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4 Edita Djambazova

Introduction

Relevance of the study

Real-time systems are implemented in the control of various processes (such as industrial
production, automobiles, avionics systems, etc.), where the concept of time is embedded in the
production process. They are distributed computer systems having all characteristics that allow them
to process data and exchange information with the outside world. They “communicate” with their
environment through sensors and actuators and thus they can control real processes. This determines
their major characteristic — functioning with time constraints imposed by the environment. Because
of their operation between a controlled process in a real physical environment and their computer
nature, they are defined as cyber-physical systems. Real-time systems are usually distributed systems
which means that they are composed of autonomous components communicating through a
communication channel. They are often implemented in safety-critical applications and must obey
high dependability requirements considered at their design stage. Dependability is an integral concept
that defines trust in the capability of a system to deliver a correct service. All these aspects of real-
time systems — to be cyber-physical, distributed, working with time constraints, and fault-tolerant —
make their design complex and comprehensive. This generates some research issues that over the
years and with the technological progress have found different solutions. The fault-tolerance
requirement is a part of the design process. The real-time function defines the dependable distributed
systems to operate under a global time base and synchronize all operations with the delivery of a
correct service both in the value and the time domain. Their cyber-physical nature requires the
fulfillment of various requirements. Often the requirements for fault tolerance and real-time are hard
to combine and an acceptable trade-off between them is needed.

Fault tolerance is an irrevocable property of these systems. It is achieved by applying different
approaches and techniques for error detection and recovery. To a great extent, they rely on the concept
of redundancy. Redundancy is an element of a system’s structure without which it can perform its
main functions and which assists the system’s operation in case of change in its working environment
introduced by faults. Redundancy management is important for fault-tolerant systems because it
improves their dependability characteristics but at the same time it involves additional elements that
have their price in terms of system performance and cost. The introduction of structural redundancy
to improve dependability leads to additional delays for synchronization, failure recovery, inclusion
and removal of components, etc., which complicates the achievement of real-time requirements. The
search for a new approach to redundancy management in dependable distributed systems motivates
this Ph.D. research.
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Motivation

The dependability requirement to real-time systems for safety-critical applications and the
system costs’ increase for redundancy motivated the idea of this research to create an architecture of
a fault-tolerant distributed real-time system that allows the structural redundancy distribution
according to the application requirements — called by the author a system with adjustable reliability.
The main research question is can the fault-tolerant distributed real-time computer systems achieve
flexibility according to the reliability requirements of the application using the proposed approach of
adjustable reliability?

The architecture of a fault-tolerant distributed real-time system with adjustable reliability
proposed in the thesis is built out of autonomous fault-tolerant components having different
redundancy according to their criticality. Component criticality is determined by the component
failure severity for the controlled system. The system under study is modeled using a simulation
program specifically developed for the research and its dependability characteristics are investigated
under different parameters. A scientific and application approach is proposed in the thesis called an
approach of adjustable reliability, that determines a hardware structural redundancy distribution
following the application requirement for total system reliability. The system and the approach of
adjustable reliability propose a way to achieve high reliability through the distribution of the system’s
hardware resources according to the needs of the application. This makes the fault-tolerant distributed
system with adjustable reliability suitable for implementation in domains with various reliability
requirements and mixed component criticality, in embedded systems, and less critical applications.

The approach of adjustable reliability has advantages over some well-known systems in
achieving higher reliability with the same resources, obtaining high availability, flexibility in the
system resources distribution at the design stage, and applicability in compact systems. The modeling
of the proposed system with adjustable reliability and its comparison to the models of similar systems
shows that there is an opportunity to better distribute the system resources retaining good
dependability characteristics.

Scientific attributes of the research

The object of the research is dependable distributed real-time systems.

The Ph.D. thesis subject is adjustable reliability in fault-tolerant distributed real-time systems.

The purpose of this Ph.D. research is to study the dependability characteristics of the
proposed fault-tolerant distributed real-time system with adjustable reliability, to compare them to
those of the known similar systems, and based on the results to develop an approach (of adjustable
reliability) for use in dependable distributed real-time systems.

Hypothesis

Dependable distributed systems achieve fault tolerance by implementing various approaches
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6 Edita Djambazova

at different levels of their architecture. The leading method of their design is the introduction of
structural redundancy. There are two main approaches to applying structural redundancy — through
specialized hardware and software components and by the use of Commercial Off-The-Shelf software
and hardware components. Both approaches achieve fault tolerance against physical faults via
hardware component replication and seek flexibility through software component replication. The
hypothesis advocated by the Ph.D. thesis is that it is possible to achieve high reliability and flexibility
of the system resources’ distribution through adjustable reliability, realized by hardware structural
redundancy distribution.

To prove the hypothesis the following statements are verified:

1. The fault-tolerant system with adjustable reliability achieves high overall reliability
comparable with the reliability of systems without structural redundancy distribution.

2. There are configurations of the system with adjustable reliability that achieve better
dependability characteristics than those of systems without structural redundancy
distribution.

3. It is possible to identify the conditions under which the fault-tolerant system with
adjustable reliability has better dependability characteristics than the compared systems.

Methodology of the research

The Ph.D. thesis applies the basic approaches used in scientific knowledge — analysis,
synthesis, comparison, and generalization. A survey of the dependable distributed systems is made in
terms of the structural redundancy distribution and their advantages and disadvantages are outlined.
Based on this critical analysis, the purpose of this research is set and the leading hypothesis is
formulated. A conceptual model is proposed for decision-making in dependability incorporation in
systems. Based on the classification of dependable distributed systems the system development life
cycle is associated with the design of safety-critical systems.

Following the investigation of the existing dependable systems an architecture of a fault-
tolerant system with adjustable reliability is proposed. The modeling methods of dependable systems
are surveyed and a research approach is chosen and justified — the simulation modeling. It is
implemented by a special software product used to conduct multiple experiments. The obtained
results are systemized and analyzed and with their aid, an approach of adjustable reliability is
developed. The approach determines the system configurations with overall reliability conforming to
the application requirements.

Main tasks of the research

1. To make a study, a survey, and a critical analysis of dependable distributed systems. To
synthesize a classification of the existing dependable distributed systems. To outline the

research opportunities in structural redundancy distribution.
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2. To propose a model and an architecture of a fault-tolerant distributed system with
adjustable reliability that gives a solution to the high-reliability requirements of the
application.

3. To define a research method for the study of the proposed model. To develop a tool
applying the method. To compose a research protocol.

4. To design and conduct experimental research to test and analyze the dependability
characteristics of the proposed fault-tolerant system with adjustable reliability using the
chosen research approach and developed software product.

Structure of the contents

The Ph.D. thesis is organized into an introduction, four chapters, a conclusion, a bibliography,
and two appendices.

In the Introduction, the theme, the object, and the subject of the Ph.D. thesis are indicated.
The relevance of the study and the motivation behind this research are briefly described. The purpose
of the work and the tasks to achieve it are set, as well as the leading hypothesis and the methodology
to prove it.

In Chapter 1, the basic concepts associated with dependable distributed real-time systems are
introduced. The basic methods and techniques to achieve fault tolerance are described. The ways to
introduce and manage redundancy are considered. A survey and a critical analysis of the known
dependable distributed systems are presented. A conceptual model of an approach to decision-making
in providing dependability is derived and a classification of the dependable distributed systems is
synthesized. The new research opportunities are outlined.

In Chapter 2, the architecture of the proposed fault-tolerant distributed system with adjustable
reliability is presented. The modeling methods of dependable distributed systems are also presented,
along with the model and the assumptions of the fault-tolerant system with adjustable reliability. The
studied dependability characteristics to assess and compare the system to other similar systems are
described. The choice of the research approach of simulation modeling is justified.

In Chapter 3, the research tasks are described and the simulation results for the fault-tolerant
system with adjustable reliability are presented. The developed software program for the simulation
of the system with adjustable reliability is introduced. The dependability characteristics of a
component and the entire system are investigated: reliability, availability, mean time to failure, mean
time to repair, etc. The developed approach of adjustable reliability is introduced. It allows for the
selection of the appropriate configuration of the structural redundancy according to the requirements
of the application for the overall system reliability.

Chapter 4 constitutes an analysis and discussion of the results. The advantages and the

possible applications of the proposed fault-tolerant system with adjustable reliability are pointed out.
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8 Edita Djambazova
The main scientific and scientific and application results of the Ph.D. thesis are derived. The
opportunities for further research and implementation of the fault-tolerant system with adjustable
reliability are outlined.

The Ph.D. thesis ends with a Conclusion where the obtained results are summarized, followed
by a Bibliography containing 102 sources. In Appendix A, the mathematical representations of the
dependability characteristics used in the research are presented. In Appendix B, the source code of the

simulation program NMRSIM is introduced.

Chapter 1. Dependable distributed real-time systems

1.1 Dependability — basic concepts

The notion of dependability is introduced by Jean-Claude Laprie in the 1980s of the 20™
century [1], [2] to encompass the different aspects of fault-tolerant systems and to introduce a
systematic way to use the concepts associated with the protection against failures in the high-
reliability systems. The basic definition of dependability [2,] [3], [4] says that it is “the ability to
deliver service that can justifiably be trusted.” This definition stresses the justification of trust in the
service delivered. In [3], a second definition is added that outlines the importance of failure
avoidance: “Dependability is the ability of a system to avoid service failures that are more frequent
or more severe than is acceptable.”

The specific terminological basis used in the Ph.D. thesis is the established and broadly
applied in the dependability field concepts and definitions [3,] [4], [5], and their Bulgarian
counterparts [6].

The service delivered by a system is its behavior as it is perceived by its user(s) [3]. Correct

service is delivered when the service implements the system function [3].

1.1.1 Threats to dependability: failures, errors, and faults

The threats to computer systems are the causes that lead to deviation from their correct
operation. The expression of that deviation at the system level is called service failure [3]. A failure
is an event occurring when the delivered service deviates from the correct one. The deviation from
correct service can take different forms called failure modes and they are ordered according to the
failure severity — the extent of the failure consequences for the system environment.

Service failure means that at least one (or more) external system state does not conform to the
state of correct service. This deviation is called an error. The adjudged or hypothesized cause of an
error is called a fault [3]. The definition of error is part of the overall system state that may lead to its

subsequent service failure.
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1.1.2 Dependability attributes and means

In the seminal paper [3], the basic concepts and definitions associated with dependability are
presented. They are used in the presented research thesis. Here, only the definitions related to the
dissertation’s theme are cited. According to the terminology established during the last 30 years,
dependability is an integral concept that is characterized by the following attributes [3]:

e Availability: readiness for correct service;

e Reliability: continuity of correct service;

e Safety: absence of catastrophic consequences for the user and the environment;
e Integrity: absence of improper system alterations;

e Maintainability: the ability to experience modifications and repairs.

The means to achieve dependability in computer systems are [2], [3] fault prevention, fault
tolerance, fault removal, and fault forecasting. Fault tolerance encompasses methods and means
aiming at failure avoidance in the presence of faults.

The focus of the Ph.D. thesis is on achieving fault tolerance of distributed real-time computer

systems.

1.2 Distributed real-time systems

Distributed systems are built out of components exchanging messages through a
communication bus (real-time network) and executing a common control algorithm (Figure 1-2). In
terms of fault tolerance system components have to ensure that the faults do not propagate towards
other components. A system component is a fault-containment unit [17], [19] if the direct effect of a
single fault impacts only the operation of a single component [17]. It is assumed that the self-
contained units fail independently. This assumption applies for hardware faults that are subject of the
presented research.

The system controls an industrial process called the object under control. The components
take inputs from the sensors of the object under control, run a control program that calculates some
results, and output these results to the actuators of the object (Figure 1-2). To fulfill their task, they
need to communicate with the other components by exchanging data. System components are
designed to have safe behavior, i.e., a fault should not reach the outputs of a component, nor propagate

to other parts of the system.

Abstracts of Dissertations 2023 (6) 4-46



10 Edita Djambazova
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Figure 2. Distributed real-time system

Distributed real-time systems operate with finite time intervals dictated by the environment
and the object under control. Their correct service has to be correct both in the value and time domains
[17]. This means that the system has to deliver a correct result to the object under control and issue
that result within the specified time interval. When the real-time system has to deliver a correct service
within a strict time interval the system is hard real-time [17]. Otherwise, it is a soft real-time system
[17]. The system often works under both constraints but if there is at least one hard real-time function,
the system is hard real-time. Another classification of the real-time systems is according to the
triggering factor that determines the interactions among the system components: event-triggered
systems (triggered according to the time instant of a substantial event in the system) and time-
triggered systems (triggered according to a time instant in the progress of the physical/real-time) [17].
Dependable distributed systems are often hard real-time and are time-triggered. This allows us to
predict their behavior and to efficiently utilize their resources. That type of distributed system is the
object of our study.

To achieve fault-tolerant component behavior in dependable distributed systems, they are
constructed using replicated modules [17], [21], [22], [23], [24]. A module is the smallest replaceable
unit in the system. This notion is related to the replication techniques and the method of introducing
redundancy in the system. The component-level replication can be hardware- or software-
implemented. Additional means for error detection are put in each module [25], [26], [27], [28] called
self-checking units. The communication bus itself can also be replicated [25], [29], [30], [31]. The
diversity of replication techniques allows one to choose the most appropriate solutions for a specific

application.

1.3 Redundancy management in dependable distributed real-time systems

Dependable distributed real-time systems are usually deployed in safety-critical applications.
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One of the major requirements for their operation is to be fault-tolerant. Fault tolerance is achieved

by using various techniques, most of which are based on redundancy. There are different types of
redundancy and techniques of its application.

Introducing redundancy in computer systems as a fault-tolerance method and the replication

as its technical realization is well-known and studied [23], [24], [33], [34], [35], [36], [37], [38].

Although redundancy management is a well-studied and broadly implemented fault-tolerance method

for many years, the design of new dependable distributed systems, the development of systems of

systems, and cyber-physical systems [40], [41] imply a new view and a search for new approaches of

redundancy implementation. It would broaden the opportunities for replication application and would

help the seeking of optimal and effective solutions compliant with the specific application area.

1.3.1 System design

The distributed system development cycle can be presented as an iterative process [44] which
considers the system from two viewpoints: practical and abstract. The practical view of the system is
its implementation and the abstract view of the system is its model. These viewpoints of the system
have to exchange data with each other to achieve a complete system model that can be validated and
verified.

The concept to realize an approach to decision-making for providing dependability of a system
by introducing redundancy is shown in Figure 1-3. A distributed system controls an industrial
process, i.e. the distributed computing environment. The system is subject to faults that disturb its
operation and threaten to harm the process under control. The problem with the system’s
dependability becomes a design issue: how to make the system fault-tolerant. Faults are inevitable
and unpredictable. Hence, the system should have the resources to deliver its intended service even
in the presence of faults. Redundancy is one of the strategies to resolve the problem with the needed
fault tolerance. The engineering issues with redundancy implementation have to be combined with
the research solutions. In Figure 1-3 they are united under the name dependability assessment. The
models and their parameters depend on the application (e.g., cyber-physical systems, safety-critical
systems, automobiles, etc.) and the operational environment, i.e., the distributed computing
environment. The dependability attributes are determined based on the particular application. The
results obtained from the models’ investigation are used in the system’s design. The appropriate

replication technique is identified.
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Figure 1-3. Conceptual model of an approach to decision-making in providing dependability

I

The described general approach gives a view of the dependable systems’ design and assists in
introducing the fault-tolerance viewpoint. The process of determining a replication technique, shown
in Figure 1-3, can be used as input data of the scheme of the System Development Life Cycle (SDLC)

or be built into it thus specifying the dependability requirements.

1.4 Redundancy in dependable distributed real-time systems

The definition of redundancy used in the Ph.D. thesis is as follows:

Redundancy is a functionality or a component of a computer system that adds resources for
the delivery of its correct service.

It is a method of implementing fault tolerance in dependable computer systems and is in turn
realized by replication techniques. Redundancy can be structural, time, or functional [23], [33], [34],
[37], [38].

1.4.1 Replication style of the structural redundancy

The replication style defines the way the replicated components perform their operation. The
fault-tolerant components have replicated modules and only one of them, called primary, issues the
output result. The other replicates are secondary. Depending on the replication style the redundancy
can be passive or active. Sparing is a passive form of redundancy [23], [33], [35]. The replication is
a concurrent operation of identical modules that execute the same functions on the same input data
and compare their results [23], [33], [35], [37], [38].

1.4.2 Replication degree of the structural redundancy

The replication degree determines the number of modules in a component. Depending on the
importance of a component for the system operation, it can have one or more replicates, or not be

replicated at all. The replication degree depends on the fault-tolerance requirements as well.

Abstracts of Dissertations 2023 (6) 4-46



STUDY OF THE DEPENDABILITY CHARACTERISTICS OF.... 13

In hardware, the replication takes the form of N-modular redundancy (NMR) [23], [34], [35],
[37], [38]. It is mostly applied as dual and triple modular redundancy. In dual modular redundancy
(DMR), the two replicas compare their results and, in case of discrepancy, the component does not
issue any result, remaining fail-silent. Usually, the modules have additional fault-tolerance
mechanisms, called self-checking units, to decide which module is faulty. In triple modular
redundancy (TMR), there are three active modules and a voter. The active modules operate
simultaneously and the voter determines the majority result that is issued to the object under control.

The replication in software is realized as recovery blocks and N-version programming. In the
recovery blocks (RB) approach [49], [50], two alternates are produced from a common service
specification, and an acceptance test decides whether the result is correct. The acceptance test is
applied sequentially to the results of the alternates. If the results of the primary alternate do not pass
the acceptance test, the second alternate is executed. The RB approach corresponds to the stand-by
sparing in hardware.

In the N-version programming [49], [51], [52], there are N (N>2) variants of the software that
are executed simultaneously, and their results are compared. The variants are software routines that
are written by different programming teams and possibly using different algorithms. This is supposed
to avoid the common errors that programmers tend to do. The results of the software versions are
voted upon and the majority result is issued. The hardware equivalent of the NVP is the NMR.

In N Self-Checking Programming (NSCP) [49], N self-checking software components are
executed; one of them is considered as acting and the other self-checking components are considered
as hot spares. Upon failure of the acting component, the operation is switched to a spare self-checking

component.

1.4.3 Time redundancy

Time redundancy requires additional time to be allocated to the task execution [23], [37], [53],
[54]. It has lower overhead compared to structural redundancy but it may impact the system’s
performance and should obey the real-time constraints.
1.4.4 Functional redundancy

Functional redundancy is implemented in the software. In [33], it is defined as qualifying the
system’s behavior relative to its inputs/outputs relationships. Functional redundancy is useful in error

detection.

1.5 Redundancy implementation

Dependability in distributed real-time systems for safety-critical applications became a part

of their design. All parameters and system components that are important for the fault-tolerant system
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14 Edita Djambazova
operation are included in the SDLC. A descriptive multi-leyer model for distributed systems’ design
with structural redundancy is illustrated in Figure 1-4.

Introducing structural redundancy involves the definition of the critical elements, the
important system parameters, and the criticality levels. The components of the distributed system
control different parameters of the object under control with different significance for the fault-
tolerant operation. At the stage of defining the requirements in the SDLC, the controlled parameters
should be defined and the criticality levels should be outlined. The components controlling the

important parameters will receive a high criticality level and need to be fault-tolerant.

Structural redundancy in dependable
distributed real-time systems

Critical Criticality |[ Important |
elaments levels parameters

Requirements

Definition |

Dual modular | Triple madular Mixed E
redundancy || redundancy || redundancy | |

Design

Redundancy degree

Versatile Adjustable
dependability || reliability

Dependable distributed systems

GUARDS

[Building | [

Figure 1-4. Synthesis of an approach to dependable distributed systems with structural redundancy

At the stage of system design, the replication degree and style should be determined. The
replication degree defines if single (SMR), dual (DMR), or triple modular redundancy (TMR)
components will be applied. The replication style chosen determines whether active or passive
replication will be used. Modules in system components can be evenly distributed, i.e., all
components can have an equal number of modules, or can use mixed redundancy. The actual building
stage of the SDLC implements the decided system architecture, e.g., GUARDS [56], [57], versatile
dependability [47], [48], or DECOS [58], [59], as shown in Figure 1-4.

1.6 Implementing different replication degrees

1.6.1 Equal redundancy for all components

The most straightforward way of applying redundancy is to replicate the active components
and compare their results. In distributed systems, the nodes can be built out of two or three identical
modules executing the same task (Figure 1-5). The results of the replicas are compared (as in [25],
[28], [49], [58]) or voted in the case of TMR (as in [17], [62]). If no discrepancy is shown, the
presumably correct result is issued to the object under control. In case of a mismatch, the result is not
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issued and the node is put in a safe state according to the system conventions.

real-time netwark
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Figure 1-5. Dependable distributed real-time system
The system’s hardware components have equal replication degrees but the software
components (execution tasks) may have different redundancy. For example, there are three tasks in
Figure 1-5— A, B, and C; task A has three replicates, task B has one, and task C has two. The replicates

may reside on different system components, thus allowing for error isolation.

1.6.2 Different redundancy for the components

Some systems use different degrees of replication for their components. In GUARDS [57],
there are integrity levels and criticality levels. The integrity levels are defined according to the degree
to which a system component can be trusted — the more trustworthy a component is, the higher its
integrity level [56]. The degree of trust placed on a component depends on its criticality. Critical
components are considered those whose failure leads to severe consequences. They have a higher
integrity level.

The DEAR-COTS model of replication [28], [66] uses active redundancy of the software
components and allows for defining the replication degree of specific parts of the real-time
application accordingly to the reliability of the components and the desired level of reliability for the
application. The DEAR-COTS architecture is intended for distributed computer-controlled systems
that operate in real-time and can use both equal and mixed redundancy distribution.

The DECOS project [58], [59] proposes an integrated distributed architecture to support
mixed-criticality systems. Mixed-criticality systems consist of distributed application parts with
different criticality levels on top of the same physical hardware.

The MEAD system [48] proposes a combination of the conflicting requirements of fault
tolerance and real-time for dependability implementation in the middleware. MEAD is an

infrastructure that offers transparent and tuneable fault tolerance in real-time, proactive dependability,
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system adaptation to crash failure, communication and time faults considering the system resources,
and scalable and fast fault detection and recovery. The tuneable fault tolerance is achieved by the so-
called approach of versatile dependability [47], [48]. This is an approach to building dependable
software architectures considering three important aspects — fault tolerance, performance, and
resources. It provides a set of tools, called “knobs”, for tuning the trade-offs between these aspects.
Most of the dependable distributed real-time systems follow the architectural style depicted
in Figure 1-5. They employ equally replicated physical components and mixed redundancy of the
software components. There are opportunities to develop systems that adapt to particular applications

using a distribution of the hardware structural redundancy.

1.7 Conclusions and results

In Chapter 1, the basic concepts of the research area — dependable distributed real-time
systems - are presented. Their structure is outlined in terms of dependability and real-time. Structural
redundancy management is considered through the prism of system design. A conceptual model of
an approach for decision-making to provide dependability is developed. This model fits into the
system development life cycle and responds to the requirement to consider dependability as part of
the system’s specifications.

A brief survey is made of the known dependable distributed systems in terms of structural
redundancy management. The two tendencies are to use equal redundancy for all system components
or the components to have different redundancy.

The presentation in Chapter 1 reflects the execution of task 1 of the dissertation.

The achieved scientific and scientific and application results are:

1. A conceptual model of an approach to decision-making to provide dependability is

developed.

2. A synthesis of a classification of dependable distributed systems with structural

redundancy is proposed.

Chapter 2. Modeling of the fault-tolerant distributed system with
adjustable reliability

The architecture of the system with adjustable reliability proposed in the Ph.D. thesis is based
on the notion of adjustability.

Adjustability is the property of a dependable distributed real-time system to distribute the
structural redundancy according to the reliability requirements of the application.

The fault-tolerant distributed system with adjustable reliability [73], [74], [75], [76] applies
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different replication degrees to the hardware components (Figure 2-1).
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Figure 2-1. The dependable distributed real-time system with adjustable reliability

The necessity to have components with different replication degrees is related to their
criticality. Unlike the approaches implementing mixed criticality of the software application parts
executed over evenly replicated hardware, the reliability adjustment approach proposes a
component’s redundancy degree to be determined according to its criticality at the design stage and
the fault-containment components to operate with mixed redundancy. A quantitative assessment of
the implementation opportunities of dependable distributed systems with the proposed approach is
made in the Ph.D. thesis and they are compared to the systems without structural redundancy
distribution. The comparison is conducted using models solved through simulation modeling, and the
results (presented in Chapter 3 and [76]) show that there are redundancy distributions that achieve
the total system reliability required by the application.

The fault-tolerant distributed system with adjustable reliability (Figure 2-1) is built out of
components whose fault tolerance is guaranteed by replication and self-checking. The components
can have different degrees of replication depending on their criticality. Each module has a self-
checking unit that detects errors and provides fail silence. The system operates under hard real-time
constraints. This approach allows for the predictability of the system’s behavior as the execution
times of the system tasks are guaranteed. By changing the component structural redundancy at the
design stage a change of systems’ reliability according to the requirements of the application is aimed.

Hardware faults are modeled and the goal is to achieve hardware reliability.

2.1 Analysis of the approaches of dependable systems modeling

Modeling is a commonly used approach to system investigation before the system is designed
and implemented. This allows for checking different hypotheses and finding the appropriate model
based on which to seek specific engineering solutions. Modeling allows comparing different variants

to building a system or parts of a system in a cost-efficient way because the possible engineering
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realizations are not always quantitatively assessable in complex systems.

Because of the stochastic nature of faults, the indicators, by which their impact on the
dependable systems’ operation is assessed, are probabilistic. For this reason, their description uses

concepts and terms from probability theory and mathematical statistics.

2.1.1 Modeling methods for dependable systems

System models can be analyzed and mathematically evaluated through three different
approaches [77]: simulation, analytical, and hybrid (a combination of simulation and analytical
methods). Only the basic properties of a system are modeled. In the simulation, the system is
described in a computer program that imitates its dynamics. In the analytical methods, systems of
equations determining the system’s dynamics are constructed and solved [77], [78], [79], [80]. The
advantage of the simulation is that the properties of the studied system can be presented in detail
without imposing too many constraints on the model. In analytical models, the assumptions are often
relaxed to solve the system of equations. The accuracy of the simulation is restricted only by the time
it takes to obtain the final result. The combined application of both approaches is possible but is not
often used [77].

In another classification [81], the models are classified as combinatorial and state-space-based
models. Combinatorial models include reliability block diagrams [77], [82], [83], [84], event trees
[81], and fault trees [77], [85], [86]. They are comparatively easy to design and handle and can be
analyzed with combinatorial methods. Their drawback is the limited modeling power due to the
assumption of statistically independent events.

State-space-based models include Markov chains and Petri nets [84], [87]. They represent the
system’s behavior by reachable states and possible transitions among them. They have greater
modeling power than the combinatorial models which cannot encompass the characteristics of the
modeled system.

The problem with the state-space-based methods is the so-called effect of “explosion” of the
state space —an exponential increase of the state space with the increase of the number of components.
This raises the computation cost. In that case, the Petri nets and the Markov chains can be simulated
[81].

2.1.2 Dependability characteristics of the fault-tolerant system with adjustable reliability

As part of the requirements of the simulation program for modeling the fault-tolerant system
with adjustable reliability the following characteristics are calculated: reliability R, mean time to
failure MTTF, mean time to stop MTTS, overall downtime, mean time between failures MTBF, mean
time between stops MTBS, mean time to repair MTTR, and availability A.

The most commonly used distribution function in fault-tolerant systems’ modeling is the
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exponential distribution. It is suitable because of its property of not having a memory of the system
state. The exponential distribution reflects to a satisfying extent the dependable systems’ dynamics
and offers a suitable mathematical representation. It is also assumed in the modeling that the fault
rate is constant [84].

Reliability is the probability of the system being operational at time t. Under the assumption

of exponential distribution of the events in the system, the distribution function becomes [37], [84]
Ft) =1—e*, (1)
The distribution density is [37], [84]
f(t) = e, (2)
System reliability is expressed as an exponential function [37], [84]
R(t)=e M =1-F(t). (3)

The Mean Time To Failure MTTF can be computed as the mean value of the time to
component failure for a given period. It is the mathematical expectation of the time to (first) failure.
With a constant fault rate MTTF is [37], [84]

MTTF = % 4)

The Mean Time Between Failures MTBF can be calculated as the mean arithmetical time
between the system failures. MTBF is measured for repairable systems. With exponential distribution
and a constant fault rate MTBF=1/A.

The Mean Time To Repair MTTR represents the mean time required to repair failed system
components. With exponential distribution and a constant fault rate

MTTR=1/p. (5)

Availability A is measured with the probability of the system being operational at time t
independently of how many times it has been inoperational during the interval (0,t). For constant fault
and repair rates the availability can be expressed as follows [37], [84]

MTBF
A=t =—woc— (6)
A+pn MTBF+MTTR

The overall downtime is the sum of all periods during which the system has been
inoperational. The mean downtime is expressed with (IT12) (Appendix A).

The system operates under the following definitions of failure and stop. A system failure
occurs when more than half of the components fail with an undetected failure or when, in case of

more than half of the components failed, the majority have failed with an undetected failure.
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Nu>ﬂ NquNd>ﬂ N >N

2 or 2 and v = Nd (7)

where Ny is the number of components with undetected failure and Ng is the number of
components with detected failure. The system stops when more than half of the components fail with
detected failure or when, in case of more than half components failed, the majority have failed with

a detected failure.

NG,>ﬂ Nu+Nd>ﬂ N. >N
2 or 2 and "¢ 7 N, (8)

2.2 Assumptions for the system modeling

The model of the fault-tolerant system with adjustable reliability is based on assumptions
reflecting its behavior and the fault, failure, and repair modes adopted in the research.

The distributed system with adjustable reliability [73], [74], [75], [76] is built out of
components operating in active redundancy. The components have homogeneous modules each of
which has self-checking tools with coverage C. The replication degree of the components is
determined by their criticality — the more important the component for the application, the more
critical it is and its replication degree is higher. Three levels of criticality are considered. The
components whose failure does not threaten the normal system operation and does not lead to
catastrophic consequences can rely only upon their self-checking tools and do not have to be
replicated. Their coverage is C1. The components with bigger criticality for the application but for
which it is enough only to stop issuing results in case of a failure are DMR components. For them, it
is possible the failed module to be repaired if its failure is detected by the self-checking unit. The
DMR components have a coverage factor C>>Ci. The most critical system components whose failure
could have catastrophic consequences for the application are built out of TMR modules and have
coverage factor C3>C>>C;.

The fault-tolerant system with adjustable reliability tolerates permanent hardware faults with
fault rate 4p. In DMR and TMR components, a recovery (local repair) after a module failure with a
repair rate up is possible. The system can operate with or without repair and the repairable system has

a repair rate usys.

2.3 Model of a system component

The component of the distributed system with adjustable reliability is built out of
homogeneous modules M; (i=1, 2, 3), each of which has its own self-checking unit SC; (Figure 2-2)

[94]. Depending on their criticality the modules can be with DMR or TMR to achieve bigger
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reliability at the point of the control loop where the component is allocated.

I I
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Figure 2-2. Component of the distributed system with adjustable reliability

One of the modules is primary and is the only one that issues the result to the object under
control. All modules run the control program concurrently and calculate the output result (active
redundancy). The modules that do not issue a result to the object control the primary module and
participate in the comparison of the results. They can take over the control in case of failure of the
primary module.

In the case of a single module, only the self-checking tools can detect an error in the control
program execution and disable the outputs. If the application requires a stronger defense of the outputs
and greater fault coverage, additional one or two modules are attached to the single one with their
self-checking units, thus allowing it to respond to different criticality levels dictated by the application

of the fault-tolerant distributed system with adjustable reliability.

2.3.1 Functions of a system component

A characteristic of the proposed system is the integration of a local self-checking unit in each
module, the realization of a protocol for distributed voting, and state control. The self-checking unit
[73] is built in as an additional unit to the module configuration and has controlling and checking

functions.

2.3.2 Failure mode

The component fails when all its modules fail. Thanks to the introduction of self-checking
units and redundancy not every undetected module failure leads to a component failure. There are

two states in case of a module failure — stop and failure.

2.4 System model

The system operation is represented with a Markov process where each state in the Markov
chain depicts the system state after a fault according to the number of the operational components N
and the arcs are the transitions between the states in case of permanent fault occurrence with fault
rate Ap. The coverage factor of the self-checking tools is C. Different operational modes of the system
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are considered: with and without permanent fault recovery and with and without system repair.
When the system is without repair, it operates until its resources are exhausted and the impact
of the coverage factor C on the reliability is unnoticeable (Figure 2-3).

Figure 2-3. A Markov model of a system without permanent fault recovery and repair

If the system can perform local repair, C helps extend the component’s life and this impacts
the system’s reliability. The influence of C increases because only in case of a detected component
failure the component can be repaired before a system failure. A system repair is performed after the
system enters a stop state. The operational components continue to function after the repair with the
same initial characteristics. The fault-tolerant distributed system with adjustable reliability can
operate with system repair and component recovery from a permanent fault (Figure 2-6). This implies
the achievement of better dependability characteristics.
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Figure 2-6. A Markov model of a system with repair and recovery from a permanent fault

All described operational modes in the Markov models (Figure 2-3 - Figure 2-6) are studied

through the simulation modeling of the system.

2.5 Conclusions and results

In Chapter 2, the developed fault-tolerant distributed system with adjustable reliability is
presented. It offers different replication degrees of the hardware components. The necessity for the
system to have different replication degrees is related to their criticality which is determined by the
application requirements. The fault-tolerant system with adjustable reliability is modeled under some
assumptions for its operation to check this hypothesis.

The proposed fault-tolerant distributed system with adjustable reliability is modeled based on
Markov chains and is validated through simulation. The method of simulation modeling is chosen for
its capability to model systems with many components and a great degree of detail. The models of a
system component and the entire system are presented. Possibilities are envisioned to model the

system with adjustable reliability with and without permanent fault recovery, as well as with and
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without repair.

The results presented in Chapter 2 fulfill tasks 2 and 3 of the Ph.D. thesis. The obtained
scientific results are the development of a simulation model of the proposed fault-tolerant distributed
system with adjustable reliability and the presentation of a new architectural model of a fault-tolerant
distributed system with adjustable reliability, as the requirements to its components and the system

as a whole are also defined.

Chapter 3. Study of the fault-tolerant system with adjustable
reliability

The fault-tolerant system with adjustable reliability controls an object receiving input data
from its sensors, executes a control algorithm, and computes output results to issue to the object’s
actuators. The parameters of the object under control can be of different importance for the correct
system operation. Hence, the system components are replicated according to their criticality level.
The adjustment of the system’s reliability through the distribution of the components’ replication
degree according to the needs of the controlled object can utilize system resources more effectively
and could improve its reliability.

The simulation modeling of the system with adjustable reliability studies how the change of
the structural redundancy influences the overall system reliability. The components with different
replication degrees have different criticality levels. This determines the coverage factors of their self-
checking tools: Ci for the single components, C>>C1 for the DMR components, and C3>C2>C1 for
the TMR components. The coverage factors can change depending on the environmental or
operational conditions within some boundaries. These coverage factors along with the fault rate A,
determine the components’ behavior in the simulation model of the fault-tolerant system with
adjustable reliability. The events in the system are related to the change of its state. They are random
events characterized by the corresponding fault rate: Ap, pp, and psys. It is assumed that a failed
component can always be recovered after a permanent fault (local repair) and the times to failure are
normally distributed.

The following research protocol is developed:

1. Study of a component

2. Study of the system

a. Input data: number of system components N, number of modules in the system M,
hp, Wp, Msys, boundaries of the coverage factors C1, C2, and Cs.
b. Output results: R(t), A, MTTF, MTTR, MTTS, MTBF, MTBS, downtime

3. Determining the times to failure for the input parameters and all modular redundancy
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distributions of systems with and without adjustment of the structural redundancy.
4. Study the impact of different parameters on the dependability characteristics of the fault-
tolerant system with adjustable reliability and systems without structural redundancy
distribution.

5. Depending on the results determine the configuration with the highest system reliability.

3.1 Simulation modeling of the fault-tolerant system with adjustable reliability

The research method of simulation modeling chosen in Chapter 2 is applied by the
development of a simulation program. It is designed according to the described research protocol and
determines the dependability characteristics of the studied system, formulated in § 2.1.2. The program
simulates fault-tolerant systems with different distributions of the structural redundancy and systems
without distribution of the structural redundancy, which allows their comparison and analysis.

3.1.1 The simulation program

The developed software product NMRSIM for the simulation of the behavior of fault-tolerant
distributed systems (presented in more detail in Appendix B) determines the properties of the systems
of consideration and allows the comparison of the proposed system with systems without reliability
adjustment. The program is written in C++ and its development fulfills the following requirements:

1. To simulate the system’s behavior in time reflecting the definitions of stop and failure;

2. To represent the occurrence of a permanent fault as a stochastic process with exponential

distribution and fault rate Ap;

3. To be able to model systems with and without repair;

4. To represent the instants of repair as a stochastic process with exponential distribution and
repair rates up (local repair) and psys (System repair);

To model a system with an arbitrary number of modules and components;
To calculate the dependability characteristics, determined in Chapter 2, § 2.1.2;

To model the behavior upon the fault of a component and the entire system;

© N o U

To distribute the structural redundancy for a given number of components and a given
number of modules;

9. To model the coverage factors of the self-checking tools;

10. To calculate the reliability as a function of time;

11. To compute the statistical values of the obtained results;

12. To store the obtained results.

The software product for simulation modeling of the proposed fault-tolerant system with

adjustable reliability is based on modeling of the system operation in time and the instants of fault
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occurrence. The block structure of the simulation program is depicted in Figure 3-2. In the block of
input data, the following parameters are given: N, M, Ap, up, tsys, C1, C2, C3, and Riotar. The program
uses a pseudorandom number generator executing the algorithm presented in [98]. It is used to
determine the instant of fault occurrence and to generate random values of the coverage factors. For
given N and M in the block for determining the structural redundancy distributions all possible
distributions are determined. The block for determining a component fault determines the instants of
fault occurrence for the respective component. The current fault is determined in the respective block

after a comparison of the instants of fault in all components.
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Figure 3-2. Structure of the simulation program NMRSIM

Statistical parameters

Depending on the replication degree in the block for determining the coverage factors the
coefficients C1, Cz, and C3 of the components are given. In the block for determining a component’s

state, it is determined if the component has failed, if its failure is detected, or if it is on repair. In the
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block for determining the system’s state, is determined whether the system is in a stop or failure state.
In the advent of system failure, all accumulated times to failure are recorded and the dependability
characteristics are calculated. If the system is in a stop state, the iteration continues and the time of
stop is recorded.

In the block for calculation of the dependability characteristics, the following parameters are
determined: R, MTTF, MTTR, MTBF, MTBR, MTTS, MTBS, A, and downtime. To realize the approach
of adjustable reliability the block for determining the configurations is used. The configurations that
achieve the given system reliability Rital are identified. All obtained data are statistically handled in
the block for determining the statistical parameters. The results for the dependability characteristics
of all configurations of the structural redundancy are recorded in files. This is done in the block of
output results. The relations among the blocks in the simulation program are schematically depicted
in Figure 3-2.

The block structure of the program allows its extension and upgrade to model other

dependable distributed systems.

3.2 Results of the system simulation

The fault-tolerant system with adjustable reliability is simulated with the following
parameters: number of components N=10 and N=20, number of modules M=20 and M=40,
respectively, permanent fault rate Ap=10" 1/h and A,=10* 1/h, local repair rate pup=0.1 1/h, system
repair rate psys=0.1 1/h, coverage factor boundaries C; € [0.8,0.9), C, € [0.9,0.95),and C; €
[0.95, 1.0).

During the study of the different structural redundancy distributions, the following notation is
used:

system (i, j, k),

where i — the number of single components, j — the number of DMR components, and k — the
number of TMR components. For example, system (3,4,3) for N=10 and M=20 means a system with
3single, 4 DMR, and 3 TMR components.

Structural redundancy distributions are studied that preserve the total number of modules in
the systems. The hypothesis of this Ph.D. research implies investigation of the opportunities to
distribute the system hardware resources according to their criticality under specified reliability
requirements, compliant with the application. As a reference system for comparison the system built
out solely of DMR components is chosen since it does not distribute the structural redundancy. In that
case, the number of modules in the system is M=2N. Only the configurations satisfying this condition
are considered.
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3.2.1 Study of a component

The results of the simulation modeling are presented for a component built out of two and
three modules. The dependability characteristics are obtained for a component with and without local
repair. The impact of permanent and transient faults is studied. The data are for the following fault
and repair rates: permanent processor faults 1,=102 1/h, transient processor faults =101 1/h,
processor recovery after a permanent fault ©p=0.1 1/h, component repair uc=0.1 1/h.

For a DMR component, the fault tolerance is achieved by the self-checking units of the two
modules (with coverage factor C) and by comparison of the results of the modules. The component
fails when both processors of the modules fail simultaneously and the self-checking units have not
detected the failure. The component is in a stop state when the comparison indicates a difference but
the self-checking tools have not detected the failure.

In Figure 3-3 — Figure 3-10, the dependability characteristics of a DMR component are shown
as a function of the coverage of the self-checking tools C and the coefficient of recovery after a
transient fault Cy for a system with local repair. For low and high values of the coverage factor, the
DMR component has higher reliability and MTTF (Figure 3-3 and Figure 3-4) than for average values
of that factor. This is due to the influence of the comparison which for low values of C practically
neutralizes the coverage since in the comparison the component faults are detected with probability
1. For high values of C, the fault coverage has strong importance for the better dependability
characteristics of the component. The coverage factor of the self-checking units improves the

component availability (Figure 3-9).
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For a TMR component, the fault tolerance is also achieved through the self-checking units
and the comparison is a majority voting. A failure occurs when more than half of the modules have
an undetected fault. The component is in a stop state when more than half of the modules are with a
detected fault. In Figure 3-13 — Figure 3-20, the dependability characteristics of the component are
shown for a system with local repair. The coverage Cr has little influence on the majority of the
dependability characteristics of the TMR component (Figure 3-13 - Figure 3-16). It decreases the
times between failure and the availability of a component (Figure 3-17 - Figure 3-20).
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Figure 3-13. Reliability of a TMR component for a system Figure 3-14. MTTF of a TMR component for a system with
with local repair local repair
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local repair

Figure 3-20. Availability of a TMR component for a system

with local repair

The coverage factor of the self-checking unit improves the reliability and the time to failure

(Figure 3-13 and Figure 3-14), as well as the characteristics related to the component operability

(Figure

3-19 and Figure 3-20).

From the conducted study of a DMR and a TMR component of the fault-tolerant distributed

system, it can be concluded that the addition of self-checking units to each component’s module

improves the system’s dependability characteristics.

3.2.2 System with 10 components

The system can recover after a permanent fault of a component and to be repaired after a

system failure. Six configurations of structural redundancy are studied. Their reliability for C1=0.88,

(>=0.94, and C3=0.99 is shown in Figure 3-23. The values of the coverage factors with different

replication degrees, C1, C2, and Cs, are maximal for the study.
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Figure 3-23. Reliability of system with 10 components for

(C1=0.88, C2=0.94, and C3=0.99
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Figure 3-24. Reliability of system (3,4,3) for different values

of C1, C2=0.94 and C3=0.97
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Figure 3-25. Reliability of system (3,4,3) for different values of ~ Figure 3-26. Reliability of system (3,4,3) for different values
C2, C1=0.88 and C3=0.97 of Cs, C1=0.88 and C2=0.94

Under these conditions, the best reliability has the system (0,10,0) (the light blue curve in
Figure 3-23). This system represents the known systems that operate only with DMR components,
i.e., without structural redundancy distribution. The lowest reliability has system (5,0,5) (the green
curve in Figure 3-23), which is built out only of single and TMR components. Systems (1,8,1) (the
orange curve in Figure 3-23) and (2,6,2) (the gray curve in Figure 3-23) have close reliability values.
System (3,4,3) (the yellow curve in Figure 3-23) has close reliability to that of systems (1,8,1) and
(2,6,2). The systems (3,4,3), (2,6,2), and (0,10,0) are worth considering since they have comparatively
high reliability.

The reliability of the system (3,4,3) is studied to trace the influence of the components’
coverage factors (Figure 3-24 - Figure 3-26). The coverage factor of the single components C1 does
not influence the reliability of the system (3,4,3) — the reliability curves for the three values of C1
coincide (Figure 3-24).

System (2,6,2) is more strongly influenced by the increase of the coverage factor C> (Figure
3-28) than by the increase of Cs (Figure 3-27). This is explained by the bigger number of DMR
components compared to the number of TMR components. The results for C3=0.95 (the blue curve
in Figure 3-28) and C3=0.97 (the orange curve in Figure 3-28) are almost identical. Only the greatest
value of C3=0.99 leads to an improvement in the system reliability (the gray curve in Figure 3-28).
On the other hand, the increase in the coverage factor C> leads to a significant improvement in
reliability (Figure 3-27).
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Figure 3-27. Reliability of system (2,6,2) for different Figure 3-28. Reliability of system (2,6,2) for different
values of C2, for C1=0.88 and C3=0.97 values of C3, for C1=0.88 and C>=0.94

In Figure 3-29 and Figure 3-30, a comparison is made of the reliability of systems (3,4,3),
(2,6,2), and (0,10,0) for C1=0.88 and C>=0.94, while the coverage Cz is different (C3=0.97 in Figure
3-29 and C3=0.99 in Figure 3-30). The best reliability has the system built out solely of DMR
components (0,10,0). The system (3,4,3) has the lowest reliability which improves as Cs increases
(Figure 3-30, C3=0.99). The system (2,6,2) shows average reliability. It can be concluded that the
systems with a prevailing number of DMR components, (2,6,2) and (0,10,0), achieve better system

reliability.
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Figure 3-29. Reliability of systems (3,4,3), (2,6,2) and Figure 3-30. Reliability of systems (3,4,3), (2,6,2) and
(0,10,0) for C1=0.88, C2=0.94 and C3=0.97 (0,10,0) for C1=0.88, C2=0.94 and C3=0.99

When comparing systems with different structural redundancy distributions for smaller
coverage C»=0.9 (C1=0.88 and (3=0.97) (Figure 3-31) the ordering of the systems by reliability
changes. The highest reliability has system (3,4,3) (the yellow curve in Figure 3-31), followed by
systems (1,8,1) (the orange curve in Figure 3-31) and (0,10,0) (the light blue curve in Figure 3-31)
which have equal reliability, and systems (4,2,4) (the dark blue curve in Figure 3-31) and (5,0,5)
which has the smallest reliability (the green curve in Figure 3-31).

In Figure 3-32, the reliability of all system configurations with 10 components is depicted
when the component coverage factors vary within the defined intervals in § 3.2. These results are
studied in more detail in § 3.3.
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Figure 3-31. Comparison of the reliability of systems with Figure 3-32. Comparison of the reliability of systems with
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It is seen from Figure 3-32 that the best reliability has the system without reliability
adjustment, (0,10,0) (the light blue curve), followed by systems (1,8,1) (the orange curve) and (2,6,2)
(the gray curve). Close but lower reliability has system (3,4,3) (the yellow curve). These results are
similar to the reliability of the systems in Figure 3-23 but differ from the results in Figure 3-31.

The simulation modeling of the fault-tolerant system with adjustable reliability with 10
components shows that the system has good dependability characteristics. It is seen from the results
that there are structural redundancy distributions that improve the system’s reliability under certain

conditions.

3.2.3 System with 20 components

The fault-tolerant system with adjustable reliability with 20 components and 40 modules is
simulated for the same parameters as the system with 10 components (§ 3.2.2). Eleven distributions
of the module redundancy are studied. The influence of the permanent faults is investigated for two
different fault rates to study different working environment conditions. The assumption is that the
systems that operate in more unfavorable conditions are subject to more faults, which is represented
in the model with a bigger permanent fault rate A,=10" 1/h. The smaller fault rate A,=10"* 1/h models
environments where the faults occur more rarely but the system has to be able to tolerate them.

The system with reliability adjustment has different redundancy distributions of the
components. Their reliability, Rq, as a function of time is shown in Figure 3-33, where the permanent
fault rate is Ap=10"* 1/h.
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Figure 3-33. Reliability of systems with different structural ~ Figure 3-34. Reliability of systems with different numbers
redundancy distributions, Ap=10"* 1/h, pp=psys=0.1 1/h of TMR components, Ap=10"* 1/h, pp=psys=0.1 1/h

The systems with a comparatively small number of single and TMR components demonstrate
high reliability (systems (3,14,3) in yellow and (2,16,2) in gray in Figure 3-33). It cannot be stated
however that this is a trend. The system consisting solely of single and TMR components (system
(10,0,10) in dark blue in Figure 3-33) has close reliability.

To show the influence of the TMR components, the reliability of systems (1,18,1), (5,10,5),
and (10,0,10) is depicted in Figure 3-34. The introduction of more single and TMR components in
the system (system (10,0,10) in dark blue in Figure 3-34) improves the reliability and extends the
period during which the system maintains high reliability. The functioning with fewer single and
TMR components (system (1,18,1) in orange in Figure 3-34) however does not deteriorate
significantly the system’s reliability. System (5,10,5), which has the lowest reliability of the three
systems in Figure 3-34, still has good reliability compared to the other systems, as can be seen in
Figure 3-33.

It cannot be drawn clear dependence between the structural redundancy distribution and the
reliability (Figure 3-33 and Figure 3-34). The redundancy distribution impacts the system’s
reliability and some distributions are more favorable for the system than others are. The choice of
system configuration depending on the application requirements can lead to system reliability and
availability improvement.

The fault-tolerant system with adjustable reliability is simulated for a bigger permanent fault
rate to study whether the redundancy distribution influences differently its reliability (Figure 3-35).
Compared to the reliability of systems for A,=10" 1/h (Figure 3-33) the reliability for A,=103 1/h is
similar and the studied systems are ordered in the same way according to their reliability (Figure 3-
35).
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Figure 3-35. Reliability of systems with different structural redundancy distribution, A,=10 1/h, pp=psys=0.1
1/h

3.3 An approach of adjustable reliability

Safety-critical applications require very high reliability to deliver the dependable service that
they are intended for. The desired system reliability is defined at the design stage and the other
dependability characteristics are compliant with this requirement. The study of the fault-tolerant
system with adjustable reliability is extended to allow deeper investigation of its behavior and to
propose opportunities for achieving high desired reliability. In the presented dissertation, this
reliability is called total reliability and is denoted as Riotar. Based on the research presented in § 3.2.2
and § 3.2.3 and [75], [76], an approach of adjustable reliability is developed for determining the
systems that achieve Riotal.

Rotal is defined during the process of system design when the specifications of the system are
identified according to the application requirements. At the design stage, are defined: the fault and
failure modes, the coverage factors of the self-checking units, MTTF, MTTR, etc. The rates Ap, up,
Usys, the mission time, and Riotal are also defined. For a given Riotar all possible module redundancy
distributions are determined and investigated — system (i, j, k) for N components and M modules. The
systems (i, j, k), i.e., the system’s configurations, are simulated, as described in § 3.1, and the
diagrams of their reliability as a function of time are obtained. The reliability of each configuration
Rq is compared to Rita. Then the systems satisfying the condition Rq(t)>Ritar are determined. The
period of high reliability is also determined for every system.

The results for the systems described in § 3.2.2 and § 3.2.3 are shown in Figure 3-36 for
Riotai=0.9999 and systems with N=20. All studied structural redundancy distributions achieve Riotal
but maintain this reliability for different periods. The results of the simulation show the relation
between the total reliability and the structural redundancy distribution and illustrate the approach of
adjustable reliability.

The system (3,4,3) has the biggest reliability (the yellow curve in Figure 3-36), followed by
the system (10,0,10) (the dark blue curve in Figure 3-36) and system (1,18,1) (the orange curve in
Figure 3-36). The system built out of DMR components, system (0,20,0), has the lowest reliability
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(the red curve in Figure 3-36). The component redundancy distribution impacts the system’s
reliability (Figure 3-33, Figure 3-35, and Figure 3-36). The overall reliability is higher for some
structural redundancy distributions, e.g. system (3,14,3) (the yellow curve in Figure 3-36), system
(1,18,1) (the orange curve), and system (10,0,10) (the dark blue curve), and is lower for others, such
as system (7,6,7) (the brown curve in Figure 3-36), system (5,10,5) (the light green curve), and system
(6,8,6) (the light blue curve in Figure 3-36).

Rt) 1
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0.9998 4
0.9997 4
0.9996 4
0.9995 4
0.9994 4
0.9993 4
0.9992 4
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| R
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Figure 3-36. Achieving reliability Riota=0.9999, A,=10" 1/h, puy=psys=0.1 1/h

Cannot be derived a clear relation between the redundancy distribution and the system
reliability. If the number of components with coverage factor Cs (i.e. with TMR) is bigger than the
number of the components with coverage factor C> (i.e. with DMR), this does not necessarily mean
that the system reliability will increase. The introduction of single components, on the other hand,
does not lead to a significant decrease in the system’s reliability. In some cases, e.g. system (10,0,10)
(the dark blue curve in Figure 3-36), the reliability is bigger than in systems with fewer single
components, such as system (6,8,6) (the light blue curve in Figure 3-36).

Table 3-3 shows the periods during which the reliability Rq of each system with adjustable
reliability exceeds Rita=0.9999, starting with the system with the longest period. The system (3,14,3)
maintains its reliability above Rtal for the longest period compared to the other systems. The system
(0,20,0) without adjustable reliability has a comparatively shorter period of reliability over
Rtotai=0.9999.

Table 3-3. Operational periods of systems (i, j, k) with reliability Re>Riota=0.9999, A,=10"* 1/h, py=psys=0.1
1/h, N=20

System Ra>Riotal Time [h]
(3,14,3) 0.999902 32300

(9,2,9) 0.999904 29800
(10,0,10) 0.999922 29800
(1,18,1) 0.999905 28900
(2,16,2) 0.999909 28900
(4,12,4) 0.999902 27500

(6,8,6) 0.999907 25100
(0,20,0) 0.9999 24000
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System Rd>Riotal Time [h]
(8,4,8) 0.999912 23400
(5,10,5) 0.999902 23400
(7,6,7) 0.999903 20100

In the simulation of the systems for A,=10° 1/h (Figure 3-37), the order of the reliability
diagrams of the different system configurations is approximately the same as for fault rate ;=10
1/h (Figure 3-36). Again, the highest reliability shows the system (3,14,3) (the yellow curve in Figure
3-37), and the lowest reliability — system (7,6,7) (the brown curve in Figure 3-37). The system
without adjustable reliability (0,20,0) (the red curve in Figure 3-37) shows average reliability.
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Figure 3-37. Achieving reliability Riota=0.999, %,=10" 1/h, puy=psys=0.1 1/h
The operational periods of the configurations with reliability Ritai>0.999 for A,=102 1/h are
shown in Table 3-4. As can be seen in the diagrams in Figure 3-37, system (3,14,3) maintains the
desired reliability Riotar for the longest period, and the shortest period is for the system (7,6,7). The
system (0,20,0) without adjustable reliability has a relatively shorter period of maintaining Riotal

compared to the majority of the systems.

Table 3-4. Operational periods of systems (i, j, k) with reliability Re>Riota=0.999, Ap=10" 1/h, pp=psys=0.1
1/h, N=20

System Ra>Riotal Time [h]
(3,14,3) 0.999242 3300
(1,18,1) 0.9991 3100
(2,16,2) 0.99908 3100
(9,2,9) 0.999357 2900
(10,0,10) 0.999295 2900
(4,12,4) 0.999098 2700
(0,20,0) 0.99914 2500
(6,8,6) 0.999004 2300
(5,10,5) 0.999022 2200
(8,4,8) 0.999212 2200
(7,6,7) 0.999035 2000

The simulation results show that the distribution of the system resources depending on their

importance for the application can give an advantage to the system reliability. For example, a modern
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car is equipped with real-time distributed systems that control different blocks, such as the engine,
suspension, gearbox, doors, seats, etc. These blocks in turn are subsystems consisting of other
modules that operate together on the execution of a specific task. Such a subsystem can use the
approach of adjustable reliability to achieve the reliability dictated by the application. Determining
Riotal and knowing the number of subsystem components and their dependability characteristics, the
structural redundancy distributions can be derived and simulated to compare their reliability. This
way the structural distribution with the highest reliability can be further investigated and developed
considering the specifics of the designed subsystem.

The presented results of the simulation modeling (§ 3.2) show that there are structural
redundancy distributions where the system with adjustable reliability achieves higher reliability Riotal
and maintains it for a longer period compared to the system without reliability adjustment (Figure 3-
36 and Table 3-3, Figure 3-37 and Table 3-4). The conditions under which this happens are hard to
establish since there is not a clear dependence between the system reliability and the redundancy
distribution. That is why in the Ph.D. thesis an approach of adjustable reliability is proposed through
which to determine the structural redundancy distributions that satisfy the requirement of system
reliability of the application.

The approach of adjustable reliability can be described with the following actions:

1. Determining Riotal,

2. Determining the parameters describing the environment — fault rates,

3. Determining the system requirements — mean time to failure, mean time to repair,
availability, mean downtime, possibilities for local and system repair, and the respective
repair rates,

4. Determining the important control parameters and the critical components,

5. Determining the criticality levels,

6. Determining the system configurations with adjustable reliability that is equal to or greater
than the total reliability Riotal,

7. Checking which of the possible configurations fits in the best way into the application
requirements,

8. In case no appropriate configuration is found, the input specifications are changed and the
procedure is repeated.

The described actions are illustrated in Figure 3-38.
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Figure 3-38. Description of the approach of adjustable reliability

If more of the possible system configurations with adjustable reliability fulfill the requirement
of system reliability under the identified specifications, the appropriate configuration for the
application can be chosen according to additional criteria, such as the number of single, DMR, or
TMR components, desired criticality levels, the highest total reliability, the longest operational period
with high total reliability, etc. If none of the configurations of the system with adjustable reliability
satisfies the requirement of Rita Of the application, it is necessary to reconsider the system

specifications, including the requirement for total reliability.

3.4 Conclusions and results

In Chapter 3, the simulation program developed according to the requirements formulated in
§ 3.1.1 is presented. The main structure and the block scheme of the program are described.

A component of the fault-tolerant system with adjustable reliability is studied depending on
the coverage factor of the self-checking unit C and the coverage factor of recovery from a transient
fault Cr. Components with dual and triple modular redundancy are simulated operating with and
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without local repair. The impact of C and C; is evaluated concerning component reliability,
availability, MTTF, MTTS, MTBF, MTBS, and the mean downtime.

According to the research protocol, multiple experiments are conducted for systems with
different numbers of components (N=10 and N=20), different permanent fault rates Ay, and different
values of the coverage factors C1, C», and Cs. Data are obtained for R(t), A, MTTF, MTTR, MTTS,
and downtime. The possible structural redundancy distributions are determined for N and M. The
impact of the number of components, the coverage factors, and the fault rate on the dependability
characteristics of the fault-tolerant system with adjustable reliability and on systems without
structural redundancy distribution is studied. The system configurations satisfying the requirement
for total reliability are identified.

An approach of adjustable reliability developed by the author is presented and is used to
determine which redundancy distributions of the components satisfy the desired overall system
reliability. Based on the application requirements the approach finds out the system configurations
that can achieve the total reliability.

The conclusion can be drawn that it is possible to achieve high reliability through structural
redundancy distribution and in some cases it exceeds the reliability of systems without redundancy
distribution. The configurations that achieve the total reliability can be identified through the
approach of adjustable reliability.

The obtained results are of scientific and application nature. The scientific and application
results are the development of a simulation program to model dependable distributed systems and the
formulation of an approach of adjustable reliability. The application results are related to the
conducted experiments with the simulation program aiming at studying the dependability
characteristics of the fault-tolerant distributed system with adjustable reliability.

Through the results presented in Chapter 3 tasks 3 and 4 of the Ph.D. thesis are fulfilled.

Chapter 4. Discussion and analysis of the results

Dependable distributed systems which are the object of the Ph.D. thesis are developed for
safety-critical applications. They are built with specialized or Commercial Off-The-Shelf (COTS)
components and both approaches have their advantages and disadvantages. The specialized
components reflect more adequately the specifics of the application, allow for the achievement of
high reliability using methods and techniques compliant with the specific operational environment
and context of the system, and are well-verified and validated. This, however, requires time and effort

which have their price. Such systems are designed and implemented for longer periods which, on the

Abstracts of Dissertations 2023 (6) 4-46



40 Edita Djambazova
one hand, makes them too hard to adapt to changes in the system’s operational environment, and, on
the other hand, makes their final realization more expensive.

The implementation of COTS components shortens the period between the design and
implementation of the distributed system and lowers the costs. This approach has the drawback to
introduce additional risks to the system’s dependability. The COTS components do not give any
guarantees for fulfillment of the dependability requirements. Methods and means are sought to
compensate for their low reliability.

The analysis of the dependable distributed systems in terms of the structural redundancy;,
presented in Chapter 1, shows that the basic approaches to achieving more flexibility concerning the
application requirements are the change of the software structural redundancy (for a static hardware
structural redundancy distribution) and the introduction of criticality levels.

The fault-tolerant distributed system with adjustable reliability proposes and studies an
approach to possess the flexibility of the dependable systems with COTS components, to consider
the criticality levels of the systems with mixed-criticality, to allow for adjustment of the dependability
characteristics, and in the same time to respond to the high-reliability requirements. All enumerated
system types realize their fault tolerance through structural redundancy. They apply a uniformly
distributed hardware redundancy of the components and a software structural redundancy distribution
compliant with the application. The proposed system with adjustable reliability introduces flexibility
through hardware structural redundancy distribution.

When developing the idea of a fault-tolerant distributed system with reliability adjustment we
considered the conceptual model of an approach to decision-making for dependability and the
classification of dependable distributed systems according to their ability to determine the structural
redundancy depending on the application. The proposed system is built out of fault-tolerant
components with different replication degrees which allows for the study of the dependability
characteristics of different configurations of the structural redundancy. The component fault tolerance
is determined by the incorporation of a self-checking unit in each module and means for comparison
of its results. The presented Markov chains of the fault-tolerant distributed system with adjustable
reliability model the system’s behavior according to the possibility of component recovery and system
repair. These models are the basis of the simulation program by which the experiments in the
dissertation are conducted. The selected research approach of simulation modeling offers the
opportunity to represent the system’s behavior concerning the faults and failures and to investigate
its dependability characteristics, defined in Chapter 2, § 2.1.2. The simulation allows the modeling
of systems with multiple components and states and the introduction of various parameters to study
their impact on the system’s reliability.

The results of the simulation modeling of the fault-tolerant system with adjustable reliability
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presented in Chapter 3 show that the system under investigation has good dependability
characteristics. An analysis of the results is carried out to check whether the research hypothesis is
confirmed, namely, can high system reliability and flexibility be achieved through the reliability
adjustment according to the application requirements.

During the simulation of a system component, components with dual and triple modular
redundancy are considered. We have studied the impact of the coverage factor of the self-checking
unit and the coverage factor of the transient fault recovery. The results for the reliability, availability,
MTTF, MTTR, MTTS, MTBF, MTBS, and downtime show that the inclusion of self-checking units in
each module of a component improves significantly the system’s dependability characteristics,
especially when it operates without local repair.

The simulation modeling of the fault-tolerant distributed system with reliability adjustment
for 10 components does not outline a clear dependency between the system reliability and the
structural redundancy distribution. On the one hand, the system without adjustable reliability (0,10,0)
shows the highest reliability. On the other hand, for a lower coverage C, some configurations of the
structural redundancy have bigger or close reliability. The impact of C1 on reliability is insignificant.
The coverage factors C2 and Cs improve significantly the overall system reliability which is logical
given their bigger values.

In the fault-tolerant distributed system with adjustable reliability for 20 components, the
biggest reliability is achieved by the system (3,14,3). The lowest reliability has the system (7,6,7).
The configurations with a small number of single and TMR components, such as (1,8,1), (2,16,2),
and (3,14,3), have comparatively high reliability. The increase of the number of TMR components
can improve the reliability but this is not valid in all cases.

The experiments for a higher fault rate A,=10 1/h show that some systems with adjustable
reliability are more suitable for operation in such conditions. The systems (1,18,1) and (2,16,2) have
the second-best reliability, while for fault rate A,=10* 1/h, they have lower reliability. The system
without adjustable reliability (0,20,0) also works better for a high fault rate. This behavior of the
studied systems implies flexibility in the selection of an appropriate system for a specific application.

The systems with the highest overall reliability also have the longest operational periods. This
is a measure of their availability. If this property is of importance for the application, it should be
considered in the choice of a configuration with adjustable reliability.

During the conducted simulation experiments for N=10 and N=20 the different configurations
of the system with adjustable reliability do not show a consistent behavior. Their reliability is
influenced by the number of components, the permanent fault rate, and the coverage factors of the
self-checking units. For some configurations, the overall reliability is greater than the one of the

systems without adjustable reliability, for others it is not. To determine the appropriate configuration
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of the fault-tolerant distributed system with adjustable reliability according to the application
requirements, an approach of adjustable reliability is developed. It consists of a sequence of actions
for the selection of the structural redundancy distribution depending on the requirement for total
system reliability. The approach determines all system configurations that achieve the desired
reliability and presents an opportunity to choose the one that satisfies the determined system
specifications best.

After the experiments with the simulation program, the following conclusions can be made.
The configurations with adjustable reliability achieve high system reliability, comparable to and in
some cases better than the one of the system without structural redundancy distribution. The approach
of adjustable reliability determines the system configurations that satisfy the requirement for overall
reliability best. This gives flexibility in the fault-tolerant distributed systems’ design to choose a
structural redundancy distribution that is most suitable for the needs of a specific realization.

These conclusions confirm the hypothesis of the Ph.D. research that it is possible to achieve
flexibility and high reliability of the fault-tolerant distributed systems through the distribution of the
hardware structural redundancy according to the application requirements.

4.1 Conclusions and results

The results presented in the Ph.D. thesis are discussed and analyzed and based on the analysis

they are grouped as follows:

Scientific results:

1. Anew architectural model of a fault-tolerant distributed system with adjustable reliability
is presented and the requirements for its components and the system as a whole are
defined,;

2. A simulation model of the proposed fault-tolerant system with adjustable reliability is
developed;

3. Asynthesis of a classification and a classification of dependable distributed systems with
structural redundancy is proposed.

Scientific and application results:

1. A conceptual model of an approach for decision-making in providing dependability is
developed;

2. An approach of adjustable reliability is formulated;

3. A simulation program implementing the method of simulation modeling of dependable
distributed systems is developed.

Application results:
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1. The developed simulation program can be used for modeling and studying the
dependability characteristics of other fault-tolerant systems as well. The impact of
transient hardware faults can also be investigated using the program.

The obtained results in the Ph.D. thesis demonstrate that the defined tasks are fulfilled.

The implementation results confirm the statements supporting the research hypothesis of the

Ph.D. thesis: It is possible to achieve high reliability and flexibility of the system resources
distribution through adjustable reliability implemented by the distribution of the hardware structural
redundancy. This is confirmed by the following results:

1. The presented fault-tolerant distributed system with adjustable reliability achieves high
overall reliability comparable to the reliability of systems without structural redundancy
distribution.

2. The fault-tolerant distributed system with adjustable reliability has configurations of the
structural redundancy distribution that possess better dependability characteristics than the
ones of systems without structural redundancy distribution.

3. The approach of adjustable reliability allows for determining the structural redundancy

distributions that satisfy the requirement for the overall reliability of the application.

Conclusion and future work

In the Ph.D. thesis, the dependability characteristics of a fault-tolerant distributed system with
adjustable reliability are studied. The system is proposed as an opportunity to achieve flexibility in
the design of dependable distributed systems. In the survey of dependable distributed real-time
systems, two main directions of building such systems are outlined — using specialized components
and using commercial-off-the-shelf components. Both system types achieve fault tolerance through
various approaches to introducing redundancy. Structural, time, and functional redundancy are
applied. Structural redundancy adds hardware and software elements to the system architecture. It is
often realized as equally replicated hardware components that execute differently replicated software
tasks.

A conceptual model of an approach for decision-making is developed and a classification of
dependable distributed systems is synthesized based on the system development model.

The author proposed an architecture and a model of a fault-tolerant distributed real-time
system, called a system with adjustable reliability. It suggests an adjustment of the hardware structural
redundancy to achieve overall reliability according to the application requirements. The system is

studied through the method of simulation modeling.
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A software product for simulation modeling of fault-tolerant systems is designed and
developed. It implements the developed model of the system with adjustable reliability. As a result of
its execution, the reliability function is obtained, as well as data for the dependability characteristics
of the system. The simulation product is written in C++ and it can be used to investigate fault-tolerant
systems with and without structural redundancy distribution.

The results of the conducted experiments show good overall reliability of the system with
adjustable reliability. There are structural redundancy distributions that show higher system reliability
than that of the system with uniform redundancy distribution. For some configurations a stochastic
ordering is observed, i.e., the curves of reliability do not cross each other which means that the choice
of an architectural solution does not depend on the respective values of the coverage factors. There
are instances where the different architectural solutions are indistinguishable and others where no
stochastic ordering is seen. This renders the choice of a specific engineering solution not obvious and
dependent on the deeper knowledge of the coverage values. The differences in the reliability function
of the studied configurations show that during the system design tools should be used to obtain a
quantitative assessment of the variants for structural redundancy distribution to choose the most
appropriate solution for the application.

This motivated the author to develop an approach, called the approach of adjustable reliability,
which determines the structural redundancy distributions that achieve the reliability required by the
application.

The results obtained during the modeling of the fault-tolerant distributed system with
adjustable reliability show that the system has advantages concerning the structural redundancy
distribution according to the application requirements and they can be used in dependable distributed
systems’ design. The adjustable reliability is appropriate to use in systems with mixed criticality of
the components, in compact systems where multiple nodes are allocated in limited space, in systems
with high-reliability requirements that allow for the operation with COTS components, etc. The
software product for simulation modeling of fault-tolerant systems with structural redundancy
distribution can be used to model other dependable distributed systems by adding blocks describing
their characteristics.

Directions for future work

The fault-tolerant system with adjustable reliability can be studied for different applications,
requiring criticality levels, high reliability, and structural redundancy distribution. The approach of
adjustable reliability can be improved to include the consideration of other application requirements
for dependable distributed systems. The model of the fault-tolerant distributed system with adjustable
reliability can be extended to modeling software reliability and studying the effect of software faults

on the system fault tolerance. The approach and the model of adjustable reliability can be applied to
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specific systems.
The simulation program can be improved by accelerating its execution using techniques for
parallel processing. It can be extended with more blocks allowing the investigation of other factors’
impact on the dependability characteristics of a system. The software product can be further

developed to study different types of distributed systems.
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Main scientific and scientific and application results

Scientific results:

1. A new architectural model of a fault-tolerant distributed system with adjustable reliability is
proposed.

2. A simulation model of a fault-tolerant distributed system with adjustable reliability is
developed.
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3. A classification of dependable distributed systems according to their ability to determine the

structural redundancy depending on the application is synthesized.

Scientific and application results:

4. A critical analysis of dependable distributed systems is made based on which a conceptual
model of an approach for decision-making in providing dependability is developed.

5. The main directions to manage structural redundancy in dependable distributed systems are
identified and some research opportunities are outlined.

6. A software product for simulation modeling of the studied system is designed and developed.

7. Following a comparative analysis of the fault-tolerant system with adjustable reliability and
systems without structural redundancy distribution an approach of adjustable reliability is
developed and applied.

Application results:
8. The developed simulation program can be used for modeling and studying the dependability
characteristics of other fault-tolerant systems. The impact of transient hardware faults can also

be investigated using the program.
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YBOa

AKTYaJIHOCT HA TeMaTa

Cuctemurte 3a paboTa B peaHO BpeMe ce ImpujaraT 3a yIpaBIeHUE HA PAa3IMYHU TPOLECH
(KaTO MHIYCTpPUAIHU IIPOU3BOJICTBA, aBTOMOOMIIN, aBUALIMOHHU CUCTEMH U JIP.), KBJETO ITOHATHETO
3a BpeMe € BIrpaJIeHO B ISUIOCTHHS IPOLEC Ha MPOU3BOJACTBO. Te ca pasmnpeneseHd KOMIIOThPHU
CUCTEMH C BCHYKH XapaKTEPUCTUKH, KOUTO UM IMO3BOJISIBAT Ja 00pabOTBAT JAaHHU M Ja OOMEHST
nH(pOpMaIKs ¢ BBHHITHUS 32 TAX CBAT. Te ,,00IIyBaTr ¢ OKOJIHATA cpeia MOCPEICTBOM CEH30pU U
aKTUBAaTOpH, KOETO MM JaBa BB3MOXKHOCT Ja yIpaBisBaT peajdHu npouecu. Toa ompexaens
OCHOBHATa UM XapaKTEPUCTHKA — pabOTa Mpy BpeMEeBU OTpaHUYCHUs, HaJIOKEeHH OT cpeaara. [lopaau
(YHKIIMOHUPAHETO CH MEX/y yIpaBisiBaH Mpolec B peaiHa pusudecka cpeqa 1 KOMIIOThpHATA CU
CBITHOCT T€ Ca ONpEeIeNsiHU KaTo Kubep-pusmunu cucremu. CucremMute 3a paboTa B peaiHO BpeMe
OOMKHOBEHO Ca pa3Mpe/ieieHn, KOETO 03HAa4aBa, Ye ca ChCTAaBEHH OT CAMOCTOSTEITHH KOMIIOHEHTH,
KOUTO KOMYHHKHUPAT OMEXKIY CH Mpe3 KOMyHUKAI[MOHEH KaHal. Te 4ecTo ca CBbp3aHU ¢ KPUTHUYHU
3a 0€30MacHOCTTa MPUIIOKEHHS U KbM TSAX CE IMOCTABAT BUCOKH M3UCKBAHUSA 32 TapaHTOCIIOCOOHOCT,
KOUTO C€ B3eMaT MpeIBHJ OlIe Ha erama Ha TIXHOTO IpoektupaHe. ['apaHTocrnocoOHoOcTTa €
MHTETrPaIHO MOHSITHE, KOETO OMPEJEIis JOBEPUETO B CIIOCOOHOCTTA Ha €Ha CHUCTEMa Jia JI0CTaBs
KOpEeKTHa yciyra. BCHYKM Te3u acleKkTH Ha peaHOBPEMEHHUTE CUCTEeMU — Kubep-(pu3nuHw,
pasnpezeneHy, padoTelIy ¢ OTpaHUYEHUS 110 BpeMe, OTKa30yCTOWYMBH — IIPABU MIPOEKTUPAHETO UM
CIIO)KHO M MHOrooOxBaTHO. ToBa mopakja penulia H3CIEeI0BaTEeNICKU NpoOJieMH, KOWUTO Ipe3
TOJUHUTE U C Pa3BUTHETO Ha TEXHOJIOTMUTE Ca HaMUpaJlM pa3iMuHu perieHus. M3uckBaHeTo 3a
OTKa30yCTOMYMBOCT € 4acT OT Ipolieca Ha MpoeKTupaHe. PeaHoBpeMeHHaTa (QYHKLUS ONpenes
rapaHTOCIIOCOOHUTE pa3pe/iesieHH CUCTEMH Jla paboTAT ¢ riobaliHa BpemeBa 6a3a, criopes KosTo J1a
CUHXPOHU3UPAT BCHUYKU ONeEpaluu, KaTo IMpeloCTaBsAT KOpPEKTHA yciayra KakTo B objacTra Ha
CTOWHOCTHTE, TaKa U B 00acTTa Ha BpeMeTo. Kubep-dusnunara um npupo/ia M3MCKBA J1a ChueTaBaT
pa3HooOpa3HH M3UCKBaHMA. UecTo M3UCKBAHUATA 38 OTKA30yCTOWYMBOCT U paboTa B peajsHo BpeMe
ca TPyAHO CbBMECTHMM U CE€ HaJlara ThPCEHETO Ha IPUEMIINB KOMIIPOMUC MEXKY TAX.

OTKa30yCTONYMBOCTTAa € HEOTMEHMMO CBOMCTBO Ha TE€3M CHCTEMH. 15 ce IMocTura upes
MpUJIaraHEeTO Ha Pa3IMYHU MTOIXO0/IM U TEXHUKHU 32 OTKPUBAHE Ha IPEIIKU U Bb3CTAHOBSIBAHE OT TSIX.
B rosisiMa cremneH Te ce 0CHOBaBAT Ha MOHATUETO 3a U3JIHUIIBK. VI3IUIIBKBT € €JIEMEHT OT CTPYKTyparta
Ha J1ajieHa cucreMa, 0e3 KOMTO TS MOXKe J1a U3ITBJIHSABAa OCHOBHHUTE CH (DYHKIIMHM U KOMTO MoJrmomara
(YHKIIMOHUpAHETO M B CiIydail Ha MpoMsiHa B paOOTHATa M Cpena, MOpoJicHa OT HACTHIIBAHETO Ha
HEU3NPaBHOCTU. YTIPaBICHUETO HA U3JIMIIBKA € BAYKHO 332 OTKa30yCTOMYUBUTE CUCTEMH, 3aL[0TO TOU

BOAW OO0 MNOBHINABAHC HA TCXHUTC HAACKIHOCTHH XAPAKTCPUCTHKHU, HO B CHIIOTO BPEMC BHACHA
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JOI'BJIHUTEITHY €JIEMEHTH, KOUTO MMAaT CBOSATA II€HA OT IJIe[HA TOYKa Ha MPOU3BOAMUTEIHOCTTA U
pa3xoauTe 3a cucreMaTa. BbBeXIaHETO Ha CTPYKTYPEH H3JIMINBK C 1I€J IIOBUIIABAaHE Ha
rapaHTOCIOCOOHOCTTA BOJM JI0 JOIBJIHUTENIHHN 3aKbCHEHUS 32 CHHXPOHM3ALUsS, Bb3CTAHOBSBAHE
Clle/l OTKa3, BKIIOYBAHE U W3KJIIOYBAHE HA HOBU KOMIIOHEHTH U T.H., KOETO YCJIOXKHSBA [IOCTUTAaHETO
Ha M3MCKBaHUATA 3a paboTa B peanHo Bpeme. HamupaHneTo Ha KOMIIpOMHC € CIIOJKHA 3ajiada U €
IpeaMeT Ha CEpUO3HU U3CIIENOBaTeICKU ycuiusa. ThpceHETO Ha HOB IOAXOX 3a YIPABICHHE Ha

M3JIMIIBKa B FapaHTOCHOCOGHI/I pasnopeacsiCH CUCTCMU MOTUBHPA TOBA JUCCPTALUMOHHO U3CJICIBAHC.

MotuBanus

N3uckBaHusATa 3a rapaHTOCIOCOOHOCT Ha PEATHOBPEMEHHHUTE CHCTEMH NPU KPUTHYHHU
MPWIOKCHUST W TIOBHUIIIABAHETO HA Pa3XOJUTe HA CHUCTEMaTa ¢ IeJ YIpaBJIICHHE Ha W3JIMIIbKa
MOTHBHUpA HJICHHUS 3aMHCHI Ha JUCEPTAlMATA Jla C€ Ch3/aJic apXUTEKTypa HAa OTKAa30yCTOWYMBA
pasmpesiereHa cHCTeMa 3a paboTa B peaJlHO BpeMe, KOSTO Ja I03BOJIABA pa3lpeleiieHue Ha
CTPYKTYpHUS U3IUIIBK CIOPE] U3UCKBAHUATA Ha MPHJIOKEHUETO — HapeYeHa OT aBTopa cucmema ¢
Hacmpoueaema  Hadexconocm. (OCHOBHUSAT  HW3CIENOBATEICKA BBIPOC € Jalld  MoOrar
OTKa30yCTOMYUBHUTE pa3NpeesieHd KOMIIOThPHU CUCTEMH 32 paboTa B PeaHO BpeMe J1a TOCTUTHAT
I'bBKABOCT I10 OTHOIICHUE HA U3UCKBAHUATA 32 HAJACIKIHOCT Ha MPUJIOKEHUETO Ype3 MPEIIOKCHHUS B
JUcepTaIusiTa MoIX0]] Ha HaCTpoiiBaeMa Ha/Ie THOCT.

[IpennoxxeHaTa B AWCEPTAIMOHHUS TPYJ apXUTEKTypa Ha OTKA30yCTOWUYMBA paslpe/ieicHa
cuctema 3a paboTa B pealHO BpeMe ¢ HacTpoiBaeMa HaJICKIHOCT € U3rpajieHa OT CAaMOCTOSITEITHU
OTKa30yCTOMYMBU KOMIIOHEHTH C pa3jMdHa MOJYIHOCT, choOpa3eHa C TSAXHATa KPUTUYHOCT.
KpuTu4yHOoCTTa Ha KOMIIOHEHTUTE CE OMpEeJeNsl OT TeKECTTa Ha MOCIEACTBUATA OT TeXEH OTKa3 3a
yrnpaBisiBaHata cuctema. Cucremara € MoJenupaHa IOCPEACTBOM pa3paboTeHa 3a IenTa
CUMYJAIlMOHHA TPOrpaMa W ca M3CJICIBAHW HAJSKIHOCTHHUTE M XAPAKTEPUCTHKH TIPU Pa3TMIHU
napametpu. [IpennoxeHusT B AWCEpTalMsITa HAYYHO-TIPUIIOKEH TMOIXOMA, HapedeH MOIXOJ[ Ha
HAcTpoiiBaeMa HaJIeKIHOCT, OMpeeNs pa3lpeleieHne Ha XapAyepHHUS CTPYKTYPEH HU3IUIIBK,
ChOOpPA3eHO ¢ M3WUCKBAHMATA HA TPUJIIOKEHUETO 3a o0ma CUCTeMHAa HaaexmaHocT. Cucremara u
MOIXOIBT HA HACTpOMBacMa HAACKIHOCT TMIpeajiaraT IIOCTUTaHEe Ha BHCOKAa HAJICKIHOCT
MOCPEJICTBOM pasmpeieliecHue Ha CHCTEMHUTE XapIyepHU PECypCcH M0 HAYHH, KOWTO € choOpaseH ¢
HY)KIUTE Ha TpUIOKEHHEeTOo. ToBa TMpaBUM OTKa30ycTOMYMBATa paslpelelieHa CHCTeMa C
HacTpoiBaeMa HAJESKIHOCT ymoOHA 3a BHEApsBaHE B OOJACTH C Pa3HOOOpa3HU W3MCKBAHUS 3a
HAJCKTHOCT U CMECEHa KPHUTHYHOCT HAa KOMITOHEHTHTE, BB BIPaJICHW CHUCTEMH, MPHU IO-MaJIKO
OTTOBOPHU TIPHUIIOKECHHSI U TIP.

[MoxxonbT Ha HACTpoOIBaeMa HAJEKIHOCT UMA MPEIUMCTBA MPEA APYTH IMIHPOKO MU3BECTHH

pa3pabOTKU MPH: TIOCTUTAHE Ha MTO-BUCOKA HAJACKIHOCT ChC CHITUTE PECYPCH, TOCTUTAHE HAa BUCOKA
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TOTOBHOCT, I'bBKABOCT IIPH Pas3lpee/IeHHeTO Ha CUCTEMHHUTE PECYPCH Ha €Tala Ha IPOEKTUpPAHE,
MPUJIOKHUMOCT B KOMIIAKTHH CUCTEMHU. MojIeJMpaHeTo Ha MpejjiaraHara pasmnpeseiicHa CUCTeMa ¢
HaCTpOﬁBaeMa HaACKIHOCT U CPABHCHUCTO ucC MOACIUTEC Ha HOZ[O6HI/I CHUCTEMHU IIOKa3Ba, 4€ UMa
BB3MOKHOCT HO‘,I[O6pe Ja C€ pasnpeaciiaT pECypCUTe Ha CUCTEMATA IIPU 3alla3BaHC HA I[O6pI/I HHUBa

Ha HEHHUTE HaJC)KJIHOCTHU XapPaAKTCPHUCTUKHU.

Hayuyna nmocTaHoOBKAa Ha U3CJI€IBAHETO

O0eKT Ha M3CIEBAHETO Ca OTKA30yCTOWYHMBH PA3MPEACICHN CUCTEMH 3a paboTa B PEalHO
BpeMe.

IIpeamer Ha quicepTanusaTa € HACTPOKBaeMa HaJICXKTHOCT B OTKa30yCTOMYUBY Pa3NpeIeiICHN
crcTeMH 3a paboTa B peasHoO BpeMe.

HenaTa Ha qUCEpTAMOHHUS TPYA € Ja C€ M3CICABAT HAJACKIHOCTHUTE XapaKTCPUCTUKH Ha
MpeUIOKEeHaTa OT aBTOpa OTKa30yCTOWYHMBA paslpe/elieHa crucTeMa 3a paboTa B peaHO BpeMe ¢
HAcTpoWBaeMa HaJIe)KIHOCT, KaTO T€ CE CHIIOCTABAT C MO3HATUTE MOJOOHM CHUCTEMH, M Ha TSAXHA
OCHOBA JIa ce pa3paldoTH MoAXo/1 (Ha HaCTpoiiBaeMa HaICKTHOCT) 33 U3MOJI3BaHE B OTKA30yCTOMYUBU

CHUCTEMHU 3a paboTa B peajHO BpeMe.
Xumnoresa

I"apanTocriocoOHUTE pa3mpenesieHd CUCTEMH IOCTUraT OTKa30yCTOWYMBOCT IO MHOTO
pa3IMYHM HAYMHU U Ha pa3jIM4yHU HUBA OT CBOSITA apXUTEKTypa. Bojel MeTo 3a U3rpaxaaHeTo UM
€ BBBEXKJAHETO HA CTPYKTYpPEH M3IUIIBK. ChIECTBYBAT JABa OCHOBHHU IOJAXOJAA 3a MpHJIaraHe Ha
CTPYKTYPEH H3JHUIIBK — MMOCPEICTBOM CIELHUAIN3UPAHN XapJAyepHU U COPTYEpHU KOMIOHEHTH M
MIOCPEJICTBOM H3IOJI3BaHE HA TOTOBU CO(PTYyepHHU M XapIyepHH KOMIIOHEHTH. M mpu BaTa moaxona
OTKa30yCTOMYUBOCTTA cpelly (U3MYEeCKH HEM3MPABHOCTU CE€ IOCTUra 4Ype3 pEeIIMKUpaHe Ha
XapayepHUTE KOMIIOHEHTH M C€ TbPCH TI'bBKABOCT MpU PEIUIMKUPAHETO Ha codTyepHUTE
KOMITOHEHTH. XUIIOTE3aTa, KOATO C€ MOCTaBsl B HACTOSIIATA IUCEPTALINS, €, Y€ MOKE /14 CE€ IIOCTUTHE
BHCOKa HAJEKIHOCT M I'bBKABOCT Ha pa3NpEAElICHUETO Ha CHUCTEMHUTE PECYpCH IOCPENCTBOM
HacTpoiiBaeMa HaJIeXKIHOCT, peallu3hpaHa C pasnpeeieHle Ha XapAyepHUs CTPYKTYPEH HU3JINLIbK.

Jloka3zaTencTBaTa Ha XUIIOTE3aTa C€ U3MEpBAT upe3 BepuuipaHe Ha CIETHUTE TBbPACHHUS:

1. Ortka3oycToiiunBaTa cHCTEMa C HacTpoiiBaeMa HAJEXKIHOCT IIOCTUTa BHCOKa 00IIa

HA/IeXKTHOCT, ChIIOCTaBUMA C HAJIeXKTHOCTTA Ha CUCTeMHU 0€3 pa3mpeiesieHne Ha CTPYKTYPHUS

W3JTUIIBK.

2. CepuiecTByBaT KOH(UIypallud Ha CHCTEMAara ¢ HACTpoiBaeMa HaJEKIHOCT, IPU KOUTO ce

MOCTUTAT MO-J00pU HAZECKTHOCTHU XapaKTEPUCTUKH OT TE€3U HA CUCTEMH 0€3 pa3mnpeeeHue

Ha CTPYKTYpPHUS U3JIUILIBK.
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3. Moxe na ce uUASHTU(PUIUPAT YCIOBUATA, NMPU KOUTO OTKA30yCTOMYHMBATa CHCTEMa C
HAcTpolBaeMa HAQAEKAHOCT UMa MO-J00pH HAASKTHOCTHH  XapaKTEPUCTHKH  OT

CpaBHSIBAHUTE CUCTEMH.
MeTox0J10rus HA U3CJIEBAHETO

B mucepranusirta ca 3acThIICHH OCHOBHUTE PHHOME Ha HAYYHOTO ITO3HAHKE - aHAJIN3, CHHTE3,
cpaBHeHHE H 00oOmmenue. HampaBen e 0030p Ha rapaHTOCIOCOOHUTE PA3MPENEICHN CUCTEMH OT
rJIe/IHa TOYKAa Ha Ppa3MpeleIeHHeTO Ha CTPYKTYPHHUS H3JIMIIBK, KaTo ca OTKPOSHH TEXHHUTE
MpeIMMCTBa U HetocTaThin. Ha 6a3ara Ha TO3M KpUTHYCH aHATU3 € TOCTaBEeHA I1eJITa Ha HACTOSIIOTO
u3cienBaHe u ¢ popMmysmpaHa OCHOBHATA Xxumore3a. [IpeiokeH e KoHIenTyalleH MOJIeN 3a B3eMaHe
Ha peleHHsI IPU BrpakIaHe Ha TApaHTOCIIOCOOHOCT B crcTeMH. B3 ocHOBa Ha KiacudukanusaTa Ha
TapaHTOCIIOCOOHH pPa3Mpe/eieHd CHCTEMH € HalpaBeHa Bpb3Ka MEXAY JKU3HEHUS IHMKbBI Ha

pa3pa60TBaHe Ha CUCTCMH U IIPOCKTUPAHCTO HA CUCTCMHU 3d KPUTHUYHHU ITPHUITIOKCHUA.

Cnen mpoyyBaHETO Ha ChUIECTBYBAIIUTE TapaHTOCIIOCOOHHM CUCTEMU € IMpeIoKeHa
apXUTEKTypa Ha OTKAa30yCTOMUYMBA CUCTEMA C HACTpoiBaeMa HajaexaHocT. HanpaseH e mpersiesn Ha
METOJUTE 32 MOJICJIUPAaHE Ha TAPAHTOCIIOCOOHU CUCTEMH U € N30paH 1 000CHOBAH U3CIIEA0BATEICKU
MOJIXOJl — CUMYJIALIMOHHO MOJIENHUpaHe. 3a HeEroBaTa pean3alys € Cb3JaJcH IPOrpaMeH NpoAyKT, €
KOHTO Ca MPOBEIACHU MHOXECTBO eKcriepuMeHTH. IlomyuenuTe pesynratu ca cUCTEMaTU3HpPAaHU U
aHAJM3UPAHU U C TSIXHA IOMOIL € pa3pabOTeH MOAX0]] Ha HACTpOiiBaeMa HaJIeKJHOCT, Upe3 KOUTO J1a
Ce OIpeAensT CUCTEMHHMTE KOH(Urypamuu C o00Ila HaAeXIHOCT CIOpe] HW3MCKBaHUSATa Ha

MPHUIIOKCHUCTO.

OCHOBHH 32/124H HA U3CJIEIBAHETO:

1. /[la ce HampaBsT npoy4yBaHe, 0030p ¥ KPUTHUEH aHAIM3 HA FapaHTOCIIOCOOHU pa3npeesieHn
cucteMu. Jla ce cuHTe3Mpa KiacuduKalMs Ha ChUIECTBYBALIUTE TIapaHTOCIOCOOHU
pasmpeneneHu cucreMd. Jla ce odeprasT M3CIEAOBATEICKHM BB3MOXKHOCTH  IIpU
pasnpezeneHre Ha CTPYKTYPHHS U3JTHILIBK.

2. Jla ce mpemiokaT MOJEN W apXUTEKTypa Ha OTKa30yCTOWYHMBA paslpelelieHa CHCTeMa C
HacTpoiiBaeMa HaJIeK/IHOCT, KOUTO JaBaT pellieHHe Ha N3UCKBAHUATA 3a BUCOKA HAJIEKTHOCT
CTOpe]] HY>KIUTE Ha MPUIIOKEHHETO.

3. Ha ce nepuHuMpa MeTon 3a H3CIeABaHE Ha NpemnoxkeHus moxaen. Jla ce paspaboru
MHCTPYMEHT, peau3upail To31u MeTo1. Jla ce chCTaBu U3CiIe10BaTENICKU TPOTOKOIL.

4. Jla ce mpoekTUpaT U MPOBENAT €KCIEPUMEHTAIHN HM3CJICBAHUS 32 TECTBAHE W aHAIU3 Ha
HAQ/IKIHOCTHUTE XapaKTePUCTUKM Ha TMpeaokKeHaTa OTKa30yCTOWYMBA CHUCTEMa C

HaCTpOﬁBaeMa HAaACKIHOCT MNOCPCACTBOM 1/136paH1/1;1 HN3CICO0BATCICKHU IIOAXOd H
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peanu3upaHus mporpaMeH MpoAykT. Jla ce pa3paboTu ¥ MPHIIOKH IIOAXO0 Ha HaCTpoiiBaeMa

HaaACKIHOCT.

CTpyKTypa Ha ChABP:KAHNETO

JlucepTalluOHHUAT TPYA € OpraHU3MpaH B YBOJ, YETUPH IVIaBH, 3aKII0UCHHE, Onbarorpadceka
CIpaBKa U JIBE NIPHIIOKECHHUS.

B Vso0a ca mocoyenu temara, 00EKTHT U MPEIMETHT Ha AUCEPTAIMOHHUS TpyA. Onucana e
HAaKpaTKO AakKTyaJHOCTTa Ha TeMaTa M MOTHBAlMsATa 3a W3BbpPLIBAHE Ha JAMCEPTALMOHHOTO
n3cinenane. [locraBeHa e 1ienTta Ha u3ciefoBarenckara paboTa U 3aauyuTe, Ype3 KOUTo T Ja Objae
IIOCTUT'HATA, BOJIEIIATA XUIIOTE3a U MPUIIOKEHATA IIPH ITPOBEICHUTE U3CIIEIBAaHUS METOI0JIOT U,

B Inasa 1 ca npenctaBeHU OCHOBONOJArallUTe MOHSATHUS, CBBP3aHU C rapaHTOCIIOCOOHUTE
pasnpeeNieHn CHCTEMH 3a paboTa B peasiHo Bpeme. ONMucaHu ca OCHOBHHTE METOIU U TEXHHUKH 32
MIOCTUTaHe Ha OTKA30yCTOMYMBOCT. Pa3rienanu ca HAUMHUTE 3a BbBEXK/JaHE HA U3IMIIBK U HETOBOTO
ynpasienue. IlpeacraBeH e 0030p M KpUTHYEH aHalIM3 Ha I[O3HATUTE TrapaHTOCHOCOOHU
pasmpeneneHu cucteMu. 3BeneH e KoHIenTyalleH MOJIeN Ha MO/IX0/1 32 B3€MaHe Ha pellieHue Npu
OCUTYpSIBAHE HA TAPAHTOCIOCOOHOCT M € CHHTE3MpaHa KIAaCH(HUKAIMA Ha TapaHTOCHOCOOHH
pasmnpenencHu cucreMu. OuepTaHy ca Bb3MOKHOCTHUTE 3a HOBU U3CJIEC/IBAHUS.

B Inmasa 2 e npencraBeHa apXuUTEKTypaTa Ha INPEAJIOKEHATa OT aBTOPAa OTKa30yCTOWYMBA
pasmpenesneHa cucTemMa ¢ HacTpoiiBaema HaJexKJHOCT. [IpeacTaBeHy ca METOAMTE 3a MOJEIMpaHe Ha
rapaHTOCIIOCOOHU pa3Npe/iesieHH CUCTEMH, KAKTO U MOJIeJia M JOTYCKaHUsATa Ha 0TKa30yCToHYnBaTa
CUCTEMa C HACcTpoWBaeMa HaJIeKIHOCT. TaM ca ONMCaHM W3CJIECIBAHUTE HAJEKIHOCTHU
XapaKTepUCTHKH, Bb3 OCHOBA Ha KOMTO CHCTeMaTa MoKe /1a ObJie OlICHsIBaHa U CpaBHSBaHa C APYTH
nonobHu cucremu. OOOCHOBaH € H300pPHT Ha U3CIENOBATEJICKH TMOJAXOJ — CHMYJIAIMOHHO
MOJIETTUPAHE.

B Inasa 3 ca omucaHu M3CIIENOBATEICKUTE 33Jaud M €a NPEICTABEHU PE3YJITAaTUTE OT
CHUMYJAIlMOHHO H3CJIEBAaHE HA OTKA30yCTOMYMBaTa pa3MpelelieHa CHCTEMa C HacTpoiiBaema
HagexaHocT. [IpencTaBeH € mporpaMHUsT IPOAYKT 32 CUMYJIAIMOHHO MOJIEIMpaHe Ha cUCTeMara ¢
HacTpoiiBaeMa HaleXAHOCT. M3cnenBanu ca HaJEKIHOCTHUTE XapaKTEPUCTUKU Ha KOMIIOHEHT Ha
CHCTEMATa M Ha Lisy1aTa CUCTEMA: HaJIeKTHOCT, TOTOBHOCT, CPETHO BPEME 110 OTKA3, CPETHO BpEME 3a
peMoHT H T.H. [IpeacraBeH e pa3paOOTEHUAT B AUCEPTALMTA [TOIX0] HA HACTPOiiBaeMa HaAeKAHOCT,
KOWTO MO3BOJIsIBA M30MpaHe Ha MOAXOAs1Ia KOHPUTYpalys Ha CTPYKTYPHUS U3JIHMIIBK B 3aBUCUMOCT
OT M3MCKBaHUATA 3a 00I11a CUCTEMHA HAJIeKTHOCT Ha IPUIIOKEHUETO.

I'nasa 4 npencraBiisiBa aHaU3 U 00CHXKIaHe Ha pesynraTute. [locouenu ca mpeauMcTBara u
Bb3MOXKHUTE NPUJIOXKEHUS Ha MpeIoKeHaTa OTKa30yCTOWYMBAa CHCTEMa C HacTpoiiBaeMa

HaaACXKIHOCT. I/ISBGI[GHI/I Ca OCHOBHHUTC HAYYHH W HAYUHO-IIPHUJIOKHU PE3YIITATU HA AWCECPTALHATA.
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OuepraHu ca BB3MOKHOCTHTE 32 IT0-HATATHIITHA U3CIICIBAHIS M IIPHIIOKEHUE Ha OTKA30yCTONYMBATA
pasnpezeneHa cucTeMa ¢ HacTpoiiBaeMa HaJeKIHOCT.

JlMcepTalMOHHUAT TPYZ 3aBbpIIBA ChC 3akiroyeHue, B KOETO ce 0000IIaBaT MONy4yeHHUTE
pesynaratu. B kpas e mocouena bubauoepaghus, ceabpkama 102 u3zrounnka. B Ilpunosicenue A ca
W3BEJICHH MAaTEMAaTUYCCKUTE MPEIICTABSIHUS HA HAJC)KIHOCTHUTE XapaKTEPUCTUKH, C KOUTO OOpaBU
nsciensanero. B Ilpunooicenue B e npencraBeH KOABT HA IporpamMara 3a CHMYJIAUOHHO

mozenupane NMRSIM.

I'naBa 1. I'apanTocnoco0Hu pa3npeae/ieHd CUCTEMH 32 padoTa B

peajiHO Bpeme

1.1 'apaHTOCTIOCOOHOCT — OCHOBHM MOHSITHS

IonsTHero rapanTocnocobrocT! (Ha anry. dependability) e BeBeneno ot YKan-Knon Jlanpu
npe3 80-te roaunu Ha 20. B. [1], [2], 3a Aa ce 00XBaHAT pa3IMYHUTE aCIIEKTH Ha OTKAa30yCTOWYMBHUTE
CHCTEMH M JIa CC BBBEJIE CHCTEMHOCT B W3IOJ3BAHETO HA MOHATHUATA, CBBP3aHHM ChC 3allUTaTa OT
OTKa3d Ha BHCOKOHAISKIHUTE cucTeMu. OcHOBHaTa JAebUHUIMS 3a 2apanmocnocobnocm [2], [3],
[4] rnacu, e ,,l'apaHTOCIIOCOOHOCT € CIOCOOHOCTTAa Ha €/Ha KOMITIOThbPHA CHCTEMa J1a OCTaBsI
ycllyra, Ha KOTO MOKe 000CHOBaHO Ja ce pa3unta®. Ta3zu geuHUIMS T0CTaBs YAapEHUETO BbPXY
000CHOBAaHOTO JOBEpUE B yciyrara, mpeaocTtaBsHa oT cucremara. B [3] e moOaBena u BTOpa
neUHUIMS Ha TapaHTOCIOCOOHOCT, KOSITO TMOJYepTaBa 3HAUYEHHWETO Ha MPEJOTBpPATIBAHETO Ha
oTKa3u: ,,['apaHTOCIIOCOOHOCT Ha JajieHa CUCTEMa € CIIOCOOHOCTTa M Jia MpeloTBpaTsaBa OTKa3H B
yciayrara, KOUTO €a MO-4E€CTH U MO-TEXKKH OT JIOIMyCTUMOTO .

CrenuduuHaTta TSpMUHOIOTHYHA OCHOBA, M3IIOJI3BaHA B JIUCEPTAIMSITA, Ca YTBHPICHUTE U
IIMPOKO MPHJIAaraHu B 00JIACTTa HA TapaHTOCIOCOOHUTE CHCTEMU MOHATUS U onpeaencuus [3], [4],
[5] u TexHuTE OBJITAPCKU CKBUBAJICHTH [6].

Vcnyea e cucTeMHOTO TIOBEICHHUE OT TJIeTHA TOYKA Ha OTpeOuTeNs Ha cuctemara. Kopekmua

yciyea ce pelocTaBsl, KoraTo yciayraTa npujiara CicTeMHara QyHKIUS.

1.1.1 3annaxu 3a 2apanmocnocoonocmma: OmKa3u, 2peuiKu, Heu3npagHoOCmu

3annaxume 3a KOMITIOTBPHUTEC CHUCTCMU Ca NMPUYUHUTE, KOUTO BOJAT OO0 OTKJIOHCHHUEC OT

KOPEKTHOTO UM pyHKIHMOHUpaHe. [IposiBaTa Ha TOBa OTKJIOHEHHE Ha CHCTEMHO HUBO CE Hapuia 0TKa3

! TIpeBobT HA OCHOBHUTE TEPMHHH, CBBP3aHU C HOHATHETO APaHTOCIOCOOHOCT, € HAMPABEH OT KOJIEKTUBA HA CEKIIUs
,,OTKa30yCTONYMBY KOMITIOThPHH cuUcTeMu Ha Mucturyra mo kommorspHu cuctemu (MKC — BAH) [6]. Ilo-
ChBpEMEHHATA UM MHTEPIIPETALISI U IPEBO/J] Ca Ha aBTOPA.
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Ha yciyrata [3]. Omkasz e cbOUTHE, KOETO HACTBIIBA, KOTaTO MPEIOCTABIHATA YCIIyra ce OTKIOHSIBA
oT kopekTHata. OTKJIIOHEHHETO OT KOPEKTHATA YCIIyra MOXKe Jia IpueMe pa3indau Gopmu, HapeueHu
PCKUMHU HA OTKA3 U Ca NOAPCACHHU CIIOPC cepuozHocmma Ha omkasa - CTCIICHTA Ha MOCJICACTBUATA
Ha OTKa3sa 3a CUCTEMHaATa Cpcaa.

Ortkas B yciiyrarta o3HadaBa, 4€ IIOHC CIHO (I/IHI/I HOBC‘IC) BBbHIIHU CHCTOSSHHUA HA CUCTEMATa
CC OTKJIOHABAa OT CBCTOAHHMCTO Ha KOPCKTHaA YCJyra. ToBa oTKJIOHEHHE ce Hapu4da Tpclika.
JlokazaHaTa WM XUIIOTETUYHATA TIPUYMHA 3a TPEIIKa ce Hapuda Heusnpasrocm. ONpeeseHueTo 3a

cpeuika € 4aCTTa OT O6H_[0TO CBbCTOSHHUEC HA CHCTEMATA, KOATO € Bb3MOXXHO Ja JOBEIC 1O OTKa3.

1.1.2 Ampuobymu u cpedcmea Ha 2apanmocnocooHocmma

B ocHoBomomaramara cratusi [3] ca NMpencTaBeHW OCHOBHUTE IMOHATHUS U JCPUHULIUY,
CBBP3aHU C TAPAHTOCIIOCOOHOCTTA. Te ce M3MOoI3BaT U B HACTOANIATA paboTa, KaTo TYK Ca IIMTUPAHU
camo Je(UHHUIIMUTE, KOUTO UMAT OTHOIICHHUE KbM TeMaTa Ha aucepTanusrta. Criope HaJlo)KuiaTa ce
pe3 MOCACIHUTE TPUIACCET FOJUHN TEPMUHOJIOTHS TAPAHTOCIIOCOOHOCTTA € HHTETPAIHO MOHSTHE,
KOETO CE XapaKTepU3upa ChC CICAHUTE aTPUOYTH:

e [omosHoCm: HAIMYHOCT HA CUCTEMATa 3a MPEIOCTaBIHE Ha KOPEKTHA YCIIyTa;

o Haoesxconocm: HENIPEKbCHATOCT HA KOPEKTHATA YCITyTa;

e Bezonacrocm: OTCHCTBHE Ha KaTaCTPO(aTHH MOCIEICTBUS 32 MIOTPEOUTEIS U CpeiaTa;
e [[anocmHocm: OTCHCTBHE HA HENIPABHIIHH U3MEHEHHS HA CHCTEMATa;

e  Pemonmonpueoonocm: CIIOCOOHOCT Jia ce TpeAnprueMaT MOAU(DHUKAIINY U PEMOHTH.

CpencTBara 3a MOCTHTaHE Ha TapaHTOCIIOCOOHOCT Ha KoMmioThpHHUTE cuctemu [2], [3] ca
npeonaszeéane Om HeUNPAeHOCM, OMKA30YCMOUYUBOCH, OMCMPAHABAHe HA HeU3NpaeHoCm W
npocnosupaune Ha Heusnpaenocm. OTKa30yCTOMYMBOCTTa OOCTUHIBA METOIU U CPEJICTBA, UMAIIIH 32
1eJT IPEJIOTBPATABAHETO HAa OTKA3U B MPUCHCTBUETO HA HEM3MPABHOCTH.

@OKyChT Ha JUCEPTALMOHHMS TPYA € BBpPXY IOCTUIAaHETO HAa OTKa30yCTOMYMBOCT Ha

pasnpeeneHy KOMIIOTBPHH CUCTEMH 3a paboTa B peaHO BpeMe.

1.2 Pa3nipenesieHu cucTeMu 3a pabora B peajiHO BpeMe

Pasnpenenenute cucteMu ca U3rpajgeHu OT KOMIIOHEHTH, KOUTO OOMEHST ChOOIIEHHUS TIpe3
KOMYHHKAIIMOHHA MarucTtpaia (peaqTHOBpeMEHHa Mpeka) M HU3MBIHSABAT OOl alropuThM 3a
yrpasnenue (@ueypa 1-2). Ot T7e1Ha TOYKA HA OTKA30yCTOMYNBOCTTa KOMITIOHCHTHUTE Ha CUCTEMATa
TpsAOBa J1a OCUTYpsIBAT HEPA3MPOCTPAHECHUE HAa HEM3MPABHOCTUTE KBM JPYTH KOMITOHCHTH.
KoMmmoHeHTsT Ha cuctemara € 610k Ha ocpanuyasane Ha neusnpasnocm [17], [19], ako mpekust
edeKT OT eAMHWYHA HEM3MPABHOCT BIHsIEC CaMO BBPXY (YHKIIMOHMPAHETO HAa €IWH-EAMHCTBEH

kommoHeHT [17]. Jlomycka ce, 4e OJIOKOBETE Ha OrpaHMYaBaHE Ha HEW3MPABHOCT OTKa3BaT
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HE3aBHCUMO €JIMH OT Apyr. ToBa JoITycKaHe € MPUIIOKIMO 3a XapLyepHU HEU3IPaBHOCTH, KOUTO Ca
00EKT Ha HACTOSIIIIOTO M3CIIEC/IBAHE.

Cucremara ympasiasiBa MHAYCTPUAJEH IpOLIEC, HapedeH OOCKT Ha YyIpaBiCHHUE.
KommoneHTrTe momyyaBaT BXOJHM JQHHHM OT CEH30pHTE HAa OOEKTa HA yNpaBlCHWE, U3IBIHIBAT
yhpapisBamia OporpamMa, KOATO W3YMCIIABA pPE3YyNTaTH, M M3BEXKAAT TE3W pE3YyJNTaTd KbM
aKTHBATOpUTE HA 00eKTa Ha ynpasieHue (Pueypa 1-2). 3a na U3MBIHIBAT 331a4UTE CH, TE TPsiOBa 11a
KOMYHUKHUPpAT C OCTAHAJIUTC KOMIIOHCHTH YpC3 oOMeH Ha JaHHHU. CucrteMHHATE KOMIIOHEHTH ca
IPOEKTUPAHH J1a UMaT 0e30IacHO MOBEICHUE, T.C. HUTO €JHAa HEM3IPABHOCT HE TPAOBA Jla JOCTUTA

A0 U3XOOUTEC HAa KOMIIOHCHTA, KAKTO U Ja CE€ pasnpoCTpaHsiaBa KbM JAPYrd 4aCTH Ha CUCTEMATA.

PEANHOBPEMEES MPEXAE
3 A A
3 * Y
CHCTEMEH CHCTEMEH CHETEMEH
KOMMNOHEHT | | KOMOOHEHT e KOMAOHEHT
1 2 M

\
CEH30PW W aKTHEATOPH

0BEKT Ha YrpasnaHe

Queypa 1-2. Paznpenenena cuctema 3a paboTa B peajiHO BpeMe

Pasnpenenenute cuctemu 3a paboTa B peaTHO BpeMe padoTsIT ¢ KpaiilHA BPEMEBH HHTEPBAIIH,
HaJIaTaHW OT cpelara W oOekTa Ha yrpamiieHHe. [Ipu TAX KOpeKTHara yciyra TpsOBa aa Obje
KOpEKTHa B 00J1acTTa Ha CTOWHOCTUTE M B 0OJacTTa Ha BpeMeTo [17]. ToBa o3HauaBa cucremara zia
MPeOCTaBsl KOPEKTEH pe3yiTaT Ha OOeKTa Ha YNpaBleHHE W Jla TO H3BEXKAAa B PaMKHTE Ha
cienuUIUpaHus BpeMeBH HHTEpBajl. Korato BpeMeBHTE HHTEPBAIU B CHCTEMATa 3a PEaTHO BpeMe
M3HCKBAT CTPUKTHO CIa3BaHe, 3a Ja ObJie I0CTaBeHA KOPEKTHA YCIIyra, CHCTEMAara 3a PEalHO BpeMe
e C mewvpou epemesu oeparnudenus [17]. B mpoTUBEH ciiydaii TS € CUCTeMa 3a pealilHO BPEME C MeKuU
spemesu oepanuvenuss [17]. Yecro cucremute pabOTAT W MpH JBaTa BHIA OrPaHUYCHUS
¢IHOBPEMEHHO, HO HAJIUYMETO HA TMOHE €AHa (YHKIHS C TBBPAM OTPAHHUYCHHS IO BpPEeME IMPaBH
cucTeMaTa CHCTeMa C TBBPAM BPEMEBH OrpaHHuUEHHs. J[pyro ChIIECTBEHO pa3rpaHUYCHUE Ha
CHCTEMHUTE 3a PEaJHO BpeME € B 3aBHCUMOCT OT 3ajeiicTBaiius (GakTop, KOWTO Ompesesns
B3aMMOJICHCTBHATA MEKAY CHCTEMHHTE KOMIIOHCHTH: CbOUMULHU pasnpedesenu Ccucmemu
(3ameiicTBaHM CIIOpE] MOMEHTA Ha HACTHIIBAHE Ha CHINECTBEHO CHOUTHE B CUCTEMATA) U NePpUOOUUHU
pasnpedenenu cucmemu (3al€HCTBaHM CIOpEI ONpPEAEICH MOMEHT OT TEYEHHeTO Ha

¢busnueckoto/peanHotro Bpeme) [17]. TapaHTOCHOCOOHHTE pa3MpeNeiIeHd CHCTEMH YEeCTO
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U3IBIHABAT QYHKIUK C TBHPIU BPEMEBH OIPAaHUYCHUS U ca TeproandHu. ToBa 1aBa Bh3MOXKHOCT
TAXHOTO TIOBEJEHHE Ja ObJe MpeACcKa3yeMo W IO3BOJISBA Ja C€ HM3I0JI3BaT IMO-HKOHOMUYHO
pecypcute uMm. To3u Buj cucTeMu ca 00EKT Ha HACTOSIIOTO U3CIICIBAHE.

3a OCTUraHETO Ha OTKA30yCTOWYHMBO MOBEJICHHE HA KOMIOHCHTUTE B rapaHTOCIIOCOOHHUTE
pasnpezelcHr CHCTEMH T€ Ce KOHCTpyHpaT ¢ pervmmkupanu moxyiau [17], [21], [22], [23], [24].
Mooyn ¢ Haii-Majnkara 3aMeHHMa €IWHHUIIA HA CHCTeMaTa. TOBa IMOHSATHE WMa OTHOIICHHE KBbM
TEXHHUKHTE 3a PEIUTMKUPAHE U METO/Ia Ha BHBEXKIaHE HA U3JIMIIBK B CHCTeMara. PeIulMKupaHeTo Ha
HUBO KOMIIOHEHT MOXKe Ja Obie xapayepHo wWin codTyepHO peanusupano. J[o0aBir ce u
JOIBIIHUTEIHH CPECTBA 3a OTKPUBAHE Ha IPEIIKK KbM BCceku Moyl [25], [26], [27], [28] — 6iokoBe
3a camornpoBepka. Camara KOMyHHKAIIMOHHA MarucTpalia ChIo MOXKE Ja Objae perumkupana [25],
[29], [30], [31]. Pa3HoOOpa3ueTo OT TEXHHUKH 3a PEILTMKUpPAHE JaBa Bb3MOXKHOCT 3a M300p Ha Hali-

NOAXOJAINTC PCIICHUA 3a KOHKPETHO IIPUIIOKCHHUC.

1.3 YnpasieHne Ha M3JIMIIBKA B 0TKA30YCTOMYNBH pa3npeaejieHH CHCTeMH 3a padora

B pe€ajJIHO BpeMeE

["apaHTOCTIOCOOHHTE pa3NpeneieHn CHUCTEMH 3a padoTa B pEalHO BpeMe OOMKHOBEHO ca
MpeHa3HauYeH! 32 KPUTHYHU 10 OTHOIIEHUE Ha 0€30MacHOCTTa NMPUIokKeHus. ETHO OT OCHOBHUTE
M3HUCKBaHUS 3a TAXHATa paboTa e Ja ObJaT oTkazoycToiunBu. OTKa30yCTOWYMBOCTTA C€ MOCTHUTA
4pe3 M3MOI3BaHe Ha Pa3HOOOpA3HU TEXHUKH, TOBEYETO OT KOMTO CE OCHOBABAT HA HsKakBa (popma
Ha U3MUIIBK. ChIECTBYBAT PA3IMYHU BUIOBE U3JHIIIBK U TEXHUKH 32 MPUIATAHETO MY.

BbBexkgaHeTo Ha HM3NMHMIIBK B KOMIIOTHPHUTE CHCTEMH, KaTO METOJ 3a TMOCTUTaHe Ha
OTKa30yCTOMYUBOCT, M PEIUIMKHPAHETO, KAaTO TEXHHUYECKa pealu3alus Ha HM3JIUIIbKa, ca J100pe
no3Hatu u npoyuenu [23], [24], [33], [34], [35], [36], [37], [38]. Boupeku ye ynpaieHueTo Ha
W3IIUIIBKA € Pa3pabOTeHO W MPWIOKEHO B PA3IMYHU OTKA30YCTOWYMBU CHCTEMH OTJIaBHA,
MPOEKTUPAHETO HA HOBU FapaHTOCTIOCOOHU pa3mpeiesieHH CUCTEMH, pa3paboTBaHETO HA CUCTEMH OT
cucrteMu u kubep-¢pusznunu cucremu [40], [41] HanaraT HOB MOTJIE U THPCEHE HA HOBH MOAXO.IH 3a
peaim3WpaHe Ha UW3IMINBKA. B kpuTHuHuTe WHOPACTpYyKTYypH (SHEpruiiHa cucTeMa,
BOJIOCHAOIUTEITHA CHCTEMa, EICKTPUYECKa CHCTEMa W JIp.), HapUMeEp, KPUTUIHHUTE CIIEMEHTH Ha
cucTeMara, Karo cUcTeMara 3a HaJ[30pHO yIpaBlIeHHe U chOupaHe Ha janHu (Supervisory Control

and Data Acquisition - SCADA), ce peanm3upar 4pe3 H3M0JI3BaHe Ha CTPYKTYpeH H3muirbk [39].

1.3.1 Ilpoekmupane na cucmemama

[ukbbT Ha pa3paboTBaHe, HApEUEH OILe Pa3BOM, Ha pa3MpeieieHaTa cucTeMa Moxe Ja Obie
NPEJICTaBeH KaTo WTepaTuBeH mporec [44], koiTo pasriexia cucTemara OT JBE IJICIHH TOYKH:

npakTuiecka u adcrpaktHa. [IpakTrueckara rienHa Touka KbM cUcTeMaTa € HeHHOTO BHEpsIBaHE, a
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a0CTPaKTHUSAT TOTJIE] BBPXY CHCTEMATa € HEHHHUAT MoJien. Te3u TIelHN TOYKH TPsOBa Ja OOMEHST
uHbOpMaNKs MMOMEXAY CH, 33 Ja MOCTUTHAT IUIOCTEH CHCTEMEH MOJEJ, KOWTO MOXe jaa Obae
BaJIMIUPaH U BepHpULIpPaH.

Ha @ueypa 1-3 e npeacraBeHa KOHIICTIIUATA 32 OCBHIIECTBABAHE Ha IOAXO]] 32 B3€MaHE Ha
pellieHHe IO OTHOIICHWE Ha OCHTypsBaHE HA TrapaHTOCIOCOOHOCTTa Ha €IHAa CUCTeMa 4pe3
M3IIONI3BaHE Ha M3NMUINBK. [lameHa pasmpeneneHa cUCTeMa YIpaBisiBa MPOMHIIUIEH IPOLEC, T.€.
pasnpezeneHa KOMIIOTbpHA cpena. CucreMara € MmoajoKeHa Ha HeM3MPaBHOCTH, KOUTO HapylaBaT
HeifHaTta paboTa M 3acTpaliaBaT ynpapisBaHus mporec. [IpobieMbT ¢ rapaHTocnocoOHOCTTa Ha
crcTeMara CTaBa BBIIPOC HA IPOCKTHPAHETO: KakK Ja Ob/ie HalpaBeHa CUCTEMaTa 0TKa30yCTOMYNBA.
HewusnpaBHocTrTe ca HEM30EKHU U HENPEICKa3yeMu. 3aToBa cCUCTeMaTa TpsOBa Jja uMa pecypcH, ¢
KOHUTO JIa IOCTaBs yCIIyraTa, 3a KOsITO € IpeJHa3HaueHa, JOPH B IPUCHCTBUETO HA HEU3IIPABHOCTH.
BpBexkIiaHeTO Ha M3JIMIIBK € €Ha OT CTPATeTHHTE 3a pelllaBaHe Ha MpodiieMa ¢ HeoOXoaumara
OTKa30yCTOMYMBOCT. VH)XEHEPHUTE BBIPOCH C MPWIATAHETO HAa W3JMIIbKa TpsiOBa na ObIaT
ChUeTaHW C wu3cnenoBaresicku pemenus. Ha @ueypa 1-3 T1e ca obeauHeHn moj OOIIOTO
HAaMEHOBAHHME OIICHKA Ha rapaHTOCIOCOOHOCTTa. MoJennTe M TEXHHTE MapaMeTpH 3aBUCAT OT
MPUIOKCHUETO (HampuMmep KuOep-QU3NYHM CHUCTEMH, KPUTHYHU 3a OE30MacHOCTTa CHUCTEMH,
aBTOMOOWJIM U JIp.) M OT paboTHATa cpefia, T.€. pa3npeieieHaTa KOMIITbPHA cpea. ATpuOyTUTe Ha
rapaHTOCIIOCOOHOCTTa C€ OIpEeNeNiaT Bb3 OCHOBA Ha KOHKPETHOTO TpHIIOKeHHe. Pesynrarwure,
MOJyYeHH OT HW3CJIEIBAHETO HAa MOJENNTE, C€ W3IMON3BAT INMPH NPOCKTHPAHETO Ha CHCTEMATa.

OHpe,[[eJ'I}I CC MoAxoJgdmiaTa TCXHUKa Ha pCIVIMKUPAHE.

FapanwTocnocoBHocT

!

OTKaZ0YCTONYHBOCT

Kubep=-thuanunn,

KPHMTHYHA 33 ‘
BGelonacHocTTa

EMETEMM,
BTOMOGHNM W AP

TexHHKa Ha

Wannurek ’ pENNMKHpaHe

Paznpegenexa
KOMNHOTePHA
cpeaa

N

OueHka Ha
rapaHTocnocoGHoCTTa

@ueypa 1-3. KonuenryanaeH MoJiel Ha IOAXO/[] 32 B3eMaHe Ha pellieHHe IPU OCUTYpsIBaHEe Ha
rapaHToCIIOCOOHOCT

OrnucaHusT MPOIEC Ha OMpeeNsiHE Ha TEXHUKaTa 3a perukupane (Queypa 1-3) Mmoxe ma

6’bI[e M3II0JI3BaH KaTO BXOJHHW JAaHHU Ha CX€MaTa Ha )XKU3HCHUA UKD Ha pa3pa60TBaHe Ha CUCTCMU
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Wi ga Obae BrpaJeH B HEro, Karo IO TO3M HAuyuWH crenuuIupa H3WCKBaHUATA 34

rapaHTOCIIOCOOHOCT.

1.4 M3inmrbK NpU rapaHTOCIOCOOHUTE pa3ipe/iesieHH CUCTeMH 3a padoTa B peajHo

BpeMe

JlepuHumsITa Ha TOHATUETO ,,M3JIUITIBK", KOATO IIIe U3MOJI3BaMe, € ClIeHATA:

Hznuwvkom e hyHKYuonannocm unu KOMROHEHmM HA eOHA KOMAIOMBPHA CUCmeMd, KOUumo
000ass pecypcu 3a U3NvIHeHUe Ha KOPeKMHama u yciyad.

ToBa e MeTon 3a BHEIpSBaHE HAa OTKA30yCTOMYMBOCT MPH T'apaHTOCIIOCOOHNW KOMIIOTHPHH
CHUCTEMHU W Ha CBOM pejl C€ pealM3upa 4pe3 TeXHUKH 3a peITuKupaHe. V3IUIIbKbpT MOXeE 1a ObjIe

CTPYKTypeH, BpeMeBu win pynkiuonanex [23], [33], [34], [37], [38].

1.4.1 Cmun na peniukupane npu cmpyKmypeH uziuiivK

CrurbT Ha PCINIMKHUPAHE OIPCACi HaYuWHA, I10 KOUTO PCINIMKUPAHUTE KOMIIOHCHTHU
U3II'BJIHABAT CBOATA pa60Ta. OTKa?,OYCTOI\/JILH/IBI/ITe KOMIIOHCHTHU UMAT PCIUIMKUPAaHU MOAYJIN U CaMO
CIMH OT TSAX, IIBPBHYHMAT, M3BEKIa M3XOAHHs pe3ynrar. OCTaHAIUTe PEIUIMKU ca BTOPHYHH. B
3aBHCUMOCT OT CTHJAa Ha PEIUIMKHpAaHe H3JIMIIBKBT MOXe Ja Objie MacHBEH WM aKTHUBEH.
PesepBupanero ¢ nmacuBHa (opma Ha manuinbk [23], [33], [35]. Perumukupanero mnpeacTaBiisiBa
€HOBpEMEHHa paboTa Ha UACHTUYHU MOJYJHU, KOUTO U3MBIHABAT €IHU U CHIIM (PYHKIHUH BBPXY

elIHH U CBIIM BXOIHM JaHHH U cpaBHsBaT pesynrarute cu [23], [33], [35], [37], [38].

1.4.2 Cmenen na pennuxkupane npu cmpyKkmypeH uziuvk

CremneHTa Ha peITUKKUpaHe ompeesns Opos Ha MOIyIUTE B IaZileH KOMIIOHEHT. B 3aBUCHMOCT
OT BOXHOCTTa HAa KOMIIOHEHTa 3a cHCcTeMHaTa paboTa TOW MoOke Ja MMa €IWH WM ToBeue
PETUTHKUPAaHU MOJYJIM WU BHOOIIE Ja HsAMa m3HibK. CTENeHTa Ha PEIUIMKHpAHEe 3aBUCH H OT
M3MCKBAHUATA 3a OTKA30yCTOHYMBOCT HAa KOMITOHEHTHTE.

[Ipu xapayepHuTe peanu3aliil perIuKupaneTo npuema ¢opmata Ha N-moodynen uziumvk
[23], [34], [35], [37], [38]. Toii Haii-uecTo ce mpuiiara BbB BUJI Ha JIBOCH U TPOSH MOJTYJICH H3JIUIITBK.
[Ipu 06oen mooynen uznuwvk (JMUW) nBete permku cpaBHSIBAT CBOMTE PE3y/ITaTH U, B CIy4yail Ha
pa3MrHaBaHe, KOMIIOHEHTHT HE U3BEK/IA PE3YNITAT, KATO OCTaBa MBIIYAIUB MPH 0TKa3. OOUKHOBEHO
MOJAYJIUTE WMAT JOMBJIHUTETHH MEXaHW3MH 32 OTKa30yCTOWYHBOCT, HapeueHU 0/10K08e 3d
camonposepka, 3a Jla pemar Ko Moayn e otkasan. [Ipu mpoen mooynen uznuwvk (TMUW) uma tpu
aKTHUBHH MOJYJIa W TJacyBail OJIOK. AKTHBHHUTE MOAYJIH PabOTAT €THOBPEMEHHO, a IIIaCyBaIUsIT
0JIOK OoTpeaesiss MaKOPUTAPHUS Pe3yiTaT, KOUTO OMBa M3BEJCH KbM OOCKTa Ha yIIpaBJeHHUE.

Pennmukupanero Ha codryepa ce peain3upa Kato OJIOKOBE 32 Bb3CTAHOBSIBAHE M N-BEPCUOHHO

nporpamupane. [Ipu monxona ¢ 6okoee 3a ev3cmanosssane [49], [50] ce mpaBsT nBe anTepHATUBHH
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nporpamMu (Hape4deHu aJTepHATUBH) OT oOIa crenuduKaiysa Ha yclyrara U ce BbBEX/1a IIpreMalll
TECT, KOMTO pellaBa Jaiu pe3yiaTarhbT € npaBuiieH. [IpueMamusT TecT ce nmpuiara mocjae10BaTeIHo
BBPXY pe3yJNTaTUTEC Ha JBETE alTCpHATUBU. AKO pE3y/lITaTUTE HAa IMbPBUYHATA AJITEPHATHBA HE
MpeMHHAT TpHUEMallusg TeCT, Ce H3IbJIHSABAa BTOopaTa antepHaruBa. [loaxomsT ¢ OioKOBe 3a
BB3CTaHOBSIBAaHE CHOTBETCTBA HAa PE3EPBUPAHETO B TOTOBHOCT MPH Xapayepa.

ITpu N-sepcuonnomo npoepamupane [49], [51], [52] cbmiectByBar N (N>2) BapuanTa Ha
coryepa, KOUTO Ce M3MBJIHABAT STHOBPEMEHHO U PE3yJTAaTHTE UM CE€ CpaBHsBAT. Bapuanture ca
copTyepHU mporpamMu, KOUTO Ca HATUCAHU OT PA3IMYHU €KUIIU OT MPOrPAMUCTH U MO BH3MOXKHOCT
M3MON3BaT pa3nuuHu anroputMmu. Ilpennonara ce, ye ToBa cnomara ja 0baar u3berHatu ooImUTe
TPEIIKH, KOUTO MPOTPAMHUCTHTE Ca CKIIOHHH Ja MpaBsAT. Pe3ynrarure Ha cOPTyepHHUTE BEPCUU Ce
TJIACYBAaT M CE M3BEXKJIA MAKOPUTAPHUAT pPe3yaTaT. XapAyepHHUIT CKBUBAJICHT Ha N-BEPCHOHHOTO
nporpaMupane € N-MOIyTHUST U3JIHIIBK.

IIpu N-camonposepssawomo npoepamupane [49] ce manpaasBar N caMOIIPOBEpsIBAIIU CE
copTyepHH KOMIIOHEHTA, KaTO €IMH OT TAX C€ CMSITA 3a JCHCTBAIIl, 2 OCTAHAINTE CaMOIIPOBEPSBAIIN
C€ KOMIIOHEHTH Ca HETOBH ,,ropein‘’ pe3epBu. [Ipu oTka3 Ha AeicTBAINSA KOMIIOHEHT JEHCTBUETO

CC IIPCBKJIIOYBA KbM HSKOM OT PE3CPBHUTE CaMOIIPOBEPABAIY CEC KOMIIOHCHTHU.

1.4.3 Bpemesu uznumnvk

BpeMeBUsIT U3UIIBK H3UCKBA J1a OBbJIE 3a/1eJIEHO TOMBIHUTEIHO BPEMeE 3a U3MIBJIHCHUETO Ha
3amaun [23], [37], [53], [54]. Toii ch3maBa mo-MaIbK pa3xol B CPABHEHHE ChC CTPYKTYPHHS U3THIITBK,
HO MOJK€ J1a TIOBJIHsIC Ha TIPOM3BOANTEIHOCTTA HA CHCTEMaTa M 3aTOBa TPsAOBa J1a Objie MOTYNHEH Ha

OrpaHMYCHUSATA 33 PEaTHO BpeMe.

1.4.4 @ynkyuonanen uznuuivK

OYHKIMOHATHHAAT HM3JIMIIBK ce BHeApsBa B codryepa. B [33] Toit ce medurmpa xaro
KBaJIU(HUIIMPAHE Ha TOBEJCHUETO HA CHCTEMaTa IO OTHOIICHWE HAa HEWHUTE BXOHH/M3XOIHU

B3aMMOOTHOIIICHMUA. (DYHKI_II/IOHaJIHI/IHT H3JIMIOBK € IMMOJIC3CH ITPU OTKPUBAHCTO HA I'PCIIKH.

1.5 BbBekaaHe HA M3JIUIINLK

["apaHTOCTIOCOOHOCTTAa B paslpeesieHUTe CHCTEMH 3a PeaHO BpeMe, KOUTO paboTAT B
KPUTHYHHM 3a 0€30IacHOCTTa IPHJIOKEHHs, € CTaHaja YacT OT TAXHOTO MpoeKThpane. Bcuuku
napaMeTpu U CUCTEMHU KOMIIOHEHTH, KOUTO Ca Ba)KHHU 33 OTKA30yCTOMYHMBOTO (PYHKIIMOHUPAHE Ha
cucTeMara, ce BKJIIOYBAT B JKM3HEHHs IHUKBJI Ha pa3paboTBaHe Ha cuctemara. OmnucareneH
MHOTOCJIOEH MOJEN Ha IPOEKTHpaHEe Ha paslpeAeieHH CUCTEMHU CbC CTPYKTYPEH HU3JIMIUBK €

umoctpupan Ha Queypa 1-4.
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BbBexaHETO Ha CTPYKTYPEH M3JIUIIBK BKIIOYBA ONPEAEISIHETO HA KPUTUYHUTE €IEMEHTH,
Ha BaXHUTE CUCTEMHU MapaMeTpU U Ha HUBaTa Ha KpUTUYHOCT. KoMIoHeHTHTE Ha pa3npeneseHara
CHCTEMa YINpaBIsBAT Pa3jIMYHU IIapaMeTpU Ha OOEKTa Ha YIpaBJIEHHE C pa3jInyHA 3HAYUMOCT 3a
OTKa30yCTOMYMBOTO (PYHKIIMOHMpaHe Ha cucteMmara. Ha erama Ha ompezensiHe Ha M3MCKBAHUATA B
KHU3HEHUs LIUKBJI Ha pa3paboTBaHEe Ha cucTeMara TpsOBa Ja ObAaT ONpeseleHn KOHTPOJIMpPaHUTE
napamMeTpu M Ja ObJaT OTKPOCHHM HHMBAaTa Ha KPUTUYHOCT. KOMITOHEHTHTE, KOWTO YIPaBIsSBAT

BAKHUTE [TApAMETPH, I10JIy4aBaT BUCOKO HUBO HA KPUTUYHOCT U TpsAOBa 1a ObJaT 0TKA30yCTONYNBH.

CTpYETYPEH MANWLWBE B FEpaHTacnocobHm
pasnpanensHid CUCTEMH

KpumisHi Huea Ha BaHu
ENEMEHTIA KOMTHHHOCT NapamMeTpu

Manckeanma

Neoed Mogyned | [ Tpoes mogynaH CrgceH
MAMHIIEE WanNWLLILE MAMNMLLILE

CTenad Ha peENNWEMpaH:E

MrcrocTpanHa
GUARDS rapaH Suoer DECOS

M3rp~"¢"*ﬂ=‘“£’ MpoakTHpaHe NeduHupansa {

YENOCAEHK PaanpaaaneHl CACTEMEA .

Queypa 1-4. CuHTe3 Ha MOAXO]1 HA TAPaHTOCIIOCOOHM Pa3Npe/eNieHH CUCTEMH ChC CTPYKTYPEH U3IHIIBK

Ha erana Ha mpoekTupaHe Ha cUcTeMaTa ce ONpPEeNAT CTeNeHTa U CTHJIA Ha PETUTUKUpPAHE.
CreneHra Ha perIMKHpaHe oNnpeaess Jauu 1ie ObAaT NPUII0KEeH! KOMITOHEHTH ¢ enuHnueH (EMU),
nsoeH (JAMMW) unu tpoen moayneH uznuurbk (TMU). M36panusar ctuin Ha penjukupaHe onpenens
namy e ObJe W3MOJI3BAHO AaKTHBHO WIIM TIACHBHO peIUTUKUpaHe. MoOIynuTe B CHUCTEMHHTE
KOMIIOHEHTH MOTaT Aa ObJaT paBHOMEPHO pa3npeeNieHH, T.. BCHUYKH KOMIOHEHTH MOTraT Jia UMaT
elHaKbB OpOi MOAYNH, MJIM MOTAT Jla U3MOJI3BaT CMeceH M3nuirbk. Ha erama Ha neificTBUTENHOTO
W3rpakIaHe B JKU3HEHHS IHMKBI Ha pa3paboTBaHe Ha CHUCTeMara ce BHEApsBA OIpejeieHara
cucreMHa apxutektypa, Hanpumep GUARDS [56], [57], mHOrOCTpanHa rapanTocmocodnoct [47],

[48] umu DECOS [58], [59], kakTo e noka3ano Ha @ueypa 1-4.

1.6 BHeapsiBaHe HA pa3JIMYHM CTEINIEHH HA PellJIMKHPaHe

1.6.1 Eonaxve uziumvK 3a 6CUUKU KOMNOHEHMU

Haif-pekusiT HauMH Ja ce NPWIOKHM HU3JIMIIBK € Ja ObAaT pPelUIMKMpaHH aKTUBHUTE
KOMIIOHEHTH W [Ja 6'bI[aT CpaBHHBaHI/I TCXHHUTC pe?)y.HTaTI/I. HpI/I pa3npeneneHI/ITe CUCTEMHU
KOMITOHCHTHTE MOTAT Jia ObJIaT U3TPAJICHH OT JIBA MJTU TPH HJICHTUYHN MOYJIa, KOUTO Ja H3ITBJIHSBAT

enaHa u cbina 3agava (Queypa 1-5). Pesynrarute Ha peIIMKUPAHUTE MOJYJIA CE€ CpPAaBHBAT (KaKTO €
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B [25], [28], [49], [58]) nnu ce rmacyBat B ciydait Ha usnonsBane Ha TMU (kakto e B [17], [62]).
Axo0 HsIMa pa3MHUHABaHe, IPE/IIIOIAracMO BEPHUST PE3YIITAT CC M3BEXK/1a KbM 00CKTa Ha YIIPaBICHHUE.
I[Tpu pas3nuka HEe ce M3BEXK/IA PE3YITAT, & KOMIOHCHTHT CE IMTOCTaBs B OE30MMACHO ChCTOSHHE CIIOPE]T

KOHBCHIIMHUTC HA CUCTEMaATa.

PEanHOBpEMEBRa MpEHa

*¢ AA . AN

| ¥ R’

i ST .

.

KOMNOHEHT 1 KOMMOHaHT 2 KOMNOHSHT M

,r i i i CEHIOPKW W aKTHBATOPW

oBeKT Ha ynpasneHue

Queypa 1-5. 'apanTocnocoOHa pasnpeseneHa cuctTeMa 3a padoTa B peajHo BpeMe

XapiyepHUTEe KOMIIOHEHTH Ha cCHUCTeMaTa MMaT €JHAKBa CTENEH Ha pPEIUIMKUpaHE, HO
co(TyepHUTE KOMIIOHEHTH, U3I'bJIHABAHUTE 33/1a4M, MOT'aT Jla UMaT pa3inyeH u3auirbk. Hanpuwmep,
Ha @ueypa 1-5 ca nzobpazenu Tpu 3anaun — A, B u C; 3anaua A uma Tpu konus, 3a1a4a B uma enHo,
a 3a1aya C uma ase. Konusara morat na ObAaT pa3nojoKeHU B pa3iMdyHU CUCTEMHU KOMIIOHEHTH,

KaTo 110 TO3U HAYHH CC MMOCTUT'a U30JIMPAHC HA I'PCIIKUTE.

1.6.2 Pazauuen uziumivK 3a KOMROHEeHmMume

Nwma cuctemu, KOUTO M3IOJI3BAT PA3JIMYHA CTETICH Ha PEIUIMKUPAHE 32 CBOUTE KOMIIOHEHTH.
B GUARDS [57] chliecTByBaT HUBa Ha JOBepHE M HUBAa Ha KPUTHYHOCT. HuBara Ha noBepue ce
nepuHUpAT CHope]] CTENEHTa, 10 KOSITO MOXKE Jia C€ MMa JIOBepUe Ha JIaJIeH CUCTEMEH KOMIIOHEHT —
KOJIKOTO TIO-JIOBEPEH € KOMITOHEHTHT, TOJIKOBA MTO-BHCOKO HUBO Ha joBepue uMa [56]. CrereHnTta Ha
J0BepHe, Bh3JI0KEHa Ha KOMIIOHEHTA, 3aBICH OT HEroBaTa KPUTUYHOCT. 32 KPUTUIHNA KOMITOHEHTH Ce
CMSITAaT T€3H, YUHTO OTKA3 BOJU J0 TEKKHU MOCIEACTBUS. TakiBa KOMIOHEHTH UMaT I0-BHCOKA CTETIEH
Ha JIOBEpHe.

Mopenst Ha perutukupane B DEAR-COTS [28], [66] u3mnon3Ba akTHBEH H3JIMIIBK Ha
coTyepHHTE KOMIOHEHTH ¥ TIO3BOJISIBA OIPENCISTHETO Ha CTENEeHTAa Ha pEIUIMKUpaHe Ha
cieun(UYHA YacTH OT MPHUIIOKEHHETO 3a PEajHO BpeMe B CHOTBETCTBHE C HAJEKJIHOCTTa Ha
KOMITOHCHTHUTE U >KEJTaHOTO HUBO Ha HAJEXKIHOCT 3a Mpuiiokenuero. Apxurekrypara DEAR-COTS
€ HaCOYeHa KbM pa3npeziesieHH KOMIIOTHPHO YIPABIsieMU CUCTEMH, KOUTO paboTsT B pealHO BpeMe

1 MOXKCE J1a U3II0JI3Ba KaKTO paBHOMCPHO, TaKa U CMECCHO Pas3MpCaACICHUE Ha U3JIUIIBKA.
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ITpoextsT DECOS [58], [59] npemnara uaTerpupana pasnpeaeacHa apXuTeKTypa, KOTo aa
MOJIbPKA CHCTEMH ChC CMeceHa KPUTUYHOCT. CUCTEMUTE ChC CMECEHA KPUTUYHOCT CE€ ChCTOST OT
pasnpeneneHd YacTH Ha NPUJIOKEHUETO C Pa3IMYHU HUBA HA KPUTUYHOCT, U3IIBIHABAILU CE€ BBPXY
€IMH U ChII GU3NYECKU Xapayep.

Cucremara MEAD [48] mnpenmnara chueTaBaHe Ha NPOTHBOPCUYMBUTE HW3MCKBAHHS 3a
OTKa30yCTOMYMBOCT W PEATHO BpeME IPH MpHJIaraHe Ha TapaHTOCIIOCOOHOCT Ha HMBO MHJIBIIYEP.
MEAD e ungpactpykTypa, KOATO Ipejara npo3padta u peryimpyemMa 0TKa30yCTOWYMBOCT B peaiHO
BpeMe, IPOaKTUBHA rapaHTOCIOCOOHOCT, CUCTEMHO a/IallTUPAHE KbM IIbJIEH OTKa3, HEU3MPAaBHOCTH
B KOMYHHUKAIIUSATa M BbB BPEMETO C OTYUTAHE HA HAJUYHUTE PECYpCH U CKaIUpyeMo U Obp30
OTKpHBAaHE HAa HEM3MPABHOCTH M BH3CTAHOBSIBAHE OT TAX. Perymmpyemara OTKa30yCTOHYHMBOCT cCe
MOCTHTa Ype3 T.Hap. MOIX0J] HA MHOTOCTpaHHaTa rapanTocnocoonoct (versatile dependability) [47],
[48]. To3u moaxox 1aBa Bh3MOKHOCT 3a U3TPaXkKIaHe Ha TapaHTOCIIOCOOHU COPTYEPHHU apXUTEKTYPH,
KaTo C€ OTYMUTAT TPU BAXKHU ACHEKTa — OTKA30yCTOMYMBOCT, MMPOU3BOAUTENHOCT U pecypcu. Toi
MpeA0CTaBst HAOOP OT UHCTPYMEHTH, HAPEUCHH ,,KOIMueTa*, 32 HaCTpOiiBaHE Ha OayaHca MEXy Te3U
aCIIeKTH.

[ToBedyero rapaHTOCIIOCOOHU pa3mpelelieHd CHUCTEMH 3a peajHO BpeMe CcleaBar
apXUTEKTYpHUs CTUJI, n300pa3eH Ha Queypa 1-5. Te nznon3sar eqHaKBO PEIUIMKUPAHU (PU3HUECKU
KOMIIOHEHTH M CMECEH W3JHUINBK Ha copTyepHHTE KOMIOHEHTH. ChIECTBYBAaT BB3MOXKHOCTH 32
pa3paboTBaHe HA CUCTEMH, KOUTO CE aJlaliTHpPaT KbM KOHKPETHU NMPUJIOKEHHUS Upe3 pasnpeacieHne

Ha XapJyepHHUsl CTPYKTYPEH U3JIULIBK.

1.7 U3Boam u pe3yjraTu

B Inasa I ca mpeacraBeHN OCHOBHUTE MOHSATHS OT MpeIMeTHATa 00JIacT Ha AUCepTalUsiTa —
rapaHTOCIIOCOOHU pasMpe/ielicHl CHCTEMH 3a pabora B peanHo Bpeme. OTKpoeHAa € TiIXHATa
CTPYKTypa IO OTHOIIEHWE Ha TapaHTOCIIOCOOHOCTTa M PEaTHOTO BpeMe. YTPaBICHHETO Ha
CTPYKTYpHUSI M3JMINBK € pasriieJaHO Mpe3 Mpu3Mara Ha CUCTEMHOTO mpoekTupane. Ch3gaieH e
KOHIIENTYyaJIeH MOJIeT Ha TTOJIX0/]] 33 B3€MaHe Ha PEIIeHUs IIPU OCUTYPSIBAaHE HA TApaHTOCIIOCOOHOCT.
T03I/I MOJICJI C€ BITMCBA B X KU3HCHUA IUKDBII HA HpoeKTI/IpaHe Ha CUCTEMHU U OTFOBapH Ha N3UCKBAHCTO
rapaHTOCIOCOOHOCTTA a OBbJE 3a7I0’)K€HA B CHCTEMHHTE CTICIIN(UKAIIIH.

Hampasen e 0630p Ha METOUTE U TEXHUKUTE 32 BbBEKIaHE Ha UIUIIBK B OTKa30yCTOHYHBHI
CUCTeMH W € CHHTe3MpaHa KilacHu(HKaIUs Ha TapaHTOCIIOCOOHU pas3mpeeieHd CHCTEMU ChC
CTPYKTYpPEH H3JIMIIBK, KOSTO IMOKa3Ba BIPAXKJIAHETO HA W3MCKBAHUATA 32 TapaHTOCIIOCOOHOCT B
eTalMTe Ha TIPOCKTUPAHE HA CHCTEMAaTa.

[IpencraBeH e kpaThK 0030p Ha W3BECTHHUTE TapaHTOCIIOCOOHU pa3IpeleleHH CHCTEMHU OT

IJIEHa TOYKA HA YIPAaBICHUETO HAa CTPYKTYPHHUS M3JIMIIBK. /[BeTe TEHAEHIUU ca Ja ce U3IO0J3Ba
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CHAKBB M3JMIIBK 32 BCHYKH CHUCTEMHHM KOMIIOHEHTH WJIM KOMITIOHCHTHTE Ja MMAaT pa3iMyeH
HN3JINITBK.

W3noxenuero B I nasa I oTroBaps Ha M3MBIHCHUETO HA 3aja4ya | Ha TucepTanusiTa.

[TocTUrHaTUTE HAYYHH U HAYYHO-TIPUIOKHU PE3YJITATH Ca:

1. Cob3paazeH ¢ KOHIICTITYaJICH MOJIET Ha MOIXO0/1 32 B3EMaHe Ha PEIICHHUS PH OCUT'YPSIBaHEe

Ha TapaHTOCIIOCOOHOCT;
2. llpennoxkeH € cuHTE3 Ha Kilacu(UKaIMs HA TapaHTOCIIOCOOHH pa3Mpe/ieicHH CUCTEMH

CbC CTPYKTYPEH U3IUIIBK.

I'naBa 2. MoaejqupaHe Ha 0TKa30yCTOMYMBATA pa3npe/iejieHa CHCTEMA

C HACTPOMBaeMa HAIEKITHOCT

[Ipemioskenata B AucepTamusaTa apxXUTEKTypa Ha OTKA30yCTOHYMBA paslpeieieHa CHCTEMa
(OPC) c HacTpoliBaeMa Ha/IEKAHOCT € OCHOBAHA BbPXY IMOHATUETO 32 HACTPOHBAEMOCT.

Hacmpodsaemocm e CeolUcmeomo Ha eapaHmocnoco6Hama pa3npedeﬂeHa cucmema 3a
peanno epeme 0a pasnpeoensi CMPYKMYPHUS USTULUBK CNOped UUCKBAHUAMA 33 HAOeHCOHOCM HA
NPUTOHCEHUETNO.

OTka3oycroiiunBaTta pasmnpejeiicHa CUCTeMa ¢ HacTpoiBaema HanaexaHoct [73], [74], [75],

[76] npuara pa3nuuHu CTeNeHH Ha PEIUIMKUPAHe Ha XapAyepHUTE KOMIOHEHTH (QDueypa 2-1).

pPeanHoBpEMEBa MPEXE
A ¢ A AAA
| 4‘ A
CHCTEMEH CHETEMEH ;;'{qm1
KOMNOHEHT KOMNoHeHT | *'° KOMAOHEHT
1 2 M
i * 5 "“ i | * CEHI0PM M AKTHUBATOPM
Y. YiY

0BeKT Ha ynpaeneH1e

@ueypa 2-1. I'apanTocniocoOHa pasipe/iesieHa CHCTEMa 3a PealHO BpeMe ¢ HacTpoiiBaeMa HaJeKIHOCT

HCOGXOHHMOCTT& CUCTCMATa J1a UMa KOMIIOHCHTHU C pa3jiMdHa CTCIICH Ha PCIIIMKHUPAHC €
CBbp3aHa C TdXHaTa KPpUTUYHOCT. 3a pasivKa OT HOAXOAUTE, IMpujiarallyi CMECE€Ha KpUTHUYHOCT Ha

YacTUTE Ha MPWIOXKHUS cOPTyep, KOMTO CE€ U3MBIHSABAT Ha €IHAKBO/PAaBHOMEPHO PEIUIMKHpAH

Asmopegepamu Ha oucepmavuu 2023 (6) 48-95



64 Eouma xcambaszosa
Xapayep, TMOAXONBT C HACTpoWBaeMa HAAEKIHOCT TpeJiara CTENeHTa Ha peIUTMKUpaHe Ha
XapyepHUTE KOMIIOHEHTH Jla Ce OMPEAeIs CIIOpe]] TAXHATA KPUTUYHOCT HA eTara Ha MPOCKTHpPaHE
U Te Aa paboTAT ChC CMECEH HM3NMINBK. B aucepramusTa € HampaBeHa KOJMYECTBEHA OICHKA Ha
BB3MOKHOCTHTE 32 peajM3UpaHe Ha TapaHTOCIIOCOOHUW PA3MPENCICHU CUCTEMHU C TPEII0KEHUS
MIOJIXO/I ¥ T€ Ca CPAaBHEHU ChC CUCTEMH 0€3 pa3NpeieiCHue Ha CTPYKTYPHHS U3IHITBK. CpaBHEHUETO
€ HampaBeHO C MOMOINTA Ha MOJENH, PEIICHU TOCPEACTBOM CHMYIAIMOHHO MOJCIUpaHe, U
pesynrarute (nipeacraBeHu B [nasa 3 u [76]) mokasBar, ye ChHIIECTBYBAT pa3lpeleiieHUus Ha
W3JIHIIBKA, KOUTO TIOCTUTAT 001[aTa CHCTEMHA HAJICKTHOCT, U3UCKBaHA OT MPHIIOKESHUETO.
OTka3oycroiiunBaTa paslpe/elieHa CUCTEMa ¢ HacTpoiiBaeMa HanexaHocT (Queypa 2-1) e
W3rpajicHa OT KOMIIOHEHTH, OTpPaHHYaBallll HEW3NMpPaBHOCTUTE. KOMIIOHEHTHUTE MoraT jJa Wmar
pa3nuYHAa CTEICH Ha PEIUTMKUPAHE B 3aBUCUMOCT OT KPUTHYHOCTTA CH. Becekn Momyir uma 0ok 3a
CaMOTIPOBEPKa, Ype3 KOWTO CE OTKPHUBAT I'PEIIKH M CE OCUTYpsBa CIIUpaHE/MbIYaHUE TPU OTKa3.
Cucremara pabOTH IPH TBHPJIM BPEMEBU OrpaHuveHus. TO3M MOAX01 TIO3BOJISIBA MIPEIBUAMMOCT Ha
MOBE/ICHUETO Ha CHCTEMaTa, KaTo BPEMEHATA 32 U3IIBJIHCHNE HAa CHCTEMHUTE 3/1a4H Ca TapaHTUPAHU.
Upe3 mpomsiHa Ha CTPYKTYPHHS HU3IUIILK HA KOMIIOHCHTHTE B €Talla Ha MPOCKTHpaHE Ce Il
MpOMSIHA Ha HAJICKTHOCTTA Ha CUCTEMAaTa CIIOpe]] M3UCKBAHUTA Ha TIPUIOKEHUETO. Moenupar ce

XapAyCpHHU HCUSIIPABHOCTHU U CC LCIIU ITOCTUTaHC HA XapAyCpHA HAACKIHOCT.

2.1 AHaJIM3 HA HAYMHUTE 32 MOJeJIMPaHe HA TAPAHTOCIIOCOOHM CUCTEMH

MogenupaHeTo € 4ecTo M3IO0J3BaH MOXBAT 3a U3CJIE/IBAHE HAa CHUCTEMH, IPeau Te Ja Oblar
peanHo MPOEKTUPaHU U BHEIpeHU. ToBa gaBa Bb3MOXKHOCT J1a CE MTPOBEPST PA3JINYHU XUIIOTE3U U Aa
ce HaMepH MOAXOIALIUAT MOJEI, Bb3 OCHOBA HA KOWTO Ja C€ THPCAT KOHKPETHU HWH)KEHEPHU
peuieHuss. MoIeaupaHeTo IMO3BOJSABA CPAaBHEHHME MEXKAY pa3iIW4YHU BAPUAHTH 3a U3Tpa)kJAaHe Ha
CHUCTeMaTa WIM Ha 4acTH OT Hesl MO e(EeKTHMBEH HauMH 110 OTHOIIEHWE Ha IeHara, ThH Karo
BB3MOKHUTE WHKECHEPHH peaju3allii HE BUHArd MOTraT Ja CE€ OLECHAT KOJWYECTBEHO IPH CII0KHH
CUCTEMH.

ITopanu croxacTU4HaTa NPUPOJA Ha HEU3IPABHOCTUTE IOKA3ATEIUTE, C KOUTO CE OLICHSBA
TAXHOTO BB3JEHUCTBUE BbBPXY (YHKIMOHHUPAHETO HA TapaHTOCIOCOOHUTE CHUCTEMH, HUMAaT
BEPOSATHOCTEH XapakTep. 3aTOBa 3a ONMMCAHUETO UM CE U3II0JI3BAT MOHATHS OT 00JIACTTa HAa TEOpUATA

Ha BCPOATHOCTUTC U MATEMATUUICCKaTa CTATUCTHUKA.

2.1.1 Memoou 3a modenupane na 2apanmocnocooOnu cucmemu

MogenuTe Ha cUcTeMara MOrar Ja ObJarT aHaTU3WpaHH WM MaTeMaTHYECKU OICHSIBAHH
MOCPEICTBOM TPH Pa3IMyUHU Noaxoaa [77]: cuMynalMoHeH, aHAIUTUYCH U XUOpHIeH (KoMOUHAIIHs

OT CHUMYJIAlIMOHHU W aHAJMTUYHU MeToAu). Monenupar ce caMo OCHOBHHUTE XapaKTEPUCTHUKH Ha
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cucremara. [lpu cumynupanemo TS ce onmMcBa B KOMIIOTBPHA MpoOrpama, KOsiTO UMHTHpA HeiHaTa
nuHaMuka. [lpu aHanMTUYHHATE METONM C€ CBhCTABAT M PEIIaBaT CHCTEMH OT MaTeMaTH4YeCKU
ypaBHEHHsI, KOMTO OIpeaenar cucremHara auHamuka [77], [78], [79], [80]. [IpeaumcTBOoTO Ha
CHUMYJHPAHETO €, Y€ MOTaT Jia Ce MPEICTaBAT MOAPOOHO XapaKTEPHCTUKUTE Ha HW3CJeBaHATa
cucremMa, 0e3 Ja ce HajaraT MHOTO OTpPaHWYCHHUs BbpXy Mozena. [Ipu aHamuTHYHUTE MOACITH
JIOMyCKaHUATA YECTO CE OMPOCTSBAT, 32 Ja MOTar Jla C€ peliaT CHCTEMHUTE OT ypaBHEeHuUs. TouHOCTTa
IIPU CUMYJIMPAHETO Ce OTPaHUYaBa €AMHCTBEHO OT BPEMETO, HEOOXOAUMO 3a MOJyyaBaHe Ha KpaeH
pe3ynrar. Be3MOXXHO € 1 KOMOMHHPAHOTO MpHJIAraHe Ha JiBaTa IMoJIXo/a, KOeTO BCe OIle He € YecTa
npaktuka [77].

[Ipu npyra xmacudukanus [81] Moxenure ce pasmiekaaT KaTo KOMOMHATOPHH M MOJEIIH,
OCHOBAHM Ha MPOCTPAHCTBO HA CHCTOSHUATA. KombOunamopuume moolenu BKIIOYBAT IUATPAMH C
oi1oxkoBe Ha HagexaHoct [77], [82], [83], [84], abpBera Ha cwOurusara [81l] u abppBeTa Ha
neusnpasunocrute [77], [85], [86]. Te ca cpaBHUTEIHO JIECHM 3a IIPOEKTHPaAHE K 00pabOTBaHE U MOTaT
Jla ce aHAJIM3HUpaT ¢ KOMOMHATOPHU METOAU. TexXeH HeJOCTaThK € OrpaHMuYeHaTa UM MOJEIHpaIna
CIOCOOHOCT, IBJDKAINA CE Ha JIOMYCKAHETO 32 CTAaTUCTHYECKA HE3aBHCUMOCT Ha CHOUTHUSATA.

Mooenume ¢ npocmpancmeo na cbCmosHUsAmMAa BKIOYBAT MapKOBCKH BEPUTH U MPEXKH Ha
[Terpu [84], [87]. Te npencraBsT MOBEICHUETO HA CUCTEMATa MOCPEACTBOM JOCTUKUMH ChCTOSHUSI
¥ BB3MOXKHHU TPEXOIN MEXKIy TAX. Te uMar mo-roisiMa MoJenupania MOITHOCT OT KOMOWHATOPHHUTE
MOJIETTH, KOUTO HE MOTaT J1a 00XBaHAT XapaKTEePUCTHKHUTE Ha MOJENIMpaHaTa CUCTeMa.

[Tpo6aemMbT npy METOAUTE C MPOCTPAHCTBO HAa ChCTOSHUSATA € T.HAp. e(eKT Ha ,,eKCIIo3Hs"
Ha TPOCTPAHCTBOTO HAa CBHCTOSHUATA — EKCIOHEHIMAJHO HapacTBaHE Ha IMPOCTPAHCTBOTO Ha
CBCTOSIHUSITA TIPU HapacTBaHE Ha Oposi Ha KOMITOHEHTHUTE. ToBa BOIHM 10 MOBHIIIABAHE HA [I€HATa Ha
n3uucienusaTa. B takpB cinyuait mpexute Ha Iletpu m MapkoBckute Bepuru morar jga Obaar

cumynupanu [81].

2.1.2 Haoesrconocmuu xapaxmepucmuKku Ha OMKA30yCmMou4dueama cucmema ¢ Hacmpoiieaema

Haoexconocm

Karo wact oT wu3McKkBaHHMSATa KBbM CHMYJALIMOHHATA TMporpaMa 3a MOJETUpaHe Ha
OTKa30yCTOWYMBATA CHCTEMa C HACTpolBaeMa HAJEKJTHOCT C€ HW3YUCIISIBAT  CJICIHUTE
XapaKTEePUCTUKUA Ha cUcTeMara: HajexaHocT R, cpenno Bpeme a0 otkaz MTTF, cpeano Bpeme 1o
cnupane MTTS, o6mio Bpeme Ha mpecToi, cpenHo Bpeme Mexnay otkazute MTBF, cpeaHo Bpeme
Mexay ciimpanusita MTBS, cpenno Bpeme 3a peMoHT cnien otkaz MTTR, roroBHocT A.

Haii-yecro wm3mom3BaHata (GyHKIHMS Ha  paslpeleieHue TMpH  MOJEIUpaHe Ha
OTKa30yCTOMYMBH CHUCTEMH € CKCIIOHCHIIMATHOTO pasmnpeieiicHre. 1o € MOIXOIANI0 3apaan

CBOMCTBOTO CH Ja HC CbAbpiKa HIaMCT 3a CBCTOAHHUCTO Ha CHUCTCMATA. EKCHOHGHHI/I&HHOTO
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pasnpeziesieHle B JOCTaTh4YHA CTENEH OTpa3siBa JAMHAMHMKAaTa Ha TapaHTOCIOCOOHUTE CHCTEMH U
npeuiara  yioOHO MaTeMaTHdecko mpezactaBsHe. Ilpu Mopaenupanero ce AOMyCcKa ChIO, 4e
MHTEH3UBHOCTTA Ha HEU3IPABHOCTUTE € MOCTOsIHHA [ 84].

Haoesxxconocmma e BeposITHOCTTa cucTemara jia Ob/ie B pabOTHO ChCTOSIHUE B 1aJIeH MOMEHT
t. Ilpu nomyckaHeTo 3a eKCIIOHEHIMAIHO pa3lpesiesieHue Ha CbOUTHATA B cucTeMaTa (QyHKIUATA Ha

pasnpezencHue crasa [37], [84]
Ft) =1—e*, (1)
[TrsTHOCTTA Ha pasnpencincaue e [37], [84]
f(t) = e, (2)
HanmexnHocTTa Ha crcremMara ce u3passiBa Kato ekcroneHiuania Gyuakius [37], [84]
R(t)=e M =1-F(t). (3)

Cpeonomo epeme 0o omkaz MTTF ce n3uncisBa KaTo cpeHa CTORHOCT Ha BPEMETO J0 OTKa3
Ha KOMIIOHEHT 3a OmnpezesieH nepuos Ha padota. To e MaTeMaTn4eckoTo OYaKBaHE Ha BPEMETO JI0

(mepBH) oTka3. [Ipu mocTosHHA MHTCH3UBHOCT Ha HensnpaBHocTure MTTF e [37], [84]

MTTF = % 4)

Cpeonomo epeme medxcoy omxazume MTBF Moxe na ce H3YHCIM KaTo CPEIHO
apUTMETUYHOTO BpeMe MEXJy OTka3uTe Ha cuctemara. MTBF ce u3smepBa 3a pemoHTHpyeMU
cuctemu. [Ipu eKCIOHEHIIMATHO pa3NpeesieHne U MOCTOSHHA MHTEH3UBHOCT Ha HEM3IIPaBHOCTUTE
MTBF=1/A.

Cpeonomo epeme 3a pemonm MTTR mnpencTasisiBa cpeHOTO BpeMe, KOETO ce M3UCKBaA 3a
PEMOHT Ha OTKa3ajH €JIeMEHTH Ha cucTemara. [Ipu eKCrOHEeHIMaTHO paslpeieseHie ¢ TOCTOsTHHA

HWHTCH3UBHOCT Ha HCU3IIPABHOCTUTC
MTTR=1/p. (5)

T'omoenocmma A ce u3MepBa ¢ BEpOSITHOCTTA CHCTEMara ja € paboTocmocobHa B MOMEHT t,
HE3aBMCHUMO OT TOBa KOJKO MbTH ¢ Ouia Hepaborocmocobua B mHTepBaia (0,t). 3a mocTosHHH
WHTEH3UBHOCTH Ha HEU3MPABHOCTHTE M PEMOHTHUTE TOTOBHOCTTA MOKE Ja ObJe HM3pa3eHa ype3
crneanara gopmyina [37], [84]

Q=P _ _ MTBF ©6)

A+ MTBF+MTTR'

OO01oTO BpeMe Ha npecmotl € cymara OT BCHUKH MEPUOJIH, TIPe3 KOUTO CUCTeMaTa € Ouia

Hepabotema. CpeHOTO BpeMe 3a npectoit ce u3passisa ¢ (I112) (I1punoscenue A).
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CucremaTta paboTu NpHU CIETHUTE ONpeAeNieHUs 3a OTKa3 M cTol. Omka3 Ha cucremara
HACTBIIBA, KOTATO MOBEYE OT MOJIOBUHATA KOMIIOHEHTH OTKa)XaT C HEOTKPUT OTKAa3 WM IPU MOBEYE
OT TIOJIOBHHATA OTKAa3aJli KOMIIOHEHTH OpOSIT Ha Te3W ¢ HEOTKPUT OTKAa3 € MO-TOJsIM OT Oposi Ha

KOMITIOHCHTHUTEC C OTKPHUT OTKa3.

N N
N, >— Nu+Nd>? N, >N,

u
WK u v : (7)
kb1eT0 Ny € OpOAT Ha KOMIIOHEHTUTE C HEOTKPUT O0TKa3, a Ng — OpOsST Ha KOMIIOHCHTHUTE C
oTkput otka3. Cucremara cnupa, KOrato IMOBeYe OT IOJIOBMHATA KOMIIOHEHTH OTKa)KaT ¢ OTKPHT
OTKa3 WM MPH [TOBEYE OT IMOJIOBUHATA OTKAa3aJli KOMIIOHEHTH OpOST Ha TE3M ¢ OTKPUT OTKa3 € I10-

I'OJIsIM OT 6p0$[ Ha KOMIIOHCHTUTC C HCOTKPUT OTKa3.

N N
N, >— N, +Ny>—
‘ 72y Ne>N, (8)

2.2 JlonyckaHus IPU MOAECTMPAHETO HA CHCTEMAaTa

MogenbT Ha OTKa30yCTOMYMBATa CHCTEMA C HACTPOMBaeMa HAJIEKIHOCT € U3TPAJCH Bb3
OCHOBA Ha JIONYCKaHHUsl, OTpa3sBallll HEMHOTO MOBEJACHUE U BB3INPUETUTE 32 U3CIEABAHETO PEKUMU
Ha HEM3MNPABHOCT, OTKA3 U PEMOHT.

Pasnpenenenara cucreMa ¢ HacTpoiBaeMa HaaexaHoct [73], [74], [75], [76] e usrpaneHa ot
KOMIIOHEHTH C aKTHUBEH W3IUIIBK. KOMIIOHEHTHTE WMMAaT €THOTHIIHU MOJYJIHM, BCEKH OT KOHUTO
MpUTEkKaBa CPEJCTBA 32 caMonpoBepka ¢ mokputue C. CTenenTa Ha perjuKUpaHe Ha KOMIOHEHTHUTE
Cce OIpeesns B 3aBUCUMOCT OT TSIXHaTa KPUTHYHOCT — KOJIKOTO TO-BaKEH 3a MPUII0KEHHUETO € Aa/IeH
KOMITOHEHT, TOJIKOBA TTO-KPUTHYEH € TOM M € TI0-BUCOKa CTENEHTa My Ha periukupane. Pasrimexaar
Cce TpH CTENEHH Ha KPUTHUYHOCT/periukupane. KoMroHeHTHTe, YMHTO OTKa3 HE 3acTpaliaBa
HOPMAJTHOTO ()YHKIIMOHHPAHE Ha CUCTEMAaTa M HE BOAM A0 KaTacTpodalHu MOCIEICTBUS, MOTaT Jia
pazuuTaT camMoO Ha CpeJCTBaTa CH 3a CaMOMpOBEpKa W Ja He ObJaT perIMKUpaHu. TeXHUAT
koedurmenT Ha mokputHe € C1. KOMITOHEHTHTE C MO-TOJIIMa KPUTHYHOCT 32 MPUII0KEHUETO, KOUTO
o0aue e TOCTaThUYHO MPOCTO J1a CTIPAT Jia U3BEKIAT YIPABIISIBAIIO BH3/ICUCTBUE B CIIy4ail HA OTKa3,
ca komrnoHeHTH ¢ JIMU. Ilpu 19X € BB3MOXKHO OTKA3aJIMAT MOIYJ Aa Oblie peMOHTHpAH, CTUTa
HEU3NPaBHOCTTA MYy Ja € OTKpHUTa OT Oioka 3a camompoBepka. Kommonenture ¢ MU umar
koepunueHt Ha nmokpute C>>Ci. Hall-kpuTUYHUTE KOMIOHEHTH 3a CUCTeMaTa, YMUTO OTKa3 Ou
MMaJl KaTacTpo(alH! TOCIEACTBUS 3a IPIIIOKEHUETO, ce m3rpaxkaat ¢ TMU u umar koedunneHt Ha
nokputue C3>C2>Cy.

OTtka3oycTroiunBaTa CUCTEMa C HacCTpoiBaeMa HaIeKTHOCT ToJIepUupa MOCTOSHHY XapIyepHU

HCU3NPABHOCTU C HMHTCH3HWBHOCT ip. HpI/I KOMIIOHCHTU € ABOCH W TPOCH MOAYJICH HU3JIMIIBK €
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BB3MOKHO BB3CTaHOBsIBaHE (JIOKAJIEH PEMOHT) CIIeJl HEM3MPABHOCT Ha MOIYJ C MHTEH3UBHOCT Ha
Bb3CTaHOBsiBaHEe up. CucTeMaTa MOXe Ja paboTH Oe3 WM C PEMOHT, KaTO MPH PEMOHTHpyeMa

CUCTEMA UHTEH3UBHOCTTA HA PEMOHTHUTE € Usys.

2.3 Mojae Ha KOMIIOHEHT HA CHCTEeMAaTa

KoMmnoHeHTsT Ha pa3mpenerneHaTa CUCTeMa ¢ HacTpoiBacMa HAJICKIHOCT € W3rpajieH OT
ennotuniau Mmoayiu Mi (i=1, 2, 3), Bceku oT KouTo uMa co0cTBeH 010K 3a camornposepka SCi (Queypa
2-2) [94]. B 3aBUCUMOCT OT KPUTHYHOCTTA UM MOJIYJIMTE MOTAT Jia ce AyOJUpaT WK TPUILIUPAT, 3a
Jla ce MOCTUTHE TI0-BUCOKA HAJIS)KTHOCT B TOYKATA OT YIPABIISBAIIHS KOHTYD, KBJIETO € Pa3NOI0KEeH

KOMIIOHCHTBT.

LaM

P
T

Quzypa 2-2. KoMIIOHEHT Ha pas3npejieiieHaTa cucTeMa ¢ HacTpoiBaeMa HaIexKTHOCT

Eaun oT MoaynuTe € OCHOBEH M TOM €JUHCTBEH M3BEXK/a YNPaBISABAIIO Bb3/IEHCTBUE KbM
o0eKkTa Ha ympaBiieHHe. BCHUKM MOJyaM M3MBJIHABAT €AHOBPEMEHHO yIpaBisBallaTra mporpaMa u
M3YHUCIABAT YNPABISABAIIOTO Bb3JEHCTBUE (AKTMBEH H3IUINBK). MOIyIUTe, KOUTO HE H3BEXKIAT
pe3yaTarT KbM 00€KTa Ha yIpaBJeHHE, M3BBPIIBAT KOHTPOJ Ha OCHOBHHUS MOJYJ M y4yacTBaT MpHU
CpPaBHEHUETO Ha pe3yaTaTute. Te MoraT 1a moeMar yrnpaBJIEHHETO IIPU OTKa3 Ha OCHOBHUS MOJYII.

[Ipyn eguHWYeH MOayNl camMO CpeACTBaTa 3a CAMOIIPOBEPKAa MOraT J1a OTKPUAT OTKA3 IpH
U3IIBJIHEHUETO Ha YIpaBlsBallaTta MporpaMa M Ja 3a0paHsAT HM3BEXKJAHETO Ha YIPaBIISBALIO
BBb3JIelicTBUE. AKO IPUIIOKEHUETO Hajlara 1o-CUJjiHa 3allliTa Ha U3XOANUTE U NI0-BUCOKO MIOKPUTHE Ha
HEU3NPaBHOCTUTE, KbM €AUHUYHUS MOAYIN c€ N00aBST JOMBIHUTEIHN €IUH WINA JBAa MOJYJa ChC
COOCTBEHH CpeJICTBA 3a CaMOMPOBEPKaA, KaTo MO TO3M HAYMH MOKE J1a C€ OTTOBOPU Ha Pa3JINYHU HUBA

Ha KPUTUYIHOCT, AUKTYBAHU OT IIPUJIOKCHUCTO HA OPCc HaCTpOﬁBaeMa HaaCKIHOCT.

2.3.1 @yukyuu na cucmemen KOMHOHEHM

XapakTepHO 3a MPeUI0KESHHSI TIOIX0]] € BIPAKIAHETO Ha JIOKAJIEH OJIOK 3a CaMOTIPOBEPKa BHB

BCCKU MOAYJI, p€ajin3alvsd Ha IMPOTOKOJ 3a paslpCACIICHO IIaCyBaHC U CJICACHC HAa CbCTOAHUCTO.
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brokbT 3a camomnpoBepka [ 73] € BrpaJieH KaTo JOMbJIHUTEIIEH 010K KbM KOH(HUTypanusaTa Ha MOTyJIa

Y IMa IIPOBEPSBAIIM U YIIPABIIABAIIN () YHKIIHH.

2.3.2 Pexrcum na omkas

KoMmmoHeHTHT OTKa3Ba, KOrato OTKaXaT BCHYKH HCTOBU MOIAYJIH. BHaFOIIapeHI/Ie Ha
BBBCIKAAHCTO HA CPCACTBA 3a CAMOIIPOBECPKA U U3JIMIIBK HC BCCKHU HCOTKPUT OTKA3 B OTACIICH MOAYJI
BOAMW OO0 OTKa3 Ha LCJIUA KOMIIOHCHT. BB3MoxxHM ca ABC CBCTOSAHUSA IIPpHU OTKAa3 Ha MOAYJI — CTOII U

OTKas.

2.4 Moaea Ha cucreMara

Paborara Ha cucremarta e npeacraBeHa ¢ MapKOBCKH MPOLEC, KBAETO BCIKO OT ChCTOSHUSATA
B MapkoBckara Bepura n3o0pas3siBa ChCTOSHHUETO Ha CHCTEMaTa Clie] HACThIIMIA HEU3IPaBHOCT
criopes Opost Ha padoTtenuTe KOMIOHEeHTH N, a IBrUTE ca MPEXOAUTE MEXY OTACTHUTE ChCTOSIHUS
IIpY Bb3HUKBAHE Ha NOCTOSIHHA HEU3IIPABHOCT C MHTEH3UBHOCT Ha ITOTOKAa Ha HEM3IIPABHOCTUTE Ap.
[Toxputnero Ha MexaHuU3MuTe 3a camorpoBepka € C. Pa3riienanu ca pazauyHU Bb3MOKHOCTH 3a
paboraTa Ha cucTeMaTa: ¢ U 0e3 Bb3CTaHOBSIBAHE CJIE/I TOCTOSTHHA HEU3MPABHOCT U C U 0€3 CUCTEMEH
PEMOHT.

Koraro cucremara e 63 peMOHT, T pabOTH J0 U3UEpIIBaHE HA PECYPCUTE CH U BIUSHUETO Ha

koeduirenTa Ha mokputue C BbPXY HAJCKIHOCTTA € Hezabenexumo (Queypa 2-3).

@uzypa 2-3. MapKoBCcKH MOJIEN Ha cHcTeMa 0e3 Bh3CTaHOBSIBAHE CIie]l TIOCTOSTHHA HEU3IIPABHOCT U 0€3
PEMOHT

Axo cuctemara UMa Bb3MOXHOCT 3 JIOKaJIeH peMOHT, C criomara 3a yIbJKaBaHe Ha )KUBOTa
Ha KOMIIOHEHTAa, TOBa BIIHUE U BbPXY HaACKIHOCTTA Ha cucteMaTa. Biusnuero Ha C pacre, 3a110TO
caMmo IMpH JAETEeKTUPaH OTKa3 Ha KOMIIOHEHT TOW MOXe Ja Ob/e pEeMOHTHpAH IMpeau Ja HACThIH
cucteMeH oTka3. CuCTeMEH pEMOHT ce€ H3BBpIIBA ClEl IONaJaHe Ha CHUCcTeMaTa B CTOIOBO
cbeTosiHue. M3npaBHUTE KOMIIOHEHTH IPOAbKAaBaT paboTa clie]] pEMOHTa ChC ChUIUTE HAYaJIHU
XapakTepucTUKU. OTKa30ycTOMYMBAaTa pa3npeiesieHa CUCTEMA C HACTPOMBaeMa HaJEKIHOCT MOXKE
Ja pabOTH U CbC CUCTEMEH PEMOHT U BB3CTAaHOBSBAaHE Ha KOMIIOHEHT OT MOCTOSIHHA HEM3MPAaBHOCT

(Dueypa 2-6). Toa npearnonara MoCTUraHe Ha MO-A00PH HAJISKIHOCTHHU XapaKTEPUCTHKH.
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Mk, (N=1)0 [l B e M-k TR0k, @

@ueypa 2-6. MapKOBCKH MOZET Ha CHCTEMa C PEMOHT M Bb3CTaHOBSIBAHE OT MOCTOSIHHA HEU3ITPABHOCT

Bceuuku onmcanu BB3MOXHOCTH B MapkoBckute monenu (Queypa 2-3 - Queypa 2-6) ca

H3CJICABAaHN YPE3 CUMYJIAIMOHHOTO MOACIIUPAHE HA CUCTEMATA.

2.5 U3Boau u pe3yaraTu

B I'masa 2 e npenctaBena pa3paboTeHaTa OT aBTOPA 0TKA30yCTOIUMBA pa3IpeieeHa CUCTEMA
C HacTpoiiBaeMa HaJlexAHOCT. Ts mpeasiara pa3uyHHU CTEIIEHU HAa PEIIMKMpaHE Ha XaplyepHUTE
KoMmrnoHeHTH. Heo6xoauMocTTa cucremara 1a UMa KOMIOHEHTH C Pa3/IMyHa CTENEH Ha peIIUKUpaHe
€ CBbp3aHa C TSAXHATa KPUTHYHOCT, KOATO C€ OIpenesiss OT M3UCKBAaHUATA Ha IPUIOKEHUETO.
OTka3oycroiiunBaTa cHCTEMa C HACTpoOilBaeMa HAAEKAHOCT € MOJENHMpaHa IPH OIpPEesICHH
JOIIyCKaHUs 3a HeliHaTa paboTa ¢ Lell Ja ce IPOBEPH Ta3U XUIIOTEe3a.

IIpemiockeHata OT aBTOpa OTKA30yCTOMYMBA paslpeliesieHa CUCTeMa ¢ HacTpoiiBaema
HAJEKIHOCT € MOJIEIMpaHa Bb3 OCHOBA HA M3IOJI3BaHE HA MapKOBCKM BEPUTH U BaJIMJUpPaHa upe3
cuMmyJsaus. MeTroabT Ha CHUMYJIAMOHHOTO MOJENHMpaHe € M30paH, 3alloTO CUMYyJaluATa JaBa
BB3MOXHOCT Ja C€ MOJENHUpaT CHUCTEMU C MHOXECTBO KOMIIOHEHTH M TOJiIMa CTENeH Ha
neranuzanus. [IpencraBeHu ca mMojennTe Ha KOMIIOHEHT Ha CUCTEMAaTa M Ha LisjaTa CHCTEMA.
IIpenBuaenu ca Bb3MOKHOCTH 332 MOJETHMpPAHe Ha cHUcTeMaTa ¢ HacTpoiiBaeMa HaJeKAHOCT ¢ U 63
BB3CTAHOBSIBAHE OT MOCTOSIHHA HEM3IIPABHOCT, KAKTO U C U 0€3 CUCTEMEH PEMOHT.

[IpencraBenute B [7asa 2 pe3ynTaTH U3NBIHSIBAT 3afaud 2 U 3 Ha JucepTaluATa.
IlocTurHaTuTe Hay4HH pE3ydTaTH Ca CH3AABAHETO HA MOJEI Ha IPENJIOKEHaTa OTKa30yCTONYMBa
pasIpeneneHa cucTeMa ¢ HacTpolBaeMa Hale)KJHOCT U MPEACTABSIHETO HA aBTOPCKU ApXUTEKTYPEH
MOJIeJI Ha OTKa30yCTOMuYMBa pas3lpeiereHa CHCTEMa C HacTpoliBaeMa HaJEKAHOCT, KaTo ca

)Ie(l)I/IHI/IpaHI/I M3UCKBAHMATA KbM HEHHNUTE KOMIIOHCHTH M CHCTEMAaTa KaTo OsJ10.

I'naBa 3. H3caenBane Ha OTKa30yCTOﬁqHBaTa cucrema €

HaCTpOﬁBaeMa HaJACKIHOCT

OTka3zoycroifunBaTa cucTeMa ¢ HaCTpoiBaeMa HaIeXkKTHOCT YIIPaBIIsABa 00EKT, KaTo IMoJIyyaBa
BXOJIHHM JIaHHH OT HETOBUTE CEH30PH, M3IBJIHSABA YIPABJISABAIL aIrOPUTHBM M M3UUCISABA M3XOIHU
pe3yaTaTu, KOUTO U3BEX/1a KbM aKTUBAaTOpHUTe Ha oOekTa. [Tapamerpure Ha oOeKkTa Ha yrpaBlieHHE

MoOratr aa vMaTt pasifdHa BaXHOCT 3a KOPEKTHaTa CUCTCMHA pa60Ta. 3aToBa KOMIIOHEHTHTE Ha

Asmopegpepamu Ha oucepmavuu 2023 (6) 48-95



H3CJIEJIBAHE HA HAJIEJK/THOCTHUHTE XAPAKTEPHUCTHUKH HA ... 71
CHUCTEMaTa ca PeIUTMKUPAHM CIIOPE] CBOETO HUBO HA KPUTHYHOCT. HacTpoiiBaHEeTO Ha cHCTeMHAaTa
HAJICKTHOCT MTOCPEICTBOM PA3MPECIIIHE HA CTENEHTA Ha PEIUIMKUpPAaHE HA KOMIIOHEHTUTE CHOpE]
HYXKJIUTE Ha YIPABJISBAHMS 00CKT MOXKE Ja M3IO0JI3BA PECYPCUTE HA cHCTEMaTa Mmo-euKacHo U Ou
MOTJIO J1a To00pu HelHATa HAICKTHOCT.

CuMyarimOHHOTO MOJICIMpPAaHE Ha CHCTEMara ¢ HacTpoWBaeMa HaJeXJTHOCT M3CIeaBa Kak
MpOMsIHATA Ha CTPYKTYPHUS U3JIUIIBK BIMsE BPXY o0IIaTa cucTeMHa HaieskJHOCT. KommnonenTure
C pa3jM4YHA CTENEH Ha PEIUIMKUPAHE MMaT Pa3IMuHO HHMBO HAa KPUTHYHOCT 3a cucreMara. ToBa
onpenens U KoeuIMeHTa Ha IIOKPUTHE Ha TEXHUTE CPEJICTBA 3a caMomnpoBepka: C1 3a eAMHUIHHUTE
KoMnoHeHTH, C2>C1 3a KOMIOHEHTUTE C JIBOCH MOAYJeH M3IUIIbK U C3>C>>C1 3a TPUILTMPAHUTE
komroHeHTu. KoeduimeHTrTe Ha MOKpUTHE MOTaT J1a C€ U3MEHST B 3aBUCHMOCT OT YCJIOBUATA Ha
cpenaTa WiH OT YCIOBHUATA HAa (YHKIITMOHUPAHE B PAMKHUTE Ha HAKAKBH TpaHUIM. Te3u koepummeHTn
3a€THO C MHTEH3MBHOCTTA HAa HEM3MPABHOCTUTE Ap OMPEAETAT MOBEACHUETO Ha KOMIIOHEHTHUTE B
CUMYJIAIIMOHHUS MOJIENI Ha OTKAa30yCTOMYMBATa CUCTEMa C HacTpoiiBaeMa HaAeKIHOCT. ChOuTHATA
B CHUCTEMaTa Ca CBBbpP3aHH C NMPOMSHATA HA HEWHOTO CHhCTOSHUE. TOoBa ca CIIy4ailHH CHOWUTHSA,
XapaKTEepU3UpaIIN Ce ChC ChOTBETHATA MHTEH3UBHOCT HAa BH3HUKBAHE: Ap, Lp U Wsys. Jomycka ce, ue
OTKa3aJl KOMIIOHEHT MOJK€ BUHAru Jia ObJIc Bb3CTAHOBEH CJIE]] MOCTOSIHHA HEU3MPABHOCT (JIOKAJICH
PEMOHT), a BpEMEeHaTa JJ0 0TKa3 ca HOPMaJIHO pa3NpeeieHH.

Pazpaboten e cienHusT uzciedosamencku npomoKoir.

1. H3scneasaHe Ha KOMIIOHEHT

2. W3cnensaHe Ha cucTeMara

e Bxoanu nannu: 6poit KoMnoHeHTH B cucteMara N, Opoit moynu B cuctemara M, Ap, [p,
Usys, TpaHuIM Ha koeunrentute Ha nokputue C1, C2 u Ca.

e sxonnu pesynraru: R(t), A, MTTF, MTTR, MTTS, MTBF, MTBS, downtime

e OmpezienisHE Ha BB3MOXKHUTE pAa3NpeesieHHs] Ha CTPYKTYpHUS W3JIMINBK TIPU
3agagerute N u M.

3. OmpegnensHe Ha BpeMeHaTa 10 OTKa3 MpU JaJeHUTE BXOJHU MapaMeTpH 3a BCHUYKH

pasnpeseneHus Ha MOTYJIHUSI U3JTUIITBK Ha CHCTEMH C U 0€3 HaCTpOWBaHE HA CTPYKTYPHUS
H3JIUIIBK.

4. W3cnenBaHe Ha BIMSHHETO HA pPa3IMYHU MapaMeTpyd BBPXY HAACKIHOCTHUTE
XapaKTEPUCTUKA Ha OTKAa30yCTOMYMBATA CHUCTEMa C HACTpOilBaeMa HAJEKJIHOCT U Ha
CUCTEMU 0e3 pasnpeseICHHe Ha CTPYKTYPHUSI H3JTUIIBK.

5. B 3aBUCHMOCT OT pe3ynTaTure onpenessHe Ha KOH(GUTypaluuTe ¢ Hall-BUCOKA CUCTEMHA

HaJIEXKTHOCT.
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3.1 CI/lMyHaHI/IOHHO MOJ€JIUPaHE HA 0TKa30yCTOﬁqHBa cucrema ¢ HaCTpOﬁBaeMa

HaACKIAHOCT

N30panust B [ 7aéa 2 u3ciie0BaTeICKA METOJl HA CUMYJIAIIMOHHO MOJICIIMPAHE € MPUIIOKEH
ype3 pa3padOTBaHE Ha CHMYyJAIMOHHA TNporpaMa. Ts € NpoeKTHpaHa CIOped ONMUCAHUS
U3CIIEA0BAaTEICKU IPOTOKOJ M OIpeneis HaIekKIHOCTHUTE XapaKTEpUCTHUKUM Ha H3CJeIBaHaTa
cucrema, popmynupanu B T. 2.1.2. [Iporpamara cumynupa 0TKa30yCTONYUBH CUCTEMH C PA3IUYHO
pasmpeneneHe Ha CTPYKTYpPHUS U3JIMIIBK U CUCTEMH 0€3 pa3npeielieHne Ha CTPYKTYPHUS U3IHUIIBK,

KOCTO JaBa Bb3MOXXHOCT 3a TAXHOTO CPABHCHUC U aHAJIM3UPAHC.

3.1.1 Cumynayuonna npozpama

Pazpaborenusar mnporpamer npoaykt NMRSIM 3a cuMmynupaHe Ha IOBEICHHETO Ha
OTKa30yCTOWYUBHU pasNpeiesieH! CUCTEMM (NPEACTaBeH MO-IIBJIHO B [lpunoowcenue B) onpenens
[IOKA3aTEIMTE HA CUCTEMHUTE OT MHTEPEC 3a M3CJIEABAHETO U J1aBa Bb3MOXKHOCT 33 CpPaBHEHHUE Ha
MpeioKeHaTa cucTeMa ChC CHCTeMHU 0e3 HacTpoiBaHe Ha HajeKAHocTTa. [Iporpamara e HanucaHa
Ha e3WK 3a nporpamupane C++ u pa3paOoTBaHETO M U3ITBIHSABA CIACAHUTE U3UCKBAHMUS:

1. /Jla cuMynupa NOBEIEHHETO HA CHUCTEMAaTa BbB BPEMETO, KaTo OTpa3siBa 3a/1aJCHUTE

ne(UHUINY 32 CTOI U OTKAa3;

2. Jla mpenctaBsi HACTHIIBAHETO HA MOCTOSHHA HEU3MPABHOCT KaTO CTOXACTUYEH MPOIIEC C

€KCIIOHEHIIMATTHO pa3NpeeieHne U UHTEH3UBHOCT Ha HEM3MPABHOCTUTE Ap;

3. Jla uma BB3MOXKHOCT J]a MOJIEIHpA CUCTEMa C PEMOHT M 0€3 PEMOHT;

4. Jla mpeacraBs MOMEHTUTE Ha M3BBPIIBAHE Ha PEMOHTUTE KAaTO CTOXACTUYEH IPOLEC C
€KCIIOHEHIIMATTHO pa3npeieNieHNe U MHTEH3UBHOCT HAa PEMOHTUTE |lp (32 JIOKAJIEH PEMOHT)
U Wsys (32 CHCTEMEH PEMOHT);

Jla monienupa cuctema ¢ Mpou3BOJIEH OpOi MOAYIH M KOMIOHEHTH;
Jla u3uncIsBa HAICKTHOCTHUTE XapaKTePUCTHKH, ITOcoueHu B [ 1asa 2, T. 2.1.2;

I[a MOZACIIMPA MOBCACHUCTO IMPU HECUIIIPABHOCT HA KOMITIOHCHT U iJIaTa CUCTCMA,

© N o o

Jla pasnpenens CTpYKTYpHHSI U3IUIIBK MIPH 3a/1a7ieH 0011 Opoii KOMIOHEHTH U 00111 Opoit
MOTYJIH;

9. a monenupa KoehHIMEHTa Ha TOKPUTHE Ha CPENICTBATA 32 CAMOIIPOBEPKA;

10. /la u3uncnsBa HAASKIHOCTTA KaTO (DYHKIIMS HA BPEMETO;

11. /la u3uncnsiBa CTATUCTUYECKUTE MOKA3aTeNN Ha MOTYYCHUTE PEe3yaTaTH;

12. Jla cbXpaHsiBa MOJIYYCHUTE PE3yTaTH.

[TporpaMHHAT TPOAYKT 32 CUMYJIAIIMOHHO MOJICIMPAHE Ha MPEII0KEeHATa 0TKa30yCTONIHBA

pasopeaciicHa CHCTEMa C HaCTpOfIBaeMa HaACKIHOCT € OCHOBAaH Ha MOJCIIHMPAHC Ha
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(YHKIIMOHMPAHETO Ha cHCTeMaTa BbB BPEMETO M MOMEHTHUTE HAa HACTBIIBAHE HAa HEM3IPABHOCT.

brokoBara cTpykTypa Ha CUMYyJallMOHHATA porpaMa € n3oopasena Ha Queypa 3-2.
™
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Quzypa 3-2. CtpykTypa Ha cumyanuoHHa nporpama NMRSIM

B Onoka Ha BxomHu ganHu ce 3aaaBat N, M, Ap, Wp, Usys, C1, C2, C3 1 Riotal. [Iporpamara
M3II0JI3Ba TEHEepaTop Ha MICEBIOCTYYaiHN Yrcia, paboTel crope] aropuThma, npeacraseH B [98].
Toli ce u3moI3Ba Mpu onpeIeIIsTHe Ha MOMEHTA Ha HaCThIIBAaHE HAa HEM3MPABHOCT W 3a TeHEpUPaHEe Ha
Cy4JaiiHu cTOMHOCTH Ha Koedunnentute Ha nmokputue. [Ipu nagern N u M B Gr0ka 3a onpezaensHe
Ha KOHPUTYpaAIMUTE HA CTPYKTYPHUS U3JHIIBK CE OMPEIEISIT BCUYKU Bh3MOKHU pa3Ipe/ie]ICHIs Ha
CTPYKTYpHUSI U3IUIIBK. BIOKBT 3a ompenensHe Ha HEM3MPABHOCT B KOMIIOHEHT OINpEAeIs
MOMEHTHTE Ha HEM3IPABHOCT 3a ChOTBETHUS KOMITOHEHT. TeKylmara Hen3npaBHOCT C€ ONpPECIis B

CHOTBETHMSA OJIOK CJI€O CpaBHCHUC HA MOMCHTHUTC HAa HCU3IIPABHOCT BbB BCUYKH KOMITOHCHTH.
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B 3aBHCHMOCT OT cTeneHTa Ha peIIMKUpaHe B OJI0KA 3a Ompe/elisHe Ha KOe(HUIIMeHTUTE Ha
nokputre ce 3agaBar koepunuentute Ci, C2 m C3 Ha oraenHutre KommoHeHTH. B Onoka 3a
OTpesieNiTHE Ha ChCTOSIHHETO HAa KOMIIOHEHT CE OMpeAesis Nalu KOMIOHEHTBHT € OTKasaj, Jallu
OTKa3bT My € OTKPHT M JIaJIM € B pEeMOHT. B 0Jioka 3a omnpenesisHe Ha CHCTEMHOTO ChCTOSIHUE CE
oIpeeNisa Aajid CUCTeMAaTa € B CTOIOBO MJIM OTKA30BO ChCTOsIHKE. [Ipy Hamm4re Ha CUCTEMEH OTKa3
Ce 3alMCBaT BCHYKH HATPYMaHH BPEMEHa JI0 OTKa3 M CE€ MPEeMHHAaBa KbM ONpEICIITHE Ha
HAJC)KTHOCTHUTE XapaKTEPUCTUKUA. AKO CUCTEMATA € B CTOIIOBO ChCTOSIHUE IIUKBIIBT MPOIBIKABA, a
MOMEHTBT Ha CIIHpPaHE Ce 3aIHCBa.

B Onoka 3a m3uucisBaHe Ha HAJIEKIHOCTHHUTE XapakTepUCTUKH ce ompeaenar R, MTTF,
MTTR, MTBF, MTBR, MTTS, MTBS, A u downtime. 3a peanu3upate Ha [0X0/a Ha HaCTpoiiBacMa
HAJCKTHOCT CE M3I0JI3Ba OJIOKA 3a ONpEeNIsTHe Ha KOHPUTYypaluuTe, KOUTO TIOCTUTAT 33]aJicHaTa
CHCTEMHA HaJCKIHOCT Riotal. Bcuuku monydeHn naHHu ce oOpabOTBAaT CTATUCTHYECKU B OJIOKa 3a
ONpENeJITHE Ha CTAaTHCTUYECKHM Tnapamerpu. [loiiyueHuTe pe3yiraTd 3a HaJISKIHOCTHHUTE
XapaKTePUCTHKU Ha BCHYKH KOH(UTYpaIlMK Ha CTPYKTYpPHHUS U3JUIIBK CE 3allMCBaT BBB (aiiose.
ToBa ce mpaBu B 0JI0Ka HAa H3XOJHUTE PE3YyITaTH. B3anMOAeCTBHETO MEX /Ty OTACITHUTE OJIOKOBE Ha
CHMYJIAIIMOHHATA MTporpama € H300pa3eHo cXeMaTu4HO Ha Pueypa 3-2.

bnokoBata cTpykTypa Ha TporpaMarta JaBa BB3MOXXHOCT TS Ja Oblie pa3lIupsBaHa H

HaJIrpak/iaHa, 3a Jla MOraT Jia Ce MOJICITUPAT U JIPYTH rapaHTOCIIOCOOHH PAa3NPEIeSICHH CHCTEMH.

3.2 Pe3yJTaTu OT CHMYJIAMOHHO MO/IeJIMPAHE HA CHCTEeMAaTa

OTka3oycToiuMBaTa CUCTEMa C HACTpoOiBaeMa HAJECKIHOCT € CHMYJIHpaHa IMPH CICTHUTE
napamerpu: Opoii kommoHeHTH N=10 um N=20, Opoit momymum cworBetHO M=20 u M=40,
MHTEH3UBHOCT HA MOCTOAHHHTE HeusmpaBHOCTH Ap=102 1/h m Ap=10* 1/h, uHTeH3uBHOCT Ha
BB3CTAHOBSIBAHE Clie/l MOCTOsTHHA Hem3npaBHOCT Up=0.1 1/h, MHTEH3UBHOCT Ha PEMOHTHUTE Lsys=0.1
1/h, rpanumm Ha xkoedurmenture Ha nokpurue C; € [0.8,0.9), C, € [0.9,0.95) u C; € [0.95, 1.0).

[lpy wm3cnenBaHeTO Ha PA3TUYHUTE paslpeleNieHHss Ha CTPYKTYpHUS W3JIHAIIBK B
KOMIIOHEHTHUTE € U3I0JI3BaHa clieHaTa HOTaIUs:

cucrema (i, J, K),

KBJIETO | — OpOii Ha eIMHUYHHUTE KOMIIOHEHTH, | — OpOi Ha KOMITOHEHTHTE C IBOCH MOJYJICH
U3UIIBK, K — Opoit Ha KOMITIOHEHTUTE ¢ TPOEH MOYJIeH u3nuirbk. Hanpumep, cucrema (3,4,3) npu
N=10 u M=20 o3HauaBa cuctema ¢ 3 elMHUYHH, 4 TyONUpaHu U 3 TPUIUIUPAHU KOMIIOHEHTA.

W3cnensanu ca pasmpeneneHust Ha CTPYKTYpHHS U3JIMITBK, KOUTO 3ara3Bar oouus Opoii Ha
MOJyJIUTE B CUCTeMaTa. XMIIOTe3aTa Ha HACTOALIOTO M3CJIEABAaHE Mpearnoiara NpoydyBaHE Ha
BB3MOKHOCTUTE 3a paslpe/ielIeHUe Ha XapJyepHUTE pecypcu Ha cHucTeMara CIopel] TsAXHara

KPUTHYHOCT IpU ONPCACIICHU HU3UCKBAHUA 34 HAACKIHOCT, C’[>06pa3€HI/I C MPUITIOKCHUCTO. Karo
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€TaJIOHHA CHCTeMa 3a CPaBHEHHUE € U30paHa CUCTEMa, N3rpajJieHa caMo OT AyOJMpPaHU KOMIIOHEHTH,
KOSITO HE pa3npeienst CTpPYKTypHHs H3muiIbK. [Ipu ToBa monoxeHnue 6posT Ha MOJYJIMTE B CUCTEMATa
e M=2N. MHHurepec mnpencraBisBaT caMO KOH(UTypaIllMUTE, KOUTO YAOBJIETBOPSBAT TOBA

OrpaHUY4CHHUC.

3.2.1 H3cneosane na komnonenm

PesynTarure oT CUMYJIAIMOHHOTO MOJAEIMPAHE ca IPEACTaBEHH 3a KOMIIOHEHT, U3TPAJCH OT
7iBa ¥ OT Tpu Monyia. [loka3arenure Ha HaJEKIHOCTTA ca OTUYETEHM 3a CIY4auTe HAa KOMIIOHEHT C
JIOKaJIeH PeMOHT U 0e3 JloKalieH peMOHT. V3cienBaHo € BIMSHUETO Ha MOCTOSIHHU U CIy4YaiHU
HEM3NpaBHOCTU. [laHHWTE ca 3a CICTHUTE WHTEH3MBHOCTH HA HEHM3IPABHOCTUTE U PEMOHTHTE:
IOCTOSHHHM HEM3MPABHOCTH Ha mpouecop Ap=10"7 1/h, cydaiinu HemsnpaBHOCTH Ha mporecop A=0.1
1/h, Bb3CTaHOBSIBaHE Ha IIPOLIECOP CIIe TOCTOSIHHA Hen3npaBHOCT 4p=0.1 1/h, peMOHT Ha KOMITOHEHT
1c=0.11/h.

[Ipy KOMIIOHEHT C JBOCH MOJYJECH H3IHUIIBK OTKAa30yCTOWYMBOCTTA CE€ IIOCTHTa 4Ype3
0JI0KOBETE 3a CaMOIpPOBEpKa Ha ABaTa MoayJa (¢ koepuueHt Ha nokputue C) u upe3 cpaBHEHUE Ha
pesyaratute Ha MoAynure. KOMIOHEHTBT omkazea, KOraro €IHOBPEMEHHO OTKakaT W JBaTa
mporecopa Ha MOJYJIUTE M CPEICTBAaTa 3a CaMOIPOBEpKa HE ca OTKPHIM OTKaza. KOMIOHEHTHT
moraga B CHON0B0 CbCMOsAHUe, KOTaTo CPaBHEHHWETO TIOKa3Ba pas3liika, HO CpelcTBaTra 3a
caMONpOBEpKa He ca OTKPHIIN OTKa3a.

Ha @ueypa 3-3 — Queypa 3-10 ca nokazaHu Ha/IeXKITHOCTHUTE XapaKTEPUCTUKU Ha TyOIUpaH
KOMITOHEHT BBB (pyHKIHMs oT koehunuenture C u Cr 3a cucTeMa ¢ JIOKaJeH PEMOHT. 3a HUCKH U
BHUCOKH CTOWHOCTHM Ha KOe(UIMEHTa Ha TOKPUTHE IyONMPAHHUAT KOMIIOHEHT HMa I10-BHCOKa
HagexaHocT U MTTF (@ueypa 3-3 u @ueypa 3-4), OTKONKOTO 3a CpeAHU CTOWHOCTH Ha TO3M
koeuuueHT. ToBa ce AbJKU Ha BIMSHUETO Ha CPABHEHUETO, KOETO NMPH HUCKU CTOHHOCTH Ha C Ha
MPaKTHUKA TO HEYTPAIM3UPa, 3al[0TO TP CPAaBHEHHE HEU3MPABHOCTHTE B KOMIIOHEHTA CE OTKPUBAT C
BepossTHOCT 1. [Ipu BucOku cToliHOCTH Ha C TOKPUTHETO HA HEU3NPABHOCTUTE UM CHUITHO 3HAUYCHHE
3a mo-no0puTe HANESKAHOCTHM IOKa3aTeld Ha KOMIOHEeHTa. Koe(puIMeHThT Ha MOKPUTHE Ha

CpejicTBaTa 3a caMOITPOBEPKa 1Mo100psiBa TOTOBHOCTTA Ha KoMmoHeHTa (@ueypa 3-9).
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Queypa 3-8. MTBF Ha myOnupaH KOMIIOHEHT Ha CUCTEMa C

JIOKAJICH PEMOHT

Queypa 3-9. T'oToBHOCT Ha AyOIMpaH KOMIIOHEHT HAa CHCTEMa C

JIOKAJICH PEMOHT

[Ipy KOMIOHEHT C TPOEH MOJYJIEH U3JIMIIBK OTKa30yCTOMUMBOCTTA CE ITOCTUIa OTHOBO Ype3

OJI0OKOBETE 3a CaMOIIPOBEPKA, a CpPaBHCHHUETO € BCBHHOIHOCT MaXXOPUTAPHO TIJIaCyBaHC. Omka3z

HACTBIIBA, KOT'AaTO NOBCUC OT IMOJIOBHUHATA MOAYJIN Ca C HCOTKpHUTA HCU3IPABHOCT. KoMnoneHTBT

nornaaa B ¢monoeo CvbCmosHue, KoraTo moBeUC OT MOJIOBHHATA MOAYJIHN €Ca C OTKpHUTAa HCU3IIPABHOCT.

Ha @ueypa 3-13 — Queypa 3-20 ca npecraBeHN HAIGKTHOCTHUTE XapaKTEPUCTHKU HA KOMITOHCHTA

3a cucrema c JokaneH peMoHT. KoepuuuentsT Cr Binsie ¢1ab0 BbPXY MOBEUYETO HAAEKIHOCTHU

MOKa3aTean Ha TpUIUIHpaHUs KoMmroHeHT (DQueypa 3-13 - @ueypa 3-16). Toii obaye Boau [0

HaMaJIIBaHC Ha BPCMCHATA MCKAY OTKA3UTC M HAa I'OTOBHOCTTAa Ha KOMIIOHCHTA (@ueypa 3-17 -

@ueypa 3-20).
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Queypa 3-19. MTBF Ha Tpunimpan KOMIIOHEHT Ha CHCTEMa C @ueypa 3-20. TOTOBHOCT Ha TPUILIMPAH KOMIOHEHT Ha
JIOKaJICH PeMOHT cHCTeMa C JIOKaJICH PeMOHT

Koedunmentpr Ha mOKpuTHE Ha OJOKa 3a CaMOIMpOBEpKa OYAKBAHO MOA0OpsBa
HAJCKTHOCTTA B BpeMeTo 10 0TKa3 (Dueypa 3-13 u @ueypa 3-14), KakTo U MOKA3aTEINTE, CBHP3aHH
¢ pabotocrocoOHOCTTa Ha KoMItoHeHTa (Dueypa 3-19 u @ueypa 3-20).

Ot HanmpaBeHMUTE U3CIIEBAaHUs HAa AYOJUpPaH U TPUILTUPAH KOMIIOHEHT Ha OTKa30yCTOMUYNBa
pasmpeneneHa CUCTEMa MOXKeE Jla c€ HalpaBH M3BOJ, Y€ 0OaBSIHETO Ha OJIOKOBE 3a CaMOIPOBEPKa
KbM BCEKH MOJYJI OT KOMIIOHEHTa IMOJ00psSBa 3HAYUTEIHO HAJIC)KTHOCTHUTE XapaKTEPUCTUKU Ha

cucremara.

3.2.2 Cucmema c 10 komnonenma

Cucremara ©Ma Bb3MOXKHOCT 32 Bb3CTAHOBSIBAHE OT MIOCTOSIHHA HEU3ITPABHOCT HA KOMITOHEHT
U 33 PEMOHT CJie]l CHCTeMeH oTKa3. M3cienBanu ca 6 KOHPUTYpallik Ha CTPYKTYPHHUS W3JIHIIBK.
Tsaxnata vHagexxaHoct npu C1=0.88, C2=0.94 u C3=0.99 e nokazana Ha Pueypa 3-23. CroitHOCTHTE
Ha KOC(UIIMECHTUTE Ha TIOKPUTHE Ha KOMIIOHCHTHUTE C Pa3JIn4Ha CTeNeH Ha peruiukupane, Ci, C2 u

C3, ca MaKCMMaJIHU 3a U3CJICABAHCTO.
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Queypa 3-23. HagexaaocT Ha cucteMa ¢ 10 KOMIIOHEHTa 3a Queypa 3-24. HapexxarocT Ha cuctema (3,4,3) 3a pasznuaHu
(C1=0.88, C2=0.94 u C3=0.99 croitHoctr Ha C1, ipu C2=0.94 u C3=0.97
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Queypa 3-25. Hapexxauoct Ha cuctema (3,4,3) 3a pasnunyHu Queypa 3-26. Hanexxauoct Ha cuctema (3,4,3) 3a pasnunyHu
croitnoctn Ha C2, npu C1=0.88 u C3=0.97 croitHocTn Ha C3, npu C1=0.88 u C2=0.94

[Ipu Te3m ycnoBus Hail-Bucoka HajiexaHocT uma cucremara (0,10,0) (cBetiio cunsara rpaduka
Ha Queypa 3-23). Ta3u cucrema MpeNCTaBisiBa W3BECTHUTE CHUCTEMH, KOUTO palbOTAT camo C
OyONmupaHu KOMIIOHEHTH, T.e. 0e3 paslpelesieHHe Ha CTPYKTYpHUs U3IUIIbK. Haii-Hucka
HajexIHOCT MMa cuctema (5,0,5) (3enenara rpaduka Ha Queypa 3-23), KOATO € U3rpajieHa caMo OT
SIMHUYHYU U TpUILTupann komroHeHTH. Cucremu (1,8,1) (opamxkeBara rpaduka Ha Queypa 3-23) u
(2,6,2) (cuBara rpaduxa Ha Dueypa 3-23) umar OIM3KU CTOMHOCTH Ha HaJexaHOcTTa. Cuctema
(3.4,3) (xbaTata rpaduka Ha Dueypa 3-23) ce pobmMKaBa Mo HaAEKAHOCT a0 cuctemu (1,8,1) u
(2,6,2). UnTepec npencrasnsiBat cucremure (3,4,3), (2,6,2) u (0,10,0) mopaau cCpaBHUTEIHO TIO-
BHCOKATa CH HAJICKTHOCT.

Hanexnnocrra Ha cucremara (3,4,3) e u3cieqBaHa, 3a Ja ce HPOCIEAM BIMSHUETO Ha
KOoe(PUIIMEHTHTE Ha TIOKPUTHE Ha KoMIoHeHTUTe (Dueypa 3-24 - Queypa 3-26). KoepuueHTsT Ha
MOKPUTHE HA €IUHUYHUTE KOMIIOHeHTH C1 HE BiHsE BHOOIIE BHPXY HAJEKTHOCTTa HA CHCTEMara
(3,4,3) — rpadukuTe Ha HAJAEKAHOCTTA 3a TPUTE CTOMHOCTH Ha C1 chBnaaat (Pueypa 3-24).

Cucrema (2,6,2) € mo-cuiIHO MOBIHSHA OT yBeIMYaBaHETO Ha KoeduilueHTa Ha nmokputue C2
(Dueypa 3-28), otkoakoro ot yBenuuenueto Ha C3 (Queypa 3-27). ToBa ce 00sCHsIBA € TIO-TOJIEMUS
Opoii 1yOIMpaHu KOMIIOHEHTH B CpaBHEHUE C Oposi Ha TPUILTUPAHUTE KOMIIOHEHTH. Pe3ynrarute 3a
(3=0.95 (cunsta rpaduka Ha Queypa 3-28) u C3=0.97 (opamxkeBara rpaduka Ha Dueypa 3-28) ca

noutn enHakBu. Camo Hai-roisiMara ctoitHOCT Ha C3=0.99 Boam 0 moao0psiBaHe HA CHCTEMHATa
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Ha nokputre C2 BOAM 70 3HAYUTEIIHO o100psiBane Ha HajaexaHoctTa (Dueypa 3-27).
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Queypa 3-27. Hagexauoct Ha cuctema (2,6,2) 3a
pazinuHu croiiHocTH Ha C2, ipu C1=0.88 u C3=0.97

Queypa 3-28. HanexxaHoct Ha cuctema (2,6,2) 3a
pasnuunnu croitnoctr Ha Cs, ipu C1=0.88 u C2=0.94

Ha @ueypa 3-29 u @ueypa 3-30 e HanpaBeHO cpaBHEHUE Ha HAJEKIHOCTTA HA CUCTEMUTE
(3.4,3), (2,6,2) u (0,10,0) mpu C1=0.88 u C>=0.94, a xoepuruentst C3 ¢ pazmuueH (C3=0.97 Ha
Queypa 3-29 u C3=0.99 Ha Dueypa 3-30). Haii-Bucoka HAACKTHOCT MMa CHUCTEMAaTa, W3rpajcHa
u3isuio ot nyonupanu kommnoHeHTH (0,10,0). Cucremara (3,4,3) e ¢ Hail-HHCKa HAACKIHOCT, KOSITO
ce moxobpsia mpu yBeauuenue Ha C3 (Queypa 3-30, C3=0.99). Cucremara (2,6,2) mokaspa cpeaHa

CTOMHOCT Ha HaZSKAHOCTTAa. MOXKe Jla ce HalpaBU M3BOJBT, Y€ CUCTEMHUTE C MpeodiiaaaBay Opoi

nyOmupaHu KOMIIOHEHTH, (2,6,2) u (0,10,0), mocTurar mo-BUCcOKa CHCTEMHA HAJIEKTHOCT.
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Queypa 3-29. Hapexanoct Ha cuctemute (3,4,3), (2,6,2) . @ueypa 3-30. Hagexanoct Ha cuctemurte (3,4,3), (2,6,2) u
(0,10,0) mpu C1=0.88, C2=0.94 u C3=0.97 (0,10,0) mpu C1=0.88, C2=0.94 u C53=0.99

[Ipu cpaBHEHUE HA CUCTEMH C PA3IMYHO paslpeesieHHe Ha CTPYKTYPHHUS U3IUIIBK 3a MO-
Mmanrbk koepurmeHt Ha nokputue C2=0.9 (C1=0.88 u C3=0.97) (Queypa 3-31) noapexnaHero Ha
CHUCTEMUTE TI0 HAJSXKIHOCT ce mpoMeHs. Haii-Bucoka HanexxaHocT uma cuctemara (3,4,3) (xpirara
kpuBa Ha Queypa 3-31), ciensana ot cucremute (1,8,1) (opamkeBara kpuBa Ha @ueypa 3-31) u
(0,10,0) (cBetno cunsta kpuBa Ha Ducypa 3-31), KOUTO UMAT €THAKBA HAJEKIHOCT, U CUCTEMHUTE
(4,2,4) (TpmHO cuHsTa KpuBa Ha Queypa 3-31) u (5,0,5), K0ATO MMa Hal-HHUCKA HAJCKTHOCT

(3enmenara kpuBa Ha Queypa 3-31).
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Ha @ueypa 3-32 e nzobpazeHa Haie)KTHOCTTa HA BCHYKH KOHUTYpaIuu Ha cucremara ¢ 10
KOMITOHEHTA, KOTaTO KOS(HUIIMEHTUTE HA MOKPUTHE HA KOMIIOHEHTUTE CE€ MEHST B 3aJaJICHUTE B T.

3.2 unrepBanu. Te3u pe3ynraTi ca pasrieanu no-noapooHo B T. 3.3.

R(t) 1 R(t) 1
0.9
0.8
0.7
0.6
0.5
0.4
0.3
0.2
0.1

0

(0,10,0)
(1.8.1)
(2,6,2)
(3:4.3)
—(4,2,4)
(5,0,5)

@ueypa 3-31. CpaBHeHNE Ha HAJEKJHOCTTA HA CHCTEMH C Queypa 3-32. CpaBHEHHE Ha HAJEKJHOCTTA HA CHCTEMH C
pasnuyeH ctpykrypes n3muirek npu C1=0.88, C2=0.9 u pasnuueH CTpyKTypen usmimsk mpu C; € [0.8,0.9), C, €
(C3=0.97 [0.9,0.95)u C; € [0.95, 1.0)

Ha @ueypa 3-32 ce Bk a, 4e Hail-BUCOKA HAJCKIHOCT UMa CUCTeMara 0e3 HaCTpOoliBaHe Ha
HagexaHocTTa, (0,10,0) (cBeTsio cuHsaTa KpUBa), cieasana ot cucremute (1,8,1) (opankeBaTa KpuBa)
u (2,6,2) (cuBata xpuBa). bimska, HO mo-HUCKA, HageXIHOCT uMMa cucrtemara (3,4,3) (kbarara
KpuBa). Te3um pe3ynraTH ca CXOJHHM C HAJCKAHOCTTa Ha cucreMutre oT Queypa 3-23, HO ce
pasnudaBar ot pe3ynaratute Ha @ueypa 3-31.

CuMynanlMOHHOTO MoOJIeIMpaHe Ha OTKa30ycTOMuYMBaTa CHUCTEMa C HacTpoiiBaema
Hajiex1HoCT ¢ 10 KOMIIOHEHTa MOKa3Ba, e cucTeMara umMa J00py Ha/IeK AHOCTHU XapaKTePUCTUKH.
Ot pe3ynratuTe ce BIKIA, Y€ MMa pa3NpeAeeHus Ha CTPYKTYPHHS M3JHINBK, KOUTO TIOA0OpSBAT

CUCTCMHATa HAACKIAHOCT IIPU OIMMPEACTICHU YCIIOBHA.

3.2.3 Cucmema c 20 komnonenma

OTtka3oycroitunBaTa CUCTEMA C HacCTpoiiBaeMa HajexaAHOCT ¢ 20 kommoHeHTa u 40 Moayna e
CHUMYJIMpaHa MpH ChIIUTE MapaMeTpH Kato cucremara ¢ 10 komnonenta (1. 3.2.2). U3cnenBanu ca
11 pasmpeneneHvs Ha MOIYTHUS M3JIUIIBK B KOMIIOHCHTHUTE. BIHMSHHETO Ha MOCTOSHHUTE
HEU3NPABHOCTH € pasriefaHo MPH JBE Pa3IMYHA MHTEH3UMBHOCTH HA HEW3MPABHOCTHUTE, 3a JIa CE€
W3CIIeNIBAT pa3InyHU yCIIOBUS Ha pabOTHATa cpefa Ha cuctemata. J[omyckaHeTo e, 4e CUCTeMHTE,
KOUTO (DYHKITMOHHUPAT MPH MO-HEOIATONPHUATHU YCIOBUS, THPIAT MOBEUE HEU3MPABHOCTH, KOETO B
MOJIENa Ce M3pa3sBa C MO-TOJIAMa MHTEH3MBHOCT Ha MOCTOSIHHUTE Heu3npaBHOCTH Ap=10 1/h. TTo-
MajKkaTa HHTEH3UBHOCT Ha HEM3MPABHOCTUTE Ap= 10 1/h MOJIETIMpa CPEIn, KbJETO HEU3IMPABHOCTUTE
HAaCTBIIBAT MO-PSIIKO, HO CHCTeMaTa TpsIOBa J1a € B ChCTOSIHUE J1a TH TOJIEpUpA.

Cucremara ¢ HacTpoilBaeMa HaJIeKIHOCT MUMa Pa3JIMYHU PAa3NpECICHUs] Ha M3JIUIIbKA B
KOMITOHEHTUTE. TsaxXHATa HAaAeXKIHOCT, Ry, BEB (DYHKIUS OT BPEMETO € Mmokazana Ha Queypa 3-33,

KbJIETO MHTEH3UBHOCTTA HA TTIOCTOSTHHUTE HEU3IIPABHOCTH € kp=10'4 1/h.
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Queypa 3-33. HanekTHOCT HA CUCTEMH C pa3IuuHU @ueypa 3-34. Haie)kTHOCT HA CUCTEMH C pa3iInieH Opoii
pasnpeielieHusl Ha CTPYKTYPHUS W3IULIBK, Ap=10 1/h, TPUILIMPAHH KOMIIOHEHTH, Ap=10" 1/h, up=psys=0.1 1/h

]J.p:]J.sys:O.l 1/h

CucremuTe CBC CpPAaBHHUTEIHO MalIbK OpOW EIWHUYHM W TPUIUIUPAHU KOMIIOHEHTH
JEMOHCTPHUPAT BUCOKA HanexAHOCT (cuctemu (3,14,3) B xbaTo 1 (2,16,2) B cuBo Ha Queypa 3-33).
He mosxe na ce TBbpau obaue, ue ToBa € TeHaeHIus. CucrtemMara, ChCTOsIIA CE caMo OT SAMHUYHH U
Tpuruiipanu komnoneHtu (cucrema (10,0,10) B ThMHO cuHbO Ha Queypa 3-33) uma Onam3ka
HaJICXKTHOCT.

3a ;1a ce moKake BIMSHUETO HA TPUILUIMPAHUTE KOMIIOHEHTH, Ha Pueypa 3-34 e n3odpaseHa
HagexaHoctTta Ha cuctemu (1,18,1), (5,10,5) u (10,0,10). BbBexkmaHeTo Ha MOBEYE SIUHUYHU H
TPUILTHPAaHU KomIloHeHTH B cuctemara (cuctema (10,0,10) B TbMHO cuHbo Ha Queypa 3-34)
nono0OpsiBa HAZSKAHOCTTa W yIOBJDKaBa MEPHOJa, Tpe3 KOWTO CHUCTeMaTa IOAIbp)Ka BUCOKA
HagexaHocT. DyHKIMOHMpaHeTo ¢ nmo-Manko eAuHUYHU U1 TMU kommnonentu (cucrema (1,18,1) B
opamxeBo Ha Queypa 3-34) obaue He BIIOIIABAa 3HAUYUTENHO CHUCTEMHaTa HajaexaHocT. Cucrema
(5,10,5), kosiTO MMa Hali-HUCKATa HAJIEKTHOCT OT TpUTe cucTteMu Ha Dueypa 3-34, Bce nak nma 106pa
HAJCKTHOCT B CPABHCHHE C OCTAHAIIMTE CUCTEMH, KaKTO ce BHxkIa oT Queypa 3-33.

He Moke na ce u3Bejie sicHa 3aBUCHMOCT MEXKIY Pa3npeeNiCHHEeTO Ha CTPYKTYPHUS H3ITUIIIBK
u HaznexnaHoctTa (Queypa 3-33 u Queypa 3-34). PasnpeneneHHEeT0 Ha W3IMIIBKA BIIUSAE BBPXY
cHCTEMHaTa HaJSKIHOCT U HIKOW paslpelesieHHs ca Mo-0JIaronpuaTHU 3a cucTeMara OT JIPYTH.
N360pbT Ha cucTeMHA KOH(GUTypalys B 3aBUCUMOCT OT M3UCKBAaHMUATA HA MPUIIOKEHUETO MOXeE J1a
JOBeZIe 710 TIOJJ00psIBaHe HA HA/ICKTHOCTTA M TOTOBHOCTTA HA CHCTEMATa.

OPC c¢ HactpoiiBaeMa HaACXKIHOCT € CHUMYJHpPaHa 3a MO-TOJsIMa WHTEH3UBHOCT Ha
MOCTOSIHHUTE HEM3MPABHOCTH, 3a Ja CE MPOBEPH AATH Pa3Npe/IeIeHUeTO Ha W3IUIIBKA BIIHsE 110
pa3nuyeH HauuH BBPXY HeiHara HagexxaHocT (Pueypa 3-35). B cpaBHeHue ¢ HaJIeXIHOCTTa Ha
cucremu nipu Ap=10"* 1/h (Pueypa 3-33) ranexmrocTTa pu Ap=10"2 1/h e mono6Ha 1 M3cTeBAHNTE

CHCTEMH ca TOAPEACHH TI0 CHIIHS HAYMH CIOPe] TAXHaTa HagexaHocT (Dueypa 3-35).
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R(t) 1
0.9
0.8
0.7
0.6
0.5
0.4
03
0.2
0.1

0

(2,16,2)

(3,14,3)

(5,10,5)
—_—(7,6,7)
— 10,0, 10)

®uzypa 3-35. HanexTHOCT HA CUCTEMU C PA3IMYHO PA3NpPEIEICHUE Ha CTPYKTYPHHS H3IMIIGK, Ap=10 1/h,
Wp=Msys=0.1 1/h

3.3 Iloxxox HA HACTpoiiBaeMa HAJEKITHOCT

Kputnunure 3a 6€30macHOCTTa MPHIIOKEHHSI M3UCKBAT MHOT'O BHCOKA HAJIEKIHOCT, 3a J1a
MPEOCTaBAT TaPaHTOCIIOCOOHATA YCIIyTa, 3a KOSTO ca MpenHazHadyeHu. [Ipu nmpoexkTupaneTo uM ce
3aJjaBa KellaHaTa CHCTEMHA HAJCKIHOCT U OCTAHAJIHMTE M XapaKTePHCTUKU CE€ ChoOpa3sBaT ¢ TOBa
W3KCKBaHEe. M3cienBaHEeTO HAa OTKAa30yCTOWYMBATA CHCTEMa C HACTPOMBacMa HAJCKIHOCT ¢
pa3mIMpeHo, 3a Ja MOXE B MOBeYe IBIOOYMHA Jla C€ MPOCIenrd HEWHOTO IOBEICHUE U J1a Ce
MpeUIOKaT BB3MOXKHOCTH 3a IOCTUTAaHE Ha BHCOKA JKEJlaHAa HAJSKIHOCT. B mpencraBeHus
JMCEPTALMOHEH TPY/ Ta3u HAJICKIHOCT CE€ HapHya 00uja HadexicoHocm 1 ce 03HavaBa C Riotal. Bb3
OCHOBA Ha W3CJIe/IBaHUsTa, peacTaBeHu B T. 3.2.2 u 3.2.3 u [75], [76], e pa3paboTeH moaxo/ Ha
HacTpoiiBaeMa HaJACKIHOCT 3a OMPEIEIIIHEe Ha CHCTEMUTE, KOUTO TMOCTUTAT Riotal.

Riotal € OTIpeniens mpy 3a/1aBaHETO Ha CreU(UKAIMITE Ha TIPOSKTHPAHATA CHCTEMA CIIOpPE]T
M3HUCKBaHUATa Ha MpUiIokeHHeTo. [lo BpemMe Ha MPOEKTHUpaHETO ce NedUHUPAT PEKUMHUTE Ha
HEU3NPaBHOCT U OTKa3, Koe(UIIMEHTUTE Ha MOKPUTHE Ha CpeacTBara 3a camompoBepka, MTTF,
MTTR u 1.H. Onpenensit ce Ap, Hp, Msys, BpeMe Ha KUBOT/MUCHUS U Riotal. Tlpu namena Riotal ce
OTIPENIENIAT U M3CIIEABAT BCHYKU BB3MOXKHU pasnpeiesieHuss Ha MOJIYJTHHS H3JIUIIBK, cucmema (i, j,
k), 3a N xomnonenta u M monyna. Cucremure (i, j, k), T.e. CHCTeMHUTE KOHQUTYpAIUH, CE
CUMYJIHMpAT, KaKTO € OmHucaHo B T. 3.1, U ce mony4yaBaT TEXHHUTE rpadUKy Ha HAJIEKITHOCTTA BBHB
¢byskus ot Bpemero. Hanexxnnoctra Ha Besika koHpUrypanus Rq ce cpaBHsBa ¢ Riotal. Cies1 ToBa ce
ompenenar cucreMute ¢ Rd(t)>Riotal. 3a Besika cucTemMa ce Ompeneis W MEPHOAbT Ha BHCOKA
HaJeKTHOCT.

Pesynrarure 3a cucremure, onucanu B T. 3.2.2 u 3.2.3, ca noka3anu Ha Queypa 3-36 3a
Rtota=0.9999 3a cuctema ¢ N=20. Bcuuku m3cneBanu pasnpeeneHus: Ha CTPYKTYPHUS H3JIUIIBK
MoCTUTAT Riotal, HO TMOMIBPKAT Ta3W HAASKAHOCT 3a PA3IUYHA Tepuoau. Pesynrature oOT
CUMYJIMPAHETO MOKa3BaT B3aMMOOTHOIICHHETO MEXKy 00IaTa HAASKIHOCT U paslpeie]ICHHEeTO Ha

CTPYKTYPHUS U3JIMILIBK U UIIOCTPUPAT IIOJX0/1a HAa HACTPOMBaeMa HaleKIHOCT.
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Cucrema (3,14,3) nma Hali-BUCOKa HaJIeKTHOCT (KbJITaTa KpuBa Ha Queypa 3-36), ciieqBaHa

ot cuctema (10,0,10) (TpMHO cunsTa KpuBa Ha Queypa 3-36) u cuctema (1,18,1) (opamkeBara KpuBa
Ha Queypa 3-36). Cucremara, u3rpajeHa camo ot ayonupanu KomrnoneHnTtH, cuctema (0,20,0), nma
Hali-HUCKa HaJISKIHOCT (YepBeHaTa KpuBa Ha @ueypa 3-36). PasmpenencHUeTo Ha M3IHUINBKA B
KOMITOHCHTHUTE Ha CUCTEMaTa BIIUsAC BbPXY CUCTEMHATa HaaexaHOCT (Queypa 3-33, Queypa 3-35 n
@ueypa 3-36). ObOmara HaISKIHOCT € MO-BUCOKA 3a HIKOM pasNpeleNieHHs Ha CTPYKTYpPHHS
M3MUIIBK, Hampumep cucrema (3,14,3) (xparata kpuBa Ha Queypa 3-36), cucrema (1,18,1)
(opamxeBara kpuBa) u cucrema (10,0,10) (ThMHO cUHSATa KpWBa), U € MO-HHUCKA 3a JIPYTH, KaTO
cucrema (7,6,7) (kadsaBarta kpuBa), cucrema (5,10,5) (cBetnio 3enenara kpuBa) u (6,8,6) (cBeTiO

cuHsATa KprBa Ha Dueypa 3-36).

R) 11— “"“"-\__\"ﬁﬁ

0.9999 i

0.9998 4 Rtotal \-‘
(0,20,0) .

09997 7 (1,18,1) \

0.9996 - (2,16,2) N

| (3,14,3) .

09995 (4,12,4) \

0.9994 - (5,10,5) |
6,8,6)

0.9993 - (6,8, i
(7,6,7) \

0.9992 - (8,4,8) -|

0.9991 - (9,2,9) 3

- . = (10,0,10) Wt
0.999

®uzypa 3-36. Ilocturane Ha HAAEKIHOCT Riowr=0.9999, A,=10" 1/h, pp=pss=0.1 1/h

He Moxe ma ce u3Benme siCHa 3aBUCHMOCT MEXAY pPaslpeleiCHHETO Ha H3JIMIIBKA U
CHCTEMHAaTa HaJIeXKIHOCT. AKO OpOsIT Ha KOMIIOHEHTHUTE ¢ KoepuiueHT Ha nokpurtue Cs (1.e. ¢ TMU)
€ TMO-TOJIsIM OT Oposi Ha KOMIIOHEHTHUTe ¢ KoeduiueHt Ha nokputue C2 (t.e. ¢ IMU), ToBa He
O3HaYaBa HEMPEMEHHO, Y€ CUCTEMHATa HaJeXIHOCT Ille ce MOBUIIN. BbhBekIaHEeTO Ha €AMHUYHU
KOMITOHEHTH, OT JIpyra CTpaHa, He BOAM JI0 3HAYUTEITHO HaMaJIsiBaHEe Ha CHCTEMHATa HaJIeTHOCT. B
HSIKOM citydau, Hanpumep cuctema (10,0,10) (TpMHO cuHsTa KpuBa Ha Queypa 3-36), HAIESKIHOCTTA
€ Mo-100pa OTKOJIKOTO MIPHU CUCTEMH C MO-MalIbK Opoii eIMHUYHU KOMITIOHEHTH, KaTo cucrema (6,8,6)
(cBeTno cuHsATa KpuBa Ha @ueypa 3-36).

Tabnuya 3-3 Moka3Ba NEPUOANTE, TIPE3 KOUTO HAEHKTHOCTTA R4 Ha BCSIKA OT CHCTEMHTE C
HacTpoiBaeMa HaACKIHOCT HaABHUIIABA Riota=0.9999, kxato ce 3amouBa OT cucTemara ¢ Hal-IbJIbr
nepuoj. Cucremara (3,14,3) moaabpxka CBOSITa HAIGKIHOCT HaZl Riotal 32 HAM-IBIBT IEPUOJT OT BpEMeE
B cpaBHeHHe ¢ ocraHanute cucremu. Cuctema (0,20,0) 6e3 HacTpoiiBaemMa HaJIEKIHOCT HMa

CPaBHUTEITHO MO-KPaThK MEPHOJT HAa HASKTHOCT Hal Riota=0.9999.
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Tabnuya 3-3. Tlepuoau Ha paboTa Ha cucteMi (i, j, k) ¢ HagexaHOCT Re>Ri0ta=0.9999, 1,=10"* 1/h,
},lp:},lsyszo.l l/h, N:20

Cucrema Ra>Riotal Bpewme [h]
(3,14,3) 0.999902 32300
(9,2,9) 0.999904 29800
(10,0,10) 0.999922 29800
(1,18,1) 0.999905 28900
(2,16,2) 0.999909 28900
(4,12,4) 0.999902 27500
(6,8,6) 0.999907 25100
(0,20,0) 0.9999 24000
(8,4,8) 0.999912 23400
(5,10,5) 0.999902 23400
(7,6,7) 0.999903 20100

Ipu cumynupane Ha cuctemute 3a Ap=107 1/h (Puzypa 3-37) noapexknaneTo Ha rpahUKUTE
Ha HAJICKAHOCTTA HA PAa3IMYHUTE KOH(PHUTYpally Ha CHCTEMATa € TIPUOIM3UTEIIHO CHIOTO KaTO IPH
MHTEH3UBHOCT Ha HemsnpaBHocTuTe Ap=10"* 1/h (@uzypa 3-36). OTHOBO Hail-BUCOKA HANEKITHOCT
uMma cuctema (3,14,3) (xbntata kpuBa Ha Queypa 3-37), a Haii-HuCcKa — cuctema (7,6,7) (kadsBara
kpuBa Ha Queypa 3-37). Cucremara 6e3 HactpoiiBaema HagexaHoCT (0,20,0) (uepBeHaTa KprBa Ha

@uzypa 3-37) mokasBa cpeHa HaIeKITHOCT.

R(t) 1

0999 10,20,0)
0.998 (1.18,1)
0.997 (2,16,2)
0.996 (3,14,3)

' (4,12,4)
0.995 (5,10,5)
0.994 (6,8,6)

(7,6,7)
0-993 (84,8)
0.992 - = =1(929)
0.991 - - = (10,0,10)
Rtotal t
0.99

®uzypa 3-37. Tlocturane Ha HaEKIHOCT Riota=0.999, Ap=10"2 1/h, pp=pss=0.1 1/h
[lepuonante Ha paboTa Ha KOHGUTYPAIMHTE C HAIEKTHOCT Riota>0.999 3a Ap=10° 1/h ca
nokazanu B Tabauya 3-4. Kakto quun u ot rpadukute Ha Queypa 3-37, cucrema (3,14,3) Hail-nbiro
MOJUTbPIKa JKeJIaHaTa HaleXIHOCT Riotal, @ Hali-kpaTbK € mepuoasT 3a cucrema (7,6,7). Cucrema
(0,20,0) 6e3 HacTpoiiBaeMa HAJIEKIHOCT UMa CPABHUTEIIHO TO-KPaThK MEPHOJT HA TOJIbPIKaHEe HA

Riotal B CpaBHCHHE C ITOBCYCTO OT OCTAHAJIMTE CUCTCMMU.

Tabnuya 3-4. Ilepuoan Ha padota Ha cuctemi (i, j, K) ¢ HagexanocT Ri>Riow=0.999, A,=107 1/h,
},lp:},lsyszo.l 1/h, N=20

Cucrema Ra>Riotal Bpewme [h]
(3,14,3) 0.999242 3300
(1,18,1) 0.9991 3100
(2,16,2) 0.99908 3100
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(9,2,9) 0.999357 2900
(10,0,10) 0.999295 2900
(4,12,4) 0.999098 2700
(0,20,0) 0.99914 2500
(6,8,6) 0.999004 2300
(5,10,5) 0.999022 2200
(8,4,8) 0.999212 2200
(7,6,7) 0.999035 2000

Pesynrature OT CUMyIMpaHETO MOKAa3BaT, Ye pa3npeieiiTHETO Ha CHCTEMHHTE PECYpPCH B
3aBHCUMOCT OT TSXHATa BRXHOCT 33 MPHUJIOKCHHUETO MOXE Jia Jaje MPEeIUMCTBO 3a CHCTEMHATa
HaJeXKAHOCT. Hampumep, eaMH CBHBpPEMEHEH aBTOMOOHJI ¢ 000pyaBaH C peaJTHOBPEMEHHHU
pasnpesiesicHd CHCTEMH, KOHMTO YIPaBIsABAT pa3idUYHU OJIOKOBE, KAaTO JBHraTell, OKa4yBaHe,
CKOpOCTHA KYTHsI, BPaTH, CSAAIKU u Ap. Te3n OJI0KOBE Ha CBOM peJl ca MOJICHCTEMH, ChCTOSIIHU CE OT
JAPYTd MOJYJIH, KOUTO palbOTAT 3aeAHO B W3IIBJIHCHHE Ha KOHKpeTHa 3aaa4a. EjHa TakaBa
MOJICHCTEMa MOXKE Ja M3IOJI3Ba IOJXO0Ja Ha HACTpOHMBacMa HAJCKIHOCT, 3a Ja IOCTHIHE
HAJCKTHOCTTA, JUKTYBaHA OT MPHUIIOKeHUETO. Onpenensiiku Riotal ¥ 3HaCHKH OpOSI HA KOMITOHEHTHTE
B MOJCHCTEMAaTa W TEXHUTE HAJCKIHOCTHU XapPaKTCPUCTUKH, MOTaT Ja ObJaT H3BEICHU U
CHUMYJIMPaHU Pa3lpelIeICHUsATa Ha CTPYKTYPHUS H3JIMIIBK, 32 JIa Ce CPAaBHU TSIXHATA HAJIC)KTHOCT.
[To T0o3M HaYMH MOXKE MO-HATATHK JIa Ce U3CIIe/IBa U Pa3paboTH MOIYJTHOTO Pa3Npee/iCHUE ¢ Haii-
BHCOKA HAJCKIHOCT, OTYMUTAHKH 0OCOOCHOCTHTE Ha MPOEKTUPaHaTa MOICKHCTEMA.

[IpencraBenuTe pe3ynaTaTd OT CHUMYJIAMOHHOTO MojaenupaHe (T. 3.2) mokas3BaT, Y€ HUMa
pasnpezeNicHuss Ha CTPYKTYPHUSI M3JIMIIBK, IPU KOMTO CHCTEMara C HacTpoiBaeMa HaJleTHOCT
MOCTHUTA TI0-BUCOKA HATISKIHOCT Riotal ¥ 51 TOAIBPIKA 32 MTO-TIBJIBT IIEPHO] OT BPEME B CPaBHEHHE ChC
cuctema 0e3 HacTpoiiBaHe Ha HaAexkaHOCTTA (Queypa 3-36 u Tabnuya 3-3, Queypa 3-37 u Tabauya
3-4). IIpu kakBW yCIOBHS CE CIIydBa TOBa 00ade € TPYJAHO Jla C€ YCTAaHOBHU, Thil KaTo HAMA siCHA
3aBHCUMOCT MEXJy CHUCTEMHATa HAJCKIHOCT W pa3MpEe/ICHUETO Ha W3JIMIIbKA. 3aToBa B
JTUCEPTAIMOHHUS TPYA CE€ Mpeanara nooxo0d Ha HACMpPousaema HA0elCcOHOCm, 4pe3 KOWTO Ja ce
onpeAensiT KOHQUTYypalMWTe Ha CTPYKTYpPHUS W3JIMIIBK, YAOBJIETBOPSBALIM HM3UCKBAHETO 3a
CHCTEMHA HAJIEKIHOCT Ha MPHIIOKEHUETO.

[MomxoabT Ha HACTPOKBaEMa HAICKTHOCT MOXKE JIa CE OIHUIIE ChC CICTHUTE ACUCTBUS:

1. 3amaBane Ha Riotal,

2. 3amaBaHe Ha MMApaMETPHTE, OMUCBAIIHM CpelaTa — MHTEH3UBHOCT Ha HEM3IPAaBHOCTHUTE,

3. 3ajaBaHe Ha U3UCKBAHUATA KbM CHCTEMaTa — CPEJHO BpeMe J0 OTKa3, CPEIHO BPEME JI0

PEMOHT, TOTOBHOCT, CPEJHO BpEME Ha MPECTOH, Bb3MOKHOCTH 3a JIOKAJICH U CUCTEMEH
PEMOHT U CbOTBCTHO MHTCH3UBHOCTHU HA JIOKAJITHUTC U CUCTCMHHUTC PCMOHTH,

4. OmnpenensHe Ha BAXXHUTE KOHTPOJIMPAHU MapaMeTpy U Ha KPUTUYHUTE KOMIIOHEHTH,
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5. OrmpenensHe Ha HUBaTa HA KPUTHYHOCT,

6. V3BexmaHe Ha CUCTEMHHTE KOH(QUTYpALUU, IPU KOUTO HACTpOBaeMaTa HaJACKIHOCT €
paBHA WK TIO-TOJIsIMA OT U3UCKBaHATa 001Ia HaJIeKTHOCT Riotal,

7. TlpoBepka KOsl OT BB3MOKHHUTE KOH(PUTYpAIIMU OTrOBaps Haii-100pe Ha U3MCKBAHUATA HA
MPHUIIOKCHHUETO,

8. Ilpu nwmca Ha MOAXOJAINA KOHPUTYpalUs c€ MPOMEHSAT BXOJIHUTE Crenu(pHUKAIN U
mpoleaypara ce moBTapsi.

Omnucanute nercTBUs ca oHarieaeHu Ha Queypa 3-38.

g \
BxoaHun nanvHm

3apaeaHe Ha napameTpu,
CBbp3aHu CbC cpenara - A

Rtotal | [

3anaBaHe Ha U3NCKBaHUA
KbM cuctemarta - MTTF,
MTTR, A, downtime

k ¢ J
[ KputuyHoct .
BaxHu napameTpu u
KPUTUYHU KOMMOHEHTK MpomsiHa Ha
¢ cneyndukaymuTe

Hwea Ha KpUTHUYHOCT

\ A
¢ He
CTPYKTYPEH M3NUIIbK
Kondurypauum ¢ Kor;g%‘:p:z e
RaZReotal

Kn3HeH uMKbn Ha
pa3spaborBaHe Ha cuctemara

MpoekTupane

Queypa 3-38. Onucanne Ha MOAX0a HA HACTPOKBaeMa Ha/IeK THOCT

AKO TIOBE€YE OT BB3MOKHUTE KOH(HTypalMy Ha CHCTEMara C HacTpoWBaeMa HaJeXITHOCT
V3MIBJIHSIBAT U3MCKBAHETO 3a CUCTEMHA HAJCKIHOCT TIPH 3aJaICHUTE CTIeM(PUKAIINN, TTOAXOAAIIaTa
3a MPUIIOKEHUETO KOHPUTYpALIUS MOXKE J1a ce u30epe crope/ AOMBIHUTEITHH KPUTEPUH, KaTo Opoit
eIMHUYHY, TyOJIMpaHu WIH TPUIUIMPAHH KOMIIOHEHTH, )KEJIaHU HUBAa HA KPUTHYHOCT, Hal-BHCOKa

o0Ia HaJEeKIHOCT, HAW-TOJSIM TEPHOJ C BHUCOKAa OOIa HANEKIHOCT U T.H. AKO HHTO €IHA
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KOH(UTypalys Ha CUCTeMaTa ¢ HacTpoliBaeMa HaJeKTHOCT HE YAOBJIETBOPSBA U3UCKBAHETO 32 Riotal
Ha MPUIIOKEHUETO, € HEOOXOMMO Jla ce IpepasrieaT CHCTEMHHUTE CIICU(HUKAIINN, BKIIOYUTEITHO

U U3UCKBAHETO 3a 001a HAAEKHOCT.

3.4 U3Boau U pe3yJTaTu

B Imasa 3 e npencraBena cuMyalMoHHATa Mporpama, pa3padoTeHa Crope U3UCKBAaHUSTA B
T. 3.1.1. [IpeacraBenu ca OCHOBHATA CTPYKTYpa U OJIOKOBATa cCXeMa Ha IporpamMara.

N3cnensan € KOMIIOHEHT Ha OTKA30yCTOMYMBATa CUCTEMa C HACTpOMBaeMa HaJECKIHOCT B
3aBHUCHUMOCT OT KoedullMeHTa Ha MoKpuThe Ha Oioka 3a camompoBepka C u koeduuueHnta Ha
BB3CTAHOBSIBaHE OT ciiyuyaiiHa Heu3npaBHOCT Cr. CUMynHpaHU ca KOMIIOHEHTH C JBOECH U TPOEH
MOJIYJICH M3JUIIBK TIpH padoTa ¢ u 0e3 okaneH peMoHT. Oueneno ¢ Biusiareto Ha C u Cr BBpXy
HAJCKTHOCTTA Ha KOMIIOHEHTHUTE, TsixHara roroBHoct, MTTF, MTTS, MTBF, MTBS u cpeanoro
BpEMeE 3a MPECTOH.

Crnopen npeABUACHUS U3CIEI0BATENICKH ITPOTOKOJ ca IPOBEJCHH EKCIIEPUMEHTH 32 CUCTEMU
¢ pazmuuen Opoit kommoHeHTH (N=10 u N=20), pazniuuHa WHTEH3UBHOCT Ha MOCTOSHHHUTE
HEU3NPaBHOCTHU Ap U Pa3IMUHU CTOMHOCTH Ha KoepuuueHtute Ha nokputue Ci, C2 u Cs. [lonyuenu
ca nannu 3a: R(t), A, MTTF, MTTR, MTTS, downtime. Omnpe/eieHu ca Bb3MOKHUTE Pa3MpeieIeHUs
Ha CTPYKTYpHUS U3NUIIGK npu 3afanenute N u M. MzcneaBano e BIUsiHHETO Ha OpOst KOMIIOHEHTH,
Koe(UIIMEHTUTEe Ha MOKPUTHE U MHTEH3MBHOCTTA HA HEU3NPABHOCTUTE BHPXY HAACKIHOCTHUTE
XapaKTEPUCTUKUA Ha OTKA30yCTOMUYMBATA CHUCTEMa C HACTpOilBaeMa HaJEXKIHOCT U Ha CUCTEMH 0e3
pasnpenielieHue Ha CTPYKTYpHUS H3MUIIBK. OmpeneneHn ca KOH(GUTypallUMUTe Ha CHUCTEMaTa,
yIIOBJIETBOPSBAIIM U3UCKBAHETO 32 001112 HAIeKTHOCT.

Cpb3aaneH 1 MpeACTaBeH € aBTOPCKU MOJIX0/1 Ha HACTpolBaeMa HaJeXKIHOCT, Ype3 KOWTO Ja
ce Oompeelis KOU pa3lpeesieHus Ha U3UIIbKa B KOMIIOHEHTUTE YAOBJIETBOPSBAT KeJlaHaTta o01a
CHUCTEMHA HAJSKTHOCT. Bb3 OCHOBa Ha WM3WUCKBAaHUATA Ha TPHUIOKEHUETO MOAXOJBT HaMHpa
CUCTEeMHHTE KOH(MUTYpAIMK, KOUTO MOTAT J1a MOCTUTHAT 00IIaTa HaIekK THOCT.

Hanara ce u3BoabT, ue MOXKe Ja ce MOCTUTHE BUCOKA HAJIEAKIHOCT Upe3 pa3npe/iesieHue Ha
CTPYKTYPHUSI W3JIMIIBK, KaTO B HSAKOW CIy4dad Ts HAJIBHINaBa HAJCKIHOCTTAa Ha CHUCTEMHU 0Oe€3
pasnpeneneHue Ha uinuirbka. Kondurypanuure, mpu KOUTO TOBAa € M3IIBIHEHO MOTAT Aa Obaar
onpeJIelIeH! Ype3 MOoaX0/Ja Ha HaCTpOBaeMa HaJIeXKIHOCT.

[TocTurHaTuTe pe3yiTaTd HMMaT HAyYHO-TIPWIOKEH M TIPUIIOKEH Xapakrep. Haydno-
MIPUJIOXKHU ca pa3pabOTBaHETO HA CHMYJIALMOHHA MPOrpaMa 3a MOJAEIUpPAaHE Ha TrapaHTOCIOCOOHU
pasmpenenaeHu cucTeMu 1 (GOpMyIHpaHETO Ha MOAXO0/ Ha HacTpoliBaeMa HaAeKaHOCT. [Ipunoxuute

pe3yiTaru ¢ca CBbpP3aHU € MPOBCKAAHC HAa CKCIICPUMCHTU CbC CUMYJIAIIMOHHATA IIporpamMa € e Ja
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Ce M3CJIeNIBAT HA/ICKTHOCTHUTE XapaKTEPUCTHUKN Ha OTKa30yCTOMYMBA pa3npeiesieHa cucTeMa ¢ u 0e3
HacTpoWBaeMa HaJeKIHOCT.

Upes uzcneaBanusiTa, NpeacTaBeHu B [ 1aéa 3, ca U3IIbIHEHU 3a7a4u 3 U 4 Ha TUcepTausITa.

I'naBa 4. Q0chxIaHe U AHAJIU3 HA Pe3yJITATHTE

I"apanTocriocoOHMTE pa3NpesielieHd CHCTEMHM, KOUTO ca OOEKT Ha Jucepraunusara, ce
pa3paboTBaT 3a MPWIOKEHHs, KOUTO ca KPUTUYHU II0 OTHOLIEHHEe Ha Oe3omacHocrTa. Te ce
U3rpaKJaT ChC CHELMATU3UPAHU UM C TOTOBUM KOMIIOHEHTH, KaTO U JiBaTa I10JIX0Jla UMaT CBOUTE
npeiuMcTBa M HepocTaTblu. CrHenuanu3upaHUTe KOMIIOHEHTH OTpa3siBaT  I10-a/I€KBAaTHO
0CcO0EHOCTHUTE Ha ITPUIIOKEHHUETO, JJaBaT Bb3MOXKHOCT 3a [IOCTUI'aHE HAa BUCOKA HAJISKHOCT C METOIU
U TEXHUKH, cbOOpa3eHH ¢ KOHKpeTHaTa pabOTHa cpelja M KOHTEKCT Ha CUCTeMara, M ca Jo0pe
BepupUIUpPaHU U Banuaupanu. ToBa obaye M3MCKBAa BpeME U YCWIHS, KOMUTO MMaT CBOSTA LIEHA.
TakuBa cucreMu ce MPOEKTUPAT U BHEAPSIBAT 110-0aBHO, KOETO, OT €Ha CTpaHa, T'M IpPaBU TBBPJIE
TPYAHHU 3a aJanTHpaHe KbM IPOMEHU B cpelaTa Ha (QyHKIMOHUpAHE Ha CUCTeMaTa U, OT Jpyra
CTpaHa, OCKbIIsABA KpallHaTa UM pealn3alns.

[IpunaraneTo Ha TOTOBM KOMIIOHEHTH CKbCSIBA IIEPUOJa MEXKIY MPOEKTHUPAHE U BHEJIPSIBAHE
Ha pas3lpeJielieHaTa cucTeMa M HamallsiBa lieHaTa. Toll mMa HeAOoCTaThK, Y€ BHACS JONBJIHUTEIHU
PHUCKOBE 3a HAJE)KJHOCTTA Ha cucTeMara. [ 0TOBUTE KOMIIOHEHTH HE JJaBaT rapaHLuy 3a U3IbIHEHHE
Ha U3UCKBAHUATA 32 OTKA30yCTOMYHUBOCT. 3aTOBA CE ThPCAT METOAM U CPEICTBA 32 KOMIIEHCHPAHE Ha
HHUCKaTa cOOCTBEHA HAJIeKTHOCT Ha TOTOBUTE KOMIIOHEHTH.

AHanu3bT Ha TAPAHTOCIIOCOOHUTE pa3IpeieIeHH CUCTEMH OT IJIe/IHa TOYKa Ha CTPYKTYPHUS
U3JIMIIBK, HANIpaBeH B [ 1aea 1, I0Ka3Ba, Y€ OCHOBHUTE IOAXOAM 3a IIOCTUTAHE Ha [TOBEYE I'bBKAaBOCT
[0 OTHOIIEHHE HAa HM3UCKBaHMATA Ha IMPHJIOKEHMETO ca NMPOMsSHA Ha COPTyepHUS CTPYKTYpEH
M3IUIIBK (TIPU CTaTUYHO paslpesiefieHue Ha XapAyepHHUs CTPYKTYPEH H3JMIIBK) U BbBEXKIaHE Ha
HUBa HA KPUTUYHOCT.

Otka3zoycroiiunBaTra pasnpeleeHa CUCTEMa C HacTpoiBaeMa HAAEKIHOCT Ipenara u
u3cieBa MOAX0J, KOMTO Jla MpUTeXkaBa I'bBKABOCTTa HA rapaHTOCHOCOOHUTE CHUCTEMHU C TOTOBU
KOMITOHEHTH, J1a OTUYMTA HUBATa Ha KPUTHUYHOCT HA CHCTEMUTE ChC CMECEHa KPUTHYHOCT, Ja JaBa
BB3MOXXHOCTH 3a HAaCTpOiBaHE Ha HA/IEKAHOCTHU XapaKTEPUCTUKHU U B CHIIOTO BpEMeE /1a OTroBaps
Ha H3MCKBAHHUATA 3a BHUCOKAa HAASKIHOCT. BCHUkM W30pOEHM BHJIOBE CHCTEMHU pealu3upar
OTKa30yCTOMUYMBOCTTa CH IIOCPEICTBOM CTPYKTYPEH H3JIMIIBK. Te mpuiaraT paBHOMEPHO
pasnpeiesieH  XapAyepeH M3JIMIIBK Ha KOMIIOHEHTUTE M CbhoOpas3siBaT C HPUIIOKEHUETO
pasnpeeneHueTo Ha copTyepHUs CTPYKTYpeH M3NUIIBK. [IpennoxkeHnara cucreMa ¢ HacTpoliBaeMa

HAJIeKAHOCT BHACS I'bBKABOCT Ype3 pas3NpeeIcHUE Ha XapAyepHUs CTPYKTYPEH U3JIUIIBK.
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[Ipu m3rpaxnane Ha uneara 3a OPC ¢ HacTpoliBaeMa HaJEXKIHOCT Ca B3€TH MOl BHUMAHUE
KOHIENTYaTHHUSIT MOJIET Ha MOIXO/]I 32 B3eMaHe Ha PENICHUS BHB BPH3Ka C TAPAHTOCIIOCOOHOCTTA U
KJIacu(UKANKUATa Ha TaPaHTOCIIOCOOHUTE pasNpeiesieHd CHCTEMHU CIOpe] Bh3MOXKHOCTHUTE UM 32
ompeessHe Ha CTPYKTYPHUS U3JIMIIBK B 3aBUCUMOCT OT IpriioxkeHueTo. [Ipemnoxkenara cucrema e
M3rpajZicHa OT OTKA30yCTOWYMBH KOMIIOHEHTH C pa3jM4yHa CTENEH Ha pEeIUIMKUpaHe, KOATO JaBa
BB3MOXHOCT J1a Ob/IaT U3CJICIBAHN HAJC)KTHOCTHUTE XapaKTEPUCTUKH HA PA3IMYHU KOHPUTYpaLIUN
Ha CTPYKTYpHUS M3NMHUIIBK. OTKa30yCTOWYMBOCTTA HA KOMIIOHEHTUTE C€ ONPE/Ieis OT HATMYUETO HA
0JIOK 3a caMOmNpoBEepKa Ha BCEKM MOJIYJI W CpPEICTBAa 3a CPaBHCHHUE HAa HETOBHUTE PE3YJITATH.
[IpencraBenure MapkoBcku Bepuru Ha OPC ¢ HacTpoiiBaeMa HaJIeKIHOCT MOJIEIIUPAT MTOBEICHUETO
Ha CHUCTeMaTa MpHU OTCHCTBUE WJIM HAJUYHE HA Bb3MOXKHOCTH 332 BH3CTAHOBSIBAHE HA KOMIIOHEHT U
PEMOHT Ha cucTemaTa. Te3n MOJIeNU CTOSAT B OCHOBATa Ha CUMYJIAlIMOHHATA MPOrpaMa, upe3 KOsTOo
ca TPOBEACHH EKCICPUMEHTHTE B JucepTanusara. V30paHHSAT W3CIETOBATEIICKH IOAXOJ] Ha
CUMYJIAIIMOHHO MOJIEJIMpaHe Mpesiara Bb3MOXKHOCT 3a MPEACTaBSIHE Ha MOBEJACHUETO HAa cUCTeMaTa
[0 OTHOIIEHWE Ha HEU3NPABHOCTUTE M OTKA3UTE€ M W3CJCABAaHE HA HEWHUTE HAJEKIHOCTHH
XapaKTepUCTUKH, Aepunupanu B [7asa 2, 1. 2.1.2. Cumynauusara no3BoJisIBa MOJEIUpPAHE Ha
CHUCTEMa C MHOTO KOMITOHEHTH U ChCTOSHUS M 3aJjaBaHe Ha Pa3JIMYHU IMapaMeTPH 3a U3CJICABaHE Ha
TSAXHOTO BIMSIHUE BBPXY CUCTEMHATa HAa/I€KIHOCT.

[IpencraBenure B [aea 3  pe3yaTaTd OT CHUMYJIAIMOHHOTO MOJEIUpaHe Ha
OTKa30yCTOMYMBATA CHCTEMA C HACTPOMBaeMa HaISKTHOCT MTOKa3BaT, ue U3CcjeABaHaTa CucTeMa uMa
n00pH HAICKTHOCTHU XapaKTepucTUKU. HarpaBeH e aHanu3 Ha pe3ynTaTHTe, 3a J1a ce POBEPH Aallu
ce MOTBBPXKJAaBa XHUIIOTE3aTa HAa JUCEPTALMOHHUS TPYH, & MMEHHO IIOCTHIa JHM C€ BHUCOKA
HaJIeKTHOCT U T'bBKABOCT HA CUCTEMATa Ype3 HACTPONBAHE HA HAJICKTHOCTTA CIIOPE]T M3UCKBAHUSIITA
Ha MPUJIOKEHUETO.

[Ipu cumynurpaHeTo Ha KOMIIOHEHT Ha CUCTEMAaTa ca pasrieaHy BapUAaHTU HAa KOMIIOHEHT C
JIBOGH ¥ TPOEH MOJYJEeH M3IUIIbK. M3crneaBaHo € BIUSHUETO Ha Koe(UIMeHTa Ha MOKPUTHE Ha
0JIoka 3a camompoBepka M KOePHUIIMEHTa Ha BBH3CTAHOBSBAHE CJIEJ] ClIydailHa HEW3MPABHOCT.
Pesynrarure 3a HamexaHOoCcTTa, rotoBHOCTTa, MTTF, MTTR, MTTS, MTBF, MTBS 1 Bpemero 3a
MpecToi moka3Bar, 4e 100aBIHEeTO Ha OJOKOBE 3a CaMOIIPOBEPKA KbM BCEKH MOAYJ OT KOMIIOHEHTA
moso0psiBa 3HAYUTETHO HAJICKTHOCTHUTE XapaKTEPUCTUKH Ha CUCTeMara, OCOOEHO KOTraro Ts
paboTu 0e3 Bb3MOXKHOCT 32 JIOKaJIEH PEMOHT.

Cumynammonnoro monenupane Ha OPC ¢ HacTtporiBaeMa HajgexaIHOCT ¢ 10 KOMIOHEHTa He
ouepTaBa SICHA 3aBUCHMOCT MEXKAY CUCTEMHATa HaJEKAHOCT U PA3NPEEICHUETO Ha CTPYKTYpPHUS
m3nunrek. OT elHa cTpaHa, cuctemara 0e3 HactpoiiBaema HaaexxaHocT (0,10,0) moka3Ba Haii-BHCOKa
HagexaHocT. OT napyra cTpaHa, IpH MO-HUCHK KoepuineHT Ha nokputre Co HIKOM KOHPUTyparuu

C pa3npeziesieHne Ha CTPYKTYpPHUS U3IUIIBK UMAaT MO-BUCOKA WM OJM3Ka IO HeHaTa HaJeKIHOCT.
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Brmussanero Ha C1 BBpXy HaAeKIHOCTTA € HesHaunTelHo. Koedumuenture Ha nokputue C2 u C3
Moo0psIBaT 3HAYMTEHO OO0IIaTa HAJCKTHOCT HAa CHUCTEMara, KOETO € JIOTUYHO, MPEIBHI TIO-
rojsmara UM CTOMHOCT.

[Tpu OPC ¢ HactpoiiBaeMa Haie:KTHOCT ¢ 20 KOMIIOHEHTA Hail-BUCOKA HAJIEAKTHOCT MTOKa3Ba
cuctemara (3,14,3). Haili-uucka HagexxaHocT uma cucrema (7,6,7). Konduryparmuure ¢ Maiako
€AMHUYHHU U MAJIKO TPUILTUPAHU KOMIIOHEHTH, kaTo (1,8,1), (2,16,2) u (3,14,3), uMat CpaBHUTEITHO
BHCOKa HAJIC)KTHOCT. YBEIMYABAHETO HA OpOS Ha TPUIUIMPAHUTE KOMIIOHEHTH MOXKE Ja TOBHIIN
HaJIeKTHOCTTA, HO TOBA HE € BAJIUTHO BHB BCUUKH CITyYaH.

W3cnenBaHuATa NPy MO-BUCOKA MHTEH3MBHOCT Ha HemsnpasHocTHTe Ap=10" 1/h mokasBar, ge
HAKOM CHUCTEMH C HACTpOiiBaeMa HaJIeKTHOCT ca MO-TIOAXOMASIU 3a padoTa Mpu TaKUBa YCIOBHS.
Cucremn (1,18,1) u (2,16,2) umaTt BTOpara 1o rojeMuHa HaJASKIAHOCT, JOKATO MPU MHTEH3UBHOCT
}\.p:10_4 1/h umar no-Hucka HajgexaHocT. [1o-100pe paboT nmpu BHCOKa MHTEH3UBHOCT U CHCTEMAaTa
0e3 HactpoiiBacma HaaexaHocT (0,20,0). ToBa moBeneHHe HA W3CIICIBAHUTE CHCTEMH TIpeJIioiara
I'BBKABOCT IPHU M300pa HA MOIAXOAIIA CUCTEMA 32 KOHKPETHO MIPHIIOKEHUE.

Cucremute ¢ Haii-BHCOKa 00Ia HAEKIHOCT UMAT M HAW-IBITH MEPHOIH, MPE3 KOHUTO S
noaabpxkaT. ToBa € MspKa 3a TIXHAaTa TOTOBHOCT. AKO TO3H IMOKa3aTel € BaXKCH 3a MPUJI0KCHHUETO,
TO TpsiOBa Ja ce B3eMe Mo/ 1 BHUMaHue MpH n300pa Ha KOHGUTYpaLKs C HACTpOHBaeMa HaJIeKTHOCT.

[Ipu npoBeaenute cumynannoHau uscneasanus 3a N=10 u N=20 paznuunure koHpurypanum
Ha cMCTeMara ¢ HacTpolBaemMa HaJIeKTHOCT HE MOKa3BaT MOCTOSHHO MoBeeHue. HajexxanocTra um
ce BIHAEe OT Opos Ha KOMIIOHEHTHTE, WHTEH3UBHOCTTa Ha TIOCTOSHHHUTE HEM3IPABHOCTH,
Koe(UIIMEeHTUTE Ha MOKPUTHE Ha CPEJCTBaTa 3a camoripoBepka. [Ipu Hakou koHduUrypamuu odmara
HaJISkKTHOCT € MO-BUCOKA OT Ta3u Ha cucTeMa 0e3 HacTpoiBaeMa HaJIeKIHOCT, MPU IPYTU HE €. 3a
na ce ompenenu moaxonsamiata koHdurypamus Ha OPC ¢ HacTpoiiBaema HaACKIHOCT CIIOPEN
W3HUCKBaHUSTA Ha TMPUWIOKEHUETO, € CHh3JaJeH TMOJAXOJ Ha HacTpoiBaeMa HaJeKaHOCT. Toi
MIPEIBIDKA MOCIEeIOBATEIHOCT OT ACUCTBUS 32 U300p Ha pa3mpeesieHne Ha CTPYKTYPHHUS H3JIHIIBK
B 3aBHCHMOCT OT H3HMCKBAHETO 3a 00INa CHCTEMHA HAJSKJTHOCT Ha mpumiokeHueTo. [loaxomabt
oTpesieliss BCHUYKH CHCTEMHH KOH(HUTypaIuu, KOUTO IMOCTUTAT JKeTaHaTa HAJCKTHOCT, H TIPEJCTaBs
BB3MOXHOCT 32 U300p Ha OHA3M, KOSITO B HAli-TOJIIMa CTETICH yIOBIETBOPSIBA 331a/ICHUTE CUCTEMHU
crenuQpuKaIum.

OT HampaBeHHUTE EKCIEPUMEHTH ChC CHMYJIAIIMOHHATA TpOrpaMa MOTaT J1a Ce HaIlpaBsT
HAKOJIKO u3Boja. KoHduryparuure ¢ HacTpoiBaema HAIEKIHOCT IMOCTUTAT BHCOKA CHCTEMHA
HAJEeKTHOCT, CHIIOCTABMMA U B HIKOH CITy4ad MO-BHCOKA OT Ta3u Ha CUCTEMH 0e3 pasmpesiesieHue Ha
CTpYKTypHUS w3nuIIbK. [logxoabT Ha HAcTpoiiBaeMa HAJEKIHOCT OINpEAeNs CHCTEMHHUTE
KOH(UTYpaIi, KOUTO Hai-I100pe M3MBJIHSIBAT M3MCKBAHETO 3a 00INa CHCTEMHA HAJIeKIHOCT HA

npuiokeHnero. ToBa aBa I'bBKAaBOCT IMPH MPOEKTUPAHETO Ha OTKA30yCTOMYMBH pa3lpelesieHu
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cucTeMu Ja Oble M30paHo pa3mpeesieHne Ha CTPYKTYpHHUS M3JIMIIBK, KOETO Hal-IoOpe oTpas3sBa
HYXXJUTE Ha KOHKPETHATa Peau3aliusl.

Tes3n HU3BOJU MOTBBPIKAABAT XUIIOTEC3aTa HA AUCCPTALUMOHHUA TPY I, 4€C MOXKE [1a CC IIOCTUTHE
I'bBKAaBOCT ¥ BHCOKa HAJIEXKIHOCT HAa OTKA30yCTOWYHMBHUTE pAa3MpENEICHn CHCTEMH Ype3

pasmpeneieHe Ha XapAyepHHs CTPYKTYPEH U3JIMIIBK CIIOPe]l U3UCKBAHUATA HA IPUIIOKEHUETO.

4.1 U3Boau u pe3yaTaTu

HampaBeHo ¢ 00chx1aHe U aHATN3 Ha pe3yJITaTHTE, IPEACTABCHHU B AUCEPTALIMOHHUS TPYI U
Ha Ta3u OCHOBA T€ ca IPYNUPaHH, KaKTO CIIe/BA:

Hayunu pesynraru:

1. TlpeacraBeH € HOB apXUTEKTYpeH MOZET Ha OTKA30yCTOWYMBA Pa3Mpe/ieiieHa CUCTEMA C
HacTpoiiBaeMa HaJCKIHOCT, KaTo ca JcQUHUpAHH W3UCKBAHUATA KbM HEHHHTE
KOMITOHEHTH U CHCTEeMara KaTo Ls1I0;

2. Cw3mazeH e cUMyNAIlMOHEH MOJEN Ha MpEAIoKeHaTa OTKa30yCTOHUYMBa pasnperesicHa
crcTeMa ¢ HacTpOoiBaeMa Ha/IeKIHOCT;

3. Ilpemnoxxken e cuHTe3 Ha KiacuduKamus W KIacHPHUKANWs Ha TapaHTOCHOCOOHU
pasnpeneneHd CUCTEMH ChC CTPYKTYPEH M3JIHIIBK.

Hay4yHO-IpHIIOKHU pe3yaTaTH:

1. Co3nmazmeH e KOHIENTYyaleH MOEN Ha MOAXO0/ 32 B3EMaHe Ha PEIIeHUs IPU OCUTYpsIBaHE
Ha TapaHTOCIIOCOOHOCT;

2. dopmynupaH € Moaxoj Ha HAacTpoiBaeMa HaJIeKIHOCT;

3. Pazpaborena e cuMmynanMoHHA Mporpama, pealu3upalia MeToa 3a CHMYIAMOHHO
MOJIeIMpaHe Ha TapaHTOCIIOCOOHU pa3npeieieHH CUCTEMH.

[Tpunoxxuu pesynraru:

1. CezpganmeHara cuMynmalioHHa TpoTrpamMa MOXKE Ja Ce€ H3I0N3Ba 3a MOJCIHpaHe |
U3CIIe/IBaHE HA HAJCKIHOCTHUTE XapaKTEPHUCTHKH M Ha JPYTH OTKAa30yCTOWYHBH
cucremu. C Hes MOXe Ja Ce H3CleIBa BIMSHUETO M Ha CIy4allHU XapayepHH
HEHM3MPaBHOCTH.

[Tomy4yeHnTe B TUCEPTAIMOHHOTO U3CIIEBAHE PE3yJTATH ITOKA3BAaT, Y€ MOCTABEHUTE 3a/1a4n

ca U3IbJIHEHH.

[MpunoxxHuTe pe3ynTaTtd OKa3BaT TBBPICHHATA, MOATbPIKAIIM HAaydYHATa XWIOTE3a Ha

aucepranuaTa; Moske a ce MOCTUTHE BHCOKAa HAAEKIHOCT M I'BBKABOCT HA PA3PEAEICHUETO Ha
CHCTEeMHHUTE PECYpPCH ITOCPEICTBOM HACTpOWBaeMa HaAEKIHOCT, peai3hpana ¢ pa3npeaesieHne Ha

XapayepHHs CTPYKTYpPEH U3IUIIBK. TOBa ce T0Ka3Ba ChC CIECIHUTE PE3YJITATH:
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1. TIpencraBeHara OTKa30yCTOMUYMBA pasIpeleeHa CHCTEMA ¢ HACTPOHBAaEMa HaIEKIHOCT
IIOCTUTa BHCOKaA OGIJ_Ia HaAgCXKIHOCT, ChIIOCTaBUMa C HaACKIHOCTTa Ha CHCTCMU oe3
pasrnpenelieHle Ha CTPYKTYPHUS H3JUIIBK.

2. OTKaSOYCTOI\/'ILII/IBaTa pasnpeacicda  CUCTEMa C HaCTpOﬁBaeMa HAACKIHOCT HMa
KOH(i)I/IrypaHI/H/I Ha pasnpeaciICHUCTO Ha CTPYKTYPHUS HU3JIUINBK, KOUTO IIPUTEXKABAT I10-
I00pU HAJCKIHOCTHH XapaKTEPUCTUKU OT TE3W Ha CHUCTeMH Oe3 paslpenesieHue Ha
CTPYKTYPHUSI U3JIUIIBK.

3. HOI[XOI['BT Ha HaCTpOﬁBaeMa HaaACKIHOCT JaBa BB3MOXHOCT 3a OIPCACIAHE Ha
KOH(i)I/IrypaHI/H/ITe Ha CTPYKTYpPHHA H3JIWINBK, KOUTO YAOBJICTBOPSABAT HM3HMCKBAHCTO 3a

O6HIa HaACKIHOCT HAa MPHUIIOKCHUCTO.

3akiovyenue u Obaema padora

B AUCECPTAMOHHUA TpPpyd Ca M3CICABAHHM HAACKIHOCTHUTC XapPAKTCPUCTHUKMU Ha
0TKa30yCTOWYMBA pa3lpe/ielieHa CUCTeMa ¢ HacTpoiiBaeMa HaJlexAHOCT. CuctemaTa € mpejioxkeHa
KaTo Bb3MOXKHOCT 32 [TOCTUTaHe Ha 'bBKABOCT B IPOCKTHPAHETO HA TAPAHTOCIIOCOOHH pa3mpe/iesieHn
cucremu. [Ipu HanpaBeHUst 0630p HA TAPAHTOCIIOCOOHU PA3MPENIEICHN CHCTEMH 3a pab0Ta B PEaTHO
BpEMC Ca OUCpTaHW ABC OCHOBHH HAIIPABJICHUSA Ha M3TpaXJaHC Ha TaKWMBAa CUCTCMH — C M3II0JI3BAHC
Ha CIIELMAJIU3UPAHA KOMIIOHEHTH U C U3MOJI3BaHE HA TOTOBU KOMIIOHEHTH. CHCTEMUTE U OT ABaTa
BUJIa IOCTUTAT OTKA30yCTOWYMBOCT MOCPECTBOM Pa3HOOOPA3HN HAUMHU 32 BbBEXK/IaHE HA M3JIUIIIBK.
[Ipunarar ce cTpyKTypeH, BpeMeBH M (YHKIHMOHAJIEH U3MUIIBK. CTPYKTYpHUST U3IUIIBK 100aBs
XapayepHH U coPTyepHU €IeMEHTH KbM CHUCTEMHara apXxurekrypa. Hali-uecto Toii ce peanusupa
KaTO €IHAaKBO PEIUIMKMPAHU XapAyepHU KOMIIOHEHTH, KOMTO M3I'BJIHABAT PA3IMYHO PEIUIMKUPAHU
copTyepHHU 3a1auH.

B nmucepranumonHust Tpya € pa3paboTeH KOHIIETITyalleH MOJeN Ha MOJIXOJ 3a B3eMaHe Ha
pelieHne mpu OCUTYpsIBAaHE Ha TapaHTOCIIOCOOHOCT M € HampaBeH CHHTE3 Ha Kiacu(puKamusaTa Ha
rapaHTOCIIOCOOHM pa3Mpe/ielieHH CHCTeMH Ha 6a3ara Ha Mojiesia 3a pa3paboTBaHe Ha CUCTEMHU.

[Ipennoxkenn ca aBTOpCKa apXUTEKTypa M MOJE]I Ha OTKa30yCTOMYMBA paslperciieHa
cucTeMa 3a paboTa B peajHO BpeMe, HapeueHa OT aBTopa CHUCcTeMa ¢ HacTpoiiBaeMa HaJeXIHOCT. Ts
Ipejiara HacTpoiBaHe Ha XapAyepHHUs CTPYKTYpPEH H3JIMIIBK 32 MOCTUTaHE Ha 00Ila HaJeKIHOCT
CIIOpE M3UCKBAHMSTA Ha NpuiokeHuero. Cucremara € M3CiEIBaHa IOCPEICTBOM METOAAa Ha
CUMYJIAIIMOHHO MOJIEJINPAHE.

[Ipoektupan u CH3AaJAEH € MpPOrpamMeH MPOAYKT 3a CHUMYJIALMOHHO MOJEITUpPAaHE Ha
OTKAa30yCTOMYMBU CUCTeMH. ToW peanusupa Cb3JaJEHUS MOJIEN HAa CUCTEMara ¢ HacTpohBaeMma

HAJICXKIHOCT. B pe3ynTar oT M3NBbJIHEHUETO My ce MoiyyaBa (DYHKIMS HA HAASKIHOCTTA, KAaKTO U
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JaHHU 32 HAJIC)KTHOCTHUTE XapaKTePHCTUKU Ha cuctemara. CHMYJIAIMOHHHUAT TPOIYKT € HAlHMCaH
Ha e3HK 3a mporpamupane C++ U ¢ HEro Morar Jia ce u3cjieBaT 0TKa30yCTOWYMBH CUCTEMH C U 03
pasmpenencHe Ha CTPYKTYPHUS U3ITUIIIBK.

Pesynrature OT TpoOBeneHHTE EKCIIEPHUMEHTH IIOKa3BaT no0pa o0Ima HaJekKIHOCT Ha
crcTeMara ¢ HacTpoiiBaeMa HaiexIHOCT. ChIeCTBYBAT paslpeesieHHs] Ha CTPYKTYPHUS U3ITHUIIIBK,
IIPU KOUTO CUCTEMHATa HAJIeKIHOCT € MO-BUCOKA OT Ta3HW Ha CUCTEMa C paBHOMEPHO pa3MpesesicH
y3munreK. [lpu HIKOM OT KOHPHUTypaITUUTE Ce HAOII0aBa CTOXACTUYHO MOAPEKIAHE, T.€. KpUBUTE HA
HAJICKTHOCTTA HE C€ IIPEecHyYar, KOeTO 03HauaBa, ye U300pbT HA apXUTEKTYPHO PEIICHHE HE 3aBUCH
OT ChOTBETHUTE CTOMHOCTH Ha KOS(PUIIMCHTUTE Ha MOKpHUTHE. MiMa ciydau, mpu KOUTO Pa3TuIHUTE
APXUTEKTYPHHU PEIICHUS Ca HEPa3IMYUMH, U JAPYTH, IPH KOUTO HE ce HAONI0IaBa CTOXAaCTUYHO
noapexaane. ToBa mpaBu m300pa Ha KOHKPETHO WHKCHEPHO PEIICHUE HE OYCBHJICH U 3aBUCUM OT
0-33IbJIOOYEHOTO MMO3HABAHE HAa CTOMHOCTHTE HA KOC(HIIMECHTHTE HA MOKpUTHE. Pa3nukure BHB
GyHKIUATA HA HAJCKIHOCTTA HA U3CIICABAHUTE KOH(DUTYpAIllMU MMOKa3Bart, ue MPH MPOCKTHpPaHE Ha
crcremara TpsOBa Jla ce M3MOJI3BAT CPEICTBA, KOUTO Ja JI1aT KOJIMYECTBEHA OI[CHKA HA BAPUAHTUTE
Ha pasmpenelieHue Ha CTPYKTypHHUS HM3JIMIIBK, 3a Aa ObJe M30paHo HaW-MOIXOASIIOTO 32
MPUIIOKEHUETO PEIICHHE.

ToBa MoTHBHpa U CH3/1aBaHETO OT aBTOpa Ha TMOAXOJ, HApeueH MOAXO0J Ha HacTpoiiBaecMa
HAJEXKIHOCT, KOUTO OMNpesels NMpU KaKBU KOHPUIypallud Ha CTPYKTYpHHUS M3JIUIIBK CHCTEMaTa
MMOCTHTA HAJICKTHOCTTA, U3UCKBAHA OT MPUIIOKCHHUETO.

[TonydyeHuTe mnpu MOAETUPAHETO HA OTKA30yCTOMYMBATA pa3MpelesieHa CHCTeMa C
HacTpoiiBaeMa HaJIeKAHOCT pe3yiTaTh MOKa3Bar, 4e cucTeMara uMa MpeJuMCTBA M0 OTHOIICHHE Ha
PAsOpCACIAHETO HAa CTPYKTYPHHSA U3JIMIIBK CIIOPC] M3NCKBAHUATA HA NPUIIOKCHUETO, KOUTO MOT'aT
Ja Ce W3MOJNB3BAT TPU TMPOCKTUPAHETO HA TAPAHTOCIIOCOOHHM pAa3NpENeeHn CHCTEMH.
HactpoiiBaemaTa HaIe:KTHOCT € MOAXO/AIIA 32 U3I0JI3BaHEe B CHCTEMHU ChC CMECEHA KPUTUYHOCT Ha
KOMITOHEHTUTE, B KOMITAKTHU CUCTEMH, KBIETO MHOXECTBO BB3IU Ca PA3MOJIOKEHU B OrPAaHUICHO
MIPOCTPAHCTBO, B CHCTEMH C BUCOKHU M3MCKBAHUS 32 HAJICIKIHOCT, KOUTO TIO3BOJISBAT paboTa ¢ TOTOBU
KOMIIOHEHTH U JIp. ToA. [IporpaMHUAT TpOAYKT 3a CUMYJIAIIMOHHO MOJIETUPaHE Ha OTKa30yCTOMYNBHU
CUCTeMH C paslipelie]ieHHe Ha CTPYKTYPHHS M3JIHUIIBK MOXKE J]a Ce M3MON3Ba U 3a MOJEIUpaHe Ha
JPYTU TapaHTOCIIOCOOHU paslpeeNieHH CUCTEMU ¢ A00aBsHE Ha MOAYJIH, KOUTO OMHUCBAT TEXHUTE
XapaKTEPUCTUKU.

Hacoxu 3a 0baema padora

OTkazoycToi4mnBara CHUCTEMa C HACTpoiiBaeMa HAJEeKTHOCT MOXE Ja Ce H3CieaBa 3a
Pa3JINIHU TPHUIIOXKCHU S, U3UCKBAIIIM HUBA HA KPUTUYHOCT, BUCOKA HAACKAHOCT U pa3IpPCACICHNUC HA
CTPYKTYpHUS M3TUIIBK. [1omXoqpT Ha HacTpoliBaeMa HalIEKTHOCT MOXKE J1a C€ YCHBBPIICHCTBA, 32

Ja BKJIIOYBA ChOOpa3siBaHE M HA JPYTd HM3UCKBAHUS Ha MPHJIOKEHHUETO Ha TapaHTOCHOCOOHU
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pasnpezneneHn cucteMu. MofenbT Ha 0TKa30yCTOHYMBaTa pasnpenieieHa CHCTeMa ¢ HacTpoiBacMa

HaACKIHOCT MOXKE Oa CC pasmivupu 3a MOACIIMPAHC Ha coq)TyepHa HaACKIHOCT W MU3CIICABAHC Ha

edekra Ha cOPTyepHUTE HEM3NPABHOCTH BBHPXY OTKA30yCTOWYMBOCTTA Ha cUcTemara. [logxoabT u

MOACIBT HA HaCTPOﬁBaeMa HaACKIHOCT MOraT Ja CC IMPHUJIOXKAT 3a KOHKPECTHHU CUCTCMU.

CI/IMy.]'IaI_[I/IOHHaTa nmporpamMa IOAJICKHW Ha YCBbBBPUHICHCTBAHE, Karo CC€ YCKOpHU HEHWHOTO

HU3I'BJIHCHUEC YPE3 MpHJIaranHe Ha TCXHUKHU 3a IapajiCIHa o6pa60TKa. B Hes Morar ma ce BKIIIOYar Olle

0JI0KOBE 3a M3CIIeIBaHE HA BIUSHHUETO HA JPYrH (GaKTOPU BbPXY HAJICKTHOCTHUTE XapaKTEePUCTHKH

Ha JaacHa CUCTEMaA. HporpaMHI/IHT IIPOAYKT MOXKE Jia C€ pa3sBUEC€ U 3a U3CIICABAHC HA APYIr'M BUJOBC

pasnpeaciIcHu CUCTEMU.
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OCHOBHM HAYYHHM M HAYYHO-TIPHJIOKHHU Pe3yJITATH

Hayunu pesynraru:

1. IlpeanoxeH € HOB apXUTEKTypeH MOJEJI Ha OTKAa30yCTOHYMBA pa3lpeiesieHa cUcTeMa ¢
HAacTpoiBaeMa HaJeXXIHOCT.

2. Cw3maseH € CHUMYJIALMOHEH MOJEI Ha OTKa30yCTOWYMBA paslpeselieHa CUcTeMa C
HacTpoiBacMa HaIeKTHOCT.

3. CuHre3upaHa € Kiacu(uUKalus Ha TapaHTOCIOCOOHHM pA3MpPENETIeHN CUCTEMHU CIIOpEs
Bb3MOKHOCTUTE MM 3a OIpPEIENISHE Ha CTPYKTYPHMSI M3JIUIIBK B 3aBUCHUMOCT OT

IMPHUITOKCHUCTO.

Hay4yHO-nIpUIOKHU pe3yaTaTH:

4. HampaBeH e KpUTHYCH aHAJIH3 Ha rapaHTOCIIOCOOHU pas3lpeesieHH CHCTEeMH, Ha Oa3ara Ha
KOHTO € pa3pabOTeH KOHIENTYaJeH MO Ha IOAXOJ 3a B3€MaHE Ha PEIIeHHs IIpU
OCHUT'ypsIBaHE Ha rapaHTOCIOCOOHOCT.

5. HWnentndunupanu ca OCHOBHUTE HAIPABJICHUS HA YIPABICHHE HA CTPYKTYPHUS M3IIUIIBK B
rapaHTOCIOCOOHH Pa3NpeAeICHN CUCTEMH H Ca OYEPTaHU M3CIIEOBATEIICKU Bh3MOXKHOCTH.

6. Ilpoektupan u peanusapan € CO(TyepeH HPOAYKT 3a CHMYNIAIIMOHHO MOJAEIHMpaHE Ha
M3CIIe/IBaHaTa CUCTEMA.

7. Crnen cpaBHUTEJEH aHAIM3 HA OTKAa30yCTOMUMBAaTa CHCTEMA C HACTpOiBaeMa HaJIeKHOCT ChC
cucTteMu 0e3 paslpe/esieHle Ha CTPYKTYPHUS U3JHUIIBK € pa3pabOTeH U MPHIIOKEH MOAXO0.

Ha HaCTpOMBaeMa HAJICKTHOCT.

[Ipunoxuu pesynraru:
8. Cp3naneHara cuMylalMoHHA IPOTrpaMa MOXKe J1a Ce M3I0JI3Ba 3a MOJEIMPAaHe U U3CIie/IBaHe
Ha HaJIeKTHOCTHUTE XapaKTePUCTUKU U Ha IPYTU OTKa30ycToWunBH cucteMu. C Hest MOke J1a

ce M3CJIe[Ba BIUSHUETO U Ha CIIy4allHU XapAyepHU HEU3IPABHOCTH.
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