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NEURAL DISTRIBUTED AUTOASSOCIATIVE MEMORIES: A SURVEY

Introduction. Neural network models of autoassociative, distributed memory allow storage
and retrieval of many items (vectors) where the number of stored items can exceed the vector
dimension (the number of neurons in the network). This opens the possibility of a sublinear
time search (in the number of stored items) for approximate nearest neighbors among vectors
of high dimension.

The purpose of this paper is to review models of autoassociative, distributed memory
that can be naturally implemented by neural networks (mainly with local learning rules and
iterative dynamics based on information locally available to neurons).

Scope. The survey is focused mainly on the networks of Hopfield, Willshaw and Potts,
that have connections between pairs of neurons and operate on sparse binary vectors. We
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discuss not only autoassociative memory, but also the generalization properties of these
networks. We also consider neural networks with higher-order connections and networks
with a bipartite graph structure for non-binary data with linear constraints.

Conclusions. In conclusion we discuss the relations to similarity search, advantages
and drawbacks of these techniques, and topics for further research. An interesting and still
not completely resolved question is whether neural autoassociative memories can search for
approximate nearest neighbors faster than other index structures for similarity search, in
particular for the case of very high dimensional vectors.

Keywords: distributed associative memory, sparse binary vector, Hopfield network, Willshaw
memory, Potts model, nearest neighbor, similarity search.

INTRODUCTION

In this paper, we review some artificial neural network variants of distributed
autoassociative memories (denoted by Neural Associative Memory, NAM) [1-
159].

Varieties of associative memory [93] (or content addressable memory) can
be considered as index structures performing some types of similarity search. In
autoassociative memory, the output is the word of memory, most similar to the
key at the input. We restrict our initial attention to systems where the key and
memory words are binary vectors. Therefore, autoassociative memory answers
nearest neighbor queries for binary vectors.

In distributed memory, different vectors (items to be stored) are stored in
shared memory cells. That is, each item to be stored consists of a pattern of
activation across (potentially) all the memory cells of the system and each
memory cell of the system contributes to the storage and recall of many
(potentially all) stored items. Some of types of distributed memory have attracti-
ve properties of parallelism, resistance to noise and malfunctions, etc. However,
exactly correct answers to the nearest neighbor queries from such memories are
not guaranteed, especially when too many vectors are stored in the memory.
Neurobiologically plausible variants of distributed memory can be represented
as artificial neural networks. These typically perform one-shot memorization of
vectors by a local learning rule modifying connection weights and retrieve a
memory vector in response to a query vector by an iterative procedure of activity
propagation between neurons via their connections.

In the first Section, we briefly introduce Hebb's theory of brain functioning
based on cell assemblies because it has influenced many models of NAM. Then
we introduce a generic scheme of NAMs and their characteristics (discussed in
more details in the other sections). The following three Sections discuss the
widespread matrix-type NAMs (where each pair of neurons is connected by two
symmetric connections) of Hopfield, Willshaw, and Potts that work best with
sparse binary vectors. The next Section is devoted to the function of
generalization, which differs from the function of autoassociative memory and
emerges in some NAMs. The following Section discusses NAMs with higher-
order connections (more than two neurons have a connection) and NAMs
without connections. Then some recent NAMs with a bipartite graph structure
are considered. The last Section provides discussion and concludes the paper.

6 ISSN 2519-2205 (Online), ISSN 0454-9910 (Print). Ku6. u Bbru. Texs. 2017. Ne 2 (188)
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GCELL ASSEMBLIES AND GENERIC NAM

Hebb's paradigm of cell assemblies. According to Hebb [65], nerve cells of the
brain are densely interconnected by excitatory connections, forming a neural
network. Each neuron determines its membrane potential as the sum of other
active neurons' outputs weighted by connection weights. A neuron becomes
active if this potential (the input sum) exceeds the threshold value. During
network functioning, connection weights between simultaneously active neurons
(encoding various items) are increased (the Hebbian learning rule). This results
in organization of neurons into cell assemblies — groups of nerve cells most
often active together and consequently mutually excited by connection weights
between neurons in the assembly. At the same time, the process of increased
connection within assemblies leads to mutual segregation of assemblies. When a
sufficient part of a cell assembly is activated, the assembly becomes active as a
whole because of the strong excitatory connection weights between the cells
within the assembly.

Cell assemblies may be regarded as memorized representations of items
encoded by the distributed patterns of active neurons. The process of assembly
activation by a fragment of the memorized item may be interpreted as the
process of pattern completion or the associative retrieval of similar stored
information when provided with a partial or distorted version of the memorized
item.

Hebb's theory of brain functioning — interpretation of various mental
phenomena in terms of cell assemblies — has turned out to be one of the most
profound and generative approaches to brain modeling and has influenced the
work of many researchers in the fields of artificial intelligence, cognitive
psychology, modeling of neural structures, and neurophysiology (see also
reviews in [39, 40, 54, 75, 98, 104, 120, 121, 134]).

A generic scheme and characteristics of NAMs. Let us introduce a generic
model of the NAM type, inspired by Hebb's paradigm, that will be elaborated in
the sections below devoted to specific NAMs. We mainly consider NAMs of the
distributed and matrix-type, which are fully connected networks of binary
neurons (but see Sections "NAMs with Higher-Order Connections and without
Connections", "NAMs with a Bipartite Graph Structure for Nonbinary Data with
Constraints" for other NAM types). Each of the neurons (their number is D)
represents a component of the binary vector z. That is, each of the D neurons
can be in the state 0 or 1. Each pair of neurons has two mutual connections (one
in each direction). The elements of the connection matrix W(Dx D) represent

the weights of all these connections. In the learning mode, the vectors y from
the training or memory set (which we call the "base") are "stored" (encoded or
memorized) in the matrix W by using some learning rule that changes the
values of w;, (initially each w; is usually zero).

In the retrieval mode, an input binary vector x (probe or key or query
vector) is fed to the network by activation of its neurons: z=x. The input sum
of the i -th neuron

Si = Zj:],DWi/'Zj
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is calculated. The neuron state is determined as

z(t+1)=1 (active) for s,(1) =T ()
and
z,(t+1)=0 (inactive) for s,(1)<T;(¢); T,

is the value of the neuron threshold.

For parallel (synchronous) network dynamics, the input sums and the states
of all D neurons are calculated (updated) at each step ¢ of iterative retrieval.
For sequential (asynchronous) dynamics, z, is calculated for one neuron i,
selected randomly. For simplicity, let us consider random selection without
replacement, and one step of the asynchronous dynamics to consist of update of
the states of all D neurons.

The parameters W and T are set so that after a single, or several, steps of
dynamics the state of the network (neurons) reaches a stable state (typically, the
state vector does not change with ¢, but cyclic state changes are also considered
as "stable"). At the stable state, z is the output of the network.

The query vector x is usually a modified version of one of the stored
vectors y. In the literature, this might be referred to as a noisy, corrupted, or
distorted version of a vector. While the number of stored vectors is not too high,
the output z is the stored y closest to x (in terms of dot product

Simdot (Xv Y) = <Xay> )

That is, z is the base vector y with the maximum value of (x,y). In this
case, NAM returns the (exact) nearest neighbor in terms of sim, . For binary
vectors with the same number of unit (i.e. with value equal to 1) components,
this is equivalent to the nearest neighbor by the Hamming distance ( dist,;,, ).

The time complexity (runtime) of one step of the network dynamics is
O(D?) . Thus, if a NAM can be constructed that stores a base of N > D vectors

so that they can be successfully retrieved from their distorted versions, then the
retrieval time via the NAM could be less than the O(DN) time required for

linear search (i.e. the sequential comparison of all base vectors y to x). Since

the memory complexity of this NAM type is O(D?), as D increases, one can

expect an increasing in the size N of the bases that could be stored and retrieved
by NAM.

Unfortunately, the vector at the NAM output may not be the nearest
neighbor of the query vector, and possibly not even a vector of the base. (Note
that if one was not concerned with biological plausibility, one can quickly check
whether the output vector is in the base set by using a hash table to store all base
vectors.) In some NAMs, it is only possible to store many fewer vectors N than
D, with high probability of accurate retrieval, especially if the query vectors are
quite dissimilar to the base vectors.

For NAM analysis, base vectors are typically selected randomly
independently from some distribution of binary vectors (e.g., vectors with the
probability p of 1-components equal to 1/2, or vector with pD 1-components,

8 ISSN 2519-2205 (Online), ISSN 0454-9910 (Print). Ku6. u Bbru. Texs. 2017. Ne 2 (188)
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for some p from interval (0,1)). The assumption of independence simplifies

analytical approaches, but is likely unrealistic for real applications of NAMs.
The query vectors are typically generated by as modifications of the base
vectors. Distortion by deletion randomly changes some of the 1s to Os (the
remaining components are guaranteed to agree). A more complex distortion by
noise randomly changes some Is to Os, and some Os to 1s while (exactly or
approximately) preserving the total number of 1s.

For a random binary vector of dimension D with the probability p of a

component to be 1, the Shannon entropy

H = Dh(p),
Where
h(p)=-plog p—(1-p)log(l-p).

For D>>1, a random vector with pD of 1s has approximately the same
entropy. The entropy of N vectors is NDh(p). When N vectors are stored in
NAM, the entropy per connection is [40, 41].

a = NDh(p)/ D* = Nh(p)/ D.

Knowing /(p), it is easy to determine N for a given « .

When too many vectors are stored, NAM becomes overloaded and the
probability of accurate retrieval drops (even to 0). The value of a for which a
NAM still works reliably depends on the mode of its use (in addition to the
NAM design and distributions of base and query vectors). The mode where the
undistorted stored base vectors are still stable NAM states (or stable states differ
by few components from the intended base vectors), has the largest value of o .
(We denote the largest value of o for this mode as "critical", «_., and the

the stored vectors become unstable.

crit ?
corresponding N as N, .) For a>a_,
Note that checking if an input vector is stable does not allow one to extract
information from the NAM, since vectors not stored can also be stable.

The information (in the Shannon information-theoretic sense) that can be
extracted from a NAM is determined by the information efficiency (per connec-
tion) £ . This quantity is bounded above by some specific a (the entropy per
connection that still permits information extraction), which in its turn is bounded
above by o_,. A NAM may work in recognition or correction mode. In
recognition mode, the NAM distinguishes whether the input (query) vector is

from the base or not, yielding extracted information quantified by E

recog *

When NAM answers the nearest neighbor queries (correction mode),
information quantified by £, is extracted from the NAM by correction
(completion) of the distorted query vectors. The more distorted the base vector
used as the query at the NAM input, the more information E_  is extracted from
the NAM (provided that the intended base vector is sufficiently accurately
retrieved). However, more distorted input vectors lower the value of «, at
which the NAM is still able to retrieve the correct base vectors, and so lowers
E__ (which is constrained to be less than a__). We refer to these information-

corr corr
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theoretic properties of NAMs as their information characteristics.
Let us now consider specific variants of the generic NAM. Hereafter we use
the terms "NAM" and "(neural) network" interchangeably.

HOPFIELD NAMS

Hopfield networks with dense vectors. In the Hopfield NAM, "dense" random
binary vectors (with the components from {0,1} with the probability p=1/2 of

1) are used [68]. The learning procedure forms a symmetric matrix W of
connection weights with positive and negative elements. The connection matrix
is constructed by successively storing each of the base vectors y according to

the Hopfield learning rule:
Wy =Wy + (0 =Py, —q)

with parameter g=p=1/2; w, =0. (For brevity, we use the same name for
generalization of this rule with g <1/2, though Hopfield did not propose it,

Subsection "Hopfield networks with sparse vectors").

The dynamics in [68] is sequential (in many subsequent studies and
implementations it is parallel) with the threshold 7 =0. It was shown [68] that
each neuron state update decreases the energy function

-1 / 2)Zi,j=1,D ZWiZ;

so that a (local) minimum of energy is eventually reached and such a network
comes into a stable activation state.

As D — oo, various methods of analysis and approximation of experimental
(modeling) data obtain «_, ~0.14 [68, 8, 5, 71, 35] which gives N_, ~0.14D
. are achieved at rather small
- see refs in [107].

As for EX™ for distortion by noise, 0.092 was obtained by the method of

corr

crit
since /(1/2)=1. Note that similar values of o,
finite D . For rigorous proofs of (smaller) o

approximate dynamical equations of the mean field [71], and 0.095 by
approximating the experiments to D — oo [35].

By the coding theory methods in [112] it was shown that asymptotically (as
D — ) it is possible to retrieve (with probability approaching 1) exact base
vectors with query vectors distorted by noise (so that their dist, <D /2 from

the base vectors), for N=D/(2InD) stored base vectors if non-retrieval of

Ham

some is permitted. If one requires the exact retrieval of all stored base vectors,
the maximum number of vectors which can be stored decreases to
N=D/(4In D). These values of N were shown to be the lower and upper
bounds in [25, 20]. Note that in [47] «
(obtained by a non-Hebbian learning rule); a pseudoinverse rule (e.g. [125, 140])
gives o, =1.

For correlated base vectors, the storage capacity N,

crit

=2 was obtained for "optimal" W

crit

crit
depends on the
structure of the correlation. When the base vectors are generated by a one-
dimensional Markov chain [107], N_.  is somewhat higher than it is for

crit
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independent vectors. This and other correlation models were considered in [108].

Hopfield networks with sparse vectors. Hopfield NAMs operating with
sparse vectors p <1/2 appeared to have better information characteristics [154]
(see also Sections "Willshaw NAMs", "Potts NAMs") than those operating with
dense vectors ( p=1/2). For example, they attain values N > D.

In the usual Hopfield NAM and learning rule (with g=p=1/2 and
threshold 7 =0 ) the number of active neurons is kept near D /2 by the balance
of negative and positive connections in W. Using the Hopfield rule with
q=p<1/2 one can not set 7 =0. This is especially evident for the Hebb
learning rule (which we obtain from the Hopfield rule by setting ¢=0). All
connections become non-negative, and 7 =0 eventually activates all neurons.
Similar behavior is demonstrated by the Hopfield NAM and learning rule with
qg=p<1/2. The problem of network activity control (i.e. maintaining some
average activity level chosen by the designer) can be solved by applying an
appropriate uniform activation bias to all neurons [9, 21]. This is achieved by
setting an appropriate positive value of the time-varying threshold 7'(¢) [21] to
ensure, for example, pD < D/2 active neurons (to match pD in the stored
vectors) for parallel dynamics.

Note that the Hopfield rule with ¢ = p <1/2 provides better information
characteristics than the pure Hebb rule with ¢ =0 [41, 35]. However, the Hebb

rule requires modification of only (pD)* connections per vector, whereas the

Hopfield rule modifies all connections per vector.
As D—>ow and p—>0 (pD>>1, and often p~InD/ D) the theoretical

analysis (e.g., [154, 41, 34] and others) gives
o, =(oge)/2=1/(2In2) =0.72

for the Hopfield rule with ¢ = p, the Hebb rule, and the "optimal" W [47]. In

1/2

[34] they use a scaled sparseness parameter &= (Inp) '~ to investigate con-

max
crit

max

a-=~0.72 . However for
crit 2043 Only-
In [122] it was shown that E™ =1/(4In2)~0.36 (by the impractical

recog
exhaustive enumeration procedure of checking that all vectors of the base are
stable and all other vectors with the same number of 1-components are not
stable). This empirical estimate coincides with the estimate [41]. For retrieval by
a single step of dynamics,

vergence of a_, to a_; . For & <<l they obtained o

£ =0.1 (corresponding to p=10" and to D >10"), a

E™ =1/(8In2)~0.18

corr

for distortion by deletion of half the 1-components of a base vector [40, 41, 119,
146].
Let us note again, all these results are obtained for D — « and p — 0. For

these conditions, multi-step retrieval (the usual mode of NAM retrieval as
explained in Subsection "A generic scheme and characteristics of NAMs") is not
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required since NAM reaches a stable state after a single step. In terms of N,
since #(p) — 0 for p — 0, it follows that N >> D, that is

N, =a,D/h(p)—> oo
much faster than D — .

The same is valid for N corresponding to E .

In the experiments [146], for the Hebb rule and multi-step retrieval E_
values up to 0.09 were obtained. Detailed studies of the information
characteristics of the finite- and infinite-dimensional networks with the Hopfield
rule, can be found in [34, 35]. Different degrees of distortion by noise for vectors
with pD unit components were used. The dynamic threshold ensured pD
active neurons at each step of the parallel dynamics. It was shown [35] that with
this choice of threshold the stable states are static (some vector) or cycles of
length 2 (two alternating vectors on adjacent steps of the dynamics). (This is the
same behavior as for the fixed static threshold and is valid for all networks with
symmetric connections.) It has been demonstrated experimentally [35] that even
if after the first step of dynamics

simy,, (y,z) <simy, (y,X)

(where y is the correct base vector, z is the network state, and x is the
distorted input), the correct base vector can sometimes be retrieved by the
subsequent steps of the dynamics. Conversely, increasing sim, (y,z) at the first
step of the dynamics does not guarantee correct retrieval [S]. These results apply
to both the dense and sparse vector cases. The study [35] used analytical
methods developed for the dense Hopfield network and adapted for sparse
vectors, including the statistical neurodynamics (SN) [5, 34], the replica method
(RM) [8], and the single step method (SS) [80].

All these analytical methods rather poorly predicted the behavior of finite
networks for highly sparse vectors, at least for the parallel dynamics studied.
(Note that all these methods (SN, RM, SS) provide accurate results for D — o
and p — 0, where retrieval by a single step of dynamics is enough.) Empirical
experimentation avoids the shortcomings of these analytical methods by directly
simulating the behavior of the networks. These simulations allow ¢, and

information efficiency, E

corr ?

to be estimated as a functions of p,D and the level
of noise in the input vectors. The value of E__ monotonically increases as D
increases for a constant p. For p = 0.001 — 0.01, which corresponds to the
activity level of neurons in the brain, the maximum value of E _ ~0.205 was
obtained by approximating experimental results to the case D — o [35] (higher
than E" =0.18 for p > 0).

In [38] the time of retrieval in the Hopfield network was investigated (using
the number of retrieval steps observed in simulation experiments; this number
somewhat increases with D). They conclude that for random vectors with small
p, large D, and large N, Hopfield networks may be faster than some other

algorithms (e.g., the inverted index) for approximate and exact nearest neighbor
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querying.
An increase in the number N

crit

of stable states corresponding to the stored

vectors proportional to (D/InD)*> for p~InD/D is shown asymptotically in

[4] (although non-rigorously, see also [34]). Note, this result also follows from
N=aD/h(p) by approximating #h(p)=-plogp for small enough p
(-Inp>>1).

In [67] they give a rigorous analysis of a Hopfield network variant (neurons
are divided into parts, see Section "Potts NAMs"), with the Hebb learning rule
and p slightly less than InD/ D, for retrieval by a single step of parallel
dynamics with fixed 7. The lower and upper bounds of N were obtained for
which the memory vectors are stable states (with probability approaching 1 as
D — ), and can also be exactly retrieved from query vectors distorted by
noise. The lower and upper bounds of N found in [67] are of the same order as
those found in [4]. For this mode of network operation, if we approximate the
number of retrieval steps as InD, we may estimate speed-up as D/ (In D)’
relative to linear search (see Subsection "A generic scheme and characteristics of
NAMs").

For both dense and sparse vectors, the NAM capacity N™ grows with
increasing D . Also, in order to maintain an adequate information content for a
sparse vector ( Dh(p) for h(p)<<1), it is necessary to have a sufficiently high
D. The number of connections grows as D squared (because Hopfield
networks are fully connected), which is unattainable even on modern computers
at D of millions. Besides, the neurobiologically plausible number of
connections per neuron is on the order of 10,000. Therefore, the development of
"diluted" networks that perform NAM functions without being fully connected is
attractive, e.g. [105, 150, 151, 41, 142]. This partial connectivity can be used to
reduce the memory complexity of NAM from quadratic to linear in D [98, 99].

WILLSHAW NAMs

Willshaw networks with sparse vectors. NAMs with binary connections from
{0,1} are promising since they require only one bit per connection. Such
networks were proposed both in heteroassociative [157] and autoassociative
versions (e.g. [118, 156, 16, 152,49, 115, 119, 122, 24, 48, 41, 42, 43, 44, 81]).
The learning rule (let's call it the Willshaw rule) becomes:

Wi =W, V(yi /\yj),

where v is disjunction, A is conjunction. Various strategies for threshold
setting can be used, e.g., setting threshold 7' to ensure pD active neurons, as in
Subsection "Hopfield networks with sparse vectors".

Note that this NAM can not work with dense vectors, since storing only a
small number of dense vectors will set almost all the connection weights to 1.
Moreover, for the same reason, the Willshaw networks (unlike the Hopfield
networks) cease to work at any constant p and o as D — oo . The number N

of random binary vectors able to be stored and retrieved in the Willshaw NAM
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grows with decreasing vector density. Even for not very large networks and not
very sparse vectors (p~\/5/D), N can exceed D (e.g. D = 4096 allowed

storage and retrieval of up to N = 7000 vectors distorted by noise in the
experiments of [16]). The particular N values reached (for D and p fixed)
vary depending on the degree of the query vector distortion and on the desired
probability of retrieval.

The maximum theoretical a., =In2~0.69 is reached as D —>o for

p~InD/ D [40, 119, 41]. In [122] they obtained

EX™ =In2/2~0.346

recog

(using a computationally expensive exhaustive enumeration procedure). In [42,

43] the same «a_, and E'. ~were obtained analytically for the sparseness

crit recog
parameter f =log(l1/ p)/(pD) equal to 1, i.e. for pD somewhat less than
log D . (The probability of a connection to be modified after storing N vectors
is 1-(1-p*)" ~1—exp(—Np*) =1-exp(—aDp’ / h(p))
=1-exp(—aplog(l/ p)/(Bh(p))) =~1-exp(—a/P)<1 (we used p—0); thus
the network can be analyzed for fixed o and B at D — 0 .) The same upper

bound of E is given as the maximum entropy of W leamnt by the Willshaw
rule. In [119] the efficiency

E™ =In2/4~0.173

corr

was theoretically shown for single-step (as well as multi-step) retrieval and
distortion by deletion.

For multi-step retrieval in finite Willshaw NAMs (with distortion by
deletion) £, upto 0.19 (at D =20000) was obtained experimentally in [146].

Experiments in [146, 44] show that in the Willshaw NAM (unlike the Hopfield
NAM), the values «, . and E__ for not too large D are higher than for D — o

corr corr

(see also [42]). Note that the quality of retrieval in the Willshaw NAM is higher
than in the Hopfield NAM; the retrieved vectors more often coincide exactly
with the stored vectors of the base.

From the detailed analytical and experimental study of the values of a__ in

corr

[44] (at various levels of sparsely, parameterized as f , degrees of distortion by
noise, and D up to 100000), it was found that £, ~0.13 per connection can be
reached in the experiments (for small networks, N =640, pD =20, f=0.25).
It was also shown that the results of the analytical methods SS [80] and GR [48]
are far from the experimental results (in most cases, worse than them). Due to
the connections being binary, the efficiency per bit of connection implemented
in computer memory is higher than that for the Hopfield network (where
E__~0.205 per connection [41]).

A review of NAM studies in [81] concludes that for Willshaw networks
having connection matrix W with probability of a nonzero element close to 0 or
1, compression of W improves information characteristics compared with the
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usual uncompressed Willshaw NAM. Such compressed W are obtained when
the base vectors have the number of 1s sublogarithmic or superlogarithmic in
D . Their comparison of the retrieval time in compressed Willshaw networks
and the inverted index has shown the advantage of the inverted index for most
parameters.

An analytical and experimental comparison of the Willshaw, the GB
(Subsection "Willshaw-Potts network™), and the Hopfield networks (with the
Hebb rule [4]) for vectors with p of the order of InD/D and distortion by

deletion was carried out in [59]. They investigate single-step retrieval
theoretically (asymptotically, for D — co with probability approaching 1). For

all models, the lower bound of N of the order (D/InD)* is obtained, and for

the Willshaw network the matching upper bound is shown. In experiments, the
results are worse for a fixed threshold than for a variable threshold. The
Hopfield network performed worse, in terms of empirical probability of retrieval
versus N , compared with the other NAMSs, probably because of the non-optimal
Hebb learning rule and non-optimal threshold selection.

For the diluted Willshaw networks [24, 6, 41, 99] the optimal pD

(providing approximately the same capacity N ) is higher than for the fully
connected networks.

Willshaw networks in the index structures for nearest neighbor search. In
[159] the base of binary sparse vectors is divided into disjoint sets (of the same
cardinality) and each is stored in a Willshaw NAM with its own W . When the
query vector X is input, sim,, (X, Wx) is calculated for the matrices W of all

sets, and the vectors of sets with the maximum similarity are used as the nearest
neighbor candidates (verified by linear search). Analysis and experiments for
bases of random vectors with small random distortions of query vectors showed
that up to a certain number of vectors in each network the nearest neighbor is
found with a high probability (in experiments, without error) and faster than by
linear search only. If this number of vectors per network is exceeded, both the
probability of finding an incorrect nearest neighbor and its distance to the correct
vector increase. A somewhat lower speedup relative to linear search is shown for
real, nonrandom data, versus synthetic, random data. In [60] similar results were
obtained analytically (asymptotically for D -—>o and error probability
approaching zero) and experimentally for bases of sparse and dense random
vectors (for the Hopfield rule).

POTTS NAMs

Potts networks. The NAM from [77] can be considered as a network of neurons
that are divided into non-overlapping parts ("columns"), with d neurons in each
column and only one active neuron in the state z=d —1, for the remaining
column neurons z=-1. That is, the sum of activations over all the neurons is
zero in each column. The Hebb rule is used for learning.

For the more convenient version of this model with the neurons having the
states from {0,1} and single active neuron per column, the Hopfield rule is used.
The connection matrix W for the entire network is constructed so that w, =0

for neurons i and j in the same column (this implies that w, =0). That is, the
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network is structured as a multipartite graph. Network dynamics (parallel or
sequential) activates the one neuron in each column with the maximum input
sum s (one of these neurons is randomly activated for neurons with equal s,
but see the GB network below).

For the number of columns D, the value of N_. /D of the Potts network

crit
was estimated by [77] to be d(d —1)/2 times more than 0.14 (i.e., ¢, for the
Hopfield network with p=1/2). However, to approximate the number of

connections in the Hopfield network, the Potts network must have D/d
columns. Note also that one "Potts vector" contains only (D/d)logd bits of
information [79].

The Potts network with parallel and sequential dynamics, and with single-
step and multi-step retrieval was analytically explored in [109]. For exact
retrieval (asymptotically, as D — oo, with probability approaching 1), the upper
and lower bounds of N were estimated both for the mode of querying with
stable stored vectors and for the correction mode querying with distorted query
vectors. In both cases,

N=cD/InD,

where the constant ¢ increases quadratically in d, but with different ¢
depending on the degree of distortion and the desired probability of state to be
stable or vector to be retrieved.

Willshaw-Potts network. For binary connections with the Willshaw learning
rule, the Potts network becomes the Willshaw-Potts network [79]. When a vector
is stored, a clique (a complete subgraph) is created in the connection graph. As
for the Hopfield network, only static stable states or cycles of length 2 were
experimentally observed for parallel dynamics. According to [79], the
information characteristics of this network are close to the Willshaw network at
the same vector sparsity. Since the information content of Willshaw-Potts
vectors is low, the N_, is higher than for the Willshaw network.

crit

This network was rediscovered as the GB network in [58] with various
modifications [3, 59] and hardware implementations (for example, [117] with
non-binary connections). The GB network is oriented for exact retrieval of
vectors with distortion by deletion (columns without values activate all neurons).
The peculiarities of the GB network include: connections of neurons with
themselves; the possibility for several neurons in a column (with the maximum
input sum) to be in the active state; the contribution from each column to the
input sum of a neuron is not more than 1; various options for threshold
management; the possibility of working with vectors having all zero components
in some columns, etc. A theoretical GB analysis for single-step retrieval, as well
as an experimental comparison with the Hopfield and the Willshaw networks for
multi-step retrieval is given in [59], see also Subsection "Willshaw networks
with sparse vectors".

Processing of realistic data. To represent arbitrary binary vectors in the
Potts network, they are divided into segments of dimension logd and each

segment is encoded by the activation of one neuron of its d -dimensional
column [97]. Components of integer vectors can be represented in a similar way.
Simulated data are typically generated as independent random samples. This
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ensures that the vectors to be stored are very nearly equally and maximally
dissimilar. However, data generated from situations in the world is very unlikely
to be so neatly distributed. When working with (unevenly distributed) real data,
NAM is used non-optimally (many connections are not modified, others are
"oversaturated"). To overcome this in the GB network, a free column neuron is
allocated when the number of connections of a neuron (encoding some value)
exceeds the threshold [19]. During retrieval, all column neurons that encode a
certain value are activated.

For better balancing the number of connections, in [64] the number of
neurons in the column allocated to represent a vector component is proportional
to the frequency of its 1-value in the vectors of the base. During storage, the
various neurons representing the component are activated in turn. The authors of
[64] also propose an algorithm for finding (with a high probability) all vectors of
the base closest to the query vector distorted by deletion; the algorithm often
significantly reduces the number of required queries.

GENERALIZATION IN NAMs

The Hebbian learning in matrix-type distributed memories naturally builds a
kind of correlation matrix where the frequencies of joint occurrence of active
neurons are accumulated in the updated connection weights. The neural
assemblies thus formed in the network may have a complex internal structure
reflecting the similarity structure of stored data. This structure can be revealed as
stable states of the network — in the general case, different from the stored data
vectors. That is, it is possible for vectors retrieved from a network to not be
identical to any of the vectors stored in the network (which is generally
undesirable).

Similarity preserving binary vectors. Similarity of patterns of active
neurons (represented as binary vectors) are assumed to reflect the similarity of
items (of various complexity and generality) they encode. The similarity value is
measured in terms of the number or fraction of common active neurons (or
overlap, i.e. normalized dot product of the representing binary vectors).
Moreover, the similarity "content" is available as the identities of common active
neurons (the IDs of the common 1-components of the representing binary
vectors).

Note that such data representation schemes by similarity preserving binary
vectors have been developed for objects represented by various data types,
mainly for (feature) vectors (see survey in [131]), but also for structured data
types such as sequences [102, 72, 85,86] and graphs [127, 128, 148, 136, 62,
134]. A significant part of this research is developed in the framework of
distributed representations [45, 76, 106, 126, 89], including binary sparse
distributed representations [102, 98, 103, 127, 128, 113, 114, 137, 138, 139, 148,
135, 136, 61, 134, 129, 130, 131, 132, 31, 33] and dense distributed representa-
tions [75, 76] (see [82, 84, 87, 88, 83] for examples of their applications).

Complex internal structure of cell assemblies for graded connections.
When binary vectors reflecting similarity of real objects are stored in a NAM by
variants of the Hebb (or Hopfield) rule, the weights of connections between the
neurons frequently activated together will be greater than the mean value of all
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the weights. On the other hand, rare combinations of active neurons will have
smaller weights. Thus, neuron assemblies (cell assemblies in terms of Hebb
[65]) formed in the network may have a very complicated structure. Hebb and
Milner introduced the notions of "cores" and "fringes" ([65] pp. 126—134; for
more recent research see [101]) to characterize qualitatively such complex
internal structure of assemblies.

The notions of core (kernel, nucleus) and fringe (halo) of assemblies have
attracted attention to the function of assemblies distinct from the function of
associative memory. This different function is not just memorization of
individual activity patterns (vectors), but emergence of some generalized
internal representations, that were not explicitly presented to the network as
vectors for memorization.

Some assembly cores may correspond to "prototypes" representing subsets
of attributes (encoded by the active neurons represented by the 1-components of
the corresponding vectors) often present together in some input vectors. Note
that some of these subsets of components/attributes may never be present in any
single vector. Stronger cores, corresponding to stable combinations of a small
number of typical attributes present in many vectors employed for learning, may
correspond to some more abstract or general object category (class). Cores
formed by more attributes may represent more specific categories, or object
prototypes. However, object tokens (category instances) may also have strong
cores if they were often presented to the network for learning. Note that some
mechanisms may exist to prevent repeated learning of vectors that are already
"familiar" to the network. Also, the rate of weight modification may vary based
on the "importance" of the input vector.

The representations of real objects have different degrees of similarity with
each other. Similarities in various combinations of features often form different
hierarchies of similarities that reflect hierarchies of categories of different
degrees of generalization (object — class of objects — a more general class,
etc.). So, assemblies formed in the network (cores and fringes of different
"strength") may have a complex and rich hierarchical structure, with multiple
overlapping hierarchies reflecting the structure of different contents and values
of similarity implicitly present in the base of vectors used for the unsupervised
network learning by the employed variant of the Hebb rule. Thus, many types of
the category-based hierarchies (also known as generalization or classification or
type-token hierarchies) may naturally emerge in the internal structure of
assemblies formed in a single assembly neural network (NAM).

Complex internal structure of a neural assembly allows a virtually
continuous variety of hierarchical transitions. To reveal various types of
categories and prototypes and instances formed in the network, the
corresponding assemblies should be activated. To activate only stronger cores,
higher values of threshold should be used. Lower threshold values may
additionally activate fringes.

Research of generalization function in NAMs. Additional stable states that
emerge in NAM after memorizing random base vectors and do not coincide with
the base vectors are known as false or spurious states or memories, e.g., [69,
155]. In [155] they regarded the emergence of spurious attractors in the Hopfield
networks as a side effect of the main function of distributed NAMs, consisting
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not in memorizing individual patterns, but in formation of prototypes. Such an
interpretation is close to the earlier work [13, 11, 12] that considered formation
of concepts, prototypes, and taxonomic hierarchies as a natural generalization of
correlated patterns memorized in a distributed memory.

Research of hierarchically correlated patterns and states in Hopfield
networks has been initiated by physicists who studied the "ultrametric"
organization of ground states in spin-glasses (e.g., [123, 32, 63]; see also [6] and
its references). While these earlier works required explicit representation of
patterns at various hierarchical levels to be used in the learning rule, more
neurobiologically plausible and practical Hebb and Hopfield rules applied to
(hierarchically) correlated sparse binary patterns themselves (obtained with
some simple correlation model) were considered, e.g., in [153, 66]. [153]
theoretically showed "natural" formation of stable cores and fringes as well as
traveling through different levels of hierarchies by uniform changing of the
threshold. More complex probabilistic neuron dynamics and threshold control
expressing neuronal fatigue was modeled in [66]. Dynamics of transitions
between stable memory states that models human free recall data and can also be
used with hierarchically organized data was considered in [143]. The "neuro-
window" approach of [74] may be considered as using multiple thresholds to
activate cores or fringes. Revealing the stable states corresponding to emergent
assemblies is used for data mining (binary factor analysis) in [36, 37].

Generalization in NAMS with binary connections. The Willshaw learning
rule does not form assemblies with the complex internal structure needed for
generalization functions, such as emergence of generalization (type-token)
hierarchies. The Willshaw learning rule causes the connectivity of an assembly
(corresponding to a vector) to become full after a single learning act (vector
storage) and not change thereafter. To preserve the capability of forming
assemblies with a non-uniform connectivity in NAMs with binary connections, a
stochastic analogue of the Hebbian learning rule for binary connections was
proposed in [100, 98]:

Wy =W V(3 A Y AG),

where &, is a binary random variable equal to 1 with the probability that

determines the learning rate.

The connectivity value for some set of neurons is determined here by the
number of their 1-weight connections. Neurons that have more than some
fraction of 1-weight connections with the other neurons of the same assembly
may be attributed to the core part of the assembly.

In [15] they experimentally studied formation of assemblies with cores and
fringes using the above mentioned "stochastic Willshaw" rule (D = 4096,
pD = 120 — 200, about 60 neurons in the core and 60—140 neurons in the

fringe). Tests have been performed on retrieving a core by its part; a core and its
full fringe by the core and a part of the fringe (the most difficult test); and, a core
by a part of its fringe. As expected, experiments with correlated base vectors
have shown a substantial decrease of storage capacity compared to random
independent vectors. A special learning rule was proposed to increase the
stability of fringes.
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Formation of prototypes with the stochastic Willshaw rule was also
investigated in [7, 23]; a model of paired-associate learning in humans is
considered in [141].

Generalization in modular NAMs. A modular structure of neural networks
where the Hebb assemblies are formed inside the modules was proposed and
developed in [50-56]. The modular assembly neural network is intended for
recognition of a limited number of classes. The network is artificially partitioned
into several modules (sub-networks) according to the number of classes that the
network is required to recognize. Each module network is full-connected,
connections are graded. The features extracted from all objects of a certain class
are encoded into activation of the patterns of neurons within the corresponding
sub-network. After learning, the Hebb assemblies are formed in each module
network. In this modular structure, the network acquires the capability to
generalize the description of each class within the corresponding module (sub-
network), i.e. separately and completely independently from all other classes. In
[56] it was shown that the number of connections in each module can be reduced
without loss of the recognition capability.

NAMs WITH HIGHER-ORDER CONNECTIONS
AND WITHOUT CONNECTIONS

Neural networks in the previous sections have connections of order n=2 (a
connection is between two neurons). In this section we consider values of »
other than 2, for the NAMs with the structure of the Hopfield network (unlike
Section "Hopfield NAMs" where we only considered the case n=2).

Neural networks with higher-order connections. In the higher-order (order
n>2) generalization of the Hopfield network, n neurons are connected by
single connection instead of just two (for example, [124, 17, 46, 1, 70, 94, 26,
95, 96, 30]). For the neuron with states from {—1, + 1} ( p = 1/2), the network

dynamics can be defined as
Zi = Slgn(z_hm/’"# M}UI wiJn Zj] woJn ) :

The analogue of the Hebb learning rule becomes

Wy = Vo 2 Yt

Other learning rules can also be used.
The number of stable states corresponding to the stored random binary
vectors (possibly slightly different from them) is estimated in the mentioned

papers to be N, ~a,,(n)D"". As in NAMs with connections between pairs of

rit

neurons, o_. depends on the specific type of learning rule and network

crit
dynamics. a_, does not exceed 2 and decreases with increasing n [94]. For the
absence of errors (with a probability approaching 1), the number of stored

vectors
N~ % D' /InD
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(for example, [46, 26, 95, 30]). In [95] they obtain c, >2(2n—-3)!! So, the
exponential in n growth of N is due to the exponential growth of the
connection number, and the characteristics per connection deteriorate with
increasing 7.

The generalization of Krotov-Hopfield. For networks with higher-order
connections, the network energy in [95] is written as

>y

with a smooth function F(u). For polynomial F(u) and n=2, this gives the
energy of the usual Hopfield network ([68] and Subsection "Hopfield networks
with dense vectors"). For small 7, many memory vectors y" have
approximately the same values of F(x) and make a comparable contribution to

the energy. For n— oo, the main contribution to the energy is given by the
memory vector y with the largest (z,y). For intermediate »n, a large

contribution is made by several nearest memory vectors.
In [30] it is proved that for F(u)=exp(u) this memory allows one to

<D/2 from

the stored vectors) by a single step of the sequential dynamics, for some
0<a<In2/2, depending on the distortion, with probability converging to 1 for
D—oo.

In [95] they consider the operation of such a network in the classification
mode, where each stored base vector corresponds to one of the categories to be
recognized. In particular, to classify the handwritten digits of the MNIST base
into 10 classes, in addition to the "visible" neurons to which 28x28 images (with
pixel values in [-1, + 1]) are input, there are 10 "classification" neurons. The
value of the output is obtained by a non-linearity g(s) applied to the input sum

retrieve N =exp(aD) randomly distorted vectors (within dist

Ham

s, for example, tanh(s) (instead of the sign(s) function used in the memory
mode). The outputs of visible neurons are fixed, and the outputs of classification
neurons are determined by a single step of the dynamics.

Vectors of N memory states are formed by learning on the training set. The
N = 2000 memory vectors minimizing the classification error for the 60,000
images of the MNIST training set were obtained with the stochastic gradient
descent algorithm.

For a single step of the dynamics this structure is equivalent to a perceptron
with one layer of N hidden neurons [95]. The nonlinearity at the output of the
visible neurons is f(u) = F(u), and that at the output of hidden neurons is g(u).
The learned memory vectors (with components normalized to [-1, + 1]) are
encoded in the weight vectors of the connections between the visible neurons
and the hidden neurons. It is shown that when 7 changes the visualized memory
vectors change. For small 7, the memorized vectors correspond to the features
of the digit images, and for large n they become prototypes of individual digits
[95, 96].

Neural networks with first-order connections. In a neural network with
connection order n =1, each neuron is connected only with itself. They can be
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considered as networks without connections, where learning changes the state of
the neurons themselves (with "neuron plasticity" [39]). Thus, memory is a single
vector of the dimension of the vectors of the base.

For binary connections, we get the Bloom filter (see the reviews [22, 149]),
which exactly recognizes the absence of an undistorted query vector in the
stored database by absence of at least one of its 1-components in the memory
vector. If the 1-components of the query vector are a subset of 1-components of
the memory vector, the vector is recognized as the base vector, but it is
necessary to check this, since there is a false positive probability due to "ghosts"
(vectors not from the base, the 1-components of which belong to the memory
vector). Ghosts can be considered as analogous to spurious memories (Subsec-
tion "Research of generalization function in NAMs").

An analysis of the probability of their appearance under certain restrictions
on stored random vectors is given in [144]. In [158], they reduce the probability
of false positives. In [57], a Bloom filter version is analyzed which recognizes
the absence of distorted query vectors. The autoscaling Bloom filter approach
proposed in [92] suggests a generalization of the counting Bloom filter approach
based on the mathematics of sparse hyperdimensional computing and allows
elastic adjustment of its capacity with probabilistic bounds on false positives and
true positives. In [90], the formation of sparse memory vectors (with an
additional operation of context-dependent thinning [134]) is considered, and in
[91] the probability of correct recognition is estimated. The use of graded
connections (the formation of the memory vector is done by addition), including
subsequent binarization, and the classification problem for vectors not from the
base, are considered in [89, 91].

For real-valued vectors and connections, the recognition of random
undistorted vectors is analyzed in [10, 126]. In [73] they allow distortion of
vectors. In [126, 73], the analysis of non-random base vectors is given.

NAMs WITH A BIPARTITE GRAPH STRUCTURE FOR NONBINARY DATA WITH CONSTRAINTS

In some recent papers (e.g., [78, 145, 110, 111]), in order to create NAMs which
can store and retrieve (from rather noisy input vectors) the number N of (not
always binary) vectors with N near exponential in D, the vectors considered
are not arbitrary random but satisfy (linear) constraints. The neural network has
the structure of a bipartite graph. One set of neurons (not connected with each
other) is used to represent the vectors of the base, neurons of the other set
represent constraints. A rectangular matrix of connections between these two
sets is learned on the vectors of the base. The connection vector of each
constraint neuron represents the vector of that particular constraint. Iterative
algorithms with local neuron computations are used for retrieval.

Iterative algorithms for learning constraint matrix and vector recovery. In
[78, 145], they consider the problem of the exact retrieval (with high probability)
of vectors that belong to a subspace of dimension less than D. The graded
weights of the bipartite graph connections representing linear constraints are
learned from the vectors of the base (which have only non-negative integer
components). Iterative algorithms are used for learning. The weights are
constrained to be sparse, which is required for analyzing the retrieval algorithm.
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The input (query) vectors x are obtained from the vectors y of the base by
additive noise: x=y+e, where e are random sparse vectors with (bipolar)

integer components. During retrieval, activity propagates first from the data
neurons to the constraint neurons and then in the opposite direction, and so on
for multistep retrieval. Non-linear transformations are used in neurons. In a
stable state, the data neurons represent a base vector, and all constraint neurons
obtain a total weighted zero input from the associated data neurons.

In [78] the vectors are divided into intersecting parts. Any part of the vector
belongs to a subspace of smaller dimension than the vector dimension of that
part. A subset of the constraint neurons corresponds to each part. They are not
looking for an orthogonal basis of constraints, but for vectors orthogonal to the

corresponding parts of the data vectors from the base: W*'y"*) =0, where k is

the part number. To do this, the objective function is formulated and optimized
with a stochastic gradient descent (several times for each part). During retrieval,
they first independently correct errors in each part by performing several steps of
the network dynamics. The correction is based on the fact that

W(k)y(k) =W®e®

Then, exploiting intersection of the parts, the parts without errors are used to
correct the parts with errors.
In [145], y from a subspace of dimension d <D are considered. Training

forms a matrix W of D —d non-zero linearly independent vectors orthogonal to
the vectors y of the base: Wy =0 for all y of the base. An iterative algorithm

of activity propagation in the network retrieves vy .

Algorithms [78, 145], described above, are claimed to store the number N
of vectors (generated from their respective data models) exponential in D
(0(a”), a>1) with the possibility of correcting a number of random errors that
is linear in the vector dimension, D . However, to ensure a high probability of
retrieval, a graph with a certain structure must be obtained, which is not
guaranteed by the learning algorithms used.

NAMs based on sparse recovery algorithms. To create autoassociative
memory on the basis of a bipartite graph, in [110, 111] they use connection
matrices W which allow them to reconstruct a sparse noise vector e which
additively distorts the vector y of the base to form the query vector x. Then the
required base vector is obtained as y =x—e. The noise vector is calculated
using sparse recovery methods (that is, methods that find the solution vector
with the least number of non-zero components). These methods require
knowledge of the linear constraints matrix W such that Wy =0 for all vectors
y of the base. For some models of vectors (i.e. constraints or generative proces-

ses for the base vectors), such W can be obtained in polynomial time from the
base of vectors generated by the model. In contrast to [78, 145], finding W is
guaranteed with high probability, and adversarial rather than random errors are
used as noise.

In [110] real-valued vectors are used as the base, satisfying a set of non-
sparse linear constraints. The data model, where the vectors of the base are given
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by linear combinations of vectors with sub-Gaussian components, allows storing
the number of vectors N up to exp(D”*). The data model with a basis of
orthonormal vectors provides N up to exp(d), where 1<d <D . Both models

allow for accurate recovery from vectors with significant noise.
In [111], as in [145], the vectors of the base are from a subspace defined by
sparse linear constraints. They consider both real-valued vectors and binary

vectors from {—1,+1}” satisfying W models of a certain type (sparse-sub-

Gaussian model). Learning is based on solving the dictionary learning problem
with a square dictionary [111]. An iterative retrieval algorithm uses the fact that
W is an expander graph with good properties [111]. The memory capacity and
resistance to distortion is increased relative to [110].

Note the drawback of the methods considered in this section is that bases of
real data may not correspond to the data models used.

In addition to being an interesting model of biological memory, neural network
autoassociative distributed memories (NAMs) have also been considered as
index structures that give promise to speed up nearest neighbor search relative to
linear search (and, hopefully, to some other index structures). This mainly
concerns sparse binary vectors of high dimension, because the number of such
vectors that it is possible to memorize and retrieve from a significantly distorted
version may far exceed the dimensionality of the vectors in some matrix-type
NAMs, and the ratio N/ D may be similar to the speed-up relative to linear
search (see the first four Sections).

Distributed NAMs have some drawbacks relative to traditional computer
science methods for nearest neighbor search. The vector retrieved by a NAM
may not be the nearest neighbor of the query vector. This could be tolerable if
the output vector is an approximate nearest neighbor from the set of stored
vectors. However, in NAMs the output vector may not even be a vector of the
base set ("spurious memories"). (Up to a certain number of stored vectors and
query vector distortion these problems remain insignificant.) For dense binary
vectors, the number of vectors able to be reliably stored and retrieved is (much)
smaller than the vector dimension. Also, NAMs are usually analyzed for the
average case of random vectors and distortions, whereas real data are not like
that, which results in poorer performance. However, available comparisons with
the inverted index for sparse binary vectors in the average case do not clearly
show the advantage of one or other algorithm in query time (Subsections "Hop-
field networks with sparse vectors", "Willshaw networks with sparse vectors")

An obvious approach to improve the memory and time complexity of the
matrix-type NAMs from quadratic to linear in vector dimension is the use of
incompletely connected networks with constant (but rather large) number of
connections per neuron.

An interesting direction is index structures for similarity search in which
NAM modules are used at some stages. The index structure of Subsection
"Willshaw networks in the index structures for nearest neighbor search" uses
several NAMs to memorize parts of the base, and the similarity of the result of
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single-step retrieval with the query vector is used to select the "best" NAM on
which to perform an exact linear search against its stored vectors.

Some studies are aimed at more efficient use of NAMs when working with
real data. For example, the GB network with binary connections uses different
neurons to represent the same component of the source vector, which allows for
more balanced use of connections.

In Section "Generalization in NAMs" we discussed the use of NAMs for
generalization rather than exact retrieval from associative memory. In the NAMs
that use versions of the Hebb learning rule, storage of vectors (even random
ones) is accompanied by emergence of additional stable states. For correlated
vectors, their common 1-components become "tightly" connected and stable
states corresponding to them arise. Revealing these stable states can be used for
data mining, e.g. for binary factor analysis [36, 37]. Research of complex
(possibly hierarchical) structure of stable states (discussed in terms of cores and
fringes of neural assemblies) may appear useful both for modeling brain function
and for applications.

Real data in many cases are not binary sparse vectors of high dimension
with which the NAMs considered in the first four Sections work best. So,
similarity preserving transformations to that format are required (Subsection
"Similarity preserving binary vectors"). However, the obtained vectors (as well
as the initial real data) are not random and independent, so the analytical and
experimental results available for random, independent vectors usually can not
predict NAM characteristics for real data.

Using data vectors (often non-binary) that satisfy some linear constraints
(instead of random independent vectors) allows bipartite graph based NAM
construction with capacity near exponential in the vector dimension (Section
"NAMs with a Bipartite Graph Structure for Nonbinary Data with Constraints").
However, again, this requires data from specific vector models (to which real
data often do not fit).

In NAMs with higher-order connections, connections are not between a
pair, but between a larger number of neurons (this number being the order). So,
the NAM becomes of tensor-type instead of matrix-type. These NAMs (Section
"NAMs with Higher-Order Connections and without Connections") allow
storing the number of dense vectors exponential in the order. However, this is
achieved by the corresponding increase in the number of connections, and
therefore in memory and in query time.

The higher-order NAMs are generalized in [95, 96], where, roughly, the
sum of polynomial functions of the dot products between all memory vectors
and the network state is used as the input sum of a neuron. Such a treatment
makes it possible to draw interesting analogies with perceptrons and kernel
methods in the classification problem. However, for nearest neighbor search, this
seems impose a query time exceeding that of linear search.

Overcoming these and other drawbacks and knowledge gaps, and improving
NAMs are promising topics for further research.

Let's note other directions of research in fast similarity search of binary
(non- sparse) vectors. Examples of index structures for exact search are [28]
(with a fixed query radius and analysis for worst-case data; however impractical
due to the small query radius required for sub-linear query time and moderate
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memory costs) and [116] (practical, with variable radius of the query and
analysis for random data).

Theoretical algorithms for approximate search (providing: sublinear search
time, a specified maximum difference of the result from the result of the exact
search, and no false negatives) in [2] are modifications of more practical
algorithm classes related to Locality Sensitive Hashing and Locality Sensitive
Filtering (see [18, 14, 147]). However, the latter allow false negatives (with low
probability). Unlike NAMs, these algorithms provide guarantees for the worst-
case data, but require a separate index structure for each degree of distortion of
the query vector. The bounds on the ratio of binomial coefficients [2] is useful
for NAMs.

We note that the index structures for the Hamming distance [28, 116] work
with vectors of moderate dimension (up to hundreds), and for binary sparse high
dimensional vectors Jaccard similarity index structures are used [147, 2, 27, 29].
A survey of these and other similar index structures is presented in the
forthcoming [133], see also [132] for another type of index structures.
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HEWUPOCETEBAS PACIIPEJIEJIEHHAS
ABTOACCOLMATUBHAS [TAMATB: OB30P

B Hacrosimem 0030pe paccCMOTPEHBI MOJIENIM aBTOACCOLIMATUBHOM paclpe/IeiICHHON MaMsTH,
KOTOpBIE MOTYT OBITh €CTECTBEHHBIM 00pa3oM pealn30BaHbl HEHPOHHBIMU ceTAMH. Monenu
WCIIONB3YIOT JUIS 3alIOMHHAHUST BEKTOPOB B OCHOBHOM JIOKaJHHOM TIpaBHiIe O0YYEHHS ITyTeM
MoIH(UKAINY 3HAYCHUI BECOB MEKHEHPOHHBIX CBS3€H, KOTOPbIE CYIECTBYIOT MEXKIY BCe-
MU HeWpoHamu (TIOJIHOCBSA3HBIE ceTH). B pacmpenesieHHON NIaMATH pas3jIndHbIE BEKTOPHI
3allOMUHAIOT B OJIHUX M TeX K€ sdeiKkax MaMsATH, KOTOPHIM B pacCMaTpUBAaEcMOM CIlIy4yae
HEHPOHHOI CEeTH COOTBETCTBYIOT OJHH H Te€ ke CBs3H. OOBIYHO HCCIEAYIOT 3allOMHHAHME
BEKTOPOB, CIIy4aifHO BBIOPAHHBIX M3 HEKOTOPOTO pPacIpe/eIeHuUsI.

IIpu nmomaue Ha BXOJ aBTOACCOLUMATHUBHON MaMsITH MCKaXEHHBIX BAPHAHTOB 3aIIOMHEH-
HBIX B HEW BEKTOPOB OCYIIECTBISIETCS M3BJICYCHUE (BOCCTAHOBIICHHUE) ONMIKANILIETO 3a1OM-
HEHHOTO BEKTOpa. DTO pealu3yeTcs 3a CYeT UTEPaTUBHON IMHAMUKM HEHPOHHOM CeTH Ha
OCHOBE JIOKQJIbHO JOCTYITHOH B HefpoHax MH(OpPMAINH, MOITYUYSHHON IO CBSI3SIM OT APYTHUX
HEeHpoHOB ceTu. BIoTe 70 ompeneneHHOro KOJM4ecTBa 3allOMHEHHBIX B CETH BEKTOPOB U
CTENeHH UX UCKaXEHHs Ha BXOJE, B pe3yJIbTaTe JUHAMHUKHU CETh C CHMMETPUYHBIMU CBSI3IMU
INPUXOJUT B YCTOMUMBOE COCTOSIHUE, COOTBETCTBYIOLIEE 3alIOMHEHHOMY B CETU BEKTOpY,
UMEIOILIEMY HauOOJIbIlIee CXOJACTBO C BXOAHBIM BEKTOPOM (CXOJCTBO OOBIYHO H3MEPSIOT B
TEPMHUHAX CKaJIIPHOTO IPOU3BEJICHHUS).

Taxue HelpoceTeBble BapUaHThl AaBTOACCOILMATUBHOM MMaMATH MO3BOJIIOT 3aIlIOMHUTH C
BO3MOXXHOCTBIO BOCCTAHOBJICHHSI TAKOTO KOJIMYECTBA BEKTOPOB, KOTOPOE MOXKET IPEBBIIIATh
pa3MepHOCTh BEKTOPOB (COBIAJAIOUIYI0 C KOJM4YecTBAa HEHpoHOB B ceTH). s BEKTOpPOB
0O0JIBIION Pa3MEPHOCTH TO OTKPHIBAET BO3MOXHOCTB IOMCKA MPHOIMKESHHOTO OJIMKaNWIIero
cocela ¢ BPEMEHHOM CJIOKHOCTBIO, CYOJIMHEHHON OT KOJMYECTBa 3allOMHEHHBIX B HEHPOH-
HOM ceTu BekTopoB. K HemocTaTkam Takoi mamsiTH OTHOCHTCS TO, YTO BOCCTAHOBJIEHHBIM
JIMHAMUKOM CETH BEKTOP MOXKET HE OBITh OJIMKAMIIUM KO BXOJHOMY MIIH JJaK€ MOXKET BOOO-
1ie He IpUHAaUIekKaTh K MHOXKECTBY 3alIOMHEHHBIX BEKTOPOB M 3HAYUTEIIPHO OTJIMYATHCS OT
mo0oro u3 HuX. MccnenoBaHus pa3IMIHBIX THIIOB HEHPOCETEBOI aBTOACCOMMATHBHON MaMsi-
TH HaIpaBJICHb! HA BHISBIICHUE JTUAIa30HOB [1apaMETPOB, IIPU KOTOPBIX yKa3aHHBIE HElOCTa-
TKH TPOSABISIOTCS C MaJlOM BEpPOSTHOCTHIO, a JOCTOWHCTBA BBIPAXKEHBI B MaKCHUMaJbHOU
CTEIeHHU.
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OCHOBHOE BHHMAaHHE YACJICHO CeTsAM ¢ mapHbiMu cBs3simu Turma Hopfield, Willshaw,
Potts u pabore ¢ OMHApHBIMH pa3peKCHHBIMH BEKTOpaMH (BEKTOPAMHU C KOJHYECTBOM €[IH-
HUYHBIX KOMIIOHEHTOB, MQJIBIM 10 CPAaBHEHHIO C KOJUYECTBOM HMX HYJIEBBIX KOMIIOHEHTOB),
T.K. TOJIBKO UIsI TaKUX BEKTOPOB YyHAACTCA 3allOMHUTH C BO3MOXXHOCTHBIO BOCCTAHOBJICHHSA
0O0JIBIIIOE KOJTHYIECTBO BEKTOPOB. [IoMHMO (DYyHKIIMH aBTOACCOLMATUBHON MaMSTH, IS 3TUX
ceTel Takke obOcyxnaercs QyHKIUS 0000meHus. OOCYXKIAIOTCS TaKKe HEMOTHOCBS3HBIC
cetn. Kpome Toro, paccMoTpeHa aBroaccoudaTHBHAs NMaMATh B HEHPOHHBIX CETSIX CO CBA3S-
MU BBICHICTO MOPAAKAa — TO €CTh CO CBA3SIMH HE MEKIY ITapaMu, a MEXKIY 6OJ'ILHII/IM KOJIn4e-
CTBOM HEMPOHOB.

PaccmoTpena Taxke aBTOAcCOLMATUBHAS NMaMATh B HEHMPOHHBIX CETAX CO CTPYKTYPOH
IBYIOJIBHOTO Tpada, e OZHO MHOXKECTBO HEHPOHOB NPEICTABILSIET 3aIIOMUHAEMBIE BEKTO-
pBI, @ Opyroe — JHMHEHHbIE OrPaHUYEHHS, KOTOPBIM OHU HMOAYUHSIOTCSA. DTH CETH BBINOJIHS-
0T q)yHKL[I/II-O aBToaCCOHI/IaTI/IBHOﬁ namMATH U OJid HC6I/IHaprIX JAaHHBIX, YAOBJICTBOPAIOIINX
3aIaHHOM MOJIENH OTPaHNYEHUN.

OO0cyKnalTcsl OTHOLICHHE PAacCMOTPEHHBIX B 0030pe MoJiesiell HelipoceTeBol aBToac-
COLIMATHBHON paclpeelIeHHON MaMsATH K IpoOJIeMaTHKe OUCKA 10 CXOJCTBY, TOCTOMHCTBA
U HEOOCTAaTKH PACCMOTPEHHBIX METOAOB, HAIIpaBJICHUS ):[aﬂbHeﬁHJPlX HCCHCﬂOBaHHﬁ. OI[I/IH
13 MHTEPECHBIX M BCE €lIe HE IOJHOCTHIO pa3pelIeHHBIX BOIPOCOB 3aKIIOYaeTCS B TOM,
MOXET JIU HeI\/’IpOHHaﬂ aBToacColMaTuBHas IIaMATh HCKAaTbhb HpI/I6J'II/I)KCHHLIX GHH)KaﬁmHX
cocezielt ObICTpee APYruX MHAEKCHBIX CTPYKTYp UIA ITOMCKA MO CXOACTBY, B YaCTHOCTH, JUIS
Clly4as BEKTOPOB O4Y€Hb OOJIBIINX pa3MEpHOCTEH.

Knrwuesvie cnoea: pacnpeodenenHas accoyuamuHas NAMsmMv, DAPEHCEHHbLL OUHAPHBIL
sexmop, cemv Xonguioa, namame Yurnwoy, modeiv [lommca, druxcaiiwuil coceo, nouck
no €x00cmay.
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HEWMPOMEPEXHA PO3IIOJZIEHA
ABTOACCOUIATHUBHA ITAM’ATb: OI'JIA/]

VY 1pOMY OTJISi/Ii PO3MISHYTO MOJIENI aBTOACOI[IaTUBHOI PO3MOAIIICHOT MaM’sTi, SKi MOXYTh
OyTH HpPUPOIHUM UYMHOM peayi3oBaHi HEHPOHHMMH MepexxaMH. Mogjesli BUKOPHUCTOBYIOTh
JUISL 3amam’sITOBYBaHHS BEKTOPIB B OCHOBHOMY JIOKaJbHOMY TIPaBHJII HABYAHHS IUIIXOM
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Moudikalii 3HaYeHb Bar MXKHEHPOHHUX 3B’SI3KiB, SIKi iICHYIOTh MiXK BCiMa HeiipoHamu (ITOB-
HO3B’sI3HI Mepexi). Y po3nofiseHiii mam’aTi pi3Hi BEKTOPH 3amaM’ STOBYIOThCS B OHUX 1 THX
caMHX €JIeMEHTax mam’sTi, IKAUM B IIbOMY BHIIaJIKy HEHPOHHOI MepeXi BiIMOBIIAIOTH OJHI 1
Ti 5K 3B’S3KH. 3a3BUYail TOCHIIPKYIOTh 3alaM’ITOBYBaHHsI BEKTOPiB, BUIIAJKOBO BUOPaHUX 3
JIESIKOTO PO3IIOILTY.

SIKmo Ha BXiJ aBTOACOLIATHBHOI IMaM’sTi IMOJAIOThCA CIOTBOPEHI BapiaHTH 3a-
mam’sITOBaHUX B Hifl BEKTOPIB, 3MIMCHIOETHCS BUTAT (BiJHOBJICHHS) HAWOIMKUYOTO paHilie
3amaM’sITOBaHOTo BekTopa. Lle peamiyeThes 3a paXyHOK iTepauiiHOl IUHAMIKM HEHpOHHOI
MepeXi Ha OCHOBI JIOKaJIbHO JIOCTYMHOI B HeipoHax iHQopMariii, OTpuMaHOi BiJ iHIIHUX
HelpoHiB Mepeski. Jlo IeBHOI KiIBKOCTI 3amaM’sTOBAaHUX B Mepexki BEKTOPIB 1 CTyHeHs X
CIIOTBOPEHHS Ha BXO[li, B Pe3yJbTaTi TUHAMIKH Mepeka 13 CHMETPUYHIMH 3B’ I3KaMH [IPUXO-
IUTh B CTIMKWH CTaH, BINOBITHHN 3amaM’ITOBAHOMY B MeEpexi BEKTOpY, SKUH Mae
HaHOINbIIY CXOXKICTh 3 BXiAHUM BEKTOPOM (CXOXICTh 3a3BHYail BUMIPIOIOTH SIK CKaJISIPHUH
JI0OYTOK).

Taki HelpoMepe)kHi BapiaHTH aBTOACOLIATHBHOI MaM’sTi JAO3BOJSAIOTH 3amaM’sTaTd 3
MOJKJIUBICTIO BIJIHOBJICHHS TaKy KUIBKICTh BEKTOPIB, SIKa MOXKE MEPEBHIYBATH PO3MIipPHICTh
BEKTOpiB (10 30ira€rbCs 3 KINBKICTIO HEHWPOHIB B Mepexi). s BEKTOPiB BEJIHKOI
PO3MIPHOCTI II¢ BiIKPHBAE MOXKIIHMBICTH TOIIYKY HAOJIMIKEHOrO HAHOIMKYOro cyciga 3
CKJIAJIHICTIO, CyOJIiHEHHOIO BiJ KITbKOCTI 3aliaM’ATOBAaHUX B HEHPOHHIN Mepexi BekTopiB. J[o
HEJIOJIIKIB TaKoi 1maM’sITi BiTHOCUTBCS T€, 110 BiHOBJICHUI TUHAMIKOIO MEPEKi BEKTOP MOXKE
He OyTH HaWOIMKYMM 10 BXiZHOrO a00 HAaBiTh MOXKE B3araji He HaJeXaTdh J0 MHOXHHU
3amam’iTOBaHUX BEKTOPIB 1 3HAYHO BIAPI3HATHCS Bil Oyab-iKoro 3 HUX. JlociimKeHHS
pi3HMX THUMNIB HEHPOMEPEe)KHOi aBTOACOLIAaTUBHOI IaM’ATi CIpPSIMOBAaHO HA BHSBICHHS
Jliara3oHiB MapaMeTpiB, PH SKAX 3a3HAYCHI HEJIOJIKU MPOSBISIOTHCS 3 MAJIOK IMOBIPHICTIO,
a JIOCTOTHCTBA BUPAKEHI B MAaKCUMaJIbHOMY CTYIICHI.

OCHOBHY yBary HpHUAIJICHO MepekaMm 3 mapHuMu 3B s3kamu Ty Hopfield, Willshaw,
Potts i poOoTi 3 OiHApHUMHU PO3PIIKEHUMH BEKTOpaMH (BEKTOpaMH 3 KiIBbKICTIO OMHUYHUX
KOMIIOHEHTIB, K€ € MAJUM Yy TIOPiBHSHHI 3 KIJBKICTIO iX HYJbOBHX KOMIIOHEHTIB), TaK SIK
TIIBKH JUIS TaKUX BEKTOPIB BJAETHCS 3amaM’sITATH 3 MOXKIIUBICTIO BiJTHOBJICHHS BEIIUKY
KUTBKICTh BekTOpiB. KpiM ¢yHKIT aBTOACOIiaTUBHOI HaM’sATi, U1 IMX MEPEX TaKOXK
00roBOproeThCS PyHKIIISI y3araibHeHHss. OOTrOBOPIOIOTHCS TAKOXK HETIOBHO3B’I3KOBI MEPEXKi.
KpiM TOro, po3riisiHyTO aBTOACOLIATHBHY I1aM’sTh B HEHPOHHHX Mepekax 31 3B’s3KaMH BU-
I[OT0 TTOPSIIKY — TOOTO 31 3B’sI3KaMH HE MK TTapaMH, a MK BEJIMKOIO KiNbKiCTIO HEHPOHIB.

Po3risiHyTO TakoX aBTOACOLIATHBHA IaM’ATh B HEHPOHHHX Mepekax 3i CTPYKTYpPOIO
JIByZIOJIBHOTO rpada, e 0Ha MHOXKHMHA HEHPOHIB HaJa€e BEKTOPH, SKi 3amam’sITOBYIOTECS, a
iHIIA — JIIHIAHI 0OMEXEHHS, SIKHM BOHH IiKOPIOIOThCS. L{i Mepexi BUKOHYIOTh (YHKIIIO
aBTOACOLIaTMBHOI ITaM’SITi TaKOX JJIs HeOlHAPHUX JaHMX, sIKi BiJIOBIAAIOTh 3aaHiid MoIei
00OMeKeHb.

OOroBOpIOIOTHCS. MOXIIMBOCTI BUKOPHCTaHHS PO3IJISHYTHX B OIVIALl Mojeneidl Helpo-
MEpEXKHOT aBTOACOIIATUBHOI PO3IOIiICHOT TaM’ATi y MpoOJeMAaTHINI MOMIYKY 3a CXOXKICTIO,
JIOCTOTHCTBA 1 HEAOJIKU PO3TIITHYTHX METOAIB, HANPSIMKU MOAAIBIINX TOCHiIKeHb. OquH i3
IiKaBUX 1 BCe I[¢ HE MOBHICTIO BUPILICHUX MUTaHb IOJIATA€ B TOMY, Y4 MOXE HEHpOHHa
aBTOAcOLliaTUBHA MaM’SITh IIYKaTH HAONIKEHUX HAHOMIKYMX CYCIiB MIBHIUIE iHIINX
IHAEKCHUX CTPYKTYp JUIS IOIIYKY 33 CXOXKICTIO, 30KpEMa, y BUIIAJKY BEKTOPIB IY>Ke BETHKHX
PO3MipHOCTEH.

Knrwuosi cnosa: posnodinena acoyiamuena nam ’smov, po3pioxceHuil OGIHAPHUL 8eKMop, Me-
peoica Xonghinoa, nam’ame Yinuoy, modens Ilomca, Hatibaudcuuii cycio, NOULYK 3a cXoxicic-
mio.
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SACTOCYBAHHA METOJIIB HEYITKOT NOrIKH
ANA TENEMEAHYHUK CHCTEM

Po3zensanymo cucmemy menemMOoHImMoOpuney JCUMMEBO BANCTUBUX NOKAZHUKIE nayicumie O
nepeunnoi 0lacHOCMUKU Ma BUAGNEHHA AHOMANLHUX 3HAYEHb OIOQI3UUHUX NOKAZHUKIE.
Excnepmui oyinku, 3aknadeni y npasuia Hewimxoi 102IKU, NOPIGHIOIOMbCA 3 SUMIDAHUMU
3HAYEHHAMYU NOKAZHUKIE NAYICHMIE 0I5l PO3PAXYHKY PU3UKY 3axeoprosanns. Hasedena memo-
OUKa € 3a2aNbHOI0 NPU BUAGLCHHI AHOMANLHUX 3HAYEHb DIOQI3UUHUX NOKA3HUKIE Ol OYIHKU
PUBUKI@ 3aXBOPIOBAHHS MA NpuliHaAmms 6ionogionux piuenb. Cucmema peanizoeama Ha
naam@opmi «Arduino» 3 npocpammum Kooom Koumponepa neuimkoi noeciku. Poswupenns
Habopy BUMIPIOBAHUX NOKAZHUKIE NOMPIOHO Ol YIMOUHEHHS 0IACHO3).

Inmeeposana nnameopma cucmemu monimopunzy «m-Healthy 0oszsonae nayicnmam
6ymu MOOITbHUMU, 8 MO YAC AK IX JHCUMMEBO 8AICTUBT NOKASHUKU PEECMPYIOMbCA Y NOMOY-
HOMY pedtcumi.

Knrwuogi cnosa: menremonimopune (izionoziunux napamempis, Heuimka 102IKa Kepy8aHHs.

BCTYR

[lepBrHHY MeQUUYHY AIarHOCTHKY IAIliEHTIB B TEPIIy Yepry 30Cepe/KEHO Ha
¢i3ioNoriuHUX 3MiHaX OpraHi3My, sKi HOB's3aHi 3 010(i310J0r YHUMU CUTHaJa-
Mu. B3aemornop's3aHuii xapakTep OlOJOTIYHMX IMIJCHUCTEM OpraHi3My 3a0X0uye
3aCTOCYBaHHS arperoBaHoro MiJAXO0Jy JO MPOTHO3yBaHHS 3aXBOpIOBaHHS. bes-
MEPEPBHICTh MPOLECY MOHITOPUHTY HOTpeOye BUSBICHHS aHOMAaJbHUX BiIXH-
JICHb BiJl HOPMH OTPHMAaHUX Yy pealbHOMY MacIuTadi yacy JaHHX.

CyuacHi TenemeanyHi MOOLTBHI KoMmIuiekcn (m-Health) BUKOpHCTOBYIOTBCS
JUIs poiIakTUKY Ta peadimitarii namieHTiB. Hanpukman, s namieHris Biana-
JICHUX HACEJICHUX IYHKTIB IependayaeTscsl MEPBUHHA AIarHOCTUKA Ta OIOBi-
IICHHS, IPU HEOOXIMTHOCTI, CTAHIIN IIBHIKOI MEIUYHOI JAOMOMOIH PO MicIie
pO3TallyBaHHs IMX MaIli€HTiB. MeTa moisirae y po3po0JieHHI CHCTEMH MOHITO-
PUHTY MEIUYHHUX MOKA3HUKIB MarieHTa 3 GyHKUISIMH €KCIpec aHajli3y >KUTTEBO
BaXXJTUBUX O3HAK.

TexHIuHi aCTeKTH CUCTEM MOHITOPHUHTY TIOB’sI3aHi 3 KEPYBaHHSIM MaKeTaMU
JaHUX BIAMOBIAHO J0 MPOTOKOINY 3B'SA3KYy, BU3HAYEHHSAM (opmMaTy mepenadi na-
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3acmocysanns memo0die Heuimkoi 102iKu OJisk MENeMeOUUHUX CUCTIEM

HUX Ta 3aCTOCYBaHHSIM «XMapHHUX» JIOJaTKiB py QOpMyBaHHI iHQOpMAIIITHIX
pecypciB. IHdopMariiHui NOTIK JaHUX PO3TJIAAAETHCS Y KOHTEKCTI KYMYJISATHB-
HOTO aHalli3y CHUTHAJIB TeJeMeTpii Ha KiacTepi MPOCTOPOBO PO3MOAIICHOTO
cepenoBuia. OcobnuBa yBara NpuaLISETbCS 0OPOOJICHHIO YACOBHMX PSI/IIB CHI-
HAJIIB Y PEXKHUMI pealbHOTO Yacy JJjisl BA3HAUEHHs aHOMaNbHUX Janux. Cucrema
MOBHHHA BUKOPHCTOBYBAaTH PO3MOAITICHI OOYHCICHHS 3 BHCOKOIO IPOITYCKHOIO
CIPOMOJKHICTIO CUTHANIB, SKi 00pOOIAIOTECS. AHaNi3 JaHUX BKIIOYAE IPOrpam-
Hi KOMITOHEHTH, SIKi YTBOPIOIOTH KOHBeep 00poOieHHs curamiB. IHTepdeticu
NPUKIAIHUX OPOrpaMHUX AOJATKIB MOBUHHI MIATPUMYBATH cepiaizaililo Ta
Jecepianizamilo CTPYKTypOBaHUX TUIIB AaHuX. IIporpamHi KOMIOHEHTH BHKO-
HYIOTh aHaJli3 Ta Bi3yali3allif0 JaHUX 3 €IMHUM CEMaHTHYHUM iHTepdericom
B3a€MOJIIT TS 3a0€31eYCHHS CyMiCHOCTI.

Cucrema nepenbavae anani3 (i3ionoriyHUX MOKA3HUKIB, sIKi 00pOOISIOTHCS
JUIS BUSIBJICHHS IaTOJIOTIYHOTO CTaHy MalieHTa. EKCIepTHa cUCTeMa aHamli3y
MOKa3HHUKIB BU3HAYAE PIBEHb PU3HMKY 3aXBOPIOBAHHS MAIIEHTIB 32 JIOTIOMOTOO
HEYITKOI JIOTiKH, SIKa iMiTye HaOJmkeHe MipKyBaHHs. TexHooris 3abesnedye
IHCTPYMEHT ONHCY XapaKTEPUCTHK CKIAJHUX CHUCTEM, IOJ0 AKUX HE BU3HAYCHO
TOYHI MaTeMaTH4HI MoJeli aHanizy. OJHUM 13 MPHUKIIAIiB MAcIITAOHOTO 3aCTO-
CYBaHHsI HEYITKOI JIOTIKM CTaJI0 MOJEIIOBAHHS CHUCTEMU OXOPOHH 310poB'st Be-
TUKOOPUTAHII, sIKe TO3BOJWIO OI[IHUTH 1 ONTHMIi3yBaTH BHTPATH HA COLiaibHi
MOTPeOU HACEIICHHS.

CucreMu KepyBaHHS Ha OCHOBI HEWIiTKOT JIOTIKHM JJIsl IPUHHSTTS pillieHb 0a-
3y€ThCSl Ha peajizalii 3BOPOTHOro 3B’SI3Ky y BUIVILII LIBHIKOI AONOMOTH abo
aKTUBAaIlil MeIUKaMeHTO3HUX iH €Kil [1, 2, 3, 4]. CeHCOpHI NPUCTPOI CUCTEMH
MOHITOPHHTY BHKOHYIOTh IOTOYHE BUMIipIOBAaHHS HA00OPY (i3i0JOTIYHUX ITOKa3-
HUKIB [yl BU3HAYCHHS PIBHS PU3UKY 3aXBOPIOBAHHS MallieHTa. BUKOPHCTOBYIO-
Y¥ MEAWYHI CTAaHAAPTH AJIS OLIHIOBAHHS PAaHHBOTO MPOSBY 3aXBOPIOBAHHS, J0-
pPEYHO 3aCTOCOBYBATH HEYITKY JIOTIKY KEPyBaHHS i KOHTPOJIO TPH TEIEMOHITO-
PHUHTY TAI€HTIB JUIS TPUNAHSTTS PillIeHb 010 BUSBJICHHS aHOMAaIBHUX 3HAYECHb
XKHUTTEBO BAKIMBUX MMOKA3HUKIB.

Meta — po3po0JICHHS EKCIIEPTHOI CHCTEMH IEPBHUHHOI JTIarHOCTUKH Ha
OCHOBI TpaBWJI HEUITKOI JIOTIKH JJIsl pO3PaxyHKY PIBHsS PU3UKY 3aXBOPIOBAHHS
MALI€HTIB IpU BUSIBICHHI aHOMAJIbHUX 3HAYCHD KUTTEBO BAXJIMBUX MMOKa3HUKIB
Ta 3aCTOCYBaHHS 3BOPOTHBOTO 3B’ SI3KYy MIPU NPUHHATTI BINOBITHUX PillICHb.

EKCNEPTHA CHCTEMA HA OCHOBI NPABHN HEYITKOT NOFIKM

Knacuyni MeTonu aHaiizy Ta KepyBaHHs 3a3BUYail BUKOPHUCTOBYIOTBCS IS Jie-
TEPMIHOBaHUX O0'€KTIB, a Ui HEYITKO BH3HAYCHUX CHCTEM OINTHMAJIbHUM €
3aCTOCYBaHHS METOAIB HeuiTkoi Jioriku. Heditka norika ynpasninas (HJIK) e
METOAOJIOTIEI0 NU(POBOrO KEPyBaHHS, AKa IMITye Mpolec NPUHHATTS pillicHb
JIIOIMHOO, JIO3BOJISIIOYH OaraTo3HadHy JIOTiKY, BIACTHBY 3MIHHHUM Y Yaci ClieHa-
pisim moBeiHkH HemiHiHUX cucteM. HJIK 3acHOBaHa Ha mpaBWIIaX MPOYKIIii-
HO{ MOJIeJTi 3 BUKOPUCTAHHM JIHTBICTHYHHMX 3MIHHUX JJIS1 IPUMHATTS pilleHb. 3
JIHTBICTUYHOIO 3MIHHOIO NOB's3aHa (i3WYHA BENUYMHA, sIKA BU3HAYAE SIKICHI
O3HAKHU CTaHIB CHCTEMH 32 HAOOPOM TEPMIiHIB (HAIIPHKIIAJ, «HU3BKHUI», «cepe-
Hill», «BUCOKHIY). KOXXHOMY 3 TepMiHIB HaleXHUTh Jiala30H 3HAYCHb 3MIHHOI.
st BUOpaHoro niana3oHy 3Ha4eHb CTYIHIHb HAIEXHOCTI (PI3MYHOT BEIMYUHU 10
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TepMy JAOPIBHIOBATUME OAWMHHUIIL, & IS BCIX 1HIIUX 3HAYEHb — B 3aJIEKHOCTI BiJ
BUOpaHOT QYHKIIIT HATIEKHOCTI.

Mertoponorisi BKJIIOYa€ BU3HAYCHHS MIPAaBUJ y TEPMiHAX MOBH HEUITKOI JIO-
TKM JUIS 31CTaBJICHHS BXIJHUX JaHUX 3 BUXITHUMU 3HAYEHHSIMHU JIOTIYHUX 3MIH-
HuX. OCHOBOIO JIOTIYHOTO BUCHOBKY € 0a3a MpaBuWI, SIKi MICTATh BHCIOBIIIOBAH-
H y dopmi "skmo-to" Ta QyHKOI] HaIEKHOCTI BIAMOBIZHUX JIHTBICTHYHHX
tepMmiHiB. Ilpouec anamizy nepembauae BU3HAYEHHS CTYNEHIO HMPUHATIECKHOCTI
eJIeMEHTa BXiIHOI 3MIHHOI /10 HEYITKOI MHOXHHM y miama3zoni [0, 1], me "0"
03HAYa€ BIJICYTHICTh, a "1" MOBHY HAJIC)KHICTh €JICMEHTA JI0 MHOXKHHH.

[Ipomyxkiiiiai mpaBuiia CKIAAAIOTHCS 3 BXITHUX MOCUJIOK i BUCHOBKY. Kinb-
Ka TOCUJIOK 00'€ IHYIOTBCS 33 IOTIOMOTORO JIOTTUHHUX 3B's13KiB «I», «ABO» y mpa-
Bui. [Iporiec kepyBaHHs Oa3yeThes Ha MOTEPENHIN 3asBi — IMOCHIIKU «aHTelle-
JIEHT», BiJl IKOT POOUTHCS BHCHOBOK 1 TOIII, SIK CIIIZICTBO, BUKOHYETHCS Misl «KOH-
cekBeHT». Ha 0CHOBI BXiIHMX JaHHX 3aIlyCKAa€ThCS LUK «PO3Mi3HABaAHHA-IL»,
nepeduparoyy MPOAYKIiiHI MpaBuia.

[Iponec kepyBaHHS MOB'I3aHO 3 BUXIJHOIO 3MIHHOIO, ajle pe3yJbTar JIOrid-
HOTO BHCHOBKY € HEYIiTKUM JJISl CIPHUHHATTS KOMaHJl BUKOHABYMM IPUCTPOEM.
Tomy HeoOXiaHI 3ac00U MEPEeXOo/y Bil HEYITKHUX 3HAYCHH JI0 NCBHUX BEIHYMH,
TOOTO TIEPETBOPEHHS JIHTBICTHYHUX 3MIHHUX y YHCIIOBI aHanoru. DyHKmioHa-
JbHI KOMIIOHEHTH aHajli3y BXiJHMX 3MiHHHUX IOB’s3aHi 3 (azudikamiero, a npu-
HHATTA pimeHs — 3 aedasudikanieto. [lpouec kepyBanHs noainseTscs Ha ¢a-
3u(ikaiito (BBEICHHS 3HAUCHHS JIHTBICTUYHOI 3MIHHOI), 3aCTOCYBaHHs 0a3u
«JIOTiYHUX» TIpaBUl 1 aedasudikarito (MEPETBOPEHHS y YHCIOBE 3HAYCHHS 32
cTyneHneM HajexxHocTi). Ilpoaykuilini npaBuia GopMyroTbes 7151 BiZoOpaskeHHs
BXOZIB Ha MpoLec NPUHHATTS pimeHb. CTPyKTypy NpOrpaMHOro 3ade3nedeHHs
perynsaTopa 3 BAKOPUCTAHHSM IPABIII HEYITKOT JIOTIKH HaJaHo Ha puc. 1.

Perynsarop Ha 0CHOBI HEYITKOI JIOTiKM BUKOHY€E (PYHKIIT KOHTPOIO BXiJHO-
T0 CUTHaITy, eTamy o0poOieHHs i kepyBaHHA. OYHKIIOHAIBHUH eTan 00poOieH-
HSl JaHUX BUKJIHMKA€ BiANOBiAHE MPAaBWIO IJIsI KOXXHOTO BXIAHOTO CHUTHANY, a
noTiM 00'eZIHY€E pe3yNbTaTH. BuxigHuii kackaJ mepeTBopioe KOMOIHOBaHUH pe-
3yJIBTAT Y KOHKPETHE 3HAYCHHS, TOOTO BUCHOBOK. METOIOJIOTISI BKIIFOYAE MiAXiJ
10 BU3HAUEHHS NPaBWJI B TEPMiHAX HEUITKOI MOBH KepyBaHHs. Taka iHTepmpe-
Talis KepyBaHHsS KOPHCHA JJIsl BUPIMICHHS MPOOJeM, MOB'SI3aHUX 3 aHAIi30M
CKJIAJIHUX CUCTEM TPH NMPUUHSATTI PillICHb.

MOHITOPHHT CTAHY NALICHTIB

CucreMa MOHITOPHHTY CTOCYEThCs 300py, aHamizy 1 mepemadi iHdopMarii mpo
KHUTTEBO BakJUBi o3Haku (Vitals) crany marmientiB. [Iporpamue 3abe3rnedeHHs
0a3yeTbCcsl HA alNrOpUTMI HEUITKOI JIOTIKH, KUK (iKCye BUHHUKHEHHS aHOMAllb-
HOTO cTaHy JroauHu 1 popmye nonepemxenns. [Ipu peanizauii excriepTHoi cuc-
TEMH 3aCTOCOBYETHCS HAOIp JaTUMKIB JJIS BUMIPIOBAHHS MEIUYHHUX MTOKa3HHUKIB.
Cuctema nepeBipsie 3HaYeHHSI KOMOIHALIH JaHUX 1 peecTpye cueHapii mst Gpop-
MYBaHHS JiarHOCTUYHUX BUCHOBKIB.

Habip npaBui HediTKOi JIOTIKM po3pOOIEHO Ui MEPBUHHOI JIarHOCTHKH
MaIrieHTa Ha OCHOBI MOHITOPHHTY (Pi310JIOTIYHHX CHUTHAIIIB: TEMIIEpaTypy Tijia
(T), xpo’stHoro tucky (BP), mynmecy (HR), Hacuuenns kpoBi kucHem (SO2),
gacrotu nuxaHHs (RR), a Takox piBaA 1mykpy y kposi (BS). Ilpu po3mmpensHi
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3acmocyeants memoois Heuimkoi 102iKu 0I5l MeleMeOUYHUX CUCmeM

ITpaBima GpopMyBaHHI

TOTIYHOLO BIICHOBKY:
Bxig (Da'ﬂ[(l)]j(a]_[i;[ hd AI‘IJGI’}-’B‘C\HHH, [ ;[e(l)'d'ﬂ[(l)]'l(ﬂ]_['lﬂ ] Bz

e AKTIBAII,
¢ ARYMyIHOBAaHHA

Puc. 1. CtpyKTypa IpOrpaMHOTO PEerylsaTopa HEYiTKOrO JIOTTYHOTO KepyBaHHS

Habopy BXiJIHUX MOKA3HMKIB, HAPHUKIIA] BUMIPIOBaHHS BMICTY IyKpY V KpOBI,
cucreMa norpedye BHU3HAUEHHS JOAATKOBOTO HaOOpy (QyHKLIM HameXHOCTI i
po3mmpeHHs 0a3u HediTKUX npaBuil. [[puiiHATTS pilieHb BU3HAYAETHCS CTaHAA-
proM MEWS, sikuii BHKOPHCTOBYETBCS Y MEIUYHIN MPAKTHII sl OL[IHIOBaHHS
PaHHBOTO IMPOSIBY 3aXBOPIOBAHHS IPHU CIIOCTEPEXEHHI (i310J0rYHUX MOKa3HH-
KiB. 3Ha4YeHHS NOKAa3HUKIB HaBeIeHO y Ta0uI. 1.

JiarHocTH4YHI BHCHOBKH (POPMYIOTHCSI BIAMOBIAHO /IO HAOOpy BHMipeHUX
3HA4YeHb MICIsl BU3HAUEHHS TPYIH PU3HMKY JJISI KOXKHOTO TIOKa3HUKA 3TiTHO 3
tabn. 1. g xoxHOro HaOopy (QyHKLIM HaleKHOCTI BBOAATHCS CEMAaHTHYHI
TEePMIiHM ITOKA3HHUKIB:

15
1 N

0,5 1

0 Y —e ¥ —e —e

345 350 355 360 365 370 375 380 385 390 395

a) temneparypa p(T)
15

11— 944 *
0,5

0 ——0—6—0 ———60—46—9

0,0 20,0 40,0 60,0 80,0 100,0 120,0 140,0 160,0
0) mynsc u(HR)

1,5

ANEVANEEEEVAN

0 — «— —

L 4
L 4

80,0 82,0 84,0 86,0 88,0 90,0 92,0 94,0 96,0 98,0

B) HacW4YeHHS KpoBi kucHeM [(SO2)
Puc. 2 CeMaHTU4H] TepMiHU MOKA3HUKIB U1 HA00PY (QYHKLIN HAIEKHOCTI
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[puknax Habopy GyHKIIN TeMnepaTypy sl OIIIHIOBaHHS TPYIT PUHKY:
Hypothermia = FuzzySet (34.0, 34.0, 35.0, 36.2); // I'inotepmis (TLow2 = 2)
Normal = FuzzySet (36.0, 36.2, 36.8, 37.0); // Hopmanbeuutii cran (TNormal = 0)
Febricula = FuzzySet (36.8, 37.0, 37.8, 38.0); // He3nyxanns (THighl = 1)
Fever = FuzzySet (37.8, 38.0, 41.0, 41.0); // Jluxomanku (THigh2 = 2)

[licna Bu3HAUEHHS TPYI pU3UKY HOPMYIOTHCS TIarHOCTHYHI BUCHOBKH:

SIkmo Low2 Normal

To

Highl High2

Hypotermia Normal Febricula Fever

Peakuisi KoHTpoJiepa MpH BUSIBJICHI aHOMAJIIBHUX MOKa3HHUKIB HANAETHCA Y
XKypHa TecTyBaHHs (Tabi. 2).

Tepmin «Risk» BimoOpaxkae CTyMiHb HAIEKHOCTI MOKa3HUKa TeMIEpaTypu
no komrurekcy {Hypotermia, Normal, Ferbicula, Fever}. [lns mokaszuukis 36.16
abo 37.80, sikum BiAmoBinae mpomi>kHe 3HadeHHs W(X) Big 0 10 1, BUOHMpaeThes
HaiiOinbme 3nadenHs. [Ipu Temnepatypi 36.16 3Hayenns ¢yHkuii pu(x) 3HaXO-
autbest Mk 0.08 1 0.92 maemo 0.92*Fever Ta oninky pusuky R = 0.92%2 = 1.84,
ne 2 pianorigae rpymi pusuky Low?2 y Taoun. 1. disa 37.80 (mpomikHe 3HAYCHHS
u(x) mixk 0.19 1 0.81) maemo 0,81*Hypotermia Ta ominky pusuky R = 0.81*%2 =
1.62, ne 2 Binnosigae rpyni pusuky High?2.

Tabnuya 1. ONiHIOBAaHHSI PAHHBLOTO NPOSIBY 32XBOPIOBAHHS

I'pyna Low3 Low2 Lowl Normal Highl High2 High3
Ouin- 3 2 1 0 1 2 3
Ka
T T<36.2 36<T<37.2 37<T<38 T>37.5
HR HR<50 45<HR<60 | 55<HR<100 [95<HR<I110 | 105<HR<130| HR>125
S0O2 SPO2<85 | 83<SP0O2<90 | 87<SPO2<95| SP0O2>93
SBP SBP<75 | 70<SBP<85 |80<SBP<100 | 95<SBP<190 SBP>185
RR RR<15 10<RR<30 RR>25
BS BS<66 63<BS<72 70<BS<110 106<BS<150 | BS>140

Tabauya 2. 3anuc BUSIBJIEHUX AHOMAJIbHUX MOKA3ZHUKIB y KypHAJi TeCTyBaHHS

[TinBuieHHs TeMnepaTypu

3HMKEHHS TeMIIepaTypu

Temperature (*C): 37.25
Temperature (*C): 37.56
Temperature (*C): 37.62
Temperature (*C): 37.74
Temperature (*C): 37.80
Risk: 0.00, 0.00, 0.08, 0.92
Warning output: 38.46
Temperature (*C): 38.36
Risk: 0.00, 0.00, 0.00, 1.00
Warning output: 38.95

Temperature (*C): 36.49
Temperature (*C): 36.37
Temperature (*C): 36.34
Temperature (*C): 36.28
Temperature (*C): 36.16
Risk: 0.19, 0.81, 0.00, 0.00
Warning output: 36.18
Temperature (*C): 35.51
Risk: 1.00, 0.00, 0.00, 0.00
Warning output: 34.84

40
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Haruuku Si (i = 1...N) ineHTH}IKYIOTh CEMaHTUYHI BUMAAKH (BiJl TPHOX IO
CeMH 3rimHO 3 Tabm. 1), IS SKUX BH3HAYEHO JIHIBICTHYHI 3MiHHI Xi
(i=1...N) pxigaux nanux. Jlinrsictnyna 3MinHa Xi 3a7a€Thcs HAOOPOM (PyHK-
i HanexxHocti 3 TepMinamu Ti, j (j = 1...mi). HaGip tepmini {Ti, j} Bu3Hauae
CIIeHapii, SKi MOXYTb cTaTHCs BinnoBigHo Ao 0a3u mpaun Rk (k = 1..M), ne

n

M = Hmi . [IpaBuna Rk nepeBipstoTh 3HaYCHHS TIHTBICTHYHHUX 3MIHHHX 1 Ma-
i=1

to1b Burisia: Rk: IF Xi is Ti,j and...and Xn is Tn, k then Y is Ck. ®ynkiis Ha-

nexxHocTi Juis npaBuina Rk po3paxoByerbes sik MiHIMYM Bin HaOOpy (QyHKIiH

W(X1) OKpeMHUX THIIiB BUMIpIOBaHb, HAPUKIIA TEMIIEPATYPH Ta MYJIbCY.

3 npaBuiamu Rk moB’s3aHa BuxinHa 3MiHHA Y, SIKa MO3HAYAE OKPEMi MOXK-
nuBux komOiHaii Bxigaux naHux (Ck, k = 1...m) i1 cTOCY€eThCS PU3UKY 3aXBO-
pIOBaHHS TalieHTa. 3a KOHKPETHUM CIieHapieM MoHiTopuHry aatumku T, HR,
SO2 mMoxyTh yTBOprOBaTH KoMOiHaIlit0o M = 4*6*4 = 96 npaswi1. Buxinna 3min-
Ha BH3HaYae piBEHb PH3HKY, SKWH MONUISEThCS Ha rpymu. [Ipuknan BuXigHOI
¢ynkuii npu BuMiptoBanHi Temneparypu (Temp) ta mynscy (Puls) HaBeneHo Ha
rpadiky, Ae BUXigHa 3MiHHA PiBHA pu3uKy (Y) MOAiNeHa Ha WIICTh TPy HEYiT-
kux MHOXUH (Puc. 3):

NRO = FuzzySet(0.0, 0.0, 0.0, 0.5);
LR1 = FuzzySet(0.5, 1.0, 1.0, 1.5);
LR2 = FuzzySet(1.5, 2.0, 2.0, 2.5);
LR3 = FuzzySet(2.5, 3.0, 3.0, 3.5);
HR1 = FuzzySet(3.5, 4.0, 4.0, 4.5);
HR2 = FuzzySet(4.5, 5.0, 5.0, 5.0).
OMuiHIOBaHHS PU3WKY BU3HAYAE€THCS HAOOPOM TPaBWII, SKi POPMYIOTHCS 3a
JIOIIOMOT 010 Ta0II. 3.

LR2

u
T NRO LR1 LR3 HR1
05 10 1 35 40 4

HR2

5 2.0 25 3.0 5 5.0 ir

Puc 3. TTonin BuxigHoi 3MiHHOI piBHA pu3uKy (Y ) Ha IIICTh TPYI HEUITKUX MHOXKUH

Tabruya 3. BU3HAYEHHSI CTYNEHIO PU3HKY

Risk Level PLow2 PLowl PNormal PHihgl PHigh2 PHigh3
TLow2 4 3 2 3 4 5
TNormal 2 1 0 1 2 3
THighl 3 2 1 2 3 4
THigh2 4 3 2 3 4 5
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Tabnuya 4. Bu3HaueHHs1 pU3UKY 3aXBOPIOBAHHSI MPH MOTOYHUX 3HAYEHHSX TeMIEpPaTy-
pu i myJascy

Ilorouni 3HAUCHHS O11iHKa pU3HKY PiBenb Puzuxy
Temperature (C): 37.83 Temperature: 0.00, 0.00, 0.83, 0.17

Pulse (bpm): 60 PRbpm: 0.00, 0.00, 1.00, 0.00, 0.00, 0.00 Risk: 1.24
Temperature (C): 36.88 Temperature: 0.00, 0.58, 0.42, 0.00

Pulse (bpm): 60 PRbpm: 0.00, 0.00, 1.00, 0.00, 0.00, 0.00 Risk: 0.69
Temperature (C): 36.16 Temperature: 0.09, 0.91, 0.00, 0.00

Pulse (bpm): 60 PRbpm: 0.00, 0.00, 1.00, 0.00, 0.00, 0.00 Risk: 0.65
Temperature (C): 35.57 Temperature: 1.00, 0.00, 0.00, 0.00

Pulse (bpm): 60 PRbpm: 0.00, 0.00, 1.00, 0.00, 0.00, 0.00 Risk: 2.00
Temperature (C): 35.98 Temperature: 0.54, 0.46, 0.00, 0.00

Pulse (bpm): 50 PRbpm: 0.00, 1.00, 0.00, 0.00, 0.00, 0.00 Risk: 2.05
Temperature (C): 35.75 Temperature: 1.00, 0.00, 0.00, 0.00

Pulse (bpm): 50 PRbpm: 0.00, 1.00, 0.00, 0.00, 0.00, 0.00 Risk: 3.00

[IpaBuna mis garumkis Temneparypu (Temp) i mynscy (Pulse), siki Bu3Ha-
Yar0Th 3HAUYEHHsI BUXiTHOT QYHKLIT 1, HOPMYITIOIOTHCS HACTYITHUM YHHOM:

IF Temp is NOTemp (0.00) AND Pulse is NOPuls (0.00) THEN Risk is NONO (0.00);
SO>S SO>S SIS >SS S > S>> >SS > S > S > S > S > > > > > > > > >
IF Temp is L2Temp (2.00) AND Pulse is H3Puls (3.00) THEN Risk is L2H3 (5.00);
IF Temp is H2Temp (2.00) AND Pulse is H3Puls (3.00) THEN Risk is H2H3 (5.00).

Junst meMoHcTparlii TeXHONIOTIYHOCTI (PYHKI[IOHYBaHHS €KCIIEPTHOI CHCTEMHU
3 24-x onepXaHUX NPaBWJ NPH BU3HAYEHHI PiBHA PU3UKY OYJIO BUKOPUCTAHO
6i0mioreky eFLL [5] mnsa xonTposmepy Arduino 3 IUIaTOIO PO3IIUPEHHS
«eHealthy Ta qaTynkamMu TemMnepaTypu i MyJIbCOKCIMETPY.

Pesynbrartu TecTyBaHHs HaBeneHi y Tabi. 4.

B cucremi BHKOpPHCTaHO MEXaHi3M JIOTIYHOTO BHUCHOBKY 3 KOMOiHAIi€l0
«AND» BximHux curHaiiB. CucreMa Mae OJTMH BUXIiJI, SKUI OMHCY€E CTaH Mallie-
HTiB. BuxijHe 4iTKe 3HaYCHHs 3aa€ThCs IpolecoM Aedasudikaiiii. ArperyBas-
HsI HEYITKUX BHUXOJIB Y UiTKE 3HAUCHHS 3MIHCHIOETBCS [Isi (JOPMYBAHHS JIiarHO-
CTUYHUX BUCHOBKIB Ta MIPHAHATTS PillICHb.

VY po3riIsHyTOMY CIIEHApil0 MOHITOPUHTY HasBHI CiM BUNAJKIB, SKi MTOKpPH-
BatoTb HR1 Ta HR2 HewiTki MHOXUHHM, ¢ MOXKIHBO CIOCTEpiraT KoMOiHaIlii
AQHOMaJBbHUX MMOKa3HUKIB. Hampuknaa, HU3bKU KPOB'SHUIA THUCK 1 HU3bKA TEMIIE-
parypa Tijia BKa3ye Ha cepHo3Hy BTpaTy KpoBi a00 HEIOMIK PiIMHHU B OpPraHi3Mi.

AHAMI3 @I3IONOTTYHNX CHTHAMIB TA ObPOBNEHHA AAHMX

TenemeTpryHa cHCTEMa € MEPEKEI0 CEHCOPHUX IPHUCTPOIB, SKi 34aTHI BUMIPSATH
¢izionoriuHi MOKa3sHUKM cTaHy nauieHTa. ba3oBuil OJ0K CkiIamaeTbes 3 MpH-
CTpoOIO arperailii, oOpoOJieHHs1 Ta aHaNi3y JaHuxX, Fuzzy Logic xomy, a Takox
Websocket cepBicy sl pO3IMIUPEHHS MOYJIMBOCTEH MOHITOPUHIY CTaHy Malli€-
HTIiB. B1oK Mae oOMeXeHHsI 3 TOUKH 30py 00cAry oO4HcieHb, eHepro3abesie-
YeHHS Ta KOMYHIKAIIHHUX MOXJIMBOCTEH. J[0aTKOBI KOMIIOHEHTH CHCTEMHU
MOHITOPHHTY Bi/IMOBIAIOTh 332 MapIIPYTH3allil0 TOBIIOMIICHB, (OPMYBaHHS
0a3u JaHuX Ta X OMepaTUBHOTO aHAII3Y.

Ha nmepmomy erami JaTyvku By3/1a MOHITOPUHTY BHMIPIOIOTH (hizionoriuHi
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MMOKA3HUKH TAIliEHTA, a TPOTPAMHHUIA MOJYJb BHSBIISIE aHOMaJbHI JaHi Ta Ipo-
BOJIUTH iX TIOTIEPE/IHIN aHai3 JUIsl TPAHCIIOPTYBAHHS IO CepBepHOi TIaTGOpMH.
Crin 3a3HauuTH, MO JATYUKK MOXYTh TepelaBaTH CHTHAIM 3a MPOTOKOJIOM
Bluetooth ab6o Oytu min’enHanHi 10 By3/ia MOHITOpUHTY. PesymbraTn aHamizy
MePeIatoThCS 0 aHATITHYHOTO MEHTPY Yepe3 MUTI03U TII00aNbHOT Mepexi mpu
BHSIBJICH] BIJIXWJICHHS JaHUX BiJ HOpMH. MeIUYHHUI 3amlKC 3 BIANOBIIHUMH Ja-
HUMU NpeAcTaBIsieTbes y Gopmari Java Script Object Notation (JSON) [6], sxwuit
€ BIIKpUTHM CTaHAApTOM JJsi OOMiHY iHGopmariiero Mixx Web — momatkamu
yepe3 RESTful Web cepgic. IloBinomieHHs nepenaroTbes y BUTIISAL CTPIUKH
"feed":

{"feed": { "title": "Vitals Record", "id": "urn:uuid:500bee61-d973-4", "updated":
"2017-01-12T10:20:01" },

"Vitals": [

{"sensing": "Temperature",

"content": {"update": "2017-01-12T10:20:01", "PacketDuration": "PT1S"},
"entity": { "title": "temperature", "value": "36.72", "metric": "C"}

}s

{"sensing": "Heart rate",

"content": {"update": "2017-01-12T10:20:01", "PacketDuration": "PT1S"},
"entity": { "title": "PRbpm", "value": "70", "metric": "bpm"}

5

{"sensing": "Oxygen saturation",

"content": {"update": "2017-01-12T10:20:01", "PacketDuration": "PT1S"},
"entity": { "title": "SO2", "value": "98.12", "metric": "%"}

h
I

OTpumaHi TOBIIOMIICHHST «PO30HPAIOTHCS» CEPBEPOM CHUCTEMH BiJHOCHO
KOy MalLli€HTa 1 THIy JaHUX Mepell 3aBaHTAKCHHSAM Yy EKCHEepTHY 0azy NaHHX.
MeauyHi AaHi iHIUKATOPIiB MOHITOPHHTY IMOMIJIEHI HA KOPTEXKi TUCKPETHUX
3Ha4YeHb (TeMIIepaTypH, KPOB'STHOTO TUCKY) Ta Oe3lepepBHi y yaci curuanu (Ha-
MpUKIa, TpaduK 3MiHU 4acTOTH JUXaHHs). ba3a naHux npu GpopMyBaHHI MeIu-
YHOTO 3BITY NMOBHHHA O0'€IHYBAaTH Pi3HI THUNU JaHUX, BPaXxOBYBAaTH KPUTHUHI
MMOKA3HUKHM Malli€eHTa Ta aKTHMBYBATH IMPOLEAYPH, MTOB'I3aHI 3 HaJaHHSAM HEBiJI-
KJIQHOT MEIUYHOI JIOTIOMOTH.

APXITEKTYPA CUCTEMA MOHITOPHHTY «m-HEALTH»

[Mpobnemu «m-Health» moB'si3aH0 3 0€3IPOTOBOID MEPEKEIO MEPCOHATBHUX
MPUCTPOIB Ta OPTraHi3aIliEI0 «XMapHUX» JOAATKIB 30epiraHHs Ta aHaJi3y JaHHX.
Jnst 1aT4uKiB 1 BUKOHaBUMX MEXaHI3MIB 3aCTOCOBYETHCS CTAaHAAPTHHUH iHTEp-
¢elic npUKIaAHUX AOAATKIB KOPUCTYBadiB. Y IIbOMY KOHTEKCTI MOOUIbHI KOM-
IUICKCH BUKOPUCTOBYIOTH cimeiicTBo ctanmaptie IEEE 802.15.4 nns 3abesre-
YEeHHS CyMICHOCTI Pi3HOPIAHUX KOMIIOHEHTIB MEPEXi.
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Tabnuya 5. Ha6ip nporokodiiB cranaapty 3G

IIporokon CoAP MQTT RESTful HTTP
OO0wmin IToBinoMieHHs- Sammt/Binnosins Hy6J11Kau1g/H1m?I/ICKa Sammt/Binnosins
MM 3anut/Biamnosias
Pecypcu 10Kb RAM/Flash 10Kb RAM/Flash 10Kb RAM/Flash
3onaysanns ) [ Binganennii cepsep ’4—, CxopHle
Haramar, [Tpuein Jdaanx

L

F Y

A 4

Arperarop xaHnx
AHam3 JaHIx, v

[TpoTokomr: UART, Wi-F13G . I.mro3 , .
CoAP. ZigBee. WiFi: [MATPIMY € TIPOTOKOIIT: Web - Cepgic
T " : MQTT, RESTful.

Cepeic: WebSocket,
Hagiratop: GPS.

Puc. 4. Ctpykrypa iHpOpMaIiiiHUX TOTOKIB

3aranbHa cxeMa MOHITOPHHTY HajaHa Ha Puc. 4.

3B'S130K MK By3JIaMH MEPEKI Ta CEpBEPOM 3acCHOBaHO Ha mpoTokoai Wi-Fi
JUTS Tiepeiavi moBigoMieHb. [11r03 miaTpuMye neKibka MPOTOKONIB 3B'SA3KY IS
MPUIOMY JaHUX Ta BUKOPUCTOBYE Pi3HI MPOTOKOIW IS TEepeadi BUXiJTHUX
noBigomienb. [Iporokonu REST, MQTT, COAP BianosinatroTs cranmaprty 3G i
BHKOPHCTOBYIOThCS Y KOHTEKCTI IHTepHETY peueit (Tadi. 5).

Jns 3a0e3nedeHHs B3aeMOJIii MK PI3HOPIAHUMHU JOAATKAMH B MEIUYHUX
iHpopMaLidiHUX cucTeMax HaiOinbm nepcnexkTuBHUM € cranzapt HL7 FHIR
oOMiny iHpopmariiero. FHIR BukopucroBye nporokosn REST nns 3a0e3neucHHs
3B’SI3Ky MK CEHCOPHHM OJIOKOM MAIli€HTIB 1 MiJCUCTEMOI0 0OPOOJICHHS JTaHuX
npu peanizauii reo-iHpopMaLiiftHOT CHCTEMU MOHITOPHUHTY.

KOMNOHENTH CHCTEMW MOHITOPHHTY

OyHKITIOHAIEHI KOMIIOHEHTH CHCTEMH MOHITOPHHTY BKJIIOYAIOTh MOJYJb arpe-
ramii JaHuX, MOAYJIh OOpPOOJICHHS JaHWX 1 3B'A30K 3 CUCTEMHHMH OJIOKaMH, SIKi
30upatoTh iHdopmauito. Lle nae 3Mory HagaBady MEAWYHUX MOCITYT OJHOYACHO
MPOBOJUTH JIIarHOCTUKY Ta MpUiMaTH pimeHHs. Ciyx0a MOHITOpUHTY 3ilic-
HIOETHCS 32 JIOTIOMOTOI0 «XMapHOT0» cepBicy i Web- nogartkis.

JlokaibHa migcucTeMa CKIaJaeThCs 3 IPUCTPOIO KOHTPOIIO 1 MOOUIBHOTO
TeneoHy MalieHTa AJs Neperyisiay CBOIX MOKa3HHUKIB, a TAKOXK OTPUMAaHHS Me-
JTYHHX TTOPaI.

CeHcopHuii 0s10k nependadae BUKOPUCTaHHS (Pi310TOTIYHUX JATUHKIB, SIKi
NepeaaoTh MOKAa3HUKH MalieHTa 10 OJ0Ky MEPBUHHOTO 0OpOOJICHHS JaHUX.

BJsiok cOopy nanmx 3'€qHaHO 3 JaTYMKaMy 30HAyBaHHS. [IpucTpiii mepe-
TBOPIOE AHAJIOTOBI CUTHAJIM Bifl JATYMKIB y HU(POBI 3HAYCHHS, a TAKOX IIiJI-
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TPUMY€E YacTOTy muckpern3amii. KoHTposnep mporpaMyeTses st KOXKHOTO Jat-
YHKa BIAMOBIIHO J0 3a7aHO01 BUOIPKH.

BJiok 00po0ienHs: JaHUX 3 NpuiiMo-NiepeaBayeM OTPUMYE 1 PEECTPYE IIO-
TiK JaHWX, TOTY€ aHOTAIlil Ta IePiOAMYHO BiAIIPaBIIsi€ TIOBIOMIICHHS Ha CEPBE.

JucranuiiiHa mizcucreMa miATpUMy€e MEIUYHI 3alMCH MAII€HTIB, JO3BO-
JIsi€ YTIIOBHOB)XKEHUM 0CO0aM TEPerIsIaTH 3alliCU Ta HaJaBaTH KOHCYIBTAIIil.
Joctym 1o maHux peanmizyeThes 3a monoMoror Web-npotokoniB. Cepenosuiiie
MICTHTH CXOBHIIE JaHUX 1 Web- 0110K.

Biok «XMapHHX» MOCIYT Ma€ MOXKJIUBICTh 3aBaHTAXKyBaTH MEIUYHI 3aIln-
cH maiieHTiB. [TocTayalbHUKK MOCIYT MOXKYTh 3alUTYBaTH JaHi 30HAYyBaHHS 1
nemorpadiydi gani narieHti. Ciyx0a Takok MOXe OYTH BHKOPHCTaHA IS
HaJaHHS MalieHTaM iHpopmMarii nmpo ix ctaH 340pOB's.

buiok 30epirannsi AaHuX € 0a3010 JaHUX, fKa MiATpUMYe aeMorpadivHi
JlaHi TAI€HTIB 1 Beae OOMIK MepioJUYHUX MEIUYHHUX 3aIMCiB, OTPUMAaHUX Bij
MPUCTPOIB MOHITOPHHTY.

Web - MoayJib BiATIOBIZa€ 3a 3aMIUTH JI0 CXOBHIIA JaHUX, 0OPOOICHHS 3aITH-
TiB Ta HaJaHHS NaHUX y (opMi, SKa MOXKE JIOTIOMOITH (haxXiBIsIM JliarHOCTYyBaTH
narienta. Web-cepeep npuiimae nani B popmari JSON gepe3 Web-6paysep.

POSNOAINEHA CTPYKTYPA KEPYBAHHA | CACTEMA ONOBIULEHHA

By3nu Ta KoOpAMHATOPH PO3MOJIUIEHOI CUCTEMH KepyBaHHS OOMIiHIOIOTHCS TI0-
BiJJOMJICHHSIMH 32 TPHHIUIIAMUA KOHBEEPHOI apXiTeKTypu. DYHKIIOHANBHI TO-
CIIyTH BKJIIOYAIOTh 30HAYBaHHS, 30epiranHs, oOpoONeHHs 1 MOMMUPEHHs JaHUX.
OcCKibKH KOMIIOHEHTH BHKOHYIOTh 3alUTH iHIMiaLii 1 3aUTH 00CIyroByBaHHS,
CHUCTEMa OIMCYETHCS OJHOPAHTOBOI) MEPEKEIO 3 PO3IOIICHUM OOpOOICHHIM
naHux. Ha ocHOBI OTpuMaHHS JaHMX cucTeMa reHepye SMS-moBimoMieHHS,
100 MOMepeauTH JIiKapiB Mpo MmyOmiKawio AaHuX B [HTepHeTI.

Crpareriss KOHCTPYIOBAaHHsI CHCTEMU MOHITOPHHTY 0a3yeTbCsl HA METOOJIO-
rii BU3HAYaHHS aHOMAJbHUX JAaHUX a00 MOKAa3HHMKIB KOHTPOJO. [1oBiqOMICHHS
nepenaroThest Ha CepBep Ui MOAABIIOro 00pooieHHs. [10BiIOMIIEHHS MICTSITh
ineHTU(iKaTop KOPUCTYBada Ta KOOPAWHATH HOTO PO3TAIyBaHHS, YACOBY MITKY
Ta MeTaboJiuHI MOKa3HUKH Oe3neku aboHeHTa. 3BOPOTHIN 3B'SI30K 3abe3mneuye
cepBep, SKUH HaMpaBis€ BIANPABICHHS 10 CTaHII IIBUIKOI JOINOMOTU abo 10
naiieHTa. 3MICT HOBIJOMJICHHS HAJIAIITOBY€ETHCS AJIs1 KOXKHOTO MAali€HTa, BUXO-
Is19u 3 foro morouyHoro crany. Cmyx06a MOHITOpHHTY iHGOpPMY€E NpO HaA3BU-
YaiiHy CHTYaIlil0 B 3QJIC)KHOCTI BiJl OTPUMAaHUX Pe3yJIbTAaTIB.

B sixocti 6a30BOro 0JIOKY MOHITOPHUHTY BHKOPHUCTaHO KOHTpoliep Arduino
Yun 3 uratoro «eHealthy. [Tincucrema mintpumye mpotokon WebSocket, Bimo-
Opakae MOKa3sHUKH CyO0'€eKTa MOHITOPHHIY 1 MOBEPTA€ BIiAMOBiAI Ha 3alMUTH Y
¢opmati HTTPS. BinnoBink MICTUTh 3HaYCHHS MOKA3HUKIB, a TaKOX IEPEIIiK
BUKOHAHUX KOMaH]I Ha BUKOHaBUWi mpuBia. CucTtemMa BUKOPUCTOBYE 0€3ApOTO-
BY MEpEXKy MPHUCTPOIB MOHITOPUHTY 3 HA0OPOM AATYMKIB JUIsl BUABJICHHS aHO-
MaJbHOTO CTaHy TMAIliEHTIB a00 HaA3BUYAWHUX TOJiH. [y 1iporo moTpiOHI Bif-
MOBIZHI METOJU OMHUCY MOJIH, SKi 3aKIaJal0ThCs Y IpaBHUia HEYITKOI JIOTIKH,
o0 CEHCOPHI BY3JIM 3MOTJH iX "BHABUTH". Y MOPIBHSHHI 3 iHIIMMH aJTOPUT-
MaMH Ha OCHOBi Teopii HMOBIpHOCTI, HEWiTKa JIorika € Habarato MmpocTila y
BHKOPHCTaHHI.
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TenemMeauuHa cucTeMa MpHU3HAYCHA JJIs MMEPBUHHOI JIarHOCTUKHM Ta KOHTPOJIIO
3a CTAHOM MAIiEHTIB HA OCHOBI METOJTy HEUITKOI JIOTIKU JUIA IPUHHSTTS PilllcHb.
MeTton 06a3yeThCsi HA €KCIIEPTHUX 3HAHHSX, SIKi 3aKJIaJIeHI B MpaBUJIa HEUITKOL
JIOTIKY JIJIS TIOPIBHSHHSA 3 BXIJIHUMHU 3HaUCHHSIMH MOKAa3HMKIB MALli€HTIB Ta MPo-
THO3YBaHHS PU3MKY 3axBOproBaHHs. HaBejeHa MeToauKa € 3arajibHO MPUUAHST-
HOIO TIPY BUSIBJIICHHI aHOMAaJIhHHUX 3HAYeHb 010 i3NYHUX MOKA3HUKIB JIJIS OLIHKH
PHU3HKIB 3aXBOPIOBAHHS Ta MPUUHATTS BiAMOBIIHUX pimieHb. Po3mupenHs Habo-
Py BUMIPIOBaHUX IMOKA3HUKIB MOTPIOHO JUIsl YTOYHEHHS JIiarHO3y.

IarerpoBana miardopma cuctemu MoHiTopuHry «m-Healthy mo3Bomnse ma-
uieHTaM OyTH MOOUIBHUMH, B TOW 4ac AK IX )KUTTEBO BAXKJIMBI IMOKa3HUKH pe-
ECTPYIOTBCS y IOTOYHOMY PEIKHMI.
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OT/I. OHTOJIOTHYECKHX CHCTEM U NMPHUKIIAIHOHN anreOpanyHoil KOMOMHATOPHKH
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WHCTUTYT TEeNeKOMMYHHKAIMK U INT00AIEHOTO HH(OPMAIIMOHHOTO MTPOCTPAHCTBA
HAH VYxpaunsi, YokonoBckuii OynbsBap, 13 r. Kues, 03186, Ykpauna

[IPUMEHEHWE METO]IOB HEUETKOM JIOT KU
JJ TEJIEMEJJUIIMHCKUX CUCTEM

PaccmoTpena cucremMa TENEMOHHTOPUHra JKU3HEHHO Ba)XKHBIX NPH3HAKOB MAlUEHTOB IS
NEPBUYHON JMAarHOCTHKU W BBISBIICHHS aHOMAJbHBIX 3HAYCHUU OMO(QU3NYECKUX TOKa3aTe-
Jell. DKCIepTHhIE OLEHKH, 3aJI0’KEHHBIE B MPaBHJIa HEYETKOM JIOTMKH, CPaBHUBAIOTCS C U3-
MEpEHHBIMH 3HaUEHMsMH IOoKa3aTesIel MarueHToB JUIsl pacueTa pucka 3abonesanus. [Ipuse-
JIeHHasi METOJIMKA SIBISIETCSl 00LIel mpu OOHApyKEHUH aHOMAaJBbHBIX 3HaueHU# Omodusnye-
CKHUX TIOKa3aTelel Uil OUCHKH PUCKOB 3a00JIEBaHUS U MPHHATHS COOTBETCTBYIOIINX pellle-
Huil. Pacimmpenne Habopa n3MepsieMbIX MoKa3aTesie Hy>KHO JUid yTouHeHus quarHosa. Cuc-
TeMa pealn3oBaHa Ha miaTgopme «Arduino» ¢ MPOrpaMMHBIM KOJOM KOHTpOJUIEpa Heder-
Koii oruky. CucremMa HCIoJb3yeT OECIPOBOJHYIO CETh YCTPOHCTB MOHHTOpPHHTA ¢ HAaOOpOM
JTATYUKOB U1 OOHAPYKEHUSI aHOMAJIBHOT'O COCTOSIHUSI MAIUCHTOB MJIM YpE3BbIYAHBIX COOBI-
tui. [lpencraBnena cTpykTypa ynpaBJieHHs paclpeaeeHHON CUCTEMOM OMoBeleHusl.

WurterpupoBanHas mmiardopmMa CHCTeMbl MOHHUTOpuHTra «m-Health» mo3Bomser ma-
IIEHTaM ObITb MOOMJIBHBIMH, B TO BPEMS KaK X JKU3HECHHO Ba)KHBIC TIOKA3aTENId PETUCTPH-
PYIOTCS B TEKYLIEM PEXHUME.

Knioueevie cnosa: menemonumopune @Qu3uoiOSUNECKUX NAPAMEmpos, HeYemKdas N0SUKd
ynpasienus.

O.A. Khorozov, Ph.D (Phys-Math), Senior Researcher, Leading Researcher of
Department of ontological systems and the application of algebraic combinatoric
e-mail: oleh753@hotmail.com

Institute of Telecommunications and Global Information Space

of the National Academy of Sciences of Ukraine,

Chokolovskiy ave., 13, Kiev 03186, Ukraine

APPLICATION OF FUZZY LOGIC
FOR TELEMEDICINE SYSTEMS

Introduction. The telemonitoring system of patient’s vital signs for primary diagnosis and
detection of abnormal values biophysical indicators is described. Expert estimates inherent in
fuzzy logic rules are compared with the measured values of the vital signs for disease risk
counting. The system is implemented at the Arduino with code for fuzzy logic controller. The
structure of distributed management of the warning system is represented.

The purpose of the article is to develop an expert system based on fuzzy logic rules to
calculate the risk level of the patient and use feedback control in decision-making.

Method. Expert estimates inherent in fuzzy logic rules are compared with the measured
values of the vital signs for disease risk estimation.

Results. Expert system was considered for determination of patient’s health risk level.
The fuzzy logic rules was formed for determination of belonging variables to risk groups and
used for reflect the input to the decision making process. The application detects anomalous
values of monitoring data, generates a medical report and sends it to the server for decision-
making. The system includes monitors vital signs of the patients, warning services based on
Fuzzy Logic techniques with the objective of reducing the risk from the slow provision of
health care. The architecture of the integrated “m-Health” platform with functional models
was proposed. The system uses a wireless network of monitoring devices with a set of
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sensors to detect abnormal patients or emergency events. The management structure is
represented by a distributed notification system.

Conclusions. Telemedicine system was designed for primary diagnosis and monitoring
of patients on the basis of fuzzy logic. The method based on expert knowledge, which are
incorporated in the rules of fuzzy logic to compare the values of the input parameters of
patients and disease risk prediction was used. The technique is common in detecting abnor-
mal values biophysical indicators for disease risk assessment.

The integrated platform of the "m-Health" monitoring system allows the patient to be
mobile, while their vital signs of displaying are registered in the current mode.

Keywords: vital signs monitoring, fuzzy logic control.
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WCCNEROBAHME HA MATEMATHYECKOH MOJENM

PONH THNOKCHMW, THNEPKANHUM W TUNOMETABONH3MA
B CAMOPETYNALLMM CUCTEMBI JibIXAHHA

NPW BHYTPEHHHX W BHEWHWX BO3MYIEHNAX

Ha mamemamuueckoui mooenu cucmemvl ObIXaHUsl ¢ ONMUMATLHIM YAPAGLIEHUEM NPOGEOeHbl
UCCne008anUs poau SUNOKCUY, SUNEPKANHUU U SUNOMEeMAOOIUBMA NPU QUIUYECKUX HASPY3-
Kax u npedvbl6anuu 8 YCl08USX PA3PEICEHHO20 B030YXA KAK peuleHusi 3a0auu papeuienus
KOHAUKMHOU cumyayuu Medxncdy mKAHAMU UCHOTHUMENbHLIX U YAPAGIAIOWUX OpeaHO8 8
bopvbe 3a kuciopod. Ha ocnosanuu cpagnumenbHo2o anaiu3a IKCNepUMeHmanoHulX OaHHbIX
U OAHHBIX, NONYYEHHBIX NPU UMUMAYUOHHOM MOOCIUPOGAHUU 2UNOOAPUYECKOU SUNOKCUU U
SUNOKCUU HAZPY3KU, Meopemuiecky 060CHO8AHA NONE3HOCb IMUX NPOYECCo8 Ol camope-
ynayuu cucmemsl ovixanus. Ilpeononacaemcs, umo npeonodicenHvlill n0OX00 MOJIcem OKa-
3ambcsa NOAE3HbIM NPU PACCMOMPEHUY POIU SUNOKCUU, SUNEPKANHUU U 2UnoMemaboau3ma
npu 803MYWEHUAX GHYMPEHHel U 6HeHell CPedbl 8 NPOYecce JHCUIHEIESTMeNbHOCIU Yeo6e-
KA 8 IKCMPEMANbHbIX YCI0GUAX U NPUGECMU K NOCMAHOBKE HOBLIX 3a0ay 6 PU3U0I02UU CHo-
pma, mpyoa u omowvixd.

Kniouesvte cnosa: mamemamuueckas Mooeib Mpancnopma pecnupamopHbix 24308, 2UNOK-
Cusl HASPY3KU, SUNOKCUYECKAs 2SUNOKCUS, DeSyIayusi CUCIeMbl ObIXAHUS, 603MYyuarouue
6030elicmaus, KUCIOPOOHASL HEOOCMAMOYHOCb.

OnHoli U3 BaKHEHIINX 3237124 (PU3UOJIOTHU SIBISIETCS TIPOIIECC MO3HAHUS MIPUPO-
JIbl MEXaHU3MOB CaMOOPTaHU3aIUM OCHOBHOW (DYHKIIMM CHUCTEMBI JBIXaHUS W
KpoBooOpaieHust yesnoBeka. OJHUM W3 IMyTeH pPELIeHUs] 3TOW 3a1aud MOKET
OBITH HCCIICIOBAaHHE HAa MAaTEMAaTUYECKUX MOJICNSAX, B KOTOPBIX MPOIECC AbIXa-
HUSl paccMaTpUBaeTCs Kak yrnpasisemas JTuHamudeckas cucrema [1, 2]. B atux
paboTax BblIEJICHBl aKTHBHBIE MEXaHH3Mbl CAMOOPTaHU3aLHUU CHCTEMBbI JbIXa-

HUS — BeHTWIALUA Jerkux (V'), oObeMHast CKOpPOCTh CHCTEMHOTO KPOBOTOKA

© H.U. APAJIOBA, 2017
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QO u nokanbHbIX (Q,,i =1, m ) KPOBOTOKOB, KOTOPbIe 00ECIIEUNBAIOTCS PabOTON

WCTIOTHUTENBHBIX OPraHOB — CEPJACYHON M JIBIXaTeIbHOW MBI U TJIAAKUX
MBIIII] COCY/IOB.

W3BecTHO, 4TO O ICHCTBHEM KaKOTO-THOO BO3MYIIEHUSI B OpTaHU3Me pa-
3BHUBaeTCs OoJiee WM MEHEe BBIpaKEHHAs] KUCIIOPOJHAs HEAOCTaTOYHOCTb. [lpu
BHYTPEHHHUX BO3MYIICHUSX (YBEIUICHUH CKOPOCTH MOTPEOICHHUS KHCIOPOaa), K
KOTOPBIM OTHOCUTCSI (pU3HUecKast Harpy3Ka, B OpraHu3Me Pa3BUBAETCS THIIOKCHS
Harpy3ku [3], XapakTepusyiomiascs CHIDKEHHEM HaNpsyKeHHS KHCIOopoJa B
CMEIIaHHOM BeHO3HOH kpoBH ( p, 0, ). MaccuB 3KCIIepUMEHTAILHOTO MaTepuana

[3—6], TeopeTHUECKHE HCCIEIOBAaHMS HAa MaTEMaTHYECKUX MOZETSIX TPaHCIOpTa
ra3a B MBIIICYHOM BOJIOKHE [7] MO3BOJIWIIN KIaCCUPHUIIMPOBATh CTENIEHH THITOK-
cum Harpy3ku [5]. B To jxe Bpems B [4] OTMeU€HO, YTO TUIIOKCHUS HArpy3KH BO3-
HUKAaeT NpH JI0OOOM BHJE UYEIOBEUECKOW IESATEIBHOCTU B KAXKIOM 3I0POBOM
opranusme. bonee Toro, B [6] HOKa3aHO HA OCHOBE aHAIN3a SKCHEPUMEHTAIIb-
HBIX JJAHHBIX, YTO THUIOKCHS HArpy3Kd B TOM JMAaIla30HE MBIIIEYHOH AeATeNbHO-
CTH, B KOTOPOM OHa OOBIYHO HM3Yy4YaeTcs, OTHOCUTCS K HOPMaJbHOMY (PHU3UOIO-
THYECKOMY COCTOSTHHIO.

Hess — paccMOTpeTh Ha MaTeMaTHYECKOH MOAEIH TPAHCIOPTa pecnupa-
TOPHBIX Ta30B B OPraHU3ME POJIb THUIIOKCHH, THIIEPKAIHUN U THIIOMETab0IM3Ma
B CaMOPETYJISIMH CUCTEMBI JBIXaHHs IPU BHYTPEHHUX W BHEUTHUX BO3MYILIEHU-
SX.

Pemenne 3ampaun. [y u3y4eHus] TUIIOKCUM Harpy3kd B KayecTBE MHCTPY-
MEHTa HCCIEJ0BaHUS BOCIOJIB3YEMCS MOJENBI0 TPAaHCHOPTa PECHHPATOPHBIX
ra3oB B OpraHu3Me 4ueinoBeka [2, 8].

MATEMATHYECKAR MOJIENb AMHAMMKM TPAHCNOPTA
PECUPATOPHbBIX A30B B OPTAHH3ME

PaccMmoTpuM noaxon K MaTeMaTHUECKOMY MOJEIMPOBAHUIO CUCTEMBI JbIXaHU,
MPEJIOKEHHBIH B padoTax [1, 2], oCHOBaHHBIM Ha MPUHLUIIE CBOCBPEMEHHOU U
a/IeKBaTHOM JIOCTAaBKE KHCIOPOJAa K TKaHSIM paOOTaloIIMX OPraHOB M BHIBOJC
YIJIEKUCIIOTO ra3a, KOTOPBIi 00pa3oBajics IMpH TKAaHEBOM OOMEHe.

B xauecTBe NepeMEHHBIX, IPH IOMOIIM KOTOPHIX OLIEHHBAETCSI COCTOSIHUE
(YHKUMOHANBHOW CHCTEMbl ABIXaHHS, BBIOMPAIOTCS MapLUAIbHBIC TaBICHUS
pECTIMPATOPHBIX Ta30B B JbIXATEIbHBIX MYTAX U AIbBEOJSIPHOM IPOCTPAHCTBE U
HaIIpSDKEHUST PECIIUPATOPHBIX I'a30B B apTEPUAIBHOW M CMEIIAHHONW BEHO3HOMN
KPOBU M KPOBU TKaHEBBIX KalWJUIAPOB. JMHaAMMKa MaplUaibHbIX JaBJIEHUH U
HaNpsDKEHUH PEecHUpaTOpHBIX Ta30B OMUCHIBAIOTCS CHCTEMOH OOBIKHOBEHHBIX
HeJIMHeHHBIX auddepeHnnanbabIX ypaBHeHHH. {7151 MX MOCTpOSHHS HCIIOTIb3Ye-
TCs1 IPUHLIUI MaTepUaIbHOIo OajlaHca U HEPa3pbIBHOCTH MIOTOKA.

3anuiieM (parMeHTsl MaTeMaTH4ecKO MOJENH TPaHCIOpTa PEeCUpaTop-
HBIX Ta30B [2], KOTOpbIE OTHOCATCSA K IMOACHCTEMAaM BHEIIHErO IBbIXaHHA H
TPAaHCIOPTa U MACCOIEPEeHOca Ia30B B IOJCUCTEMAX KPOBb TKAHEBBIX KaIlMJLIA-
POB — TKaHU B CJIEIYIOLIEM BHJE.

Iycts pg,O,, pryCO,, ppyN, — NapuuaibHbIE NaBJICHUS KHCIOPOAA,

YTJIEKUCIIOTO T'a3a U a30Ta B AbIXaTeNbHbIX nyTax, p,0,, p,CO,, p,N, B anb-

BeOJIApHOM npoctpaHctse, p,0,, p,CO,, p, N, — HanpsKeHHs PeCIHUpPaTOp-
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HBIX Ta30B B aprepuansHoii, p.O,, p.CO,, p.N, — CMEIaHHOH BEHO3HOMN
KPOBH, KPOBH JIETOYHBIX Kanuiapos ( p,.0,, p,CO,, p, N, ), KpOBH TKaHEBBIX
xamuwipos (p,, O,, p.,CO,, p,N,) u Tkanesoit xunxoctu (p,0,, p,CO,,
p,N,) coorserctBenHo. OGo3nauum uepes pO,, pCO,, pN, napuuanbHbie
JIaBJICHUs KHUCJIOPOJa, YIVICKUCIOro ra3a U a30Ta B JbIXaTelIbHOM cMecH IoJia-
ras, 4ro:

B=p0O, +pCO, + pN,, (1)

rae B — Benmnumna aTMOC(i)GpHOFO JaBJICHUA.
Torz[a YpaBHCHUSA, OIMUCBIBAOIMINEC TUHAMUKY PCCIIUPATOPHBIX I'a30B B JIbI-
XaTCJIbHBIX ITYTAX MOYKHO IPEACTABUTH B BUJC!

dpyy _ V o5 i
- = - ) = la 27 3 )
i v (Prv = Prv)s J )

Il MHOCKC j COOTBETCTBYET Ta3zy KHCJIOPOAa, YIJIEKHCIOMY Trasy, a3oTy,
14

Ry 00BeEM JbIXaTCIIbHBIX HYTefI, V — BCHTUJIALMA JICTKUX

RVt . t—-1,
. |——=—sin 60 _6peMs _600Xa _U _6bl00Xa
V=< T T, ; )

a a

0,60 6pems OvixamenvHoU _nay3vl

a
. p’ npuV >0
v = J ; > 4)
PryshpuV <0
; .
= p’,npuV >0 )
A . . P}
p,npuV <0
rae I, — MOpPOTSHKEHHOCTh JBIXATENBHOIO aKTa, T, — BPEMs €ro Hadaia,
RV — npixatenbHbll 00beM. Mcnonbp30BaB Te k€ MPUHLMIIB MaTEpUATEHOTO

OanaHca u HCPAa3pbIBHOCTHU MMOTOKA, 3aIIUIICM YPABHCHUS IJII TUHAMUKH PCCIIN-
PATOPHBIX TAa30B B AJIbBCOJIAPHOM IMPOCTPAHCTBC:

dp’, 1 5 L dV,
= n.pV-G,—-n p, —L],
i 00 —VRV)[ Py 0~ 1Py dT] (6)

rme G/ — MOTOK rasa 4epe3 albBEOJAPHO-KAMMIUIAPHYIO MeMOpaHny, V,
00bEM JIETKHX, 71, — TepeBOAHble KodhduumenTs. s G/ wucmonb3yercs

anredpanydeckas popma 3akona Duka:
Gﬁ=kj-nj-S(pj—p,{), @)
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rae n, k — ko3(pUIUEHTH MPOHUIIAEMOCTH Ta30B uepe3 MeMOpany, S —
IUIOIIAAb TOBEPXHOCTH MaccooOMeHa.

[Ipu BBIBOJIC ypaBHEHUH TpaHCIIOPTA PECITUPATOPHBIX Ta30B KPOBBIO CIIE/TY-
€T YYUTHIBATh OCOOCHHOCTH MacCOTIEpeHOCa Ta30B: KHCIOPOJI TIEPEHOCUTCS Kak
PacTBOPEHHBIM B IIa3Me KPOBH TaK M XMMHUYECKH CBS3aHHBIM C T€MOTJIOOMHOM
( Hb ), yrnexuciblii Ta3 1 PaCTBOPEHHBIM B IJ1a3M€ KPOBH U XMMUYECKHU CBSI3aH-
HBIM C TeMOrI00MHOM U OydepHbIMU OCHOBaHUSIMU ( BH ), a30T — TOJIBKO pac-
TBOPEHHBIM B TUIa3Me KPOBH.

[IpuBenem ypaBHEHHS, XapaKTepU3YIOLIHe H3MEHEHHS HANPSHKCHUH peciu-
PaTOpPHBIX TA30B B KPOBH TKAHEBBIX KAIMUIAPOB U TKAHEBOW KHIKOCTU Opra-
HOB:

dp,, O
e 3 1 ©,0, (1,0, - P, O,) +

dT anct.
V. (a,+y-Hb !
ety o) ’ ®

Ty Hb- in (T’a N, )— Gt,. 02)

dp,, CO. 1
= (2,0, (p,CO, -
V., (Cy + ¥y - BH ——
Lti( 2 T Vau apﬂf C02)
=P CO,) + 7,y BH -0, - Hb-Qz, - G,CO,) - ®
on,,
_(athi - (1 —na) Vi ® Hb- Vctl _I)’
ot
dpcti N2 1
dt = V o (2,9, p,N, —asp, N, -Q, -G, N,), (10)
ct; '3
dp, O
ulc 1 (G,0,-4,0,),
dr on, ‘ ' (11)
V. (a, + 7 - MD —)
L2
dp, CO, 1
PR o (G,CO, +4,C0,), (12)
dpt,. N, Grl N,
dv V.a, ’ (13)
riue
N, =1-175exp(-0,052m,, p, O,) +0,75exp(-0,12m,, p,, O,), (14)
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m, =0,25(pH, —7,4)+1, (15)
BH
H, =6,1+lg—————,
Pa gazpcz,.COz (16)
pct,C02

zZz,K6£K =
“ "~ p, CO, +35 17

B (8) — (17) g, — cxopocTh OTPE6ICHNS KUCIOPOAA OPraHU3MOM, ¢, —

CKOpPOCTb NOTpeOJIEHUs] KUCIOpoia B TKAaHEBOM pesepByape f, , o, O, , a,,

o, , 0, , O — KO3()OULUEHTHl PACTBOPUMOCTU PECHHPATOPHBIX Ia30B B
KPOBH U TKaHEBOH XUIKOCTH, (), — 00BEMHAsE CKOPOCTh CUCTEMHOT'O0 KPOBOTO-

Ka B KallMJULIPHOM pycje TKaHeBOro pesepsyapa f, , V, , V, — oObeMbl KpOBU

1

1 TKAaHEBOM JKUIKOCTH COOTBETCTBEHHO, Hbh — remormodoun, Mb — MHOIIO-
oun, BH — octaTok OydepHbIX OCHOBaHHH.

KanumsipHasi KpoBb, KOTOpasi YaCTHYHO OTHaia KHUCIOPOJ M HACBITHIIACH
YIJICKUCIIBIM Ta30M, BO3BpAIlaeTCs K JISTKUM, I'JI¢ BO BPEeMs OYE€PEIAHOIO JIbIXa-
TENBHOTO IMKJIA OCYIIECTBISACTCS €€ O00OTAIlCHUE KHCIOPOJOM W BBIMBIBAHHE
YIJICKUCIIOTHI. YPaBHEHUS HANPSKCHUN PECITUPATOPHBIX Ta30B I CMEIIAHHON
BEHO3HOW KPOBU UMEIOT BUJL;

dp,O, 1
dr

[al(z Qt, 'pczOZ -

on,
Vo (a, +vy-Hb .
(o +y .0, ) (18)

-0-p;0,)—y-Hb-Q-n,],

P (Y 0, - 0n,CO,) +
Vv(az + Vs "BH——-) K
op-CO,

+(Z 1477} -BH-Q,‘ "Zyet, ~VBH 'BH'Q'sz)+

i (19)
+(Z(l_nct,.)'y1~1b “Hb-Q-z; =(1=13) ¥y - Hb-Q-2;) +

on,,

+;YH1: 'Hb'Vct, 51" >

dp.N, 1

Vv - o, - . N -, - N - .

i Ve (Z 30, PN~ PN, -0,) (20)

Cucrema (1) — (20) npu 3anausbix V, Q, (), ONUCBHIBAET U3MEHEHHS IIap-

OHaJIbHBIX ,I[aBJ'IeHI/Iﬁ u HaHpSDKGHI/Iﬁ peCIUpPaTOPHBIX T'a30B B KPOBU U TKAHCBBIX
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JKUJKOCTAX PCTHUOHOB YU OPraHOB BO BPEMS JAbIXATCIIbHOI'O UKJIA.

MEXAHM3MbI PETYRAUMH OCHOBHOW ®YHKUMH
CHCTEMBI JIbIXAHHA W UX MATEMATHYECKAA MOAEND

OOmwmpHBII SKCIIEPUMEHTATIBHBIN MaTepHa, TOTyuYeHHBIH MeTuKaMu U Gpu3no-
JIOTaMH, CBUICTEIBCTBYET O TOM, UTO, B OTBET HA 3HAUUTEIbHOE BHELIHEE (U3-
MEHEHHE O0apOMETPUYECKOro AABJICHUS, KaYeCTBEHHOTO COCTaBa BIBIXaEMOTO
BO3/yXa W T.1.) W/WINA BHyTpeHHee (M3MEHEHHWE MHTEHCHBHOCTU MeTaboinyec-
KHX MPOLECCOB B TKAHAX, KOTOPHIE XapaKTEPU3YIOTCSI M3MEHEHHEM CKOPOCTH
YTUIM3AaLMU KHCIOPOAa) BO3MYILCHHE, H3MEHICTCA BEJIMYMHA MUHYTHOTO 00B-

ema JpIxaHus V', o0beMHast CKOPOCTh CHCTEMHOT0 KpoBoTOoKa (0, TIPOCBET CO-

CyaOB H, KaK CJICACTBUC, MCHAICTCA o0beMHas CKOpPOCThH Qt. OpraHHbIX KPOBOTO-

koB [1, 2]. UmenHo nmostomy napamerpsl V', O, O, IpH MaTeMaTH4eCKOM MO-

JIEIMPOBAHUN PACCMATPUBAIOTCS KaK YIPABISAIONINE MapaMeTphbl, a JbIXaTellb-
HbI€ MBIIIIbI, MBIIIA CepAla U TIaJKHE MBIIIIBI COCYI0B, paboTa KOTOPHIX
obecrieunBaeT HEOOXOAUMBIE [T CTAOMIIN3AM OCHOBHOM ()YHKLIMHU MapaMeT-
PBI IPH BO3MYILEHUH CUCTEMBI, KaK MCIIOJIHUTENIBHBIE OPTaHbl CaMOPETYIISLHN.
Cucrema ypaBaenuit (1) — (20) acHMOTOTHYECKH yCTOMYNBA, TIO3TOMY MOYKHO
MPENIOIOKUTH, UTO LENBIO PETYIIALNN SBISETCA BEIBOJ BO3MYIIEHHON CHCTEMBI
B OTHOCHUTEIFHO PABHOBECHOE COCTOSIHME, KOTOPOE HACTYIAET, KOIria

1G,0,-4,0,I<¢
|G, CO,+4,CO; <s,, 1)
|G, N, <&

rae g,, €,, €& — KakK YroJHO MaJIbIC ITOJIOKUTCJIbHBIC BCINYNHBI. MHO0XECTBO

M cocTosiHUI CHCTEMBI, Ui KOTOPHIX BhIMonHAeTCs (21), OyxeM ompenenstb
Kak TEpMHUHAJbHOE MHOXKECTBO 3aJa4M YNPABICHUS IUHAMHUUYECKONH CHCTEMOHU.
EcTecTBeHHO MPEAIONOKHUTh OTPAaHUYECHHOCTD MTapaMeTPOB yIIPABICHUS:

Vmin < V < I)max

Qmin S Q < Qmax
Qti min < Qtl < Qti max (22)

2 0,=0

Jlerko nokasatb, 4TO 3a/a4a yIpaBIeHHs — BBIBOJ BO3MYIIECHHOHN TuHA-
MHYECKOH CHCTEMBI Ha MHOXKECTBO M Tpu orpaHuyeHusix (22) uMeeT perie-

HUE, T.K. BBIIOJHSIOTCA yclIoBUs TeopeMbl Ounumnmnosa [9].
W3 Beex perienuii 3a1a4y yrpasieHHs ONTUMAIbHBIMU apamMeTpamu V,

Qs O, OyllEM CUMTATH TE, KOTOPBIE 00ECTICUNBAIOT MUHUMYM (YHKIIHOHA-

J1a Ha TPAEKTOPHUSIX U3MEHEHUI TMHAMUYEeCKON cUCTeMEI [1]:
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T
1=[| X2, (6,0,-4,0,) + 0,34, (G,CO, +4,CO,) +p, Y 2,GN, |, (23)
i

t t

i i

fy

Tae p,, Py, P; — KOIPPUIHEHTH UyBCTBUTEILHOCTU OPraHU3Ma K TUIIOKCHH,
TUIEpKaHUM U M30BITKY a30Ta; A, — KO3((UIMEHTHI, XapaKTepU3yIoIIne

KU3HEHHYIO Ba)KHOCTh TOTO WJIM MHOTO opraHa. [Ipu MmaTemarnyeckoM MOZeTu-
POBaHMH IPHUHATA 3aBUCUMOCTS [2]:

A, ==+ (24)

3aMeTuM, 4TO MOCKOJBKY a30T He MPUHHUMAET y4acTHi B Ta3000MEHHBIX
mpoleccax MpU HOPMO- U THNOOapuH, XOTS M BIMSET HA CAMOPETYISLHIO, B
JaNbHEHUIINX pacCy)ACHUIX He OyeM paccMaTpUBaTh yPaBHEHUS I a30Ta.

MEXAHM3MbI CAMOPErYNALHM KAPRMOPECNHPATOPHOM CMCTEMbI
NPH TUNOKCHYECKOA TMNOKCHM

OyHKIoHAI (22) 3amuIeM B BUAC THITOKCUYECKOTO CTUMYyJa peryismuu [ 10]:

T
. 2
ergln.[Z/l,(GtiOz -q, 02) dr. (25)
i fh 1
Hanee Bocronp3yemcs (8) u 3amuriem (25) B BUIE:

T

J= Hémj‘[lm (GmOZ - 4,0, )2 +4, (Ghoz - 4,0, )2 +4 (Gi02 - 4,0, )2 :|dT’ (26)

To

o€ MHACKChI m , h M i OTHOCATCA COOTBETCTBEHHO K TKAHEBBIM pe3cpByapamMm
CKCJICTHBIX MBILIL, CEPpALA U APYTUX TKaHEH.
HyCTL cucrema (8) C MOMCHTAa BPECMCHU HAXOOUTCA B COCTOSAHHNU PABHOBC-

cust. Torna MoxHO cuuTate, 4ro p,, O, =const, p, O, =const, p, CO, =const,
p, CO, = const . Ecin ycnoBusi, B KOTOPBIX (PyHKIMOHHPYET CUCTEMA, HE U3Me-

HAIOTCS Ui T, <7 <T,, TO 3Ha4eHUs J Ha UHTEpBAle [7,,7,] PABHAIOTCS HYJIIO

[11].
Beenem 0003HaYeHUs p,0,(t,)=plO,, p,CO,(r,) = p’CO,,

q,0,(t,)=q 0, , 0,(t))= Q,? , 0" = ZQ: . 13 (8) HemocpencTBEeHHO ciemyer,
t

4qTo

0, =—"—. 27

Ca _CV

rac ¢, u ¢, — KOHICHTpalu:sA KHUCJIOpOJda B anTeKanmeﬁ u OTTGKaIOH_Ieﬁ oT

MBI KpoBU. Herpynuo yGenutscs, uyTo mpu BeIOOpe (J, TakuM, 4TO IpH
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th < Q[O CHMKACTCA JOCTaBKa KHUCJIOpOAa. B camom ACJIC, B YCIIOBUAX PABHOBC-

(&55:1
Gt,- = qtl = Ql,- (Ca _CV) > ca _c\7 > 0 (28)

Eciu B mepsoe u3 ypasuenwuii (8) moacrasuts O, < thl , TO IIPOU3BOJHAS
dp,, O,/ dt crtaHeTr OTpUIATENILHOM, a 3HAYUT JOJDKHO IPOU3OUTH CHUKEHHE

YPOBHEN HANPSYKEHUH KUCIOPOJa B KPOBU TKaHEBBIX KaWLIAPOB. B Tex cimyda-
X, KOTJa CHIDKCHHE TPAHCIOPTa KUCIOpPOoJa B TKaHAX OOYCIOBJIEHO CyLIECT-
BEHHBIM CHIDKEHHEM OOBEMHOH CKOPOCTH CHCTEMHOIO KpOBOTOKA IO CpaBHE-
HUIO C HOPMOM, TOBOPAT O HEJOCTATOYHOCTH CEPJICYHO-COCYAUCTON CUCTEMBI U
Pa3BUTUHU LUPKYJIATOPHON THUIIOKCHU.

PaccmoTpuM pe3ynbpTaThl MMHUTALIMOHHOTO MOJIEIUPOBaHMS (U3UUECKON
Harpy3ku MomHocTbio 100, 160, 240, 270 Bt myTem yBenn4eHHs CKOPOCTH I1O-
TpeOeHus] KUCIopoaa JUIsl OpraHu3Ma CpeIHECTaTHCTHYECKOro uejoBeka. Pe-
3yJBTAThI IPEACTABIICHEI B Ta0M. 1.

[IpoananusupoBaB mMoxenb (8), BUOAUM, YTO MpH (U3UUECKUX HArpy3Kax
BBICOKOW WHTCHCUBHOCTH MHHYTHBIH 00BbeM KpOBH, HEOOXOOUMBIH I MOJe-
pKaHHUA TIOCTOSIHHOTO HAIPsDKEHHUS KUCIOpoJa B pabOTaroMX MBIIIIAX, TOJI-
eH OblI OBl moJAepKuBaThesl paboToil cepaeuHoi Mpluiel. PacueTHble 3Have-
HUSI CHCTEMHOTO KPOBOTOKa mpH Harpyske B 100 Bt mns mommepkanust ctalu-
JIBHBIX BEJIMYMH HAIPSDKEHWM KHCIOpOoJa B CMELIAHHOW BEHO3HOM KPOBHM Ha
ypoBHe 38 MM PT. CT. JO/DKHBI ObLIH OBl IOCTHYb BeTMYUHBI 36 J1/MuH. B pearns-
HOCTH Xke€ [3], cHcTeMHBIN KpOBOTOK B 2—3 pa3za MeHbIIMH. Bo3HHKaeT mapagok-
calpHasi CUTyallMs: KOTJa elle He ObUIM MCYEpIaHbl PeCypchl aKTHBHBIX MeXa-
HU3MOB PETyJIALNN, OPTaHU3M OTKa3bIBa€TCA COOMIOAATh KHUCIOPOAHBIN KOM-
dopT 11 TKaHEeH.

Paccmotpum Ha Moxenu (8), (26) 3Ty cutyanmro. IlycTs Ha HaxomsIIIyocs B
paBHOBECHM TUHAMHUYECKYIO CUCTEMY (8) B MOMEHT BPEMEHHU T TOAEHCTBOBAIO
BO3MYIIIEHHE, BBI3BAHHOE PAabOTOIl CKENETHBIX MBI (M3MEHWJIACH BEIUYMHA

q,0,). s onpesenennocTd Oyaem cuutath, uro g, (t,)0, > q. . VI3 HenpepbIs-
HocTH pemeHuit cucrems! (8) [11] cnenyer, uro G, (t,)0, <q,(t,)0,. OueBun-

HO, YTO CYLIECTBYET [1Ba IIYTH YCTPAaHEHHs PACCOTJIACOBAHMS, BOSHHUKILIETO Me-
Iy CKOPOCTBIO MOTPEOICHHS KUCIOPOIa CKEIETHBIMU MBIIIIIAMHU U CKOPOCTHIO
JIOCTAaBKH K HUM KHCJIOpO/a:

1. MoHO BBIOPaTh B COOTBETCTBUH C (27) cucTeMHbIi kpooTok Q. Oue-
BuaHO, ut0 Q.. (7)) >> Q! . Opnako Takas BETMYMHA CHCTEMHOTO KPOBOTOKA

npuBena Obl K CIWIIKOM OOJIBIIOMY YCHJICHHIO pabOThI CEpIEYHOW MBIIIIIHI,
4TO, B CBOIO OY€pe/lb, BbI3BAJIO Obl YBEJIMUEHUE €10 CKOPOCTHU IOTPEOICHUS KUC-
JI0poJia M, KaK CIEACTBHE, Pa3BUTHIO B HEH KUCIOPOAHOM HenocTtaToyHOCTH. B
COOTBETCTBHH C MOJIEIBIO ONTHUMAJIBFHOTO BBIOOpAa 00BEMHON CKOPOCTH CHCTEM-
HOTO KpoBOTOKa [1], anmst pasperueHusi KOHGIIMKTa MEXIY KHUCIOPOIHBIMH 3a-
npocaMu pabOTAIOUIMX CKEJETHBIX MBI U CEpACYHOM MBINIIBI B OOpbOe 3a

Kucinopon Oyner BBIOpAaHO KOMIPOMHCCHOE pelieHue (), Takoe, 4To
Qe >0 >0, @ 5T0 03HAYACT, YTO M B CKCJICTHBIX MBILIIAX U B CEPACYHON
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Tabnuya 1. IKcepUMeHTAIbHbIE U PAacUeTHbIe BeJIMYHHBI KPOBOTOKA NPH T'HIOKCHH
HArPY3KH Y CPeIHECTATHCTHYECKOT0 YeJIOBeKa

Harpysxa (Bart) 100 160 240 270
q,0, , mi/vnn 1,794 2,958 411 48

Q,enO, , n/vmm 14,07 20,134 27,966 35,6

Q 0, Oy , W/vimm 35,88 59,16 82,2 96

MBIIIIE CHU3HUTCS HANPSHKEHHE KUCIOpOoIa.

2. PaccornacoBanue, BOSHHUKIIEE MEXKIY CKOPOCTSIMH JAOCTAaBKH H MOTpPEO-
JIEHHUsI KUCJIOpOJa MPH Harpy3Kax HE3HAYMTENbHOW WHTEHCHBHOCTH Ka3aJoch
ObI, MOXXHO YCTPaHUTh MyTEM TepepacipeieieHus CyIIeCTBYIOMET0 CUCTEMHO-
ro KPOBOTOKa, KOTOPHII He M3MeHmJICs Obl 1o BenuuuHe. Toraa u3 (26) BUIHO,
YTO YBEIMUYCHHE KPOBOTOKA Yepe3 CKENETHBIC MBIIIIBI IPHUBOAUT K yMEHBIIIE-
HUIO KPOBOTOKA Yepe3 APyrhe TKaHU, 3TO MPUBEIO Obl K YBEIHMYCHUIO TPETHETO
ciaraeMoro B (26), Bo3HuKJIa Obl 00pp0a 3a KUCIOPOJ MEKAY CKEIECTHBIMHU MBbI-
MIIAMA U APYTUMH TKaHSIMH.

AHaJIOTUYHBIC CHUTYallMd BO3HHMKHYT HE TOJBKO B CJIy4ae aKTUBHU3a-
UM MBIIIEYHON JESITeTbHOCTH, HO TIPU YCHJICHUU (PYHKIMH JIFOO0TO IPyroro
oprasa.

Takum 00pa3zoM, CHIDKEHUE HANPSHKEHHUS KHCIOPOJa B CEPACYHON MBIIIIIE,
BO3HHKAOIIEE B OpraHW3ME TPU BHYTPEHHHX BO3MYIIAIOIIUX BO3JCHCTBHAX
TaKWX Kak (QU3NUecKas Harpy3Ka, MOXKET ObITh CIIEZCTBUEM OOpPBOBI 32 KUCIIO-
PO MEXTy TKaHSIMH PaOOTAIOIINX OPTaHOB.

Ecnu o rumokcueil noHMMaTh COCTOSIHUE, XapaKTePH3YIOIIEeCs: CHIKEH-
HBIMH TI0 CPABHEHHUIO C COCTOSIHUEM TOKOSI HANPSHKEHUSIMH KUCIOPOAA Ha TyTH
€ro TPAHCIIOPTA B OPraHU3MeE, TO U3 BBIIICH3IIOKEHHOTO CIIETyET, YTO THIIOKCHS
— 3TO peakys OpraHu3Ma Ha BHYTPCHHHE BOSMYIICHUS, SBISIOMIASICS HE TOJb-
KO BBIHY’K/ICHHOM, HO M MOJIE3HON peaKluell opraHu3Ma Ha Harpys3Ky, T.K. THIIO-
KCHSl 3aIycKaeT MEXaHU3Mbl, KOTOPbIE TIPUBOJIAIT K YCHIICHUIO IOCTABKH KHCIIO-
pona. KomneHcanus rHIIOKCHH OCYIIECTBISIETCS. MEXaHU3MaMH, HaIPaBJICHHBI-
mu Ha [13]:

* yMEHBIIIEHHE apTEePUATBHON THIIOKCEMHUH | MOICPKaHHe CKOPOCTH TI0-
CTYIUICHHS KUCIIOPOJia B JIETKUE U aJbBEOJIbI HA YPOBHE, OJM3KOM K HOPMOKCH-
YEeCKOMY, ITyTE€M YBEJIWYEHHS MHHYTHOTO O0BeMa JBIXaHWs, YYalleHHs JbIXa-
HUS, YBEIWYCHUs JIBIXaTeIbHOW IOBEPXHOCTU AbBEOJI MpU Oosiee TITyOOKOM
JIIXaHUH, TOBBIICHUS JIOJNW albBEOJSIPHON BEHTHJISINUKA B MHHYTHOM OOBeMe
IbIXaHusl, Bo3pacTanus AUG( Y3HOHHON CIIOCOOHOCTH JIETKUX, YMEHBIICHHUS
IIYHTHPOBAHHS KPOBHU B JICTKHX;

* o0ecrnieyeHHEe CKOPOCTH MacCOIepeHoca KHCIOpOoa apTepHalbHON Kpo-
BBIO OT JIETKUX K TKaHSM IyTeM YBEIUYEHHsI KHCIOPOJHOW €MKOCTH KPOBH 32
CUET TIOBBIIICHUS COJIEPKAaHUS B HEH TeMOrIoOnHa M ero ClIoCOOHOCTH MpUCOe-
JIHMHATH KHACJIOPOJA B JIETKHX, OTJAaBaTh €r0 TKAHAM M YBEIHYCHHUS OOBEMHOMN
CKOPOCTH KPOBOTOKA;

* ofecrieyeHne KIETOK HEOOXOJUMBIM KOJIWYECTBOM KHCIOPOAA IMyTEM
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YCHUJICHHUS MUKPOLMPKYJISILUK KPOBU B TKAHSIX, YKOPOUEHHE PACCTOSHHUA AUQ-
(dy3un Kuciopoja U3 KpOBU MHKPOCOCYIIOB B KIIETKH U IyTEM YBEJIWYCHUS 3a-
MAacoB KHCJIOPOJia B PE3YJIbTaTe YBEINUYCHUS COACPIKAHHUS IeMOTTIO0MHA B MBbIIII-
1ax;

* TIOBBILIEHHE CIIOCOOHOCTH KJIETOK YTHJIM3UPOBATH KUCIOPOA IpPU HU3-
KOM €ro HamnpsyKeHHH B KPOBH U IIa3Me IyTeM yBETWYECHUS KOJIUYECTBa MHUTO-
XOHJIPHI, MX JIBIXaTeNIbHBIX aHcaMOJIeH, aKTHBHOCTH JIbIXaTeIbHBIX ()ePMEHTOB
1 aHTHOKCUJAHTHOM CUCTEMBI.

MEXAHM3MbI CAMOPETYNAUMH KAPMOPENHPATOPHOA CHCTEMbI
NIPY THNOKCHYECKOW THNOKCHM

Wnast npupoaa KoH(IMKTA IpH H3MEHEHNH COCTaBa BAbIXaeMoi cMecH. H3Bec-
THO, YTO IpY NpeObIBaHUH YEJIOBEKA B ropax Ha HEro AEHCTBYET BO3AYX C Me-
HBIIIUM COZEepXkKaHueM Kuciopoaa. B ypasuenusx (11), (12) g, O, — ckopocTb

YTHIM3ALUHA KUCIIOPO/a B TKAHEBOM pesepByape npu meradonusme, ¢, CO, —

CKOPOCTh NPOAYHHUPOBAHUS YIJTICKUCIIOTO Ira3a, 3TH BEJIMYUHBI CBA3aHbBI COOTHO-
NICHUEM

9,0,=0-4,CO0,, (29)

TJle 0 — JbIXaTeNbHbIA KOd(DOUIIHEHT.
Martemaruueckuii ananu3 Mozenu [ 14] mokaspiBaeT, YTO CTAOMIM3AIHS pe-
YKUMOB HACTYIAET MPH BBITOJHEHUH YCIOBHUM

G,0,-4,0,=0, (30)

G,CO,+q,CO,=0 (31)

I Bcex i=1,m.

IToaTomy, Kora craBUTCS 3a/1a4a CTa0WIM3auH (PYHKIIMOHAILHOTO COCTO-
SIHUS TIPU YIpaBJICHUH AuHaMu4eckoi cuctemoit (1) — (7), (29), ycnosus (30),
(31) ompenmenstoT TepMHUHAIBHOE MHOXKECTBO, B KOTOPOE CIIEYET IMEPEBECTH
BO3MYVIIEHHYIO JUHAMHYECKYIO cucTeMy. OrpaHudYeHus] Ha M3MEHEHHE YIpaB-
JISFONINX ITapaMeTPOB OMPEEISTIOTCS SKCIIEPUMEHTAIBHO U 337Jaf0T KOMITAKTHOE
MHOKECTBO.

MoskHo mokasath [15], uro g 3amaun cTaOUIN3aIMK TPAEKTOPHUIA HAIpA-
KEHHUH PECTTPATOPHBIX Ta30B BEIMOIHIIOTCS BCE YCIOBUS TeopeMbl DuinImoBa
[9], crienoBaTeNnbHO, CYMIECTBYET pPEIICHHE 3a7add BBIBOJA BO3MYIIEHHOW NH-
HaMHYECKOU CUCTEMBI B TepMUHAIBHOE MHOXKeCTBO (30), (31).

OnTUMalIbHBIMK TIapaMeTpaMH CTaOWUIU3AIMH JABMXKCHUS JTUHAMHYCCKOM

CHCTEMBI CUMTAIOTCA T€ 3HaueHus V', O, ¢, u3 o0iacTu ux 3aJaHus, KOTOpbIe

MUHHMHU3UPYIOT GyHKIMOHAN (23).

Marematrueckasi MOJIENb TPAHCIIOPTA PECITUPATOPHBIX Ta30B B OpraHU3Me
JIOJDKHA YTOBJIETBOPATH CIEAYIONIUM YCIOBHUSM:

* CYIIECTBOBAaHUS M €IWHCTBEHHOCTH pelreHus 3aqaun Komm miist cucre-
M1 ypaBHeHu# (1) — (7), (29) Ha BceM BpeMEHHOM WHTEpBaJIe MOJICTHPOBAHHUS;
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* [apUMANIbHBIC JABJICHUS U HANPSIKEHUS PECIIUPATOPHBIX ra30B JOJIKHBI
OBITh HEOTPUIATEIBHBIMUA M OTPAHUYECHHBIMU CBEPXY, UCXOJS U3 TOTO, YTO MBI
paccMaTpuBacM 0OBEKTBI )KUBOW IPUPOAL [15];

* JIOIDKHO CYIIECTBOBAaTh pellieHHue chopMyITHMPOBAHHON 3a1auu CTaOWIIH-
3al1y IBU)KECHHUS )KUBOU CUCTEMBL.

EnnHCTBEHHOE MONOXKUTENBHOE U OTPaHMYEHHOE pelIeHHe paccMaTprBae-
Moit 3amaun Ko cymectByeT npu ycnoBusx [14]:

imn =0,

limy (32)
1 nct. = O’

Jim . (33)
1 q, =0.

Jim 4, (34)

CootHomenue (14) ansg GyHKUMU TapaHTUPYET BHIOJIHEHHE ycaoBui (32),
(33). Ycnosue (34) oTobOpakaeT MeTa0OIM3M HA MOHOTOHHO YOBIBAIOIIMX IIO-
CJICAOBATEIbHOCTSX HAPSHKCHUH KUCIOPOAa B TKAHAX, IPEAETIOM KOTOPBIX €CTh
+0, cKOpOCTH YTHIM3AMK KHCIOPOAA B 3THX TKAHSAX MOHOTOHHO YOBIBAIOIINE
MOCJIEI0BAaTEIbHOCTH, TPAHULIEH KOTOPBIX ecTh +0 .

Kapiii BUj ueioBeuecKoi e TeNbHOCTH TPEOYET OmpeieieHHbIX SHEPTo-
3arpar. CKOPOCTh YTHIM3ALHMK KUCIOPOa B MPOLIECCAX OKUCICHHUSI — MOCTOSH-
Has BEJIMYHMHA, HE3aBUCHMO OT TOr0, KaKHe 3amachl KUCIOPOJa COINEPKATCS B
TOM HJIM UHOM TKaHeBOM pe3epByape [14]. [lapunanbHble naBIeHUs U HaMpshKe-
HUS KHCJIOPO/ia — HEOTPUIATEIbHbIC BEIMYNHBL:

0<p,0,<p,0, <p0O,. (35

Kpowme Toro, pO,(h),rae h — BbIcoTa HaJl YypPOBHEM MOPS B YCIOBUSIX BbI-

COKOTOpBS SIBJIsIETCS yOBbIBaromiel QyHKIpel (B ropax coliepKaHue KHCIopoaa B
BO3yXe MOXKET cocTaBIATh 0T 20% 10 4 %).

B [14, 16] B MaTeMaTU4YeCKyl0 MOJENIb CUCTEMbl JbIXaHUS MPEAJIAracTcs
BBECTU (hYHKIIHMIO

N, (7)
4,0, = 4,0,(—5—)’, (36)

ct;

rae qg O, — CKOpOCTb NOTPeOIEHUs KUCIOPOAA Ul 3aJaHHOTO YPOBHS Harpys-

KM Ha OpraHru3M Ha YpOBHEC MOPH, 772 — KpHUBasA OKCUTCHALIUH reMorio0OnHa Ha

ypoBHE MOps. OTa (YHKIUS YAOBICTBOPSICT yCiaoBusiM (34) U, C ee BBEACHUECM,
3aja4a MPOrHO3UPOBAHUS (PYHKIIMOHAIFHOTO COCTOSHHUS YEIOBEKa MPH padoTe B
YCIIOBUSAX THUIOOAPHUYECKON TMIOKCHMH CTAaHOBUTCA KOoppekTHoil. B [16] mpen-
CTaBJIEHBI PE3yJNbTaThl KOMIIBIOTEPHOTO aHAIM3a UMHUTAIIUN BJBIXaHUS CMECH C
10% xucnopoja, AEMOHCTPUPYIOIIUE POJIb TUTIOMETA00JIN3Ma B CAMOPETYIISIIH
CHCTEMBI ABIXaHHUs NPH TMIOKCUYECKOW rumokcuu. B Tabn. 2 mpencraBieHs
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Tabnuya 2. HanpsizkeHHsl KMCJ0pPOAa B TKAHIX PadoOTAOIIUX OPraHoB NMPH HOPMO- U
THNOMEeTA00INH B YCJIOBUAX THMOKCHYECKO THMOKCHU (MM PT.CT.)

Txann
Pexum AnpBeonsl | Aprepus
Mosr Cepmue CKeJleTHBIE
MBIIIIBI
10% O,, q,=0,258 n/vun 45 45 31 27 27
10% O,, q,=0,2316 n/vun 48 47 32 28 30

pPE3YIbTaTbl MUMHUTAIMOHHOI'O0O MOJACIMPOBAHUA FHHO6apPIIIeCKOI>'I THUIIOKCHUHN C
10 % xucnopoga BO BIBIXAEMOM BO3JyXE TMPH HOPMO- M THIIOMETa0OIU3ME,
KOTOPbIC CBHUJICTEIBCTBYIOT O TOM, YTO CHHKCHHE CKOPOCTH MOTPEOJICHUS KH-
ciopojia opranu3mMoM Ha 11 % IpUBOIUT K TOBBIICHUIO HAPSDKEHHS KHCIOPO-
Ja B TKaHAX MO3ra M ce€paua Ha 1 MM PT.CT, @ B CKCJICTHLIX MBIIIIAX Ha 3 MM
pr.cT. T.e. CHWKEHHE CKOPOCTH MOTPEOJICHHST KUCIOPOIa TKAHAMH MO3Ta, Cep/i-
Ha U CKCJICTHBIX MBI IIPpH FHHO63pPI‘IeCKOI71 TUIIOKCHUU NPHUBOJUT K ITOBBIIIC-
HUIO MX «KHCIOPOAHOro KOM(OpTay, U, TAKUM 00pa3oM, THIIOMETA00JIU3M MPH
CHIDKCHHH COJICPYKAHUS KUCIIOPO/Ia BO BJIBIXaEMOM BO3/yXE SBJISICTCS MOJIC3HOM
peakiuel opraHu3Ma Ha MpeObIBAHUE B YCIOBUAX THITOOAPUIECKOM THITOKCHH.

PONb THNEPKANHUYECKOrO CTUMYNA B CAMOPET Y NAILHH
CHCTEMbI IbIXAHHA NPY TMNOKCHYECKOH TMNOKCHM

OKCIEpUMEHTAILHBIE TaHHBIE CBUACTEIBLCTBYIOT O TOM, UYTO Ha BbIcOTe 2100 M
BEHTIJIALNS JICTKUX Y HETPEHUPOBAHHOTO YEJIOBEKA BO3PACTAET B TIOJITOPA pasa,
a MUHYTHBI 00b€M KPOBU B J[Ba pa3a IO CPaBHEHUIO C YCIOBUSMH HOpMOOa-
pun. B TO ke BpeMs M3BECTHO, 4TO NpH (U3UYECKOW HATPY3KE ABIXaTEIbHEIC
MBIIIIBl YBEIUYUBAIOT BEHTWISILUIO B TPU — TPU C MOJOBUHOU pa3a, a MUHYT-
HBII 00bEM KPOBH MOXET YBEIUYHUTHCSA B MATh pa3. MaTemarudeckas MOJCIb
TPAHCIIOPTa PECIUPATOPHBIX TA30B B opraHusMe B Buie [14, 16] u uncieHabe
SKCIIEPUMEHTHI ¢ HEel HAaf0T OOBSICHEHUE, MOYeMy HE MCIOJIB3YIOTCS pEe3epPBHEIC
BO3MOKHOCTH OpPTaHOB CaMOPETYJISIHH. EcCiIu TpeamnoioXuTh, YTO CHUCTEMa
IBIXaHWS 0 BO3MYIICHHUS 0apOMETPHUYECKOTO AABIICHUS W CHUKCHHS Taplya-
JIBHOTO JABJICHUSA KUCIOPOJa B IbIXaTE€IbHON CMECH HAXOAMUTCSI B PaBHOBECHOM

cocrosuum, 10 G, 0, ~q, 0,, G,CO,~q, CO,, i=1,m, CHUKXEHUE NaplLHaIb-
HOTO JIaBJICHHSI B JBIXaTEILHONW CMECH cpa3y K€ MPUBEIET K HAPYIICHHUIO Iep-
BOTO M3 3TUX ycnosuil, 1.e. G, 0, <¢q,O0,, i=1,m. EctectBeHHo, ecinu Obl pery-
JISAIUS. OCYIIECTBISUIACH JIUIIH 110 THIIOKCHYECKOMY CTUMYITY (TIEpBOE cllaraeMoe
B MOAWHTETPANIBHOM BBIpaKEeHUH (23)), HE0OOXOIMMO MHOTOKpPAaTHOE BO3pacTa-
HUE MUHYTHOTO 00beMa KPOBH M BEHTWISAIUU JIETKUX, YTO BHEIIHE BBITJISAUT
KaK OJIBIIIIKA W YBEIWYCHHE TyJbca. M 10 KaKoi-TO BETMYMHBI OpPTaHU3M JIaxe
HETPEHUPOBAHHOTO YeJIOBEKAa MMEET TaKyl0 BO3MOXHOCTh. OJHAKO 3TOrO He

npoucxoaut. B cootBeTcTBHY C [1] 3TO MPUBOIUT K HAPYIIEHHUIO paBHOBECHS IO
HaINpPsDKEHUSAM YTJIEKHCIIOTOo Ta3a B CTpyKTypax opranusma. [Ipu HemsMeHHOM
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CKOPOCTH NPOLYLUPOBAHUSA YIiIeKUcIoTbl ¢, CO, B TKaHSAX NPOUCXOAUT UHTEH-
CUBHOE BbIMbIBaHUE yriekucnoro rasa (G, CO, >q, CO,, i=1,m ). Bo3nukaer

KOH(JIMKTHAS CUTYyalllsi — C OJHOI CTOPOHBI HEOOXOAMMO BoO3pacTaHue V wu
O nans obecriedyeHus] paBHOBECHs IO KUCIOPOLY, C APYroil — Takoi pocT He-

JKEJaTeNeH JUId 00eclieYeHrsT paBHOBECHS TI0 YTIIEKUCIOMY ra3y. MaremaTmndec-
Kasi MOJIeTh CTa0WIIN3allii OCHOBHON (DYHKIIMW CHCTEMBI Ibixanud [1] mpexna-
raetT KOMIIPOMHCCHOE pa3pelieHne KOH(MINKTHOW CHUTyaluu. BeHTWIanus u
KPOBOTOK YBEIMYMBAIOTCS, HO HE HACTOJBKO, KaK ObI 3TO OBLIO HEOOXOIUMO IS
KOMIICHCAIIMH THIIOKCHH, HO U HE OCTAlOTCS HA YPOBHX, KOTOpPbIC OBLIH JI0 BO-
3MYIICHUS BHEIIHEH Cpe/ibl, KaK 3TO ObLIO ObI HEOOXOAMMO, €CIIU ObI PEryIISIHs
OCYITIECTBIISUIACH TOJIBKO 10 THIIEPKATHIYECKOMY CTUMYITY.

BbIBO/LbI

[IpuBeneHHbIe pacCyX I€HUS O XapaKTepe IMpoliecca yIpaBIeHUs CUCTEMON JIbI-
XaHUS IPH BHELIHUX U BHYTPEHHHUX BO3MYIICHUSIX UMEIOT JIUIIb TEOPETUUCCKUM
XapakTep M HENOCPEACTBEHHO CIEAYIOT M3 MOJENU CaMOPErYJISLUH CUCTEMBI
JBIXaHMS ¥ YMCIICHHOTO aHajlu3a MaTeMaTHYeCKOM MOJETTH MaccolepeHoca pec-
MUPATOPHBIX Ta30B B OpraHU3Me B JUHAMHKE JAbIXaTeNbHOTO Iukia. OJHAKO
€CTh HaJeKIa, YTO MPEAJIOKECHHBIH IMOAXO0A MOXET OKa3aThCs IMOJIC3HBIM IPH
PacCMOTPEHUH POJIH TUMOKCUU, THIIEPKAITHUA U THIIOMETA00JIM3Ma TIPH BO3MY-
IIEHUSX BHYTPEHHEH M BHEIIHEH cpelbl B MpoIlecce KU3HEAEATeIbHOCTH Yeo-
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(U3MOI0THHU CTIOpPTA, TPYJa U OTABIXA.

JIUTEPATYPA

1. TonuukeBuu K.b., Onomuyk FO.H. KoH(IUKTHBIE CHUTyalluu NPHU pEryIMpOBaHUH OC-
HOBHOW (DYHKUIUH JBIXaHHWsS OpPraHU3Ma M MaTeMaTHYeCKHe MOJIEIH HX Pa3pelIcHHS.
Kubepnemuxa.1986. Ne 3. C. 100—104.

2. buoskomenuuuHa. Equnoe nnpopmarusHoe npoctpancTBo / o pexa. B.W. I'puiienko.
Kwuis: Hayk.mymka, 2001. 314 c.

3. @ununnos M.M. Pexumbl MacconepeHoca KHCIOpPOAa M YIIIEKUCIIOro ra3a Ipu Mbl-
meqHol gestenbHocTr. CriennanbHast M KITHHAYECKast (PH3HOJIOTHS TUIIOKCHIECKUX CO-
crosauit. K. : Hayk. nymka,1979. 3. C. 208-214.

4. BropuuHas TkaHeBas runokcus / mox obour. Pex. A.3. Komuunckoii. K. : Hayk. aymka.
1983.253 c.

5. Komumackas A.3. O kiacCH(pHKaMK THUIIOKCHYECKUX COCTOSHHU. [laTonmormueckas
¢usnonorus u excnepuMeHT. Tepanus. 1981. Bem. 4. C. 9-10.

6. Mynpuxk B.M. OcobeHHOCTH pa3BUTHS KHCIOPOJHOM HEJIOCTATOYHOCTH Y dYeJOBeKa
T0/J] BJIMSIHUEM MBIIICYHOH eSTEIbHOCTH YMEPEHHOW HHTEHCHUBHOCTH. CrienManbHas 1
KJIMHHYECKasT (PU3HOJIOTHS TMITOKCHYeCKuX cocTosHuit. Kues: Hayk. aymka, 1979. 3.
C. 173-178.

7. JIabax E.I'. M3yuyeHue TUNOKCUM B CKEJIETHON MBINIIE HA MAaTEeMAaTUIECKOW MOJIEIH.
CrnenuanbHasi U KIMHUYecKas (uanonorust runokcudeckux cocrossHuil. Kues: Hayk.
nymka, 1979. 2. C. 189-194.

8. Komuunckas A.3., Muctopa A.I'., ManbskoBckas M.H. Jlpixanue u KUCIOpOJIHBIE pe-
>KUMBI fienbhuHoB. Kuis.: Hayk. mymka, 1980. 332 c.

9. ®ununmnos A.®. /ludpdepenunanbuple ypaBHEHUS C paspbhIBHON IpaBoil yacThio. M.:
Hayxa, 1985. 224c.

ISSN 2519-2205 (Online), ISSN 0454-9910 (Print). Ku6. u Bbru. Texs. 2017. Ne 2 (188) 61



H.U. Apanosa

10.

11.

12.

13.

14.

15.

16.

Bpecnas U.C. ®usmonorust aeixanus. Dusuonoe. scypran CCCP.1979. 65. Ne 1.
C. 3-14.

Momaanosa H.U., Mapuernko J[.. O ponu TUMOKCHH B CAMOPETYIISIIUN CUCTEMBI JIbI-
xaHus npu ¢usHarpyske. Kubepnemuxa. 1986. Ne 4. C. 93-96.

Onomuyk FO.H. PaBHOBecHBIE crCTEMBI M NIEPEXO/IHBIE MIPOIIECCHl B CUCTEMaX BHEIIIHE-
ro AbIXaHUs U KpoBooOpaiueHus. ViccaenoBanus Ha MaTeMaTtudeckoil Mopenu. Kubep-
nemuxa. 1991. Ne 1. C. 136-139.

Konunnckas A.3. MexaHusmbl 1efCTBUsI MHTEPBaIbHOM MMIIOKCHYECKONH TPEHHPOBKHU.
WHTepBaibHas THIOKCHYECKas: TpeHUPOBKA(D(PPeKTUBHOCTh. MeXaHH3MbI AeHCTBUS):
C6. HayuH. Tp. Kues, 1992. C.107-113.

I'pabosa H.U., Onomuyk IO.H.,IToptaraenko B.M. MaremaTiaeckue MOIeTH THIIOME-
TaboM3Ma KaKk MeXaHW3Ma ajanTalid (yHKIHOHAJIBHOIO COCTOSIHUS OpraHu3Ma ge-
noseka Kounwvromepnaa mamemamura. 2009. Ne 1.C. 120-129.

Mapuyk I'.'I. MatemaTH4yeckoe MOJICITMPOBaHKE B TIpobiieMe OKpYKarolien cpeapl. M.:
Hayxka, 1982. 320 c.

Bobriakova I.L. Mathematical modeling of hypometabolism process with the objective
to identify peculiarities of human organism during the work under condition of
highlands. Kubepnemuxa u svruuciumenvras mexuuxa. 2014, Beimn. 178. C. 64—69.

ITomydeno 29.03.2017

REFERENCES

1.

10.

11.

12.

13.

14.

62

Polinkevich K.B., Onopchuk Yu.N. Conflict situations of regulating ofthe basic func-
tion of the body's breathing and mathematical models for their resolution. Cyberne-
tics. 1986. Ne 3. P. 100-104 (in Russian).

. Bioecomedicine. Unified informative space / ed. IN AND. Grytsenko. Kyiv: Nauk.

dumka, 2001. 314 p. (in Russian).

. Filippov M.M. Modes of mass transfer of oxygen and carbon dioxide in muscle

activity. Special and clinical physiology of hypoxic conditions. Kiev: Nauk. dumka,
1979. 3. P. 208-214 (in Russian).

. Secondary tissue hypoxia / under the general. Ed. A.Z. Kolchinskaya. K.: Nauk.

dumka. 1983. 253 p. (in Russian).

. Kolchinskaya A.Z. On the classification of hypoxic states. Pathological physiology and

experiment. Therapy. 1981. Issue 4. P. 9—10 (in Russian).

. Mudrik V.I. Features of the development of oxygen deficiency in humans under the

influence of muscular activity of moderate intensity. Special and clinical physiology of
hypoxic conditions. Kiev: Nauk.duma, 1979. 3. P. 173-178 (in Russian).

. Lyabakh E.G. Study of hypoxia in skeletal muscle on a mathematical model. Special

and clinical physiology of hypoxic states. Kiev: Nauk. dumka, 1979. 2. P. 189-194 (in
Russian).

. Kolchinskaya A.Z., Misyura I.N., Mankovskaya A.G. Breathing and oxygen regimes of

dolphins. Kiev: Nauk. dumka, 1980. 332 p. (in Russian).

. Filippov A.F. Differential equations with discontinuous right-hand side. M.: Nauka,

1985. 224p. (in Russian).
Breslav IS Physiology of respiration. Physiologist. Journal of the USSR. 1979. 15. No 1.
P. 3-14 (in Russian).
Molchanova N.I., Marchenko D.I. On the role of hypoxia in the self-regulation of the
respiratory system at the physical load. Cybernetics. 1986. No 4. P. 93-96 (in Russian).
Onopchuk Yu.N. Equilibrium systems and transient processes in the systems of external
respiration and circulation. Research on the mathematical model. Cybernetics. 1991.
No 1. P. 136-139. (in Russian).
Kolchinskaya A.Z.Meckanisms of action of interval hypoxia training (Efficiency.
Meckanisms of action). Interval hypoxia training. Col. of scientific papers. Kiev, 1992.-
P. 107-113.
Grabova NI, Onopchuk Yu.N., Portnichenko V.I. Mathematical models of hypometa-
bolism as a mechanism of adaptation of the functional state of the human body.

ISSN 2519-2205 (Online), ISSN 0454-9910 (Print). Ku6. u Bbru. Texs. 2017. Ne 2 (188)



Hceneoosanue na mamemamudeckou Mooenu POoJu SUnoKcuu, cunepKanHuu

Computer Mathematics. 2009. Ne 1. P.120-129 (in Russian).
15. Marchuk G.I. Mathematical modeling in the problem of the environment. M . : Nauka,
1982. 320 p. (in Russian).
16. Bobriakova I.L. Mathematical modeling of the hypometabolism of the human body.
Cybernetics and computer technology . 2014. Issue.178. P. 64—69.
Recieved 29.03.2017

H.I Apanosa, xaH1l. TeXH. HayK, CTaplll. HAyK. CHiBpOO.

CTapll. HayK. CIiBpoO. BiiJ. onTuMi3allii KepoBaHHX MPOIECIB
e-mail: aralova@ukr.net

IncturyT xibepHernxu imeni B.M. I'mymkosa HAH Vkpainu,
mp. Akanemika ['mymikosa, 40, m. Kuis, 03187, Ykpaina

JOCJIIKEHHSA HA MATEMATHUYHI MOJIEJII POJII TIITOKCI, TITEPKATTHIT
TA T'ITIOMETABOJII3MY Y CAMOPETYJIALIIT CUCTEMU JIUXAHHS
TP BHYTPIIIHIX TA 30BHIIIHIX 35YPEHHAX

Ha maremaru4Hii MOZENi CHCTEMH JUXaHHS 3 ONTHMAJIBHUM KEPYBaHHSM HPOBEICHO JIOCTi-
JOKEHHSL pOITi TIMOKCIT, TinepKarnHii Ta rinoMeradosizmMy 3a Qpi3MYHHX HaBaHTaKEHb Ta ITijl Yac
nepeOyBaHHS B YMOBaX PO3PLILKEHOT0 TOBITPS y BUIVIAL PO3B’ 3Ky 3a[adi 00 PO3B’sI3aHHS
KOH(JTIKTHOI CHTYyaIlii MK TKAHHHAMH BUKOHABUHX Ta KEPYHOUYHX OpraHiB y 60poTh0i 3a Ku-
ceHb. Ha OCHOBI HOPIBHSUIBHOIO aHali3y €KCIEePUMEHTAIbHUX HAaHHMX Ta JaHWUX, OTPUMAaHUX
NP IMITAI[IHHOMY MOJICITFOBAHHI Ti0OAPUYHOI TIMOKCIT Ta TiMOKCii HABAHTAXKCHHS, TEOPETHY-
HO OOIPYHTOBAaHO KOPHCHICTh IIMX IPOLECIB A caMOperyssnii cucteMu auxanHs. Ilependa-
Ya€eThCS, 10 3aMPOIMOHOBAHMN MiAXiJ MOXE BHSBUTHCS KOPHCHHM Y PO3IJISII POJI TiMOKCIi,
rinepkanHii i rinomerabomnisMy npy 30ypeHHSIX BHYTPIIIHBOTO 1 30BHIIIHBOIO CEpeOBHINA B
TPOIIEC] KUTTEAISUIEHOCTI JIFOJMHN B KCTPEMAIBHUX YMOBAX 1 IIPUBECTH JIO TOCTAHOBKH HO-
BHX 3aBJlaHb B (iziosorii ciopTy, npari Ta BiIIOYHHKY.

Knrwuogi cnosa: mamemamuuna mooenb MpaHcnopmy pecnipamopHux 2asis, 2inoKcis Hasa-
HMAdICEHHA, 2INOKCUYHA 2INOKCIs, pe2ynayis cucmemu OUXAHHA, 30YpoYU 6NIUSU, KUCHe8d
HeOoCmamuicme.

N.I. Aralova, PhD (Engineering), Senior Researcher,

Senior Researcher of Department of Optimization of Controlled Processes
e-mail: aralova@ukr.net

Institute of cybernetics of National Academy of Science of Ukraine,
Acad. Glushkov ave., 40, Kiev, 03187, Ukraine

RESERCH THE ROLE OF HYPOXIA, HYPERCAPHNIA AND HYPOMETABOLISM
IN THE REGULATION OF THE RESPIRATORY SYSTEM

IN THEIR INTERNAL AND EXTERNAL DISTURBANCES BASED ON THE
MATHEMATICAL MODEL

Introduction. Under conditions of the physical exertion and human presence on the altitude,
the oxygen deficiency in tissues occurs. For a theoretical study of the role of various mecha-
nisms in the regulation of the respiratory system, the use of the mathematical model for the
transport of respiratory gases in the body was proposed.

Purpose. Researches of the role of hypoxia, hypercapnia and hypometabolism in exter-
nal and internal disturbances, based on the mathematical model of the respiratory system.

Results. On the mathematical model of respiratory gas transport in the dynamics of the
respiratory cycle, as control parameters, pulmonary ventilation, minute blood volume and
local blood flow, as well as self-regulation mechanisms — respiratory muscles, cardiac mus-
cle and smooth muscle vessels — were used. It resolved the conflict situation that arises
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between the managers and the executive tissues in the fight for oxygen. An analysis of the
results of numerical experiments in simulating hypoxia and hypoxic hypoxia and their com-
parison with experimental data was made.

Conclusion. The proposed approach can be useful in assessing the role of hypoxia, hy-
percapnia and hypometabolism in the disturbances of the internal and external environment in
the process of human vital activity under extreme conditions and leads to the formulation of
new tasks in the physiology of sports, work and leisure.

Keywords: mathematical model of respiratory gas transport, load hypoxia, hypoxic hypoxia,
regulation of the respiratory system, disturbing effects, oxygen deficiency.
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KOMNbIOTEPHbIA CMMYNATOP MEXAHM3MOB
NOAAEP)KAHMA BANAHCA JHEPTMM B KNETKAX YENOBEKA

Onucan npocpamMmmblil CUMIAMOp OJis KOHCMPYUPOBAHUS PABTULHBIX CYEHAPUES BO3HUKHO-
eenust Oegpuyuma suepeuu ([3) 6 kiemrax u npeodonenus [13. Ochosol CUMyIsImopa a6isi-
emcs KOMHAEKCHAS MAmMeMamuyeckas Mooeib, ONUCbIBaiowas 83aumooeticmaue Makpocko-
NUYECKUX Cucmem meia u Mexanuzmog Kiemxu 0 npeoodonenus [D. Ymepennuiii kpamio-
epemennblil [{O ycmpanaemcsa ygeiudenuem apmepuanibHo2o 0agieHus U 1e204Hol GeHMUNA-
yuu. JJna ycmpanenus dice 3Ha4umenbHo20 XpoHuueckoeo J13 opeanusm axmusupyem 0onoi-
HUmMenbHble MEXAHU3MbIL, CRocobcmeylowue: a) buocene3y MumoxoHOpull U HApawueaHuio
CYMMApHOUL NIOWAOU UX HYMPEHHUX MeMOPaH, 6) co30anuro bosiee NIOMHOU cemu Kanuuis-
pos 6 3omne knemox ¢ J]0. IIpocpammmublil cumyasimop — 3mo UH@OOPMAYUOHHAS MEXHOIOUSL
06011020 HazHuayenus. Unmocmpupys poib MHOLOKIEMOUHBIX MEXAHUIMO8 8 DOpbbe npomus
Odegpuyuma snepeu 8 KIEMKax, CUMYIAMOP NO360Jsem. G0-NePEblX, GU3YATUUPOBATNL OC-
HoGHbIe IPheKmbl  83aUMOOeiCMEUs KIeMOUHBIX U MHOSOKIEMOUHbIX MEXAHUIMO8, 8O-
8MOPYBIX, OH MOICEM UCNONL308ATNLCA 8 NPUKAAOHOU u3uon02uu OJi NOUCKA ONIMUMATLHBIX
cyenapues nogvluleHUs QU3UYECKo20 NOMEHYUaIa 300poevix nooeu. Cumyrsamop modcem
UCNONb308AMbCA KAK Y4eOHOe CpedCmBo, GU3yanusupyouee OUHAMUKY 3AUWUIMHBIX MEXAHU3-
MO8 paszHoUl phexmusrocmu.

Kniouesvie cnosa: mamemamuueckue MoOeiu, MUMOXOHOPUU, 2IOKO3d, UHMeSPAmueHas
Quszuonocus, meduyuna.

MeauuuHCKas HayKa YCTaHOBHJIA CYIIECTBOBAaHHE KOPPEISAIUH MEXIY XPOHHU-
geckuM neduuutoM sHepruu (D) B KIETKax U pa3BUTHEM psiia BO3PACTHBIX
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3aboneBanuii opranoB u cucteM [1-3]. Ho MexaHu3M mpuIuHHO-CICACTBCHHBIX
OTHOILIEHUH MEXIy 3TUMH SBJICHUSMH SICEH JIUILb B CIy4asX MHUTOXOHJPHAIb-
HbIX maTtojoruil [3—5]. DHepreTuyeckas TEOpUs WHIUBUIYATBbHON aganTaliuu
(OTHUA) [6] noka3ana, 9TO B OpraHU3ME 4YeIOBEKa (M KUBOTHBIX) CYIIECTBYET
sHepreruueckas wmera-cuctemMa (OMC). OCHOBBIBasICh Ha 3aKOHOMEPHOCTSX
¢ysakronupoBanuss OMC, HemaBHO OBUIM PACKPBITHI YCIOBUS W MEXaHU3M
BO3HUKHOBEHMsI apTepuanbHoi runepronnu (Al) [7, 8]. Oxnako cioxHas op-
raam3anust OMC 3aTpyAHAET TUArHOCTHKY 3THOJIOTUM HETPUBHAIBHBIX, YaCTO
WCTIOBOJIb Pa3BHBAONIMXCS maroyioruil. [lockonbKy smmupuyeckas (GU3N0IO0-
TUSl HE pacroyiaraeT METOJaMU OLEHKH poNM pa3Hblx MexaHusmMoB OMC B
6oprbOe mpotuB /IO, Mexay ¢GyHIaMEHTAaTbHBIMU 3HAHUSAMH HHTETPATHBHOTO
(YHKIMOHUPOBAHUS OPTaHU3Ma M MPOSBICHUSIMH CUMIITOMOB KOHKPETHOU Ia-
TOJIOTHH 00pa30Baics CylIeCTBEHHBIN npoben. /s ero MUHUMH3aIMY TI0JIe3HEbI
MaTeMaTHYeCKOe MOJEIHPOBAHNE W KOMIBIOTEpHBIE CUMYISIUH. B TeueHue
psina et HaMu pa3padareiBaiIrch Moaenu [9—12], oObennHeHne KOTOPBIX B paM-
Kax o0Ied mporpaMMHO#M TexHonoruu [13] mpeBpaTHiio UX B CHELMAIU3UPO-
BaHHBIM KoMmbloTepHbIN cumynsaTop (CKC), mo3Bosstomumii MoAeIHpOBaTh OC-
HOBHBIE clieHapuu pearupoBanus OMC nHa [10.

Heabr — omucate CKC U AeMOHCTPUPOBATH OCHOBHBIE 3aKOHOMEPHOCTH
¢ynkunonupoBanus OMC.

OHU3HONOTMYECKHE OCHOBBI CUMYNATOPA: NOCTAHOBKA NPOBNEMbI

Xots npu pacnaae GocGopHOi CBA3M MOJIEKYIT afeHo3uHMOHO(pochara (AMD),
anenosunaudocdara (AJID) BbIEISICTCS SHEPTUs, OCHOBHBIM €€ MCTOYHHUKOM
JUISL BBITIOJTHEHHSI BCEX PA3HOBUAHOCTEH OMOJIOTHYECKON PabOTHI CIyKHUT MOJIe-
kyna agenozuntpudocdara (ATP) [1]. Ha oTpeske BpemeHM T CyMMapHas

MOIIHOCTh Harpy3ku ( Ny (7)) Ha KJIETKy ONpeleiseT CPEeAHIOI CKOPOCTh MO-
tpebnernss AT® (v, (7)) [1, 2, 6]. OCHOBHOI1 AeTEePMHHAHT ad3POOHOIT CKOPOCTH
cunre3a AT® (v, (7)) B KJIeTKe — 3TO CyMMapHas IIOIa b BHYTPCHHUX MEM-
Opan murtoxonzpuii (S,(¢)) [1, 2, 6]. HepaBenctBo v (7)=>v,.(r) sBusercs He-

O6XOZ[I/IMBIM YCII0BUEM HOPMAJIBHOT'O (I)YHKLII/IOHI/IpOBaHI/Iﬂ KJIETKU. MexaHu3Mbl
nmoaacCp KaHrsd 53TOro HEPABCHCTBA B KJICTKAX 4Y€JIOBCKA IJIOXO U3Y4YCHBI, a CTOM-

Koe oOpaTHOe HepaBeHCTBO V., (7)<V,(r) mopoxnaaer /1D u, Hapymas mMeTabo-
JIU3M, THULIUUPYET P Cepbe3HbIX 3a00aeBanuii [2—5].

OcHoBHas yactb AT® cuHTE3UpyeTcs B MUTOXOHAPUAX KieTku. AT® sB-
JSeTcs  KOHEYHBIM  TPOJIYKTOM  TPEXCTyleHYaTod  TpanchopMmamuu
AMO—-AIO—ATO®. PacxogyeMbIM cbipbeM Uil cuHTe3a AM® ciykat nupy-
Bar ( p, ) u kucnopon ( O, ). [lupysar sBiseTCS MPOTYKTOM aHAPOOHOTO TIIHKO-
aM3a B murToruiasMe. Takum oOpas3oM, NpH 3amaHHOW BenuuuHe S, (T), MHTO-
XOH/IpHANbHBIC KOHIEHTpaumu p,, O,, Heopranumdeckoro Qocdopa (p;) u
HAJIH-neruaporenasznoro komiuiekca (NADH) cimyaT OCHOBHBIMH JI€TEpMHU-
HaHTamu v, (1) [1-3].

S (t) m3MeHseTcs IBYMS CHOCOO0aMH — THUNEPTpoduel CyIecTBYOMHUX
MUTOXOHIpHUI W/uiH niponudepaiueid HoBbIX [1, 2, 6]. [Ipu BennunHAX T MEHb-
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me gaca S, (t)=const [1, 2], a u3meHenus Vv,(r) AOCTHIAIOTCS XUMHUYECKUM

PETYIATOPOM, TPEICTABISIONIAM COOOH OTPHUIIATENILHYIO OOpaTHYIO CBSI3b Ha
OCHOBe oTHomeHus KoHmeHTpanud AJIO/AT® [1, 2, 6, 8]. MoOUIEHOCTD ke
MUTOXOHJIPHI ONITUMHU3UPYET MOTPeOIICHNE KICIOPO/ia IPH €r0 HEOXHOPOIHOM
pacnpezneneHuy B muToruiasme [2, 14]. DTH aBTOHOMHBIE PETYISATOPHI pa3sHOM
3¢ GEeKTUBHOCTH (OTAMYAIOTCA MO OBICTPOJACHCTBUIO U MOIIHOCTH) (OPMHUPYIOT
TJIaBHYIO 4acTh Oamapeu mexanusmog kiemku (BMK) [2, 7, 8]. W3meHenus
S (¢) unumuupyrotcs ¢daxkropamu agantanuu (PA), BelpabaThiBaeMbIMH B
kietke pu 13 [1-3, 6, 7].

3ameTuM, yTo cnucok DA NpPoNOHKAET MOMOIHATHCA HOBBIMH areHTaMH.
Ecnu B 90-x rogax mpouuioro Beka ObUIM U3BECTHBI JIUIIb TaK HAa3bIBa€MbIE T'H-
nokcus-uHAyuoensueie hakropsl (HIF-s) [2, 6], To B HacTosIee BpeMsl K YHC-
a1y @A otaocsaT AM®-aktuBupyemyto nporenHkuHasy (AM®IIK), NO, SO,, a
TaKKe opraHuble aHruoTeH3uusl [1-5, 15]. Cornacuo OMC, yactes QA ¢ manoi
MOJIEKYJISIpPHOW Maccoi MpOCaynBaeTCs B KPOBb M aKTUBHPYET MHOTOKJIETOUHBIE
MEXaHH3MBI, CIIOCOOHBIC YCKOPUTH V,(T) . DTH yckoputenu Vv, (r) KOPOTKO Ha-

30BeM bamapeell OonoaHumenvuslx mexanuzmos opeanuzma (bJAMO) [6].

Hrak, 6e3 nmpuBsi3ku K coctapistomuM OA, matematudeckas moaens OMC
ommceiBaeT B3aumozeiictBue bMK ¢ BJIMO, HampaBieHHOE Ha YBEITHUYCHHE
v,(7).

Perynsarop na ocnoBe cootHomeHust koHueHTpauuii AIAD/ATD ObicTpslii,
HO ()(EKTHBEH JIMIIb B Y3KOM JTHara30He W3MEHEHUH U TepseT 3)HEeKTHBHOCTD
no mepe pocra fgepuuuta AT® [1,2]. Ilo cpaBHEHHIO C 3THM PETYIATOPOM
V.(T), MOOWJIBHOCTD MHUTOXOHJADHil SBIAETCS MEHEEe OBICTPOACHCTBYIOLIMM

perynsitopom [2, 14]. On addexruBen nuimp npu 3, Bo3HUKIIEM HU3-3a JO-
KaJbHOM TMIOKCHU B OTAENBHBIX YacCTAX LUTOILUIa3Mbl (3¢ ¢eKkT Haubosee BbI-
pakeH B HEPBHBIX KJIETKaX C JUIMHHBIMUA oTpocTkamu [14]). Jpyras paznoBun-
HOCTh /IJ, mosBiAOmIascs NpU THUIOTIUKEMHUH, YCTPaHSAETCS IOCPEICTBOM
AMOIIK [15].

Takum 00pa3oM, IpU pa3HBIX CLIEHAPHUIX Pa3BUTH /D BO3MOXKHBI crienu-
¢uueckue komMOuMHanmMu U auHamuka pearupoBanus BMK u BJIMO. 3nanue
9TOW MPHYMHHOMN CB3H, OTKpbIToe DTUA [3], MOXKET cTaTh OCHOBOH 3K30reH-
Horo ympasneHuus Vv, (t). IIpoOnema B TOM, 4TO COBPEMEHHBIC MEAUIINHCKUE
TEXHOJIOTHH YIPABICHUS SHEPTEeTHKOW TeNla MCIOIB3YIOT JIUIIb HE3HAYUTEIb-
HYyI0 4acTh CIIMCKa MepeMeHHBIX, KOTopbsiMu omnepupyeT DTHUA. Drot cnmcok
BHYTPUKJIIETOYHBIX M OPraHW3MEHHBIX IEPEMEHHBIX HWXKE IOJpa3/eieH Ha
rpynnsl 4 u b.

A) Ilepemennvie bamapeu mexanusmos kiemxu: v, v, Ny S, 5 p.; O,;
N,; p; A, (AMOD); 4, (AA®); xumukatsl a1a cunresa NADH (x,, ..., x,, );
cyOCTpaThl 11 CHHTE3a MUTOXOHAPHH (S, ..., S, ); DHEPrETUYECKOE CHIPhE —
YTJIEBOJIBI, JKUPHBIE KMCIIOTBI, )KUPBI, IPOTEUHEI (€, ..., €, ).

b) Ilepemennvie bamapeu 00ONOTHUMENTbHBIX MEXAHUZMO8 OPeAHU3MA: BEH-
TUIANMA Jerkux (V) ); IOTOK KpoBH (g ); TeMoriaodut (g ); reMorinoOuH, mo-

CTYNAIOIIUH ¢ KPOBBIO U3 JIeNO ( g, ); TEMOITI00UH, HOCTYNAIOIIUIl B pe3yIbTaTe
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3pHUTpOIO33a ( g, ); LCHTPAIbHOE BEHO3HOE NaBieHHe ( P, ); 4acToTa COKpalle-
Huil cepaua — UCC (F'); nokasarenau HHOTPOIIHOTO COCTOSIHUS IIPaBOro, JIEBO-
ro JkelmynoukoB cepaua (k. , k,); cpenHee aprepuanbHoe napieHue (P, ); oobeM
kposu B CCC (V;); obmee nepudpepudeckoe comporusieHune — OIIC (R);
Tonyc BeH (7 ); YCC aBromarusma ( F, ); nmamerp aprepuodn (d, ); peonorude-
CKasi XapaKTepUCTUKAa KPOBU (7, ); KapAMOAKTUBHBIC SHJOTCHHBIC XUMHUKATBI
(xlh,..., x"); Ba30aKTUBHBIE SHOTEHHBIC XUMMKATHI (xlv,..., X' ); aKTHBHOCTb
CUMIIaTHYECKOro HepBa (N, ); aKTUBHOCTH MapacUMIaTHYecKoro Hepsa (N, );

TeMIepaTypa LEHTpajdbHOH BeHO3HOH KpoBu (77); NOKalbHas TeMIEpaTrypa

KpoBH B aprepuonax (7); cTUMYJIHPYIOIIHE aKTHBHOCTh HEHPOHOB XHUMHUYeE-

CKH€ areHTHI (xNS] yey X ,); MHIMOMPYIOLIUE aKTHBHOCTh HEHPOHOB XMMHYE-
NI NI
CKHe areHThl (X" ,.., X" ); HICXOJSIIHUE CTUMYJIMPYIOLIHE BIMSIHUS U3 BEPX-

HHUX OTZAENOB Mo3ra (B, ); HUCXOJSIIMEe MHTUOUPYIOIINE BIUSHUSA U3 BEPXHUX
OTZENOB Mo3sra (B,); HampsbkeHHe KHUCIopoJa apTepHanbHoM kposu ( pO,);
HaIpsDKEHUE YIIIEKUCIIOoro rasa aprepuainbHoil kposu ( pCO, ); IoKa3aTenb Ku-
CJIOTHOCTH apTepuasibHON KpoBHU ( pH ); TeKyIuil AbIXaTeIbHBI 00bEM JIETKUX

(V,9); xanunsproe nasienue ( P.); COMPOTHBIIEHHUS BHIXOIHBIX KIANIaHOB TIpa-

BOTO U JIEBOTO JKEIYAOYKOB cepaua (7, ,7,); DIaCTUYHOCTH IIPABOrO U JIEBOTO

Vi

JKEITYJ0OUYKOB cepana B KoHie auactonbl (C,

vr

C,); cyMMapHOE NOCTYIJICHUE
xuaxoctu B CCC (¢, ); cymmapuslii orTok xkugkoctu u3 CCC (g, ); )KECTKOCTH
aprepuii u BeH (D, , D, ); HeHanpsbkeHHbIe 00beMbl apTepuit u BeH (U, U.).

Hrak, CKC — 310 cnenunanbHas nH()OPMAIMOHHAS TEXHOJOTHSA, OCHOBAH-
Hasg Ha MaT€MaTUYECKUX MOJIEISX YACTHBIX MexaHu3MoB [9—11], mogenu B3au-
mozeiictBuss BMK u B/IMO [9-12], a Taxke Ha nporpaMMHO#l TexHonoruu [13].
YacTHble MOJICIIM OMUCHIBAIOT CIIEAYIOIINE (QU3MOTOTHUECKIE MEXaHU3MBIL:

e Monens BMK — obecnieunBaeT npuOIM3UTEIBHOE PABEHCTBO V, XV, B
BUPTYaJbHOM adpoOHO# KieTke [9]. BXOIHBIMU TepeMEHHBIMHA MOJIENH SIBJISIOT-
et Ay, Ays S, pys Oy pis N,y Ny . BeIXonoM Mozenu siBIsieTcs v, ;

e Monens romeocraza rioko3sl KpoBu [10]. OnuceiBaeT CBA3M MEXIY
MPUEMOM YTJIEBOJIOB (TIIIOKO3bI), JHHAMHUKOW MHCYJIMHA, 3allacaHusi U30BITKOB
TJIIOKO3BI B TJIMKOTEH MEYEHH, a TaKke oOpaTHOe mpeoOpa3oBaHUe TIMKOICHA B
[JIFOKO3Y TIPH BBIMOJIHEHWH HAarpy3ok. BXoqHOW nmepeMeHHONH MOJENH SABIAETCS
TJII0KO3a MUIY (ONpeeNseTcs U3 e, ..., e, ), BBIXOJAHOW — KOHLEHTpaLHs [JI0-
KO3bI KpoBU G ;

e Mogenp QyHKIMOHHPOBaHUS reMonuHamudecku 3amkayToir CCC yeno-
Beka [11]. OnuceiBaeT reMOANHAMUKY IIPU U3MEHEHUsIX NiepeMeHHelx P, , P, g,

R:ka F’ BS? Bl’ r/c’ q/c’ r

re?

q.,. D,, D,,U, U, ,V; B10oOOM COYETaHNH;

e Mogens yBeIHUEHHUS MPOBOJUMOCTH KPOBEHOCHBIX COCYJIOB ITyTEM JIO-
KaJIbHOW Ba3OAMJIATAIIMH U aHTHOTeHe3a [12];
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e Mogenb yBenuueHus: BEHTUISIIMH Jierkux V, (¢) [12];
e Mogenb yBenr4YeHUs! KOJIMYeCcTBA TeMOoryIoOnHa g(¢) B KpoBH Onaromapst

MOOMJIN3ALH KPOBU M3 OPraHOB-AEIIO U aKTUBALUK SpUTpomnod33a [12];
3HadyeHus g(¢) u V,(¢) UCHOIb3YIOTCA Ul OIPENEIEHNUs KOJIMUECTBa KUC-
JIOpOAa B apTepHabHOI KPOBU

o™ 0, > 0™
0.(t)=1V, (1) g(t), O <0, <O,
o™ ,0,<om™

Bxonsmiee B kieTky 3pdexkTuBHOE KOIHMYecTBO Itoko3bl G, (¢) = G(t) - g(t)
PaCcCYUTHIBACTCS MO TEKYIIEMY 3HAUCHHUIO KOHIICHTPAIHUH TIIIOKO3bI KpoBU G(7) .
AHaAJNOTMYHBIM 00pa3oM BeIYMCISACTC dPPEKTHBHOE KOJMYECTBO KHCIOPOIA
O,(t)=0.(t)-q(t). B nuneiinom nuanasoHe 3aBucumoctH Py(f) ot G, ()
k,-G,@), GH<G™

Py™, G,(t)>G™

OXmin <0, £O™ no3BOIAIOT BBIYUCIUTH KOHIIEHTpauun AM®:

omnpenensiercs Py(t) = O,(t) n Py(t) B npenenax

A]t;ax’ Oe > O;nax
Ay () =1k, -0,(1)-G, (1), OLf"i“ <0,<0™,
Amin Oe < O;nin

M >

rae kp — KOHCTAaHTAa.

Wrak, KOMIUIEKCHAsE MaTeMaTH4ecKasi MOJIENb OIUCHIBACT (PU3HOJIOTHIO pe-
arupoBaHMs OpraHu3Ma 4ejoBeka Ha D B kieTtkax. OpHEeHTHPOBaHHBINA Ha GH-
3unonora uaTepgeric monp3osarens [13] mo3sonser ucnonb3oBath CKC mis cu-
MYJISILUU OCHOBHBIX PEakIfil 3J0POBOrO YEJIOBEKa Ha Pa3IMYHbIE MPUYUHBI U
cue”apuu paszsurtus J19. Bozmoxxnoctn CKC npomnrocTpupyeM Ha IpUMeEpe.

NPUMEP CMMYNALMM PEAKUHIA JHEPTETHYECKOH META-CMCTEMbI HA REOMIMT HEPTMH

[IpuBenennsle HIKe rpaduku WLTIOCTPUPYIOT peakuun OMC Ha moxaszaresb
KJIETO4YHOro HeOnaronoxyuust U nosisnenne @A B kpoBu. BeprukanbHas myHK-
THUPHAas JIUHHS TPOBEJICHA U3-3a Pa3HBIX MaclITa00B BPEMEHH.

B ucxomHoMm pekuMe Mozeiau ObLTH HAaCTPOCHBI HAa CTAOMJIBHOE (DYHKIIHO-
HHPOBaHME BUPTYyalbHOM KIETKH IpU N, = const . CTaOUIBHOCTB, 0OeCIeYH-
BaeMasl aJIeKBaTHBIM MPUTOKOM TIIIOKO3BI M KHCJIOPOJia C KPOBBIO, rpadruecKH
BBITJISAJIENA TOYTH CHHYCOUIANIbHOU npoTrBodaszHon quHamukoid AJ1D u ATO.
3a npenenamu BUpTyanbHOH KieTkd @A HeT. XOTs npu cUMyISIIUIX HaOIrona-
JIICh BCE CHCTEMHBIE XapakTepucTuku IMC, o (puznonornueckoil HopMe Cyau-
mamo q(t), P,(t), R(t), V,(t) u O,(1).

Jlasiee *MUTHPOBAJICS pOCT HArpy3KH Ha BUPTYaAJIbHBIE KIIETKH MBIIII] HOT':
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Puc. 1. Cumynsinus peakiyii 6atapen TOMOJHUTEIBHBIX MEXaHU3MOB OpraHu3Ma Ha Jiu-
HEHHO HapacTaIOUIYI0 PErHOHAIBHYIO IUPKYISTOPHYIO HEIOCTATOYHOCTb.

N, (t) nuHelHO pocia no JocTwkeHus Ny (t) =N U ocTaBajach Ha 3TOM

ax
3HA4YEeHUH J10 KoHNa cuMymsiuu. CornacHo rpadukaM, Ipyd HadaJlbHOM 3Hade-
oK Ny =0.2 n 3¢dexTuBHOM ypoBHE KHCIOpoa B KieTke 1.53 B KpOBH OTCYT-

ctBytoT @A, cpeqHee apTepHalbHOE AaBIEHUE COCTABISIO 95 MM pT.CT., JIOKa-
JBHBIA KPOBOTOK — 8.1 MII/CEK, JOKalnbHOE COCYIOMCTOE CONPOTUBJICHUE —
11.47 MM pT.CcT.* cek /ML

Peakuun BJIMO Ha TpexkpaTHBIH pOCT HAarpy3kH (3a okoso 20 ¢) HOCSAT sIB-
HeI (a30BBI XapakTep. BHauane pa3BuBaroTCs OBICTpBIE KOMIICHCATOPHBIC
peakuu cuctembl BHemHero aeixanus, CCC, a Takke peruoHaIbHON Ba30dMIIS-
taiuu. OIHAKO CyMMapHas Harpy3ka CIHUIIKOM OOJibIliasi, MO3TOMY (DaKTOPHI
HeONaronony4yns B BUPTYaJbHON KJETKe MPOJOrKatoT pacth. OHH HE YMEHb-
LIAI0TCS JaKe MOCTe MEIUIEHHO Pa3BUBAIOIIEIOCS PErHMOHAIBHOIO aHTHOTeHE3a,
MPUBOJAIIETO K CHHKEHHIO PETHOHAIBHOTO COCYAMCTOrO CONPOTHBIIECHUS IO-
4yTH Ha 25% ¥ yBENHUYEHHIO KPOBOTOKA OYTH Ha 40%.

JaHHpIl pUMeEp WUTIOCTPUPYET OrpaHUMYCHHbIE KOMIIEHCATOPHBIE BO3MO-
XHOCTH BbIOpaHHOM komOuHau B/IMO. O0beM cTaThil HE MTO3BOJISIET HILTIOC-
TpUPOBaTh rpadUKH IPYTUX CIIEHAPHEB CUMYJAIUA. TeM He MEHEee 3aMeTuM,
YTO C 3TOW HArpy3KOW CHpaBWJIACh JHIIb Ta (DYHKIMOHAJIbHAs KOMOHWHAIMSI
OMC, koTOpast BKJIIOYaJIa TakKKe MapajuieNIbHyI0 aKTHBALlMI0 MEXaHU3MOB OHO-
reHe3a MUTOXOHIPHI U sputponod3sa. [Ipu sTom no Mepe cHmxenus yposHs OA
B KPOBH YMEHBIIAIUCH TAKXKE YPOBHH apTEPHAIbHOTO JABJICHHUS U JIETOYHOM
BEHTWISIIMU. Takas TMHAMUKA CBHICTEIBCTBYET O TOM, YTO JOJTOBPEMEHHas
ajanTanUs OpraHu3Ma K IHUPKYJIATOPHOM HEZOCTATOYHOCTH HaIpaBiieHa Ha
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[IPEOJIOJICHUE €€ HETATHUBHBIX IOCIEACTBUI IyTEM CO3/aHMsI KaK aJeKBaTHOMU
CETH MHUKPOCKOIIMYECKUX COCYJIOB, TaK M aJ€KBaTHOW S B MUTOXOHIPHUSAX XPO-

HUYECKHU HArPyKAeMbIX KIIETOK.
CNOCOGbI YNPABNEHMA JHEPTETMKOW KNETOK: O6CY)K[EHHE

OnuHakoBOE yBeIMYEHHE V, MOKET ObITh 00ECIIeueHO Pa3HbIMHU, HO SHEPreTH-

YeCKH HEOKBUBAJICHTHBIMH CIIOCOO0aMU. B CPOYHBIX peaknusx Ha YBEITHYCHHYIO
Harpy3ky HamOosiee 3(peKTUBHBI JIOKAIbHAsI THIIEPEMHUsT HArpyKaeMbIX Opra-
HOB, MHTEHCHU(HKALUS JICTOYHOH BEHTWISALUU M TE€MOIUHAMUKHU (YBEJIMYEHUE
MPOM3BOIUTEIBHOCTU CEplla U apTepUalibHOrO naBieHus). OIHaKo B MacIiTa-
0ax opraHM3Ma 3TH Peaklui SHEPTeTUIECKU PACTOYUTENHHBI, IOATOMY B JIOJTO-
BPEMEHHON TEPCHEKTUBE BBIPAKEHHOCTh HAYAJIBHOW pPEAKIMH TOCTETIEHHO
CHHMYKAETCSl, a TIOBBILICHHBIA MPUTOK KPOBU K HAarpyXEHHBIM OpraHaMm OoJblie
o0ecreynBaeTcsi MEXaHU3MOM JIOKaJIbHOTO aHTMOTeHEe3a. Y BeMUEHHE K€ KOJU-
4eCTBa I'eMOITIO0MHA 3a CUeT HPUTPOINO33a CIIOCOOCTBYET CHIDKCHHUIO IEPBOHA-
JanbHO Bo3pociied GpyHkimu gerkux. [loqoOHbpIM 00paTHBIM peakuusM JErKuxX
u CCC Bo BTOpOi1 aze pearupoBanusa DMC Takxke COCOOCTBYIOT MEAJICHHO
pa3BUBAIOIIMECS aJalTHBHBIE MPOLIECCHl HA MUKPOCKOITUYECKOM — KJIETOYHOM
ypoBHe: OGiarojapsi akTUBaLUM OMOreHe3a MUTOXOHIpUHl pacteT S, , a Mponu-

(epanyst 60siee MOLTHBIX KJIETOK YBEJINYMBACT CYMMapHYIO MOIIHOCTh OPIaHOB
1 UX CHUCTEM.

YV KOHKPETHOTO MHIWBHJA YacTO HE BCE YKAa3aHHBIE MEXaHW3MBbI IPOTHBO-
JICHCTBUS HEXBATKE SHEPIHH OJMHAKOBO Pa3BUTHL [l MakcuMu3anuu Gpusude-
CKOTO NOTEHIMala WHANBHIA HY)XHBI TECTBI, BBIBIAIONINE €0 TEHETUYECKH U
ajanTauuoHHO cwiibHbe cTOpoHbl, a CKC mo3BomuT mono0paTs ONTHMAIbHYIO
CTpPaTETHI0 TPEHUPOBOK.

Wrak, cumysinuy peakuuid BUPTyalbHOW KJIETKM Ha POCT Harpy3KH IIOKa-
3BIBAIOT, YTO OPTaHU3MEHHBIE CHCTEMBI YCKOPSIFOT BBIXOJ KJIETKH U3 COCTOSIHHSA
J5. B HOpME 3TH cHCTEeMBbl 00JIa/Ial0T HEKOTOPOH M30bITOUHOCTHI0. CocTosIHUE
OTJENbHBIX KOMIOHEHTOB OMC MOXXHO OLIEHUTH 10 BETMYMHE MPUPOCTA apTe-
PHATBHOTO JAaBJICHHS WM JIETOYHOW BEHTWISLIMHU: YeM HPUPOCT OoJiblie, TeM

MCHBUIC PE3CPB JIOKAJIbHOI'O MEXaHN3Ma YBCIIMUCHU A Vs .
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KOMIT'FOTEPHUI1 CUMYJISITOP
MEXAHI3MIB 3ABE3IIEUEHHS FAJTAHCY EHEPTII
B KNITUHAX JIIOAMHU

OnucaHo NPOrpaMHUN CUMYIATOpP JUIS KOHCTPYIOBAaHHS PIi3HMX CIE€HapiiB BUHUKHEHHS 1
noxonanHs nedinuty ereprii (JE) B kmitnHaX. OCHOBOIO CHMYIIATOpA € KOMIUICKCHA MaTe-
MaTH4YHa MOJIENb, 1[0 OIMCYE B3AEMOJII0 MAKPOCKOIIIYHUX CHCTEM Tijla i MEXaHi3MiB KJIITH-
uu s nogonanus JE. Tlomipauii kopoTkoyacHuit JIE ycyBaeThcst 301IbIIEHHSIM apTepiaib-
HOTO TUCKY 1 jJereHeBoi BeHTWILALI. JIIsl ycyHeHHs * 3HayHOro xpoHiuxHoro JIE opranizm
AKTHBY€ J0JATKOBI MEXaHI3MH, SIKi CIPUATUMYTh: a) OioreHe3y MITOXOHJpIH i HapoIyBaHHS
CyMapHO{ TUTOII TXHIX BHYTPIIIHIX MeMOpaH; 0) CTBOPEHHS OLIBII IIITBHOT MEpexi Karijs-
piB B 30Hi kiiTuH 3 JE. CuMyasaTop MO)Ke BUKOPHUCTOBYBATHCS SK HaBYaIbHHUN 3aci0, 10
Bi3yalli3ye qUHaMiKy Oarapeil 3aXUCHUX MEXaHi3MiB pi3HOT e()eKTUBHOCTI.

Knrwuosi cnosa: mamemamuuni mooeni, MimoxoHopii, 2noKko3a, inmespamusHa Qizionoeis,
MeOuyuna.
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A COMPUTER SIMULATOR
OF MECHANISMS PROVIDING
ENERGY BALANCE IN HUMAN CELLS

Introduction. Human organism is a too complex system to be empirically examined and
comprehended: there is no method for simultaneously measuring or integrally analyzing of
billions of multi-scale life variables. Experts need models and information technologies
that causally incorporate cell-scale and organism-scale biophysical and physiological data.

The purpose of the article is to describe a specialized simulator (SS) providing users of
additional information concerning scenarios and multi-level mechanisms of energy
optimization in the human organism.

Results. Multi-scale mechanisms providing cell energy balance (CEB) are in the basis of
SS. At cell-level, providers of CEB form a battery of autonomous mechanisms (BAM).
Under energy lack (EL), BAM increases the rate of ATP synthesis using local opportunities.
If EL remains, extracellular providers of aerobic synthesis of ATP enlarge current potentials
of the EL-cell. The SS provides simulation scenarios increasing the lung ventilation, the
erythropoiesis, blood concentrations of carbohydrates, and of other nutrients for biogenesis of
mitochondria. The role of the cardiovascular system is in regulating of blood incomes to EL-
cells.

Conclusion. The SS is a novel informational technology of dual goals. Explaining the
function of mechanisms-providers of CEB, the SS also can be used by applied physiologists
and physicians for the planning of optimal scenarios for physical empowering of healthy
people.

Keywords: mathematical models, mitochondria, glucose, integrative physiology, medicine .
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OLEHKA DAKTOPOB PMCKA
NIPW ONEPALUAK AOPTO-KOPOHAPHOIO LYHTHPOBAHMA
HA PABOTAIOLIEM CEPJLLE

IIpoananuzuposanvl cOBOKYNHOCHMb AHAMHECIMUYECKUX U KIUHUYeCKUX noxasamenei y epyn-
nvt uz 1240 60abHbIX, KOMOPLIM OBLIO GLINOIHEHO AOPMOKOPOHAPHOE WLVHIMUPOBAHUE HA
pabomarowem cepoye. Cpeou nux, 972 6016HbIM NPOGEOEHO 6Meuwamenbcmeo 6e3 noooepoic-
Ku, 178 ¢ nnanosoii u 90 ¢ sxcmpentoil n000epIHCKON UCKYCCMBEHHBIM KPOBOOOPAUCHUEM.

Hcnonvzosanvi cmamucmuueckue Memoobl aHaiua 015 @bloeneHus Qaxkmopos, Komo-
pble Mocym npugecmu K OWUOOUHbIM DeuleHUsM OMHOCUMENbHO NIAH08020 HA3HAYEHUs U
IKCMPEHHO20 nepexooa Ha 8cnomozamenvhoe Kpogoobpawenue. IIpogedennvie ucciedosa-
HUsL NO3GONUNU OYEeHUNb QAKMOPbl PUCKA NPUMEHEHUS BCHOMO2AMENbHO20 UCKYCCMBEHHO20
Kpogoobpawjenus npu naanogvix onepayuax AKIII na pabomarowem cepoye.

Paspabomanvl npoenocmuueckue mooenu, Komopvie Mo2ym Oblmb UCHONb306AHbI NPU
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CcO30aHUlU CUCMEMbL noddepmcxu npunAmus pemeHuzZ ons MURUMUIAYUU PUCKA IKCMPEHHO20
NPUMEHEHUSL 6CNOMO2caAMENbHOcO Kp08006paW6HMﬂ.

Knioueswie cnosa: aopmoxoponapnoe wiynmupoganue na pabomaiouem cepoye, 6Cnomoza-
menbHOe UCKYCCMBEHHOe KPOBOOOpawetue, aneopummul NpOSHO3UPOBAHUSL.

B T'Y «HanuoHanbHBI MHCTUTYT CEpAEYHO-COCYAMCTOM xupypruu uMm. H.M.
AMoOCOBa» eerofgHo BbInonHsgeTcs okono 1000 omepanuii a0pTO-KOPOHAPHOTO
mryntupoBanus (AKI). Okono 97% u3 HUX mpoBOAUTCS Ha paboTaromeM cep-
Aane.

[Ipumenenne texnomormn AKII nHa paboTaromeM cepaune y HEKOTOPBIX
rpymmn OOJBHBIX MOXKET UMETh cepbe3Hble orpannyenus [1]. Beaencreue storo,
TUTAHOBBIE OTIEPAIMU MOTYT BBIMOJIHATHCS Kak 0e3, TaK U ¢ MOJICPIKKOH UCKyCC-
TBEHHBIM KpoBooOpaiieHreM. CBOEBpeMEHHOE MOIKIIOYEHUE HCKYCCTBEHHOTO
KpPOBOOOpAILEHHsI C LEJIbI0 MOJACPKaHUS BHICOKOTO KOPOHAPHOTO mepdy3nuoH-
HOTO JaBJICHHS TO3BOJISET CHU3UTHh MCIOJIb30BaHHE IHEPruu MUokapaoMm. [le-
KOMIIpECCHs JIEBOTO >kesrynouka cepaua Bo Bpemst AKIL ymensiiaer nospexne-
HUE MUOKapJa U yJy4yliaeT (yHKUMOHAIBHBIH pe3yJbTaT, CHIDKAs HaIpsDKEHUE
CTEHKH JIEBOTO JKeIyJ0uKa U MoTpediieHue Kucnopoaa. JKemyaoukoBasi 1eKOMII-
peccus cHIKaeT MeTaboIMYecKoe HCIoNIb30BaHre 3ueprun Ha 60% [2].

Omnepanys B yCIOBUSX MapalIeIbHOTO HCKYCCTBEHHOTO KPOBOOOpaIeHHUs
MO3BOJISIET M30€XKaTh HHTPAOIEPAINMOHHOW TJI00aIbHOW HWIIEMUM MHOKAapJa,
CHHU3UTh YaCTOTY APYTHX MOCIEONEPaMOHHBIX OCIOXKHEHUN U JIeTaJbHOCTS [3,
4]. Y »tux OOJbHBIX HAOMIOJAETCs HAaWOONBIIMN TOJIOKUTEIBHBI APQEKT
BCJIECTBHE OTCYTCTBHUS KapJHOIUIETUH, a TAKKE OCIadlieHHne CHCTEMHOI0 BOC-
MaJIUTEIHHOI0 OTBETA M CTEIIEHU TeMOJIH3a.

Haubonee mogxonmsmum sBAsSieTCS NPUMEHEHHE AaHHOIO OMNEPaTHBHOTO
BMEIIATENFCTBA HA Pa0OTAIOLIEM Ceplle C NPUMEHEHHEM BCIIOMOTraTeIbHOrO
KpOBOOOpaIlleH!s1 y OOJbHBIX BBICOKOTO PHCKa: C HU3KOH (pakiueit BbIOpoCa,
OCTPBIM WH(APKTOM MHOKapJa WiIH HecTaOMIBHOW CTCHOKapAHEH, a TaKkKe Jie-
KOMIICHCALIMEH XPOHUYECKOW CepIeyHOM HemocTtatouHocT [5, 6]. HekoTopeie
aBTOpBI PEKOMEHIYIOT MCIOJIh30BaTh INIAHOBOE HCKYCCTBEHHOE KpOBOoOparle-
HUE B TIEPBYIO OUepe/ib y MAIMEHTOB C HECTAOMIBHOM reMOIMHAMUKOM [7].

3aHWKEHNE TIOKAa3aHUH K MPUMEHEHUIO MOCIECAHETO MPUBOANUT K IKCTPEH-
HOMY IMOJKJIIOUEHHIO ammapaTa UCKyCCTBEHHOTO KPOBOOOpAIIEHHs, YTO YBEIIHU-
YHBAeT BEPOATHOCTb BO3HHUKHOBEHHS OCIOXHEHHMH, TSXKECTH TEUEHHUS IOCIEO-
MEePaOHHOTO MEePHO/Ia, YBEIIMYEHUIO 00beMa U CTOMMOCTH JIeYeOHBIX MepOIl-
pusThil. YacToTa BO3HHMKHOBEHUS Takux cuTyanui npu ruiaHoBoMm AKII Ha
paboTarormieM cepare cocTaBiseT okomo 2,5%—3%.

Cy1iecTByeT MHOKECTBO (PAaKTOpPOB, KOTOPBIE MPUBOMAT K HA3HAUCHHIO HC-
KyccTBeHHOro kpoBooOpamenus npu AKII. Yacte U3 HUX MOAAIOTCS MEANKa-
MEHTO3HOH Tepamuu MpH MOATOTOBKE MAIEHTa K BMEIIATENbCTBY, YTO IIPHUBO-
JUT K TOMY, YTO TIPU CTaTUCTHUYECKON 00paboTKe MAacCUBOB KIMHUYECKUX JIaH-
HBIX BO3ZHHMKAIOT «IIapaJoKCcalbHbIe)» Pe3ybTaThl — H3BECTHBIC BpadaM (akTo-
PBI pHCKa Ha3HAYEHUSI UCKYCCTBEHHOTO KPOBOOOPALICHHUS HE MMOATBEPKIAIOTCS.
Kpome Toro, psii pakTopoB prcKa 3KCTPEHHOT'O MPUMEHEHHsT BCTIOMOTaTeNILHO-
IO HCKYCCTBEHHOTO KPOBOOOpAICHHST MOTYT B HEJOCTATOYHOW MEpe Y4HTHI-
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Oyenka ¢hakmopos pucka npu onepayusix aopmo-KOPOHaApHo20 ULYHIMUPOBaHUs

BaTbCA NPUMEHACMBIM IIPOTOKOJIOM JOO0NCPAllMOHHOI0 BEACHUA 0O0JILHBIX. BEIs-
BJICHHE 3TUX (aKTOPOB SBISETCS aKTyallbHOM 3a/ladel, MOCKOJIbKY ofjerdaer
KOPPEKIIHIO U COBEPIICHCTBOBAHHUE MPOTOKOJIA BEACHHS OOJIbHBIX.

Heab — cratuctuieckuii aHanu3 (GpakTopoB pUCKa MpH IUTAHOBBIX OIepa-
musx AKII Ha paboratomeM cepjlie Mo NPUMEHEHHIO TIAHOBOTO BCIIOMOTaTe-
JIBHOT'O UCKYCCTBEHHOI'O KPOBOOOPAILECHHS M OLICHKA BEPOSTHOCTH SKCTPEHHOT'O
€ro MPUMEHEHHS.

MATEPHAN U METO[Ibl MCCNENOBAHKA

KnuandecknM maTepuaioM WCCIeNoBaHHWS ObUIH JaHHBIE oOciemoBaHust 972
0oipHBIX ¢ AKII Ha pabGotaromeM cepaue 0e3 moanaepku, 178 OONBHBIX ¢
IJIAHOBOM TOJICP)KKONM HMCKYCCTBEHHBIM KpoBooOpaimieHueM U 90 OOJIbHBIX,
KOTOPBIM MTPOBEJICH SKCTPEHHBIH MEPEeX0]] Ha HCKYCCTBEHHOE KPOBOOOpAIIICHHE.

[Ipoananm3upoBanbsl 67 aHaAMHECTHYECKUX W KIMHUYECKUX IOKa3aTelnei
OOJIBHBIX Ha Pa3HBIX dTarax XUPYPruueckoro JieueHus. bomnbias yacTh mokasa-
TeJeil mpeacTaBisuia co00 KayeCTBEHHBIC JaHHBIE, KOTOPHIE XapaKTepU3YIOT
Hanu4yue 00 OTCYTCTBHE HEKOTOPHIX MPU3HAKOB. PaccmarpuBanmch criemyro-
IIMe BaAPHAHTHl KAYECTBEHHBIX JAHHBIX — HOMUHAJIBHEIC (I10J1, XapakTep uH(a-
pKTa MHOKap[a, THI KOPOHAPHOTO KpPOBOOOpAamleHHs U JAp.) M TOPSAKOBHIE
(XpoHMYEcKasi HETOCTATOYHOCTh KPOBOOOpAIIeHHsI, (YHKIIMOHAIBHBIA KIacC H
Jp.).

Kax n3BecTHO, G0NBIIMHCTBO CTATUCTUYECKUX METOA0B IPUMEHUMO TOJIBKO
K TIOPSAKOBBIM ITepeMeHHbIM. OTHAKO ¢ MEWIIMHCKON TOYKH 3PEHUs, MTPOrHOC-
TAYECKU IEHHBIMA MOTYT OBITh W MPU3HAKH, KOTOPHIE TIO TEOPHH CTATUCTHKHU
MPU3HAIOTCS HOMUHAIBHBIMH (HAmpuMep, IMoJ, TUI KPOBOOOpalleHus u Jp.).
AHanmu3 TakuxX MEPEeMEHHBIX MOTPe0OBaN MX MpeIBapUTENHLHOrO Mpeodpa3oBa-
HUS W TIpUBEACHUA K OWHapHOW mmikane. Hampumep, mepemMeHHas «xapakrep
WH(papKTa MUOKap/Aa» MMela MSATh KaTerOpHid, M3 KOTOPHIX OJHA OTBedYasia 3a
OTCYTCTBHE JaHHOTO COMYTCTBYIOIIETO JMArHo3a y MalyeHTa, a OcTajbHbIE Ye-
THIpEe — 3a TUN JUarHOCTUPOBaHHOTO WH(papkTa MUokapaa. [lyrem mpeobpazo-
BaHUWs JTaHHOW TEepEeMEHHON OBIII0 00pa30BaHO YETHIpE HOBBIX MEPEMEHHBIX, B
KaXJI0H 13 KOTOphIX Koja 0 oTBevas 3a OTCYTCTBUE 3TOTO (akTopa, a 1 — oJuH
W3 UCCIIElyeMBIX THIIOB XapakTepa WH(papKTa MUOKapja. AHAIOTHYHBIE MPEO0-
pa3oBaHUs OBLTH POBEACHKI IPH pacUeTe OTHOIICHUS MAHCOB TSI MTOPSIKOBBIX
MepPEeMEHHBIX.

B cnydae nepeMeHHON «I10J» IPUHITO BO BHUMaHHE (HU3UOJIOTHIECKOE OT-
JUYAe aHATOMHUU COCYAMCTON CUCTEMBI y MYXYWH U KEHIIWH, YTO C TOYKH 3pe-
HUSl KapJAHOXHUPYPTHUHU TOBBIIMIAET PHUCK HEXKENaTeNbHBIX OCIOKHEHUH Y JIHII
YKEHCKOTro 1oJia. B coOOoTBeTCTBHMHU € 3THM, JaHHAsA ITEpeMEeHHas paccMaTprBajach
Kak OnHapHasi, rae 0 3aKoIUpOBaH MY>KCKOM 1oJI, a | — >KeHCKuH, Kak (akTop,
KOTOPBIH JlenaeT 0ojiee BEPOSTHHIM BOZHHKHOBEHHE HEOOXOIMMOCTH KaK B ILIa-
HOBOM, TaK M S9KCTPEHHOM UCKYCCTBEHHOM KPOBOOOpAIICHHH.

PaccMoTpeHs! 1Ba OTIAENBHBIX CIydass — MPUMEHEHHE IDIAHOBOTO U TPUMe-
HEHHEe DKCTPEHHOTO MCKYCCTBEHHOTO KpoBooOpaimeHus. [lepemenHbIe, oTBeUaro-
KM 332 HACTYIUICHHE JIAHHBIX COOBITHIA, MPEACTAaBIsUTH cOO0 OWHApHBIC Tepe-
Mennsie, Tae 0 3akoamposano mposeaeHue AKII ma paborarorem cepaie 6e3
HCKYCCTBEHHOTO KPOBOOOpaIeHus, a | — ¢ UCKYCCTBEHHBIM KPOBOOOpAaIlieHHEM.
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Cratuctuueckas 00pa00OTKa JaHHBIX OCYIIECTBIISUIACH C MTOMOIIBIO MaKeTa
JUTS CTaTHCTUYEeCKOW 00paboTku ganHbX IBM SPSS Statistics 21.0.

OTO0p MPOTHOCTUYECKU IICHHBIX MPU3HAKOB, KOTOPHIE B JalbHEHIIEM pac-
CMaTPUBAINCh KaK (PaKTOpHI pHCcKa Ha3HAYEHWs HWCKYCCTBEHHOTO KpOBOOOpa-
LIEHUS, IPOU3BOAUINCH yTEM pacdyeTa OTHOUIeHUs maHcoB [9]. U3BecTHO, uTO
JaHHBIA METOM MPEACTaBiIsIeT co0OM aHaIM3 COOTHOIICHUS BEPOATHOCTEH MpH-
MEHEHHS BCIIOMOTATEIbHOTO MCKYCCTBEHHOT'O KPOBOOOPAIIICHUS BO BpeMs Ole-
paly Ipy MOJIOKHUTEIHPHOM U OTPULIATSIIbHOM 3HAYCHUH M3y4aeMoro (hakropa.
[Tox 1maHcaM¥ MOHMMAETCSI OTHOIICHUE BEPOSITHOCTH TOTO, YTO COOBITHE IIPOU-
30H7eT, K BEPOSATHOCTH TOTO, YTO COOBITHE HE MMPOU3O0HIET.

[IpousBeneH pacueT OTHOIIEHUS IIAHCOB W JOBEPUTEIHLHOTO HMHTEpBala
(95% W) mis cnepyrommx Cy4aeB: He3aBUCHMas TIEPEMEHHAS MPEICTaBISICT
co0oif OMHApHYIO IEPEMEHHYIO; He3aBUCHMasl IEPEMEHHAs IIPEACTaBIIeT CO00M
MIOPSIIKOBYIO TIEPEMEHHYI0; HE3aBUCUMAs TEepEeMEHHas TPEACTaBsIeT co0oit
KOJTMYCCTBECHHYIO TICPEMEHHYIO.

B mepBbIX ABYX ciy4asx MpPOM3BEACH pacdyeT OTHOLIEHHs IIaHcoB U 95%
JW s OuHapHBIX TEepEeMEHHBIX (7S MOPSIKOBBIX MEPEMEHHBIX KaKIas U3
KaTeropyid, KOTOPYIO MPUHUMAET MPU3HAK, CPABHUBAJIACH C €T0 TOJIHBIM OTCYT-
cTBUeM). [lJIs KOMMYeCTBEHHBIX NIEpEMEHHBIX MCIONIb30BaHa OlleHKa MaHTtens-
Xemnsens [10], koTopas mpeacTaBisieT cO00H CKOPPEKTUPOBAHHOE OTHOIICHUE
[IAHCOB M TIO3BOJISIET MOJIYIUTh OIEHKY 3HAYMMOCTH MPHU3HAKA I MOJ00HOTO
THUIIA JaHHBIX.

ITocTpoeHrne MaTeMaTHYECKHX MOJEICH MPOU3BEACHO C IMOMOIIBIO0 OWHAp-
HOM JIOTUCTHYECKOH perpeccud [8], KoTopast UMeeT BUL:

1
:1+exp(—y) ’ (1)

rae P — BepoOsATHOCTh HACTYIUICHUS IPOTHO3UPYEMOT0 COOBITHS (IIIAHOBOE MJIH
SKCTPEHHOE TMPHUMEHEHHE BCIIOMOTATEIbHOTO HCKYCCTBEHHOTO KpOBOOOpaIlle-
HHSA), a

y=ax,+ta, x, +..+ta, )

— BEIIMYMHA, KOTOPasi HUHTErPAIIbHO XAPaKTEPU3YET CTENEHb BIUSIHUS IIPOrHOC-
THYECKH 3HAYMMBIX (AKTOPOB X,...+X, HAa BEPOATHOCTb P BO3HMKHOBEHUS

MPOTHO3UPYEMOTO COOBITHSI.
Koapduuuentst q,....+a,, Gurypupyromue B (2), onpeaemasumucy no o0y-

qaomei BeIOOpKe HAOIIOAECHUH ¢ M3BECTHBIMHM HMCXOJAMH, a MPOTHOCTHYECKAS
3HAYUMOCTh TOCTPOCHHOM JOrHucTUYecKor perpeccun (1) — mo He3aBHCHMOIA
MIPOBEPOYHON BEIOOPKE.

Hcmonp30BaHbl HECKOJIBKO MOAXO0B AJS mocTpoeHus: moaenu (1): moma-
TOBOE BKIIOYEHHE C MEepebOpoM BCeX INOKasaTeleil, MPUHYIUTEIbHOE BKIIOUE-
HHUE TOJIBKO TeX IMOKa3aTelel, KOTOpbIe ObUIH ONpEAEIeHbI Kak (haKTOPhI PHUCKA,
MOLIAroBoe BKJIIOYEHUE TIOKa3aTelel, KOTOpbIe ObUTH ONpEeeIeHbl KakK (PaKTophl
pHCKa.

Kaxnas nomydeHHas Mozenb ObUla OLCHEHA IO MOKA3aTelsIM YyBCTBUTEIb-
HOCTH, CHEUU(PUYHOCTH M TOYHOCTH (00IEeMy MPOLEHTY MPaBHIBHO INpelcKa-
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3aHHBIX coOBITHIT). OOy4atoas BeiOOpKa BKIo4ana 80% Bcex HaOIrONEHUHA, a
sk3aMeHannoHHas — 20% ocTanpHBIX HAOMIOACHUN, MpUYEM pa3ziesieHHe Ha
BBIOOPKHU MPOM3BOAMIOCH CITydailHBIM 00pa3om.

PESYNbTATDI H OBCY)KAEHME

Ha nepBoM 3Tame uccienoBaHU Ha OCHOBE pacyeTa OTHOLICHHUS IIAHCOB OBLI
npoBeneH 0TOOp (aKTOpOB pUCKa I Ha3HAUYEHHs IIaHoBoro (Talm. 1) u 3KcT-
peHHOTO (TabJI. 2) BCIIOMOTATEIBHOTO0 UCKYCCTBEHHOTO KPOBOOOPAIIICHHSI.

CrnenyeT OTMETUTH, YTO MOJAABIAIONIEe OONBIIMHCTBO MOKa3aTese, mpuBe-
JCHHBIX B Ta0i. 1 ¥ 2, IpU IJIAHOBOM M P 3KCTPEHHOM HA3HAUYEHUH MCKYCCT-
BEHHOTO KPOBOOOpAILICHHsI COBITAJIAIN, YTO MOXET CBUICTEIILCTBOBATH O 3HAYH-
TEJBHOM BIIUSIHAM CyOBEKTHBHOTO (pakTopa Ha MPUHSTHE PEHICHUIH OTHOCUTE-
JILHO IPUMEHeHHsI BcroMorarensHoro MK,

AHanu3 pe3yabTaToB, MIPUBEACHHBIX B Ta0J. 1, HE MOATBEPAMI IPOTHOCTH-
YeCKYIO IIEHHOCTh 1oJ1a OOJIBHOTO U IPUMEHEHHSI AIIMEHTaMU CTaTHHOB (TIpHeM
KOTOPBIX OTOOpakaeT TSHKECTh COCTOSIHUS 00JbHOT0). OHAKO BBICOKAs 3HAYH-
MOCTh JJaHHBIX MPU3HAKOB MPH aHau3e (aKTOPOB PUCKa Ha3HAYCHUS SKCTPEH-
HOT'O MCKYCCTBEHHOI'O KpOBOOOpaIieHus (Tadi. 2) MOXKET CBHACTEIBCTBOBATH O
TOM, YTO OHU HEJIOOIICHUBAIOTCS NPH MPHHATHH PEIICHUH OTHOCHUTENHHO IUIa-
HOBOT'O IPUMEHEHHS HCKYCCTBEHHOT'O KPOBOOOPAILICHUSI.

Cpenu BaXXHBIX NMPOTHOCTUYECKUX (PAKTOPOB PUCKA, MOATBEPIKIACHHBIX MPH
aHaM3e IUIAHOBOI'O BCIIOMOTATENBHOTO HCKYCCTBEHHOTO KpPOBOOOpAIICHUS,
ClIEAyeT BBIACIMTh HAIMYME Yy TMAIMECHTa XPOHUYECKUX 3a00J€BaHUIl JIETKHX,
THIIEPTOHUYECKON 00JIE€3HM Pa3HOM TSHKECTH, OIBIIKH KaK B MOKOE, TaK U MPH
Harpy3ke u Bpems nocie uHdapkra muokapaa (tadm. 1). [Ipu oréope dakTopos
pHCKa ISl Ha3HAYCHUS] DKCTPEHHOTO BCIIOMOTATENFHOTO MCKYCCTBEHHOTO KpO-
BOOOpaleHus He OblIa MOATBEPKIEHA LIEHHOCTh HAJTMYMS Y MAllMEeHTa OJIBIIIKH
B IIOKOE, SI3BCHHOW 0OJIE3HH, YMEPEHHOW MUTPAIBbHOW HEOCTATOYHOCTH, & TaK-
K€ CMEIIaHHOI'0 THITa KOPOHAPHOro KpoBooOpaieHus (Tadi. 2). B ocranbHOM,
CTpYKTypa (pakTopoB ObLiIa CX0kKa ¢ NpUBEIEHHOH B Ta0mI. 1.

W3 npuBeaeHHBIX TaOMUI BUJHO, YTO HAUOOJIBIINN POCT OTHOLICHHUS IIAH-
COB KakK IpH TUIAHOBOM, TaK U MPU 3KCTPEHHOM IPUMEHEHUH BCIIOMOTATEIBHOTO
HCKYCCTBEHHOTO0 KpOBOOOPpAIIEHHUs HaOMoAacs Uil PyHKIMOHAIBHBIX KJIACCOB
XpoHHUYeCKo cepaeuHoil HemoctarodHocTH Mo NYHA u mo Crpaxkecko,
TabJ1. 2. DTOT (hakT elie pa3 MOATBEPKIACT, UYTO YKa3aHHBIC MMOKA3aTENN SBJISAIO-
TCSl BBICOKO MH(OPMATUBHBIMHE JUTSI TIPUHATHUS PEIICHUH OTHOCHTEIBHO TAKTUKU
OIIEPAaTUBHOIO BMELIATEJIBCTBA, MOCKOJIBKY HHTEIPAIbHO OTPa)XaloT BIIHSHHUE
Ipyrux GaKTOpoOB.

[Ipu xaxxymieiics O4eBUAHON 3HAYMMOCTH MTPOAHATIM3UPOBAHHBIX BBIIIE I10-
Kazaresned cieqyeT yYUThIBaThb, YTO OOJIbIIAs YacTh U3 HUX MMEET OOpaTHYIo
CBSI3b C NMPHMEHEHHEM BCIIOMOTATEIILHOTO HCKYCCTBEHHOTO KPOBOOOpAICHHS.
3TO MOXKET CBHJETEIBCTBOBATH O TOM, YTO MPOTOKOJ JOONEPAIHOHHON MOJIro-
TOBKH OOJIHBIX B KOHKPETHOM JICUEOHOM MOAPa3/IeICHUH M0-Pa3sHOMY KOMIICH-
cupyeT Oe3ycioBHbIE (AKTOPBI PUCKA, KOTOPbIE MOTYT OBITh MPUYUHON pa3Bu-
THsl ocnoxkHeHuid. Hampumep, cmeptHocTs ipu onepanusix AKIL Ha paborato-
mieM cepaue y OONBHBIX C CaXxapHbIM AMA0ETOM paBHA HYII0. DTO TOBOPHUT O
TOM, YTO yKa3aHHBINA (akTop 3PPEKTUBHO KOMIICHCHPYETCS TEXHOJIOTUEH Jeye-
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Tabnuya 1. CTpyKTypa (pakTOpPOB pHCKA JJIsl HA3HAYEHUSI IUVIAHOBOTO BCIIOMOTaTeIbHO-
r0 HCKYCCTBEHHOT0 KPOBOOOPAIEHUS

Hoxasare OTHOLIEHHS IIAHCOB VYposens
(95% A1) 3HAYMMOCTH, P
Her 1 (reference) -
Xponundeckue 3a001eBaHusg Jlerkue 0,38 (0,17; 0,82) 0,016
JIETKUX Cpenneil TsKeCTH 0,83 (0,81; 0,86) 0,021
Tsoxenbie 0.26 (0,14: 0,33) 0,001
Her 1 (reference) -
T'unepronnyeckas Oone3Hp Kpusucuoe teuenue 0,82 (0,79; 0,85) 0,011
Ectb 0,67 (0,48: 0,92) 0,027
Her 1 (reference) -
B nporiom 0,56 (0,31; 0,99) 0,033
Hlsenmas Gonesue HecToiikas pemiccist 2,56 (0.47; 0,89) 0,014
Ectb 0,84 (0.81: 0,86) 0,042
Her 1 (reference) -
Oipimka Ectb, pu Harpyske 0,46 (0,32; 0,65) 0,001
EcTb, B 1I0KOE 0,59 (0,17 0.99) 0,002
Her 1 (reference) -
XpoHudecKkas HENOCTATOYHOCTh 1 0,05 (0,02; 0,11) 0,001
KpOBOOGpameHm{, CTEIIEHb % A 8gg 58815‘ 81(2); 8881
25 0,05(0,01: 0,41) 0,001
Her 1 (reference) -
OyHKIHOHAIBHASI KIacCH(UKa- 1 24,00 (7,93; 72,66) 0,001
LUl XPOHUYECKOH cepiedHon 11 12,81 (9.,61; 17,07) 0,001
HegoctaroyHoctu mo NYHA 1 10,64 (7.89; 14,35) 0,001
v 10,50 (2.81: 39.24) 0,001
Her 1 (reference) -
Hanpsoxenust 0,07 (0,05; 0,11) 0,001
Crenoxapaus HanpsukeHHs 1 oKost 0,06 (0,03; 0,12) 0,001
Iokos 0,11 (0,01;0,95) 0,017
Her 1 (reference) -
XapakTep CTeHOKapIuu Cra0OwibHas 0,04 (0,02; 0,11) 0,001
HecrabuibHast 0,07 (0,05: 0,11) 0,001
1 1 (reference) -
. 11 8,50 (5,20; 13,90) 0,001
DyHKuHOHALHEI Kc1aCe 1 11,10 (9,02; 13,80) 0,001
v 11,00 (5.43; 22.29) 0,001
Her 1 (reference) -
Mudapkt Muokapaa B aHaMHe3€e i 0.28 (0.19: 0.40) 0.001
Her 1 (reference) -
Menkoo4yaroBslit 0,19 (0,10; 0,36) 0,001
XapakTep uH(papKTa MEOKapIa KpymHoo4aroBbIi 0,33 (0,22; 0,49) 0,003
WnuTpamypanbHbli 0,71 (0,08; 6,42) 0,341
TpancMypabHBII 0,30 (0,18; 0.52) 0,017
Bpewms nociie uHbapkTa MEOKap/a, Mec. 0,42 (0.21: 0,78) 0,001
. Her 1 (reference) -
I1
puéM aHTHArPEraHTOB Ta 0.63 (0.4 0.90) 0.034
Her 1 (reference) -
K
ApAMOCKIIepO3 Ila 041 (0.29: 0.60) 0.001
Her 1 (reference) -
I -
K:“epmq’“" TICBOTO AKEIYAOH™ | A cormmerprumas 0,23 (0,16; 0,32) 0,048
CuMMeTpuyHas 0.47 (0,17 1,28) 0,003
Her 1 (reference) -
MuHuMabHas 0,39 (0,27, 0,56) 0,001
Mutpaibhas HEIOCTATOHOCTS | oo s 0,33 (0,12; 0,93) 0,027
BeIpakeHnHas 0,79 (0,76: 0,82) 0,018
Her 1 (reference) -
Tunokinesist Ja 0.56 (0.36; 0.87) 0.001
TIpaBoe 1 (reference) -
Tumn KopoHapHOro KpoBOOOpa- CMelIaHHOe 0,50 (0,20; 1,30) 0,041
ICHHS Tlesoe 0,35 (0,23; 0,53) 0,004

[Ipumeuanue: reference — onopHas Kareropusi.
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Tabnuya 2. CTpykTypa (paKTOpPOB PHCKA AJIs1 HA3HAYEHHS IKCTPEHHOT0 BCIIOMOraTe b-
HOI'0 MCKYCCTBEHHOI'0 KPOBOOOPaLeHHsI

Toxasatenm OTHOIICHUS AHCOB | YPOBEHB 3HA-
(95% aAN) YUMOCTH, p

o Myxckoi 1 (reference) -
Kenckuit 0,56 (0,29; 0,10) 0,018

Her 1 (reference) -
SI3BenHas GOne3Hb B npouom 0,99 (0,53; 1,88) 0,512
Hecrotikas pemuccus 0,91 (0,90; 0,93) 0,043
Ja 0,91 (0,89; 0,92) 0,041

Her 1 (reference) -
OipIIKa Ectb, npu Harpyske 0,40 (0,24; 0,66) 0,001
Ectb, B I0KOE 0,75 (0,17; 3,27) 0,412

Her 1 (reference) -
XpoHudeckast HeIOCTATOYHOCTh 1 0,04 (0,01;0,15) 0,001
KPOBOOOpAIIEHNS, CTETIEHb 2 0,07 (0,04; 0,12) 0,001
’ 2A 0,06 (0,03; 0,11) 0,001
2b 0,09 (0,01; 0,80) 0,001

Her 1 (reference) -
OyukunonansHas Kiaccuukamms |1 35,5 (9,06; 139,18) 0,001
XPOHHYECKOH cepaedHoil Hemoctaro- |11 20,53 (14,11; 29,88) 0,001
grocti 1o NYHA 11 21,89 (13,94; 34,37) 0,001
v 20,00 (2,96; 135,11) 0,001

Her 1 (reference) -
Crenokap s HaINpsDKEHUS 0,06 (0,03; 0,09) 0,001
HATPSDKSHUS U TTOKOS 0,07 (0,03; 0,16) 0,001
IOKOSI 0,54 (0,45; 0,65) 0,018

Her 1 (reference) -
XapakTep CTCHOKapIUH crabwibHas 0,05 (0,02; 0,18) 0,001
HecTaOWIbHAs 0,08 (0,05; 0,13) 0,001

1 1 (reference) -
DynKumonaTbHb Kace I 11,50 (6,36; 20,79) 0,001
11 23,60 (17,07; 32,63) 0,001
v 18,50 (7,13; 47,99) 0,001

WHbapKT MHOKApAa B aHAMHE3E Her | (reference) N
Ja 0,24 (0,15; 0,40) 0,001

Her 1 (reference) -
Menkoouyarosblit 0,27 (0,13; 0,58) 0,001
XapakTep uHpapKTa MHOKap/a KpymHoouarosbrii 0,20 (0,11; 0,38) 0,015
WnTpamypanbHbIid 0,85 (0,81; 0,88) 0,042
TpaHcMypanbHbII 0,45 (0,24; 0,85) 0,035

Tpuém cratumos Her 1 (reference) -
Ja 1,87 (1,17, 3,01) 0,003

Kapruociiepos Her 1 (reference) -
Ja 0,40 (0,24; 0,66) 0,001

Her 1 (reference) -
I'uneptpodus 1eBoro xenyaouka AcumMeTpryHas 0,18 (0,12; 0,29) 0,001
CummerpuyHast 0,78 (0,73; 0,84) 0,001

Her 1 (reference) -
METpATEHRAY HETOCTATOTHOCT MunuMansHas 0,28 (0,17; 0,48) 0,002
VMmepernHas 0,30 (0,07; 1,27) 0,069
BrlpakeHHast 0,87 (0,84; 0,90) 0,045

AT —— Her 1 (reference) -
Ja 0,58 (0,32; 0,94) 0,029

Her 1 (reference) -
Tur KOpoHapPHOro KPOBOOOPAIIEHHS |CyemaHuoe 0,41 (0,10; 1,74) 0,126
JleBoe 0,43 (0,25; 0,75) 0,034

[Ipumeuanue: reference — onopHas KaTeropusi.
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OHOTO IPoLECcca, @ OTHIOIb HE ABIISAETCS OJarONPHATHBIM JUIS HCXO/a OTIEPALHH.
Pe3yﬂBTaT MOACIIUPOBaHUA ONIPEACIICHNUA BEPOATHOCTU HA3HAYCHUS IIJIAHO-
BOr'0 BCIIOMOTaTCJIbHOTO HCKYCCTBCHHOI'O KpOBOO6paH_IeHI/I$I MCTOAOM HNPUH)-
OumeﬂbHOZO BKJIIOUYCHUA 8CEX 3HAUUMbBIX ¢al<m0p06 pucka IMECT BU:
y=-x 0,024 - x, - 0,767 — x; - 0,272 — x, - 0,955 — x,-0,292 +
+x, 0,174+ x, - 1,196 — x, - 0,320 — x, 0,484 + x.,-0,793 -
~ x,-0,188 + x, 0,071 — x, 0,080 — x,, 0,236 - x,,-0,512 - (3)
~ x, 0,865 x,, 0,059 - x, 0,580 — x, 0,310 x,, 0,522 +0,313,

rae: x, — pocT, X, — O0O0Ne3Hu JErKuX, X, — TUIepTOHHYEcKas OOJe3Hb,
X, — sA3BEeHHas OOJE3Hb, X; — OJBIIIKA, X, — XPOHHYECKAs HEAOCTATOUHOCTD
KpoBoOOpallleHus, x, — (YHKIHMOHANbHAs KIacCU(UKALUSI XPOHUUECKOH cep-

ne4yHol HepoctaroyHoctd o NYHA, x; — cTeHOKapaus, X, — XapakrTep cTe-

HOKapJHH, X,, — (YHKIMOHAIBHBII KJlacC, X,, — KOJIMYECTBO UH(PAPKTOB MHU-
oKapia, X, — Xapakrep MH(apKTa MUOKapaa, X,; — BpeMs nocie HHpapKTa
MHOKapAa, X, — NpUEM aHTHArpPeraHToB, X,; — HaIM4YMe KapJHOCKIEpO3a,

X,, — TUnepTpodus JEBOro KeIyJ0uKa, X,, — COKPAaTUMOCTb, X,; — MHUTpa-
JbHAs HEJJOCTATOYHOCTb, X,y — I'MIIOKMHE3HS, X,, — TUIIl KODOHAPHOI'O KPOBO-

oOpareHus.

[IpuHyauTenpHOE BKIIIOUECHHE BCeX (PaKTOPOB PHCKA TO3BOJIHIIO IOCTPOUTH
Mozens (3), koTopas obecrieuna o0yt TouHOCTh 87,4 % Ha oOyuatomieit (920
HaOmoaeHnii) U 85 % Ha He3aBHCHMOW dK3aMeHaIMOHHOW BbIOOpke (230 Ha-
OJIIOICHMIA ).

DddexTHBHOCTD JorucTrdeckoil Moaenu (3) Ais OIEHKW pHCKa Ha3Hade-
HUS TIAHOBOTO BCIIOMOTATENBHOTO MCKYCCTBEHHOTO KPOBOOOpAIEHHS OKa3a-
Jlach 00JIee BBICOKOM 10 CPAaBHEHUIO C aHAJIOTUYHBIMHM MOJCIISIMH, TOCTPOSHHBI-
MU METOJIOM OMHAPHOM JIOTUCTHYECKON PErPECCHHU IMPH MOIIATOBOM BKIIFOUCHUH
BCEX IPU3HAKOB W TOIIArOBOM BKIIFOUEHUH OTOOpPaHHBIX (PAKTOPOB PHCKA, KO-
TOpbIe 00ECIIeYHIT COOTBETCTBEHHO TouHOCTH 82,1 % 1 81,4 %.

[TocTpoeHa Takke JOTHCTHYECKAs MOJENb JJIS OTNPEACICHHs BEPOATHOCTH
SKCTPEHHOTO MPUMEHEHHS BCIIOMOIATEIBHOI0 MCKYCCTBEHHOI'O KpOBOOOpalle-
HUS, TIOJTYYCHHAS METOIOM HPUHYOUMENbHO20 BKIIOYEHUsL 8CEX 3HAYUMBIX (aK-
MOpOo8 pucka, AIMeeT BUI;

y=—x 0,093 x, - 0,603+ x, - 0,831 + x, - 0,581 — x; - 0,435 —
— x, 0311+ x, - 0,901 — x, - 0,308 + x, - 0,298 —
— x, 00222+ x, - 0,539 — x,, - 0,253 — x,, - 1,384 — “)
— x, - 0,775 - x,; - 0,555~ x,, - 0,047 — x,, - 0,439 — 4,377,

rje: X, — HOJ, X, — OJABIINKA, X, — XPOHMYECKAash HEJOCTATOYHOCTh KPOBO-
obOpamenus, x, — (QyHKIMOHAIbHAs KIacCH(UKALUA XPOHUUECKOH cepaeuHoi
HepocTtaTogHocTd o NYHA, x, — cTeHOKapaus, X, — XapakTep CTEHOKap-

auy, x, — (QyHKIMOHAIBHBIN Kilacc, X, — KOJIMYECTBO MH(APKTOB MUOKap/a,
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X, — Xapakrep nH(}apkTa MHOKapjaa, X,, — Bpems rocie HHpapKTa MHOKap-
1a, X,, — IOpUEM CTaTHHOB, X,, — HaJIMYUE KapJHOCKIEpO3a, X,; — TUIepT-
podus IEBOro KeIyJo4Ka, X,, — COKPaTUMOCTb, X,; — MHTpalbHas HEAOCTa-
TOYHOCTb, X, — IMIIOKMHE3Hs, X,, — TUI KOPOHAPHOI'0 KPOBOOOPAILEHHUSI.

[TocTpoeHHass MojeIb OKa3ajlach Takxke Ooyiee 3((EKTUBHOM MO CpaBHE-
HUIO C aHAJIIOTUYHBIMU MOJIEIISIMHU, TIOTYYCHHBIMA METOJ0M OWHAPHOM JIOTHCTH-
YECKOW PEerpeccHd IMpH IMOIIAroBOM BKIIOUEHUH BCEX MPHU3HAKOB U TOIIArOBOM
BKJIFOUEHUH OTOOpaHHBIX (hakTOpoB pHcka. Mojens (4) obecrieumiia OOIIYO
TouHOCTh 83,7 % Ha oOyuaromieit (850 nadmoaenuii) u 77,1 % Ha HE3aBUCHUMOK
SK3aMEHAIMOHHON BhIOOpKe (212 HaOdromeHuit). AHAJIOTHYHBIE MOJIEIH, TIOCT-
POCHHBIE METOJIOM OHHAPHOW JIOTMCTUYECKOH PErpecCHH IpH IOIIaroBOM
BKJIFOUEHUH BCEX MPHU3HAKOB U MOIIArOBOM BKJIIOYCHHU OTOOPAHHBIX (haKTOPOB
pucKa, 00ecTeYriii COOTBETCTBEHHO TouHOCTH 73,9 % 1 72,8 %.

Takum 00pazom, OTHOBpEMEHHOE HCIIOJIb30BaHUE IMOCTPOCHHBIX MPOTHOC-
Tryeckux mogeneit (3), (4) MoryT ObITh HCIOIB30BAHBI TS IOCTPOCHHUS CHCTE-
MBI TIOJJIEPKKNA TPUHSATUS PEIICHUH OTHOCHUTENHHO MPUMEHEHHUs BCIIOMOTaTe-
neHOTO UK mpm AKIII Ha paGoraroreM cep/iie, YTO MO3BOJHUT CYIIECTBEHHO
CHHU3UTh BIUSHHE CYOBEKTUBHBIX (PaKTOPOB U YUUTHIBATH OOJIBIIIOE KOJHUYECTBO
rokazaTesield 60JpHOT0, KOTOPHIE Bpay JTOJDKEH MPUHUMATH BO BHUMAaHHUE IMPU
BBIOOPE TAKTUKU OTIEPATHBHOTO BMEIIATEIHCTBA.

BbIBOJIbl

[IpoBeneHHbIE HCCIEAOBAHNS TO3BOIIIN OLEHUTh (haKTOPhI pUCKA TPUMEHEHHUS
BCIIOMOTATEJIbHOTO MCKYCCTBEHHOI'O KPOBOOOpAICHHs NMPH IUIAHOBBIX OIepa-
nusax AKIII na pabGoratoiem cepaie.

[Hoctpoens! mpornoctuueckue Monenu (3), (4), KOTOpble CBA3BIBAIOT BEPO-
ATHOCTH PUCKA NPUMEHEHHUS] BCIIOMOTaTEJBHOIO HCKYCCTBEHHOTO KpOBOOOpa-
nieHus (TNIAHOBOTO M AKCTPEHHOTO) C BBIICJICHHBIMU (hakTopaMu pucka. Moje-
T TIPOJEMOHCTPUPOBAIN BBICOKHE TOKazaTelu 3()(EKTUBHOCTUA TPU HX IIPO-
BEpKe Ha HE3aBUCHMBIX 3K3aMEHAL[MOHHBIX BbIOOpKax (TouHOCTH 85 % Ha 230
HAOJIONEHMSIX TMPU OICHKE IUIAHOBOTO HMCKYCCTBEHHOI'O KpPOBOOOpAIICHUS U
77,1 % Ha 212 HaOMIOACHUIX TIPU SKCTPEHHOM).

Pesynprathl npoBeAEHHBIX UCCIEAOBAaHUNA MOTYT OBITh MCIIOJIB30BAHBI MPU
MOCTPOCHUU CHCTEMBl MOJACPKKU MNPUHATHA PELICHWH, KOTOpas IO3BOJIUT
YMEHBIIUTh BIMSHUE CYOBEKTHBHBIX (DAKTOPOB IPH HA3HAYCHUHM BCIIOMOTa-
TENBHOTO0 HCKYCCTBEHHOI'O KPOBOOOpAILICHHS BO BpeMs IUIAHOBBIX OIepaunuil
A0PTOKOPOHAPHOTO IIYHTUPOBAHHUS Ha pa0OTAIOLIEM CepALIe.
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OLIHKA ®AKTOPIB PU3UKY
ITPU OIIEPALIAX AOPTOKOPOHAPHOI'O
IIYHTYBAHHA HA TTPALIIOIOYOMY CEPII

[Ipoanaii30BaHO CYKYIHICTh aHAMHECTHYHHX 1 KJIIHIYHUX MOKa3HUKIB y Tpynu 3 1240 xBo-
pHX, SKAM OyJI0 BUKOHAHO AaOPTOKOPOHApHE IIYHTYBAaHHS Ha mpaiorodomy cepui. Cepen
HUX, 972 XBOpUM NPOBEJICHO BTpYyYaHHsS Oe3 miaTpuMmky, 178 3 maanoBoro i 90 3 eKkcTpeHoo
MIATPUMKOIO IITYYHUM KPOBOOOITOM.

BuKOpHUCTaHO CTAaTUCTUYHI METOIM aHAJi3y AJsl BUAUICHHS (DakTOpIB pPH3HMKY ceper
IpyIH aHAMHECTHYHHX Ta KIIIHIYHUX [MOKa3HUKIB XBOPUX, SKi MOXKYTh HPU3BECTH O TTOMHJI-
KOBHX PILlIEHb LI0J0 IJIAHOBOTI'O MPHU3HAYCHHS 1 €KCTPEHOTO TEePEX0/y Ha JOMOMIXHUN KpO-
B00Oir. [TpoBeaeHI TOCIIIKSHHS AaTi 3MOT'Y OLIHUTU (PaKTOPH PU3HKY 3aCTOCYBAHHS JIOIO-
MDKHOTO IITYYHOTO KPOBOOOIrY IPH INIAHOBUX OIEPALlisiX a0PTO-KOPOHAPHOTIO LIYHTYBaHHS
Ha MPAIOI0YOMY CepIIi.

Po3po6iaeHo nporHocTH4Hi MOJIei, IKi MOXYTh OyTH BUKOPHCTaHI IIpU CTBOPEHHI CHC-
TEMH MiATPUMKH MPUAHATTS pillleHb JUIS MiHIMi3alii pU3HUKY EKCTPEHOro 3acCTOCYBaHHS
JIOTIOMIXKHOTO KpoB00Oiry. OTprMaHi IPOrHOCTUYHI MOJIeIi 3a0€3MeUnIIn 3arajbHy TOUHICTh
85 % Ta 77,1 % Ha He3aNeKHHUX eK3aMEHAIlIHHMX BHOIpKax NpH BU3HAYEHHI HMOBiIpHOCTI
NpU3HAYEHHS TUIAHOBOTO Ta €KCTPEHHOTO JAOTIOMIXKHOTO IITYYHOTO KPOBOOOITY BiIOBITHO.

Pe3ynbTaTy HaBeICHHUX JAOCTIHKEHb MOXKYTh OYTH 3aCTOCOBaHI MPH TIOOY/I0BI CUCTEM ITijI-
TPUMKU TPUHHATTS pillleHb, SKI MOXKYTh OYTH 3aCTOCOBaHi AJISL 3MEHIUCHHS CyO €KTHBHHX
(akTopiB IpH MPOBEICHHI OIeparliil KOPOHAPHOTO NIYHTYBAHHS Ha MPAIFOI0YOMY CEpIIi.

Kniouosi cnosa: aopmoxoponapue wiyHmysanHs na npayoiouomy cepyi, OOnOMIdNCHUil wmy-
YHULL KPOBOODI2, Aneopummu NPOSHO3YGAHHS.
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EVALUATION OF RISK FACTORS FOR OPERATIONS
CORONARY BYPASS SURGERY ON A BEATING HEART

Introduction. The planned beating heart coronary aortic bypass grafting operations (BH
CABG) prepares with and without parallel perfusion circulatory support. In second case the
necessity of emergent use of circulatory support can appear. In these situations, the frequency
of postoperative complications in circulatory system increases.

The decision about the planned use of circulatory support makes with analysis of big number
of clinical data. This causes necessity to create the computer decision support systems to
minimize the risk of emergent use of parallel perfusion.

The purpose of the article is to analyse statistically the risk factors for BH CABG opera-
tions on a working heart with the aim to minimize the risk of circulatory support emergent
use.

Clinical material. 972 patients which undergone the BH CABG without circulatory
support, 178 patients with planned use of circulatory support and 90 patients with emergent
use of circulatory support. The 67 anamnestic and clinical parameters were analyzed. Data
were recorded on all stages of surgical treatment.

Methods. Statistical analysis of data with package for statistical processing IBM SPSS
Statistics 21.0 was done. Selection of adverse prognostic factors by calculating the odds ratio
was made. The selected prognostic factors were considered as risk factors for the appoint-
ment of planned and emergent use of circulatory support. Prognostic models using binaly
logistic regression were build.

Results and discussion. The association between clinical values in groups without circu-
latory support, their planned and emergent use as well as their odds ratios and confidence
intervals were analyzed. Then BLR algorithm to build the models for estimation of probabil-
ity of planned and emergent use of circulatory support was used. The strategies of compul-
sory and stepwise inclusion of parameters were applied. The sensitivity, specificity and accu-
racy of the models obtained for learning and independent examination samples. The best
models were chosen were calculated.

Conclusions. The created predictive models have a high sensitivity, specificity and ac-
curacy, and can reduce the influence of subjective factors on medical decisions making re-
garding the use of the artificial circulatory support during off-pump coronary artery bypass
surgery.
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Analysis of the variables included in the model, can contribute to a better understanding

of the structure of existing pathogenic factors.
The additional estimation the risk of cardiopulmonary bypass emergent use can reduce

the likelihood of such situations occurrence.
Keywords: the beating heart coronary aortic bypass grafiing, circulatory support with cardio-
pulmonary bypass, predicting algorithms.
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Huthopmayuonnbie
coooujexus

IIpesuais  HamionambHoi  akazemii  Hayk  YKpaiHM — Haropojausia
MixHapoIHUH HAayKOBO-HABYAJbHUN LEHTP iHQOpMALiMHUX TEXHOJIOTi Ta
cucteM HAH VYkpainu ta MOH Vkpainu IlodecHoro rpamMoToro 3a BHCOKI
HAyKOBI1 3700yTKM Ta 3 Haroau 3 20-TH piyds WOro AisibHOCTI. MKHapOIHMIA
LIEHTP OPraHiYHO IOEAHYE HAYKOBO-IOCIIAHY, HaBUajibHY Ta MIKHAPOIHY
IiSUTBHICTD B Traiy3i iHopMaTuku Ta iH(OpMaLiiHIX TEXHOJIOTiH, CTaB BH3HA-
HUM MIKHapOIHUM aBTOPUTETOM 3 IMPOOJIEM IITyYHOTO iHTENEKTY, 10 CIPHSLIIO
MEPETBOPCHHIO 1H(QOPMAIIMHAX TEXHOJIOTIH Ha HEBIA €MHHMA MEXaHI3M YCIX
chep CyCHiIbHOTO KUTTSL.

The Presidium of the National Academy of Sciences of Ukraine awarded the
International Research and Training Center for Information Technologies and
Systems of National Academy of Sciences of Ukraine & Ministry of Education
and Science of Ukraine with the Honorary Diploma for its high scientific
achievements and in connection with the 20th anniversary of its activities.

Its academic achievements in informatics, artificial intelligence, information
technologies and their applications in various spheres are internationally
recognized and contributed to the wide acceptance of information technologies
as an integral part of modern life.

88 ISSN 2519-2205 (Online), ISSN 0454-9910 (Print). Ku6. 1 Bbra. Text. 2017. Ne2 (188)



80-piyya ynena-xopecnonpenta HAH Yxpainu
BONOJUMHMPA INNIYA TPHIEHKA

23 tpaBus 2017 poky BunoBHmuIOCs 80 pOKiB BiZIOMOMY BUEHOMY B raiy3i iHdo-
pMatuky, iHGOpMaliiHUX TEXHONOTiH Ta iX 3acToCyBaHb Y BHPOOHHYO-
TEXHOJIOTIUHIN cdepi, KOMI'IOTEPHUX TEXHOJIOTISAX HABUAHHS 1 €JICKTPOHHHUX
CHUCTEMax OCBITH, MEAMYHIN KIOEPHETHIII Ta €KOHOMILlI, JUPEKTOPY MixKHApO/I-
HOTO HAayKOBO-HaBYAJIBHOTO IEHTPY iH(MOpPMalidiHUX TEXHOJOTiIH Ta CHCTEM
HAH Vkpainu Ta MOH VYkpainu, uneny-kopecnongaentry HAH Ykpainu BoJio-
aumupy Lnaivy I'punenko.

B.I.I'punieHko — mpecTaBHUK HIMPOKO 3HAHOI Yy CBITI HAYKOBOI IIKOJH
akazemika B.M. I'mymxkoBa ta moHan 50-saT pokiB mponoBxye ii Tpaaumii. 3a
Horo Oe3mocepenHbOi y4dacTi YCHIIIHO PO3BHUBAETHCS 3arajbHa TEOPis HOBOTO
KJIacCy HaAyKOEMHHX TEXHOJIOTiH — IHTEJIEKTyalbHUX iH(GOpMamiiHIX TEXHOIO-
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riif, Ta 11 3aCTOCYBaHHS y NEPCIEKTUBHUX CHUCTeMaxX oOpoOJieHHs iH(opMarii.
OuomoBannit HUM MiKHapOJHHUN LIEHTP OJepkaB (PyHAaMEHTANbHI Pe3yIbTaTH
B 1iii ramy3i. CTBOPEHO KJacH OpUTiHAJbHHUX 00pa3HUX iH(POpMAIHUX TEXHO-
JIOTiH, MOJIeNi 00pa3HOro MHUCIICHHS, METOIU Ta 3aCO0M IHTEIEKTYaJIbHOTO Ke-
pyBaHHS, TMPUHLIUIN IHTErpaii, Mo 03BOJSIE MOEJHYBATH iX MOMIJIHBOCTI Y
CTBOPEHHI BHCOKOC(EKTHUBHHUX 1H()OpMALIHHUX TEXHOJIOTIH i3 BIACTUBOCTSIMH
mucneHss. [1ig kepiBauireoM B.1. I'puileHka ycninmHo 3aBeplieHO MpiOpUTETHI
JOCII/PKEHHS 1 po3po0ku [lepkaBHOT HaAyKOBO-TeXHIYHOT porpaMu «O0pa3Huii
KoM totep». Ha 6a3i BUKOHaHOIO KOMIUIEKCY POOIT CTBOPEHO, MiATOTOBJIEHO
70 MPOMHCIOBOTO BUPOOHHMITBA 1 CEpiHHO BUIYCKAIOTHCS Ha MiANPHEMCTBAX
VYkpaiHu BUCOKOIHTEJIEKTYali30BaHi BUPOOH, MPUCTPOi 3 BUKOPUCTAHHSIM iHTE-
JEKTyaJIbHUX O00pa3HuX iHQopmaniiinux TexHomnorid. Cepea HUX MOBIICHEBI,
30pOBi TEXHOJIOTI, 0AraToLiNbOBI (PYHKIIOHAIBHI KOMIUIEKCH 1HTEIEKTYaJIbHO-
To KepyBaHHSI, IHTEIEKTya bHI TEPMIHAIA POOOYHX MICIlb, YCHOMOBHI €IeKTPO-
HHI JIOBITHMKH Ta HHU3Ka IHIINX. BUCOKY OLIIHKY OJiepKaiy iHTeICKTyalbHI BU-
COKOTEXHOJIOTIYHI BUpoOU MeauuHoro npusHaueHHs: «Dazarpady», «Tpenapy,
«Jliabet». CTBOpEHi 3aco0M 1 TeXHOJOTI] 32 CBOIMH (YHKI[IOHATBHUMH MOKIIU-
BOCTSIMH, CYKYITHICTIO TEXHIKO-€KOHOMIYHHUX XapaKTEPHUCTHK IEPEBUIIYIOThH
3apyOi’KHi aHanory.

Baxumsuit BHecok B.I. I'punienko 3poOuB y BuUpilieHHS NPOOJIEM PO3BUTKY
iH(pOpMaLIHOrO CyCIHiIbCTBA 1 HOTro MOCTIAOBHOIO MEPEXOLy A0 CYCHIIBCTBA
3HaHb. HaykoBi pe3yibTaTH B 1ii ramys3i BU3HaHO B YKpaiHi Ta 32 KOPAOHOM.
[Ipomo3unii i pekomenpaiii MixxHapontoro Llentpy sik HamioHanesHoro xoop-
nHaTopa MixkypsinoBoi nporpamu FOHECKO «Inbopmartist is Bcix» B yacTu-
Hi BUKOPHUCTaHHS IHTENEKTyaJIbHUX OOpa3HUX iHPOPMAIifHUX TEXHOJOTIH B
MEPCHEKTHBHUX MOJICIAX 1HPOPMAIIITHOTO CYCiBCTBA, B MiAroToBHI KpymHux
nporpamMm IOHECKO, y cTBopeHHI anbTepHaTHUBHUX €JIEKTPOHHUX CUCTEM Oe3-
MEPEePBHOTO HABYAHHS, Y MiArOTOBLI NPOMO3MULINA MIONO BHPIIIEHHS MpobieM
OaraToMOBHOCTI B [HTepHETI Ta 30€peXEHHIO KyIbTYPHOI CHAALIMHU CXBAICHO
Ha 36-i Ta 37-# cecisax 'enepansHoi Kondepeniii KOHECKO.

CytteBuii 1opobok BHeceHo B.I. I'puiieHKOM B pO3BHUTOK KOMIT IOTEPHUX
TEXHOJIOTI HaB4YaHHS. HUM 3amporoHOBaHO MEPCIEKTHBHY KOHIIETMIII0 CTBO-
PEHHSI CHUCTEM EJIEKTPOHHOTO HAaBUAHHS, OPIEHTOBAaHY Ha CYCITIBCTBO 3HAHb.
CTBOpeHO BUCOKOE(EKTHBHY THYYKY IUCTAHLIMHY TEXHOJOTiI0 HAaBYaHHS B
peanbHOMY MaciiTabi yacy 3 XapaKTEPHCTHKaMHM Ha PiBHI KpalluX CBITOBHX
JOCATHEHb. P03p0o0IeHO opHriHANBHI MOJIENI Ta METOU CTBOPEHHS TEXHOJIOTIH
Oe3repepBHOro HaBUaHHS, 0AraTOIUILOBUX HAaBYAIILHO-TEXHOJOTTYHUX CEepesio-
BUII Ha 0a3i 00pa3HuX iHpopManiiHUX TexHoJorii. Bunani MmoHorpadii, eHiu-
KJIOTICIUYHUN JTOBIIHUK, HaBYaJIbHI MOCIOHUKH 1 1HIII pOOOTH CKJIaJat0Th OCHO-
BY Cy4acHOT HayKOBO-METOANYHOT M1aThOpMH KOMIT I0TEpHU3aIlii OCBITH.

TBopuy HaykoBy misuibHicTh B.I. I'punieHko moenHye 3 opraizamiero pooit
3 pO3BUTKY (PyHIAMEHTAJIBHUX 3acaj YKpaiHChKOI OCBITH, YIPOBaJKEHHS Hepe-
JOBUX HAYKOBUX [IOCT/DKEHh 1 OCBITHIX TeXHONOTiH, ouomoe Kadenpy
IOHECKO «Hosgi ingopmaiiiiiii TexHOJOTII B 0CBiTI 1 Beix». PodoTta Kaden-
pu Ta ii ¢iniit BuzHauena FOHECKO y uuncni xadenp HOBOTO TOKOINIHHS, SIKi
Bianoeigatothk ctpaterii KOHECKO y miii ramysi.

B.I. I'puiienko roioBHMI peakTop HAyKOBHX XypHaiiB «Kepyroui cuctemu
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80-piuus unena-xopecnonoenma HAH Ykpainu Bonooumupa Inniva I puyenxa

Ta MamuHNY 1 «KibepHeTrnka Ta 00UHCITIOBaIbHA TEXHIKAY.

B.I. I'puiieHKo BUKOHY€E 3HaYHY POOOTY 31 3MII[HEHHSI M>KHAPOIHOTO aBTO-
putety YKpaiHM SK TOCTIHHUH TNpeacTaBHUK YKpaiHu B MiXypsoBiid paii
[Iporpamu FOHECKO 3 indopmaru3anii i komyHikamii, 3actynauk rojosu Ha-
uionanbHOi Komicii Ykpainum y cnpaBax IOHECKO. Bin nposoaute Garato-
TpaHHy ASUTBHICTH K wieH KOHCYNnbTaTUBHOI paau 3 MHUTaHb iHPOpMaTH3alii
npu BepxoBuiii Pagi Ykpainu, uiren Kowmitery 3 inpopmaruxu npu Ilpesnaii
HAH VYxkpainu, ['onoBa TexHiunoro komitrery «Cranaaprusauis iHpopMariiinux
TEXHOJIOTiM» npu JlepiKkCIoKUBCTaHAAPTI YKpaiHu.

3a IiaHy Hpaiio, IHHOBAIIHHY CIIPSIMOBAHICTh HAYKOBUX JOCHIKCHb, BU-
COKY TEOPETHYHY Ta NPAKTUYHY PE3yJbTAaTUBHICTH 1 €(EKTHBHICTH HAYKOBOI
nistteHOCTI B.1. I'punieHKO HEOAHOPA30BO YOOCTOEH NEPXKABHUX HAropoll, BiH
nBidi naypeat [epxaBHoi npemii Ykpainu, 3acimyXeHUH Jisd HAYKH 1 TEXHIKH
VYkpainu.

80-JIETUE YJIEHA-KOPPECIIOH/IEHTA HAH YKPAMHBI
BIIAAMMUPA NIIBYA T'PULIEHKO

23 mas 2017 ucnoaaunocs 80 ner Bnagumupy Wnsuuy I'punienko — usBec-
THOMY Y4E€HOMY B 00JIACTH WH(POPMATUKH, HHOOPMAIIMOHHBIX TEXHOJIOTUH 1 HX
MPUIIOKEHUH B 9KOHOMUKE, TPOU3BOJICTBEHHO-TEXHOJIOTHIECKOH cdepe, Onoo-
TMYECKOH M MEAWIMHCKON KHOEpHEeTHKE, KOMIBIOTEPHBIX TEXHOJIOTUH 00yue-
HUS, IUPEKTOpY MeXIyHapOoIHOrO Hay4HO-y4yeOHOro IeHTpa HuH(opMa-
nmoHHbIX TexHonoruit u cucteM HAH Ykpaunst 1 MOH VYkpaunst. B.U. ['pu-
LIEHKO — MPEACTaBUTENb MIHUPOKO M3BECTHOW B MUpPE HAyYHOU ILKOJBI aKaje-
Muka B.M. I'mymkoBa u 6onee 50-TH €T NMpoAoDKaeT ee Hay4yHble TPaJuLtu.
B.U. I'punieHko sBnsieTcss HHUIMATOPOM HCCIIEOBaHUH U pa3pabOTOK HOBOTO
Kllacca HAYKOEMKHX TEXHOJOTHH — WHTEUICKTYIbHBIX HH(OPMAIMOHHBIX
texHonorui. Ilox ero pykoBoacTBoM B MexayHapoIHOM LIEHTpe chOopMHUPOBa-
Ha TEOpHUsl HHTEIUICKTYIbHBIX HH(QOPMAIIMOHHBIX TEXHOJIOTUH, TOJTy4YeHBI (yH-
JaMEeHTaJIbHbIE U MPAKTHUYECKHUE PE3YIbTaTHI.

Baxupiii Bknag B.U. ['punenko BHec B pemieHre npodieM pa3BUTUsI HHGO-
PMaLMOHHOTO OOILECTBA M €ro MOCJEeI0BATENIFHOIO Mepexoa K OOIEeCcTBY 3Ha-
HUH, pa3pabOTKN KOMIBIOTEPHBIX TeXHONOrui obydenus. [Ipennoxenus u pe-
KoMeHaaunn MexayHapogHoro lleHtpa kak HammoHanmbsHOro koopauHaTopa
MesxnpaButensctBeHHON nporpammbl JOHECKO «Mudopmanus mi1st Bcex» 1o
WCTIOJIb30BAaHUIO WHTEIUIEKTYIBHBIX 00pa3HbIX MH(POPMAIIMOHHBIX TEXHOJIOTHI
B IIEPCIIEKTUBHBIX MOJIENSX HHPOPMALIMOHHOTO 00IIeCTBa, B MoroToBke Kpyt-
HbIX nporpamMM IOHECKO, B co3naHny anbTepHAaTHBHBIX 3JIEKTPOHHBIX CUCTEM
0e3MnpepbIBHOTO O0YYEHUS, B MOJTOTOBKE MPEUIOKEHUHN 10 PEHICHUIO MTPOodIeM
MHOTOs13bI4us B IHTEpHETE 1 cOXpaHeHus KyJIbTypHOTO Hacleausi 0JJOOpeHbI Ha
36-it u 37-ii ceccusix I'enepanbhoii kondepenuu FOHECKO.

B.U. I'punieHKO sBIsieTcd 4IEHOM pslla BEAYIIMX MEXAYHapOAHBIX, TOCY-
JAPCTBEHHBIX COBETOB YKpaWHBI 10 BOMpocaM HH(OpMATHU3AIUK, BO3TIIABIISET
Kadenpy FOHECKO «HoBble nH(pOpMaLMOHHBIE TEXHOJIOTMH B 00pa3oBaHUH
JUISL BCEX», SIBISIETCSA TTAaBHBIM PENAKTOPOM HAYYHBIX >KYPHAJIOB «YIIpaBIISIO-
M€ CUCTEMBI M MalTHB U «KnbOepHeTnka U BRIYUCIUTENbHAS TEXHUKA.
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80TH ANNIVERSARY OF CORRESPONDING MEMBER
OF NAS OF UKRAINE VLADIMIR ILYICH GRITSENKO

May 23, 2017 the 80™ anniversary of Vladimir Ilyich Gritsenko, known scientist
in computer science, information technologies and their application in
economics, industrial and technological fields, biological and medical
cybernetics, computer-based training, director of the International Research and
Training Center for Information Technologies and Systems. He is an initiator of
development of a new class of high technologies — intelligent information
technologies. Gritsenko V.I. is a member of a number of leading international
and state councils of Ukraine on informatics, Permanent Representative of
Ukraine to the Council of UNESCO Intergovernmental Programme on the
information and communications, chairholder of the UNESCO Chair "New
Information Technologies in Education for All", the chief editor of the scientific
journals "Control Systems and Machines" and "Cybernetics and Computer
Engineering".
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BHUMAHHIO ABTOPOB!

B kypHame mnpeacTaBieHBl pe3yIbTaThl HCCIEAOBAHUN B 00JACTH TEOPHH U
MPaKTUKU HHTEUIEKTYalbHOI'O YIPAaBIEHUS, HH(POPMAIMOHHBIX TEXHOJOTHH, a
TakKe OMOJIOTHYECKOW U METUIIMHCKON KHOEPHETHKY.

Jnst Hay9HBIX paOOTHHUKOB, HHKEHEPOB, ACIIUPAHTOB U CTYIEHTOB BYy30B CO-
OTBETCTBYIOIIUX CHELUAIBHOCTEN.

TpeOoBanus Kk pyKonucsiM crarei

1. Pykonmce npenocraBiseTcsa Ha 6e10i Oymare B IByX 3K3eMIUIIPax (S3bIK —
PYCCKHIA, YKPaUHCKHA, aHTTIMACKUM, 12—16 ¢.) 1 37IeKTpOHHAS BEPCUS.

K pykomnucu npunaratorcst:

® AaHHOTAIlMU — Ha PyCCKOM U yKpauHckoM s3bikax (YK, dbamummst, naunna-
JIBI aBTOPa/0B, Ha3BaHHUE CTAThH, 5—O CTPOK TEKCTa, KIIIOUEBBIE CJIOBA), HAa AaHTJIMH-
CKOM s3bIKe ((haMUIUsL, MHUIIHAIIBI aBTOPa/0OB, MECTO paboTHI, TOpOJ, CTpaHa, Ha3Ba-
HHE cTaTbhd, OT 250 cioB, C BBIAEIEHHEM PYOpHK: BBEIACHHE, LIEb, PE3YJIbTATHI,
BBIBOJIBI, KJIIOUCBBIC CJIOBA);

® JIUILIEH3UOHHBII IOTOBOP;

e cBeieHUS 00 aBTOpe/ax Ha PyCCKOM, YKPAaMHCKOM M aHTJIMIICKOM SI3bIKax J0-
JoKHBI BKIO4aTh: OUO, yueHyro CTelneHb, HaydyHOE 3BaHUE, JNOJLKHOCTb, OTHEN,
MecTo paboThI, MOYTOBBIH aapec OpraHu3aluH, TenedoH (Ciyx., M00., IOM.),
E-mail, aBropckue nupentudukatopsr ORCID nnu ResearcherID.

2. Tekct craTby mosaeTcs ¢ 00s3aTENFHBIMU PYOPHKaMH: BBEICHHE, TOCTAHOB-
Ka 3aJa4M, IeJb, Pe3yIbTaThl, 4eTKO CPOPMYITHPOBAHHBIE BHIBOJIBI.

ITonanHbie cTaThyl 0043aTEIBHO HAMPABISIIOTCA HA PELICH3UPOBAHUE BEILYIUM
CHEIHAINCTaMH B JAHHON 00JIaCTH.

CTpyKTYypa cTaThH

YAK. HABBAHUE. N.0. ®ammmus / u. Opranmzanus/m. AHHOTamms (pyc.,
5—10 ctpok). Kirouessie cnosa: (5—38 cnos). BBEJIEHME. IHEJIb. [IOCTAHOB-
KA 3AJAYU. PE3VJIbTATBI (1—3 PA3JIEJIA C HASBAHUSMMN). BBIBO/bI.

Crucok TuTepaTypsl Ha I3bIKE OpUTHHANIA — B IOPSIKE YIIOMUHAHUS B TEKCTE,
no cragaapty JJCTY 8302: 2015.

CITHUCOK JTUTepaTyphl — MEPEeBOJl HCTOYHUKOB Ha aHMIMHACKHH SI3BIK, (haMuum
Y MHUIIUAJIBI ABTOPOB — TPAHCIUTEPAIIHS:

Author A.A. Article. Journal, 2000, vol. 1, Ne 2 pp. 111-112 (in Russian).

Author A.A., Author B.B. Book. City : Publisher, 2000. 111 p. (in Russian).

Pesrome (ykp., 5—10 psanxis). Kirrouosi ciioa (5—S8 ciiB).

Abstract (0,5—0,7 p.): ®1O, Ha3Banue cTaThu Ha aHTIMICKOM sI3bIKe. Hazea-
HUe OpeaHu3ayuu — Ha AHSTULICKOM SA3bIKe.

C oOs3atensHbiMu pyOpukamu: Introduction. Purpose. Results. Conclusion.
Keywords.



TpeGoBanusi k TekcToBOMY (paiiny

®dopwmar daiina *.doc, *.rtf. daitn q0KEH OBITH MOATOTOBJICH C TIOMOIIBIO TEK-
cToBoro peaakropa Microsoft Word 2003.

Hcnons3yemble ctim: mpudT Times New Roman, BeicoTa 12 1T, MEXCTPOU-
HOE paccTosHue — nonyTopHoe. @opmar Oymaru A4, moist (ciieBa, crpaBa, BBEPXY,
BHHU3Y) 2 CM.

Dopmyner HabuparoTcs B pegakrope Gopmyn Microsoft Equation Editor 3.0.

Onuwmu pemakropa popmyn — (10,5; 8,5; 7,5; 14; 10). lllupuna popmya He
ooJjiee 12 cm.

Pucynku momxHbl OBITH JOCTATOYHO KAYECTBEHHBIMH, CO3/IaHbI BCTPOCHHBIM
penaktopom pucyHkoB Word Picture mmu6o wabiMH Windows-nipusioxeHusMu (B

3TOM CITy4ae PUCYHKH IOJDKHBI OBITH IPENCTaBIICHBI OTAEIBHBIMU (haiiIaMu cOOT-
BeTcTBYyIOIMX (opmaToB). LllupuHa pucynkos He 6osee 12 cMm.

Tabnuyw! BHITIOIHAIOTCS CTAHJAPTHBIM BCTPOSHHBIM B Word HHCTpyMEHTapreM
«Tabnumay. lllupuna Tadaunsl He 00see 12 cm.

B po3anuHyto npoaaxy >kKypHaj He IOCTYIAET.

Ogpopmaenue noonucku 014 sHeeaarnWux onyoaIuKoeamy cmamsu
6 Hawiem JcypHase 00a3amenbHo.

IMoanucka OCyIeCTBJISICTCH

o ['TI «IIpeccax»: «Kartanor Buganb YKpaiHuw», HOANUCHON nHaeke 86598;
o [loamucHoe arencTBo «YkpuHpopmHaykay HAH Ykpannsr,
nonnucHoi uHaekce 10029, ukrinformnauka@gmail.com,



