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ABSTRACT 

The work is devoted to the problem of constructing GL-models of behavior in the fault flow of non-basic fault-tolerant 

multiprocessor systems. We consider systems that are fault-tolerant to any one failure, and under a certain condition – to any two 

failures of their processors. It is assumed that this condition is satisfied by a Boolean expression that depends on the states of the 

system's processors. To build models of such systems, we use the previously proposed method based on combining the expressions of 

the edge functions of auxiliary basic GL-models corresponding to 1- and 2-fault-tolerant systems. Two alternative ways of constructing 

auxiliary K(2, n) models are considered. It is shown that the obtained GL-models are based on the same cyclic graphs and differ only in 

the expressions of their edge functions. The complexity of the expressions of the edge functions of the obtained models is analyzed for 

the cases of using auxiliary GL-models of each type. The formulas for estimating the complexity of these expressions (the number of 

elementary logical operations) depending on the number of processors in the system, in particular, for cases when this number is a 

power of two, are obtained. Also, for the case of using one of the auxiliary models, the possibility of further simplification of the 

expressions of some of the edge functions is revealed. It is determined in which cases, namely, for what number of system processors, 

it is advisable to use auxiliary models of one or another type. Experiments confirm that the GL-models constructed in the above way 

adequately reflect the behavior of the system. Examples are given that demonstrate the application of the considered method of 

constructing non-basic GL-models and confirm the correctness of estimation the complexity of expressions of their edge functions 

when using auxiliary models of various types. It has also been shown that further simplification of the expressions for the edge 

functions in GL-models under construction is possible, particularly by reordering the edges in auxiliary models. However, this 

possibility has not been investigated in the general case within this article. 
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INTRODUCTION 

Automation of various processes and systems 

has become increasingly common, especially in 

recent decades. The control of such facilities is 

partially or fully relied on specialized control systems 

(CS) [1, 2]. This minimizes the influence of the 

human factor and thus avoids a number of 

limitations, in particular with regard to the speed and 

accuracy of decision-making. 

The control system receives data from various 

sensors and produces control signals in accordance 

with a specialized program. The incorrect operation  

 
 

© Romankevich V., Morozov K., Romankevich  A., 

    Halytsky D., Zhurba A., 2025 

of the CS can obviously lead to the incorrect 

operation of the system as a whole, which can have 

negative consequences. Thus, the CS of some 

systems and facilities may be subject to increased 

reliability requirements. This is especially relevant to 

the so-called critical application systems (CAS) 

[3, 4], [5] the failure of which can lead to significant 

material damage, threaten human health or life, etc. 

(e.g., railway, aviation, space transport, military 

equipment, power plants, complex production 

facilities, etc.). It is also worth noting that often, CAS 

control programs are quite complex, requiring high 

performance from their CS. 

Taking into account the above factors, it is 

advisable to build control systems for CAS on the  
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contain a certain number basis of so-called fault-

tolerant multiprocessor systems (FTMS), which, as 

their name implies, (more than one) of processor 

elements and remain operational even in the event of 

failure of some of them [6, 7], [8, 9], [10, 11], [12]. 

Sooner or later, the developer of a FTMS 

(especially if it is a CS CAS) faces the task of 

calculating its reliability parameters, for example, 

the probability of failure [13, 14], [15, 16]. Given 

that such FTMS may have quite complex structure, 

this can be a difficult task [17, 18], [19]. 

It is worth noting that fault-tolerant 

multiprocessor systems can be divided into basic and 

non-basic systems. A basic system contains n 

processors and is resilient to the failure of no more 

than m of them (such a system is denoted K(m, n)). 

A non-basic system may be resistant to a certain set 

of failures of a certain multiplicity, but unstable to 

other failures of the same multiplicity. 

LITERATURE REVIEW 

In general, we can distinguish 2 groups of 

methods for calculating the reliability parameters of 

FTMS. The methods of the first group are reduced to 

the formation of some analytical expressions for 

calculating these parameters. Their advantage is 

usually the accuracy and speed of calculations, but 

the disadvantage is non-universality. Often, new 

calculation methods have to be created for each type 

of system [20, 21], [22]. Therefore, they are 

convenient to use for special types of systems, 

especially if they can be parameterized by a small 

number of parameters. Such systems include, in 

particular, basic systems such as k-out-of-n [23, 24], 

[25, 26], and some non-basic systems such as k-to-l-

out-of-n [26], consecutive k-out-of-n [27, 28], 

[29, 30], [31, 32], [33, 34], consecutive k-within-m-

out-of-n [35, 36], [37], consecutive k-out-of-r-from-

n [38, 39], [40] m-consecutive-k-out-of-n [41, 42], 

[43], (n, f, k) [44, 45], [46], <n, f, k> [44, 45], 

consecutive-(k, l)-out-of-n [47], m-consecutive-k,l-

out-of-n [48, 49], [50], (r, s)-out-of-(m, n) [51, 52], 

[53], consecutive-kr-out-of-nr [54] etc. 

The methods of the second group are based on 

statistical experiments with models of the behavior 

of the FTMS in the failure stream. Such a model 

takes as input a Boolean vector of the system state, 

each element of which characterizes the state 

(operable/failed) of the corresponding processor and 

returns the state of the system as a whole 

(operable/failed) [55]. As a result of a series of 

experiments with random vectors, it is possible to 

calculate the system's reliability parameters with 

some accuracy (which generally depends on the 

number of experiments conducted). The advantage 

of these methods is their versatility (it is enough to 

build a model of system behavior in the failure 

stream), and the disadvantage is usually higher 

complexity and lower accuracy of calculations. 

GL-MODELS 

It is convenient to use the so-called GL-models 

[56, 57], which combine the properties of graphs and 

Boolean functions, as models of the behavior of 

FTMS in the failure flow. A GL-model is an 

undirected graph, each edge of which corresponds to 

a Boolean function that depends on the elements of 

the Boolean vector of the system state (all or only 

some). If the function takes a zero value on a certain 

vector, the corresponding edge is excluded from the 

graph. The connectivity of the graph corresponds to 

the system's operability (for the processor states 

corresponding to the vector under consideration): a 

connected graph means the system is operational, an 

unconnected graph means the system has failed. 

There are different ways to build GL-models. 

For example, in [58], a method for constructing 

models of basic K(2, n) systems is proposed. Such a 

model is based on a cyclic graph with n edges and 

contains edge functions of the form 

𝑓𝑖 = 𝑥𝑖⋁ ⋀ 𝑥(𝑖+𝑗) mod 𝑛

⌊
𝑛−1
2
⌋

𝑗=1

, 

where xi is i-th element of the system state vector. 

In turn, [59] proposes a more universal method 

for constructing GL-models that can be applied to 

any basic system of the form K(m, n), where 

1 ≤ m ≤ n. According to this method, the GL-model 

of the K(m, n) system is based on a cyclic graph with 

exactly 𝜑 = 𝑛 −𝑚 + 1 edges. The edge functions 

of such a model are constructed by dividing the 

input vector into two parts (in general, in an arbitrary 

way) and constructing auxiliary GL-models for them 

(GL-models of the basic systems are also denoted 

K(m, n) and called basic). The set of edge functions 

of the GL-model K(m, n) thus consists of the 

following subsets. 

1. The set of edge functions of the auxiliary 

model K1(m, n1), built for the first part of the input 

vector. 

2. The set of edge functions of the form 

𝑓𝑗 = 𝜅1(𝑚 − 𝑖, 𝑛1)⋁𝜅2(𝑖, 𝑛2), 

for i = 1, 2, …, m – 1, where 
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𝜅1(𝑚 − 𝑖, 𝑛1) = ⋀ 𝑓(1)

𝑓(1)∈Φ(𝐾1(𝑚−𝑖,𝑛1))

, 

𝜅2(𝑖, 𝑛2) = ⋀ 𝑓(2)

𝑓(2)∈Φ(𝐾2(𝑖,𝑛2))

, 

where 𝛷(𝐾1(𝑚 − 𝑖, 𝑛1)) is the set of edge functions 

of the auxiliary model K1(m – i, n1), built for the first 

part of the input vector, and 𝛷(𝐾2(𝑖, 𝑛2)) is the set 

of edge functions of the auxiliary model K2(i, n2), 

built for the first part of the input vector.the set of 

edge functions of the auxiliary model K2(m, n2), built 

for the second part of the input vector. 

Such a process of separation can continue for 

the auxiliary models until the models of the form 

K(1, n) or K(n, n), the shape of the edge function for 

which is known. Thus, the model K(1, n) contains 

exactly n edge functions of the form 𝑓𝑖 = 𝑥𝑖, and 

model K(n, n) contains only one edge function of the 

form 𝑓 = 𝑥1⋁𝑥2⋁…⋁𝑥𝑛. If certain auxiliary 

models of the form K(m, n) can not be constructed in 

principle, for example, in the case of  m > n,  the 

corresponding edge functions are excluded from the 

resulting set. 

The construction of GL-models of non-basic 

systems (i.e., non-basic models) can be performed 

by modifying certain auxiliary basic models. Thus, 

in [60], a method for constructing a non-basic 

system with n processors, which, depending on the 

occurrence of conditions represented by Boolean 

expressions  c1, c2, …, ck,  is resistant to any failures 

of multiplicities not exceeding m1, m2, …, mk 

respectively. To do this, it is necessary to construct 

auxiliary GL-models K(mi, n) for i = 1, 2, …, k, 

based on cyclic graphs (for example, by the methods 

described in [58, 59]), after which the edge functions 

of the resulting model (also based on a cyclic graph) 

are constructed according to the expressions of the 

form: 

 𝑓𝑖 = 𝑐1𝑓𝑖
(1) ∨ 𝑐2𝑓𝑖

(2) ∨ …∨ 𝑐𝑘𝑓𝑖
(𝑘), (1) 

where 𝑓𝑖
(𝑗)

 is i-th edge function of the j-th auxiliary 

GL‑model. 

In addition, GL-models, both basic and non-

basic, can be used as auxiliary models for building 

models of more complex systems, for example, 

hierarchical systems consisting of several 

subsystems [61, 62]. It is also worth mentioning that 

the accuracy of calculating the reliability parameters 

of a FTMS using GL-models depends on the number 

of statistical experiments performed. Thus, reducing 

the complexity of conducting one experiment with 

the model allows to increase the accuracy of 

estimating the reliability parameters of FTMS while 

maintaining the overall complexity of calculations. 

PROBLEM FORMULATION 

In some cases, a FTMS (or its subsystem) may 

have a small degree of fault tolerance, in the 

simplest case equal to 1. However, the reliability of 

such a system may be insufficient, and therefore the 

developer may increase its degree of fault tolerance, 

for example, to the value of 2, but only for some 

situations (when available excess resources allow it). 

Thus, depending on the fulfilment of a certain 

condition, the system will be 1- or 2-fault-tolerant 

(we call it 1-/2-fault-tolerant). To build a GL-model 

of such a system, one can use the method described 

in [60], using, as suggested in [60], the K(1, n) and 

K(2, n) models built in accordance with [59] as 

auxiliary models. However, the method also allows 

the use of other GL-models that are also based on 

cyclic graphs, in particular, those described in [58]. 

It is useful for the developer of the FTMS to 

understand which of the approaches is appropriate in 

a particular case and what properties the resulting 

model will have. 

Thus, it is relevant to investigate the properties 

(in particular, the complexity of expressions of their 

edge functions) of GL-models of non-basic 1-/2-

fault-tolerant multiprocessor systems built according 

to [60] using as auxiliary models built according to 

[58] and [59]. 

MODELS OF SYSTEMS TOLERANT TO  

ONE AND TWO FAILURES 

The auxiliary models in the construction of a 

GL-model of a 1-/2-fault-tolerant n-processor 

system in accordance with [60] are the K(1, n) and 

K(2, n). We will also assume that the situation when 

the system is 2-fault-tolerant corresponds to the 

Boolean expression c, i.e., when c = 1, the system is 

2-fault-tolerant, and when c = 0, it is 1-fault-tolerant. 

The K(1, n) model will be built according to [59], 

and it will be based on a cyclic graph with n edges 

and trivial edge functions of the form 𝑓𝑖
(1) = 𝑥𝑖. The 

model K(2, n) can be constructed both according to 

[58] and [59]. 

Consider the case of building the K(2, n) model 

according to [58]. Like the K(1, n) model, it is based 

on a cyclic graph with n edges and edge functions of 

the form 
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𝑓𝑖
(2)
= 𝑥𝑖⋁ ⋀ 𝑥(𝑖+𝑗) mod 𝑛

⌊
𝑛−1
2
⌋

𝑗=1

. 

The edge functions of the GL-model of a 1-/2-

fault-tolerant n-processor system according to [60], 

considering 𝑐1 ≡ 𝑐̅ and 𝑐2 ≡ 𝑐, will look like this: 

𝑓𝑖 = 𝑐1𝑓𝑖
(1)
∨ 𝑐2𝑓𝑖

(2)
= 

= 𝑐̅𝑥𝑖 ∨ 𝑐

(

 
 
𝑥𝑖⋁ ⋀ 𝑥(𝑖+𝑗) mod 𝑛

⌊
𝑛−1
2
⌋

𝑗=1

)

 
 
= 

= 𝑐̅𝑥𝑖 ∨ 𝑐𝑥𝑖 ∨ 𝑐 ⋀ 𝑥(𝑖+𝑗) mod 𝑛

⌊
𝑛−1
2
⌋

𝑗=1

= 

= 𝑥𝑖⋁𝑐 ⋀ 𝑥(𝑖+𝑗) mod 𝑛

⌊
𝑛−1
2
⌋

𝑗=1

. 

Thus, the model will be based on a cyclic graph 

with n edges and edge functions of a fairly simple 

form. Note that the value of the expression c for a 

given vector can be calculated once (for all edge 

functions). Thus, it is easy to see that the complexity 

of calculating the value of any edge function of the 

resulting GL-model (excluding the complexity of 

calculating the value of the expression c) will be 1 

disjunction and ⌊
𝑛−1

2
⌋ conjunctions, or in general 

⌊
𝑛−1

2
⌋ + 1 an elementary logical operation. Given 

that the model contains exactly n edge functions, the 

complexity of calculating the values of all its edge 

functions (excluding the complexity of calculating 

the value of expression c) will be n disjunctions and 

𝑛 ∙ ⌊
𝑛−1

2
⌋ conjunctions or 𝑛 ∙ (⌊

𝑛−1

2
⌋ + 1) elementary 

logical operations. 

The construction of the edge functions of the 

model K(2, n) according to [59] is carried out 

according to the iterative scheme described above. 

Let us estimate the complexity of the expressions of 

the edge functions of the K(2, n) model constructed 

in accordance with [59].To simplify this evaluation, 

we assume that 𝑛 = 2𝑡 and that the input vector is 

always divided exactly in half in the auxiliary 

models.  The complexity of expressions of edge 

functions will be represented as a vector (𝑛𝑐  𝑛𝑑), 
where nc – is the number of conjunctions, and nd – is 

the number of disjunctions.  

According to the above iterative scheme, the set 

of edge functions of the model K(2, 2t) consists of 

the following subsets. 

1. The set of edge functions of the auxiliary 

model K1(2, 2t – 1), constructed for the first half of the 

input vector. 

2. A single edge function of the form 

𝑓 = 𝜅1(1,2
𝑡−1)⋁𝜅2(1,2

𝑡−1), 

where 

𝜅1(1,2
𝑡−1) = ⋀ 𝑓(1)

𝑓(1)∈Φ(𝐾1(1,2𝑡−1))

, 

𝜅2(1,2
𝑡−1) = ⋀ 𝑓(2)

𝑓(2)∈Φ(𝐾2(1,2𝑡−1))

, 

where 𝛷(𝐾1(1,2
𝑡−1)) is the set of edge functions of 

the auxiliary model K1(1, 2t – 1), constructed for the 

first half of the input vector., and 𝛷(𝐾2(1,2
𝑡−1)) is 

the set of edge functions of the auxiliary model 

K2(1, 2t – 1), constructed for the second half of the 

input vector. Thus (taking into account the form of 

the edge functions of the K(1, n), models, as 

described above), the above function has the form: 

𝑓 = ⋀𝑥𝑖

2𝑡−1

𝑖=1

∨⋀𝑥𝑗+2𝑡−1

2𝑡−1

𝑗=1

 

3. The set of edge functions of the auxiliary 

model K2(2, 2t – 1), constructed for the second half of 

the input vector. 

We denote the complexity of the edge function 

from paragraph 2 as 𝛽(𝑛). It is easy to see that 

 
𝛽(𝑛) = 𝛽(2𝑡) = 

= (
𝑛 − 2
1
) = (2

𝑡 − 2
1

). 
(2) 

The complexity of the entire model K(2, n) is 

denoted as 𝛼(𝑛). It is easy to see that 

 
𝛼(𝑛) = 𝛼(2𝑡) = 2𝛼 (

𝑛

2
) + 𝛽(𝑛) = 

= 2𝛼(2𝑡−1) + 𝛽(2𝑡). 
(3) 

It should also be noted that the model K(2, 2) 

contains a single edge function of the form 𝑓 =
𝑥1⋁𝑥2 and, accordingly, 

 𝛼(21) = 𝛽(21) = (
0
1
). (4) 

Using the expansion of (3) an appropriate 

number of times, we reduce 𝛼(2𝑡) to expression (4), 

substituting expression (2) for the corresponding 

values of 𝛽: 
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𝛼(2𝑡) = 2 ∙ (2 ∙ … (2𝛼(21) + 𝛽(22))…+ 𝛽(2𝑡−1)) + 

+𝛽(2𝑡) = 2𝑡−1 ∙ 𝛼(21) + 2𝑡−2 ∙ 𝛽(22) + 

+2𝑡−3 ∙ 𝛽(23) + ⋯+ 21 ∙ 𝛽(2𝑡−1) + 20 ∙ 𝛽(2𝑡) = 

= 2𝑡−1 ∙ 𝛼(21) +∑2𝑖 ∙ 𝛽(2𝑡−𝑖)

𝑡−2

𝑖=0

= 

= 2𝑡−1 ∙ (
0
1
) +∑2𝑖 ∙ (2

𝑡−𝑖 − 2
1

)

𝑡−2

𝑖=0

= 

= (
0
2𝑡−1

) +

(

 
 
 
∑2𝑖 ∙ 2𝑡−𝑖
𝑡−2

𝑖=0

− 2∑2𝑖 ∙ 2

𝑡−2

𝑖=0

∑2𝑖
𝑡−2

𝑖=0

∙ 1
)

 
 
 
= 

= (
0
2𝑡−1

) +

(

 
 
 
∑2𝑡
𝑡−2

𝑖=0

− 2∑2𝑖
𝑡−2

𝑖=0

∑2𝑖
𝑡−2

𝑖=0 )

 
 
 
= 

= (
0
2𝑡−1

) + (
2𝑡 ⋅ (𝑡 − 1) − 2 ∙ (2𝑡−1 − 1)

2𝑡−1 − 1
) = 

= (
2𝑡 ⋅ (𝑡 − 1) − 2𝑡 + 2

2𝑡−1 + 2𝑡−1 − 1
) = (

2𝑡 ⋅ (𝑡 − 2) + 2

2𝑡 − 1
). 

Thus, the edge functions of the model K(2, 2t), 

constructed in accordance with [59] contain  

2𝑡 ⋅ (𝑡 − 2) + 2 conjunctions and 2𝑡 − 1 

disjunctions, or in general 2𝑡 ⋅ (𝑡 − 1) + 1 

elementary logical operations. The edge functions of 

the GL-model of a 1-/2-fault-tolerant n‑processor 

system, when using the auxiliary model K(2, n), 

constructed in accordance with [59], will be as 

follows: 

 𝑓𝑖 = 𝑐1𝑓𝑖
(1) ∨ 𝑐2𝑓𝑖

(2) = 𝑐̅𝑥𝑖 ∨ 𝑐𝑓𝑖
(2), (5) 

where i = 1, 2, …, n – 1, where 𝑓𝑖
(2)

 is the 

expression of the i-th function of the model K(2, n), 

and  

𝑓𝑛 = 𝑐̅𝑥𝑛 ∨ 𝑐 ∙ 1 = 𝑥𝑛 ∨ 𝑐. 

Thus, the first n – 1 edge functions of the GL-

model of a 1‑/2-fault‑tolerant n‑processor system in 

addition to the expressions of the edge functions of 

the auxiliary model K(2, n) contain 2 conjunctions 

and one disjunction each, and the last edge function 

of this model contains only one disjunction. Thus, 

the total complexity of the edge functions of this 

model will be (excluding the complexity of 

calculating the value of the expression c and its 

inversion 𝑐̅) 

𝛾(𝑛) = 𝛼(𝑛) + (𝑛 − 1) ∙ (
2
1
) + (

0
1
). 

For the above case 𝑛 = 2𝑡 this value is equal to 

𝛾(2𝑡) = 𝛼(2𝑡) + (2𝑡 − 1) ∙ (
2
1
) + (

0
1
) = 

= (
2𝑡 ⋅ (𝑡 − 2) + 2

2𝑡 − 1
) + (2𝑡 − 1) ∙ (

2
1
) + (

0
1
) = 

= ( 𝑡 ∙ 2𝑡

2𝑡+1 − 1
), 

or a total of 2𝑡+1 + 𝑡 ∙ 2𝑡 − 1 elementary operations. 

If we also take into account the need to perform an 

invert operation for the value of the expression c 

(once for all functions), then the total number of 

elementary operations will be equal to 

𝜂(2𝑡) = 2𝑡+1 + 𝑡 ∙ 2𝑡 . 

Note also that in some cases, expressions of the 

form (5) can be further simplified. For example, it 

can be seen that with an appropriate choice of pairs 

of auxiliary model functions K(1, n) and K(2, n), the 

situation of the form: 

𝑓𝑖 = 𝑐̅𝑥𝑖 ∨ 𝑐(𝑥𝑖 ∨ 𝑥𝑖+1) = 𝑐̅𝑥𝑖 ∨ 𝑐𝑥𝑖 ∨ 𝑐𝑥𝑖+1 = 

= 𝑥𝑖 ∨ 𝑐𝑥𝑖+1. 

Thus, instead of two additional conjunctions 

and one disjunction, only one conjunction is needed. 

It can also be shown that when 𝑛 = 2𝑡 this happens 

for exactly 2𝑡−1 edge functions (since this is the 

number of expressions of the functions of the model 

K(2, n) that have the form 𝑥𝑖 ∨ 𝑥𝑖+1). Accordingly, 

the complexity of the edge functions of the GL-

model of a 1-/2-fault-tolerant n-processor system 

using this transformation will be equal (except for 

the complexity of calculating the value of the 

expression c and its inversion 𝑐̅). 

𝛾′(2𝑡) = 𝛼(2𝑡) + (2𝑡 − 1 − 2𝑡−1) ∙ (
2
1
) + 

+2𝑡−1 ∙ (
1
0
) + (

0
1
) = 

= (
2𝑡 ⋅ (𝑡 − 2) + 2

2𝑡 − 1
) + (2𝑡−1 − 1) ∙ (

2
1
) + 

+2𝑡−1 ∙ (
1
0
) + (

0
1
) = 

= (
2𝑡 ⋅ (𝑡 − 1) + 2𝑡−1

2𝑡 + 2𝑡−1 − 1
) = (

2𝑡−1 ⋅ (2𝑡 − 1)

3 ∙ 2𝑡−1 − 1
), 

or a total of 2𝑡 ⋅ (𝑡 + 1) − 1 elementary operations. 

Considering the additional inverting of the value of 

c, the number of elementary operations will be equal 

to 

𝜂′(2𝑡) = 2𝑡 ⋅ (𝑡 + 1). 
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In some cases, other options for simplifying 

expressions are possible, but they are not studied in 

this article in general. 

On the other hand, as shown above, the 

complexity of the edge functions of the GL-model of 

a 1-/2-fault-tolerant n‑processor system when using 

the K(2, n) model built in accordance with [58] as an 

auxiliary model (excluding the complexity of 

calculating the value of the expression c) is  

𝛾′′(𝑛) = (𝑛 ∙ ⌊
𝑛 − 1

2
⌋

𝑛
). 

For the case 𝑛 = 2𝑡 this value is equal to 

𝛾′′(2𝑡) = (
2𝑡 ∙ ⌊

2𝑡 − 1

2
⌋

2𝑡
) = (2

𝑡 ∙ ⌊2𝑡−1 −
1

2
⌋

2𝑡
) = 

= (
2𝑡 ∙ (2𝑡−1 − 1)

2𝑡
), 

i.e., in general 

𝜂′′(2𝑡) = 22𝑡−1 

elementary operations. 

Table 1 contains the values of 𝜂(2𝑡), 𝜂′(2𝑡) 
and 𝜂′′(2𝑡) for t = 1, 2, …, 6. As can be seen from 

the table, the K(2, n), model built in accordance with 

[58] should be used for values of t ≤ 3, which 

corresponds to systems (subsystems) with 8 or fewer 

processors. When applying the above additional 

simplification, the complexity of both models for 

t = 3 (n = 8) turns out to be the same. At the same 

time, as experiments show, without such a 

simplification, the auxiliary model built in 

accordance with [58] gives a lower complexity for 

values of n ≤ 10 (Table 2). 

Table 1. Estimating the complexity of edge 

functions of GL-models of 1-/2-fault-tolerant n-

processor systems 

t n 𝜂(2𝑡) 𝜂′(2𝑡) 𝜂′′(2𝑡) 
1 2 6 4 2 

2 4 16 12 8 

3 8 40 32 32 

4 16 96 80 128 

5 32 224 192 512 

6 64 512 448 2048 
Source: compiled by the authors 

EXAMPLES 

Example 1. Let us build a GL-model of a 

system containing 8 processors and is resistant to 

any 1 failure, and if the 1st and simultaneously the 

2nd or 3rd processors (at least one of them) are 

functional, then to 2 failures. The following 

condition is satisfied by the Boolean expression 

𝑐 = 𝑥1(𝑥2⋁𝑥3). 

Table 2. The complexity of edge functions of 

GL-models of 1-/2-fault-tolerant n-processor 

systems, calculated experimentally 

n 

Complexity of the edge functions 

of the model 

An auxiliary 

model in 

accordance with 

the [59] 

An auxiliary 

model in 

accordance with 

the [58] 

9 47 45 

10 54 50 

11 61 66 

12 68 72 

13 75 91 

14 82 98 

15 89 120 
Source: compiled by the authors 

When used as an auxiliary GL-model built in 

accordance with [58], as shown above, a model 

(denoted K(1)) based on a cyclic graph with 8 edges 

and the following edge functions will be obtained: 

𝑓1
(1)
= 𝑥1 ∨ 𝑐𝑥2𝑥3𝑥4; 

𝑓2
(1) = 𝑥2 ∨ 𝑐𝑥3𝑥4𝑥5; 

𝑓3
(1) = 𝑥3 ∨ 𝑐𝑥4𝑥5𝑥6; 

𝑓4
(1)
= 𝑥4 ∨ 𝑐𝑥5𝑥6𝑥7; 

𝑓5
(1) = 𝑥5 ∨ 𝑐𝑥6𝑥7𝑥8; 

𝑓6
(1) = 𝑥6 ∨ 𝑐𝑥7𝑥8𝑥1; 

𝑓7
(1) = 𝑥7 ∨ 𝑐𝑥8𝑥1𝑥2; 

𝑓8
(1) = 𝑥8 ∨ 𝑐𝑥1𝑥2𝑥3. 

It is easy to see that the expressions of the edge 

functions of the K(1) model contain a total of 8 

disjunctions and 24 conjunctions (without taking 

into account the complexity of calculating the value 

of the expression c, which we consider to be 

calculated in advance), or a total of 32 elementary 

operations. This corresponds to the value of  

𝜂′′(23) = 22∙3−1 = 25 = 32. 
Now let us construct an auxiliary model K(2, 8) 

according to [59]. It will contain 7 edges with the 

following edge functions: 

𝑔1 = 𝑥1 ∨ 𝑥2; 
𝑔2 = 𝑥1𝑥2 ∨ 𝑥3𝑥4; 
𝑔3 = 𝑥3 ∨ 𝑥4; 

𝑔4 = 𝑥1𝑥2𝑥3𝑥4 ∨ 𝑥5𝑥6𝑥7𝑥8; 
𝑔5 = 𝑥5 ∨ 𝑥6; 
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𝑔6 = 𝑥5𝑥6 ∨ 𝑥7𝑥8; 
𝑔7 = 𝑥7 ∨ 𝑥8. 

Also, as was shown in [60] we supplement this 

model with an edge with an additional trivial edge 

function 

𝑔8 = 1. 

The model (denoted as K(2)) of the system under 

consideration, thus, according to [59] will be based 

on a cyclic graph with 8 edges and the following 

edge functions: 

𝑓1
(2)
= 𝑐̅𝑥1 ∨ 𝑐𝑔1 = 𝑐̅𝑥1 ∨ 𝑐(𝑥1 ∨ 𝑥2); 

𝑓2
(2)
= 𝑐̅𝑥2 ∨ 𝑐𝑔2 = 𝑐̅𝑥2 ∨ 𝑐(𝑥1𝑥2 ∨ 𝑥3𝑥4); 

𝑓3
(2)
= 𝑐̅𝑥3 ∨ 𝑐𝑔3 = 𝑐̅𝑥3 ∨ 𝑐(𝑥3 ∨ 𝑥4); 

𝑓4
(2)
= 𝑐̅𝑥4 ∨ 𝑐𝑔4 = 

= 𝑐̅𝑥4 ∨ 𝑐(𝑥1𝑥2𝑥3𝑥4 ∨ 𝑥5𝑥6𝑥7𝑥8); 

𝑓5
(2)
= 𝑐̅𝑥5 ∨ 𝑐𝑔5 = 𝑐̅𝑥5 ∨ 𝑐(𝑥5 ∨ 𝑥6); 

𝑓6
(2)
= 𝑐̅𝑥6 ∨ 𝑐𝑔6 = 𝑐̅𝑥6 ∨ 𝑐(𝑥5𝑥6 ∨ 𝑥7𝑥8); 

𝑓7
(2)
= 𝑐̅𝑥7 ∨ 𝑐𝑔7 = 𝑐̅𝑥7 ∨ 𝑐(𝑥7 ∨ 𝑥8); 

𝑓8
(2)
= 𝑐̅𝑥8 ∨ 𝑐𝑔8 = 𝑐̅𝑥8 ∨ 𝑐 = 𝑥1 ∨ 𝑐. 

As you can see, the edge functions of the K(2) 

model, contain a total of 15 disjunctions and 24 

conjunctions. In addition, you need to perform one 

operation to invert the value of the expression c. Thus, 

a total of 40 elementary logical operations must be 

performed, which corresponds to the above expression 

𝜂(23) = 23+1 + 3 ∙ 23 = 16 + 3 ∙ 8 = 40. 

If we further simplify the expressions of the 

edge functions of the model (thus obtaining the K(3) 

model), they will take the following form: 

𝑓1
(3) = 𝑥1 ∨ 𝑐𝑥2; 

𝑓2
(3)
= 𝑐̅𝑥2 ∨ 𝑐(𝑥1𝑥2 ∨ 𝑥3𝑥4); 

𝑓3
(3)
= 𝑥1 ∨ 𝑐𝑥4; 

𝑓4
(2) = 𝑐̅𝑥5 ∨ 𝑐(𝑥1𝑥2𝑥3𝑥4 ∨ 𝑥5𝑥6𝑥7𝑥8); 

𝑓5
(3)
= 𝑥5 ∨ 𝑐𝑥6; 

𝑓6
(3)
= 𝑐̅𝑥6 ∨ 𝑐(𝑥5𝑥6 ∨ 𝑥7𝑥8); 

𝑓7
(3)
= 𝑥7 ∨ 𝑐𝑥8; 

𝑓8
(3)
= 𝑥1 ∨ 𝑐. 

The expressions of the edge functions of the 

K(3) model contain 11 disjunctions, 20 conjunctions, 

and 1 inversion, which gives a total of 32 elementary 

operations. This corresponds to the meaning of the 

expression 𝜂′(23) = 23 ⋅ (3 + 1) = 8 ⋅ 4 = 32. 

All of the above models are based on cyclic 

graphs and differ only in the expressions of the edge 

functions. As can be seen, the overall complexity of 

the edge functions in the K(1) and K(3) models is the 

same, and the K(2) model is more complex than the 

previous ones, which corresponds to the values 

given in Table 1.Experiments show that all 3 models 

K(1), K(2) and K(3) show the system's operable state on 

all vectors with no more than 1 zero, as well as on 

20 vectors with 2 zeros, shown in Table 3. As you 

can see, vectors with numbers 1...10 correspond to 

all possible situations when there are 2 failures in the 

system, and the 1st, 2nd and 3rd processors are in 

good condition; vectors with numbers 11...15 

correspond to all possible situations when there are 2 

failures in the system, with the 1st and 2nd 

processors being serviceable and the 3rd processor 

being faulty; and vectors 16...20 correspond to all 

possible situations when there are 2 failures in the 

system, with the 1st and 3rd processors being 

serviceable and the 2nd processor being faulty. 

Thus, the model really reflects the system's 

resilience to two failures only and only in situations 

where the condition «the 1st and simultaneously the 

2nd or 3rd processors are serviceable’ is met». 

It is also worth noting that although the models 

show the same behavior of the system in the failure 

flow, some vectors lose a different number of edges. 

For example, on vectors numbered 4, 12, and 18 in 

Table 3, models K(2) and K(3) lose one edge each, 

while model K(1) does not lose any edges. 

Example 2. Let us build a GL-model of a 

system containing 10 processors that is resilient to 

any 1 failure, and under some condition (which 

corresponds to the Boolean expression c), to 2 

failures. The specific type of Boolean expression c is 

not important in this example. 

Let us build a GL-model of such a system, 

using the K(2, 10), model built in accordance with 

[58] as an auxiliary model. The resulting K(1) model 

will be based on a cyclic graph with 10 edges, which 

will be represented by the following edge functions: 

𝑓1
(1) = 𝑥1 ∨ 𝑐𝑥2𝑥3𝑥4𝑥5; 

𝑓2
(1)
= 𝑥2 ∨ 𝑐𝑥3𝑥4𝑥5𝑥6; 

𝑓3
(1)
= 𝑥3 ∨ 𝑐𝑥4𝑥5𝑥6𝑥7; 

𝑓4
(1)
= 𝑥4 ∨ 𝑐𝑥5𝑥6𝑥7𝑥8; 

𝑓5
(1)
= 𝑥5 ∨ 𝑐𝑥6𝑥7𝑥8𝑥9; 

𝑓6
(1)
= 𝑥6 ∨ 𝑐𝑥7𝑥8𝑥9𝑥10; 

𝑓7
(1)
= 𝑥7 ∨ 𝑐𝑥8𝑥9𝑥10𝑥1; 

𝑓8
(1)
= 𝑥8 ∨ 𝑐𝑥9𝑥10𝑥1𝑥2; 

𝑓9
(1)
= 𝑥9 ∨ 𝑐𝑥10𝑥1𝑥2𝑥3; 

𝑓10
(1)
= 𝑥10 ∨ 𝑐𝑥1𝑥2𝑥3𝑥4. 
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Table 3. The number of edges that the model 

loses on blocked vectors with 2 zeros 

 

No. 

System 

state vector 

Number of lost edges of 

the model 

K(1) K(2) K(3) 

1 11111100 1 1 1 

2 11111010 1 1 1 

3 11110110 1 1 1 

4 11101110 0 1 1 

5 11111001 1 1 1 

6 11110101 1 1 1 

7 11101101 1 1 1 

8 11110011 1 1 1 

9 11101011 1 1 1 

10 11100111 1 1 1 

11 11011110 1 1 1 

12 11011101 0 1 1 

13 11011011 1 1 1 

14 11010111 1 1 1 

15 11001111 1 1 1 

16 10111110 1 1 1 

17 10111101 1 1 1 

18 10111011 0 1 1 

19 10110111 1 1 1 

20 10101111 1 1 1 
Source: compiled by the authors 

The edge functions of the K(1) model contain 10 

disjunctions and 40 conjunctions, i.e., a total of 50 

elementary operations, which corresponds to the 

value in Table 2. 

The K(2) model of the same system, which uses 

the K(2, 10), model as an auxiliary model, 

constructed in accordance with [59] will also be 

based on a cyclic graph with 10 edges and the 

following edge functions: 

𝑓1
(2)
= 𝑐̅𝑥1 ∨ 𝑐(𝑥1 ∨ 𝑥2); 

𝑓2
(2)
= 𝑐̅𝑥2 ∨ 𝑐(𝑥1𝑥2 ∨ 𝑥3); 

𝑓3
(2)
= 𝑐̅𝑥3 ∨ 𝑐(𝑥1𝑥2𝑥3 ∨ 𝑥4𝑥5); 

𝑓4
(2)
= 𝑐̅𝑥4 ∨ 𝑐(𝑥4 ∨ 𝑥5); 

𝑓5
(2)
= 𝑐̅𝑥5 ∨ 𝑐(𝑥1𝑥2𝑥3𝑥4𝑥5 ∨ 𝑥6𝑥7𝑥8𝑥9𝑥10); 

𝑓6
(2)
= 𝑐̅𝑥6 ∨ 𝑐(𝑥6 ∨ 𝑥7); 

𝑓7
(2)
= 𝑐̅𝑥7 ∨ 𝑐(𝑥6𝑥7 ∨ 𝑥8); 

𝑓8
(2)
= 𝑐̅𝑥8 ∨ 𝑐(𝑥6𝑥7𝑥8 ∨ 𝑥9𝑥10); 

𝑓9
(2)
= 𝑐̅𝑥9 ∨ 𝑐(𝑥9 ∨ 𝑥10); 

𝑓10
(2)
= 𝑥10 ∨ 𝑐. 

The edge functions of the model contain 19 

disjunctions, 34 conjunctions, and 1 inversion, 

which total 54 elementary logical operations. This 

also corresponds to the value given in Table 2. 

After simplifying the expressions of the edge 

functions of the K(2) model, we obtain the K(3) model 

with the following edge functions: 

𝑓1
(3)
= 𝑥1 ∨ 𝑐𝑥2; 

𝑓2
(3)
= 𝑐̅𝑥2 ∨ 𝑐(𝑥1𝑥2 ∨ 𝑥3); 

𝑓3
(3)
= 𝑐̅𝑥3 ∨ 𝑐(𝑥1𝑥2𝑥3 ∨ 𝑥4𝑥5); 

𝑓4
(3)
= 𝑥4 ∨ 𝑐𝑥5; 

𝑓5
(3)
= 𝑐̅𝑥5 ∨ 𝑐(𝑥1𝑥2𝑥3𝑥4𝑥5 ∨ 𝑥6𝑥7𝑥8𝑥9𝑥10); 

𝑓6
(3)
= 𝑥6 ∨ 𝑐𝑥7; 

𝑓7
(3)
= 𝑐̅𝑥7 ∨ 𝑐(𝑥6𝑥7 ∨ 𝑥8); 

𝑓8
(3)
= 𝑐̅𝑥8 ∨ 𝑐(𝑥6𝑥7𝑥8 ∨ 𝑥9𝑥10); 

𝑓9
(3)
= 𝑥9 ∨ 𝑐𝑥10; 

𝑓10
(3)
= 𝑥10 ∨ 𝑐. 

As can be seen, the edge functions of the K(3)  

model contain 15 disjunctions, 30 conjunctions and 

1 inversion, i.e., 46 elementary logical operations in 

total. Given that all models are based on the same 

cyclic graphs with 10 edges, we can conclude that 

the complexity of model K(3) is lower than that of 

model K(1), but the complexity of model K(2) is 

higher than that of model K(1). Note also that, as can 

be seen in Table 2, the complexity of the K(2) model 

would also be lower than the complexity of the K(1) 

model, if the system contained 11 or more 

processors. 

It is also worth noting that this study does not 

analyze, in general, additional possibilities for 

simplifying the expressions of the edge functions of 

the resulting system, which can be achieved, in 

particular, by rearranging the edges of the auxiliary 

models. Thus, for example, as a result of the 

appropriate rearrangement of the edges of the 

auxiliary model K(2, 10), the model K(4) could 

contain the following edge functions: 

𝑓1
(4)
= 𝑐̅𝑥1 ∨ 𝑐(𝑥1 ∨ 𝑥2); 

𝑓2
(4)
= 𝑐̅𝑥2 ∨ 𝑐(𝑥1𝑥2𝑥3 ∨ 𝑥4𝑥5); 

𝑓3
(4)
= 𝑐̅𝑥3 ∨ 𝑐(𝑥1𝑥2 ∨ 𝑥3); 

𝑓4
(4)
= 𝑐̅𝑥4 ∨ 𝑐(𝑥4 ∨ 𝑥5); 

𝑓5
(4)
= 𝑐̅𝑥5 ∨ 𝑐(𝑥1𝑥2𝑥3𝑥4𝑥5 ∨ 𝑥6𝑥7𝑥8𝑥9𝑥10); 

𝑓6
(4)
= 𝑐̅𝑥6 ∨ 𝑐(𝑥6 ∨ 𝑥7); 

𝑓7
(4)
= 𝑐̅𝑥7 ∨ 𝑐(𝑥6𝑥7𝑥8 ∨ 𝑥9𝑥10); 

𝑓8
(4)
= 𝑐̅𝑥8 ∨ 𝑐(𝑥6𝑥7 ∨ 𝑥8); 

𝑓9
(4)
= 𝑐̅𝑥9 ∨ 𝑐(𝑥9 ∨ 𝑥10); 

𝑓10
(4)
= 𝑥10 ∨ 𝑐. 
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It is easy to see that the total complexity of the 

expressions of the edge functions of the K(4) model 

does not differ from the total complexity of the 

expressions of the edge functions of the K(2) model. 

However, by simplifying the expressions of the edge 

functions of the K(4) model, we can obtain the K(5) 

model with the following edge functions: 

𝑓1
(5)
= 𝑥1 ∨ 𝑐𝑥2; 

𝑓2
(5)
= 𝑐̅𝑥2 ∨ 𝑐(𝑥1𝑥2𝑥3 ∨ 𝑥4𝑥5); 

𝑓3
(5)
= 𝑥3 ∨ 𝑐𝑥1𝑥2; 

𝑓4
(5)
= 𝑥4 ∨ 𝑐𝑥5; 

𝑓5
(5)
= 𝑐̅𝑥5 ∨ 𝑐(𝑥1𝑥2𝑥3𝑥4𝑥5 ∨ 𝑥6𝑥7𝑥8𝑥9𝑥10); 

𝑓6
(5)
= 𝑥6 ∨ 𝑐𝑥7; 

𝑓7
(5)
= 𝑐̅𝑥7 ∨ 𝑐(𝑥6𝑥7𝑥8 ∨ 𝑥9𝑥10); 

𝑓8
(5)
= 𝑥8 ∨ 𝑐𝑥6𝑥7; 

𝑓9
(5)
= 𝑥9 ∨ 𝑐𝑥10; 

𝑓10
(5)
= 𝑥10 ∨ 𝑐. 

The edge functions of the K(5) model contain 13 

disjunctions, 28 conjunctions, and 1 inversion, i.e., a 

total of 42 elementary operations. Thus, the 

complexity of the K(5) model is even lower than that 

of the K(3) model. 

Example 3. Let us build a GL-model of a 

system containing 7 processors and resilient to any 1 

failure, and under some condition (which 

corresponds to the Boolean expression c), to 2 

failures. 

GL-model K(1) of this system, when used as an 

auxiliary model K(2, 7), constructed in accordance 

with [58], will be based on a cyclic graph with 10 

edges with the following edge functions: 

𝑓1
(1) = 𝑥1 ∨ 𝑐𝑥2𝑥3𝑥4; 

𝑓2
(1) = 𝑥2 ∨ 𝑐𝑥3𝑥4𝑥5; 

𝑓3
(1) = 𝑥3 ∨ 𝑐𝑥4𝑥5𝑥6; 

𝑓4
(1)
= 𝑥4 ∨ 𝑐𝑥5𝑥6𝑥7; 

𝑓5
(1) = 𝑥5 ∨ 𝑐𝑥6𝑥7𝑥1; 

𝑓6
(1) = 𝑥6 ∨ 𝑐𝑥7𝑥1𝑥2; 

𝑓7
(1) = 𝑥7 ∨ 𝑐𝑥1𝑥2𝑥3. 

If the K(2, 7), model constructed in accordance 

with [59], is used as an auxiliary model, then a K(2) 

model based on a cyclic graph with 7 edges and the 

following edge functions will be obtained: 

𝑓1
(2) = 𝑐̅𝑥1 ∨ 𝑐(𝑥1 ∨ 𝑥2); 

𝑓2
(2)
= 𝑐̅𝑥2 ∨ 𝑐(𝑥1𝑥2 ∨ 𝑥3𝑥4); 

𝑓3
(2)
= 𝑐̅𝑥3 ∨ 𝑐(𝑥3 ∨ 𝑥4); 

𝑓4
(2)
= 𝑐̅𝑥4 ∨ 𝑐(𝑥1𝑥2𝑥3𝑥4 ∨ 𝑥5𝑥6𝑥7); 

𝑓5
(2)
= 𝑐̅𝑥5 ∨ 𝑐(𝑥5 ∨ 𝑥6); 

𝑓6
(2)
= 𝑐̅𝑥6 ∨ 𝑐(𝑥5𝑥6 ∨ 𝑥7); 

𝑓7
(2)
= 𝑥7 ∨ 𝑐. 

The model K(3) obtained by simplifying the 

expressions of the edge functions of the model K(2) 

will have the following edge functions: 

𝑓1
(3)
= 𝑥1 ∨ 𝑐𝑥2; 

𝑓2
(3)
= 𝑐̅𝑥2 ∨ 𝑐(𝑥1𝑥2 ∨ 𝑥3𝑥4); 

𝑓3
(3)
= 𝑥3 ∨ 𝑐𝑥4; 

𝑓4
(3)
= 𝑐̅𝑥4 ∨ 𝑐(𝑥1𝑥2𝑥3𝑥4 ∨ 𝑥5𝑥6𝑥7); 

𝑓5
(3)
= 𝑥5 ∨ 𝑐𝑥6; 

𝑓6
(3)
= 𝑐̅𝑥6 ∨ 𝑐(𝑥5𝑥6 ∨ 𝑥7); 

𝑓7
(3)
= 𝑥7 ∨ 𝑐. 

If we change the order of the edge functions 

when constructing the K(2), model, we can obtain the 

K(4) model with the following edge functions: 

𝑓1
(4)
= 𝑐̅𝑥1 ∨ 𝑐(𝑥1 ∨ 𝑥2); 

𝑓2
(4)
= 𝑐̅𝑥2 ∨ 𝑐(𝑥1𝑥2 ∨ 𝑥3𝑥4); 

𝑓3
(4)
= 𝑐̅𝑥3 ∨ 𝑐(𝑥3 ∨ 𝑥4); 

𝑓4
(4) = 𝑐̅𝑥4 ∨ 𝑐(𝑥1𝑥2𝑥3𝑥4 ∨ 𝑥5𝑥6𝑥7); 

𝑓5
(4)
= 𝑐̅𝑥5 ∨ 𝑐(𝑥5 ∨ 𝑥6); 

𝑓6
(4)
= 𝑥6 ∨ 𝑐; 

𝑓7
(4)
= 𝑐̅𝑥7 ∨ 𝑐(𝑥5𝑥6 ∨ 𝑥7). 

Further, as a result of simplifying the 

expressions of the edge functions of model K(4) we 

obtain model K(5), which contains the following edge 

functions: 

𝑓1
(5) = 𝑥1 ∨ 𝑐𝑥2; 

𝑓2
(5)
= 𝑐̅𝑥2 ∨ 𝑐(𝑥1𝑥2 ∨ 𝑥3𝑥4); 

𝑓3
(5)
= 𝑥3 ∨ 𝑐𝑥4; 

𝑓4
(5) = 𝑐̅𝑥4 ∨ 𝑐(𝑥1𝑥2𝑥3𝑥4 ∨ 𝑥5𝑥6𝑥7); 

𝑓5
(5)
= 𝑥5 ∨ 𝑐𝑥6; 

𝑓6
(5)
= 𝑥6 ∨ 𝑐; 

𝑓7
(5)
= 𝑥7 ∨ 𝑐𝑥5𝑥6. 

All of the above models are based on the same 

cyclic graphs with 7 edges and differ only in the 

expressions of the edge functions. The complexity of 

the expressions of these edge functions is given in 

Table 4. As can be seen, the K(2) model is, as 

expected, more complex than the K(1) model, and the 

K(3) – model is at least as complex as it is. However, 

the model K(5) obtained as a result of additional 

simplifications is still somewhat simpler than model 

K(1). 
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Table 4. Number of logical operations in the 

expressions of edge functions of GL-models from 

Example 3 

Logical 

operations 

Model 

K(1) K(2) K(3) K(4) K(5) 

Disjunctions 7 13 10 13 9 

Conjunctions 21 20 17 20 16 

Inversions 0 1 1 1 1 

Overall 28 34 28 34 26 
Source: compiled by the authors 

CONCLUSIONS 

This paper considers the application of the 

method described in [60] to build GL-models of 

FTMS that are resistant to the failure of any one of 

their processors, and, under certain conditions, to the 

failure of two of their processors. In this case, both 

models built in accordance with [59], and models 

built in accordance with [58] can be used as 

auxiliary models. The resulting GL-models are 

based on identical cyclic graphs with n edges, where 

n – is the number of processors in the system. 

The expressions for estimating the complexity 

of expressions of edge functions of models 

constructed by each of the methods are obtained, in 

particular for cases when the number of processors is 

a power of two. 

Experiments were conducted involving the 

explicit construction of GL models using the methods 

discussed in the paper, followed by the calculation of 

the number of operations in the expressions of their 

edge functions. The results confirm the analytically 

derived complexity estimates. 

It is shown that the use of models constructed in 

accordance with [58] is appropriate if the number of 

processors is no more than 10, and when using an 

additional simplification of the expressions of edge 

functions – if it does not exceed 8. However, in 

some cases, other simplifications are possible that 

allow achieving lower model complexity when using 

models built in accordance with [59], as auxiliary 

models, which can be investigated in more detail in 

the future. 

In addition, GL-models built in different ways 

differ in the ratio between the numbers of logical 

operations of different types (conjunctions, 

disjunctions) used in the expressions of their edge 

functions, which may also be important sometimes. 

When used as auxiliary models constructed in 

accordance with [58] all expressions of the model's 

edge functions have the same structure, unlike in the 

case of using models constructed in accordance with 

[59]. This can be important, for example, when 

implementing parallel calculation of such values. 

The experiments show that all the constructed 

GL-models adequately reflect the behavior of the 

system in the fault flow. However, the models built 

with the use of auxiliary models constructed in 

accordance with [58] on some vectors may lose a 

smaller number of edges compared to the case when 

the auxiliary models are constructed in accordance 

with [59]. This property can be important, in 

particular, if additional modifications of the built 

GL-model are planned. 

It is also worth noting that the models 

constructed by the methods described above can be 

used not only independently, but also as 

components/auxiliary models for building models of 

more complex systems, for example [61, 62]. 
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АНОТАЦІЯ 

Роботу присвячено проблемі побудови GL-моделей поведінки в потоці відмов небазових відмовостійких 

багатопроцесорних систем. Розглядаються системи, які є стікими до будь-якої однієї відмови, а за певної умови – до будь-

яких двох відмов своїх процесорів. При цьому передбачається, що такій умові відповідає деякий булевий вираз, що залежить 

від станів процесорів системи. Для побудови моделей таких систем застосовується запропонований раніше спосіб, який 

базується на комбінуванні виразів реберних функцій допоміжних базових GL-моделей, що відповідають 1- та 2-

відмовостійким системам. Розглядається два альтернативних способи побудови допоміжних моделей K(2, n). Показано, що 

отримані GL-моделі базуються на однакових циклічних графах, і відрізняються лише виразами своїх реберних функцій. 

Виконано аналіз складності виразів реберних функцій отриманих моделей, для випадків використання допоміжних GL-

моделей кожного типу. Отримано формули для оцінки складності цих виразів (кількості елементарних логічних операцій) в 

залежності від кількості процесорів в системі, зокрема, для випадків, коли ця кількість є ступенем двійки. Також, для випадку 

використання однієї з допоміжних моделей, виявлено можливість додаткового спрощення виразів деяких із реберних 

функцій. Визначено, в яких випадках, а саме, для якої кількості процесорів системи, доцільно використовувати допоміжні 

моделі того чи іншого типу. Проведені експерименти підтверджують, що побудовані розглянутим способом GL-моделі 

адекватно відображають поведінку системи. Наведено приклади, що демонструють застосування розглянутого способу 

побудови небазових GL-моделей та підтверджують коректність оцінки складності виразів їх реберних функцій при 

використанні допоміжних моделей різних типів. Показано також, що в деяких випадках існує можливість додаткового 

спрощення виразів реберних функцій GL-моделей, що будуються, зокрема за рахунок зміни порядку ребер у допоміжних 

моделях. Проте, в рамках даної статті цю можливість не досліджено в загальному випадку. 
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