relation between the size of
the learning object and the possibility of its reuse. Well-granulated
learning objects and components have the potential to be flexibly
assembled into new learning objects, while whole courses are not suitable
for use in different contexts [2]. This fact is also illustrated by the
Figure 1. This article is based on this fact. One of the main shortcomings
of modern learning systems is the use of ready-made training materials
by teachers who upload entire lessons and/or exams in different finished
files. This leads to limitations, both on the technological level — the
content of the files cannot be easily indexed and searched by users of the
training systems, which limits and even makes its reuse impossible,
as well as in terms of conceptually granular level, as reuse a whole
lesson is very difficult.
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4. Source of learning content. In order to automate the creation of
learning material, it is necessary to have some kind of source (repository) of
information that is properly structured and described in advance so that the
information there to be reusable. There are different kinds of sources of
learning content determined by the type of information in them, how it is
granulated and described. Unfortunately, most of these repositories do not
follow a common standard for describing available content and their use is
very difficult without a thorough knowledge of the repository's architecture.
For the purposes of this article, the so-called Learning Content Management
System (LCMS) will be addressed. In the context of the article, they will be
referred to as repositories of information that could be reused to create new
learning materials [28].

The advantage of LCMS kind of systems is that they already have
content stored in them. Groups of lecturers, experts and trainees participate
in their development — generating learning materials and assessing on the
basis of feedback the credibility and relevance of these learning materials.
In other words, the use of a ready set of information could be the fastest and
most convenient way to create an automatic content generation system, as
content will already be collected. However, their use has its limitations and
disadvantages. Otherwise, teachers and experts have yet to fill in a content
or create a “smart” automated system to crawl up a similar type of
repository and “dig” information from there, structuring it and describing it
more convenient for the automated learning system standard [28].

Before examining the advantages and disadvantages of LCMS, a
review of the concept of the eLearning system and the components from
which its architecture is designed will be reviewed [28].

4.1. eLearning System. Information and communication technologies
have opened new horizons and opportunities for training and teaching, they
overcome the problems and limitations of traditional approaches. In e-
learning systems traditional forms of learning are enriched with new
opportunities that have a strong technological foundation. They are complete
eLearning infrastructures that allow the development, management and
provision of advanced learning services at any time and everywhere [2].

The eLearning Systems can be divided primarily into two types,
defined by their infrastructure, Learning Content Management
Systems (LCMS) and Learning Management Systems (LMS). In modern
electronic learning systems, however, these two functions are often mixed
into a common “super” system.

LCMS focus on the creation, overfilling and management of learning
content. They cover the complete cycle of collecting, delivering, managing
and reusing training content in many different ways [17]. All these training
systems use their own repository of learning objects/materials. They allow
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users to create, manage, search and reuse ready-made training materials [2].
These training materials can be small pieces of information — created
within the user's system, following its standards of structuring and
describing information. Such “pieces of information” are easy to index,
search and reuse in different contexts from the same and/or other users.
They can contain media files, tests, simulations, plain text, graphics,
references to external sources [2]. Describing this kind of information
related to learning material is achieved through standardized metadata
structures that allow not only the re-use of the pieces” of information by the
same or other users but also the sharing of information between different
repositories of learning content. The truth, however, is that the use of this
functionality of the LCMS is not a frequent practice by educators and
experts. They typically do not create their training materials through the
system where they are well described and structured, and more often use
ready-made files created by them and just upload them to the system and
complete the course content. Such file types are most often PowerPoint
presentations, PDF/Word/Excel files, or archives from other files.
Unfortunately, indexing, searching and reusing available information in
these files is almost impossible. A number of obstacles face such a
challenge, including the coding of the different formats, the lack of a
metadata description. As a result, any kind of searching or indexing
software cannot use the repository as a base.

In the training systems, the materials are granulated into small
independent pieces that can be used alone or in combination with other
materials to form higher level objects and meet the needs of the user [2].
Fundamental idea of learning objects is the lesson designer to create small
components that can be reused many times in a different learning
context [11]. Many publications claim that re-use not only saves money and
time for trainers, but also enhances the quality of training materials. Just like
the LEGO blocks, the idea is to create something small that can only be
complete for itself but also easily combined with other components [11].
Learning Object (LO) should follow the rule that each unit should do only one
thing and minimize the link with other units [5]. There is a general consensus
that the learning object must be Reused (can be modified and used in different
courses), Accessible (indexable and accessible by descriptive metadata),
Compatible (operates on different hardware/software), Durable (to maintain
proper operation after software or hardware upgrades) [18].

An important feature of the reusability and personalizability of
training objects is their granularity [2]. However, the structure and content
of learning objects is still unclear and possible to interpret in different
ways [6, 20]. There is still an incomplete understanding of what a learning
object is and how it differs from simple objects such as files, photos, videos,

196  Tpyasl CMIMMPAH. 2018. Bein.5(60). ISSN 2078-9181 (neu.), ISSN 2078-9599 (oHnaiiH)
www.proceedings.spiiras.nw.ru



ARTIFICIAL INTELLIGENCE, KNOWEDGE AND DATA ENGINEERING

or a whole scientific report. When and at what level does an object become
a learning object? What distinguishes learning objects from other learning
materials? Because of the openness of these issues, there are different
implementations of LOs [2]. An overview of existing models for identifying
learning objects can be found in [3, 24, 25, 34].

4.2. A novel structure of a leaning repository that provides an
appropriate level of granularity to allow easy re-use of the learning
content. In order to meet the model requirements, set out in this article, a
specific structure is proposed for describing learning materials with a set of
metadata, described into Table 2 and Table 3. Thanks to such descriptions of
information with descriptors it is possible to achieve full reusability of the
teaching materials, their indexing and searching, as well as the automated
generation of teaching materials, in relation to a predetermined topic [28].

Table 2 contains the descriptors that are describing learning material
at the highest possible level. Every learning material (group of small pieces
of learning content to form a I0) should be described with such kind of
descriptors by its creator. On the other hand, Table 3 describes with
metadata all the singles pieces (LO) of the IO on a lower level.

Table 2. Descriptors describing learning material at the highest possible level

Descriptor Field Type Example
Title Text field Motion qnd rest of
objects

motion of objects,

Key words Text field .
motion and rest

Table 3. Descriptors describing the individual learning objects associated with some
learning material
Descriptor Field Type Example
Language code selected
from IS0 639-1 en-US
Value selected from a
predefined list

Language

Learning goal Definition

An object moves if it changes it
Text area field with the | position in time compared with
option of adding an | another object.

Content image/video/audio or an | The object is at rest (it is still) if
external reference it does not change its position
relative to the orientation.
Complexity level | Low/Normal/High Normal
Level of Value selected from a
education predefined list VEth grade
Learning context Value selef:ted from - a Human and Nature
predefined list
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The purpose of this metadata structure is to enable the teacher to
create learning content on a particular topic in which to add different types
of learning objectives. For example, if the teacher creates a learning content
and gives him the title “Motion and rest of objects”, he/she can add a
definition to it, for example — descriptive information related to the
learning content. Consequently, another tutor or the same one could search
for previously created content and use it in another or the same context, but
on a topic he or she defined. For example, the teacher could look for a
“definition” and submit some keywords — search criteria. This will find all
the existing content if there is one [28].

Filling in the content according to this structure of meta descriptors
could also be done automatically by searching for existing repositories of
learning materials from a “smart system” that recognizes the content of the
information and classifies it according to the proposed architecture [28].

5. Personalizing the learning materials according to the
cognitive abilities and the preferences of the learners. The process of
learning cannot be universally applicable for all learners. Different
learners perceive the information transmitted in various ways, and their
performance is influenced by how the learning content is being
presented. Some of them prefer to be engulfed in theory completely
before continuing with the application of knowledge, while others prefer
to gain new knowledge by solving specific problems. The different types
of learners, and the type of cognitive processes that take place within
their minds when acquiring new knowledge can be described by the so-
called “learning styles”. Learning styles are characterized by different
methods of learning, organizing and understanding the information
received from other people [7]. They do not deal with everyone’s ability
or the level of learners’ intelligence, but they aim to make complex tasks
seem ecasy-looking, simply adapting the method of presentation
of the information [29].

In literature, there can be found several definitions of the concept
learning style [15]. Learning styles might be generally defined as: the
preferred attitude of the individual for organizing and presenting the
information [22]; the various ways in which learners acquire, process, store,
and recall knowledge. [14]; the distinctive types of behavior that serve as
indicators of the way a person learns from and adapts to the environment,
and also provides signs of how the human operates [9]; the attitudes and
behavior that determine the preferable way of learning for the individual
concerned [12]. As an example, a student learning how to program would
rather start writing a code straight away in order to learn a new
programming language, while another would prefer reading and learning the
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new language before he actually approaches real programming. Choosing a
learner-friendly learning style provides an opportunity to customize the
learning material in order to enhance productivity.

One way of classifying learners into their appropriate learning styles
is to use the Kolb’s learning cycle [16]. In his theory, Kolb considers the so-
called experiential learning process, which is presented as a cycle of stages
through which the learner passes in order to reach complete knowledge. In
this way, Kolb divides the learners into four distinctive types —
accommodators, divergers, convergers, and assimilators. According to him,
effective learning can only be accomplished once the learner had passed
through the entire four-stage cycle, but each learner can start his transition
from each of the four stages, and follow the logical sequence of events to
complete the circle [19].

Kolb’s cycle was additionally developed by Honey &
Mumford (1992), where apart from accepting changes to the correct model
of introducing the correct type of learning content for the specific type of
learner, a Learning Styles Questionnaire (LSQ) has been presented —
serving as a blueprint for classifying the learners according to their most
appropriate type of learning [30, 31, 33]. According to Honey & Mumford’s
learning cycle (Figure 2), the learners might be divided into four types —
activists, reflectors, theorists, and pragmatists.

Concrete Experience
Having an experience

Active
Experimentation
Putting their theory

into practice

Reflective
Observation
Reflecting on it

Abstract Conceptualisation
Drawing their own conclusions

Fig. 2. Honey & Mumford’s Learning Cycle

SPIIRAS Proceedings. 2018. Issue 5(60). ISSN 2078-9181 (print), ISSN 2078-9599 (online) 199
www.proceedings.spiiras.nw.ru



WMCKYCCTBEHHbLIV UHTENNEKT, MHXXEHEPWA JAHHBIX 1 3HAHUIN

6. Binding the structure of learning material to the personal
preferences of learners. The segregation of the learning material following
the adapted Bloom’s model would increase the productivity of the learners in
the process of acquiring new knowledge. However, the productivity could be
further enhanced when the segregated learning material is re-arranged in such a
way as to follow a specific learning style appropriate for each of the different
types of learners. In other words, the consistency of goals that should be placed
on learners must be tied to the most appropriate for them learning style [32].

In one of his articles, James Gallagher presents the relationship
between Kolb’s learning cycle, and Bloom’s Taxonomy [8]. He presents the
idea that the different learning styles should go through all levels of the
learning process — as defined by Bloom — even though in somewhat
different sequence. The principle of crawling through the levels in a
clockwise manner has been used, and a specific level appropriate to the
various learning styles has also been used in order to start the cycle. This
article uses Gallagher's work by updating the inherent model. Instead of
using Bloom's original Taxonomy, its updated version was being
implemented, and instead of Kolb's learning cycle, it integrates the one
developed by Honey & Mumford (Figure 3).

Activists

9@%

Evaluating

C ) Analyzing C
Pragmatists Reflectors 1
Applying

Understanding

Remembering

{ Theorists /
| ——

Fig. 3. An adapted Model of Gallagher [8] illustrating the relationship between the
learning style, according to the Honey & Mumford’s learning cycle, and the learning
goals, according to the revised version of Bloom’s Taxonomy

The sequence of processes defined in Bloom’s Taxonomy through
which the learners with different learning styles must pass, according to
Honey & Mumford, is graphically presented in Figure 4.
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7. Automatically generated learning materials. The segregation of
learning content, represented as a collection of different 10s, according to
Wagner’s classification [26], which should meet each learner's specific
learning goal in the process of acquiring new knowledge, allows the easy
generation of learning content in the form of LOs. The model presented in this
article aims to aggregate all necessary “pieces” of information to compile a
new learning material following the model of cognitive processes as
distinguished in Bloom's Taxonomy — a lesson should be composed of
separate objects provoking the invocation of processes into the learner’s mind
as: remembering, understanding, applying, analyzing, evaluating, and creating.

When it comes to aggregating individual 1Os, there must be some
source of learning content. The easiest option would be to have a repository of
learning materials, created by the tutors, properly separated into individual
components, allowing the reuse of each part, independently of other parts, in
different lessons within different contexts. The tutors have to create the
learning content in such a way that each individual part of it only refers to one
type of cognitive process. For example, a learner could define a specific
problem; to illustrate a definition by way of an example; to provoke learner to
search for different options for its application in different situations; to set a
task of analyzing the situation related to the particular problem; to stimulate
learners to evaluate a specific solution to the problem based on their own
knowledge, and to offer their own solution to a certain study case.

Another option is to use an automated search engine to look through
the already-created arrays of information. The search engine should use a set
of keywords describing the learning objectives per each level of Bloom's
Taxonomy in a combination with the relevant context, and thus automatically
generate the required small “pieces” of learning content. For example, the
search engine could search for text containing keywords such as: definition,
example, apply, analyze, rate, create, etc., in predefined context. Once the
learning material is granulated according to the principles set out in the model
presented in the article, it can be reused multiple times. Moreover, the
sequence of presenting the individual I0s composing an LO can easily be
altered. This allows the link between consistency in achieving the learning
objectives, and the learning style discussed in the Section 6 “Binding the
structure of learning material to the personal preferences of learners”.

The model represented in the article provides an opportunity for its
thorough automation — from collecting the items of segregated learning
content to meet a specific learning goal, to the principle of rearranging the
individual parts of learning content in such a way as the final learning
material meets the needs of each style of learning.

8. Ways to collect the learner’s feedback and increasing their
motivation. When it comes to automation of a particular process, it is
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important to get feedback from the people who use the results of this
process. In this way, the model that describes the process can be corrected
in order to provide more accurate results. For this reason, the model
presented in the article should provide a process of collecting feedback from
the learners in order to evaluate each part of the lesson presented, as well as
its complete set-up (LO). If a certain section of the lesson receives poor
feedback, then it should not be reused again at the expense of other 10s that
meet the same learning objective. What’s more, this part of the lesson
should be replaced ASAP in the overall architecture of the lesson, in order
to achieve better productivity in the process of acquiring new knowledge.

One particular challenge encountered by each model for presenting
new knowledge to the individual learners is their motivation. Of utmost
importance for the learners is their productivity in acquiring new
knowledge. Moreover, in a model that could require the manual generation
of learning content by tutors, it is also important to pay attention to the level
of tutors’ motivation to generate 10s. One possible solution to these two
problems is the so-called process of Gamification. Gamification can be
defined as the application of game elements and principles in a non-game
context [13]. These elements and principles have been typically used to
increase consumer engagement with a company, website or idea, increase
the productivity of the learning process, and much more. Many studies have
shown that the implementation of gaming elements in a ready-made concept
could have a very positive effect on its performance [10].

We can divide gamification into two types — structured and
meaningful. Structural gamification is more widespread and easy to apply, so
it's included in the model presented in this article. With it, different gaming
elements are directly applied in a specific context. This is done in order to
pass the user through some process or content, providing various stimulating
elements in the passage steps. In education, such structural gamification is
used to translate learners through learning content and learning process
management. The gaming elements that are commonly used are points, levels,
badges, leadership lists, and achievements. These elements can be directly
applied to the learning context by providing learner points for every correct
test response, for example. Different badges for the best essay in the whole
class or even the whole school can be provided. Through these points and
badges, learners climb to levels that are presented in a leader list — public for
the whole school. The other type of gamification— meaningful, is more
difficult to apply. It aims at adapting a process or content to gaming elements,
gaming mechanics, and game way of thinking. Using it, the content or process
is changed to be more gaming like. The most commonly used elements are
adding history, challenges, mystery, and characters to a context. For example,
in the educational context, the content could change by introducing a learner's
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goal, the challenges that he has to go through in order to reach it, a story that
has mysteries and characters in it [23].

When gamification elements are introduced into the model, the
motivation and knowledge of both learners and tutors could be enhanced.
The first ones will obtain certain features symbolizing their success in going
through different stages of learning, while the latter will be encouraged to
improve their learning content. The public presentation of the results, which
can be made visible to all participants in the process, is meant to provoke
them to express naturally their innate desires for achieving success,
competition, and/or cooperation with others [23].

9. Example of the application of the model for automatically
generated personalized learning materials. Table 4 presents a lesson in
Informatics — Flowcharts. The lesson considered as a LO has been
decomposed into separate IOs responsible for each specific learning
objective facing the learner.

Table 4. Separation of the LOs, partly needed to complete the process of getting
knowledge, according to Bloom’s Taxonomy, for a lesson presented in "Flowcharts"

Learning .
Objective Keyword Learning Content
Remembering | Definition Flowcharts are diagrams that are used to make

and record algorithms to be executed and achieve
a corresponding result. They consist of geometric
shapes, each of which has a definite meaning. In
these figures, the data that the algorithm
performer has to perform is entered.

Main elements:

—  Terminal — Indicates the beginning and ending
of a program or sub-process. Represented as a
stadium, oval or rounded (fillet) rectangle. They
usually contain the word "Start" or "End", or another
phrase signalling the start or end of a process, such
as "submit inquiry" or "receive product”.

— Process — Represents a set of operations that
changes value, form, or location of data.
Represented as a rectangle.

— Condition — Shows a conditional operation
that determines which one of the two paths the
program will take. The operation is commonly a
yes/no question or true/false test. Represented as
a diamond (rhombus).

—  Input/Output — Indicates the process of inputting
and outputting data, as in entering data or displaying
results. Represented as a parallelogram (extra
images).
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Continuation of Table 4.

Understanding | Example Does the

device work?

NL’
No
—+ |Charge the battery

1 Yes
The devise 1s
broken

Applying Application | Find more information about flowcharts over the
internet and write down three applications of
flowcharts/algorithms in the real life?

Analyzing Analysis Analyze the results of the two algorithms
displayed below. Why the are different?
(two extra images)

Evaluating Evaluation | Analyze the sorting algorithm displayed bellow
using Big O Notation.
(extra image)

Creating Creation Create an algorithm and design a flowchart,

which finds a number in a set of numbers.

The individual 10s of the LO (the completed lesson) should be
rearranged according to the sequence presented in Figure 4.

When presenting the learning material to the learner, continuous
feedback about the information objects should be provided, as well as it
replacement in the absence of accuracy. Moreover, the learner’s
achievement is distinguished for each successfully completed lesson, which
aims to increase his/her dedication and motivation.

Using the model provided in the article, not only LOs that aim to
generate new knowledge in learners can be created (like the one in the
example presented in this section), but also assignments in order knowledge
to be verified. In the second case, the model should work with IOs that are
not so much of an explanatory nature, but formulating questions, and
provoking independent action on behalf of learners. For example, for
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“remembering” learning goal, the automated system should not search for
keyword “application” in a specific context, instead, the system should
search for “apply” keyword.

10. Active experiments — A/B Testing approach. The effectiveness
of the presented model was verified through an experiment with real people.
To setup the experiment, a group of 112 participants were involved. They
were at age between 13 and 14 — all of them in 7-th grade. The children were
asked to read a learning material in flow charts, to make some examples, to
research more about the problem over the Internet and finally to take an exam.
They were rated with points between 1 and 30. The following section
describes the experiment and analyse the accumulated data.

In order to provide more objective data, the experiment was made
into a controlled environment and mostly dependent variables were used.
Initial setup of the experiment:

— Children were in the same age group and in the same grade.
Potentially, their background knowledge and skills are close to each other.

— 112 participants were involved. This large number of participants
in the experiment provides the opportunity to reveal more accurate results.

— All the participants were asked to complete a questioner that
defines their learning style, according to Honey & Mumford Learning Cycle.

— The learning material that the participants had to read is the one
from the example given in this article. It is well granulated, following the
principles by the Blooms Taxonomy, when convert the cognitive learning
process to creation of a learning material. This allows both its reusability as
a full and the reusability of each individual piece. Moreover, as the model
presented into the article offers the content can be reordered in such way to
satisfy the needs of every learning style.

— The evaluation of the participants was done thought a test,
containing 30 questions. Every right question was giving 1 point to the
participants. The wrong answers are not taking points out from the
participant score.

— All the participants had the same maximum amount of time to
read the learning material — 20 minutes and the same maximum amount of
time to complete the test after reading it — 20 minutes.

To conduct the experiment, we decided to adapt so called A/B
testing approach, also known as bucket testing or split-run testing. The
testing approach is initially developed as a tool in web analytics, however,
its main advantage is that it is easily integrated into web-based software
environment. Such software environment was developed to make the
experiment presented into this article.

A/B testing (Figure 5) provides a simple approach to compare two
variants of a content. The participants of the experiment are divided into two
groups — group A and group B. The first, group is called a control group. This
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group received the traditional (well known) variant of the content. The
second, group is called treatment group. This group received the
novel (opportunity) variant of the content. Since, this approach is technically
adapted it allows the users to be separated into the groups randomly using
their session with the server. It is also easy to manage what percentage of the
users will be into the treatment group and what rests for the control group.
Finally, the system can measure specific parameters that are later used to
decide if the novel variant is better or worse than the traditional one.

PARTICIPANTS IN THE EXPERIMENT

.0
A = B
CNT
50%  50% CNT
50 conversions I 75 conversions

Variation B WINS!
Fig. 5. Illustration of A/B Testing approach

Once the appropriate learning style of every participant were
defined, further setup of the experiment was done:

— The controlled group size was set to 25% of all the participants —
28 participants. Pragmatically it was set this group to have equal number of
representatives of each learning style — 7 theorists, 7 reflectors, 7 activists,
and 7 pragmatists.

— The rest — 84, of the participants were into the treatment group.
In this group, there were 16 theorists, 27 pragmatists, 24 activists, and 17
reflectors, according to their learning style.

Once the learning style of all the participants were defined and they
were randomly separated into the groups, the actual experiment, were done:

— All the participants received the same learning material to read.
However, the control group receive the learning material in its traditional
order inducing the cognitive processes described by Bloom’s Taxonomy
into their regular order: remember, understand, apply, analyse, evaluate,
and create. The participants into the treatment group received the material
reordered, according to their learning style.

— All the participants were asked to take the same test after they
read the learning material. The questions were into the same order for every
participant.
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Result from the experiment:

After the experiment was made and the results (Figure 7) were analysed,
it was noticed that the participants from the treatment group (the one using the
model offered into the article) achieved about 12% better results than the
participants from the control group (the one using the traditional way of
structuring of learning material). This concludes that the model shows
promising potential in the way of how a learner’s capabilities may be enriched.

Treatment | 26,49

Control | 23,65

0 10 20 30

Fig. 7. Average results of the participants

11. Potential challenges before the model’s application and
future work. The main problem with the use of the model for automatically
generating customized learning materials is the lack of pre-introduced
content on the basis on which training materials to be created. Without the
availability of data in the system's local repository, the preparation of
teaching materials is much more difficult. This problem is caused by the
lack of popularity of the model and its integration into existing learning
systems. It could be overcome by creating algorithms for automated
wagering, sifting and classifying educational information in external
repositories. Another important condition to overcome the above mentioned
problem is finding appropriate repositories as well as configuring the
system to make it possible to use the information in these repositories. The
most relevant are the repositories of already-in-the-real-world content
management systems LCMS that have a broad community of users who use
and evaluate both content-based and content-generating content [27].

Another potential problem with the model is the possible generation
of insufficiently accurate training material as a result of the search of
external sources where the information is not classified in advance
according to the context, the expected educational level and the level of
complexity of the content contained. This problem is envisaged and the
model is potentially integrated in the model — the user's ability to request the
system to re-search and replace a specific information object (10), part of
the training presented. Moreover, the system has the obligation to reflect the
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user's request to replace the information in order to “teach” the system and
store relevant content in the local repository [27].

A problem faced by the model is shared by all existing LMS and
LCMS — we cannot be sure of the relevance of the curriculum. Because
users who can create learning content themselves determine whether their
input is correct, users who use this training information can also not be sure
of the content they provide. A potential solution to this problem is
embedded in the model with the introduction of an opportunity to provide
feedback from trainees on the training they are offered. This feedback is
further tied to gamification affiliates. The model adapts it to the results of
the gamification analysis and provides these information objects, which are
part of the most positive feedback trainings. In this way, the “maturity” of
the introduced content is evaluated [27].

12. Conclusion. Identifying or determining the learner’s goals and
analyzing them into lower level learning goals is a very challenging task
that is very difficult to be performed by the learner. It is usually performed
through the instructor’s intervention, based on the appropriate methods.

The adaptation of the Bloom’s Taxonomy in a type of model to
create learning materials, composed by six parts needed to complete the
process of learning newly acquired knowledge, which should be relevant to
the specific learning goal, seems to be potential way to granulate the content
into small individual, independent and reusable pieces. However, the right
granulation and creating learning materials that achieve the right learning
goals is not enough when it comes to individuals with different learning
styles. This article analyzes the correlation between Bloom’s Taxonomy and
Honey & Mumford’s learning cycle, providing a way to bind the structure
of learning material to the personal preferences of learners.

The model described into the article may be fully automated. It is
able to generate learning material from scratch using a proper search
engine and filling in a repository of learning content. The collected
information could be classified by its type in sense of a learning goal and
then arranged, following the right order, according a specific learning
style, into ready learning material. When it comes to automation of a
particular process, however, it is important to get some feedback from the
individuals who use the results of this process. In this way, the model that
describes the process can be self-correcting in order to provide more
accurate results. This article provides a way to both motivate all the
participants in the learning process and collect their feedback using so
called “Gamification”.

The example of model’s application with a lesson in Informatics —
Flowcharts, presents all the processes which takes part of the model and
shows its potential. The same example is used as a learning content base of
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a real experiment with more than 100 participants. This experiment verifies
the effectiveness of the model, showing promising potential in the way of
how a learner’s capabilities may be enriched. However, while
experimenting and rest of the work on the model outline some challenges
before the model’s application and future work.
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P.J1. Moumnos, O.I1. UJMEB
CTPYKTYPHBII CIIOCOB U MOJIEJIb ABTOMATUYECKOMN
T'EHEPALIMU NEPCOHAJIM3UPOBAHHBIX YUEBHBIX
MATEPUAJIOB

Howwunos P.J]., Hnues O.I1. CTPyKTYpHBIii ¢ioco6 W Mofie;Th aBTOMATHYECKOH TeHepamnn
MePCOHATH3NPOBAHHBIX Y4eOHBIX MAaTePHAJIOB.

Annortanusa. OmnpezeneHue ueneil oOyueHHs M WX aHAIW3 — JOBOJBHO CIIOXKHAs
3ajauya, KOTOPYIO ydalleMycs TPYJHO PELIMTh CaMOCTOSTENbHO. PaccTaHOBKa IeieBBIX
MIPUOPHUTETOB TOTO, YTO HYXKHO M3y4yaTh M KaKue CTPAaTerMu OOydueHUS COUETaTh MEXAY
c000ii, MOBBIMIAIOT 3PYEKTUBHOCTD MOTYyUYCHHS HOBBIX 3HAHHH, YaCTO M3MEHSAA KOHTEKCT
yueOHoro mpouecca. Co3gaHue y4eOHOro KOHTEHTa TpeOyeT He TOIbKo cOopa H
mpencTaBleHuss HHGOpMAaUH — IS MOPUOOPETeHHUs 3HAHHH KOHTEHT MAOJDKEH OBITh
pa3paboraH TakuM 00pa3oM, 4TOOBI COOTBETCTBOBATH 3apaHee OIPEICIICHHBIM LEJIsIM
oOydeHnst. UYToObl HOATOTOBHUTH YUYCOHBII MaTepHay, HEOOXOJUMO HMETh MCTOYHHK
y4eOHOro KOHTEHTa, KOTOPBI MPaBHIBHO CTPYKTYPUPOBAH M OIMCAH 3apaHee, OJHAKO
CYLIECTBYIOIIHE XPAHUIHUIIA HE COOTBETCTBYIOT OOIIEMYy CTaHAApTy, YTO MeEIIaeT HX
MIOBTOPHOMY HCIONb30BaHUIO. TakcoHoMus biyma ommceiBaeT KOTHHTHBHBIH Ipolecc ¢
HIECTHIO HePAPXUIECKUMH YPOBHIMH, KaX I U3 KOTOPHIX COJCPIKUT ONPENeICHHYIO Ielh
obyuennss. OH MoxeT OBITh aJalTUPOBAaH K MOJENH, IIOCPEICTBOM KOTOPOil
IIPETIoJaBaTeNId MOATOTABINBAIOT yueOHbIe MaTepHaibl, OJHAKO KOTAa JEJI0 JOXOAUT JI0
MPOAYKTHBHOCTH OOYYEHUs, BAaXXHO YYHTHIBAThH IEPCOHAIM3ALUIO IIPECTABICHHOIO
KOHTEHTa B COOTBETCTBHM CO CTHIeM oOyuyeHus dyejoBeka. B cTaree aHanmsmpyercs
MOJIeNIb CO3J]aHusl y4eOHBIM MaTepHajoB, OCHOBaHHAs Ha TaKCOHOMHUM biyma u muxie
o0yuenust Xouu u Mamdopaa. OnucaHHy0 MOJENb MOKHO MOJHOCTHIO aBTOMAaTH3UPOBATh
U TPHCIOCOOHTh K CaMOCTOSTEIbHONM TIeHepalud Yyd4eOHBIX MaTepualoB, HCIOIb3Ys
MOAXOJAIIYI0 JUIL JTOrO MOUCKOBYIO CHCTEMY M 3aKpBIThIE PEHO3HTOPHH ydeOHOTO
xoHTeHTa. CoOpaHHast HHPOpMaNUsI MOXKET OBITh KIacCH(GUIMPOBaHA II0 eI 00y4eHHs, a
3aTeM YHOpsJO4YeHa B COOTBETCTBHH CO CTHJIEM OOYyYCHHS B TOTOBBIH y4eOHBIH MaTepHal.
D¢ HEeKTHBHOCTD MOAEIH JONOJHHUTEIBHO MOATBEPIKAACTCS IKCIEPUMEHTOM C peabHBIMHU
YYaCTHHKAMH, U PE3yJIbTaThl dKCIEPHUMEHTa MOKa3bIBaIOT MHOI000ENIAIOMHUI MOTEHIIHAT
pacUIHpEeHHUs] BO3MOXKHOCTEH yJalerocs.

KioueBble cioBa: nenu oOydeHHs, TakCOHOMHsS bnyma, y4eOHbId 1ukia XOHH U
Mambopnaa, yueOHble MaTepHaibl, MTPOQUKALHS, IEPCOHATU3UPOBAHHBIN MpoLecc 00yUYeHus,
tectupoBanue A/B.
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S.B. Suzi¢, T.V. DELIC, S.J. OSTROGONAC, S.V. DURIC, D.J. PEKAR
STYLE-CODE METHOD FOR MULTI-STYLE PARAMETRIC
TEXT-TO-SPEECH SYNTESIS

Suzi¢ S.B., Deli¢ T.V., Ostrogonac S.J., Puri¢ S.V., Pekar D.J. Style-Code Method for
Multi-Style Parametric Text-to-Speech Synthesis.

Abstract. Modern text-to-speech systems generally achieve good intelligibility. The
one of the main drawbacks of these systems is the lack of expressiveness in comparison to
natural human speech. It is very unpleasant when automated system conveys positive and
negative message in completely the same way. The introduction of parametric methods in
speech synthesis gave possibility to easily change speaker characteristics and speaking
styles. In this paper a simple method for incorporating styles into synthesized speech by
using style codes is presented.

The proposed method requires just a couple of minutes of target style and moderate
amount of neutral speech. It is successfully applied to both hidden Markov models and deep
neural networks-based synthesis, giving style code as additional input to the model. Listening
tests confirmed that better style expressiveness is achieved by deep neural networks synthesis
compared to hidden Markov model synthesis. It is also proved that quality of speech
synthesized by deep neural networks in a certain style is comparable with the speech
synthesized in neutral style, although the neutral-speech-database is about 10 times bigger.
DNN based TTS with style codes are further investigated by comparing the quality of speech
produced by single-style modeling and multi-style modeling systems. Objective and subjective
measures confirmed that there is no significant difference between these two approaches.

Keywords: text-to-speech synthesis, expressive speech synthesis, deep neural networks,
speech style, style code, one-hot vector.

1. Introduction. Text-to-speech (TTS) synthesis, a set of
techniques that enable computers to convert text to human voice, has
been a popular research area during the last few decades. This technology
has a wide range of possible usage scenarios. Initially, it was used as a
reading aid for blind people. It was also successfully applied in call
centers for reading different types of information to the customers.
Nowadays, audiobooks are generated by TTS systems and personal
assistant applications use this technology to deliver information to its
users. There are few different approaches to converting text to speech.
Concatenative synthesis [1], a method based on concatenation of
authentic speech segments from some prerecorded database, produces
high-quality speech, the naturalness of which is still considered to be
state-of-the-art. However, in some cases, audible glitches appear, usually
in contexts that are not covered by the speech database. Furthermore,
creating a new synthetic voice can only be done by obtaining a whole
new speech database and spending a significant amount of resources on
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the database preparation. A first technique in which some of these
drawbacks where overcome is parametric synthesis based on hidden
Markov models (HMM) [2]. It produces speech of constant quality, and
even smaller speech databases can be used for getting a voice of decent
quality. However, because of some drawbacks in modeling approach the
speech synthesized by HMM system sounds muffled [3].

In recent years, prevalent research methods for text-to-speech
synthesis have been based on deep neural networks (DNN). Reason for
this prevalence is considered to be related to immanent characteristics of
DNNs that are so-called deep structures, in contrast with the already
mentioned HMMs that are so-called shallow structures [4]. As deep
structures are proven to be more appropriate for modeling complex
relations between input and output data [5], it was expected that DNNs
would be suitable for modeling relations between linguistic features and
acoustic parameters. Different papers examined this approach [6-7] and
concluded that DNNs are appropriate for usage in TTS, since they
provide synthesized speech of high quality. Furthermore, it has been
proven that DNNs are better than HMMs in this context, since
synthesized voice has even higher quality, comparable to that of
concatenative synthesis [4].

The two most important requirements that synthesized speech
should fulfill are intelligibility and naturalness. The research community
mostly agrees that modern TTS systems achieve good performance
regarding these two requirements [8]. The major critique of TTS systems
is the uniformity of synthesized speech. Namely, most of the speech is
generated in same speaking style and yet modern applications require not
only high-quality naturally sounding speech, but also the possibility of
changing speaking style, thus allowing users to exchange subtext
information. For example, the style in which some news is generated
should be different from the style in which commercials or warnings are
synthesized, as explained in [9]. In [10] it is stated that some aircraft
accidents investigators think that neutral voice, in which warnings in
critical situation are generated, are the reason why the passengers do not
perceive these situations as potentially dangerous.

Although different speaking styles can be associated with some
emotional states, the term speaking style is more general. Emotional state is
usually associated with speaker’s inner state which affects speech
characteristics. The term speaking style in this paper is used to mark any
deviation in speech characteristics compared to neutral speech and does not
consider the cause or intention for this change.

SPIIRAS Proceedings. 2018. Issue 5(60). ISSN 2078-9181 (print), ISSN 2078-9599 (online) 217
www.proceedings.spiiras.nw.ru



WMCKYCCTBEHHbLIV UHTENNEKT, MHXXEHEPWA JAHHBIX 1 3HAHUIN

This paper presents an expansion of [11], the goal of which was to
make a multi-style model using style codes in order to enable speech
synthesis in different speaking styles, both for HMM and DNN synthesis.
Although it is already proven that DNN synthesis achieves better results
than HMM [12-14], it is yet to be tested if proposed approach can be used
in both synthesis technics and if there is difference in their performance.
Since it is assumed that only a small amount of speech material with new
speaking style is available, the aim is to test if the speech synthesized in
target style has similar quality as the speech synthesized in neutral style,
for which much more training material is used. The main contribution of
this paper is extensive analysis of the performance of the style code
approach in DNN synthesis framework.

The rest of the paper is organized as follows. In section II,
parametric approaches to speech synthesis are explained. The review of
methods used in style modeling is given in section III, which is followed
by an explanation of technic used for creation of multi-style DNN
model in section IV. In the section V, the results are presented
and discussed. Finally, conclusions are drawn and directions of further
research are mentioned.

2. Parametric text-to-speech synthesis. Parametric speech
synthesis consists of two phases. First, in training phase, acoustic features
are extracted with a vocoder and models are trained on the extracted
features. In synthesis phase, models are used to generate acoustic
parameters which are converted to the speech samples by a vocoder.

HMM based TTS.

In order to overcome some of the shortcomings of concatenative
synthesis (complicated implementation of a new voice, occasional
glitches in speech, memory space requirements), statistical parametric
methods emerged as the best solution. [15]. These systems model the
parameters extracted from the speech by using some generative modeling
approaches. The most widely used systems are based on hidden Markov
models (HMM). Actually, the terms HMM synthesis and statistical
speech synthesis are being used as synonyms in literature. However, one
of the parameters that need to be modeled is fundamental frequency,
which is not defined in unvoiced regions and therefore usage of standard
HMM modeling is not fully applicable. Bearing that in mind,
an extended HMM model called multi-space distribution hidden
Markov model (MSD-HMM) is proposed and successfully applied in
speech synthesis [16].
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In the field of automatic speech recognition (ASR) based on HMM,
the speech units that are modeled are the triphones, phonemes with known
preceding and succeeding phoneme identities. For the purposes of speech
synthesis, modeling unit takes a much wider context. Besides the
preceding and succeeding phoneme identity, the context factors that are
taken into account are different phonetic, linguistic and prosodic
information. Since there is not enough training data to adequately model
all the contexts, tree-based context clustering is used, meaning that similar
contexts share distribution parameters [17]. This, naturally, introduces
some unwanted smoothing of the parameters and influences naturalness of
synthesized speech. Various techniques have been developed in order to
address this problem [18].

In the synthesis stage, the most probable parameter sequence should
be generated based on input text and known models’ parameters, 4. If the
HMM state sequence, ¢, is known, the solution to this problem can be found
by solving the following optimization equation:

0 = argmax P(O|g, 1) (1)
o

The solution to the optimization problem from Equation 1, as well as
some other algorithms for generating speech parameters, can be found
in [19]. It is proven that inclusion of dynamic features (first and second
derivatives) improve overall quality of synthesized speech.

DNN based TTS.

In order to improve modeling of a layered, hierarchical structure of a
human speech production system, deep neural networks (DNNs) are
becoming dominant in speech synthesis. DNNs manage to achieve better
generalization and thus synthesized speech is less smoothed compared to
the one synthesized using HMM based approach.

When neural networks are applied to speech synthesis linguistic
features are used as inputs. Extraction of linguistic features is carried out
on the phoneme level. Therefore, linguistic features most often contain
information on phoneme identity, as well as the identity of phoneme’s
contexts, phoneme’s accent, etc. Those features are extracted
by a separate front-end module and delivered into two neural
networks (Figure 1). The first one is trained to predict phonemes’ states
durations. In order to get durations on a state level, as targets during the
training, initial alignment has to be performed. This procedure is usually
done by using monophone models and a couple of rounds of Baum-Welch
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algorithm [20]. Inputs and targets of the duration network are phoneme-
aligned. The second network is trained independently from the first one,
and its task is to predict the acoustic features. Beside the features used as
inputs of the duration network, it requires additional inputs specifying
within-phone positional information (including state-level durations).
Target features for this network are extracted from the training dataset by
the vocoder. Inputs and targets are frame-aligned. Networks are trained
using back-propagation algorithm.

TEXT
{

LINGUISTIf FEATURES :l

DURATIONS ACOUSTIC FEATURES
L | i

-

Fig. 1. DNN based TTS model

In the stage of synthesis, state-level durations predicted from the first
network are used to extract additional features for the second network,
which predicts acoustic features required by vocoder to produce waveforms.
It was found that better results are achieved when dynamic acoustic features
are used along with the static ones. For this reason, first and second
derivatives of acoustic features are also used as targets during the training of
the second network. In the synthesis stage, after those are predicted, they
are only used by MLPG algorithm [19] in order to slightly correct static
acoustic features trajectories. Those static features are smoothed this way
and after that propagated to the vocoder.

3. Style modeling in TTS. In [21] approaches to an expressive
speech synthesis are categorized in three different groups: implicit
control, explicit control and playback approach. As it was mentioned
before, expressive speech can be considered as an example of using
different styles in speech.
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Explicit control approaches are based on using some
transformation rules to the prosody of a sentence synthesized in neutral
style in order to get speech in some other style. These transformation
rules are learned on a database of expressive speech. The examples of
these transformations can be found in [22].

Playback approaches to an expressive speech synthesis create separate
synthesizers for desired styles based only on expressive speech data. In [23]
concatenative speech synthesis system capable of producing speech in three
different styles is presented. Each style is synthesized using approximately 1
hour of corresponding speech data. HMM based TTS system that uses
different acoustic models for each desired style is presented in [24]. In the
same paper, another technique for expressive speech synthesis, which embeds
style information in input linguistic features, is proposed. The authors have
compared these approaches and concluded that they produce the same results
regarding expressive speech quality.

Implicit approaches can be applied in statistical speech synthesis
and are based on interpolation between different models. In [25]
method which adapts a model of neutral speech to some desired
style is described.

The comparison of concatenative and HMM based synthesis
regarding expressive speech is given in [26]. It is concluded
that concatenative  synthesis performs better regarding overall
emotion intensity, whereas the HMM approach is better for emotion
intensity manipulation.

4. Style-code modeling in DNN based TTS. When we initially
started experiments with proposed techniques there were almost no attempts
at the expressive speech synthesis using DNN. Meanwhile, several papers
were published where similar techniques are proposed [27-29].

Some research related to manipulation of voice intended for speaker
modeling includes voice conversion [30], speaker adaptation [31] and multi-
speaker synthesis [32]. Voice conversion approaches are based on parallel
corpus of source and target speaker. The aim is to make conversion
function, which when applied on speech of the source speaker should make
it sound as the target speaker. The speaker adaptation approaches try to
adapt already trained models towards some target speaker and do not
require parallel corpus. Starting models are usually trained on a large
training corpus and a small amount of target speaker speech material is used
for model adaptation. Multi-speaker synthesis requires a collection of
smaller datasets for training, and then, in the synthesis phase, decides on the
voice that is to be synthesized.

SPIIRAS Proceedings. 2018. Issue 5(60). ISSN 2078-9181 (print), ISSN 2078-9599 (online) 221
www.proceedings.spiiras.nw.ru



WMCKYCCTBEHHbLIV UHTENNEKT, MHXXEHEPWA JAHHBIX 1 3HAHUIN

In [31], [32] and [33] multi-speaker model is made by training a
DNN on a speech material from a few to more than 100 speakers. One of
the methods involves standard DNN-based single-speaker system, but
extended with the feature that represents speaker code (Figure 2) [31].
The speaker code can be represented as a one-hot vector, or extended
with additional information about a certain speaker, like gender, age,
etc. [33]. This extension provides even better results, resembling on the
idea of using i-vectors as speaker code [34]. In synthesis stage, the
network will synthesize the speech in some speaker’s voice by setting
appropriate speaker code.

Output Output Output

Input Speaker  Input Speaker  Input
code code

Fig. 2. The idea presented in [30] for multi-speaker DNN TTS model

The idea presented in this paper is to use a single one-hot vector to
represent speaking style. It is solved by adding lexical questions of type
“Is_style x”, where x can be neutral, angry, happy, etc. In case of using
DNN model, since the input of the neural network represents binary label
with value 1 on places representing questions on which answers are
positive, part of the input will be one-hot vector indicating speaking
style (Figure 3). In case of using HMM modeling, similar idea is used. Input
label is extended with information that indicates if a phone belongs to
speech of a certain style. In HMM modeling this actually corresponds to the
idea presented in [24].

Usually, just a part of the sentence will be said with high expression
of emotions and that is the reason why the style code is given per word,
although the whole sentences were labeled with a marker of just one style in
used database. This way, it should be possible to produce just a part of a
sentence with an emotion, and the rest in neutral style.
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Output Output

[ [ 00100 |

One hot vector
representing style
Fig. 3. The idea presented in [34] but modified for multi-style DNN TTS

Input Input

In multi-style modeling, it is expected that the database consists
of a lot more material of neutral speech than any other style. In case of
multi-speaker modeling, such big differences between databases of
speakers can badly influence final model (e.g. if some features of
different speakers are averaged). On the other hand, this effect should
have smaller impact in multi-style approach since all sentences are
uttered by the same speaker. This could be actually beneficial for
this model since the states are not covered with small database
of certain speaking style can be compensated by neutral style and it will
not badly influence the final model, since the voice is the same
in the two databases.

5. Experiments and results.

DNN and HMM based systems.

DNN system is built using Merlin toolkit [35]. It consists of two
neural networks, one for duration and one for acoustic modeling. Both
networks contain 4 hidden layers with 1024 units per layer. Neurons in
first 3 layers use tangent hyperbolic activation function, while the 4t
layer is based on long short-term memory (LSTM) architecture [36]. The
output layer is linear. Input for duration model consists of answers to 554
closed lexical questions. These include questions about phoneme
identity, number of phonemes and syllables in a word, ToBI tags [37]
attached to a phoneme, etc. One-hot vector representing style is not
included in the overall question number. Outputs are durations per HMM
state. Input for acoustic model, beside the answers to the lexical
questions, contains 9 additional features regarding state and phoneme
durations, which were also introduced in Merlin toolkit. The acoustic
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features are extracted by WORLD vocoder [38]. Since it produces
smoothed envelopes, they are converted to mel-generalized cepstral
coefficients (MGCs). At the end, the output feature vector for acoustic
network contains 40 MGCs, 1 band aperiodicity (BAP) feature, logarithm
of fundamental frequency, first and second derivatives of previously
mentioned features and one feature representing information if a given
frame is voiced or unvoiced (VUV).

HMM system is built by using HTS toolkit [39]. HMM models that
are used in the system are 5-state left-to-right models with no skip, where
each state is represented by a single Gaussian with the diagonal
covariance matrix. Same acoustical features as for DNN system are used,
except for the VUV feature. Input label consists of lexical features
extracted in similar way as for DNN synthesis, but the number of
available features was higher. Namely, HMM contained a combination of
some features and initial experiments in DNN synthesis showed that usage
of these complex questions does not improve the quality of synthesis. This
can be explained by the DNN’s capability to model some complex
relations that HMMs cannot.

Databases.

In order to compare performance of the proposed technic in case
of using HMM and DNN, 4h and 20 min of neutral speech and 20 min of
speech in angry style were used. The same database is used in case of
investigating quality of the synthesized speech, while in case of further
investigation of the proposed technic for the DNN based synthesizer, the
database is expanded with two more speaking styles — happy and
apologetic. More precisely, 2h of neutral speech and 10 min per style are
used for these experiments. The whole database is pronounced by a
native American English male voice talent. It is recorded in a
professional studio. Some statistics can be seen in Table 1.

Table 1. Statistics of the database

Style [iif)icel;rf:/t:] Average fo [Hz] std fo [Hz]
Neutral 12.7 98.7 34.1
Apologetic 10.8 101.9 25.1
Happy 11.4 170.2 71.4
Angry 10.9 103.9 30.3
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It can be noticed that the happy style has significantly higher
average fundamental frequency (fy) than other styles, as well as more
than two times higher standard deviation of fj in comparison to any other
style. The neutral style is the fastest and has the lowest average f).
Apologetic and angry styles have very similar characteristics with around
15% smaller standard deviation of fj in case of apologetic style.

Performance of the proposed technic for different synthesis method.

The two systems were first compared objectively. All objective
measures were calculated as differences between acoustic
features predicted by neural network and acoustic features extracted
directly from original recordings. The objective measures that were
used include:

—mel-cepstral distance (MCD) — mean square error of mel
generalized cepstral coefficients calculated in decibels,

—mean square error of band aperiodicities (BAP) calculated in
decibels,

—root mean square error of fundamental frequency (RMSE f)
calculated in hertz,

—correlation of fundamental frequency (CORR fy),

—percentage of correctly predicted voiced frames (V/UV).

The objective measures are calculated for test files only, for both
systems and they are shown in Table 2. During the feature generation the
original durations created during the DNN alignments procedure were used.
Based on the results from Table 2 it can be concluded that DNN system
outperforms HMM regarding all objective measures.

Table 2. Objective comparison between HMM and DNN systems

RMSE f; V/UV

MCD [dB] | BAP [dB] (Hz] CORR fj %]

HMM 6.73 0.18 23.60 0.5 8.64
DNN 4.29 0.15 20.84 0.63 5.52

One example of fundamental frequency trajectory created by the
tested systems is shown in Figure 4. Both trajectories are compared with
trajectory extracted from the original recording. It can be seen that DNN-
predicted trajectory resembles much better the original one than the
HMM-predicted trajectory.
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Fig. 4. Comparison of fundamental frequency trajectory created by the HMM and
DNN systems with original trajectory

But it is known that objective measures are not always fully
correlated with subjective assessment of overall speech quality.
Subjective listening tests are considered as the most reliable. Due to this
reason, for the comparison of the obtained results from HMM and DNN
synthesizers by the proposed style-code method, preference tests were
conducted among 24 amateur non-native listeners. They were asked to
recognize which sentence, in each of 20 pairs, was pronounced in angry
style. One of the possible options was also No preference (i.e. none of the
sentences stands out). The first 10 pairs consisted of sentences
pronounced in neutral and angry style, synthesized by DNN synthesizer,
while the remaining 10 pairs (also pronounced in both styles per pair)
were synthesized by HMM synthesizer. These results are given in
Figure 5. It clearly shows much better results in case of DNN synthesis.
As many as 39% of answers were No preference in case of HMM
synthesis, and even in 1% listeners chose neutral sentence as the one
where the angry emotion was better expressed. That leads to the
conclusion that HMM model is not able to produce entirely clear
difference between styles in case of the proposed technic. On the other
hand, only 12% answers were No preference, in case of DNN synthesis,
while remaining 88% of answers accurately recognized angry style. Since
even in spontaneous human communication it is not always easily
recognizable if the speaker intended to express some emotion, 88% can
be considered as high accuracy and the proposed technic can be
considered as very powerful although pretty simple.
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B Neutral Angry H No preference

0% 88% - DNN
b SR

Fig. 5. Results of preference test regarding style expression

In order to directly compare DNN and HMM synthesis in angry
style, the second listening test was conducted. It consisted of 10 pair of
sentences where each pair of sentences was synthesized by both
synthesizers. Listeners were asked to choose sentence in each
pair in which angry emotion was more emphasized. As shown
in Figure 6, exceptionally high preference for DNN synthesized
sentences clearly confirms that the proposed technic has better
performances in case of DNN.

B HMM DNN ® No preference

1 83%

Fig. 6. Direct comparison of expressive speech synthesized by HMM and DNN
based synthesizers

Quality of synthesized speech.

As previously mentioned, the key requirements for synthesized
speech is intelligibility and naturalness. Intelligibility seized to be an issue
a long time ago, but the naturalness is still a big issue in the field.
Naturalness is defined as resemblance to human speech. Since for the
experiment, almost 10 times bigger amount of neutral speech than angry-
style speech was used, it was important to investigate if mismatch in the
amount of the used material caused some loss in quality for speech
synthesized in angry style, compared to the neutral one. In order to do
that, additional listening test was conducted. In this test listeners were
asked to grade the quality of 10 sentences synthesized by DNN
synthesizer by giving grades between 1 (very bad) and 5 (very good).
Among these, 5 are pronounced in angry and 5 in neutral style. Quality of
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synthesis is defined to listeners as resemblance to human speech and the
absence of the artifacts.

The obtained average grades for the synthesis in neutral style and the
synthesis in angry style are almost the same, 3.9 against 3.8 in favor of
neutral style. This proves the hypothesis that all states not covered by the
small angry-style database are compensated by neutral style.

Objective comparison of results obtained with three different styles.

Since all of the previous experiments were performed by using only
a single style (other than neutral), we also tested the performance of the
approach in reproduction of other styles. In order to test the proposed
method performance, separate synthesizers were constructed, where each
one is capable of producing a single style. These synthesizers were created
by using 2h of neutral speech and 10 minutes of intended style (angry,
apologetic or happy). The results were compared only objectively since
subjective comparison of different speaking styles does not represent an
adequate approach, due to significant differences in the manners in which
the styles are expressed.

For each synthesizer, objective measures were calculated by using 30
test sentences of corresponding speaking style, which were not a part of the
training data. The results are given in Table 3. Among the presented styles,
the best objective measures are achieved with apologetic style and mostly
the worst for happy style. It is the most emphasized for RMSE of f; which is
41.48 Hz in case of happy style. This can be explained by its
characteristics — mean frequency as well as standard deviation are the
highest among all the styles (see Table 1). On the other hand, correlation of
fo is the best among all three styles.

Table 3 Objective measures 1-style modeling

MCD [dB] | BAP [dB] Rl\[/gz]if ’ CORR /iy V/UV [%]
Happy 5.50 0.19 41.48 0.79 5.59
Apologetic 4.70 0.13 16.85 0.73 4.88
Angry 4.79 0.17 18.67 0.62 5.68

The obtained results show that some differences exist in modeling
different styles, which can be explained by the differences in original
part of databases.

It should also be noticed that the objective measures in Tables 3 and
4 for angry style are worse compared to ones from Table 2. This can be
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explained by the amount of material of this style being used in training
process. Specifically, the amount of angry style material used in
experiments whose results are presented in Table 2 was 20 minutes, while
in other 2 experiments only 10 minutes of angry speech was used.

Table 4 Objective measures 3-style modeling

MCD [dB] | BAP [dB] RI\[’[Iszif” CORRfi | V/UV [%]
Happy 5.46 0.19 42.85 0.77 5.64
Apologetic 4.67 0.13 17.11 0.72 4.92
Angry 475 0.17 18.46 0.63 5.70

Comparison of single-style and multi-style modeling.

As already mentioned in previous sections, the style-code approach
can be applied to simultaneous modeling of an arbitrary number of styles.
Therefore, we wanted to compare single-style modeling with multi-style
approach. For these purposes we constructed a new synthesizer, which was
trained on full previously introduced database — 2 hours of neutral speech
and 10 minutes of speech of each of the three additional styles. The
objective measures calculated in the same manner as for single-style are
given in Table 4. As in the case of single-style modeling, the best results are
obtained for the apologetic style, while the measures for the happy style
again were the worst among all three styles.

The average measures per all three styles for those two approaches
are presented in Table 5. These results indicate that measures for both
approaches differ only in minor.

Table 5 Average objective measures for 1-style and 3-style modeling

MCD [dB] | BAP [dB] RI\[/IHS‘Z‘? ’ | CORRfy | V/UV[%]
1-style 5.00 0.16 25.55 0.71 5.38
3-style 4.96 0.16 26.14 0.71 5.42

We also conducted one subjective test, in which 15 non-native
listeners were included. The task consisted of 30 pairs of sentences. In each
pair there was one sentence synthesized with 1-style approach and another
synthesized with 3-style approach. Each of three styles was represented
with 10 pairs. Participants had to choose in which of the two sentences the
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presented style was better expressed. The intended style of each pair of
sentences was clearly presented to the participants. There was also No
preference as a possible answer.

The results are given in Figure 7. It can be seen that, on average,
multi-style model is preferred over the other one. Only for angry style
percentage is the same. No preference answer is chosen most often in case of
apologetic and angry style, while in case of the happy style, multi-style model
is chosen significantly more often than the other two possible answers.

m3 styles @1 style ®No pref.

Average RIS ____34% |
Happy IEERT7SN ____00% |
Apologetic IERTY/NE ____37% |
Angry IEEyL7/EEE 360 |

Fig.7. Results of subjective tests for comparing single-style and multi-style
modeling

As conclusion it can be stated that there is no significant difference
between modeling one style per model or multiple at once, although the
slight advantage can be given to multi-style model, probably because of
better generalization.

Analysis based on parallel corpus.

There are a few sentences in our database originally recorded in
different styles but with the same content spoken (i.e. parallel corpus). We
have chosen one of these sentences and performed further analysis in order
to check the impact of style code to parameter generation, as well as the
impact of some linguistic differences to generated parameters. The chosen
sentence is originally recorded in happy and apologetic style and annotated
in accordance to the actual prosodic events. In this particular sentence, there
are 2 more phrase breakes in apologetic sentence in comparison to the
happy one. All other prosodic annotations are the same.

In this experiment, the focus was on predicted fundamental
frequency trajectories. Although the same content was spoken in both
sentences the length of corresponding phonemes is not the same. Namely,
according to Table 1 the phoneme rate is slightly higher for apologetic style.
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This makes the direct comparison not possible. In order to make direct
comparison feasable original durations were used.

Figure 8 shows generated trajectories when lingustic annotations and
durations of original apologetic sentence are used. It can be seen that
fundamental frequency of the original recording (black line) does not vary
much (mostly it is between 60 Hz and 120 Hz) and its average is around
95 Hz, which is in accordance to the style characteristic (Table 1). It can
also be noticed that the synthesis in apologetic style follow the original
trajectory very well. On the other hand, synthesis of the same sentence with
the same durations and annonations and switching only the style code to
happy produced different curve. The average frequency is increased for
about 65 Hz, and it varies a lot more than the other two curves in Figure 8,
reaching even 300 Hz. This behaviour is also in accordance to happy style
characteristics presented in Table 1.

340

290

= PN S

Time

Frequency {Hz)
= el
o F=3
S S

s
B
=}

=}
o

——0Org_apologetic Synth_happy ~——Synth_apologetic
Fig. 8. Fundamental frequency trajectories of the sentences originally anotated as
apologetic, synthesized in happy and apologetic style

The case when annotations and durations for original happy sentence
are used are shown in Figure 9. Again, it can be seen that the sentence
synthesized in apologetic style, has a lot lower fundamental frequency
compared to both, original and sentence synthesized in happy style.
Synthesized happy sentence follows the original trajectory of fundamental
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frequency very well, but sometimes fails to track some rush changes from
original recording. This can be explained by certain smoothing that is
introduced by the model.

The case when annotations and durations for original happy sentence
are used are shown in Figure 9. Again, it can be seen that the sentence
synthesized in apologetic style, has a lot lower fundamental frequency
compared to both, original and sentence synthesized in happy style.
Synthesized happy sentence follows the original trajectory of fundamental
frequency very well, but sometimes fails to track some rush changes from
original recording. This can be explained by certain smoothing that is
introduced by the model.

340

290

—

240

190

Y | | P\“H%]
i: A

Time

Frequency {Hz)

= Org_happy Synth_happy =——Synth_apologetic

Fig. 9. Fundamental frequency trajectories of the sentences originally anotated as
happy, synthesized in happy and apologetic style

Both examples prove that the style code itself succesfully predicts
important style characteristics and that these characteristics are not highly
dependent on linguistic input.

The impact of linguistic differences on the generated trajectories can
be analyzed in Figure 10. These trajectories are generated using linguistic
features from both original recordings, which have the same spoken content
but differ in their annotations. The biggest differences in the generated
trajectories can be observed in the middle of the sentence where the phrase
brakes are annotated differently.
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Apologetic synthesis
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Fig. 10. Comparison of linguistic features impact on fundamental frequency trajectory

One more characteristic that the model learned, but cannot be seen
from figures, is loudness of certain styles. In case of apologetic style, the
speech is noticeable quieter, e.g. in this particular sentence, the difference
between synthesized happy and apologetic sentence is around 10 dB.

4. Conclusion. In this paper we present a simple but very effective
method for incorporating styles into statistical speech synthesis. It is based
on style codes, similar to earlier introduced speaker codes, and consists of
adding one-hot vector representing style to the auxiliary inputs used in NN-
based speech synthesis.

The proposed method is also applicable to HMM based speech
synthesis. Objective and subjective results show that the proposed method
achieves higher performances in case of DNN systems. Objective and
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subjective results also suggest that, although the amount of speech material
of certain style is much smaller compared to material in neutral style, quality
of speech synthesized in certain style is preserved. It is proved that the
method is applicable to any speaking style and that there is no significant
difference if the model learns multiple styles at once or one by one.

Although the duration is important feature in expressing some style,
the focus of this paper was on analysis of the acoustic features. Some
analysis on the duration prediction performance should be performed.

Bearing in mind that humans are able to control the level of expressed
emotion in speech and rarely one emotion is completely distinguished from
another, some future work should investigate possibilities of controlling level
of expressed emotion as well as mixing them.
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C. Cy3uy, T.B. IEan4, C. OCTPOroHALL, C. JIDKYPUY, I[.I71. ITEKAP
METO/ CTUJIEBBIX KOJOB /151 MHOTI'OCTHUJIEBOI'O
INAPAMETPUYECKOI'O CUHTE3A PEYHA 11O TEKCTY

Cysuu C., lenuu T.B., Ocmpozonay C., locypuu C., Iexap JI.J. MeTol cTHIEBBIX KOI0B
JJ151 MHOTOCTHJICBOT0 IAPAMETPHYECKOro CHHTE3a PeyH 10 TeKCTy.

AnHoTtamusi. CoOBpEeMEHHBIC CHCTEMbl IpeoOpa3oBaHMsI TEKCTa B pedb OOBIYHO
obecreunBaloT Xopourylo pa3dopunBoctb. OIMH U3 TIABHBIX HEJOCTAaTKOB JTHX CHCTEM —
OTCYTCTBUE BBIPA3UTEIBHOCTH II0 CPABHEHUIO C ECTECTBEHHOH 4YeJOBEUECKOH pedblo.
OCo0OECHHO HENpPUATHO BOCIPHHMMAETCSl Ha CIIyX, KOIZla aBTOMAaTH4YecKas CHCTeMa INepenact
yTBepAUTEIbHbIE U OTpPHIATEIbHbIE IPEUIOKEHUs COBEPIIEHHO OJIHHAKOBO. BBenenue
apaMeTpUYecKUX METONOB B CHHTE3€ pEeYM Jal0 BO3MOXHOCTH JIETKO H3MEHSATh
XapaKTepHCTUKH TOBODSIIEro M CTUIM peyd. B craThe mpezacTaBieH IPOCTOH Crocod
BKJIIOUEHHS CTHJIEH B CHHTE3UPOBAHHYIO Pedb, UCHIOJIb3YsI CTUIEBBIE KOIBIL.

IIpennaraemslii MeToq TpeOyer He 0Oojee mapbl MUHYT 3aJaHHOTO CTHWJIS M HEKOTOPBIH
00beM JaHHBIX HelTpanbHOI peur. OH yCIIENIHO NPUMEHSETCS B CHHTE3€ PeuH Ha IIIyOOKUX
HEHPOHHBIX CETAX M B CKPBITHIX MapKOBCKHMX MOJENSAX, NPENOCTaBIIsis CTHIEBOH KO Kak
JOTOJHUTENbHBIA BKIaJ B Mojenb. AyIupoBaHHE MOATBEPIMIO, 4YTO HauOONIbIIAs
BBIPA3UTEIbHOCTh JOCTHIAETCS 33 CUET CHHTE3a IIyOOKHX HEHPOHHBIX CeTell 10 CPaBHEHHIO C
CHHTE30M CKpPBITHIX MAapKOBCKHX Mozeneil. Taxxke [J0Ka3aHO, 4YTO Ka4yecTBO peEUH,
CHHTE3HPOBAHHOE TNIyOOKUMU HEHPOHHBIMH CETSAMH B ONpPEAENCHHOM CTHJE, COOCTABUMO C
peublo, CHHTE3MPOBAHHON B HEHTPalIbHOM CTHIE, XOTA 0a3a JaHHBIX HEHTpanbHON peun
npumepHo B 10 pa3 Gonbie. ['yOokue HEHPOHHBIE CETH HA OCHOBE CHHTE3a PEYH IO TEKCTY
€O CTHJIEBBIMH KOJJAMH H3y4aloTCsl IyTeM CPaBHEHHs KayecTBa PeyuH, CO3JaBaeMoil cucreMaMu
OJHOCTUIICBOTO MOJEIHPOBAHUS M MHOTOCTHIEBOTO MopenupoBaHus. OOBEKTHBHBIE U
CyOBCKTHBHBIE U3MEPEHHS IOATBEPIMIM, YTO MEXIAy OTHMH JABYMs IOIXOZaMU HET
CYILIECTBEHHOMN pa3HUIIbI.

KiroueBble cjI0Ba: CHHTE3 PEYM IO TEKCTY, SKCHPECCUBHBIM CHUHTE3 pedH, IIyOoKue
HEHpPOHHBIE CETH, CTHJIb PEUH, CTUIIEBOI KO, IPSAMOI YHUTAPHBIH BEKTOP.
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A.A. AlIMMOB, A.C. T'ElifIA, 11.B. JIBICEHKO, P.M. FOCYIIOB
IPPEKTUBHOCTDb ®YHKIIMOHUPOBAHUSA U APYTUE
OIIEPAIITMOHHBIE CBOMCTBA CUCTEM: 3AJIAYN 1 METO/I
OILIEHUBAHUS

Awumos  A.A., Teida A.C., Jlicenko HUB., Hcynos P.M. 3DpdexTuBHOCTHL
(YHKOMOHUPOBAHUS M JApyrde oONepalMOHHBIE CBOICTBA CHCTEM: 3aJa4dl M MeTOX
OLlCHHBAHMSI.

Annotanusi. IlpexctaBien kpatkuii  0030p  uccienoBanuss  I(PPEKTHBHOCTH
[[eJICHANPaBICHHBIX MPOLeccOB GYHKIHOHUPOBAHUS CHCTEM, BHIIIOIHEH 0030p HEKOTOPHIX
aKTyalbHBIX 3aJad HCCIEJOBAaHHs ONEPAllHOHHBIX CBOMCTB, pemraeMsx 3a pybesxom. Ha
OCHOBE aHalM3a OCOOEHHOCTEH uccieqoBaHus 3(G(PEKTUBHOCTH IeNeHAINPABICHHBIX
mpomeccoB (yHKIMOHHPOBAHHS CHCTEM U psjfa JIpyrUX OINEPAlUOHHBIX CBOHCTB
OTEYECTBEHHBIMH U 3apyOeXHBIMH aBTOPAMH CJHENaH BBIBOJ 00 aKTyaJbHOCTH PEIICHUS
COBpPEMEHHBIX 3aJad HCCIEeJOBAaHHS ONEPAlMOHHBIX CBOWCTB Ha OCHOBE aHAJIHTHYECKOTO
OIGHHBAaHUS HUX TMoKa3areneil. Omnucanel HOBBIE HAmpaBICHHs  HCCICIOBAaHMI
OIIEPAl[IOHHEIX CBOIICTB CHCTEM H IPOIECCOB HX (YHKIMOHHPOBAHHS, TAKHX Kak
MOTEHIUAl CHCTEM U OIEpPAlMOHHBIE CBOICTBa HCHOJNB30BaHUSA HH(OPMAMOHHEIX
TexHonoruil. IlpuBeqeHBl OCOOCHHOCTH COBEpPHICHCTBYEMBIX CHCTEM H IIPOIIECCOB HX
(GYHKIIMOHHPOBaHUS, a  TakkKe  poib  HMHOOPMAIMOHHBIX  TEXHOJNOTHH  IpHU
(YHKIIMOHHPOBAHUH COBEPIICHCTBYEMEIX CHCTEM.

Omucansl OCOOCHHOCTH IIENICHANpPABICHHBIX H3MEHEHMII CHCTEM U IIEPEXOTHBIX
IPOIIECCOB  IPH  (DYHKIIMOHHPOBAHUH COBEPIICHCTBYEMBIX cHcTeM. OOBsCHEHa pONb
HH(OPMALOHHBIX TEXHOJOTHI NPU M3MEHEHHUAX (QYHKIHMOHUPOBAaHHS CHCTeM. IloaydeHHbIE
pe3yIbTaThl HO3BOIHIN HUCCIIEJOBATh ONEPALHIOHHbIE CBOMCTBA COBEPIICHCTBYEMBIX CHCTEM H
HCIIONB30BaHUS ~ MHGOPMAIMOHHBIX  TeXHONOTrWi. IIpemmoxeHbl HpHMepsl  Mopeneil
(dopmupoBanus 3P(EKTOB  (YHKIMOHHPOBAHUS COBEPIICHCTBYEMOH CHCTEMBL. Mogenun
Ppa3paboTaHbl C y4eTOM peaan3anuy HHOOPMAIIMOHHBIX U HEHH(OPMAIUOHHBIX ASHCTBUI IpH
(YHKIMOHUPOBAHUU Takoil cucTeMbl. [l yHH(UIMPOBAHHOTO OLCHHBAHUS IOKa3aTeleil
OIICPAI[OHHBIX CBOWCTB IPEUIOKEH METOJ aHAJIUTHICCKOrO OLCHUBAHUS, KOTOPBIH OCHOBAaH
Ha IPHMEHECHHU IOCICIOBATENIPHOCTH BBOIAMMBIX YHH()HIHPOBAHHBIX CXEM OLICHHBAHU.
IpemnoxkeHa TOCIENOBATEIBHOCTh M3 TPEX TaKHX CXEM, IO3BOJIOMAS OLCHUTH BCe
OINICAaHHBIE  ONCPAI[IOHHBIC  CBOMCTBA.  PacKpHITHI  OCOOCHHOCTH — OLICHHUBAHHS  C
HCIIONB30BAHHEM TIPEANIOKEHHBIX cXeM. IlodydyeHHble pe3ynbTaThl [OIDKHBI IO3BOJNUTH
MepediTH K pelIeHHIO 3aiad HCCIENOBaHMS Ha MaTeMaTHUCCKHX Mopelix. IlomyueHHbIE
Ppe3yJIbTaThl IPOMLTIOCTPHPOBAHEL Ha TIPUMEpE pacueTa IoKa3aTelell OIepanioHHbIX CBOUCTB
HCTIONB30BaHMs HH(OOPMALOHHBIX TEXHOJIOTHH.

KioueBble ciioBa: d>h(EeKTUBHOCTb, IOTCHIUAT CHCTEMBI, ONCPAI[HOHHBIC CBOUCTBA,
HH(OPMALIOHHbIE TEXHOJIOTHH, 1IEJIH, TOKA3aTeIH, MOJIEIH, MOISITUPOBAHNE, METOIBL.

1. BBegenue. OmnepanMoHHbIE CBOICTBa CHCTEM U IPOIECCOB MX
¢yskumronuposanus (nasee — OC) cocTaBISIOT SIAPO CBOWCTB, OIpeie-
JISIFOIIMX KA4eCTBO CHCTEM M MPOLECCOB UX (DYHKIMOHUPOBAHUS (2 TaKxKe
WX M3MEHEHHUI1), TOCKOJIbKY ONMCHIBAIOT OCHOBHBIE PE3YJIbTAaThl HCIIOJb-
30BaHUs CHCTEM Ha NPAKTHKE U UX COOTBETCTBHE TPEOOBAHMIM B Pa3HBIX
ycnoBusix. COBEpIIEHCTBOBAHNE CHCTEM U MPOLECCOB UX (YHKIHOHHPO-
BaHUS MEPCIIEKTUBHO OCYIIECTBIATH AHAJIUTHUECKH, OLIEHUBAS TIOKA3aTeNN
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OC B 3aBUCHMOCTH OT IIEPEMEHHBIX U NTapaMeTPOB B pelIaeMbIX 3a1a4dax. B
CTaThe MPHUBEICHBI OCHOBHBIE 0cOOeHHOCTH HccienoBannsa OC B mpuioxe-
HUHM K 3aJlauaM, pelIaeMbIM IIPHU UCCIEJOBAaHUU CHCTEM, (YHKIIMOHHUPOBaA-
HUE KOTOPBIX UMEET TEXHOJIOTHUECKHH BHJ (33aHO TEXHOJOTMYECKOH J10-
KyMmeHTauuei). K HuM oTHOCSTCSI, HalpuMep, TPOU3BOJICTBEHHBIE CHCTEMBI,
CHCTEMBI peajM3alliy LEeNeBbIX MPOorpaMM M npoektoB. CienaH BeIBOX 00
aKTyaJIbHOCTH aHajguTHueckoro oneHnBanus OC yKa3aHHBIX CHCTEM M MX
(YHKIIMOHMPOBAHUS IIPH PEIICHUH pAja NpakTHIecKuX 3anad. st aHanu-
THdeckoro oreHuBaHust OC COBEPUICHCTBYEMBIX CHCTEM HEOOXOIMMO BbI-
TIOJTHATH MOJICNMPOBAHUE TAKUX CHCTEM C YIETOM pPsAa ero 0COOCHHOCTEH.
A MMEHHO Ha OCHOBE 3aJaHHBIX TEXHOJOTMYECKOW NOKyMEHTALMEW 3aKO-
HOMEpHOCTEH (OPMHUPOBAHUS PE3YJILTATOB JIEMEHTapHBIX TEXHOJIOTHYe-
CKUX OIEpalil pa3HbIX BUIOB HEOOXOIMMO PACCUUTATH XAPAKTEPUCTUKU
pe3yibTaToB (YHKIIMOHUPOBAHUS CHCTEMBI. 3aTeM Ha HMX OCHOBE, 3Has
BO3MOXHBIC TPEOOBaHHS K (PYHKIIMOHHPOBAHHIO, HEOOXOAMMO PACCUUTAThH
nokaszareqn OC. IIpuBeneHB! CXeMbl TaKOTO OLEHHBAHHSA M PAaCCMOTPEH
npumep. IlokazaHo, YTO IMOJy4EHHbIE PE3yJbTAThl MO3BOJSIOT IEPEHTH K
PELICHHUIO psijia aKTyaJbHBIX NMPAKTHUECKHUX 3a]au: MaTeMaTHYECKUX 3aad
AQHAJIMTHYECKOTO OlleHNWBaHMs, aHainuza OC HcClleyeMbIX CHCTEM, a 3a-
TEM U 3aJa4d CHHTE3a 110 OlleHNBaeMbIM HokazarersiM OC.

2. OCO0EeHHOCTH HCCJIC0BAHUSI ONEPAIMOHHBIX CBOWCTB OTede-
CTBEHHBIMH W 3apy0e;KHBIMH aBTOPaMH. TpyZbl OTEUYECTBEHHBIX YUYEHBIX,
paboTaromux B paMKax Hay9HOTO HampaBieHus «lccremoBanue >QeKTuB-
HOCTH LIEJICHAIIPABJICHHBIX IIPOIIECCOBY» TPAJULHOHHO MEPEUUCISIOT, HAuU-
Hasl ¢ U3BECTHOHM paboTh akamemuka A.H. Komvoroposa [1], B pabote koTto-
pOro BIIEpBBIE OBUT HM3JIOKEH DS METOJOB OLEHUBaHHS A(PHEKTHBHOCTH
CTpenbObI HA OCHOBE BBEICHHOH aBTOPOM BEPOSITHOCTHOM MEpBI. DTH METO-
npl 3aTeM Obuth paszButel E. C. Bentuens [2], MHOro sier npopaboraBiieii B
BOEHHO-BO3AYLIHOM HHXeHepHOoH akazemuu umeHn H. E. JKykosckoro. Ilo-
CJIc BOMHBI OHA 3aWHTEpECcOBaach 3aaaucii [3] omeHuBaHUS dPPEKTHBHOCTH
Pa3IMYHBIX BUOB BOOPYKEHMs, OOCIPHITACOB M CIIOCOOOB OpPraHU3alliK OT-
HEBBIX CPEICTB NpU CTpenbOe Mo JieTsamuM oObekTaMm. [lo mpemtoxeHHro
akagemuka A. H. Konmoroposa, 3a nokasarens 3¢ dexrusrocta I1BO Obina
B3Ta BEPOATHOCTH NMOPAXKEHNS BO3IYIIHON LEIH, BBIYUCISIEMAs C TIOMOLIBIO
pacnpe/eneHus BEpOsITHOCTEH TOYEK pa3pbiBa CHapsiAa B OKPECTHOCTH LIEITH
1 YCJIOBHBIX BEPOSITHOCTEH YHHYTOXKEHHMS LIEIH, 3aBUCAIINX OT TOUKHU, B KO-
TOPOI MOT OBI IPON3ONTH PA3PHIB.

B 70 rogax XX Beka 3TH METOJIbI MOJIYYMIH JajbHeiliee pa3Bu-
THE B TpyJax Kadenpsl 00eBoi 3(p(HEKTUBHOCTH BOCHHO-KOCMHUYECKON
akamemun uMeHn A. @. Moxkalickoro, pPyKOBOIWMOH B TO BpeMs
P. M. IOcynoBeiM, HbIHE HaydHBIM pyKoBojuteneM Caskt-IleTepOypr-
CKOTO WHCTUTYTa WH(OPMATHUKN W aBTOMaTH3auuu Poccuiickoil akagemun
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Hayk [4, 5]. Tam xe, B akanemuu umenu A. ®@. Moxaiickoro, I'. b. TTeryxo-
BBIM H €r0 yYeHHKaMH pa3padaTbIBasiach TeOpus dPPEKTHBHOCTH IeIIeHa-
npasneHHbIX nporeccos (TIIIII) [6, 7]. B Heit nmokazarenem 3 PpeKTHBHO-
CTH SIBISIETCSI BEPOSITHOCTHAsE MEpa COOTBETCTBUSI XapaKTEPUCTHUK CIy-
yaliHeIX 3()(EKTOB IeICHANPABICHHOTO Mpolecca TpeOyeMbIM (IHpEK-
THUBHO 33JIaHHBIM ) 3HAUYEHUSIM 3THX XapaKTEPHUCTHK.

IIpumepHO B 3TO k€ BpeMs Ha OCHOBE METOOB, IPEITIOKEHHBIX
A. H. KonMoropoBsiM, ObIIM BBIMOJHEHBl HCCIEIOBAaHHUS MOBBIIICHUS
3G EKTUBHOCTH TPOLECCOB CO3LAHUS, NPOU3BOJACTBA U IPUMEHEHHS
pa3IUYHBIX BUJIOB BOeHHOH TexHMKH [8-18]. Tak, Hampumep, ucciaenona-
HUS YQPEKTUBHOCTH NPUMEHEHHS PAaKETHBIX KOoMILIeKkcoB [8, 9] mpoBo-
JUWINCh KOJIJIEKTUBOM YyueHbIX BoeHHoW axagemun PBCH wumenn
@. 3. JIzepxkunckoro [11-13]. Bemonnsuiuck uccienoBanus 3¢HexTus-
HOCTH (PYHKIIMOHMPOBAHMS CIIOKHBIX CHUCTEM pas3HOW mpupoxasl H. A.
CesepuesbiM [8], A.B. Unbuuessim  [16], B. B. TIloauHoB-
ckuM [17]. KonnekTuB ydeHbIX BOEHHO-MOpCKoil akagemuu um. H. T.
KysnenoBa [18] mom pykoomctBoM U. A. Pabunmna 3a co3maHue u
BHEJPEHUE KOMIIJIEKCAa METOAOB 00ECHEYEHHUs] BBICOKOM HAJE)KHOCTH U
s exTuBHOCTH cucteM BoopykeHusa B 1979 romy mpucynunu ['ocynap-
ctBeHHyto nmpemuto CCCP B obnacTu HAyKH U TEXHUKH.

B nocnenyronue roasr TOLII nomyuunna pa3sButhe mo psiay Harpas-
JIEHWH HCCIIEAOBAaHUM, KOTOPBIE BEIUCh B BOEHHO-KOCMUYECKOH aKaJleMHH
nmenu A. ©. Moskaiickoro, B ToM urcliie Ha Kadenpe 00eBoit 3pdheKkTuBHOCTH
Boenno-kocmuueckux Cuin [11] u B Cankr-IlerepOyprckoM MHCTUTYTE WH-
(dopmatuku 1 aBromartu3auuu Poccuiickoit akanemun Hayk (CITMUPAH) [19-
22]. B Hacrosiee Bpemst no pazsuturo TOLII BexyTcs uccienoBanus HO-
BBIX OICPALMOHHBIX CBOMCTB cucteM [19] u mporeccoB ux (GpyHKIIMOHUPO-
BaHMs, HarnpuMmep noreHnuana cucreM [20], addexTnBHOCTH HCHONIB30Ba-
HUS THQOPMAIIOHHBIX TeXHONOTHHA [21] pu QyHKIIMOHNPOBAHUH CHCTEM.

3a py6exxoM 3¢ (PeKTUBHOCTD (HYHKIIMOHUPOBAHUS CHUCTEM U IpPYyTHE
OC (effectiveness, efficacy, efficiency, potentiality, capability), OC ncmomns-
30BaHus WHPOpMAIMOHHBIX TexHomoruid (UT) TpaaummoHHO MccienoBaich
Ha OCHOBE 9KOHOMHMYECKHX U 3KOHOMETPUYECKUX METOIOB U MOJENEH, TECHO
CBSI3aHHBIX C (DYHKIIMOHUPOBAHMEM PBIHKA, a TAKXKE ITyTeM pa3pabOTKH IBpH-
CTUK, Jy4yliMx (TI0 ONEpalMOHHBIM CBOWCTBaM) MPAaKTUK, TaKUX Kak
PMBOK [22], CMMI [23], BABOK [24], BPM [25], SWeBOK [30], CO-
BIT [31]. Onucanne HEKOTOPBIX M3 3apyOeKHBIX MCCIICIOBAHUI 110 HaIlpaB-
JICHUIO OINEPAIl[MOHHBIX CBOWCTB U COINOCTABJICHUE UX C OTEUECTBEHHBIMU
pe3yibTaTamu npuseneHo B [19] u [21] (B wactu uccnenoBanus OC UT).

Psin monmydeHHBIX 3a pyOeKOM pe3ysbTaTOB MCCICIOBAHUN pa3iiny-
HBIX BHUJIOB OIEpallMOHHBIX CBOWCTB cHcTeM, Takux Kak efficiency, effec-
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tiveness, operational capabilities, dynamic capabilities, B ToM ymcie u ¢
yuetom ucnoinr3zoBanus UT, npusenen B [33-55].

BaxxHO OTMETUTB, YTO B pe3ysbTaTe Pa3jinuuil HCIOJIb3YyEMBIX MO-
Jeneit u MmeTonoB orieHuBaHne OC B paMKax pOCCUHCKOM LIKOJIBI HCCIEN0-
BaHUs () (HEKTUBHOCTH PEaNN3yeTcsi, KaK MPaBHiIO, KOJMUYECTBEHHO, ITyTeM
OLICHMBAHUS MEPbl COOTBETCTBUS MIPOTHO3HPYEMBIX Pe3yIbTaTOB TpeOOoBa-
HUSIM Ha aHATUTHYECKUX MOJEIAX IeJICHANpaBiIeHHOro (QyHKIMOHUPOBA-
HUS, ONHUPAIONINXCS Ha 3aKOHOMEPHOCTH (POpMHPOBAHUSA YPPEKTOB (YyHK-
LUOHUPOBAHUS B 3aBHCHMOCTH OT IEPEMEHHBIX U MapaMeTpoOB B peliae-
MBIX 3afadax. Takoe mporHo3mpoBanne OC B ciydae HCCIENOBAaHHSA CH-
cTeM, (DyHKIMOHUPOBAHUE KOTOPBIX HOCHUT TEXHOJIOTHYECKHI BUA (nayee
CTC), onupaercst Ha 3akoHOMepHOCTH hopmupoBanust 3hdexToB GyHKIHM-
onupoBaHusi CTC B pe3ynbTaTe BBINOTHEHHUS 3JIEMEHTAPHBIX TE€XHOJIOTHU-
YECKHUX OIepalnii ¢ ee 3ieMeHTaMHU. /{7151 aneMeHTapHbIX TEXHOJOTHUECKUX
onepauuid TEXHOJIOTMYECKOW JOKYMEHTalHUeW 3aJaHbl 3aKOHOMEPHOCTH
HOJyYeHHs UX pe3yiabTaToB. Kak cienyer U3 mpakTUKHU, 3TH 3aKOHOMEPHO-
CTH IIPEJCTaBJIEHBI B IOKYMEHTAIINHU, KaK JUCKPETHO-HETIPEPHIBHBIE (YHK-
LUOHAIBHBIE 3aBUCHMOCTH (HampuMep, Tabaunbel U (yHKIUU 3aBUCHMO-
CTell pe3yNbTaTOB JJIEMEHTApHBIX OMepaluidi OT ocobeHHocTel crocoba
peanmmzanuu 3ToM omepanuu). s OLEHMBAHUS OCHOBHBIX pE3yJbTa-
ToB (3¢ dexroB) pynxumonnposanus CTC ciexyer ucnonp30BaTh yKa3aH-
HBIE B JIOKYMEHTAIIUN 3aBUCHMOCTH PE3YIbTAaTOB 3JIEMEHTAPHBIX ONEpani
1 3aKOHOMEPHOCTH KOMIIJIEKCHPOBAHHS PE3YJIBTAaTOB C YYETOM BO3MOX-
HBIX CIy4aiHBIX COOBITHII sl pacdeTa (B 00IIeM cirydae CIydaiHbIX) 3¢-
¢dexror ¢yuknuonupoBanust CTC. Takum 00pa3oM, XxapakTepUCTUKH (-
¢dexToB QyHkimonupoBanus CTC momyyaroT BBIOJHEHUEM psifia MaTeMa-
THYECKHUX ONepanuil (TakuxX Kak CIOXKEHUE, YMHOXKEHHE, B3SITHE MAKCUMY-
Ma, MUHUMyMa) C XapaKTepUCTUKaMH PE3yJIbTaTOB 3JIEMEHTApHbBIX Ollepa-
nuid. Onepanyuy OnucaHbl TUCKPETHO-HENPEPHIBHBIMU (DyHKIIMOHAIBHBIMU
3aBUCUMOCTAMU XapaKTCPUCTUK UX PE3YJILTATOB OT NEPCMCHHBIX XapaKTe-
PHUCTHK C YYETOM BO3MOXKHBIX CIly4ailHBIX COOBITHH. B pesynbraTe oreHu-
BaHUs dpdexToB QyHkronnposanus CTC u cpaBHEHHS UX ¢ TpeOyeMBbI-
MU 3HAYEHUSIMU MOKHO onleHuTh OC, a 3aTeM pemmTh 3a/1aun UccienoBa-
Hust OC Kak 3aJaudl aHATUTHYECKOTO OICHMUBAHMS, aHANIN3a 110 T0Ka3aTe-
nam OC, a 3aTeM Kak 3aJa4yd CUHTE3a MO MOKa3aTessiM 3THX CBOMCTB. Of-
HaKO M3-3a CIIOKHOCTH pa3paboTku mozeneit ¢opmupoBanus 3¢dexTon
¢yaxnronupoBanus uccinenosaane OC B 3aBUCHMOCTH OT TIEPEMEHHBIX U
MapaMeTpoOB B PELIAEMBIX 337adax MOXKET ObITb TPYAHbIM. Takue TpyaHO-
CTHM BO3HHUKAIOT, KOTJIa B pellaeMbIX 3a/iauax TpeOyercsi HOCTpOeHHe: aHa-
JIUTUYECKUX Mojesel pyHKIIMOHUPOBAHUSI CUCTEM IO JOCTHIKEHUIO N3Me-
HSIOIIMXCS IeNICH; aHAIMTHYCCKUX MOJeNeH (yHKIMOHHUPOBAHHS COBEp-
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HIEHCTBYEMBIX CHCTEM M TPOLECCOB WX (DYHKIIMOHHPOBAHHMS; MOJEIeit
HNEPEeXOIHBIX TPOUECCOB (OT IOCTIDKEHUS OJHOW LENH K Ipyroi) mpu
(YHKIMOHUPOBAHUM; AaHAJIUTUYECKUX Moaeined ucnoib3oBaHus WUT npu
¢ynkumonupoanun CTC. OOmell 0cOOEHHOCTBIO, TPUCYIIEH TaKuUM 3a-
Jadam, sIBJIsIETCS HE0OXOJAMMOCTh BCKPBITHS 3aKOHOMEPHOCTH (opMuUpo-
BaHus dpdexroB pynkunonnpoBanus CTC u3 3¢ ¢dexToB 37MeMEHTapHBIX
OTIEPAIH C YIETOM CIy4alHBIX M3MEHEHHH Cpelpl, Ienei (yHKIMOHUPO-
BaHWsA, ciny4aHbIX n3MeHeHH CTC W OTHOMIEHWH MEXIy 3IeMEHTaMu
pH GYHKIIMOHHNPOBAHUH.

3apyOeXKHBIMH yYEHBIMH YKa3aHHBIE 3a/ladM 4acTO PEIIAlOTCS 3B-
PUCTUYECKH: PEIICHUS YacTO MOIYy4aroT ITyTeM OOOOIICHUs OIbITA, IKC-
MEPTHOTO OIICHUBAHUS, HA OCHOBE 0OpPaOOTKH YK€ IMOJIYICHHBIX PE3yJib-
TaToOB (amocTepuopu) (GYHKIMOHHPOBAHHS SKOHOMETPHUYECKUMH M OJKC-
HNEepTHBIMH MeToJaMH. TeM He MeHee MOTPeOHOCTh B HCIIOJIB30BAaHUM aHa-
JUTUYECKUX MOJEJIeH, OMMparoIuXcs Ha alpHOpHbIE 3aKOHBI U 3aKOHO-
MepHocTu (opmupoBanus 3ddextoB npu GynkuuonnpoBanun CTC, co-
xpanserca. Hanpumep, Takas HeoOXOIUMOCTh BO3HHUKAET INPH PELICHUN
3aJa4 MCIOJIb30BAHUSI CUCTEM IOIAEPKKU mpuHsATHs pemeHuii (Decision
Management Systems [26]); npu ynpaBlieHUH KOMIUIEKCHBIMH ITPOTpaMMa-
MU [27]; mpu ucnonp3oBannu UT Om3Hec aHann3a HOBBIX IMOKOJICHH [29];
nipu ucnonszoBanuu Agile Texnonoruit [30]; npu paszpaborke nHbOpPMAIH-
OHHBIX U Om3Hec-apxuTekTyp cucteM [31, 32]. Ucnonp3oBanue aHamuTH4C-
CKHX MOJIeJIeil TTO3BOJISIET HAyYHO OOOCHOBAHHO PEIIAaTh MPOTHOCTHYECKUE
3amaun aHanm3a u cuHTe3a xapakrepuctuk CTC u ux QyHKIMOHHpOBaHUSA
KaK MaTeMaTH4YeCKue 3aJaul (HalpuMep, ONTUMHU3ALUOHHBIC).

OO6melt 0coOO0EHHOCTHIO, TIPUCYIIEH TaKOTO BHJIA 3a/a4aM, IIPeCTaB-
JseTcs HeoOXOAMMOCTh YUHTHIBATh M3MEHEHUS CPelpl, MOCIHIeNyIOIue u3-
meHeHus 1enn ¢yHkuuonupoBanusi CTC, u B pesynbrare — H3MEHEHUS
CTC u ee ¢(yHKUMOHMpOBaHHSA IO IpPUYMHE BO3JCHCTBHI cpenbl (na-
nee UCD). UCD peanusyetcs i nepexo/ia K JOCTUKEHUIO U3MEHUBIIICH-
Csl LIeNIU U JUIS YCTPaHEHHs HECOOTBETCTBUH (YHKIMOHMPOBaHUS U TpeOO-
BaHui k Hemy. IIpu MC® Tpebyercs ucmnonb3oBaHHe HMH(POPMAaMOHHBIX
JEWCTBUHN ISl IPOBEPKH COCTOSIHUM M JUISA TPEIIHUCaHni 0 NalbHeHuX (B
TOM 4HCIe HHPOPMAIMOHHBIX ) NEHCTBHSAX.

Hcnonp3oBaHne aHANUTUYECKOTO OleHMBaHMs nokasateneit OC cu-
cteM U ux ¢yHkuuoHupoanus nmpu MCD, ocHOBaHHOE HA BCKPBITHH 3aK0-
HOB W 3aKOHOMEpHOCTeH (opmupoBaHus >PPEeKTOB (QYHKIMOHHUPOBA-
Hus (13 3P PEeKToB IMeMEeHTapHBIX AEHCTBHN) JOJDKHO ITO3BOJIUTH yCTpa-
HUTH yKa3aHHbIC HEJOCTATKU METOJIOB OIICHWBAHHS, OCHOBAHHBIX Ha 3BPH-
CTHKaX. OTO MO3BOJUT HAyYHO OOOCHOBAaHHO peIIaTh U aBTOMATH3HUPOBATH
pelIeHne psa akTyadbHBIX NpakTHYeckux 3aaad uccnegoBanust OC CTC ¢
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Y4eTOM UC®D kax MaTeMaTHUECKHX 3aJa4 aHaAJIUTHYCCKOI'O OLICHUBAaHUI,
aHanmu3a 1 cuHTe3a no nokaszaremsim OC CTC.

Hens monenupoBanuss OC CTC ¢ yuetom UCD — obecnieunts BO3-
MOJKHOCTB PEIICHHMS aKTyaIbHBIX 3aJa4 MPAKTUKH (PEIIaeMbIX B HACTOSIICE
BpeMsl 3BPHCTHYECKN) Ha OcHOBe aHanmTHdeckoro oueHnBanusa OC CTC
WIN C UCTIONIb30BaHMEM KakK aHaluTH4eckoro ouneHuBanus OC, Tak U 3BpH-
ctuk [14]. PaccMoTpuM mpuMeEphI 337a4, B KOTOPBIX HEOOXOIHUMO MOJIECIH-
posanue OC CTC ¢ yuerom UCD.

3. CoBepieHCTBOBAHHE CHCTEM U MPOLECCOB UX (YHKIOHHPO-
BaHUSI HA OCHOBE HCCJeTOBAHUS ONEPANMOHHBIX CBOiCTB. OCHOBHBIC
ceenennss 00 OC CTC kak 0 cBOHCTBax, XapaKTEpU3YIOINX PAa3INYHbIE ac-
TIEKTHI TIPUCIIOCOOJICHHOCTH CHCTEM U HMX (YHKIMOHMPOBAHMS K JJOCTHIKE-
HUIO IIeNeH (B YaCTHOCTH TIPH U3MEHEHUH Tieliel (JyHKIIMOHUPOBAHWSA), ObLIH
ormmcansl B [20]. Tam ke OpuH ommcaHsl ocobeHHocTH oneHnBanus OC mpu
NC® n mokazarenmu ouenuBanusa Takux OC. JlocTikeHHE HM3MEHSIOIIHMX-
csi (IefiCTBUTENBHBIX M BO3MOXKHBIX) eJiel npu ()yHKIMOHHPOBAHMH O3Ha-
YaeT MOIydYaTb COOTBETCTBYIOUIHE H3MCHSIONIMMCS TpeOOBaHMAM d(dek-
THI (BayKHEHIITNE pe3yIbTaThl, K KOTOPBIM MPEIbSIBICHEI TPeOOBaHNS).

B 3aBHCHMMOCTH OT COCTOSIHHH CHUCTEMBI U Cpe€abl MOTYT MCHATHCA
Kak 1end (TpeboBaHus K 3ddexram), TaK U TOCTUTHYTHIC COCTOSIHUS CH-
cTeMbl ITpu QyHKIMOHMPOBaHUU. B pe3ynbrare BO3HHKAET HEOOXOIMMOCTh
WU3MEHUTH JAJIbHEHIINE CHOCOOBI JEHCTBUH Ui TONydeHus: TpeOyeMbIX
a¢pdexroB. Takke MOXET BOSHUKHYTh HEOOXOAMMOCTh M3MEHEHHUsS (yHK-
LMOHUPOBAHMS (TIEPEXOTHBIX ACHCTBUI K Haually JOCTH)KEHHS HOBOW IIETIH,
JIEWCTBHH 110 yCTPAaHEHHUIO HEOCTATKOB U 10 n3MeneHuo CTC).

Oco0eHHOCTh BBEICHHBIX paHee KOHIENTOB U NPUHIUIIOB OLlEHUBA-
Hug OC mpu UCD mus pemeHus 3amad COBEpPIICHCTBOBAHUS CHCTEM WU
MIPOIECCOB X (DYHKIIMOHUPOBAHHS COCTOWT, BO-IIEPBBIX, B TOM, 4TO Ta-
ke OC (Hampumep, MOTEHOHAN CUCTeMBI) [21] yYUTHIBAIOT pe3yibTaThl
MepexoJHbIX (K TOCTIKEHHIO M3MEHUBILEHCS LENH) MIPOLECCOB U PE3yib-
TaThl (PYHKIIMOHUPOBAHMUS 110 JOCTHKCHUIO N3MCHUBIINXCS LIEJIEH.

Bo-BTopsix, BBeaenusie OC [21] mMO3BONSAIOT NEPEeXOAnuTh K OIICHH-
BaHuto nokasateneit OC ¢ yuerom MICD Ha OCHOBE BCKpBITUS aHAJIUTHYE-
CKUX 3aKOHOMepHocTel (opmupoBanus 3¢¢dekToB npu (GyHKIHOHHPOBa-
Huu CTC c yuetom UCD. Takoe anamurudeckoe onenusanue OC ¢ yuetoM
NCO ocymecTBisieTcst HA OCHOBE MMEIOIIUXCS 3aKOHOMEpPHOCTEH (opMu-
poBanus 3QdekToB npu peanuzanuu AedcTBruil. C UCTIOIB30BaHUEM TaKUX
3aKOHOMEPHOCTEH BO3MOXHO BCKPHITh 3aBUCHMOCTH Tokaszareneii OC or:
BbIOMpaeMbIx xapaktepucTik CTC; xapakTepucTHK JEHCTBHHA 1O M3MEHe-
nuto CTC; xapakTepHCTHK aKTyaJIM3aliM LeJeil; XapaKTepHCTHK HCIIONb-
3yeMBIX B COOTBETCTBUH ¢ 3a1aHHBIMU UT mH(pOpPMAITMOHHBIX JeHCTBUIIL.

246  Tpyabl CMIMMPAH. 2018. Bein.5(60). ISSN 2078-9181 (neu.), ISSN 2078-9599 (oHnaiiH)
www.proceedings.spiiras.nw.ru



ARTIFICIAL INTELLIGENCE, KNOWEDGE AND DATA ENGINEERING

Ienecoobpasno onenuBath OC aHATUTUYCCKH, YTOOBI 3aTeM Ha
9TO1 OCHOBE pelIaTh MpakTuueckue 3aaaun uccnenoBanusi OC kak MaTema-
THUYECKHE 3ajladM OLIEHMBAHUs, aHalM3a M cuHTe3a no nokasatemsiM OC c
yuerom UC®. K Takum npakTudeckuM 3aqadaM (KOTOpPbIE peInaroTcst ceil-
Yac B OCHOBHOM 3BPHCTHYECKH) OTHOCSATCS: 3aJaudl COBEPILCHCTBOBAHMS
KOMITIEKCHBIX TIPOTpaMM M IIPOEKTOB; 33Ja4l OW3HEeC aHain3a HOBOTO I10-
KOJICHHMST; 33,1291 MCTIONIB30BaHus Agile TeXHOIOTHiL.

IIprmmepamu OC [19] SIBISTIOTCS OIEPATHBHOCTH, PE3YIBTaTHBHOCTD,
PEeCYPCOEMKOCTh, 00BEMITIONIEE X CBOMCTBO APPEKTHBHOCTH (PYHKIIMOHH-
pOBaHUs CHCTEMBI, TOTeHIHan cucteMbl, OC HCnoap30BaHUS HH(DOpPMAITH-
OHHOM TEXHOJIOTHH.

HUccnenosanne OC ¢ yuerom MC® BkIo9aeT penieHne 3aaad ore-
HuBaHmUs nokazateneit OC, anamm3a OC u CHHTE3a XapaKTEpUCTHK CHCTe-
MBI, ee (pyHKIHOHMpOBaHus, 1o nokaszarensim OC ¢ yuerom UCD. Pesyib-
TaTOM peLICHUs 3a/jaui cuHTe3a 1o nokasatensiM OC sBisieTcs 1iaH GpyHK-
HAOHHUPOBAHUA — PCIICHUC MaTeMaTHYCCKOU 3aJa4uu IJIaHUPOBaHUA. HpI/I
ucrons3oBaHuy 1HppoBbXx UT pemienue momyvaror B Buae (MPOBBIX MOjIe-
net (Harmpumep, M(POBON MOJENN IUIaHA TEXHOJIOTHYECKUX OIepaluil H
TUTAaHOB TIEPEXOIHBIX MPOLIECCOB MTPU HEOOXOMMOCTH).

W3 mpakTHKHM W3BECTHO, 4TO HEoOXoauMmocTh uccaenosat OC mpu
cosepireHcTBoBannu CTC n mporneccoB nx GpyHKIMOHUPOBAHUS TOSIBIISET-
Csl pETYIISIPHO, B CBs3U C akTyanu3armeir UCO.

IIpu sTOoM akTyanu3upyrooTcs 3agaun coBepmencrsoBanus CTC u
nx (QYHKIUOHHpPOBaHHUS pa3zHoro Buaa. K mokazatensm OC c yderom
HNC®, ucnonp3yromuMcs NpU PEIICHUH TaKUX 3aad, MPEIbABISIOTCS
cienyromue TpeboBaHUS:

— TOKa3aTeNy JOJDKHBI T03BoJIATh oneHnBath OC npu MCD u corep-
menctBoBanny CTC 1 mporeccoB nx (yHKIMOHMPOBAHUSI HA OCHOBE IIPOTHO-
3UPOBAHMUS TOTO, HACKOJIBKO 3((EKTHI OyIyT COOTBETCTBOBATH TPEOOBAHUSIM;

— IMOKa3aTejii AOJLKHBI YUYUTBIBATH BO3MOKHOCTU BBINTOJIHCHUSA TEX-
Hojornueckux onepaunii pynkunonuposanus CTC npu UCD (ycrpanenus
HEI0CTaTKOB, MoJiepHH3aliH, coBepiieHcTBoBanust CTC n ux QyHKIMOHU-
POBaHMs, IEPEXOAHBIX TEXHOJOTHYECKUX OIEpalyii), B TOM YHCIIE TEXHO-
JIOTHYECKUX MH(OPMAIIMOHHBIX oTeparuii py peakiun Ha UCD;

— IIOKa3aTeN! AOJDKHBI YUUTHIBaTh cirydaiiHoctu mpu UC®. To, ka-
ke UCO npom3oiiayT u Kakue AeicTBUSA Npu QYHKIHOHUPOBAHUH OyIyT
3aTeM pealu30BaHbl, 3aBUCHUT OT CIIy4allHOCTEHW pa3HON MPUPOJBI, OT peLle-
HUU JIIOIEH BBIIOJIHUTH Pa3jIMYHbIE JEHCTBUS M OT PE3yJIbTaTOB 3THUX JEH-
crBuii. CHauana TpeOyeTcsl BBINOJHUTh WH(POPMAIMOHHBIE JCUCTBHS I10
npoBepke coctosiHust CTC u cpefsl, ¥ 3aTeM, B 3aBUCUMOCTH OT 3TUX JeH-
CTBHH, MOXKET MOTPEOOBAThCS PelIaTh 33/1a4M (3ajaua — BOMPOC, HAa KOTO-
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pBIN HaJO AaTh OTBET) PAa3HOTO BHJA IO MOBOAY TOTO, CIEAYET JIM Pean3o-
BaTh AeicTBus 1o usmeneHno CTC u ee pyHKIMOHUPOBAHUS, KaKHe U Kak.

VYkaxem psn ocodennocreit Gyukimonnposanuss CTC u cBs3aHHBIC
¢ HuMH ocobenHocTH 3a1a4 uccienoBanuss OC CTC mpu UCO.

Iepsas ocobennocme. Ipossisercs npu nposepke coctosaus CTC
1 ee cpeibl B Cly4ae He0OXOJMMOCTH OTBETa Ha BOTIPOC: HYXKHO JIH, HCXO/Is
U3 TMONy4eHHBIX (TpoBepeHHbIX) coctossHmid CTC U ee cpenbl, N3MCHUTH
coctas U crioco0s! gericteuii ¢ diemenTamMu CTC. Takoe n3MEHEHHE MOXKET
OBITH BBI3BAHO, HANIPUMEP, 3a(hUKCHPOBAHHBIM B PE3yiIbTaTe MPOBEPKH CO-
crosiaus CTC u ee cpenbl M3MEHEHHEM TPEIOCTABISIEMBIX PECYpPCOB, OTKA-
3aMH, BBISIBIIEHHEM Opaka, CMEHOW IeNH, 3aHATOCTBI0 PAaOOYMX MECT.
HeoOxonnMocTe W3MeHEHUS NeHcTBUI — ciydaitHoe coObrtne. Ecmm
HEOO0XOANMOCTh M3MEHEHUS JCHCTBHH HACTyNIHJIa, MOXKET MOTpeOoBaThCs
u3MeHnTh: coctaB CTC, xapaxtepuctuku anemeHtoB CTC, neiictBus c
anementamMu CTC, cnocoObl IeHCTBHI, XapaKTepUCTUKH JACHCTBUHM, UX I0-
CJIeI0BATEILHOCTH, XapaKTePUCTUKU MOCIIEI0BATEIbHOCTEH nelcTBUil. 3a-
TE€M MOXET BO3HHMKHYTb BOIIPOC: CIEAyeT JH Peau30BaTh IEPEXOIHBIE
JEHCTBUSA K COCTOSIHUIO, M3 KOTOPOro JONMyCTUMO HAa4yMHATh NEHCTBUS AJIs
JOCTIDKEHHS! aKTyaTN3UPOBAHHOM «HOBOW» LIENH.

Bmopas ocobennocmes. TlposiBisseTcst B cinydae, eClid B Pe3yiIbTaTe
HC® cobriTHe, cocTosiiee B HEOOXOAUMOCTH H3MCHEHHUS JCHCTBHIA,
HACTYIIJIO M 3aTeéM OKa3asochk HeoOxoauMeM m3MeHUTs CTC m mocnemy-
FOIIME IEHCTBHS FUTH BBIITOJNHUTH IEPEXOIHBIC NEHCTBUS MO JTOCTHIKCHUIO
m3MeHuBIIeiics nenn. [Ipu 3ToM neicTBUS HEOOXOANMO Peaan30BaTh IO-
JyYeHHBIMH Ha 3Tale IUIaHUPOBAaHMS COCTABOM M CIIOCOOAMHU MEpOIIPHs-
TUil. DTO O3HAYaeT, YTO MPOBEPEHHOE COCTOSHHE MpEeayrajaHo Ha dTare
IUTAHUPOBAHMS M €My OBLIO COIIOCTaBJICHO PEIIEHHE B BUJE COCTaBa M CIIO-
coboB neiictBuid. Takue NEWCTBHS MpENIOararoTcsl 3alUIaHUPOBAHHBIMHU
3apaHee B 3aBUCHMOCTH OT BO3MOXHBIX cocTossHuM CTC u cpensl, oaHO U3
KOTOPBIX U OBUIO BBISBICHO IyTeM NpoBepku. [Ipu 3TOM HEoOXomumo
HaliTh (HampuMmep, B 0a3e JaHHBIX) MOJNyYCHHOC HA dTare IUIAHHMPOBAHUS
pellIeHne, COOTBETCTBYIOLIEE Pe3yNbTaTaM MPOBEPKH.

Tpemwsi ocobennocmuy. TIposiBisieTcs], €cn IPOBEPEHHOE COCTOSTHUE HE
MOXET OBITh OTHECEHO K MHOXECTBY, I JIEMCHTOB KOTOPOTO PEIICHUS O
JATBHEWIINX EUCTBUSIX OBUTH TIONYYeHBI Ha 3Tarle TaHupoBanus. [Ipu sTom
HEOOXOIMMO HAlTH HEW3BECTHBIH A0 Hadana (DyHKIMOHHPOBAHUS, JTyUILIHA
coctaB CTC, coctaB u (MI1H) cHOCOOBI ISUCTBUIA M3 MHOYKECTBA JIOIYCTUMBIX.

[Ipu nposiBIeHNH Ka)XI0i U3 3TUX 0COOEHHOCTEH TN WX KOMOWHa-
UM HEOOXOIMMO HCITOJL30BaTh KaKyr-In00 (OmHy Wid Heckoybko) UT
quta npoBepku coctosiHuid CTC u ee cpeapl U 3aTeM IS IPUHATHA pelle-
HUW 0 JanpHelmux nerctBusx. McnonszoBanue UT npu nposiBieHun yka-

248  Tpyasl CMIMMPAH. 2018. Bein.5(60). ISSN 2078-9181 (neu.), ISSN 2078-9599 (oHnaiiH)
www.proceedings.spiiras.nw.ru



ARTIFICIAL INTELLIGENCE, KNOWEDGE AND DATA ENGINEERING

3aHHBIX OCOOCHHOCTEH YacTO CBS3aHO C JCHCTBUAMH JIIOACH 10 (HOPMHPO-
BaHMIO LieJIei, 10 MPOrHO3UPOBAHMIO, M0 COBEPIICHCTBOBAHUIO (DYHKIIHO-
HUPOBAHUSI ¥, HAKOHEII, [10 PEeAIM3alM1 PEIICHNI Ha ITPaKTHKE.

Uccnenoanue OC CTC ¢ yuetom UC®D cocraBisieT OCHOBY COBEp-
meHctBoBanus CTC u ux ¢pyHkumonupoBanus. OHaKO TaKoe HCCIIEI0BaHIEe
MOXET OBITh BBITIOHEHO KaK Ha OCHOBE HCIIOJIb30BAaHMS MAaTEMaTHUECKUX
METOJIOB M MOZICNICH, TaK ¥ SBPUCTHUYECKH, ITyTEM CUCTEMATHU3aluH OITbITa —
KaK B HEKOTOPBIX M3 PAaCCMOTPEHHBIX 3a/1a4 COBEPIICHCTBOBAHUS CHCTEM U
¢yHKIMOHMpOoBaHMs. Perrenne 3amau omeHuBaHus, aHanm3a u cuaTe3a CTC
0 PacCUUTHIBAEMBIM HA OCHOBE aHAJMTHYECKUX 3aKOHOMEPHOCTEH (DYHKITH-
OHMPOBAHUS M COBEPIICHCTBOBAHMA (YHKIMOHHMpOBaHMS mokazareneir OC
MO3BOJISIET TIEPETH K TIOCTAaHOBKE M PEIICHUIO IMPaKTHIECKUX 3a7ad COBEp-
meHctBoBaHus CTC 1 ux QyHKIIMOHMPOBAHUS KAaK MaTeMaTHIECKUX 3a/1a4.

4. UccaenoBanue onepaluoOHHbIX CBOWCTB HCIOJb30BAHUS MH-
(¢opmanuonnbIx TexHoJoruii. Konnenrts! u npuamumns uccienopanus OC
ucnonb3oBanusa UT Obuti paccmotpeHsl B padote [21]. BaxHo oTMETHTS,
YTO TOJb3a, u3BNekaeMasi nu3 T, — 3TO0 BO3MOXHOCTh BHIOpAaTh JIydIlHe
WHQOPMAIMOHHOE U HEWH()OpMalMOHHOE AEHCTBUS (M3 MHOXECTBa BO3-
MOYKHBIX WJIM M3 MHOJXKECTBA JIONyCTHMBIX JIEHCTBHH COOTBETCTBYIOLIETO
BUAA), 4TOOBI 3aTeM uX peanu3oBath. [Ipu ¢pynkimonnposannu CTC Takas
BO3MOXKHOCTh peaiu3yeTcs 3a c4eT MH()OPMALMOHHbIX AeHCTBHH. Bo3mox-
HOCTH TIONyYeHHS JIy4IUX pe3yipTaToB ¢yHkuunonupoBanus CTC c ydue-
tom MUC®, ¢ omHOW CTOPOHBI, 1 HEOOXOAWMOCTH BBHIOOpA IEHCTBHH M UX
XapaKTEPUCTHK IS TIONYYEHUs JIydIIUX Pe3yNbTaToB, C IPYToil CTOPOHEL,
BEZIET K HeoOxomumocTH rucnoib3oBanus U T npu dyukimonuposaruu CTC
B ycioBusix UC®. CpaBHuBaTh ucnonb3oBanue pasHeix UT npu ¢pyHKnno-
HupoBannu Takux CTC nenecoobpasno mo nmokaszaremsim OC CTC B ycino-
BUAX UCTONb30BaHus ogHoi n3 UT npu UCO.

HcnonezoBanue UT npu dynkimonuposanuu CTC B ycnoBusix UCD
COCTOUT B TMPOBEPKE JOCTUTHYTOTO (ICHCTBUTEIHHOTO) COCTOSIHUSI U 3aT€M
MIPOTHO3MPOBaHMsl cOOTBEeTCTBUsI Oymymmx cocrossHuii CTC akTyassHBIM
nessiM. Takve IpOBEpKH W MPOTHO3UPOBAHUE MPOMCXOJAT TPH PEATU3aLIN
nHpopmarmonnoro aeiicteus. [Toatomy UT ncrons3yercs cHavana ais one-
HuBaHus coctossHI CTC M BX COOTBETCTBHUIA IETSM, 3aTeM IIPU HEOOXOTH-
MOCTH HWH(OPMAIMOHHBIC NEWCTBHS HCIOIB3YIOTCS ISl U3MCHEHHS TOCIIe-
OYIOMUX ASHCTBUH (HampuMep, i1 Hadajla peayln3alii JeHCTBHUHN 10 Tepe-
XOAy K JAOCTI)KEHHIO HOBOH enu). Vcnonp3oBanue MH(POPMAINOHHBIX J1eii-
cTBuit onHOM (IepBoit) UT, Hampumep, MOXKET IPUBECTH K PEIICHHIO O TPO-
noivkeHnd pynkiponnpoBanusi CTC 1o nmeroriemMycs IiaHy, a BTOpoid — K
pPEeICHUIO O TICPEXOAHBIX ﬂeﬁCTBHﬂX. Tem camMbpIM C HCIIOJIB30BAaHHUEM HH-
(dopmanmonHbix JedictBuii Bropod UT OymyT peann3oBaHbl MepexoHbIE
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JercTBus, a 3aTeM — u3MeHutcs GpyHkunonuposanue CTC. B pesynbrate
IIpYU UCnosb30BaHuM BTOpoil M T nomydar cocTosHus, OTJIMYHBIE OT COCTOS-
HUHA nipu ucnoss3oBanuu nepBoit UT. Ilpu stom mHbOpManmoHHbIE jeii-
CTBUSI TaK YepeayloTCsl C JEHCTBUSIMH HEMH(POPMALMOHHBIMHU, YTO CIIEAYIO-
mye 3a HUMH HeMH(OpMAlMOHHBIE NEeHCTBHS, NMOJyYEHHBIE B pe3yJibTaTe
nH(pOPMAIMOHHOTO IeHCTBUS, QYHKIIMOHAIBHO 3aBHCAT OT HETO.

HC® moryT 3aTparuBarh COCTaB, CBSI3M U XapaKTEPHCTHKU: JJIEMEH-
TOB CHCTEMBI; AEHCTBUH NPH (YHKIHOHUPOBAHWU CHCTEMBI;, aKTyaJIU3alii
neiictBuii. B 3aBucuMocTd oT Toro, kakwe MT OyayT WMCHONB30BaHBI MPH
peanu3anuy MHGOPMALMOHHBIX JEHCTBUH, OyAyT pealM30BaHbI pa3HbIC 3a-
BUCHMBIC OT HUX JICHCTBUS (pa3HBIMH CIIOCOOaMH) ¥ MOJIyYCHBI pa3HbIe (-
¢exrsl ¢pynkumonupoBanus npu MCO. [To Tomy, HackoibKko Takue 3G HeKThI
OTJIMYAOTCS MIPY MCTIOIB30BaHNH Pa3HBIX MHPOPMAMOHHBIX JEHCTBHH (pa3-
HbIX UT) npu UC®O n HACKOJIBKO MPH TaKOM HCIIOJIb30BaHHH OYIyT AOCTH-
ratbes Len (yHKIMOHUPOBaHHsI, MOXKHO cyuth 00 OC ucnosb3oBanus UT.

Pa3BepHeM mocien0BaTEIbHOCTH 3aBHCHUMBIX MH()OPMANMOHHBIX U
HeMH(OPMAILMOHHBIX ASHCTBHUII (C 3aBUCHMBIMH CIIOCOOAMH peajii3aliun) B
JIepeBO TMOCIIENOBATEIIEHOCTEH AEUCTBUH pa3HBIMH criocodamu. B 3aBucu-
MOCTH OT HCIIOJIb3yEeMbIX MH(OPMAIIMOHHBIX IEHCTBHI B COOTBETCTBHH C
kakoi-m6o UT OyayT mOITydeHbI HEMOYKH 3aBUCHUMBIX OT HHUX Pa3HBIX (C
Pa3HBIMH XapaKTEPUCTHKAMH) CIOCOOOB IEHCTBHI U pa3Hble KOHEYHBIC
pesynbratel. Mcnonb3oBanuto ogHod UT cOOTBETCTBYET MOALEPEBO, B KO-
TOPOM Bce HH(GOPMAIIMOHHBIC ICHCTBUS BBIOJIHIOTCS 110 3108 UT.

OOumM B IByX pacCMOTPEHHBIX npuMepax uccienoanus OC npu
HNC® npexacrasnsercst NOCTaHOBKA 3aJla4l MCCIIEOBaHMs, a UMEHHO Ja-
HO: XapaKTePUCTUKH 3P (PEKTOB ISl KAKJIOro crocoda AeHCTBUH, UX 3a-
BHCHUMOCTH OT II€PEMEHHBIX, 3aBHCHMOCTH HEWH(OPMAIMOHHBIX HEH-
CTBUH OT WH(OPMAIMOHHBIX, XapaKTEPUCTUKH BO3MOXHBIX HCO.
Haiitu: 3Hauenns nokaszateneit OC ¢ ydgerom Bo3MoxHBIX UCD. 3arem,
HCIIOJB3Ysl MOMYUYCHHbIE PE3YIbTAThl, PEIINTh 3a/la4y aHaJIN3a U CHHTE3a
10 3TUM ITTOKa3aTEeIsIM.

OC cremyeT oleHUBATh TAKUM METO/IOM, YTOOBI:

— pasnuunbie OC 00beKTOB (CHCTEM, UX (PYHKIMOHUPOBAHHUS) MPU
pasubpix UCO, mpu NOCTIDKEHHH PAa3HBIX IeNieil OIeHWBaNIHUCh ObI MO II0-
JIOOHBIM CXEMaM;

— METOJ U CXEeMBbI oleHuBaHusA Obuin Obl momoOHbIMU 11 CTC c¢
pasabiMu  ocobeHHocTsiMu: CD; addekroB dynkimonnpoanus CTC;
HCIIOJIb3YEMBIX TEXHOJIOTHI; TIEPEMEHHBIX B PEIIaeMbIX 3aJayax; J0CTHIra-
embix CTC nenei;

— noiy4aeMsle oneHku nokasareneit OC ¢ yuetom MCD u 3aBucu-
MoctH nokazatened OC OT mepeMeHHBIX UMEIH Obl SIBHYIO NMPAKTHYECKYIO
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UHTEPIPETALUIO, MO3BOJISIONLYI0 Hay4HO 0O0OCHOBAaHHO BBIOMpATh JIydIlIne
JUISL KCCIIEIOBATENS] OOBEKThI OLIEHUBAHMSI.

Takoit meTon olleHMBaHUs ObUT pa3paboTaH Ha OCHOBE HCIIOJIb30Ba-
HUst cxem oyenuganus OC — yCTOMUMBBIX (K M3MEHEHHUSIM BHUIOB Peann3y-
eMBIX JIEHCTBUN, K UX OCOOCHHOCTSM, K YCIIOBHSAM peaTH3aluu JeHCTBUH
U K JOCTHTaeMbIM IIEJISIM) MaTeMaTHYeCKUX BBIPAKEHUH, 3aJJal0IuX Me-
PY COOTBETCTBHSI XapaKTEPUCTHK MPOTHO3UpPYeMbIX 3((ekToB n3MeHs-
IONIMMCS TPeOOBAHUSIM K HUM.

5. MeToa aHAIUTHYECKOT0 OLICHUBAHMS ONEePALIMOHHBIX CBOWCTB
HAa OCHOBe cXeM MX oneHuBaHuMsl. Metoxn oueHusanHus OC ocHOBaH Ha
TTOCTIEIOBATEIFHOM BBEICHHN MOHOOHBIX cxeMm oreHumBaHHs OC pa3HBIX
BuAOB. Takas mocinenoBaTeIbHOCTh OTJIMYAETCS TE€M, YTO OHa IT03BOJIAET
YIIOBIETBOPHUThH yKa3aHHBIC BBIIIEC TPEOOBAHMSA K METONY AHAIUTHIECKOTO
oneHMBaHMA B 3amadax oueHuBanus OC. B mocienoBarensHOCTH Kaxaas
MOCIEeAYIOIAs CXeMa UCIONb3yeT NpeAblnyIyo. B pesynbraTe nocnenosa-
TENBHOCTB MPUCTIOCOOIIEHA K MPOJIOKEHUIO TOPOXKICHUS CXEM, UCTIONB3Y-
€MBIX JUI PEIICHHs ePCIIeKTUBHBIX 3anad uccienoBanus OC.

OnuieM nociaefoBaTeNbHOCTh U3 Tpex cxeM oneHuBanus OC, co-
CTaBJIAIONINX OCHOBY MeTofa ouneHuBanus OC.

Ilepsas W3 TaKkuUX CXeM — cXeMmd OYeHuBamus 3pgexmuernocmu
@yukyuonuposanus, pazpadoTaHHas Ha OCHOBE KOHIENIMH OLEHHWBAHMS
3¢ GEKTUBHOCTH IEJICHAPABICHHBIX MTPOIECcCoB [6, 7].

IIpu oueHuBaHMM B COOTBETCTBHM C 3TOM CXEMOH Ipeamnojaraercs,
YTO B MpOLECCE pean3aluu ACHCTBUI pEIICHHS O COBEPIICHCTBOBAHWU
CTC ue BnusioT Ha (YHKIIMOHUPOBAHUE, NCHCTBUS 10 AOCTHKCHUIO IICIN
HE MPEPHIBAIOTCS], IIETh HE MEHSIETCS.

Bmopas cxema 00001maeT nepByio ImyTeM ydeTa JIOCTHXKEHUS H3Me-
HAtonMxcs nened. [Ipu ucnoap30BaHUM 3TOM CXEMBI MIpEAronaraeTcs, YTo
BO3MOJKHBIE M3MeHeHus nenei ¢pynknuorupoBanuss CTC u coOTBETCTBY-
IOLIME UM TePeXOIHbIe MPOLEecCH K (QYHKIIMOHUPOBAHUIO IO JOCTH)KEHHIO
M3MEHUBILIEHCS LIENIM 3a/laHbl 3apaHee, COOTBETCTBYIOIIME PEIICHUsS yKe
pa3paboTaHbl, HEM3BECTECH JHIIb MOMEHT IIPEPhIBaHUS (YHKIHOHUPOBA-
HUS JUIS TIepexo/ia K OJHOMY M3 33JJaHHBIX HOBBIX (DYHKIIMOHUPOBAHHH B
CBSI3U C U3MEHMBUICHCS LIEIIBIO.

Haxonen, mpemss cxema o000ImaeT 1Be HEpBBIC AN ydeTa BO3-
MOXKHBIX IIEJICHAIIPaBICHHbIX neicTBuid B pesynprate ICD (coBepmieH-
CTBOBaHUS, MEPEXOTHBIX IPOLIECCOB), KOTOPHIE BHIOUPAIOT U PEATH3YIOT C
HCIOIH30BAaHUEM WH(GOPMAIMOHHBIX JEHCTBUH NpH (HYHKINOHUPOBAHUH,
B 3aBucuMOCTH OT cocTosiHuii CTC u ee cpeapl npu GyHKIMOHUPOBAHHH.
Cocrostnust CTC u ee cpenbl IpOBepsIOT B 3a/laHHbIE MOMEHTHI BPEMEHH,
YHCIIO0 KOTOPBIX KOHEYHO.
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BeimmonHuM mocieoBaTenbHy o (GOpMaNn3altio YKa3aHHBIX CXEM.
1. Cxema oyenusanus s¢pgpexmuenocmu. Cxema onucvigaem ouye-
Huéanue éenudunvl I, — 3HAYCHWs NMPEJMKATA p, 3aJaBAEMOrO CIely-

FOIUM 00pa3oM:

p: I}<3> X Rf3> X be —[0,1], rae p — HeomlpeaeNeHHbII IPEIUKAaT;

Y.

3> — 9TO MHOJKECTBO BEKTOPOB CITy4aiHBIX 3HAYCHHIl XapaKTepH-
cTuk 3ddexToB: Y, = {§/<3>I, :i=1,n},rne i — HOMEp BEKTOPA;

3nech cirydaifHble BEJIMYMHBI M COOBITHS 3a/1aI0TCSl C UCTIONIb30BaHH-
€M MEpBbI, YAOBIIETBOPSIOIIEH akchoMaM BeposTHOCTHOW Mepsl. [Ipeamnona-
raeTcsl, 4TO TaKasi Mepa TakXKe MOXKET UMETh CMBICT MEPBI BO3MOXHOCTH.

Bekropa 3HaueHni XapaKTEpUCTUK OIKCAHBI sl IPUMEpa B Tpau-
IIHOHHOM TPEXKOMIIOHEHTHOM [5] BHJIE XapaKTepUCTUK pPe3yJIbTaTUBHO-
ctu (1), omeparuBHocTH (2) U pecypcoemkoctu (3). B obmem cimydae 3tu
BEKTOPBI MOTYT UMETh JIIOOYI0O KOHEYHYIO Pa3MEpHOCTb.
Y<’)3> — 3TO MHOXECTBO BEKTOPOB TPeOyeMbIX (IUPEKTHBHBIX, 3a-
JIAHHBIX) 3HAYEHUH XapaKTepUCTHK d(PPEKTOB:

0 0 1 _Tr .

Y5, ={y4,, 1k=1K} tne k — HOoMep BekTopa;
R%,_ — 5TO MHOXECTBO BEKTOPOB TPEOYEMBbIX OTHOMICHHH MEXKIY
CIly4alHBIMH 3HAUEHHSMH XapaKTepUCTUK 3((PEKTOB M HX TpeOyeMbIMU

0

. _ 0 R .
3HaYCHUAMU: RS, = {r<3>j :j=1,M}, j — HOMEp OTHOIICHUS.

e 0 2
Takum obpasom, [, = p(y<3>i,r<3>j, V<5, ) — OTO 3HAaYCHHE BEpO-

SITHOCTH TOTO, YTO YKa3aHHBIA B CKOOKaX NMpeUKaT NPUMET 3HAUYCHHUE «HC-
THHA» WM 3TO 3HA4YEHHE TOTO, YTO COOTBETCTBYIOIIEe eMy (IpeauKaty)
ciy4aifHoe cOOBITHE HACTYIIHT.

2. Cxema oyenusanus nomenyuana 1,. CTC. IlepBas paccMOTpEH-

Hasl cXeMa OLCHUBaHUs [, — BuJ| (BTOPOH) cxeMbl [, — 3Ha4CHHs 0TOO-
paxeHus p,, :

Poe : Van ()X R, x V2 (0),1.T —[0,1], B x0TOpOM:

f<3>(t) — CIy4YalHBIA MPOLECC, MOACTHUPYIOUINA W3MEHEHHS (-
(exToB 9<3>i (t) dpynxmmonuposanust CTC Bo BpemeHH ¢ .

Yf3> (t) — ciy4aiiHbIil TIpoLIecCc, MOJEIUPYIOMHUK BO3MOKHEIE CITy-

YalHbIC U3MCHCHMS Y<d3> BO BpEMCHU (‘ITO COOTBCTCTBYCT BO3MOXKHBIM U3-
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MCHCHUAM L CIIN q)yHKHI/IOHI/IpOBaHI/IH CUCTEMBI B PE3YJIbTATC W3MEHCHUM
cpenst CTC):
J7(<)3>,( = j/f3>k (y), t, — MOMeEHT Hauana GyHKLUHUOHUPOBAHMS,

T — nnaHoBas JUIMTETBHOCTh (PYHKIIMOHUPOBAHHS CHCTEMBI.

[Ipn u3meneHnu TpeboBaHuil (TIepexone OT JOCTHIKEHHs OJHOH Iie-
U K apyroit) npeanosnaraercs, uro CTC nmepexoaut K JOCTHKEHHIO HOBOM
ey 6e3 CyIIEeCTBEHHBIX 3aTPaT PECYPCOB Ha MEPEXOAHBIE IEHCTBUS U .

a o) 50 0

Takum O6pa3OM> [nc = Poc (y<3>,- (tau)a r<3>j ay<3>k (t))’ te [tO’tO + T] 7
3TO 3HA4YCHUE BEPOSTHOCTHOW MEpHI TOTO, YTO NPOTHO3HUPYEMBIE (BHPTY-
aypHbIe) 3HaYeHUs 3G ekToB pyHKkuuoHnpoBanus 3anannoi CTC ¢ yuetom
U3MCHSIOIINXCS Liesieil OyyT COOTBETCTBOBATh TPEOYEeMBIM 3HAUCHUSM
3¢ eKToB Ha IIAHOBOM OTpe3ke BpemeHH ¢yHKironupoBanusi CTC.

Ecnu ¢ =1, — KOHCTaHTa, TO U3MEHEHUS LiENIeH He peallu3yloTcsl U
nostomy [, =1, .
CTC, cosep-
wencmeyemvix npu MCD. B atom ciydae npu peannzanuu QyHKIIHOHU-
poBanus B ycioBusax UC® B 3aBUCUMOCTH OT U3MEHSIOIINUXCS COCTOSTHUN
S CTC u ee cpenbl, MpoBEpsEMbIX ¢ MOMOLIBIO TE€X WIM HHBIX HHpOpMa-
OUOHHBIX JeHcTBUU (B COOTBETCTBHH ¢ 3amaHHoW WT) B 3amaHHBIE MO-
MEHTBI BPEMEHH, YHCIIO KOTOPBIX KOHEYHO, MHUIMUPYIOTCS U peaiusy-
10Tca aeiictBus u,(s) mo cosepiencrBoBanuio CTC u ee ¢pyHKIMOHUPO-

3. Cxema oyenusanus onepayuonuvlx ceoticme I,

n

BaHMS U ACUCTBUS MEPEXOAHBIX MpolieccoB. Takue AeHCTBUS MHULIUUPY-
IOTCSL M YTOYHSIOTCS (BBIOMparoTcsl) B pe3yibrare HMH()OPMAaIMOHHBIX
JIercTBUH (B COOTBETCTBUU ¢ TOH miu uHOW UT) B CBS3M ¢ H3MCHCHUSIMU
cocrostanii CTC (3adMKCUPOBaHHBIMH B pE3yJIbTaTe MPOBEPKH COCTOS-
HUMN) Uy (1) A7 JOCTHIKEHUS U3MEHHUBIICHCS LIeTU C yYeTOM HU3MEHUB-
muxcs coctodHui s cpenpl CTC, mpoBepeHHBIMU B 33a/JaHHBIE MOMEHTHI
BPEMEHU IpU JOCTMKEHUU Leyied. J[elcTBUS NEPEeXOAHBIX IMPOLECCOB
JIAlOT 1Ba BHAa IeneBbIX 3QdekToB: (1) nHDOpMamms O COCTOSHHAX U
WHUIIMMPOBAHHBIX (BBIOPAaHHBIX) JNEHCTBUSX «IIEJIEBOTO» IIpolecca U 110
€ro U3MEHEHHI0O — IPH pealin3aluid UHPOPMALMOHHBIX AeicTBUl U (2)
BBITMIOJTHEHUST TIEPEXOAHBIX NEHCTBHH K M3MEHEHHOMY (YHKIMOHHPOBa-
HUIO — MpH peaynzanuu HenmH(popMmanmoHHbIX aevictBuil. [lpn sToM Ha
peann3alui0 TAKUX NEPEXOIHBIX NEUCTBUN TpaTATCA pecypchl. OyHKIMS
u_ (s) peamusyercs ¢ ucnonb3oBanueM WUT z u mpu n3MeHeHUH apry-

MeHTa s (coctossHus CTC m cpensl) maeT 3HaYCHHUE, OMUCHIBAIOIICE CO-
CTaB U XapaKTEPUCTUKU JACHUCTBUM.
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IIpu aTOoM paccMoTpeHHas BhIIE (BTOpas) cXema OLIEHHUBAHHS IO-
TeHnuana /,, — BuA (TPeTbei) cXeMbl OLEeHUBaHUA /., = p,., (tLu.(s)) —

3HAYCHUs OTOOpaXKEHUA p,,, :

Poon Voso (1 (5).1) X R, x V4 (1).15.T 10,11, B x0TOpOM 21,(5) —
XapaKTEePUCTUKU TIEPEXOIHBIX JACHCTBUI B 3aBHCUMOCTH OT COCTOSHHUS
s€S CTC u ee cpensl npu GpyHKINOHUPOBAHUH, IPOBEPSIEMBIE C UCTIOIb-
30BaHueM 3anaHHou UT Z .

§ — coBokynHOCTs BO3MOXHBIX coctosiHMi CTC u ee cpensl npu
(HyHKIIMOHHPOBAHUH.

Ha ocHoBe S 3amarorcst JepeBbsi HCXOJIOB MPH (YHKIIMOHUPOBAHUH
CTC u ee cpenpl T, = SxS, ¢ BepIIMHAMH KOTOPBIX aCCOLMUPOBAHBI BO3-

Moxuble coctostHus s CTC u ee cpeabl npu (pyHKIMOHHMPOBAHWU C HC-
nosbs3oBaHueM 3agaHHoi UT z, a ¢ nyramMmum — mepexonabl MeXAy dTHUMU
COCTOSIHHSIMH B pe3yJIbTaTe IeHCTBHI, B TOM YHCIIE IEPEXOAHBIX i, (S) .

Y. (u,(s),t) — XapaKTE€PUCTUKH CIIy4alHOIO MPOIECCa IMOIyYEHUS

3¢ EKTOB B pe3yibTaTe peaaH3alliy MOCIEI0BATEIbHOCTEH NEHCTBHH Iie-
7eBOro (PyHKIMOHUPOBAHUS U MEPEXOJHBIX IPOLECCOB OT OAHOTO (YHKITH-
OHUPOBAHUS K JPyroMy IPH 33JaHHBIX BO3MOXHBIX COCTOSHHAX (XapakTe-
pu3yeMbIX fepeBoM T, , BBEICHHBIM Bbllle). Takum oOpa3oM,

I . 0 0
Iocn = Pocn (y<3>i (uz (S),l‘,Z),V<3>/_ ’y<3>k (t)), te [t0>t0 + T] — 3Ha4CHHC

BEPOSITHOCTH TOTO, YTO MPOTHO3WMpYeMble 3HaueHus! d(P(PEKTOB (QyHKIHO-
nupoBanust CTC B 3aaHHbIE MOMEHTBHI BPEMEHH, C yYETOM pealn3aliu
MIEpeXOIHBIX IporieccoB B 3aBucumoctu oT coctosianii CTC u ee cpensl
mpu  (QYHKIMOHUPOBAHWK OyAyT TpeOyeMbIM o00pa3oM COOTBETCTBO-
BaTh (M3MEHSIOMIUMCS) TPeOyeMBbIM 3HAUCHUSIM d((HEKTOB.

6. [IpuMepbl MCNOJIB30BAaHUS CXeM OIEHUBAHMS ONMEPAMOHHBIX
cBoiicTB. PaccMoTpyM Tpu nprMepa HCTIONB30BaHKs cxeM oneHuBaHusI OC —
TaK, 4TOOBI MOJIyYeHHBIE B OTHOM IIPHMEpE Pe3yJIbTAThl HCIIONB30BANCH OBI B
nocienyromux npuMepax. [Ipy 3ToM nepBblii IpUMEpP COOTBETCTBYET OLICHH-
Baumto OC ¢ynxuronnposanus CTC 1uist JOCTHXKEHUS OAHOM 3aIlaHHON 1IeITH,
KOTOpasi He MeHsieTcsl, Kak He Mensiercs 1 CTC unm TexHonoruyeckue ornepa-
win (TnOm) ee QyHKIMOHMPOBAHMS.. A MMEHHO HMCXOJ (YHKIMOHHPOBAHUS
cpenpl Ha rpanuie CTC oauH 1 UMeeT BUJI OJTHOTO TPeOyeMOro COCTOSTHUS K
MOMEHTY OKOHYaHHs (hyHKIMOHMpoBaHHMs. [Tnanupyemblii ncxo QpyHKIMOHHN-
poBanusg CTC Toxe ouH. OyHKIMOHUPOBAHNUS TUIAHUPYETCS M OLICHHBACTCS K
CBOEMY OKOHYAHHIO B COOTBETCTBUH C KaJCHIAPHBIM IUIAHOM (DyHKIIHOHHPO-
BaHMA JJIs1 NOCTHOKEHMS 3aaHHOM Lenu. [Ipu 3ToM BO3MOXHBIE BO3AEHCTBUS
Cpezbl Ha 3JIEMEHTHI IIpU (PYHKIIMOHMPOBAHUH CPEIbl TOXKE 3alaHbl U HE Me-
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HSFOTCsI, OT 3THX BO3JCHCTBHUIA 3aBHCAT Pe3yiIbTaThl (3P (EKThI) HYHKIIMOHUPO-
BaHus, HO He coctaB TnOm. Tem cambiM paccMmaTpuBaeTcst OAHO (DYHKIIMOHH-
pOBaHME TIO 3a7aHHOMY KajeHaapHoMy IwiaHy. OC Takoro (h)yHKIMOHHpOBA-
nus (3 dexTrBHOCT) U uccaenyercs. [lokasarenb 3(hGEKTHBHOCTH TaKOro
(DYHKLIIOHMPOBAHHUS PACCUNTHIBACTCS, KaK BEPOSITHOCTH CIIy4aifHOTO COOBITHS,
COCTOSIIIIETO B COOTBETCTBUH IPOTHO3UPYEMBIX (JUIS 33JaHHOTO KAICHIAPHOTO
miaHa (QyHKIMOHNPOBAHUS) d(PPEKTOB K OKOHYAHHWIO (PYHKIIIOHUPOBAHWS, C
OJTHOW CTOPOHEI, TpeOOBaHISIM K dderTam 1Mo OKOHYaHWH (PyHKIIOHHPOBA-
HUA — ¢ Apyroi. OyHKIMOHUPOBAHUE CPeibl 3aaH0 3aKOHAMH paclpe/iee-
HHUS XapaKTepUCTUK pe3ynbTratoB TnOm M XapakTepUCTUKaMU TpeOOBaHMH K
addexram npu JOCTHIKEHUN 33/IaHHOM LIEIH.

PaccMoTrpum BTOpO# mpuMep, COOTBETCTBYIOIIUI orieHuBannio OC
CTC, xotopas MoxeT (YHKIMOHMPOBAaTh B 3aBUCHMOCTH OT HCXOJIOB
¢ynkiponnpoBanus cpensl Ha rpanune CTC (KOTOpBIX MOXET OBITH He-
CKOJIBKO) ISl JOCTVDKEHHS pa3HbIX LEJei B pa3HbBIX MOCIIE0BATEIBHOCTSIX
WX NOCTWXKEHUsS. [Ipu 3TOM KaKIbIil NEHCTBUTENBHBIA UCXOA (PYHKIMOHU-
posanus cpeasl 1 CTC (mocimenoBaTensHOCTh COCTOSHUM W COOBITHI Ha
rparune ¢ CTC) mocTpoeH A OAHOHW MOCIE0BATENEHOCTH YaCTUYHO 10-
CTIKUMBIX 1ienieit (Ha rpanune cpenst u CTC). Omroit Takoi mociemosa-
TenbHOCTH Ha rpaHulle cpeasl ¢ CTC comocTaBieHO HECKOIBKO BO3MOXK-
HBIX MCXOJOB (YHKIMOHHPOBaHUS, KAXKABIH U3 KOTOPBIX IMPOSBISETCS
MpU KakuX-T00 COOBITUSAX, BBI3BAHHBIX cpeaoi Ha rpanuie ¢ CTC
u (unm) Ha rpanune c anementamu CTC.

KaxngoMmy mcxonmy (yHKIMOHHMPOBAHHUS COOTBETCTBYET 3aJaHHOE Ka-
JICHAAPHBIM TLTAHOM (I)yHKLII/IOHI/IpOBaHI/Ie 10 JOCTHMXKCHHIO HCCKOJIBKUX CMC-
HSIOLIMX ApyT Apyra neneid. Tem camMbiM ncxomy (YHKIHMOHHUPOBAHUSI COTIO-
CTaBJIeHa MOCJIEA0BATENBFHOCTD U3 «IENEBHIX» (DYHKIMOHUPOBAHUI U «Iepe-
XOIHBIX» (YHKIMOHUPOBAHUK C y4ETOM COOBITHH, BBI3BaHHBIX CpElOM Ha
rpanunue ¢ CTC. Mcxon (pyHKIMOHUPOBAHHUS OLCHUBACTCS aHAJIOTHYHO TOMY,
Kak ¥ B IEPBOM NPHMEPE — C UCTIOIB30BaHNEM 3D PEKTHBHOCTH (DYHKIIOHH-
pOBaHMs, HO IO JOCTIDKEHHIO 3aJIAHHOM IOCIIeJOBATEIbHOCTH Lienel (He
TOJILKO OZTHOM, KaK B [IEPBOM IPUMEPE), U TaK e, KaK U B [IEPBOM IPUMEPE, K
3alaHHOMY MOMeHTY okoHuaHust (ynkimonuposanusi CTC. MHoXecTBY e
MCcX0/10B (PyHKIMOHMPOBAHMS CONIOCTABIIEH NoKazaTens noteHuuana CTC.

Hakonen, tperuit npumep coorBerctByer oneanBanuio OC CTC B
TOM CITy4ae, KOTr/ia HCXOAy (YHKIMOHUPOBAHUS COTIOCTABIICH BEKTOP ITOKa-
3arenei, KakIblii U3 KOTOPBIX XapaKTEepHU3yeT MPUCIIOCOOIEHHOCTh (PyHK-
UOHUPOBAHUS JaBaTh TpeOyeMmble pe3ysbTaThl K 33JaHHbIM MOMEHTaM
Bpemenu nposepku coctossHuit CTC u ee cpenpl.

DJIeMEHTBI TAKHX BEKTOPOB PACCUHUTHIBAIOTCS aHAIOTHYHO IIEPBOMY
MpUMEpy KaK MEpBI COOTBETCTBUS MPOTHO3UPYEMBIX 3(PGEKTOB (MIpH H3-

SPIIRAS Proceedings. 2018. Issue 5(60). ISSN 2078-9181 (print), ISSN 2078-9599 (online) 255
www.proceedings.spiiras.nw.ru



WMCKYCCTBEHHbLIV UHTENNEKT, MHXXEHEPWA JAHHBIX 1 3HAHUIN

BECTHOM HCX0Jle (DYHKIIMOHMPOBAHUSA U K 33JJaHHOMY MOMEHTY) TpeOoBa-
HUSIM K HUM (B TeX K€ YCIOBHUSX).
IIpu sTOM:

VVi(Ci’Ct?) = llp(f/j(ci)%xﬁi(cncs)) > THE:

J=1J
P — BepoATHOCTh HACTYIUICHHUS CITy4ailHOTO COOBITHS;
fjj(Cl-) — 3HaveHue j -ro apdekra QyHKINOHUPOBAHUS K OKOHYA-
Huto C;. Hampumep, 3aTpaTsl BpeMeHM MEpCOHaNa Ha pealn3aluio KOM-
IUIeKca paboT, 3aTPaThl DJICKTPOIHEPTHH.
17_ /.‘i.(C[,le ) — nupeKkTHBHBIE (TpeOyembie) 3Ha4YeHHUs SPPEKTOB
¢byHKMOHMpOBaHUA npu ucxone ¢yHkimonuposanust CTC C; u ncxone

(YHKIIMOHMPOBAHUS CPEJIbI C,f ;

Wi(Ci,C;j ) — BEPOSTHOCTH YAOBJICTBOPCHUS TPECOOBAHUIA TPU HC-

xone ¢ynknuonupoBanuss CTC C; W eIMHCTBEHHOM 3aIaHHOM HCXOHE

0
¢dyHxumonuposanus cpeasl — C, .
O6osnaunm C; — i -it ucxon ¢ynkimonnposanus CTC. TTox HuM

OylieM TIOHUMATh BO3MOYKHYIO ITOCIICIOBATEILHOCTD PEANTH3aIMi MEPOIPHSTHIA
¢dyukimonupoanust CTC, 0H acCOIMUPOBAH C BETBBIO IEPEBa UCXOJIOB;

TC(C‘) h) — nepeBo BO3MOXHBIX HCXOAOB, BETBH KOTOPOIO

u’
{C,,i=1,I} — ucxonsl ¢pynknnoruposanus CTC u ee cpensl. lepeBo mo-
CTPOEHO JUTS 33/[aHHOi MoceoBaTebHOCTH CC TUPEKTHBHBIX COCTOSHHIA,

copmupoBannbix Ha rpanunie CTC u ee cpensl (Mcxoaa GpyHKIMOHUPOBA-
Hus cpensl Ha rpanune ¢ CTC) u ans 3amannoit UT h w3 muoxectBa H
BO3MOXKHBIX UT.

Takum 06pasom, u3BecTHo otobpaxkenne CO — T, (C°,h) ans mo-
oot Cf 1, CTIEIOBATEIHHO, OTOOpaKEeHHE T,C" (h) > A{T, (Cf,h),u =LU}.

3necw 7,7 (h) = {C’(h),u=1,U} — nepeBo clieHapues (yHKIHOHH-
pOBaHMs Ha IPaHUIE CPEIbl U cUCTeMBI, coctosnee U3 U BeTok nepesa,
Ka)KJ1as M3 KOTOPBIX accouMmpoBana ceoumu C. .

ITycte ucxonsl CL? ¢byHKoHUpoBaHus cpensl Ha rpanune ¢ CTC

NPE/INoJaraloTcs 3alaHHBIMU BO3MOXKHBIMH BO3ICHCTBUSIMH CPEJIbl Ha dJje-
MeHTb! TnOn u TpebyembiMu 1o 3aBepuieHuu C; 3ddexramu.
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HepeBbst ucxonoB (QyHKIMOHUpOBaHus cpenpl Ha rpanune CTC u
ucxonoB ¢yukimonupoanuss CTC cTpositcs Ha 3Tane IUITAHUPOBAHHS B
3aBHCUMOCTH OT: BO3MOXKHBIX TUO, ucnons3yemoit 4 -it UT u cocrostamit
Ha rpanune cpensr; ceazeir TMO u THUO, B cOOTBETCTBUH C HCTIONB3Yye-
MOH TexHoJIoTHEeH; n3MeHeHui coctossauii CTC.

B pesynbrare peanuzanuy Kaxaoro ucxoaa GyHKIMOHUPOBAHUS Cpe-

Jbl C,f Ha rpanute ¢ CTC u xaxnoro ucxona ¢pynkuuonuposanus CTC C,

¢ ucnonb3oBanueM /1 -it UT cknaapiBaeTcst pa3HOE COOTBETCTBHUE (HA IPaHU-
e CTC u ee cpeapl). Te UT, kotopsie obecrieunBaroT Jrydiiee (U3 BO3MOXK-
HBIX) cooTBercTBUE Ha rpanuiie CTC u cpenpl U cienyer cuuTaTh Hpeso-

grutensEbME. ITycts:  p,(C,,C?) = H D;(C;) — BEPOATHOCTS p;
ki €CH(CY)

peamuzanuu 3agaHHoro npu s -ii UT ucxoma C; ¢dynxuuonuposanus CTC

TIPH YCIIOBHM, YTO UCXO Ha rpanutie cpenst u CTC C,f Toxe 3aman /1 -it UT.

B npumepe npeanonaraercs, 4To 3Ta BEPOSTHOCTH MOXKET OBITh pac-

CUMTaHa KakK NpOH3BeJCHUE BeposTHocTed p;, (C;) peamu3alul HUCXOAOB

MEpONpHATHH, BXoaamux B C; npu Cl? u 3a1aHHoi /i -it KT, To ecTh Hc-

XOObI MepOHpI/IHTI/Iﬁ HE3aBHCHUMBI.

OnenuBate pe3ysbTaThl KoMmiuiekca TnOn ¢ MCroib30BaHHEM 3a-
naHHoW A -it UT crnemyer mo BceM BO3MOXKHBIM HCX0/aM (YHKIIMOHUPOBaA-
Husg CTC u BceM BO3MOXHBIM McX0AaM (D)YHKIMOHHPOBAHMSI HA I'PaHHUIIE
CTC u cpenpl. OTOMy TpeOOBaHHIO, B YaCTHOCTH, YAOBIETBOPSET CKAISp-
HbI moka3aresb noteHnuana CTC — ¢ynkius nmoteHiumana [1] npu uc-
noab3oBanuu A -it UT:

w(LP )= > v, (T.(Cl.h) p,(Coh);
cder P (n

v (LCL)= > W(C.,C) p,(C.C)).
Gl (C2.h)

[Myctp Teneps umeercs nee UT, h («HoBas») u f («crtapas»). dus
HUX IIOCTPOEHBI C-€ U p -€ JepeBbs UCXOH0B 7, (C;),h) ul, (Cf,f) JUTSt
Kak10ro uexona C° (yHKIMOHHPOBAHHS CPE/Ibl HA TPAHHIIE, ACCOLMUPO-

Bannoro ¢ aepesbav T, (h) u TF (f).
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OmnpenenuM pazHocTh 3HaueHuidl (yHkuun nortennuaita CTC npu
peanusauuu HoBoi u crapoi UT:

Ay (h, )=y (" () =y (T," ()

Orta paszHocTh xapakrepusyer OC ucnonp3zoBanusa «HoBoi» UT mo
CpaBHEHHIO €O «cTapoii». OHa MOXeT OBITh HCIONB30BAHA KAaK
noxkazamenv pesyiomamuenocmu  6Heopenus Hoeou HIT. Ilenesoii
agpgpekm (pezynbmam) eneOpenuss — ITydlias TPUCITOCOOICHHOCTh
l//(TlC” (h)) K JOCTIKEHHWIO TIIeNied B  YCIOBHSX W3MCHSIOIIUXCS
BO3IEHCTBHI CO CTOPOHBI CPEIBI.

B paccmarpuBaeMoM cirydae HIpHUCTIOCOONEHHOCTh U3MEPSETCS CKa-
TApoM (pacCUMTHIBAEMBIM KaK BEpOSTHOCTHAas cMech). B obmem cimydae
BEKTOPHBIM ITOKa3aTelbh MOTCHIHANIAa MOXKET OBITh NPEICTaBleH KaK BeEK-

TOpHasl cloyd4aiHas BeJIMYMHA ‘{’(T,Cp (h)) , MaTeMaTHUECKOE OKUAAHUE KO-
TOPOH U 33/1aeT CKAJSIPHBIA TIOKA3aTeNb w(T,C” (h)).

Torna, ecnu 3a1aHO TUPEKTUBHOE 3HAYEHUE ‘P‘)(T,Cp (h)), To moka-

3aTeNb pe3yIbTaTUBHOCTH BHeApeHus / -it U'T MoxkeT OBITh 3a/1aH Kak:
W (hy = PCY (T, (h)) > ¥° (T, (h)) .

[Tokazarens pe3yabTaTUBHOCTH JOJDKEH OBITH COIIOCTABIIEH C obec-
neyusarowumu (TorydeHue menesoro >¢dexra Baeapenus UT) sgpgpexma-
Mmu. D10 TIemecoo0pa3Ho cleNaTh ¢ UCIONb30BaHUEM MOKa3aTeist s@gex-
musnocmu eHedperus HoBou UT.

[Tycts B noka3zatene sa¢dexrruBHocty BHeaApeHus HoBoit T neneoit
3¢ deKT OMUCHIBaeTCA CKASIPHBIM ITOKa3aTeNleM pe3yasTatuBHOCTH /1 -t UT
mo cpaBueHuto ¢ f -t UT — Aw(h, ). JAnsg mOCIeAyIONIEro pacyera mo-
kazarensi 3¢ dexTuBHOCTH BHeapenus /-t UT cmemyer paccuurars eme n
TIOKa3aTeNH ONEPATHBHOCTH U PECYPCOEMKOCTH €€ BHEAPECHUSI.

Paccmorpum mpumep obecrneunBaromux 3(QeKkToB, HEOOXOTUMBIX
s BHeapenus h -t UT Ha cmeny f -it UT. [Ina ympoueHus mpumepa

orpaHH4YuMcs IByMs1 oOecrieunBarommMu dddexramu (o ogHOMY IS pac-
YeTa [oKa3aresisi OIIepaTHBHOCTH U PECYPCOEMKOCTH):

— ciy4aiiHbIM MoMeHTOM BpeMeHu 7'(/1), K KOTOpOMY MOXeET OBbITh
BHeapeHa h-s UT;

— ciry4aitHo#t BemmunHON cromMoctu C(h) BHeppenus h -it UT.
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TpeOoBanust K ATUM pe3yabTaTaM OyIeM JJIsi IPOCTOThl CUUTATH Je-

TePMHUHHPOBAHHKIMU KoHCTaHTaMu T’ u C° COOTBETCTBEHHO, 4 OTHOIIE-
HHUE COOTBETCTBUS MPUMEM MMEIOIINM BUA «obecreunBaromuii aGdekr He
Oonpme TpeboBarus». Torna 3¢dexruBHOCTS BHeApeHus /i -it UT moxer
OBITh OIICHEHA C UCIOJIB30BAHUEM CJICYIONIEero moka3arens [1]:

W(h, f)=Aw(h, f)- Poss((é(h) <C’)N(Tiwy < T")) .

3necy Poss ( T(h)<T ") — IIOKa3aTeNb ONEPaTUBHOCTU BHEIPEHUS

B mpakTuky #-it UT; Poss(é (h<C ") — MOKa3aTellb PeCYypCOEMKOCTH

BHeApenwst 3Toit T Ha cmeny [ -it UT.

PaccmoTpuM mpuMepsl pacueTHbIX 3HaueHMH mokasatenein OC
BHenpeHus h-it u g-it UT npu pa3ubix orpanuueHusx Ha BHenpenue UT nost
Cilyd4asi, KOrJa IoKa3aTesb pe3ylbTaTUBHOCTH BHeApsieMoil U'T — ckamsp u
TpeOOoBaHMS K pe3yJibTaTaM BHEAPEHHUS JAEeTePMHHHPOBaHBL. B mpumepe
paccmorpensl 10 cioco6oB BeimonHenus AByx UT (g-it u h-it). Kaxaplid u3
10 ctoco60B XxapakTepu3yeTcsi OMHIUMHU U TEMH K€ OTPaHUYEHISIMH IS g-i
u h-u UT (pucyHOK 1a) COOTBETCTBEHHO.

PacyeTHble 3HaUeHHs MOKa3aTeseil ONMepaTuBHOCTH, PECYPCOEMKO-
CTH, pE3yIbTAaTUBHOCTH M KOMIUIEKCHBIH MoOKa3arenb 3()(eKTHuBHOCTH
Baenperus UT ms 10-tu cioco6oB BHenpenus A-it T noka3aHsl Ha pu-
cynke 1b, mns g-i UT — na pucynke lc. [lokazarenn sddexrnBHOCTH
BHenpeHus s Bcex 10 cmoco6oB /-t m g-it UT mokasaHpl Ha pUCYH-
ke 1d. Kak BUIHO M3 MONy4YEHHBIX Pe3yIbTATOB, ISl PA3HBIX OTpaHHYE-
HUIl 0 pecypcam Jsyurield 3QpPpeKTUBHOCTHIO BHEJPEHHSI MOTYT XapakTe-
pusoBathes pasHbie BHeapsembie UT.

Jnga  chaydas  BEKTOPHOTO — TOKas3aTens  Pe3yJIbTaTUBHOCTH
BHenpeHus h-ii UT mokaszatens s¢pdexTuBHOCTH BHempeHus h-it UT
MIPUMET BUA:

W(h, f)= Poss(\il(h) > 9N (C(y < C?)N(Tik) < T")) .

Bo3MOxHBI pa3Hble BUIBI 0COOEHHOCTEN MpebABIEHHS TpeOOBaHHI
K pe3ynbTaTaM (yHKIHOHMPOBAHMS B 3aBUCHMOCTH OT O0COOEHHOCTell mc-
XO0II0B (ByHKIOHHPOBAHMS CPEIBI M COOTBETCTBYIOIINX UM HCXOJ0B (YHK-
muonuposanus CTC C; .
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Puc. 1. IIpumeps! pacueTHbIx 3HadeHni nokaszateneit OC suenpenus h-it u g-it UT
TIpU pa3HBIX OTPaHUYCHUX (a, b, )
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d
Puc. 1. Ilpumeps! pacueTHBIX 3HaUeHHH nokazateneir OC paeapenus h-it u g-it UT
U pa3HbIX orpaHmueHusX (d)

PaccmoTpuM cHavana BUA NpeabsBIeHUs] TPeOOBaHUN K pe3yiIbTa-
TaM, KOrja TpeOOBaHHS MPEIBSBISIOTCS EIUHOXIBI, IO 3aBEpIICHUU
(yHKUIMOHHMPOBaHUs. B 3TOM ciryyae JOCTHIXKEHHE LM OLEHUBAETCS Kak
COOTBeTCTBHE Tpebyembix cpenoit coctosHumii CTC mpornosmpyemomy
cocrosuuio CTC no 3asepwenuu ¢pynxyuonuposanus CTC.

B aToM ciydyae Mepa COOTBETCTBHUS PACCUNUTBHIBACTCS KaK 6eposm-
HOCMb NONAOAHUS CAYYALHO020 8eKmopa d¢hhekmos (K OKOHYaAHUIO (DYHK-
YUOHUPOBAHUS) 8 mpebyemyio 0baacmo.

[TycTe Temeph cnegyeT Y4HTBIBATH YaACMUuHble OOCMUIICEHUS Ye-
Jiu — TaKHe COCTOSIHUSL, KOTOPbIE TPEOYIOTCSI JAJIs AaJbHEWIIEero JOCTHXKe-
Hus nenu. Takas He0OXOJMMOCTb, HaNIpUMep, BO3HUKAET B Cllyyae Hccie-
JIOBAaHUS U3MEHSIOIINXCS 1IeJIeH.

YacTtuuHOE AOCTHIXKEHHE IENTM ONHCHIBAIOT KaK COOTBETCTBHE CO-
crosauil CTC u cpenpl B TakMe MOMEHTHI BPEMEHH, KOIJa peanu3yercs
MIpOBEpKa COCTOSHUST — UH(popManoHHas onepanus Ha rpannne CTC u
cpenpl. OueHMBaHWE COOTBETCTBHS B TEKYIIMH MOMEHT BpPEMEHH —
OIIEHKA JCHCTBUTEIBHOTO COOTBETCTBHUS. [IpOrHO3MpOBaHME OLIEHKH CO-
OTBETCTBHA B OyZyIine MOMEHTHI BpDEMEHU — OIIEHKAa BO3MOKHOT'O COOT-
BercTBHA. [lociaeoBaTenbHOCT TAKMX COOTBETCTBUM — peanu3anus co-
otBercTBusa Ha rpanune CTC u cpenpl. KaxaoMy BO3MOKHOMY HCXOXLY
¢dbynkuuonuposanus Ha rpanune CTC u cpensl u ucxony C; QyHKIHOHH-

poBanus CTC comocTaBiieHa OJHA TOCIEAOBAaTEIBHOCTh MEP COOTBET-
cTBUsA. BepodTHOCTHYI0 Mepy peanu3allMM TaKOH MOCIEAOBAaTEIbHOCTU
MOJKHO HCIOJIBb30BaTh, KaK MEpPy YIOBICTBOpEHUs TpeboBaHuil. B pe3ynb-
TaTe MOXXHO KOPPEKTHO OLCHWTH IOKa3aTeNW IOTCHLHAla U CiIydas
W3MEHSIOIUXCS [eNeH.
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7. 3akarouenne. Ha ocHOBe KpaTkoro aHaiu3a OCOOEHHOCTEH HcC-
cieioBanus A(pHEeKTUBHOCTH TeTICHANPABICHHBIX POLECCOB (HYHKIMOHHU-
poBaHus cucteM U psga apyrux OC oOTeuecTBEHHBIMH U 3apyOeKHBIMH
aBTOpaMH CZIeJaH BBIBOJX 00 aKTYaJIbHOCTH PEUICHHs] COBPEMEHHBIX 3ajad
uccnegoBanust OC ¢ y4eToM H3MEHEHUI: cpejibl, MOCIEAYIOMUX H3MEHe-
Huit nemn ¢yakauonnposanus CTC, usmenennit CTC u ee pyHKIMOHUPO-
BaHUS B pe3yJbTaTe BO3ACHCTBHIA CPEIBL, a 3aTEM — M3MEHEHUH (PYHKIINO-
HUPOBAHUS IS JOCTIDKCHHS M3MCHUBIICHCS LENA W YCTPAHCHUS HECOOT-
BeTCTBHUH (PyHKIIMOHHpOBaHUS TpeboBaHmsM. [loka3aHo, 94TO Takoe mccie-
JIOBaHHUE CIIEAYET BBHIIOJHATH Ha OCHOBE OLleHMBaHHWs mokazateneit OC 3a
CYeT BCKPBITHSI aHATUTHIECKUX 3aKOHOMEPHOCTEH MposiBIeHUs 3P PeKToB B
YCIOBUSAX YKa3aHHBIX HM3MeHeHMH. [IpuBeneHBl 0COOEHHOCTH aKTyalbHBIX
3amau uccuenoBanusa OC: 3amau uccrnepoBanus OC COBEPIICHCTBYEMBIX
CTC u 3anau uccnenoBanusi OC ucnonszoBanusi UT. [Ipennoxkena nocne-
JIOBaTeNBbHOCTh cxeM oneHuBaHus OC, cocTaBiAIONIas OCHOBY METO/a aHa-
nutnueckoro ouenuBanus OC. PaccMoTpeH mpuMep pacueTa mnokasaTenei
OTICPANIMOHHBIX CBOHCTB UCIOJIh30BaHUS HH()OPMAIIMOHHBIX TEXHOJIOTHH.

[TomryueHHbIE Pe3yIABTATHI JOJDKHBI TIO3BOJIUTH MEPEHTH K PEIICHUIO
3amad uccienoanuss OC Ha aHATUTHYECKHX MAaTEMAaTHYCCKAX MOJCIAX B
COOTBETCTBHH C TPEAJIOKEHHBIMA cxemamu oneHuBanus OC.
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SYSTEM FUNCTIONING EFFICIENCY AND OTHER SYSTEM
OPERATIONAL PROPERTIES: RESEARCH PROBLEMS,
EVALUATION METHOD

Ashimov A.A., Geida A.S., Lysenko I.V., Yusupov R.M. System Functioning Efficiency and
Other System Operational Properties: Research Problems, Evaluation Method.

Abstract. The short historical sketch of researches of efficiency of systems functioning
purposeful processes is given in this paper. The review of some relevant research problems of
the operational properties solved abroad is provided.

On the basis of the analysis of features of efficiency research of systems functioning purposeful
processes, as well as research of other operational properties, such as effectiveness, performance,
operational and dynamic capabilities by domestic and foreign authors, the conclusion is drawn on
relevance of the solution of some modern research problems on the basis of analytical estimation of
operational properties indicators. A number of new systems and processes of their functioning
operational properties researches directions is given. Among them, there are system
capability (potentiality) and information technologies capability. Features of agile (dynamical,
improved due to environment impact) systems and processes of their functioning, a role of
information technologies are considered during functioning of such agile systems.

Main features of systems improvement and details of transition processes of such systems
functioning improvement are described. The role of information technologies for systems
improvement is discussed. The obtained results allowed to conduct research of operational
properties of the improved systems, research of information technologies usage during system
functioning. Examples of models of the improved system functioning effects formation are
offered. Such models are developed taking into account the realization of information and non-
information actions during the improved system functioning.

For the unified estimation of indicators of operational properties the method of analytical
estimation of operational properties is offered. This method is based on the sequence of
operational properties estimation schemes use. The sequence of the three schemes of
operational properties estimation, which allows to estimate all described operational properties.
Features of estimation of systems operational properties using the offered estimation method
are revealed. The obtained results should allow to proceed to the solution of research problems
of systems operational properties based on mathematical models use. An example of
operational properties of information technology use indicators calculation is provided.

Keywords: efficiency, effectiveness, potential, operational properties, capability, dynamic
capability, information technology capability, agile systems, evolving systems, purposes,
indicators, models, modeling, method.
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