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Abstract

We analyze the availability of the standby unit and Mean Time To Failure(MTTF) of the priority statndby redundant system to determine an appropriate periodic test interval for standby unit. Firstly, we derive the limiting availability for the standby unit by considering three failure types. These are failures during standby period(type I failure), test-induced failures at the start of the test(type II failure) and operating failures during the test period due to the aging effect (type III failure). Secondly, we derive MTTF for 1-out-of-2:G priority standby redundant system. Availability for the standby unit and modified regenerative technique are utilized in constructing the integral equations that represent transitions between system states. By taking Laplace transformations for the integral equations, the transformed form of the probability density function of the system is derived from which MTTF of the system is finally obtained. To identify relationships between the optimal periodic test interval and various failure characteristics of the standby unit, several experiments are performed assuming Weibull distribution as an operating time distribution of the standby unit. The result of this paper can be applied to determine an appropriate test interval for the standby unit in priority standby redundant system to ensure higher reliability characteristics.
Keywords : Priority Standby Redundant System, Periodic Test, MTTF, Availability, Laplace Transformation 

1.
INTRODUCTION
A priority-standby redundant structure is considered, which consists of an operating unit and a standby unit. The standby unit is called in for the operation only when the priority unit is failed and being repaired. An example of such a structure is the cooling system in the nuclear power plant with a diesel generator as a standby unit. Assuming the standby unit can fail during the standby period, the periodic test is considered for the standby unit[1-3, 5-8]. Although the periodic test is capable of detecting failures during the standby period, it can cause test-induced failures for the standby unit at the start of the test[2,4-8]. Also, the aging process of the standby unit during the test period need to be taken into account, which is not treated in the existing studies. Therefore investigation of an appropriate test interval considering such aspects of the standby unit is very important. 

Availability of the standby unit in the priority-standby redundant system is so critical to system performance that the unavailability of the standby unit in the priority-standby redundant system would have catastrophic consequences. For example, the failure of a diesel generator when demanded in the nuclear power plant would cause a meltdown of the nuclear reactor. Therefore the availability of the standby unit is considered as a meaningful measure of performance. In viewpoint of the priority-standby redundant system, MTTF is considered to be a meaningful measure of performance because a failure of the system is catastrophic. 

In this study, therefore, we adopt the availability of the standby unit as well as MTTF of the priority-standby redundant system as meaningful measures of system performance. Firstly, we derive the limiting availability for the standby unit by incorporating three failure types : (i) type I failure ; failures during standby period, (ii) type II failure ; test-induced failures at the start of the test and (iii) type III failure ; operating failures during the test period due to the aging effect. Secondly, we illustrate the derivation procedure of MTTF for 1-out-of-2:G priority standby system. Using these measures, an appropriate test interval for the standby unit in 1-out-of-2:G priority-standby redundant system is investigated.
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operating[repair] time distribution of the standby unit
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limiting availability of the standby unit
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standby failure [overhaul] time distribution of the standby unit
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probability of type I failure in each test interval
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operating[repair] time distribution of the priority unit
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system state vector ; x[y] represents the state of priority unit[standby unit]
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system reliability function [probability density function] given the system’s initial state is (x, y)
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system reliability function given the system’s initial state is (r, o) and standby unit’s age is 
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 is the cumulative test time before the standby unit is called in for the operation in place of the priority unit)
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Laplace transform of 
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Assumptions
1. Three failure types of the standby unit are independent of each other.

2. Both type I failure rate and probability of type II failure are constants.

3. Type III failure rate is increasing over cumulative test time until the standby unit is called in for the operation in place of the priority unit, i.e., 
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4. Standby unit is overhauled after each mission (operation in place of the priority unit) and is restored to the state of as-good-as-new

5. Demand for the standby unit occurs according to the Homogeneous Poisson Process

6. Repair time distributions of standby unit and priority unit are respectively arbitrary.

2. 
LIMITING AVAILABILITY OF STANDBY UNIT

To derive availability of the standby unit, mean cycle time and mean up time must be calculated respectively. The standby unit undergoes standby and test states repeatedly until a failure for the standby unit occurs. The failure rate of the standby unit is constant during standby period. The failure rate function of the standby unit during test period is increasing function of the cumulative test duration. If no failure is found during a specific test period, the state of the standby unit at the beginning of the next test period is equal to that at the end of the previous test period. If any failure is found through the test, the standby unit undergoes repair action and is restored to the state of as-good-as-new. Therefore, from the initial standby status to the completion of the repair of the standby unit constitutes a cycle. Fig.1 illustrates such aspects of the failure rate function of the standby unit.
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Fig. 1  Failure rate function of standby unit

Fig. 2-1 ~ Fig. 2-3 represent the mean cycle time and the mean up time for the following three failure types of the standby unit :

(i) type I failure ; failure during standby period,

(ii) type II failure ; test-induced failure at the start of the test,

(iii) type III failure ; operating failure during the test period

2.1
Mean Cycle Time(MCT)

  
To derive MCT of the standby unit, three failure types of the standby unit should be considerd.

Firstly, if standby unit fails according to the failure type I, i.e., the standby unit has failed during the standby period and this failure is found at the beginning of the test as depicted in Fig. 2-1, the mean cycle time due to failure type I can be written as 




 EMBED Equation.3  
.     

(1)
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Fig. 2-1 Mean cycle time of type I failure case

Secondly, if standby unit fails according to the failure type II(test-induced failure case), i.e., the standby unit fails and founded at the start of the test as depicted in Fig. 2-2, the mean cycle time due to failure type II can be written as 
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Fig. 2-2 Mean cycle time of type II failure case


Lastly, if standby unit fails according to the failure type III, i.e., the standby unit fails during the test operation and the failure is founded immediately as depicted in Fig. 2-3, the mean cycle time due to failure type III can be written as 


[image: image25.wmf]å

¥

=

-

-

=

1

)

1

(

)

1

(

j

j

j

typeIII

MCT

b

a



 EMBED Equation.3  [image: image26.wmf]ò

-

+

´

t

t

t

j

j

s

x

dF

x

j

)

1

(

)

(

)

(

.     


(3)

[image: image27.wmf]type III

failure

cycle

operating failure

during the test period

*

. . .

time

standby period

test period

repair period


Fig. 2-3 Mean cycle time of type III failure case

 Therefore, the mean cycle time can be written as 
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2.2 
Mean Up Time(MUT)

In a similar way, the mean up time(MUT) of the standby unit during cycle is derived by considering three failure types. The MUT due to three failure types as depicted in Fig. 2-1 ~ Fig. 2-3 can be respectively be written as
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Therefore, the mean up time can be written as 
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  By utilizing the renewal theory, limiting availability of the standby unit during the standby period can be derived as 
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3. 
MTTF FOR 1-OUT-OF-2:G PRIORITY STANDBY REDUNDANTSYSTEM

Considering both states of a priority unit and a standby unit, the operating mechanism of 1-out-of-2:G priority standby redundant system can be represented by Fig. 3. 
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Fig. 3 Operating mechanism of 1-out-of-2:G priority standby redundant system

We assume failure times of the priority unit are exponentially distributed(i.e., demand for the standby unit follows Homogeneous Poisson Process). We also assume the standby unit is overhauled after each mission (operation in place of the priority unit) and restored to the state of as-good-as-new. By identifying pairs of the states of the standby unit and the priority unit, integral equations are constructed, which represent transitions between pairs of states. An availability for the standby unit and modified regenerative technique are utilized in constructing the integral equations. As a result, the following integral equations are obtained.[5]
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Equation (10) represents the system reliability function given the state of the system is 
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Equation (10) is composed of two terms. The first term is the survival probability of the priority unit up to time 
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 and the second term is survival probability of the system during 
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 and the state of the standby unit is good at time 
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In constructing equation (10) and (11), the fact that the transition time from the state 
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 to  neighbor states is dependent on the standby unit’s age(previous operation time) must be considered. If 
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 can be obtained in a closed form, MTTF can be calculated easily. 
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, however, cannot be obtained in a closed form. Therefore, we utilize Laplace transform of 
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, to calculate system MTTF and finally MTTF of the priority standby redundant system can be calculated using equation (13) [5].
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4. 
NUMERICAL EXAMPLE


To identify relationships between the optimal periodic test interval and various failure characteristics of the standby unit, several experiments are performed using the availability of the standby unit and MTTF of the priority standby redundant system as measures of system performances. 

In the experiments, life distribution of the standby unit in test operation is assumed to be Weibull with scale and shape parameters of 1 and 2 respectively. Repair time distributions of standby unit and priority unit are assumed to be the exponential with parameters of 1 and 0.5 respectively. Probability of type II failure, 
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 is fixed at 0.2.


Variations of the optimal periodic test interval are observed with respect to the changes of type I failure rate for fixed 
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. These variations are illustrated in Fig. 4 and Fig. 5 using availability and MTTF as respective measures of system performances. Results show that the optimal interval increases as type I failure rate decreases.
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Fig. 4 Availability versus 
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Fig. 5 MTTF versus T(
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Variations of the optimal test interval with respect to the changes of test duration time (aging effect during test period) are observed for fixed 
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. Results are depicted in Fig. 6 and Fig. 7 against respective performance measures of availability and MTTF. Optimal test interval is shown to be increased as the test duration time 
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 increases (as the aging effect increases).
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Fig. 6  Availability versus 
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Fig. 7 MTTF versus T(
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5.
CONCLUSIONS

We analyze the availability of the standby unit and Mean Time To Failure(MTTF) of the priority standby redundant system to determine an appropriate periodic test interval for the standby unit. Especially, we consider operating failures due to the aging effect during the test period, which is not treated in the previous works. By establishing integral equations and deriving the Laplace transform of the system probability density function, we can obtain system MTTF. Results of the experiments show that the optimal periodic test interval increases as type I failure rate decreases. Also, the optimal periodic test interval is shown to be increased as the aging effect of the standby unit increases. These results agree with what we have expected. An appropriate periodic test interval for the standby unit, however, can reasonably be identified under three types of failures of standby unit. Although three failure types of the standby unit are treated as independent in this study, the degree of dependency between three failure types need to be investigated further, which is left as future research works.

6.
Acknowledgment
This research has been partially supported by the Brain Korea 21 Project as well as by the KOSEF project (project No. : 971-1012-068-2).

References
1)
C.G. Chou, D.A. Butler, “Assessment of Hazardous-Inspection Policies”, Naval Research Logistics Quarterly, Vol. 30, 1983, pp171-177.
2)
Valdez-Flores, R. M. Feldman, "A Survey of Preventive Maintenance Models for Stochastically Deteriorating Single-Unit Systems", Naval Research Logistics Quarterly, Vol. 36, 1989, pp.419-446.

3)
D.A. Butler, "A Hazardous-Inspection Policies", Management Sciences, Vol. 25, No. 1, 1979, pp79-89.
4)

I.S. Kim, S.A. Martorell, W. E. Vesely and P. K. Samanta, "Risk analysis of surveillance requirements including their adverse effects", Rel. Eng. and System Safety, Vol. 45, 1994, pp.225-234.

5)

J.P. Moon, C.H. Lie, “Reliability Analysis of Priority-Standby Redundant System under Periodic Tests for Standby Unit”, working paper, Dep. of Industrial Engineering, Seoul National University, 2000.
6)

J.K. Vaurio, "Optimization of test and maintenance intervals based on risk and cost", Rel. Eng. and System Safety, Vol. 49, 1995, pp.23-36.
7)

S. H. Sim, "Unavailability Analysis of Periodically Tested Components of Dormant Systems", IEEE Trans. on Rel., Vol. R-34, No. 1, 1985, pp.88-91.

8)

S. H. Sim, "Reliability of Standby Equipment with Periodic Testing", IEEE Trans. on Rel., Vol. R-36, No. 1, 1987, pp.117-123.







_1047297420.vsd

_1049653528.vsd

_1049812399.unknown

_1049812896.unknown

_1049813391.vsd

_1222003644.unknown

_1049813589.vsd

_1049812972.unknown

_1049813005.unknown

_1049812927.unknown

_1049812664.unknown

_1049812789.unknown

_1049812598.unknown

_1049812585.unknown

_1049740549.unknown

_1049812314.unknown

_1049812339.unknown

_1049812358.unknown

_1049803334.xls
Chart9

		101.347		96.0607		86.7604

		175.806		153.59		120.854

		220.917		177.763		123.926

		244.151		182.18		115.265

		253.207		176.722		103.688

		253.534		166.919		92.4199

		248.663		155.626		82.4411

		240.829		144.253		73.9078

		231.425		133.454		66.6993

		221.32		123.5		60.6233

		211.048		114.464		55.4889

		200.931		106.327		51.1295

		191.16		99.0269		47.4065

		181.839		92.486		44.2073

		173.021		86.6231		41.441

		164.722		81.3611		39.0345

		156.94		76.6297		36.9285

		149.658		72.3658		35.0754

		142.853		68.514		33.436

		136.497		65.0256		31.9784



ls= 0.05

ls= 0.2

ls= 0.1

type I failure rate=0.05

type I failure rate=0.1

type I failure rate=0.2

T (Test Interval)

MTTF



Sheet1

		type I failure rate=0.05				type I failure rate=0.2

		101.347		96.0607		86.7604

		175.806		153.59		120.854

		220.917		177.763		123.926

		244.151		182.18		115.265

		253.207		176.722		103.688

		253.534		166.919		92.4199

		248.663		155.626		82.4411

		240.829		144.253		73.9078

		231.425		133.454		66.6993

		221.32		123.5		60.6233

		211.048		114.464		55.4889

		200.931		106.327		51.1295

		191.16		99.0269		47.4065

		181.839		92.486		44.2073

		173.021		86.6231		41.441

		164.722		81.3611		39.0345

		156.94		76.6297		36.9285

		149.658		72.3658		35.0754

		142.853		68.514		33.436

		136.497		65.0256		31.9784

		test duration time = 0.5				test duration time = 1.5

		96.0607		54.3176		35.2854

		153.59		83.5882		48.3866

		177.763		98.7406		54.8576

		182.18		104.819		57.7209

		176.722		105.601		58.556

		166.919		103.445		58.2259

		155.626		99.7515		57.2235

		144.253		95.3376		55.8413

		133.454		90.6745		54.2569

		123.5		86.0287		52.5803

		114.464		81.5466		50.8799

		106.327		77.3031		49.1985

		99.0269		73.3314		47.5622

		92.486		69.64		45.9865

		86.6231		66.2236		44.4799

		81.3611		63.0693		43.0464

		76.6297		60.1605		41.687

		72.3658		57.4789		40.4009

		68.514		55.0063		39.1858

		65.0256		52.7247		38.0389

				test duration time = 0.5				test duration time = 1.5

		1		96.0607		54.3176		35.2854

		1.5		129.749		71.0241		42.9422

		2		153.59		83.5882		48.3866

		2.5		168.968		92.5986		52.2158

		3		177.763		98.7406		54.8576

		3.5		181.702		102.64		56.6187

		4		182.18		104.819		57.7209

		4.5		180.258		105.697		58.3266

		5		176.722		105.601		58.556

		5.5		172.14		104.786		58.4997

		6		166.919		103.445		58.2259

		6.5		161.347		101.729		57.787

		7		155.626		99.7515		57.2235

		7.5		149.896		97.599		56.5668

		8		144.253		95.3376		55.8413

		8.5		138.759		93.0169		55.0663

		9		133.454		90.6745		54.2569

		9.5		128.364		88.3382		53.4251

		10		123.5		86.0287		52.5803

		10.5		118.867		83.7613		51.7299

		11		114.464		81.5466		50.8799

		11.5		110.286		79.3922		50.0349		testfail = 0.2				sblam=0.1				weibull(2,1)

		12		106.327		77.3031		49.1985

		12.5		102.577		75.2823		48.3735

		13		99.0269		73.3314		47.5622

		13.5		95.6667		71.4507		46.7661

		14		92.486		69.64		45.9865

		14.5		89.4748		67.8981		45.2242

		15		86.6231		66.2236		44.4799

		15.5		83.9216		64.6147		43.7539

		16		81.3611		63.0693		43.0464

		16.5		78.9332		61.5854		42.3575

		17		76.6297		60.1605		41.687

		17.5		74.4429		58.7925		41.0349

		18		72.3658		57.4789		40.4009

		18.5		70.3916		56.2176		39.7846

		19		68.514		55.0063		39.1858

		19.5		66.7271		53.8427		38.604

		20		65.0256		52.7247		38.0389

				weibull(1,1)		weibull(2,1)		weibull(3,1)				testfail = 0.2				sblam=0.1				testtime = 1.0

				150.395		54.3176

				438.215		83.5882

				739.601		98.7406

				904.991		104.819

				915.058		105.601

				833.799		103.445

				721.981		99.7515

				612.151		95.3376

				516.437		90.6745

				437.074		86.0287

				372.545		81.5466

				320.34		77.3031

				278.008		73.3314

				243.479		69.64

				215.098		66.2236

				191.574		63.0693

				171.911		60.1605

				155.339		57.4789

				141.261		55.0063

				129.211		52.7247





Sheet1

		



ls= 0.05

ls= 0.2

ls= 0.1

type I failure rate=0.05

type I failure rate=0.1

type I failure rate=0.2

T (Test Interval)

MTTF



Sheet2

		



test duration time = 0.5

test duration time = 1.0

T (Test Interval)

MTTF



Sheet3

		



t = 1.0

t = 0.5

t = 1.5

test duration time = 0.5

test duration time = 1.0

test duration time = 1.5

T(Test Interval)

MTTF



		



t = 0.5

t = 1.5

t = 1.0

test duration time = 0.5

test duration time = 1.0

test duration time = 1.5

T(Test Interval)

MTTF



		



type I failure rate=0.05

type I failure rate=0.1

type I failure rate=0.2

T(Test Interval)

MTTF



		



test duration time = 0.5

test duration time = 1.0

test duration time = 1.5

T(Test Interval)

MTTF



		





		






_1049803122.xls
Chart6

		96.0607		54.3176		35.2854

		153.59		83.5882		48.3866

		177.763		98.7406		54.8576

		182.18		104.819		57.7209

		176.722		105.601		58.556

		166.919		103.445		58.2259

		155.626		99.7515		57.2235

		144.253		95.3376		55.8413

		133.454		90.6745		54.2569

		123.5		86.0287		52.5803

		114.464		81.5466		50.8799

		106.327		77.3031		49.1985

		99.0269		73.3314		47.5622

		92.486		69.64		45.9865

		86.6231		66.2236		44.4799

		81.3611		63.0693		43.0464

		76.6297		60.1605		41.687

		72.3658		57.4789		40.4009

		68.514		55.0063		39.1858

		65.0256		52.7247		38.0389



t = 1.0

t = 0.5

t = 1.5

test duration time = 0.5

test duration time = 1.0

test duration time = 1.5

T(Test Interval)

MTTF



Sheet1

		type I failure rate=0.05				type I failure rate=0.2

		101.347		96.0607		86.7604

		175.806		153.59		120.854

		220.917		177.763		123.926

		244.151		182.18		115.265

		253.207		176.722		103.688

		253.534		166.919		92.4199

		248.663		155.626		82.4411

		240.829		144.253		73.9078

		231.425		133.454		66.6993

		221.32		123.5		60.6233

		211.048		114.464		55.4889

		200.931		106.327		51.1295

		191.16		99.0269		47.4065

		181.839		92.486		44.2073

		173.021		86.6231		41.441

		164.722		81.3611		39.0345

		156.94		76.6297		36.9285

		149.658		72.3658		35.0754

		142.853		68.514		33.436

		136.497		65.0256		31.9784

		test duration time = 0.5				test duration time = 1.5

		96.0607		54.3176		35.2854

		153.59		83.5882		48.3866

		177.763		98.7406		54.8576

		182.18		104.819		57.7209

		176.722		105.601		58.556

		166.919		103.445		58.2259

		155.626		99.7515		57.2235

		144.253		95.3376		55.8413

		133.454		90.6745		54.2569

		123.5		86.0287		52.5803

		114.464		81.5466		50.8799

		106.327		77.3031		49.1985

		99.0269		73.3314		47.5622

		92.486		69.64		45.9865

		86.6231		66.2236		44.4799

		81.3611		63.0693		43.0464

		76.6297		60.1605		41.687

		72.3658		57.4789		40.4009

		68.514		55.0063		39.1858

		65.0256		52.7247		38.0389

				test duration time = 0.5				test duration time = 1.5

		1		96.0607		54.3176		35.2854

		1.5		129.749		71.0241		42.9422

		2		153.59		83.5882		48.3866

		2.5		168.968		92.5986		52.2158

		3		177.763		98.7406		54.8576

		3.5		181.702		102.64		56.6187

		4		182.18		104.819		57.7209

		4.5		180.258		105.697		58.3266

		5		176.722		105.601		58.556

		5.5		172.14		104.786		58.4997

		6		166.919		103.445		58.2259

		6.5		161.347		101.729		57.787

		7		155.626		99.7515		57.2235

		7.5		149.896		97.599		56.5668

		8		144.253		95.3376		55.8413

		8.5		138.759		93.0169		55.0663

		9		133.454		90.6745		54.2569

		9.5		128.364		88.3382		53.4251

		10		123.5		86.0287		52.5803

		10.5		118.867		83.7613		51.7299

		11		114.464		81.5466		50.8799

		11.5		110.286		79.3922		50.0349		testfail = 0.2				sblam=0.1				weibull(2,1)

		12		106.327		77.3031		49.1985

		12.5		102.577		75.2823		48.3735

		13		99.0269		73.3314		47.5622

		13.5		95.6667		71.4507		46.7661

		14		92.486		69.64		45.9865

		14.5		89.4748		67.8981		45.2242

		15		86.6231		66.2236		44.4799

		15.5		83.9216		64.6147		43.7539

		16		81.3611		63.0693		43.0464

		16.5		78.9332		61.5854		42.3575

		17		76.6297		60.1605		41.687

		17.5		74.4429		58.7925		41.0349

		18		72.3658		57.4789		40.4009

		18.5		70.3916		56.2176		39.7846

		19		68.514		55.0063		39.1858

		19.5		66.7271		53.8427		38.604

		20		65.0256		52.7247		38.0389

				weibull(1,1)		weibull(2,1)		weibull(3,1)				testfail = 0.2				sblam=0.1				testtime = 1.0

				150.395		54.3176

				438.215		83.5882

				739.601		98.7406

				904.991		104.819

				915.058		105.601

				833.799		103.445

				721.981		99.7515

				612.151		95.3376

				516.437		90.6745

				437.074		86.0287

				372.545		81.5466

				320.34		77.3031

				278.008		73.3314

				243.479		69.64

				215.098		66.2236

				191.574		63.0693

				171.911		60.1605

				155.339		57.4789

				141.261		55.0063

				129.211		52.7247





Sheet1

		



ls= 0.05

ls= 0.2

ls= 0.1

type I failure rate=0.05

type I failure rate=0.1

type I failure rate=0.2

T (Test Interval)

MTTF



Sheet2

		



test duration time = 0.5

test duration time = 1.0

T (Test Interval)

MTTF



Sheet3

		



t = 1.0

t = 0.5

t = 1.5

test duration time = 0.5

test duration time = 1.0

test duration time = 1.5

T(Test Interval)

MTTF



		



t = 0.5

t = 1.5

t = 1.0

test duration time = 0.5

test duration time = 1.0

test duration time = 1.5

T(Test Interval)

MTTF



		



type I failure rate=0.05

type I failure rate=0.1

type I failure rate=0.2

T(Test Interval)

MTTF



		



test duration time = 0.5

test duration time = 1.0

test duration time = 1.5

T(Test Interval)

MTTF



		





		






_1049653652.vsd

_1049718976.unknown

_1049559552.unknown

_1049565755.unknown

_1049565964.unknown

_1049566062.unknown

_1049652410.vsd

_1049566055.unknown

_1049565894.unknown

_1049565935.unknown

_1049565763.unknown

_1049565169.unknown

_1049559388.unknown

_1049559551.unknown

_1049559371.unknown

_1047299289.vsd

_1021325026.unknown

_1026553995.unknown

_1046716090.unknown

_1046716122.unknown

_1046716198.unknown

_1046716101.unknown

_1034501136.unknown

_1046716052.unknown

_1034501111.unknown

_1026545809.unknown

_1026546530.unknown

_1026546621.unknown

_1026553929.unknown

_1026546855.unknown

_1026546603.unknown

_1026546551.unknown

_1026546497.unknown

_1026546514.unknown

_1026545964.unknown

_1021373686.unknown

_1026544979.unknown

_1026545759.unknown

_1021374546.unknown

_1021374493.unknown

_1021352276.unknown

_1021353268.unknown

_1021350935.unknown

_1021303570.unknown

_1021304399.unknown

_1021304842.unknown

_1021304600.unknown

_1021303935.unknown

_1021303020.unknown

_1021303304.unknown

_1021303549.unknown

_1021299757.unknown

_1021302934.unknown

_1021299543.unknown

