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Abstract
The objective of the manuscript is to present an approach for analyzing the behavior of an industrial system under the cost

free warranty policy. Under this policy, the various parameters of the system behavior under the working as well as the rest

conditions are taken into the account. To increase the working efficiency and reduce the failure rate during and beyond

warranty, the system goes under rest period after working a random amount of time. After taking complete rest, the system

restarts again. Further, during the formulation, the failure and repair rates of the components of the systems are taken as a

negative exponential distribution. A mathematical model of the system is developed based on the Markov process and

hence the various parameters such as reliability, mean time to system failure, availability and expected profit are derived

for a system. The effect of various parameters on to the system performance is analyzed. Finally, an illustrative example is

taken for demonstrating the approach.
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1 Introduction

Today’s with the growing complexities of the system day-

to-day, system analyst or plant personnel always wants to

manufacture the product with high-reliability in less time at

lower cost. To achieve it, billions of dollars are being spent

annually worldwide to develop reliable and efficient

products. Further, the industry has always interested to find

the failure component of the system which might affect

product performance over time. However, failure is an

inevitable fact related to products and systems. These

failures may be the result of human error, poor

maintenance, or inadequate testing and inspection. To

improve the system reliability and availability, implemen-

tation of appropriate maintenance strategies play an

important role. High performance of these units can be

achieved with highly reliable subunits and perfect main-

tenance. To this effect the knowledge of behavior of sys-

tem, their component(s) is customary to plan and adapt

suitable maintenance strategies [8]. Therefore, in recent

years, the importance of reliability theory has been

increasing greatly with the innovation of recent technology

for the purpose of making good products with high quality

and designing highly reliable systems. To achieve it, a

variety of methods exists in the literature for failure anal-

ysis which includes reliability block diagrams, Markov

Modeling, failure mode and effect analysis, Petri nets, fault

tree analysis, and so forth [1, 3, 5, 7].

In most of the existing studies, researchers have utilized

the constant repair and failure rate after initial burn-in

period of bath tub curve for repairable mechanical systems.

For instance, Srinivasan and Gopalan [32] probabilistically

analyzed a two unit system in which one unit is switched

on and the other is put in cold standby. Venkatachalam [34]

presented the reliability and availability of two units hot

standby system by considering that hot standby is subject

to the same rules as the basic unit. To study the effect of
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preventive maintenance (PM) on system performance,

Mahmoud [25] discussed the cost–benefit analysis of a two

unit cold standby redundant system with two types of

failure and preventive maintenance. Shigeru and Masafumi

[36] evaluated the availability of a parallel system with

PM. Rander et al. [31] examined cost analysis of a two

dissimilar cold standby system with preventive mainte-

nance and replacement of standby. Gopalan and Bhanu

[16] discussed the cost analysis of a two unit repairable

system subject to on-line PM or repair. Srinivasan and

Subramanian [33] improved the state of art of modeling

and analysis with multiple units’ warm standby systems.

Garg and Sharma [14] developed a two-phase approach for

reliability and maintainability analysis of an industrial

system. Lapa et al. [22] presented a methodology for PM

policy evaluation based upon a cost-reliability model using

a genetic algorithm. Leou [23] proposed a formulation

considering both reliability and cost reduction for mainte-

nance scheduling. Garg et al. [11] presented the PM

scheduling for analyzing the behavior of the industrial

systems. Garg and Sharma [12, 13] analyzed the behavior

of the industrial system through various reliability param-

eters. Garg et al. [15] analyzed the behavior of the pulping

unit of the paper industry by considering the time varying

components of the failure rate and repair time. Apart from

these, in the literature, numerous attempt have been made

by the researchers to analyze the reliability of the system

using different approaches [4, 6, 9, 10, 18–21, 24, 30, 35].

It is evident from the above-mentioned studies that all

these models are analyzed without considering the concept

of failure free warranty policy. As customers need assur-

ance that the product they are buying will perform satis-

factorily and warranty may provide such assurance.

Providing warranty to the system for a certain period of

operation is one of the effective ways to ensure the relia-

bility of a component (or system) [29]. Under these con-

ditions, authors in [29], [28] discussed reliability models of

a single-unit system with warranty and different repair

policies. Alqahtani and Gupta [2] discuss the effects of the

warranty policy for the remanufactured products. Mo et al.

[26] presented a new warranty policy wherein the buyer

invests in the PM cost within the product’s life cycle to

reduce the losses from production downtime. Huang et al.

[17] presented an approach with preventive maintenance

with extended policy.

Since the above existing models are widely applicable in

many different fields, but they have restricted under the

conditions that the unit/component or a system can perform

without any rest, i.e., the system does not need any rest

before its failure. Therefore, the credibility of the system

and their corresponding approaches are not being well

defined. However, in practice, it is not possible for a

component or system to perform continuously for a long

time with the same efficiency. Continuous usage of the

system may increase the failure rate as well as may reduce

its working efficiency. In these situations, the system needs

some rest after working a random amount of time. Thus,

keeping the inspiration from this fact, we have investigated

the problem to analyze the reliability and the profit of the

system based on the cost free warranty policy where the

working period followed by a rest period. Therefore, the

objective of this work is to present an approach to solve a

single-unit system model following the periods of working

and rest with failure free warranty policy using Markov

process. In it, during the warranty, the product is repaired

free of cost to the users on failure but the users will have to

repair the failed units at their own expenses beyond war-

ranty. Further, the failure and repair rates of the system are

assumed to be followed a negative exponential distribution.

Based on these, a various expressions which depict the

behavior of the system such as reliability of the system,

mean time to system failure (MTSF), availability and profit

are derived using Markov process. To substantiate the

proposed approach, the effect of various parameters of the

system is analyzed through the system reliability, and

expected profit with an illustrative example.

The remainder of the paper is organized as follows.

Section 2 gives the description of the system containing the

assumptions of the model, state-specifications, and nota-

tions related to the proposed system model. Section 3

presents the model analysis in which different system

performance measures are computed such as reliability of

the system and MTSF. Section 4 shows the results and

discussion with special cases containing availability of the

system and profit analysis of the user. Finally, Sect. 5

conclude the paper.

2 Description of the system

The present study for investigating the performance of

industrial systems under the cost free warranty policy for a

system whose failure and repair rates follows the negative

exponential distribution. The following are the assumptions

taken into account for modeling:

2.1 Assumptions

(i) The system has a single-unit for operation.

(ii) There is a single repair repairman who is always

available with the system.

(iii) The system has a working period followed by a

rest period.

(iv) All the repairs are cost free to the users during

warranty, provided failures are not due to the

negligence of users.
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(v) During warranty, the repairman inspects the failed

unit to check whether the system is under

warranty or not.

(vi) During rest period no unit can fail, but a failed

unit can be repaired.

(vii) The unit works as new after its repair.

(viii) The distribution of failure and repair time is taken

as negative exponential.

2.2 State-specification

S0/S7: The unit is operative during working period

within/beyond warranty.

S1/S8: The system is under rest period within/

beyond warranty.

S2: The failed unit is under inspection to check

whether the system is under warranty or not.

S3/S5: The failed unit is under repair during

working period within/beyond warranty.

S4/S6: The failed unit is under repair during rest

period within/beyond warranty.

2.3 Notations

k: Constant failure rate of the unit within and

beyond warranty.

l: Constant repair rate of the unit within and

beyond warranty.

a: Transition rate with which the working

system goes under rest periods.

b: Transition rate with which the system goes

from rest periods to working condition.

p/q: Probability that warranty is completed/not

completed.

h: Constant inspection rate of the failed unit.

p0(t)/p7(t): Probability density that at time t, the system

is in state Si, i = 0, 7 and in good state

within/beyond warranty.

p1(t)/p8(t): Probability density that at time t, the system

is in state Si, i = 1, 8 and in rest condition

within/beyond warranty.

p2(t): Probability density that at time t, the system

is in state s2 and the unit is under inspection

to check whether the system is under

warranty or not.

p3(t)/p5(t): Probability density that at time t, the system

is in failed state Si, i = 3, 5 and the unit is

under repair during working period within/

beyond warranty.

p4(t)/p6(t): Probability density that at time t, the system

is in failed state Si, i = 4, 6 and the unit is

under repair during rest period within/

beyond warranty.

p(s): Laplace transform of function p(t).

3 Model analysis

The system model consists of a single-unit in which there is

a single repairman who always remains with the system

and monitoring its performance. Consider that at initially,

the unit is operative during the working period within

warranty and when it is failed within warranty then it goes

for inspection to check whether the unit is failed due to the

negligence of the users or not. If it failed due to the neg-

ligence of the users then system warranty is completed and

all the charges of repairs are borne by the users otherwise

the failed unit is repaired cost free to the users during

working periods. On the other hand, the unit goes under

rest period after working a random amount of time and

after taking complete rest, the system restarts again. During

rest period no unit can fail, but a failed unit can be repaired.

Assume that the failure and repair rates of the system

follow a negative exponential distribution. Based on the

assumptions and the notation, the transition diagram of this

system by considering all the states, namely up (i.e., good

or working) and failed states is shown in Fig. 1.

3.1 Formulation of mathematical model

Based on this diagram, we can formulate the difference-

differential equations using the probabilistic arguments of

each state of the system and are summarized as follows

: Good State

: Failed State

0S 1S
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3S 4S

5S
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7S 8S
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Fig. 1 State-transition diagram of the system
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d

dt
þ aþ k

� �
p0ðtÞ ¼ bp1ðtÞ þ lp3ðtÞ; ð1Þ

d

dt
þ b

� �
p1ðtÞ ¼ ap0ðtÞ þ lp4ðtÞ; ð2Þ

d

dt
þ h

� �
p2ðtÞ ¼ kp0ðtÞ; ð3Þ

d

dt
þ aþ l

� �
p3ðtÞ ¼ bp4ðtÞ þ php2ðtÞ; ð4Þ

d

dt
þ bþ l

� �
p4ðtÞ ¼ ap3ðtÞ; ð5Þ

d

dt
þ aþ l

� �
p5ðtÞ ¼ bp6ðtÞ þ qhp2ðtÞ þ kp7ðtÞ; ð6Þ

d

dt
þ bþ l

� �
p6ðtÞ ¼ ap5ðtÞ; ð7Þ

d

dt
þ aþ k

� �
p7ðtÞ ¼ bp8ðtÞ þ lp5ðtÞ; ð8Þ

d

dt
þ b

� �
p8ðtÞ ¼ ap7ðtÞ þ lp6ðtÞ: ð9Þ

Initial conditions

pið0Þ ¼
1; i ¼ 0

0; i 6¼ 0

(
: ð10Þ

Taking Laplace transform of all the above equations

sþ aþ kð Þp0ðtÞ ¼ 1þ bp1ðsÞ þ lp3ðsÞ; ð11Þ
sþ bð Þp1ðsÞ ¼ ap0ðsÞ þ lp4ðsÞ; ð12Þ
sþ hð Þp2ðsÞ ¼ kp0ðsÞ; ð13Þ
sþ aþ lð Þp3ðsÞ ¼ bp4ðsÞ þ php2ðsÞ; ð14Þ
sþ bþ lð Þp4ðsÞ ¼ ap3ðsÞ; ð15Þ
sþ aþ lð Þp5ðsÞ ¼ bp6ðsÞ þ qhp2ðsÞ þ kp7ðsÞ; ð16Þ
sþ bþ lð Þp6ðsÞ ¼ ap5ðsÞ; ð17Þ
sþ aþ kð Þp7ðsÞ ¼ bp8ðsÞ þ lp5ðsÞ; ð18Þ
sþ bð Þp8ðsÞ ¼ ap7ðsÞ þ lp6ðsÞ: ð19Þ

From Eq. (13), we get

p2ðsÞ ¼ AðsÞp0ðsÞ ð20Þ

where

AðsÞ ¼ k
sþ h

: ð21Þ

From Eq. (15), we get

p4ðsÞ ¼ BðsÞp3ðsÞ; ð22Þ

where

BðsÞ ¼ a

sþ bþ l
: ð23Þ

From Eq. (14), we get

p3ðsÞ ¼ AðsÞCðsÞp0ðsÞ; ð24Þ

where

CðsÞ ¼ phðsþ bþ lÞ
ðsþ bþ lÞðsþ aþ lÞ � ab½ � : ð25Þ

Using Eqs. (24) in (22),we get

p4ðsÞ ¼ BðsÞAðsÞCðsÞp0ðsÞ: ð26Þ

From Eq. (12), we get

p1ðsÞ ¼ DðsÞp0ðsÞ; ð27Þ

where

DðsÞ ¼ aþ lAðsÞBðsÞCðsÞ
ðsþ bÞ : ð28Þ

From Eq. (11), we get

p0ðsÞ ¼
1

TðsÞ ; ð29Þ

where

TðsÞ ¼ sþ aþ kð Þ � bDðsÞ � lAðsÞCðsÞ½ �: ð30Þ

From Eq. (17), we get

p6ðsÞ ¼ BðsÞp5ðsÞ: ð31Þ

From Eq. (19), we get

p8ðsÞ ¼
a

ðsþ bÞ p7ðsÞ þ
l

ðsþ bÞ p6ðsÞ: ð32Þ

Using Eqs. (32) in (18), we get

p7ðsÞ ¼ EðsÞp5ðsÞ; ð33Þ

where

EðsÞ ¼ l sþ bþ bBðsÞð Þ
ðsþ bÞðsþ aþ kÞ � ab½ � : ð34Þ

Now, using Eqs. (20), (33) and (31) in (16), we get

p5ðsÞ ¼ FðsÞp0ðsÞ; ð35Þ

where

FðsÞ ¼ qhAðsÞ
ðsþ lþ aÞ � bBðsÞ � kEðsÞ½ � : ð36Þ

Using Eqs. (35) in (31), we get

p6ðsÞ ¼ BðsÞFðsÞp0ðsÞ: ð37Þ

Using Eqs. (35) in (33), we get

p7ðsÞ ¼ EðsÞFðsÞp0ðsÞ: ð38Þ

Now, using Eqs. (37) and (38) in (32), we get
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p8ðsÞ ¼ GðsÞp0ðsÞ; ð39Þ

where

GðsÞ ¼ FðsÞ
ðsþ bÞ aEðsÞ þ lBðsÞ½ �: ð40Þ

It is worth noticing that

p0ðsÞ þ p1ðsÞ þ p2ðsÞ þ p3ðsÞ þ p4ðsÞ þ p5ðsÞ

þ p6ðsÞ þ p7ðsÞ þ p8ðsÞ ¼
1

s
: ð41Þ

3.2 Evaluation of Laplace transform
of up and down state probabilities

The Laplace transforms of probabilities that the system is

in up state Pup(t) (i.e., good state) and down state Pdown(t)

(i.e., failed state) at time ‘t’ are as follows

pupðsÞ ¼ p0ðsÞ þ p1ðsÞ þ p7ðsÞ þ p8ðsÞ;

pupðsÞ ¼
1þ DðsÞ þ EðsÞFðsÞ þ GðsÞ½ �

TðsÞ ;
ð42Þ

pdownðsÞ ¼ p2ðsÞ þ p3ðsÞ þ p4ðsÞ þ p5ðsÞ þ p6ðsÞ;

pdownðsÞ ¼
AðsÞ þ AðsÞCðsÞ þ BðsÞAðsÞCðsÞ þ FðsÞ þ BðsÞFðsÞ½ �

TðsÞ :

ð43Þ

3.3 Reliability of the system

Reliability, R(t) of a system or product is the probability

that the system or product functions well in a specified

period of time. Using the method similar to that in

Sect. 3.1, the difference-differential equations for reliabil-

ity are [3]:

d

dt
þ aþ k

� �
p0ðtÞ ¼ bp1ðtÞ; ð44Þ

d

dt
þ b

� �
p1ðtÞ ¼ ap0ðtÞ: ð45Þ

Taking Laplace transform of Eqs. (44) and (45) and

using the initial conditions, we get

sþ aþ kð Þp0ðtÞ ¼ 1þ bp1ðsÞ; ð46Þ
sþ bð Þp1ðsÞ ¼ ap0ðsÞ: ð47Þ

From Eq. (47), we get

p1ðsÞ ¼
a

sþ b

� �
p0ðsÞ: ð48Þ

Using Eqs. (48) in (46), we get

p0ðsÞ ¼
1

sþ aþ k� ab
sþb

� � : ð49Þ

Equation (48) becomes as

p1ðsÞ ¼
a

sþ aþ kð Þ sþ bð Þ � ab½ � : ð50Þ

Now, R(s) = p0(s) ? p1(s).

Using Eqs. (49) and (50) and after solving, we get

¼ sþ aþ bð Þ
s2 þ sðaþ bþ kÞ þ bkð Þ : ð51Þ

Taking inverse Laplace transform of Eq. (51), we get

RðtÞ ¼ coshðatÞ þ b sinhðatÞ½ � exp � aþ bþ kð Þ
2

t

� �
;

ð52Þ

where

a ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
aþ bþ kð Þ2�4bk

q
2

and b ¼ aþ b� kð Þ
2a

: ð53Þ

3.4 Mean time to system failure (MTSF)

MTSF is defined as the expected time for which the system

is in operation before it completely fails.

MTSF ¼
Z1

0

RðtÞdt

Using Eq. (52) and after solving, we get

¼
Z1

0

coshðatÞ þ b sinhðatÞf g exp � aþ bþ kð Þ
2

t

� �� �
dt

¼ aþ bð Þ
bk

:

ð54Þ

4 Results and discussion

In this section, the availability and the profit analysis of the

system has been investigated through different parameters

of the system.

4.1 Availability of the system

Availability, Av(t) of a repairable system is the probability

that the system is operating satisfactorily at a specified time

‘t’. Using Eqs. (29) and (38), the Laplace transforms of

Av(t) at time t is as follows
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AvðsÞ ¼ p0ðsÞ þ p7ðsÞ

¼
s4 þ c3s

3 þ c2s
2 þ c1sþ c0ð Þ s5 þ b4s

4 þ b3s
3 þ b2s

2 þ b1sþ b0
	 
� �

s5 þ d4s4 þ d3s3 þ d2s2 þ d1sþ d0ð Þ s5 þ a4s4 þ a3s3 þ a2s2 þ a1sþ a0ð Þ½ � ;

ð55Þ

where

c3 ¼ 2lþ aþ 2bþ hð Þ;
c2 ¼ l2 þ laþ 3lbþ abþ b2 þ 2hlþ haþ 2hb

	 

c1 ¼ l2bþ ablþ lb2 þ hl2 þ hlaþ 3lbhþ abhþ b2h

	 

;

c0 ¼ l2bhþ hablþ hlb2
	 


b4 ¼ 2lþ 2aþ 2bþ hþ kð Þ;
b3 ¼ 2hlþ 2haþ 2hbþ l2 þ 3lbþ 2klþ ka

	
þkbþ a2 þ 2abþ b2




b2 ¼

hl2 þ 3hlaþ 3hlbþ khaþ khbþ kl2

þklaþ klbþ ha2 þ 2habþ al2 þ la2

þ2labþ hb2 þ l2bþ lb2 � klþ qkhl

0
BB@

1
CCA

b1 ¼
khl2 þ khlaþ khlbþ 2hal2 þ 2habl

þhl2bþ hlb2 � 2bkl� kl2 þ 2qkhlbþ qkhl2

 !

b0 ¼ qkhl2bþ qkhlb2 þ qkhlab� klb2 � kbla
	 


a4 ¼ b4; a3 ¼ b3; a2 ¼ ðb2 � qhklÞ;
a1 ¼ ðb1 � 2qhbkl� qhkl2Þ
a0 ¼ b0 � qhb2kl� qhbkl2 � qhabkl

	 

d4 ¼ 2lþ 2aþ bþ hþ kð Þ;

d3 ¼
l2 þ hbþ 2abþ 2hlþ 2ha

þkbþ hkþ 3lbþ 2klþ kaþ a2

 !

d2 ¼

2abkþ bhkþ 3bhlþ 4ablþ 3ahlþ 3bkl

þ2hklþ abhþ a2hþ a2bþ ahkþ bl2

þhl2 þ al2 þ kl2 þ a2lþ kalþ b2l

0
BB@

1
CCA

d1 ¼

4abhlþ 3bhklþ a2bhþ abhkþ bhl2

þabl2 þ ahl2 þ bkl2 þ hkl2 þ a2bl

þa2hlþ abklþ ahklþ b2hlþ ab2l

0
BB@

1
CCA

d0 ¼ abhl2 þ bhkl2 þ a2bhlþ abhklþ ab2hlþ b2hkl
	 


:

ð55Þ

Taking Laplace transform of Eq. (55), we get

AvðtÞ ¼
X10
i¼1

Ai expðsitÞ ð56Þ

where

Ai ¼
s4i þ c3s

3
i þ c2s

2
i þ c1si þ c0

	 

s5i þ b4s

4
i þ b3s

3
i þ b2s

2
i þ b1si þ b0

	 
� �
Q10

j 6¼i¼1 si � sj
	 
 ;

i ¼ 1; 2; . . .10

s1; s2; . . .s5 are the roots of Eq:; s5 þ d4s
4 þ d3s

3 þ d2s
2 þ d1sþ d0

	 

¼ 0

and s6; s7; . . .s10 are the roots of Eq:;

s5 þ a4s
4 þ a3s

3 þ a2s
2 þ a1sþ a0

	 

¼ 0:

4.2 Profit analysis of the user

Availability of the system leads to the revenue, whereas the

busy period of the repairman, number of repairs, etc., leads

to the cost of maintenance. Therefore, profit analysis is an

important aspect in the field of reliability and depends upon

production cost of maintenance, failure rates, repairman

employed, accidents, etc.

The revenue and cost function leads to the profit func-

tion of a firm, as the profit is excess of revenue over the

cost of production. The profit function takes the form

H tð Þ ¼ Expected revenue in 0; tð �
� Expected total cost in 0; tð �:

Let us consider a system which involves the costs, K1-

= revenue per unit up time of the system, K2 = repair cost

per unit time and Av(t) = the total fraction of time for

which the system is up. Then the expected profit is given

by

HðtÞ ¼ K1

Z t

0

AvðtÞdt � K2t:

Suppose that the warranty period of the system is (0, w].

Since the repairman is always available with the system,

therefore, beyond warranty period, it remains busy for time

(t - w) during the interval (w, t]. Then the expected profit

H(t) during the interval (0, t] is given by

HðtÞ ¼ K1

Z t

0

AvðtÞdt � K2ðt � wÞ:

Using Eq. (56) and after solving, we get

HðtÞ ¼ K1

X10
i¼1

Ai expðsitÞ � 1f g
si

" #
� K2 t � wð Þ: ð57Þ

Next, we have analyzed the performance of the system

with respect to the various affecting parameters of the

system which affects the system performance directly or

indirectly. For it, the effect of the parameters, namely

failure rate (k), transition rate by which system goes under

rest period (a) and repair cost (K2), on to the system reli-

ability and the expected profit have been deducted. The

results corresponding to these are summarized in Tables 1

and 2, respectively, for the reliability and the expected

profit.
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However, to analyze the effect of the individual com-

ponents on the system reliability, an analysis has been

conducted by varying each parameter at a times and

simultaneously fixing the other parameters. The descrip-

tions of these analyses have been summarized as follows:

(i) If we increase the failure rate of the system within

warranty, i.e., k and fixing the other values, then

their corresponding reliability of the system is

decreased. For instance, if we increase k from 0.1

to 0.2 then the reliability of the system at a

Table 1 Variation of reliability values R(t)with ‘k’ and ‘a’

Time (t) a = 0.4, b = 0.6 a = 0.4, b = 0.6 a = 0.4, b = 0.6 b = 0.6, k = 0.1 b = 0.6, k = 0.1

RðtÞ for k ¼ 0:1ð Þ RðtÞ for k ¼ 0:2ð Þ RðtÞ for k ¼ 0:3ð Þ RðtÞ for a ¼ 0:3ð Þ RðtÞ for a ¼ 0:2ð Þ

1 0.918579 0.8444084 0.7768242 0.91544 0.912109

2 0.858214 0.7391114 0.6388902 0.84978 0.840468

3 0.807043 0.6562496 0.5378793 0.79355 0.778254

4 0.760786 0.5858792 0.456958 0.74292 0.722322

5 0.71784 0.5241408 0.3895444 0.69625 0.671146

6 0.677551 0.4692746 0.3325039 0.65281 0.623919

7 0.639605 0.4202751 0.2839525 0.61219 0.580155

Table 2 Effect of repair cost (K2)and transition rate by which system goes under rest period (a)on expected profit H(t)

Time (t) a ¼ 0:4; b ¼ 0:6

l ¼ 0:7; h ¼ 0:9
p ¼ q ¼ 0:5; k ¼ 0:1
K1 ¼ 1000

a ¼ 0:4; b ¼ 0:6

l ¼ 0:7; h ¼ 0:9
p ¼ q ¼ 0:5; k ¼ 0:1
K1 ¼ 1000

a ¼ 0:4; b ¼ 0:6

l ¼ 0:7; h ¼ 0:9
p ¼ q ¼ 0:5; k ¼ 0:1
K1 ¼ 1000

K2 ¼ 200; b ¼ 0:6

l ¼ 0:7; h ¼ 0:9
p ¼ q ¼ 0:5; k ¼ 0:1
K1 ¼ 1000

K2 ¼ 200; b ¼ 0:6

l ¼ 0:7; h ¼ 0:9
p ¼ q ¼ 0:5; k ¼ 0:1
K1 ¼ 1000

HðtÞ forK2 ¼ 200ð Þ HðtÞ forK2 ¼ 150ð Þ HðtÞ forK2 ¼ 100ð Þ HðtÞ for a ¼ 0:3ð Þ HðtÞ for a ¼ 0:2ð Þ

1 688.6714 713.6714 738.6714 729.2035 771.7292

2 1468.688 1418.688 1368.688 1598.176 1720.516

3 1556.011 1556.011 1556.011 1779.196 2005.51

4 1520.958 1570.958 1620.958 1873.641 2177.604

5 1407.512 1507.512 1607.512 1908.996 2273.845

6 1243.676 1393.676 1543.676 1902.479 2319.687

7 1047.46 1247.46 1447.46 1865.61 2332.305

Fig. 2 Effect of ‘k’ and ‘a’ on system reliability
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particular time, say 5 units, is decreased by

26.98%. Similarly, if we further increase failure

rate from 0.2 to 0.3, then their corresponding

decrease occurs 25.67%. The complete variations

of the effect of k on the system reliability with the

passage of the time are summarized in Fig. 2a.

(ii) Similarly, if we analyze the effect of the parameter

(a) on the system reliability by preserving the other

values then their impact on it has been computed

and summarized in Fig. 2b for different values of

the passage of time. From this figure, it has been

concluded that whenever the value of (a) changes

from 0.4 to 0.3 then further to 0.2, then the

reliability of the system decreases with the passage

of time from 0.71784 to 0.69625 and then further to

0.671146 for the time 5 units.

On the other hand, if we analyze the effect of the various

parameters on to the expected profit H(t) during the interval

(0, t]as given in Eq. (57). For it, firstly, we fix the different

parameters as k = 0.1, a = 0.4, b = 0.6, l = 0.7, h =

0.9, p = q = 0.5, K1 = 1000. Now, the effect of the

parameters namely repair cost (K2) and transition rate with

which the working system goes under rest periods

(a) conducted an experiment in which the values of these

parameters on H(t) have been analyzed by fixing the values

of the other component simultaneously with the passage of

the time. The results corresponding to it have been sum-

marized in Fig. 3. From this figure, we observed that if we

decrease the repair cost, i.e., K2 from 200 to 150 and fur-

ther to 100 and simultaneously fixing the other values, then

their corresponding expected profit H(t) is first increases

from 1 to 3 units and then decreases with respect to it. The

complete variations of the effect of K2 on the expected

profit with the passage of the time are summarized in

Fig. 3a. On the other hand, the effect of the parameter a on

to the expected profit H(t) by preserving the other values

have been analyzed with the passage of the time. The

variations of the expected profit with it have been sum-

marized in Fig. 3b which depicts that by decreasing the

parameter a from 0.4 to 0.3 and then further to 0.2, the

expected profit will increase with the passage of the time.

Thus, the different parameters have shown their effect on

it, which will be beneficial for the system/reliability analyst

to increasing the productivity of the system by adopting the

necessary actions.

5 Conclusion

In the present paper, we have proposed an approach for

analyzing the system reliability and profit with warranty

policy. In it, the product is repaired free of cost to the users

on failure during the warranty. The failure rate of the

component of a system is considered to be followed by

negative exponential distribution. The effect of the war-

ranty as well as the failure component of the system on to

the behavior of the system is analyzed by varying the

different parameter of the system. From the analysis, it is

found that by varying the parameters K2 and a, expected

profit is increased and hence decision maker or system

analyst may choose the appropriate values of these

parameters according to their desired target, so as to

increase the performance and productivity of the system.

As compared to the existing model proposed by Kadyan

and Niwas [20], when we set a = b = 0, i.e., when the

system not goes for rest, failure as well as repair rates are

not same within/beyond warranty and warranty is com-

pleted by a constant rate (a) not by doing the inspection of

the failed unit, then the proposed model reduced to Kadyan

and Niwas [20]. Additionally, it is observed that when

Fig. 3 Effect of K2 and ‘a’ on to the expected profit
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there is no cost free warranty provided and by considering

a 2-unit parallel system irrespective of single-unit system

then the current model reduces to Murari and

Muruthachalam [27] model. Thus, it is clearly seen that the

proposed model is an extension of these existing model.

Therefore, the present study reveals that after getting some

rest during working a random amount of time within/be-

yond warranty, a system in which unit works as a new after

its repair will be economically beneficial to use. So, our

studying model is more reasonable and advance than the

existing models. In the future, our research will look at the

reliability and profit analysis for two or more unit systems

and for the complex repairable industrial systems.
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