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Abstract

Reliability is an Important concept in the design and operation of complex
systems. It means that a system can perform its required function without failure
for a certain period of time. In many real-life situations, reliability is very
important, especially in systems like healthcare, transportation, and industrial

machines, where failures can lead to serious problems.

There are several factors that affect system reliability. One of the main factors is
good design, because a well-designed system is less likely to fail. Another
important factor Is fault tolerance, which helps the system continue working even
If some parts stop working. Maintenance is also very Important, since regular

checking and repairs can prevent unexpected failures.

Reliable systems help Improve safety and efficiency. When systems work
correctly, the chances of accidents decrease and performance becomes better. For
this reason, engineers need to focus on reliability during all stages of system
development. In general, understanding reliability and applying its principles can

help in building stronger and more dependable systems.

Keywords: Reliability, Complex Systems, System Dependability, Fault

Tolerance, System Safety, Critical Systems




Introduction

Complex systems are considered fundamental components in many critical fields
in the modern world, such as aviation systems, electrical power networks,
medical systems, and communication infrastructures. These systems are
characterized by consisting of a large number of interconnected components that
work together to perform specific functions, which often makes their behavior

unpredictable and difficult to control completely.

In such a context of complexity, reliability emerges as one of the most important
criteria used to evaluate the performance of these systems. Reliability refers to
the ability of a system to perform its required functions efficiently and without
failure over a specified period of time. Even a minor fault in one component of
the system may lead to significant consequences, potentially resulting in total

system failure, financial losses, or even risks to human life.

Therefore, studying reliability in complex systems is essential to understand the
factors that Influence system performance and to identify methods and techniques
used to enhance reliability and reduce the likelihood of failures. This research
aims to highlight the concept of reliability, explain its importance in complex

systems, and review the main methods used to measure and Improve it.

The main objective of this research is to study and analyze the reliability of mixed
systems that consist of both series and parallel configurations. Mixed systems are
widely used in engineering applications, and understanding their reliability is
essential for improving system performance and reducing the probability of

failure.




Problem Statement

In reliability engineering, many practical systems are composed of several
components connected in different configurations. While the reliability of simple
configurations such as series systems and parallel systems can be calculated
easily using well-known formulas, the analysis becomes more complicated when

these configurations are combined within the same system.

Mixed systems consist of both series and parallel structures, which makes their
reliability evaluation more challenging. The complexity arises because the failure
of certain components may affect only a part of the system, while the failure of
other components may lead to the failure of the entire system. Therefore,
determining the overall reliability of such systems requires breaking the system

into smaller subsystems and analyzing each configuration separately.

Another difficulty in mixed system reliability analysis is identifying the critical
components that have the greatest impact on the overall system performance.
Without proper analysis, it becomes difficult to Improve system design, predict

system failure, or optimize maintenance strategies.

For this reason, studying the reliability of mixed systems is an important research
topic in reliability engineering. It helps researchers develop mathematical and
statistical methods to accurately evaluate system reliability and improve the

performance and safety of complex engineering systems.




Research Objectives
The specific objectives of this research can be summarized as follows:

1. To explain the concept of system reliability and its importance in
engineering and statistical applications.

2. to study the reliability of basic system structures, including series
systems and parallel systems.

3. to analyze the reliability of mixed systems that combine both series
and parallel components within the same structure.

4. to develop or apply mathematical methods for calculating the
reliability of mixed systems

5. to provide an illustrative example showing how the reliability of a

mixed system can be evaluated in practical situations.




CHAPTER ONE
Some definition and general concepts
Definition (1.1.1) system Reliability[4]:

System reliability can be defined as the probability that a system performs its
intended functions correctly without failure under specified conditions for a
certain period of time. This concept is widely used in engineering to evaluate how

dependable a system is during its operation.

Reliability becomes especially important when dealing with complex systems.
Such systems are usually composed of many interconnected components, where
the failure of a single part may lead to the failure of the entire system. For
example, in power grids, transportation networks, and industrial automation
systems, even a minor fault can cause serious disruptions and affect overall

performance.

Improving system reliability plays a key role in reducing the likelihood of
unexpected failures. It also helps in lowering maintenance costs by minimizing
the need for frequent repairs and system downtime. In addition, reliable systems
contribute significantly to safety, as they reduce the risk of accidents and
operational hazards. As a result, users tend to have greater confidence in systems

that consistently perform as expected.

Several studies have highlighted the importance of reliability in modern
engineering systems (MDPI, n.d.; ScienceDirect, 2025). These studies emphasize
that focusing on reliability during the design and operation stages can greatly

enhance system performance and long-term stability.




Factors Affecting System Reliability[3]:

l.

System reliability depends on several important factors that determine how
likely a system is to perform its intended functions correctly over time.
Understanding these factors helps engineers design and operate systems
that are more dependable and safer.

System Design Quality: The quality of a system's design has a major
impact on its reliability. A well-thought-out design, which includes proper
component selection and system architecture, can greatly reduce the
chances of failure. On the other hand, poor design increases the likelihood

of system malfunctions.

. Component Reliability: Each component or subsystem contributes to the

overall reliability of the system. If even one critical component is prone to
failure, it can affect the entire system's performance.

Operational Environment: External conditions such as temperature,
humidity, vibration, and other environmental factors can significantly
influence how a system performs. Systems exposed to harsh or variable
conditions may experience a higher rate of failures if not properly

designed.

. Maintenance Practices: Regular maintenance, especially preventive

maintenance, plays a key role in improving reliability. By addressing
potential problems before they lead to failure, maintenance reduces
unexpected downtime and extends system life.

Human Factors: Mistakes during operation, configuration, or maintenance
can reduce system reliability. Training, clear procedures, and automation

where possible can help minimize human errors.




Definition (1.1.2) Reliability Allocation|[5]:

Reliability allocation is the process of dividing the required overall system
reliability among individual components or subsystems. This ensures that the
entire system meets its reliability targets. By using this approach, engineers can
identify critical components that need extra attention and guide design
improvements to achieve the desire system performance. Reliability allocation is
an essential step in designing complex systems where each part contributes to the

overall dependability.
Definition (1.1.3) Failure Rate[4]:

The failure rate is a measure of how often a system or one of its components fails,
typically expressed as the number of failures per unit of time. It is a key concept
in reliability engineering, as it helps engineers quantify and predict the likelihood

of system failures over time.
Mathematical Definition:

The failure rate at a given time is defined as the instantaneous rate at which a
system fails, assuming it has survived up to that point. Mathematically, it can be

expressed as:

A(t) = % (L)

Where:
f (¢t) is the probability density function (PDF) of the time to failure.

R(t) is the reliability function, which represents the probability that the system
will survive beyond time (R(t) = P(T > t)) .




Relationship to Reliability[4]:

The reliability function can also be expressed in terms of the failure rate as:

R(t) = e~ o 2Mar) .(12)

This relationship shows that the failure rate directly affects the probability of
system survival over time. In other words, higher failure rates correspond to a

lower likelihood that the system will continue functioning as time progresses.
(2.1) Mathematical Relationship between the PDF, CDF and R(t)[4]:
1.Probabllity Density Function (PDF)[4]

The probability density function f(t) describes how likely an event is to occur at

a specific time t.

In other words:

dFt

f = (1.3)

2. Cumulative Distribution Function (CDF)

Fit)=P(T<?t) = jtf(T) dT o (1.4)
0

The cumulative distribution function F(t) gives the probability that the event
occurs at or before time t:

3. Reliability Function (Survival Function)

The reliability function R(t) gives the probability that the system survives beyond

time t:

Rt)=p(T>t)=1—-F() = joof(T) dt .. (1.5)

4. Summary of Relationships
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PDF, CDF and R(t):

dF(t)

f() = ” ...(1.6)
R(t) =1-F(t) ..(1.7)
£() = %g) ..(1.8)

Total Area Under the PDF: j;) ftydt=1
f(t)

A

F(t)

/

R(t)

o
P

0 / Time (t)
Cumulative Reliability
Distribution Function Function
00
f( fode=1
Total Area =1

Figure (1): Total area under pdf

Figure (1) We can understand the reliability function through the familiar
concept of the cumulative distribution function (CDF). The CDF gives the
probability that an event occurs by a certain time t. In the context of a device or

component, this means:

F(t) = [ f(s)ds ..1.9)

Represents the probability that the unit fails before time t where f(s) is the
probability density function (PDF). The reliability function R(t), on the other




hand, represents the probability that the unit survives beyond time t, i.e. it has not

failed yet. Since total probability is 1, we have:

RO =p(T>)=1-F@®) =1- [ f(s) ds=["f(s)ds ...(1.10)

In simple terms, the reliability function is just the complement of the cumulative
probability of failure. So, if we know the PDF or CDF of failure, we can directly

calculate the reliability.

From the definition of the CDF, Alternatively, this event can be related to the
the probability of an event occurring probability that a unit fails by time t. Since
by time t is given by: the reliability function represents the probability

that the unit survives beyond time t, it follows that:

F(t) — j::f(.s‘)ds 3)

R =PT >t —1—FE()—=1 fll,/'(.s-) ds
Ql) ’/

oY

i
f oo

0 t Time (t)

Cumulative Reliability
Distribution Function Func tion

Figure (2): relationship between CDF and R (t)

Figure (2) illustrates the concept of reliability as the area under the probability
density function (PDF). Since the PDF represents the likelthood of failure
occurring at a specific time, the cumulative probability of failure up to a certain

time t can be obtained by integrating the PDF over the interval {0,t}.

Consequently, the reliability function R(t) represents the probability that a system
continues to operate successfully beyond time t. It can be obtained by subtracting
the cumulative probability of failure from one. For this reason, the reliability

function plays a fundamental role in lifetime data analysis, as it provides a




quantitative measure of the likelihood that a system will keep functioning over

time.

When considering a mission with a specified duration, Figure (2) illustrates this
concept mathematically. First, we define the unreliability function Q(t), which
represents the probability of failure. In other words, it is the probability that the
time-to-failure occurs within the Interval from 0O to t. This is equivalent to the

cumulative distribution function (CDF), and it is given by:

Q(t) = F(¢) =jf(s)ds .. (1.11)
0

Where f(s) is the probability density function (PDF).

Since reliability and unreliability are complementary and mutually exclusive

events, their probabilities must sum to one:

Q(t) +R(t) =1 .. (1.12)
Thus, the reliability function can be expressed as:

R(t) =1-F(t) ..(1.13)

Alternatively, by differentiation, we obtain:

_ drR(®)
f®=-25 ... (1.14)
Or equivalently:
Q(t) =F(t) =1—-R(t) .. (1.15)

10




CHAPTER TWO
Reliability of systems

2.1 Simple systems

Suppose that we have to calculate the Reliability of a system
made up of several components. The total reliability can be calculated
by calculating the reliability of each individual component, and
combining these individual reliabilities. The way in which they are
combined depends on the way in which the components are

connected. That is, whether they are connected [1-8]:
1- series

2— parallel

3— series — parallel.

4— parallel — series.

5— Combination of series and parallel.

2. 2 Series Systems [7]

Consider a system of n components connected in series so that
the system will only work (i.e. a signal will pass from I to O) if all of

the components work.

\ 4
e
[\
Y

I — A; A3—b---_p-An_po

Figure (2.1)

If the components fail independent of each other it 1is easy to
show that if Rj;, Ry, ..., Rn are the reliabilities of the individual

components, then the reliability of the system is given by:

11




Rsystem = Rix Rox ... x Ry ...(2.1)
Example (2.1)[8]

Consider a system of 3 components connected in series, each
component having a constant failure rate. (In other words, the
components have exponential lifetimes). These rates for components

A, B and C are 0.3, 04 and 0.6 per 10,000 hours respectively. Thus

we have

] m— A B C D Z’—»o

For constant failure rate A, reliability

R ()= e L (22)

Thus for component A, Ra = ¢ 03

Similarly, Rg = ¢ ** and RC = ¢ ¢

Hence the reliability of the system is:
R (t) =€ .03t x e ™ x e 06 (2.3)

— o 03t —0.4t-0.6t

— 13t
Then, for example, the probability that the system is still
working after 30,000 hours =R (3) = ¢3?

=0.02024191145.

2.3 Parallel Systems [5]

If n components are connected in parallel so that the system
works (signal from I to O) as long as at least one of the components

works.

12




Al

I > A2 » O

An

The reliability of the system (again assuming independent
failures) is then:
Rsystem = 1- P (all fail)

= 1 — [P(A1 fails ) X P(AZ2 fails ) X ... X P('An fails )]
=1-(1-R)A—-Ry)..(1-Ry)

n
Rgystem =1 — 1_[ (1-Ry)
i=1

Example (2.2) [4]

Component A with a constant failure rate of 1.5 per 1000 hrs
and component B with a constant failure rate of 2 per 1000 hrs are
connected in parallel. Find the overall reliability of this system.(Note

that components A and B have exponential lifetimes).

Solution:

For the individual components, assuming a constant failure rate
Ra(t)=e 15

Re(t)=¢

Then if these components are connected in parallel,

R system (t) =1 —[(1 — Ra (t)) x (1 =Rz (t))]

=1-[(1-e ™) (A-e?)]

=1 [l—e 1St g 24glste2

13




=e—-1.5t+e 2 —e 3

Then, for example, the probability that the system is still
working after 1000 hours is

R (1)=e-1.5(1) + e-2(1) — e -3.5(1)

=0.3283

1.e. there is a 33% chance that such a system will still be

working after 1000 hours. ...(2.5)

2. 4 Series - Parallel systems [5]

The reliability of a system comprising n component connected
in parallel redundancy, is

Rr=1-(1-R)"...(2.6)

Where R is the reliability of an individual component.

If we place n sets in parallel, where each set has m components
connected in series, we get the reliability of such a system as

Rs=1-(1-R)"

m
Where R = 1_[ r;, and rj is the reliability of the i th component
i=1

in series. Thus,

Rs =1~ (1 -1, r)" 27
The series — parallel configuration is shown in fig (2.3)
1 2 3 -------- m
I > 7 ] ] }rrrrree > o
n 3 --------

Fig (2.3) series — parallel system
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Example (3)[9]

Compute the reliability of the system for the connection given in

I- |—O

The reliability of A, B, C and D are 0.95, 0.99 0.90 and 0.96
respectively.

Making use of equation (2.7), we get the system reliability for
m=4andn=2.

RS=1-(1-[]r)?

=1-[1—-(0.95 % 0.99%x0.90x0.96)]*

=1-(1-0.813)?

=0.9650 or 96.50%

RS=1—<1—1i[ ri>

i=1
=1—[1-(0.95x 0.99 x 0.90 x 0.96)]*
=1-—(1-0.813)2
= 0.9650 or 96.50%

2

2.5 Parallel — Series systems [3]

The reliability of n components connected in parallel is given by

Rp

RP=1-(1-R)n ...(2.8)

Where R is the reliability of an individual component.

15




If m such sets are connected in series, where each set consists of
n component in parallel, then the reliability of the system is given by

Rs=[l-(I-R)"]™ (2.9)

[=— )

2 4

Figure (2.5) parallel — series system

Example (4)[4]
Compute the reliability of the system for the connections given

in fig (2.6):

J=—) |

Assuming the reliability of each component is 0.95
Here, we are given n=2, m= 4, using eq. (2.9), We get
RS=[1-(1-0.95)21*

=(0.9975) 4

=0.9900 = 99%

O

O

16




CHAPTER THREE

Reliability Allocation Methods in Series and Mixed Systems
3.1 Reliability allocation

Reliability allocation is the process by which the failure allowance for a system
1s allocated in some logical manner it, sub-systems and elements. The purpose of
reliability allocation is to establish a goal or objective for the reliability of each
component so that the manufacturers can have an idea of the performance

required of this product.

The reliability factor of a system is known or is specified on the basis of the
overall mission required. if the system comprises many elements and units, we

must have method to determine the reliability factor for each of them.

Consider a system consisting of n components (dependent or independent) with
individual reliability factors R4, R, R3,...R,. The system reliability R(t)is a
function of these components reliability. Thus, R(t) = f(R4, R2,R3, ...,Rn)

The problem now is to determine the values of Ri,R2,Rs3,....R. for a
given value of R(t) .this problem will not have a unique answer , at the
same time , the value of Ri, Ra, Rs,..., Ry cannot be altogether arbitrary
. The problem can be viewed from two aspects. First, if we allocate the
reliability requirement in some logical manner among the n component, a
goal will be set for the manufacturer to product components with these
reliability factors. Second, if the state of art is such that the reliability Ri of
a particular component [ cannot possibly be improved upon, and if the

allocated reliability factor is higher.

In our project we shall discuss two methods by which the reliability

can be logically apportioned among the consistent element of a system. The

17




problem will not be treated in its most general form as stated in eq. (4.1),
but in a slightly different manner. The reliability or the predicted failure
probability of each component is obtained from its failure — data analysis.
If the failure allowance specified for the system is apportioned among the

components in some equitable manner [8].

3.2 Reliability allocation for a series system.

We discuss the reliability allocation for series system by using two
methods. 1. First method

The system consisting of n components connected in series .the
principle adopted in this method for subdividing the system failure
allowance i1s that the failure allowance of each component is directly
proportional to the predicted probability of failure. This rule based on the
assumption that the components exhibit a constant failure rate, and if Ai is
the failure rate of component i, 1= 1,.... , n then we can use the

approximation

R(t) = e st = 1 — Ast

n
Where As = , W Aids is termed the predicted system failure
rate. i = 1

*s be the specified system failure rate which is assumed to be less than
A

As.to compute the required failure rate for component I which is denoted
by A

%

1,1=1,2,...,n, we use the following equation :

A¥it = (Mit/Ast). A'st

18




So the reliability goal for the component 1 is
R¥j(t) =e—Ax=1— A%

Example (3.1):-

A system is composed of 4 units connected in series the failure rate
for these units are as follows:- A 1 =0.05, A2=0.2

A3 =0.25 , A4=0.04

Figure (4.1)

it is desired that the maximum failure rate for the system be A
*S=0.5,

determine the reliability goal of each component.

solution :-

the sum of the unite failure rate

As=Al +A2+ A3 +A4...(4.5)

=0.05+ 0.2 + 0.25+ 0.04

=0.54

Hence , the allocated unite failure rate are

0.5
A"l = (m) x 0.05 = 0.0462963

0.5
72 = (F) % 0.2 = 0.1851851852

0.5
A3 = (F) X 0.25 = 0.2314814815

19




0.5
4 =(—|x0.04 =0.037037037
A (0.54> 0.04

(i1) If A" 1, A"2, A" 3, 174 are allocated failure rate, we get

R S(t) — e—l*lte—l*Zte—l*Bte—l*él-t

1 = (’1*5> A2 = (A*S> 2

~ \sls N A
PR A3 24 24
*—x —3 = . =

= 7s C ) ()

Hence ,the allocated reliabilities are
Ri(t) = e~

= e %% = 0.955997

R3(t) = e

= e~ 018 = 0.835270

Ri(t) =e™

= e~ 023 =(.798516

Ri(t) = e~

= e~ %037 = 0.964640

R.S =R,1 XR,y X R,3 X Ryy

= 0.95 % 0.83 X 0.79 X 0.96
= (0.59

3.3 Reliability allocation for a mixed system

Similarly, we can find the reliability allocation for complex system

by using previous methods

20




Example (3.4):-

A system consists of seven element connected as shown in figure the
predicated reliabilities of the components for a 10 hour period are also

shown.

1- Convert the given system into an equivalent system consisting of
only series element.

2- Calculate the system reliability

3- If the system reliability is to be improved to value of 0.95 for a 10-hour
period , determine the reliability goal of each component assume constant

failure rate of all element without using the approximation R(t) 1-At

d e
N — 0.81 [H 0.86 [
f
] =] 07 — 0.75 I—b O
0.6
C
Figure (4.3)

Solution:-
1- For calculating the system reliability, the given system converted
into an equivalent system consisting of only series components c,
d ,e mentioned in the reduction method
Rm(t)=Rc+ R4Re — RcRaRe =(0.6)+(0.81) (0.86)-(0.6) (0.81) (0.86)
(by probability rules ) =0.878
Now the given system has been reduced to a series system as shown

in figure.

21




Figure (4.3)
We have, the reliability of the systems

Ra(t) = exp (—Aat) = 0.5

Rb(t) = exp (—4Abt) = 0.7

Rm(t) = exp (—Amt) = 0.87

Rf(t) = exp (—Aft) = 0.75

Rg(t) = exp (—Agt) = 0.94 The value
of At would have been Aat=0.5

Abt =0.3 Amt =0.12 Aft =0.25 and

Agt=0.06

2- Thus the system reliability is given by Rs(t)=
Ra(t)xRb(t)xRm(t) xRf(t)xRg(t)

=exp [-(Aat+ Abt+ Amt +Aft+ Agt)]

=exp(- Ast)

Where Ast=0.5+0.3+0.122+0.25+0.06

=1.232 (from eq(4.1))

Rs(t) = exp (—1.232) = 0.29

3- The desired reliability Rx*s(t)=0.95

For the system, therefore Rx*s(t)=e

—\=0.95

R *s(t) = e — *ate — *bte — *mte — *fte — Mgt
Ata = (A"s/As)Aa, A'b = (A*s/As)AbA*

m = (A"s/As)Am, A*f = (A*s/As)AMfA*g
= (A*s/As)Ag Hence the allocated

reliabilities are

22




Rxa(t) =e — (A"s/As)Aa
R*b(t) =e - (1"s/1s)Ab
Rxm(t) =e— (A"s/As)Am
Rxf(t) =e — (A"s/As)Af
Rxg(t) =e— (A"s/As)Ag
R*a(t) =e* =096
R*b(t) =e—A; =0.95
R*'m(t) = e — 15, = 0.94
R*f(t) = e % = 0.95
R*g(t) = e = 0.99

23




Conclusions:

1. Reliability depends strongly on system configuration. Series systems are
more vulnerable to failure, while parallel and mixed systems provide
higher reliability due to redundancy and strategic component arrangement.

2. Mixed systems offer an effective balance between system complexity and
reliability. By combining series and parallel components, engineers can
design systems that are both efficient and dependable.

3. Component reliability is critical. The overall reliability of a system is
significantly influenced by the weakest components. Identifying and
improving low-reliability components enhances the performance and
safety of the entire system.

4. Reliability analysis supports better engineering decisions. Understanding
system behavior allows engineers to plan maintenance, optimize designs,
and minimize operational risks.

5. Applications are widespread. Mixed systems are extensively used in
electrical networks, computer systems, communication networks, and
industrial systems, making reliability analysis essential for ensuring
continuous operation and reducing downtime.

6. In conclusion, studying the reliability of mixed systems is essential for
designing robust engineering systems, improving performance, and

minimizing the probability of failure in real-world applications.
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