Romankevich V. A., Morozov K. V., Romankevich A. M., Halytsky D. V., Zacharioudakis Lefteris
/ Applied Aspects of Information Technology
2026; Vol.9 No.3: 366-383

DOI: https://doi.org/10.15276/aait.09.2026.25
UDC 004.05

A generalized method for constructing failure-behavior models of
fault-tolerant multiprocessor systems with inter-subsystem
redundancy

Vitaliy A. Romankevich
ORCID: https://orcid.org/0000-0003-4696-5935; zavkaf@scs.kpi.ua. Scopus Author ID: 57193263058

Kostiantyn V. Morozov"

ORCID: https://orcid.org/0000-0003-0978-6292; mcng@ukr.net. Scopus Author 1D: 57222509251

Alexei M. Romankevich?

ORCID: https://orcid.org/0000-0001-5634-8469; romankev@scs.kpi.ua. Scopus Author ID: 6602114176

Daniil V. Halytsky"

ORCID: https://orcid.org/0009-0004-4421-3443; zipper135401@gmail.com. Scopus Author 1D: 58553487600

Lefteris Zacharioudakis?

ORCID: https://orcid.org/0000-0002-9658-3073; l.zacharioudakis@nup.ac.cy. Scopus Author ID: 57422876200

Y National Technical University of Ukraine “Igor Sikorsky Kyiv Polytechnic Institute”, 37, Peremogy Ave. Kyiv, 03056, Ukraine
2 Neapolis University Pafos, 2, Danais Ave. Pafos, 8042, Cyprus

ABSTRACT

Relevance. The evaluation of reliability characteristics of fault-tolerant multiprocessor systems is an important task,
particularly during their analysis and design. GL-models of system failure behavior can be used for this purpose. For systems with
inter-subsystem redundancy, such models should take into account the possibility of using the processors of a donor subsystem both
when the subsystem remains operational and after it loses operability. Existing approaches do not provide a complete representation
of these operating modes. Purpose. To develop a generalized method for constructing GL-models of the failure behavior of fault-
tolerant multiprocessor systems with inter-subsystem redundancy. Objective. To formalize the principles of constructing GL-models
of a donor subsystem taking into account different modes of processor utilization, to develop an algorithm implementing the
proposed method, and to perform experimental verification of the correctness of the constructed models. Methods. The study
employs the GL-model formalism, methods for constructing basic and auxiliary GL-models, the formation of extended state vectors,
and the analysis of graph connectivity. Scientific novelty. A generalized method for constructing GL-models of fault-tolerant
multiprocessor systems with inter-subsystem utilization of reserve processors is proposed. Unlike existing approaches, the proposed
method takes into account the possibility of using the processors of a donor subsystem both when it remains operational and after it
loses operability, when its operational processors may still be used to support other subsystems. Practical significance. The proposed
method can be used for constructing GL-models of complex fault-tolerant multiprocessor systems and for the subsequent evaluation
of their reliability characteristics. Results. A method and an algorithm for constructing GL-models of systems with inter-subsystem
redundancy have been developed. The proposed approach is based on constructing auxiliary models that describe the sets of reserve
and operational processors of a donor subsystem and on forming extended state vectors for constructing GL-models of recipient
subsystems. Representative examples are considered for systems with limitations on the number of reserve resources and for systems
employing sliding redundancy. Experimental studies confirmed the correctness of the constructed models. It is shown that the
complexity of the edge-function expressions of the resulting GL-models is comparable to that of the corresponding basic models with
equivalent fault-tolerance parameters. Conclusions. The proposed method provides a formal representation of inter-subsystem
redundancy within GL-models and can be integrated with other approaches to constructing failure-behavior models of fault-tolerant
multiprocessor systems. The experimental results confirm the correctness of the proposed method and demonstrate the feasibility of
its application in the analysis and design of complex fault-tolerant multiprocessor systems.
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INTRODUCTION implemented within them and require correct and
reliable control. Assigning this function entirely or
predominantly to a human operator is undesirable
for several reasons, including the need to minimize

Modern technical systems (TS) are typically
characterized by a high complexity of the processes

the influence of the human factor and to reduce the
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and routine operations. In this regard, in modern TS
the control functions are usually assigned to a
specialized system — the control system (CS). The
CS collects information from various sensors,
processes the obtained data according to a specified
algorithm, and generates control signals for the
actuating units of the TS [1], [2], [3].

A failure of the control system may lead to
incorrect operation of the technical system as a
whole, which is unacceptable in view of the
requirements for its safe and reliable operation. This
is particularly relevant for critical application
systems (CAS), whose failure may cause significant
material losses and pose a threat to human life and
health [4], [5], [6]. In this regard, increased
requirements for reliability and fault tolerance are
imposed on the control systems of such technical
systems [7], [8], [9], [10].

In addition, it should be noted that the control
of complex technical systems, most of which belong
to critical application systems, often requires
significant computational resources. The
implementation of control systems for such TS
based on fault-tolerant multiprocessor systems
(FTMS), which contain a large number of processors
(in some cases dozens or even hundreds) and, due to
the use of various types of redundancy, are capable
of continuing failure-free operation in the event of
failures of individual components, makes it possible
to simultaneously solve two key tasks. On the one
hand, this ensures the achievement of the required
level of computational performance, and on the
other hand, it guarantees the necessary level of
reliability through the implementation of fault-
tolerance mechanisms.

During the design of  fault-tolerant
multiprocessor control systems, the problem of
evaluating the reliability parameters of the
corresponding system inevitably arises. This is
necessary, in particular, to confirm its compliance
with the specified requirements and to identify
bottlenecks and potential directions for its
improvement. Given the architectural complexity
and the large scale of some fault-tolerant
multiprocessor systems used in control applications,
the task of such evaluation is considerably
challenging.

LITERATURE REVIEW

The evaluation of reliability parameters of fault-
tolerant multiprocessor systems can be carried out
using various approaches, which can be divided into
two main groups [11]. The first group includes

methods based on the construction of analytical
expressions that allow the required reliability
indicators of the system to be calculated directly
[12], [13], [14], [15]. The advantage of such
methods is the possibility of obtaining exact values
of reliability parameters for systems with a specified
structure and known characteristics of their
elements. At the same time, their disadvantage lies
in their limited universality: for systems with a new
or complex structure, there is often a need to
develop specialized computational procedures. In
addition, combining different analytical approaches
with each other is usually complicated.

The second group includes methods based on
conducting statistical experiments with models of
the failure behavior of fault-tolerant multiprocessor
systems. Such approaches are characterized by
relative universality, since they can be applied to
systems of arbitrary structure provided that an
appropriate model of their behavior is available [16],
[17], [18]. At the same time, the evaluation of
reliability parameters in this case has a statistical
nature and is performed with limited accuracy,
which is determined, in particular, by the number of
experiments conducted.

As models of the failure behavior of fault-
tolerant multiprocessor systems, it is advisable to
use GL-models [18]. Such a model is represented as
an undirected graph in which each edge corresponds
to a certain Boolean edge function. The arguments
of these functions are the elements of the system
state vector — a Boolean vector in which each
component corresponds to the state of an individual
processor: 1 indicates that the processor is
operational, and O indicates that the processor has
failed. Thus, each state vector corresponds to a
specific combination of states of all processors in the
system. If the edge function for a given state vector
takes the value 0, the corresponding edge is
considered absent in the graph. The connectivity of
the model graph for a given state vector corresponds
to the operable state of the system, whereas the loss
of connectivity indicates its failure.

For systems composed of several subsystems,
the overall state vector is formed by concatenating
the subvectors corresponding to each subsystem,
where each subvector represents the states of
processors within the corresponding subsystem.

For the evaluation of reliability parameters, sets
of system state vectors are generated. In the general
case, these vectors may be obtained randomly, and
the accuracy of the estimates depends on the number
of experiments (i.e., the number of generated
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vectors). For maximum accuracy, exhaustive
enumeration of all possible state vectors can be used.
At the same time, more efficient estimation can be
achieved by employing specialized pseudo-random
generators that provide improved coverage of the
state space for a fixed number of experiments [18].

Among fault-tolerant multiprocessor systems, it
is reasonable to distinguish a separate class — basic
systems, whose state in the failure behavior is
determined exclusively by the number of operational
processors. A basic fault-tolerant multiprocessor
system containing n processors and remaining
operable provided that no more than m of them have
failed, as well as the corresponding GL-model, will
be denoted as K(m, n). Such systems are also known
as k-out-of-n systems [19], [20]. In particular, it can
be shown that the system K(m, n) is equivalent to an
(m + 1)-out-of-n:G system (with respect to the
operability condition) and to an (n —m)-out-of-n:F
system (with respect to the failure condition).

Systems whose failure behavior cannot be
reduced to a dependence solely on the number of
operational processors belong to the class of non-
basic systems. For such systems, situations are
possible in which, for the same number of failures,
some combinations of failed processors lead to the
preservation of operability, whereas others result in
system failure. This class includes, in particular,
consecutive-k-out-of-n [12], [13], [21], [22], [23],
[24] consecutive-k.-out-of-n [25], [26], consecutive-
kr-out-of-n, [27], consecutive-(k, [)-out-of-n [28],
(r, s)-out-of-(m, n) [29], [30], [31], consecutive-k-
out-of-r-from-n [32], [33], consecutive-k-within-m-
out-of-n [34], [35], m-consecutive-k-out-of-n [25],
[26], [36], [37] m-consecutive-k,l-out-of-n [38],
[39], (n, f, k) [40], [41], [42] (n f, k) [41], [42],
[43] as well as systems with more complex
structures of dependencies among elements [44].

Known methods for constructing GL-models
are primarily oriented toward basic fault-tolerant
multiprocessor systems. For non-basic systems, the
construction of models is usually performed by
modifying the corresponding auxiliary basic models
[44].

A GL-model of a basic fault-tolerant
multiprocessor system can be constructed, in
particular, using the method described in [44]. The
model K(m,n), where n>1 and 1<m<n,
constructed according to this method, is based on a
cycle graph with ¢(n, m) edges,

In addition, one of the properties of such
models is that for any state vector containing | zero
components, the model loses y(m, 1) edges, where

_ 0, I<m,
w(m'l)_{l—m+1, l>m. (2)

Such GL-models are called MLE-models
(Minimum Lost Edges), since for state vectors with
m+1 zero components they lose the minimum
number of edges whose removal leads to a loss of
connectivity of the graph (namely, two edges).

The construction of the expressions of the edge
functions of an MLE-model is performed recursively
based on the expressions of the edge functions of
auxiliary MLE-models of smaller dimension. The
system state vector is divided into two non-empty
subvectors of sizes n; and np, where ny+n;=n,
which are used as input vectors for the
corresponding auxiliary models. In the general case,
the values of n; and n, may be arbitrary; however, in
practice the division is usually performed into two
equal or nearly equal parts.

The set of edge functions of the model K(m, n)
is formed as the union of three subsets:

1) the set of edge functions of the auxiliary
MLE-model Ki(m, n1) provided that n; > m;

2) the set of functions of the form

r=N\av /e

f1€F; f1€EF;

where F; is the set of edge functions of the auxiliary
MLE-model Ki(m—i, n1), F> is the set of edge
functions of the auxiliary MLE-model Ka(i, ny),
iza,a+1, ..., b, a=max(1l, m-ny),
b = min(m — 1, ny), provided that m > 2;

3) the set of edge functions of the auxiliary
MLE-model Kz(m, nz) provided that n; > m.

The recursive construction process continues
until the boundary level of recursion is reached —
models of type K(1, 1), which contain a single edge
function of the form f=x, where X is the
corresponding component of the system state vector.

The described approach is effective for
constructing GL-models of basic systems. At the
same time, the problem of constructing GL-models
for non-basic fault-tolerant multiprocessor systems,
in particular those whose failure behavior is
determined by more complex combinations of
processor states, requires separate consideration.

PROBLEM STATEMENT

where
om)=n—m+1. (1) An important  class  of  fault-tolerant
multiprocessor  systems consists of systems
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composed of several subsystems [44]. Such systems
generally belong to the class of non-basic systems,
although some of their subsystems may operate as
basic ones. In a number of cases, such fault-tolerant
multiprocessor systems are resilient not only to
failures of individual processors but also to failures
of entire subsystems. In addition, in order to
improve reliability characteristics, the system may
be organized so that, in the presence of redundant
resources, one subsystem supports the operability of
another, in particular by partially taking over its
functions and acting as a donor for the recipient
subsystem.

In [44], a method for constructing GL-models
for systems in which subsystems interact in a donor-
recipient mode is proposed. Within this approach, it
is assumed that the donor subsystem always remains
operable, which limits the applicability of the
method.

However, in some fault-tolerant multiprocessor
systems the possibility of failure of the donor
subsystem is allowed. In this case, even after the loss
of its operability, the subsystem may still contain
operational processors that can be used to maintain
or restore the operability of the recipient subsystem.
Existing methods for constructing GL-models do not
take into account this feature of the functioning of
the donor subsystem.

Thus, the problem arises of developing a GL-
model capable of correctly representing the behavior
of the donor subsystem in the general case, namely:
the use of its redundant resources when operability
is preserved and the use of all its operational
processors when it fails.

RESEARCH AIM AND OBJECTIVES

The aim of this work is to develop a method for
constructing GL-models of fault-tolerant
multiprocessor  systems  with  inter-subsystem
redundancy, including donor subsystems, taking into
account the possibility of using their processors both
when operability is preserved (with the involvement
of redundant resources) and when the subsystem
fails (with the use of all processors that remain
operational).

The developed model can be used as a
component of more general GL-models, in particular
in a manner similar to the donor subsystem model
described in [44], or for forming the state vector of
sliding redundancy processors.

To achieve the stated aim, the following
objectives are formulated in this work:

1) to formalize the principles for constructing a
GL-model of a donor subsystem, taking into account
the possibility of using its processors both when
operability is preserved and when a failure occurs;

2) to develop an algorithm for implementing the
proposed method;

3) to carry out experimental verification of the
correctness of the GL-models constructed according
to the developed method.

METHOD FOR CONSTRUCTING A
GL-MODEL FOR DONOR-SUBSYSTEM

A system composed of several subsystems is
considered. One of them will hereafter be referred to
as the donor subsystem. When necessary, it can
provide the resources of its processors that are not
used for executing its own tasks in order to restore
or maintain the operability of other recipient
subsystems.

Let the donor subsystem contain ng processors
and be tolerant to the failure of no more than mqy of
them. Its failure behavior is described by the GL-
model K(myg, ng). Such a model may be implemented
as an MLE-model or as a basic GL-model
constructed by other methods.

Let kq € {0,1} denote a Boolean variable
determined by the specified GL-model that
represents the state of the donor subsystem: xq=1
corresponds to its operable state, whereas xq=0
corresponds to the failure state.

Let 14 denote the number of zero components in
the state vector of the donor subsystem. If lg<mqy
(i.e., the donor subsystem is in an operable state),
the resources of its redundant processors may be
used to maintain or restore the operability of the
recipient subsystems. In [44], it is shown that the
number of such processors can be determined using
the dual model K*(ng — mqg + 1, ng), obtained from the
MLE-model K(ng—mgq + 1, ng) by replacing its edge
functions with their dual ones. This model will be
denoted as Rg(Mmq, Ng).

Let rq denote the Boolean vector of the values
of the edge functions of the model Rq(mq, ng) for a
given state vector. Then the number of ones in the
vector ry is equal to the number of redundant
processors of the donor subsystem.

If lg>mg+ 1, the subsystem enters a failure
state; however, its operational (orphan) processors
may also be used to support other recipient
subsystems. To determine them, let us introduce the
MLE-model K(mgq + 1, ng), which will be denoted as
Od(mg, ng). According to (1), this model contains
ng—mqg edges. According to (2), for state vectors
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with lg>mg+ 1 zero components, the model loses
ls — mq edges; that is, exactly this number of its edge
functions takes the value zero. Thus, the number of
edge functions that have the value 1 is equal to

(ng —mq) — (lg —mg) = ngq — lg,

which is equal to the number of operational orphan
processors of the donor subsystem.

Let oq denote the corresponding Boolean vector
of the values of the edge functions of the model
Od(mg, ng). Then the number of ones in o4 is equal to
the number of orphan processors.

Let us construct a Boolean vector whose unit
components correspond to the processors of the
donor subsystem available for use in maintaining or
restoring the operability of the recipient subsystems.
Obviously, when the donor subsystem remains
operable, the number of such processors is equal to
the number of redundant processors, whereas in the
case of its failure it is equal to the number of orphan
Processors.

Let rq = (91, .-, gk,) denote the vector of the
values of the edge functions of the model Ry¢(mg, Na),
and o4 = (hy, ..., hy) the vector of the values of the
edge functions of the model Og(mq, Ng), Where k; and
ko are the numbers of edge functions in the
corresponding models. Let k = max(ki, ko).

Construct the vectors r = (ry,713,...,17%) and
0 = (04, 05, ...,0;) by extending the vectors ry and
0q¢ to length k with zero components, that is:

T_:{gi, 1<i<k,

Lo, ke <i<k,
{hi, 1<i<k,

0; = .

: 0, ko<i<k.

Since the extension is performed using zero
components, the number of ones in the vectors r and
rq, as well as in 0 and og, coincides.

Let us define the vector v = (vy, ..., V%), whose
components are given by the relation

v; = Kqti VKgq0;,i=1,.. k.
Then

V= {I‘, Kq = 1,
0, kq=0.

That is, if xg =1, the number of ones in v is
equal to the number of redundant processors,
whereas if kg = 0, it is equal to the number of orphan
processors. Thus, the number of ones in v is equal to
the number of processors of the donor subsystem

available for maintaining or restoring the operability
of the recipient subsystems.

Note. If xg=0 (i.e., la>mgq+ 1 and the donor
subsystem is in a failure state), then for the model
Ra(mg, ng) all edge functions take the value zero:
gi=0forall i=1, 2, ..., k. Accordingly, ri=0 for
all i=1,2,,...,k, and the expression for the
components of the vector v can be simplified to

v, =1;VKkqo;,i=1,..,k.

Proof. The model Ra(mg, ng) is defined as the
dual of the MLE-model K(my,ng), where
m§ = nq —mq + 1. Let Xq be the state vector of the
donor subsystem with Iy zero components, and
yq = X3 be its bitwise complement. Then the
number of zero components [ in yq is equal to the
number of ones in Xxq that is, I3 =ngq—Il4. If
la>mg+ 1, then l§=nd—ldSnd—(md+1)=
=nq —mgq—1. Moreover, it is obvious that
ng—mg—1<ng—mgq+1=myg Thus, for the
MLE-model K(mg,ng) on the vector yg the
condition 3 < mj holds, and according to (2) it
does not lose any edge; none of the edge functions
takes the value zero, that is, fi(yq) = 1 for all i.

By the definition of duality of edge functions,
we have f;*(xq) = fi(x}) = f;(yq). Therefore, from
fi(ya) = 1it follows that f;"(xq) = 0 for all i. m

It should be noted that the number of processors
of the donor subsystem that can be used to maintain
or restore the operability of the recipient subsystems
may be additionally limited by a specified value h.
In [44], it is proved that to implement such a
limitation it is sufficient to construct an auxiliary
GL-model L(h,t), where t is the number of
components of the vector v. As the model L, an
MLE-model of the form K(t—h + 1, t) is used. The
vector v, formed at the previous stage, is supplied as
the input to the model L(h,t). Let v’ denote the
vector of the values of its edge functions. Then the
number of ones in v’ is equal to the number of
processors available for use taking into account the
limitation h.

Thus, the vector v (or v’ when the limitation h
is introduced) formalizes the set of processors of the
donor subsystem available for use by other
subsystems. Subsequently, this vector is used to
construct GL-models of the recipient subsystems.

In particular, as shown in [44], in the case of a
single recipient subsystem containing n, processors
and tolerant to the failure of no more than m, of
them, the corresponding GL-model can be specified
as a basic model (in particular, an MLE-model) of
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the form Ki(m, + t, n, + t), where t is the number of
components of the vector v. The input vector for this
model is an extended state vector formed by
concatenating the state vector of the recipient
subsystem (i.e., the corresponding subset of
components of the overall system state vector) and
the vector v.

If there are several recipient subsystems and the
resources of the donor subsystem are used according
to the principle of sliding redundancy, the other one
method can be applied. According to this approach,
a set of N recipient subsystems is considered, each
of which contains n; processors and is tolerant to the
failure of no more than m; of them, where
j=1,2,...,N. For each subsystem, an auxiliary
MLE-model of the form K;(m; + 1, n;) is constructed.
Based on the values of the edge functions of these
models, Boolean vectors v; are formed that represent

the number of failed processors requiring
compensation.
Next, by concatenating the vectors v

i=1,2,...,N, and the vector v (which corresponds
to the state of the sliding redundancy processors), a
combined Boolean vector of length s is formed. This
vector is used as the input for a basic GL-model of
the form K(t, s), where t is the number of sliding
redundancy processors, i.e., the length of the vector
v. The model constructed in this way represents the
condition of simultaneous operability of all recipient
subsystems.

Thus, the proposed approach is not limited to
the construction of a GL-model of the donor
subsystem. In addition to this model, the method
involves the construction of auxiliary GL-models
that describe the sets of redundant and operational
(orphan) processors, as well as the formation of
extended state vectors based on their outputs. These
vectors serve as input data for constructing GL-
models of recipient subsystems or systems with
sliding redundancy. Therefore, the proposed method
defines a unified framework for constructing a class
of interrelated GL-models that together represent the
failure behavior of the overall system.

ALGORITHM FOR CONSTRUCTING A
GL-MODEL FOR DONOR-SUBSYSTEM

Based on the proposed method, the following
algorithm for constructing a GL-model of the donor
subsystem can be formulated.

1. Construction of the donor subsystem state
model. Construct the basic GL-model Kg(mg, ng) that

subsystem state) determined by this model as
Kq € {0,1}

2. Construction of the model for redundant
processors. Construct the auxiliary GL-model
Ra(mg, ng) corresponding to the case where the donor
subsystem remains operable and used to determine
the redundant processors. As Rq(mg, Ng), use the dual
model of the form K*(ng— mg + 1, ng). Compute the
vector of the wvalues of its edge functions
rq = (g1, - Giep)-

3. Construction of the model for orphan
processors. Construct the auxiliary GL-model
Od(mg, ng) corresponding to the case of failure of the
donor subsystem and used to determine the orphan
processors. As Og(mg, Ng), use the MLE-model of the
form K(mg + 1, ng). Compute the vector of the values
of its edge functions 04 = (hy, ..., hy, ).

4. Formation of the vector of available
processors. Let k =max(k, ko). Extend the vectors
r« and o4 with zero components to length Kk,
obtaining r = (14, ..., 1) and o = (0y, ..., 0). Form
the vector v = (vy,..,vx) using the formula
v; = Kqt; VKg0;, 1=1,2, ...,k where ri and o; are
the corresponding values of the edge functions of the
models Ry and Og (extended with zeros where
necessary). Note. Since ri=0 when xg=0 for all
i=1,2, ...k, as proved in the previous section, the
formula can be simplified to v; = r; V K 0;.

5. (Optional) Limiting the number of
available processors. If it is necessary to limit the
number of available processors to the value h,
construct the auxiliary GL-model L(h, k) as an MLE-
model of the form K(k — h + 1, k). Provide the vector
v as the input to the model L(h, k) and form the
vector v’ from the values of its edge functions. Use
v’ instead of v.

6. Further use of the result. Use the vector v
(or v') to construct the GL-model of the recipient
subsystem according to [44] or to form the state
vector of the sliding redundancy processors.

EXAMPLES AND EXPERIMENTAL RESULTS

Example 1. As an example, consider a system
consisting of two subsystems, hereafter referred to
as Subsystem 1l and Subsystem 2. Subsystem 1
contains ni; =6 processors and is tolerant to the
failure of no more than m; = 2 of them. Subsystem 2
contains n, =8 processors and is tolerant to the
failure of no more than m, = 3 processors (Fig. 1). It
is assumed that the resources of Subsystem 2 can be
used to maintain or restore the operability of
Subsystem 1: when Subsystem 2 remains operable —

describes the failure behavior of the donor through its redundant processors, and in the case of
subsystem. Denote the Boolean result (the 9 P '
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its failure through its operational orphan
processors. Thus, Subsystem 2 acts as the donor,
whereas Subsystem 1 is the recipient subsystem.
Next, the corresponding GL-models of the failure
behavior of both subsystems will be constructed.
The elements of the state vector corresponding
to the processors of Subsystem 1 will be denoted as
x1,x3,...,x%, and the elements corresponding to the
processors of Subsystem 2 as xZ, x3, ..., x3.

Subsystem 1
K1(2,6)

Subsystem 2
K>(3,8)

P dE O S
Pt P4

Fig. 1. FTMS from Example 1

Source: compiled by the authors

First, let us construct the MLE-model Kx(3, 8),
which describes the failure behavior of Subsystem 2.
Since n, = 8 and m, = 3, this model is constructed on
a cycle graph with n, — m, + 1 = 6 edges (Fig. 2). Its
edge functions have the form:
fE=x3vaxivaxix;
2 =xixivxivax;
f£=@vxs)(xixivaix2)(x3 vai) v
V xZxZixix;
2 =xixixixiv
v (x2 v x2) (x2x2 v x3x) (3 v x3);

f§ = x5V xg V xjxg;
& =x2x2VvxZvxi

The Boolean result obtained using the GL-
model Kx(3, 8), i.e., the state of Subsystem 2, will be
denoted as k, € {0,1}.

Next, let us construct a GL-model for
representing the redundant  processors  of
Subsystem 2 in the case where it remains operable.
According to the described method, this model
R2(3, 8) is defined as the dual of the MLE-model
K(nz -my + 1, nz) = K(G, 8) That iS,
R2(3, 8) = K'(6, 8). It is based on a cycle graph with
8-6+1=23 edges (Fig. 2), and its edge functions
have the form:

91 = xX{x5x3x5 A

A (x§x§ V(xEVxE(EEVa)v x%xé);

g2 = (xfx3 (xF VX)) v (xf V x3)x5x5) A
A(x2x2(x2 v x2) v (x2 v xZ)x2xl);

g3 = (xfxs v (xf Va3 (ef v xd) v xixg) A
A xExtxixs.

Next, let us construct a GL-model for
representing the orphan processors of Subsystem 2 in
the case of its failure. According to the proposed
approach, this model is defined as the basic MLE-
model of the form O(3, 8) = K(mz + 1, ny) = K(4, 8).
It is based on a cycle graph with 8 —4 + 1 =5 edges
(Fig. 2), and its edge functions have the form:

[ B B B B B B R

fE
fé 7
£ 3
fi

K2

A%

[xilxa]xifxixi[xelva[va]vs]vavs]

Fig. 2. GL-model of

X hs I
93 91
h
92

4 h,

hs

g
el Tl

\

fi
FTMS from Example 1

Source: compiled by the authors
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hy = x? Vx5 Vx2VxZ

hy= (@2 Vvxivxix?)(x?x5vxivxi)V
V xZx2xZxg;

hs = (xf v x3) (xfxf v x3xg) (xf Vi) v
v (x2 v x2)(x2x2 v x2x2)(x2 v x2);

hy = x2x2x2x2 v
V(x2vx2vx2xd)(xZx? vxZval);

hs = x2 VX2V x2 Vx3.

Let us calculate the values of the components of
the state vector of the reserve processors of
Subsystem 2. Since the numbers of edge functions in
the models R»(3, 8) and Ox(3, 8) are different, let us
take k = max(k:, ko) = max(3,5) =5 and extend the
shorter vector with zero components. Taking into
account the note proved above (for x; =0 we have
gi=0 for all i), the components of the vector
v = (v4, ..., Vx) are calculated using the simplified
formula

Vi = i Vﬁzhi,i = 1,...,](.

In this example, k = 5; therefore:
V1 = g1V Kzhy;
Uy = g2 V Kzhy;
V3 = g3 V Kzhs;
Uy = Kyhy;
Vg = E2h5.

At the final stage, let us form the extended
input vector for the GL-model of Subsystem 1 [44],
which has the form w=(x],..,x},vy,..,vs).
Since n1=6, m=2, and t=5 (the number of
components of the vector v), the corresponding basic
GL-model is defined as
Ki(my + t, ny + t) = Ky(7, 11). As the base model, we
use the MLE-model. According to (1), it is
constructed on a cycle graph with 11-7+1=5
edges (Fig. 2) and has the following edge functions:
fl=xtvxivaxivxivxivalv
V U1V,V30,4Vs;
fi= (x% VxivaxdVv(xivad)(xixiv xé)) A
A ((x% vx)(xdxi val)vxivalv xé) Y
V (v, Vv2) (010, V v3) (010,03 V 1,05) A
A (Vg V v5);
fi=0fvxivavaxixixi)a
A (Cef V) Cefxg v ag) v
V(xi Va)xdxi vai) A
ANogxdxivaivaival) v v, ves)A
A ((vy Vv3) (0105 V 13) V 1,05) A
A (V1V,V3V V4 V V5);
ff=0lvaxivad)a
A ((x% VaD(xdxival)v xixéxé) A

A (x%x%x% V(xi val)(xixiv x},)) A

ANOivaival) v, Vi, Vig Vo)A
A ((v1 V) (0v, VU3) Vo, Vvg);
fs = Cet V) (gag V xz) (g x5 V x32528) A
ALV (xixt V) VoV, Vs Vo, Vs,
Thus, the considered example demonstrates the
application of the proposed method for constructing
a GL-model of a system with a donor subsystem and
a recipient subsystem. The constructed vector v
makes it possible to formally account for the
processors of Subsystem 2 that are available to
maintain the operability of Subsystem 1, while the
extended model Ki(7, 11) integrates these resources
into the overall model of its failure behavior.
Example 2. As noted above, the number of
reserve processors used to maintain or restore the
operability of other subsystems may be additionally
limited. Let us consider the pair of subsystems from
Example 1 under the condition that no more than
h =4 processors of Subsystem 2 can participate in
restoring the operability of Subsystem 1 (Fig. 3).

Subsystem 1
K;(2,6)

5 8 8 |0 54 4 4
Pt | | SR

Fig. 3. FTMS from Example 2

Source: compiled by the authors

In this case, the GL-models Kx(3, 8), Ra(3, 8),
and O3(3,8), as well as the formulas for the
components of the vector v, ..., vs, coincide with
the corresponding models and formulas presented in
Example 1. To implement the limitation on the
number of reserve processors, let us construct the
auxiliary  GL-model L(h,t)=L(4,5), which
corresponds to the basic MLE-model
Kt-h+1,t)=K(5-4+1,5)=K(2,5). According
to (1), this model is constructed on a cycle graph
with 5-2+1=4 edges (Fig.4) and has the
following edge functions:
e1 = V1V Uy
e, = VU, V Ug3;
€3 = V1U,V3 V UyVUs;
ey =V, VUs.

Then the extended input vector for the GL-
model  of  Subsysteml has the form
w=(x},..,x} eq..,e,). Since ny =6, m; =2, and
h =4, the corresponding MLE-model is defined as
Ki(mi + h, ny + h) = Ky(6, 10). According to (1), this
model is constructed on a cycle graph with
10—-6+1=5 edges (Fig. 4) and has the following
edge functions:

Subsystem 2
K,(3,8)
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fé fF
fZ f3
ﬁlz
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[eilxafi]xilxs]xlen ea[es] ea]

[e1]ez]esed] fi
¢ v /
1

hs hy

91
h

h,

h3
@

\

f3

Fig. 4. GL-model of FTMS from Example 2

Source: compiled by the authors

f=xlvxivaxl Vx4 VXEVxieiesese,;
f2 =0 vxivaxivaixd)a
A ((x1 V) (xixi Va3 v VxS) %

vV (xg v 31)(x631 Vey)(xserer V eses)(e3 Vey);
=(ivalva)a

A ((x1 V) (xixi vaxi)v x4x5) A
ANogxdxivaival)vxtve vey)a
A ((xé Ve)(xie,vey) Vv e3e4) A
A(xkejey VesVey);

= (xf va3)dad vad) (el xdxd vagad) A
ANV v(xive Ve, Vese,)A
A ((xé Ve )(xges Vey) VeV 94);
fo=xtxaxixixtvaive ve,ves Ve,

Thus, the example illustrates the use of the
auxiliary GL-model L(h,t) to introduce the
limitation h and the corresponding construction of
the extended GL-model of the recipient subsystem.

Example 3. Consider a system consisting of
four subsystems (Fig.5). Subsystem 1 contains
n; = 8 processors and is tolerant to the failure of no
more than m; =3 of them. Subsystem 2 contains
np, = 7 processors and is tolerant to the failure of no
more than m;=2 of them. Subsystem 3 contains

ns = 7 processors and is tolerant to the failure of no
more than ms =3 of them. Subsystem 4 contains

ns =5 processors and is tolerant to the failure of no
more than m4 = 2 of them.

@

Subsystem 1
K1(3,8)

TELELELE
TELELELE

Subsystem 2
KZ (2!7)

TELELE
LR

Subsystem 3
KB (3!7)

TELELELE

&
TELELE

Fig. 5. FTMS from Example 3

Source: compiled by the authors

Subsystem 4
K4 (2, 5)

engute
TR

It is assumed that Subsystem 4 acts as the donor
for Subsystems 1-3: when it remains operable, its
redundant processors may be used, and in the case
of its failure, its operational orphan processors may
be used. The use of donor resources is organized
according to the principle of sliding redundancy. It is
required to construct a GL-model that represents the
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failure behavior of Subsystems 1-3 taking into
account the sliding redundancy of Subsystem 4.

The elements of the system state vector
corresponding to the processors of Subsystem 1 will
be denoted as x1, ..., x3; those corresponding to the
processors of Subsystem2 as xZ,..,x%; those
corresponding to the processors of Subsystem 3 as
x3,...,x3; and those corresponding to the processors
of Subsystem 4 as x7, ..., xz.

First, let us construct the MLE-model Ka(2, 5)
for Subsystem 4. According to (1), it is based on a
cycle graph with 5 — 2 + 1 = 4 edges (Fig. 6) and has
the following edge functions:
fii =x1Vx3;
fa = xix3 Vx5
fi = x{x3x3 V x4x3;

i =xivaxz
The Boolean result (the state of Subsystem 4)
determined using the model K4(2, 5) will be denoted
ask, € {0,1}.

Next, let us construct the model Ra(2, 5) for
representing the redundant  processors  of
Subsystem 4 in the case where it remains operable.
According to the described method, this model is

e e e I e e e Y S S B B B B B

13

2 7 3 £
£ 17 2 73
fF
ARG R, R IEEA|

\,

defined as the dual of the MLE-model K(4, 5), that
is, Ra(2, 5) = K*(4, 5). The model is based on a cycle
graph with 5—-4 + 1 =2 edges (Fig. 6) and has the
following edge functions:

g1 = x1x3x3 (xg V x5);

g2 = (xixg v (o v x3)xg)xgad.

Let us also construct the model O4(2,5) for
representing the operational orphan processors of
Subsystem 4 in the case of its failure. According to
the described approach, this model is defined as the
basic MLE-model of the form K(3, 5). It is based on
a cycle graph with 53+ 1 =23 edges (Fig. 6) and
has the following edge functions:
hy = x{ Vx5 Vx3;
hy = (xf vV x3)(xfx5 V x3) V xixs;
hs = x{x3x5 Vx5 V xs.

Now let us determine the values of the

components of the state vector of the sliding
redundancy processors v = (vq, V5, V3), taking into
account that k =max(k, ko) = max(2, 3) = 3. Since
ke = 2 <k, we set g; = 0. We obtain:

V; = g1V Kqahy;

Uy = g2 V Kyhy;

K4

N
TT——[

|f11|f21|f31|f41|f51|f12|f22|f32|f42|f52|f13|f23|f33|f43|V1|172|V3|

fo

f2

fa

fs

fo
Fig. 6. GL-model of FTMS from Example 3

Source: compiled by the authors
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Next  for  the  recipient  subsystems
(Subsystems 1-3) let us construct auxiliary MLE-
models of the form K;(m; + 1,n;). The values of
their edge functions will be used to form Boolean
vectors characterizing the need of each subsystem
for  failure  compensation through sliding
redundancy.

Subsystem 1. Since n1=8 and m;=3, the
corresponding auxiliary MLE-model has the form
K{(4,8). According to (1), it is based on a cycle
graph with 8 —4 + 1 =5 edges (Fig. 6) and has the
following edge functions:
ft=xlvalvaxlval;
fr=@ivalvaix)ixg vaival)v
V xaxiaixd;
fi=0@iva)odxadvaix)dval) v
V (xg Vag)(xdxt v arxd)(x3 v xd);
fi = xbxdxdxd v
V(x Vi Vaxrxg)(xaxt vaxsvaxd);
f&=xtvxtvaxivaxs.

Subsystem 2. Since n,=7 and m;=2, the
corresponding auxiliary MLE-model has the form
K;(3,7). It is based on a cycle graph with
7-3+1=5 edges (Fig. 6) and has the following
edge functions:

2 =x? Vx5 Vxsx:;
7 = x%x5 Vx5 Vx5

? = (xf vxd)(x?xs vaixi)(x5 v xs) v xixixd;
17 = xpxgadag v (x3 v ) (x3xd v x3);
& =x2vxtvaxz

Subsystem 3. Since nz;=7 and mz=3, the
corresponding auxiliary MLE-model has the form
K3(4,7). It is based on a cycle graph with
7—-4+1=4 edges (Fig. 6) and has the following
edge functions:

B=x3vadvadvas;

f2 =03 vag vadad)(xfxg vad vai) v
V x3x3x3;

f3 =03 va3) (gl v x§a) (xf v a) v
v (2 v x3) (xdxd v d);

2 =x3x3x3x3 vadvadvad,

Let us form the Boolean vector w =
= (fl) o fs ) fL0 s [E fi1 o) fi2, V1,02, v3), Which
consists of the values of the edge functions of the
auxiliary models K;(4,8), K;(3,7), K5(4,7), and the
components of the vector v, which represents the
states of the sliding redundancy processors.

Next, let us construct the basic MLE-model
K(3, 17), which corresponds to the condition of
simultaneous operability of Subsystems 1-3 taking
into account the sliding redundancy of Subsystem 4.

According to (1), this model is based on a cycle
graph with 17 — 3 + 1 = 15 edges (Fig. 6) and has the
following edge functions:
A=fAVEVS
fo=UT VL VVLfS
fs=fAffs VY[
fo= (VDL VLV A A
NV DV RS
fs = L2 f3fifa vV RV SESEV FF A A
A(fEV )
fo =fEV 2V
fr =RV VI
fo= VALV LV A
NV DSV RV ) A
NN DSV DV 213 f2vivavs;
fo= AL REV (fsz v f13) A
A (f52f13 Vf23f33)(f23 V3 A
A (f52f13f23f33 Vf43771772773)(f43 V) A
A (fv1 V vavs) (0, V vs);
fio=FVREVES
fu=rKREVEVS;
fiz = (fs2 Vf13)(f52f13 sz3f33)(fz3 VIV
V fv1v,vs;
fis=fEAGEREV
V(7 Vo) (fivy vV v,v) (v, v vs);
fia = f£ V1 Vvvs;
fis = fPvi Vv, Vs

Thus, the example illustrates the construction of
a GL-model for a system with multiple recipient
subsystems and sliding redundancy, where the state
of the donor subsystem and the need of the
subsystems for failure compensation are integrated
into a single model K(3, 17).

DISCUSSION OF RESULTS

To validate the correctness of the proposed
method, a series of computational experiments were
conducted using the GL-models constructed in the
presented examples, as well as other models
obtained for systems with different parameters
(including variations in the number of processors,
fault-tolerance levels, and configurations of inter-
subsystem redundancy).

For each generated state vector, the output of
the corresponding GL-model (i.e., the connectivity
of the model graph) was compared with the expected
operability state of the system, determined
independently based on its formal definition. This
comparison made it possible to verify the
correctness of the constructed models over a wide
range of input conditions.
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The experiments were implemented
programmatically, allowing automated evaluation
over large sets of state vectors, including both
randomly generated vectors and, in some cases,
exhaustive enumeration of all possible states. The
obtained results confirmed that the GL-models
constructed using the proposed method correctly
represent the failure behavior of the considered
systems.

As an illustration of the described experimental
procedure, let us consider the system from
Example 1. Suppose that the 2" 3 and 5"
processors of Subsystem 1, as well as the 2" and 7™
processors of Subsystem 2, have failed. Then the
system state vector has the form
x =10010110111101.

In this situation, since m; =2, Subsystem 1
lacks one processor to restore operability. At the
same time, since my=3, Subsystem?2 remains
operable and contains one redundant processor.
Thus, Subsystem 2 can act as a donor by providing
the resources of one of its processors to Subsystem 1,
which acts as the recipient subsystem, and this is
sufficient to restore its operability.

Now let us consider the behavior of the
constructed GL-models for this vector. All edge
functions of the model Kx(3, 8) take the value one;
therefore, x>, = 1. Among the edge functions of the
model Rz(3, 8), only the function g takes the value
one. At the same time, in the model O(3, 8) all edge
functions take the value one.

Thus, v =01000. The corresponding extended
vector has the form w =10010101000. For this
vector, in the model Ki(7, 11) all edge functions
except f; take the value one. At the same time, the
graph of the model remains connected, which
corresponds to the operable state of Subsystem 1.

If the system state vector has the form
x = 01100000101100, that is, only the 2" and 3"
processors of Subsystem 1 and the 3, 5" and 6™
processors of Subsystem 2 remain operational, then
Subsystem 1 requires two additional processors to
restore operability. At the same time, Subsystem 2 is
failed, but it contains three orphan processors that
can be used to restore the operability of Subsystem 1.

For the specified vector x, three edge functions
of the model K»(3, 8) take the value zero, namely fZ,
fZ, and f2. Accordingly, x> = 0. All edge functions
of the model R»(3, 8) also take the value zero, which
is consistent with the statement proved above. In the
model O»(3, 8), two edge functions — h, and h; —
take the value zero.

Thus, v=10011, and w =01100010011. For
this vector, in the model K1(7, 11) all edge functions
take the value one, and the graph of this model
remains connected, which, as expected, corresponds
to the operable state of Subsystem 1.

Finally, let us consider the case where in
Subsystem 1 the 1%, 2" 4" and 6™ processors are
failed, and in Subsystem 2 the 2" and 8" processors
are failed; that is, the system state vector has the
form x = 00101010111110. In this case, Subsystem 1
requires two processors to restore operability,
whereas Subsystem 2 remains operable and contains
only one redundant processor, which is insufficient
to restore the operability of Subsystem 1.

For this vector x, all edge functions of the
model K(3, 8) take the value one; its graph remains
connected, and therefore x, =1. Among the edge
functions of the model R2(3, 8), only the function g
takes the value one. At the same time, all edge
functions of the model O(3, 8) also take the value
one.

Thus, v =01000, and w =00101001000. For
this vector, two edge functions of the model
Ki(7, 11), namely f3 and f;, take the value zero. As
a result, the cycle graph of this model loses
connectivity, which corresponds to the failure of
Subsystem 1.

The considered scenarios show that the
constructed GL-models correctly represent the
behavior of the system under different combinations
of processor failures. In particular, the models
adequately account for the use of both the redundant
processors of the donor subsystem when it remains
operable and the orphan processors when it fails, as
well as situations in which the available resources
are insufficient to compensate for the failures of the
recipient subsystem. The obtained results are
consistent with the expected logic of system
operation and confirm the applicability of the
proposed approach for modeling fault-tolerant
multiprocessor  systems  with  inter-subsystem
redundancy. In addition, the results obtained using
the GL-models correspond to analytical estimates of
the number of failures that can be compensated by
the resources of the donor subsystem.

It is also advisable to compare the complexity
of the expressions of the edge functions of the GL-
models obtained using the proposed method with
those of GL-models constructed by known methods.
As noted above, previously developed methods did
not cover cases of fault-tolerant multiprocessor
systems with such complex behavior. Therefore, for
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comparison, we use a certain basic GL-model,
without considering that, according to known
methods, it would subsequently require additional
modification. Such modifications typically increase
the complexity of the corresponding model.

Thus, in Example 1 and Example 2, the two
subsystems together containn=n1+n, =6+ 8 =14
processors and, in the best case, are tolerant to the
failure of m=m+m.=2+3=5 of them.
Therefore, the MLE-model K(m, n) =K(5, 14) can
be considered as the basic model.

Tablel presents a comparison of the
complexity of the expressions of the edge functions
of the GL-models constructed in Example 1 and
Example 2, as well as the basic MLE-model
K(5, 14). As can be seen from the table, the
complexity of the GL-models constructed using the
method proposed in this work is at least comparable
with the complexity of the corresponding basic
MLE-model (which, according to previously known
approaches, would still require further modification).
This indicates that the proposed method makes it
possible to describe complex schemes of inter-
subsystem redundancy without a significant increase
in the complexity of the GL-model.

CONCLUSIONS

The paper proposes a generalized method and
algorithm for constructing GL-models for fault-
tolerant multiprocessor systems containing donor
and recipient subsystems. Unlike previously
proposed methods, this approach takes into account
the possibility of using the processors of the donor
subsystem both when it remains operable and when
it fails.

The proposed approach can be used as a basis
for constructing GL-models for fault-tolerant
multiprocessor systems with complex behavior and
can be combined with other known approaches to
constructing  GL-models. In  particular, the
possibility of combining it with the approach that

allows modeling fault-tolerant  multiprocessor
systems  employing sliding redundancy s
demonstrated.

Experiments have been conducted and

examples have been presented that further confirm
the correctness of the GL-models constructed using
the proposed method. It is also shown that the
complexity of the expressions of the edge functions
of these models is comparable to the complexity of
the expressions of the edge functions of the

Table 1. Number of logical operations in the edge-  corresponding  basic  model, which  would
function expressions of the GL-models for subsequently require additional modification.
Examples 1, 2 and basic GL-model K(5, 14) The paper considers subsystems whose
Model Disj. | Conj. | Inv. | Binary | Total behavior corresponds to that of basic systems. At the

ops. ops. same time, the proposed approach opens up
possibilities for modeling subsystems with more
Example1 | 124 | 124 | 5 248 | 253 | complex failure behavior. This constitutes one of the

promising directions for further research.
Example 2 | 109 | 114 5 223 228 Another promising direction for further
Basic research is the search for ways to optimize the
K, 14) | 10| 128 | 0 | 238 | 238 | computation of the edge functions of the models. In
Source: compiled by the authors particular, this can be achieved by reusing the values
of parts of the expressions of the edge functions

across different auxiliary models.
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AHOTANIA

AxTyanbHicTh. OLiHKA TOKa3HUKIB HaAiHHOCTI BIIMOBOCTIHKNX 0araTorponecopHUX CHCTEM € BOXKIIHBOO 33aJauero, 30KpeMa
i yac iX aHajiizy ta npoekTyBaHHs. st 11 po3B’s3aHHS MOXYTh BHKOpHCTOBYyBarthcs GL-Mojzesnti MOBEIHKM CHCTEM Yy MOTOL
BigMOB. [IpH 1IbOMY IU1s CHCTEM i3 MIXKITIZICHCTEMHUM pe3epBYBaHHAM TaKi MOJIENIi TOBUHHI BPaXOBYBAaTH MOXIINBICTh BUKOPHCTAHHS
MPOLIECOPIB MiJCUCTEMHU-TOHOPA SIK Y pOOOTO3IaTHOMY CTaHi i€l MiJICHCTEMH, TaK 1 MiCJsl BTpaTH HEl0 poOoTo3AaTHOCTI. IcHyroui
miaxomu He 3a0e3MedyloTh MOBHOTO BpaxyBaHHS TakMX PeXuMiB (yHKIioHyBaHHA. MeTa crtarri. Po3poOneHHs y3araabHEHOro
Merony nooOynoBu GL-mozenell MOBEIiHKM B TMOTOLI BiJMOB BiJMOBOCTIMKHX 0araronpoLEeCOPHUX CHCTEM i3 MDKITIICHCTEMHUM
pesepByBaHHsM. 3aBaanus. PopmanizyBari npuHIUNM noOynoBu GL-Monenell mifcuCTEeMH-IOHOpa 3 ypaxyBaHHSAM pi3HHX
PEXMMIB BUKOPHCTaHHS 1i TporiecopiB, po3poOHTH aaropuTM peartialii 3apoHoHOBAaHOTO METOY Ta IMPOBECTH EKCIIEPUMEHTAIIbHY
NepeBipKy KOpEeKTHOCTI moOynoBaHux Mozxeneil. Meroau. Buxopucrano amapar GL-moneneif, meromu mnoOynoBu 0a30BHX i
nonoMikuux GL-Mozeneit, popMyBaHHsI pO3IIMPEHNUX BEKTOPIB CTaHy Ta aHai3y 3B’s3HOCTI rpadiB Moneneil. HaykoBa HoBH3HA.
3amporoHoBaHO  y3arajbHeHuit Meron mnoOymoBu GL-momeneit s BigMOBOCTiHKMX —0araronmpolieCOpHHX —CHCTEM i3
MIDXKITIICHCTEMHIM BHKOPUCTAHHSIM PE3ePBHUX IPOLIECOPIB, SKMW, HAa BiIMiHY BiJl BiIOMHX IiJXOMiB, BPaxOBY€ MOXKJIHMBICTb
BHUKOPHCTAHHS TPOLIECOPIB MiJCUCTEMHU-TIOHOPA SIK Y pa3i 30epexeHHs 11 poO0TO31aTHOCTI, TaK i Micist BTPaTH HEl0 poOOTO3AaTHOCTI,
KOJIX pOOOTO3[aTHI TPOLIECOPU MiJCUCTEMHU MOXKYTh BHKOPUCTOBYBATHCS Ul HiATPUMaHHs iHmMX migcucreM. [IpakTuyna
3HAYMMIiCTh. 3alpoNOHOBAaHMI METON MOXE BHKOpPHCTOBYBaTtucs i moOynoBu GL-moneneit ckiaagHuxX —BiIMOBOCTIHKHX
0ararornpoLecopHuX CUCTEM Ta MONAJBIIOI OL[HKK iX IMOKa3HUKIB HafiiHocTi. Pedyabrarm. Po3pobieHo meron i anroputm
nooynoBu GL-Mozenell cucrteM i3 MIKITIACHCTEMHHM pe3epBYBaHHSIM. 3alpONOHOBAHMI MiJgXiJ TIPYHTYETbCS Ha IMOOYIOBI
JOMOMDKHUX MOJeJIel, [0 ONUCYIOTh HAaOOpH Pe3epBHHX 1 POOOTO3MATHHX IPOLIECOPIB MiACHCTEMH-IOHOPa, Ta (OpMyBaHHI
PO3LIMPEHUX BEKTOPIiB CTaHy Uisi MOOYIOBH MOJEJEH MiCHCTEM-PEIMIIE€HTIB. PO3MIsAHYTO XapakTepHi NPUKIAIH Uil CHCTEM 3
00MEKEHHSIM KUIBKOCTI PEe3ePBHHX PECypCiB i cHCTeM i3 KOB3HHUM pe3epBYBaHH;IM. [IpoBeleHi eKCliepHMEHTAlIbHI TOCHIHKESHHS
MiATBEPIMIN KOPEKTHICTh Mo0OynoBaHUX Mozeneil. [lokazaHo, 1110 CKIIaAHICTh BUpa3iB pebepHux GyHKiii orpumanux GL-Moneneit e
3iCTABHOIO 3i CKJIAHICTIO BIIMOBIAHUX 0a30BHX MOJEIEH 3 CKBIBAJCHTHUMU MMapaMeTpPaMH BiIMOBOCTiHKOCTi. BHCHOBKH.
3amporoHoBaHuid MeTon 3abesnedye (opManbHHA OMUC MiKIiJCHCTEMHOro pesepByBaHHs B GL-momensix ta Moxe Oyt
IHTErPOBAHUIA 3 IHIIMMH MiAXOAaMH [0 MOOYIOBH MOJejell IOBEAIHKH BiJIMOBOCTIHKHX 0araronpoleCOPHHX CHCTEM Y MOTOL
BiMOB. Pe3ynbraTu ekcriepuMeHTAIbHUX JOCIIHKEHb MiATBEPKYIOTh KOPEKTHICTh METOLY Ta MOLLIbHICTh HOro 3aCTOCYBaHHS B
MpOLIEeCi aHai3y i NPOEKTYBaHHS CKJIQJHUX BiIMOBOCTIMKHX 0OararonporieCOpHUX CUCTEM.

Knrouosi cnosa: BinMoBocTiiiki Gararomnponecopti cucremu; GL-Mozeri; MixmicCHCTeMHe pe3epByBaHHS; aHAI3 HaAiiHOCTI;
MOBE/[iHKa B MOTOIIi Bi]MOB; pe3epBHi pecypcu
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