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ABSTRACT

An analog system subject to the Poisson Shock is modeled

using past performance data. Failure Dynamics of the system

is estimated by curve fittii~g techniques. Algorithms for

fault prediction in an on—line maintenance process are describ—

ed. Several sequential refinement schemes are introduced to

improve fault prediction. Some formulas and properties of

system’s statistics have been developed. A decision rule is

introduced which is based on the criteria of simultaneously

maximizing lifetime and minimizing the cost of on-line fail-

ures. Poisson Shock generator is implemented by computer for

simulation of the on—line maintenance process. The computer

simulations of a perfect, no measurement errors and identical

drifting parameters, system are presented. The simulations

of an imperfect system are studied by adding a noise to the

system performance data.
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INTRODUCTION

Fault analysis processes have been and will continue

to be very significant factors in the safety and reliability

of electrical systems. This is especially true due to the

following facts: a rapid advancement in the complexity and

size of modern systems; increased availability and capabili-

ties of computers; and rapidly changing technologies in in-

tegrated circuit fabrication. Due to this, fault analysis

has become much more than an academic research topic. Fault

analysis is applicable in an industrial environment to mini-

mize cost, extend the lifetime of the overall system, con-

trol maintenance schedules, and effectively plan manpower

needs.

The techniques of fault analysis (detection, location

and prediction) have been developed independently in two

different areas , digital and analog systems. In the last

decade, considerable fault location research has, been per-

formed in the digital system area. Preparata, Metze and

Chien (1) introduced an elegant graphical model and defined

the properties of t-diagnosable systems. This model proved

to be very powerful with the development of characterization

theorems for the system by Hakisni and Amin (2, 3). In 1973,

Russell and Kim. (4 ) extendel the Preparata-Metze-Chien

_________________ — .~..—— .—~~~_ :~~: . 
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model into a more general case. However, such a generali-

zation increases the complexity of the system.

Fault detection research for digital systems was

introducted by Patterson and Metze (6) in 1972 and by

Pradhan and Reddy (7) in 1973. Several different methods

were developed for solving the problem of real-time fault

detection in an asynchronous sequential circuit. After

1974, Maki and Sawin III (8, 9, 10) published a series of

papers discussing the fault detection and fault-tolerant

design for both synchronous and asynchronous sequential

circuits.

The use of graphical models for dealing, with analog

circuits was first suggested by Kirchhoff in 1847 (11).

Using Kirchhoff’s model, Berkowitz (12) developed his con-

cept of solvability for fault diagnosis in 1960. From the

necessary conditions for solvability , a new concept, Key

Subgraph (13), was introduced. Gayer (14) applied the Key

Subgraph concept to fault isolation in simple linear solid

state amplifiers.

Another aspect in the fault analysis process for an

analog device is fault prediction. To accurately predict

a fault, a device must be tested at periodic maintenance

intervals. If the device fails or does not operate cor-

rectly, it is replaced immediately. The device may be

assumed good if its characteristics are normal. However,

if the characteristics are slightly out of tolerance, but 
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the device still operates correctly , one can attempt to

predict if the device will fail before the next scheduled

maintenance interval. If device failure is predicted, it

can be replaced before failure occurs as part of planned

preventive maintenance.

With the advent of the low-cost microprocessor , on-

line fault prediction is possible and practical. A curve

fitting algorithm for on-line fault prediction was first

introduced by Saeks, Liberty and Tung (15 , 16, 17) in 1975.

It was assumed that prior life-time statistics for the

system under test were known. Also, performance data of

the system at each maintenance interval were collected.

The application of these data to a second order polynomial

equation resulted in an estimation of the time at which

the component under test would exceed tolerance limits.

Based on a criterion of simultaneously minimizing on-line

failures and maximizing component lifetime, a decision as

to whether or not the component should be replaced is made

at each maintenance interval.

The disadvantages of this curve fitting algorithm are:

the application is limited to failures due to permanent

overstress , the second order polynomial is too simple to

describe the performance of the component , and the prior

lifetime statistics for the component are often not available.

Another area where an extensive research effort  is

being made is shock models and wear processes. Esary , Mar- 

.
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shall and Proachan (21, 22, 23) introduced a shock model

for the life distribution of a component subjected to a

sequence of shoct’s randomly occurring in the time according

to a ‘~omogeneous Poisson process. They also considered

the related shock models in which each shock caused a

random amount of damage and failure occurred when the

accumulated damage exceeded a specified threshold. This

failure model is well known in modern reliability theory.

~nploying the Poisson-Shock model, another curve

fitting fault prediction algorithm which will overcome the

disadvantages of the Saeks—Liberty-Tung algorithm will be

discussed in the succeding chapters. In Chapter 2, an ana-

log system subjected to the Poisson Shock is modeled using

past performance data of the analog system. Algorithms for

fault prediction in an on—line maintenance process are de-

scribed. Several sequential refinement schemes have been

developed to improve fault prediction. In Chapter 3, a

decision rule is developed which is based on the criterion

of simultaneously maximizing lifetime and minimizing the

cost of on—line failures. Simulations of the proposed on- 1:

line maintenance process are presented in Chapter 4.
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CHAPTER 2

) SYSTEM MODELING

2.1 Failure Dynamics

The performance of an analog device subject to a

series of discrete shocks (switching process, improper

operation, etc...) may drift due to the shock damage. Let

C (N) represent values of a particular component parameter,

where the component time, N, denotes the number of shocks

the component has received. In order to normalize the
‘ p

value of parameter C, a 1 or 0 is assigned to a “brand new”

or “fail” stage respectively.

The normalized value of the parameter should have
p

the following properties:

(I) C (0)=1

P (I I)  C (~~) = 0 (2.1— 1)

(III) If L is the smallest

integer that CCL) 0, then

P C ( N )  — 0 V N ~ L

It is assumed that drifting parameters can be well described

by a difference equation of the following form:

C(N + 1) C(N) - f ( N )  N < L (2. 1-2)

where f(N) is the particular failure dynamics.
P

5

~ 

~~~~~~~~ ..~~ ,, ~~~~~~~~ ~~~~~~~~~~~~ 
.
~~~.



rfl -~ -— ~Tr

.1 1
.1;

6

Due to the simplicity of the calculation , it is practi-

cal to assume that f(N) has a polynomial form with order h.

That is, eq. (2.1—2) can be rewritten as

C(N ) - C(N+ l)  — a0 + a1N + . . . . + a~~ h

(2.1—3)
- h i

E a1N
i— 0

where N < L and the (aj} are constants and L is the smallest

integer satisfying the condition

L—l It
I I a .j ~ > 1 (2 .1—4 )

1—0 ~~~~~~ 
L —

Solving the difference eq. (2.1-3) with the boundary condi-

tions (2.1—1) , one obtains

N—I. h
C ( N )  — 1 — I I a~ j  if N < L

j — 0 i— 0
(2.1—5)

C(N ) = 0 if N .~~. L

L is termed the “life—time” of the component, that is, the

number of shocks necessary to cause the component to fail.

Consider a simple example where f(N) is taken to be

a first order polynomial; that is,

f (N )  = C(N )  — C(N+i ) a0 + a1N (2 . 1—6)

From equation (2.1-6) and boundary conditions (2.1-1),

C(N ) can be expressed as

~ 

J
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CCII )  — 1 — a0N - 
N (N l) a1 if N < L

(2.1—7)

C ( N )  = 0 if N 2. L

p Then the life-time of this component is the smallest integer

satisfying the equation

1 — a0L — 
L(L—1) a1 2. 0 (2.1—8)

That is,

L ~~2a0 — 
a1) 2 

+ 8a1 — 
(2a0 — 

a1) (2.1—9)

2a1

Table (2.1-1) gives the life-time of the component,

satisfying eq. (2.1—8), with different values of a0 and a1.
Fig. (2—1—1) shows the life—time curve as a function of a0
with different a1’s.

P

‘
P

P
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2.2 Poisson Shock

Shocks , received by the component , may occur randomly

in time according to some statistical process. The Poisson

process is a well-founded shock model in modern reliability

theory. That is, the probability of N shocks occuring in

the time interval t is:

k 
_ _pt (N ) = e ~ ( t) N = 0 , 1, 2 ... (2 .2—1)

N!

Where k is a given constant representing the average number

of shocks per unit time. Therefore, (kt) is the average

number of shocks in the time interval t.

Let F (t )  be denoted as the probability a component

subjected to a Poisson shock with constant k, will not fail

by time t. Then,

L-l
FCt) I

n=0

L— 1 ,~~~‘.n
— I ~~~~ ~~~ ( 2 . 2 — 2 )

n— 0 n i

Table (2.2- 1) gives the solution of F(t )  for different

values of L and (kt) . Fig. (2-2-1) shows F(t )  as a function

of (kt) with different L’ s.

- .- ---- -. -—.----- ~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ . A .  J
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2.3 Estimation of the Failure Dynamics
p

In a periodic maintenance system, the performance

data of a component is taken at each maintenance interval

nT. Thia is, (C1, C2 ...., C ) is the performance data
P

taken at maintenance times (T, 2T ...., gT). The problem

can be states as:

“Given performance data (C , C2 ... ., C ) ,  solve
P 1 g

for the constants (a 0,  a1, .., ah ) of the failure dynamics

in eq. (2.1—3) .”

Since it is assumed that the system is subjected to
P

Poisson Shock with constant k , that is the average number

of shocks in each time interval T is kT. Therefore, eq.

(2. 1—5 ) can be rewritten as:

mkT-1 0 mkT- l 1 mkT—1 h
~ 

a0j  + I a1j 
~~~~~~~~~~~~~~~~ ~ 

a~ j  = l _ C
m

j — 0 j — 0

(2.3—1)
where m = 1, 2, 3, ... ., g

or in matrix form:

p kT1 k Tl  k Tl  hI j  1 j  .... 1 j  a0 1—C 1j — 0 j =0 j— 0

2kT-l 2kT-l 1 2kT-1 hI j o 1 j  .... I j  a1 1~ C2
• j—0 j — 0 j — 0 —

. . • S ~ • S S • • S ~ • • . .

gkT-l 0 gkT l 1 gkT-1 h 
• .

1 j I j .... I ah l~Cg
j—0 j—0 j—0

P
( 2 . 3 — 2 )

P
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or

J * A = Z ( 2 . 3 — 3 )

where

kT-]. kT— 1 kT— 1 hI j ° I j  • . ..  I j
j =O j — 0 j =0

2kT- 1 o 2kT— 1 2kT— 1 hI j  I j  . . . .  I
j — 0 :j— 0 j 0

gkT-1 0 gkT- 1 
~ 

gkT-1 hI j  I j  . . . .  I j
j 0  j 0  j 0

1—C 1 a0

Z — 1 — C 2 and A —  a1

1-C ag

~Ii

The solution A can be discussed in two different  cases :
F

Ci) If J is nonsingular, then

A — * Z ( 2 . 3 — 4 )

(ii)  If 3 is singular and ful l  column rank , then

A — (J TJ) l jTz ( 2 .3— 5)

_ _ _  

I
—- . ~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~
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P 2.4 Sequential Refinement Schemes

To approximate the failure dynamics by a polynomial,

the proper choice of the order h is, in general, quite

difficult and depends upon physical considerations and the

engineering experience. Once h is preselected, employing

the technique developed in the previous section , the poly-

nomial coefficients to best approximate the failure dynamics

can be calculated. The accuracy of the failure dynamics

depends greatly on the choice of the order and can be im—

• proved by considering more measurements. To find a new set

of coefficients for a different combination of h and g,

the entire calculation procedure must be repeated from the

• very beginning. This repitition is impractical in the on-

line maintenance system. Therefore, sequential refinement

schemes for obtaining new sets of coefficients without

• having to repeat the entire calculation will be developed

f or the case in which g and h are allowed to vary. It

is assumed that the coefficients matrix A , found from the

O last section for an h order polynomial with g measure-

ments, are solutions for eq. ( 2 .3— 2 ) . Three typical cases

will be considered in the succeeding paragraphs.

0

$

S

-=. A
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Case 1:

Suppose that an additional measurement Cg+i is taken

at the next scheduled maintenance interval (g+i)T, then eq.

(2.3—2) becomes:

kT— 1 kT— 1 kT—1 1
I j 0 I j 1 . . . I ~h a0 ’ i—c 1j—0 j—o j—0

2kT— 1 o 2kT-l 1 2kT— 1 hI j  I j  . . .  I a1 1—C 2j—0 j=0 j—0 
—

gkT-1 o gkT-l 1 gkT- l hI j £ j . . .  I j  1—C
j—0 j—0 j=0 g

ah - -- -
(g+l)kT— 10 (g+1)kT-1 ~ 

(g+l)kT- 1 hI j I j . ..  I j 1—C~~1j—o g

(2.4—i)

or

rz
—: * A — (2.4—2)
3 LZ

where .7 and Z were defined in eq. (2.3-3)

(g+l)kT— l (g+l)kT-l (g+l)kT-1 hI I J].
• • •  I

i— 0 j — O j— 0

A — EaO al . . .a h]

z l<g+l

~ 

~~~ -,-, . -
, .- - 

~~~~~~~~~ J
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The matrix A can be solved as:p

A ~JTJ + ~T ) 1 (JTz + 
T~) (2.4-3)

To avoid the calculation of a new matrix inverse as indica-
‘p

ted in eq. (2.4-3) a sequential algorithm (24, 25) may be

used to update A. That is , assume

• p — (JTJ)~ 1

is given, then from eq. (2.3-5)

A _ P J TZ

‘P and ,

(3
T3 + ~~~~~~ = p - ~~ T (;~~ T 

+ I) 1JP (2.4-4)

Therefore,

A — p — p&T (&p3T+ :) 1JPC JTZ + ~T~) (2.4-5)

— A + P~
T { 1_(JpJ T~ 1) l~~JT} ~ -

P using the identity

— (J.pjT + I )  ~j p j~ — (~pJT + I)~~ (2.4—6)

• 
Eq. (2 .4 -5 )  becosss

A — A + p3T(3~p~T + 1) 1 (Z-JA) . (2.4—7 )

Notice that the manipulation of the matrix ~J~JT 
+ I) 1

0 is a simple scalar inversion .

P

P

5. ~~~~~~~~~~~~~~~~~~~ . . ~‘ ~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~ ,. .~:
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Case 2:

Suppose an h order polynomial has been used and it

is then determined that the error is too large. It would be

more desireable to use a higher order, H, polynomial without

having to repeat the entire calculation. Then, eq. (2.3-2)

becomes :

kT-1 kT-1 1 kT-1 h kT- 1 HI j ° I j . . I j . . I j a 1—C 1j — 0 j =0 j— 0 j =O °

a1
2kT- 1 2kT-1 1 2kT— 1 h 2kT-1 HI j° I ~~.. E ~~.. E j  1—C 2j—0 j—0 j=O j—O . = 

a~
gkT— i. 

~ 
gkT-l 1 gkT-1 F gkT-1 HI j I j  I I j  aH 1—C

j — 0 j =0 j — O j 0  g

( 2 . 4 — 8 )
or

A
A l

JI —
~~~~

— = Z (2.4—9)
I ’ J B

where 3 and Z were defined in eq. (2.3-3),

kT-l kT-l HI ~h+l . - .  • I
A j 0  j — 0
.7 .. S S S

gkT-1 h+1 gkT-1 H

j—o S S j=O 

— ~~~~~~~~~~~~~~ — —---- — ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - ..-.~— 
- 

~
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p
a0 ah+l

A 

a1 
A 

ah+2

0 A —  and B

ah a0

• Assume A is the solution for the eq. (2.3—5) , that is ,

A — (JTJ) 1JZ (2.4-10)

The new solution matrices A , B can be expressed as

{:] <[;] 
~~~ ;2)

_l 

[:] ~
• (2.4—11 )

A 1

0 
a 

z

S

$

$ 

-,- .- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~ - — ——
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In order to improve the computational efficiency , an

algorithm (24, 25) may be used to compute the matrix inverse.

That is, assume

p — (JTJ) l

E — (2 . 4 — 1 2 )

p — J J

Then ,

rp_ 1 
E l

3T~~ LE
T 

F J

-

‘ 

. rPCI+ E SETP )  PE~~
T 1 (2.4—131

L-SE P SJ

where,

S = (F_E TPE) l

A T A  AT  T A _ i
— (J 3 — J JPJ 3) (2.4—14)

The new solution for B is found as follows using eq. (2.4—11)

and eq. (2.4—13)
A T T AT
B — -SE P J Z + S J Z

— JPJTZ) ( 2 . 4— 1 5)

— s3~
T
~z — JA)

The solution A is found in a similar way, i.e.

- .  _ ‘:- . ~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~ — ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ J



A — P(I+E SE P)J Z - PESJ Z

- pjTz + PESETPJTZ - PESJTZ

(2 .4—16 )

— A - PE(SJTZ - SETPJTZ)

p T A A

- A - P J JB 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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Case 3:

Suppose the order of the polynomial h is chosen to

equal g, and whenever an additional measurement is taken at

next maintenance interval, the order of the polynomial will

be increased by 1. Then, eq. (2 .3 -4 )  becomes :

kT-l kT—l 1 k’P-l kT—i 1 a0 1—C 1I j  I j . . .  I ~g, I
1—0

2kT-l
I I I 1g’ 

~ ~g+l a1 1—C 2
j—0 - j—0

. . . —

gkP-~l o i gkT-]. i gkT-l
E j  I j . . .  I 1

g a i—cg g

(g+l)kT-l 
~~ 

(~~1)~~’-1 ~ 
(g+1)kT—1 Cg+l)k~—l 1I I j  ~g, I j1

~ 
ag~] g+1

1—0 1=0 • 1=0 1—0 .

or (2 . 4 — 1 7 )

3 ~~~ H A 
—“ . —— —  — — —  = — — —  (2 . 4 — 1 8 )

G j

A A A

where J, z were defined in eq. (2.3-3), 3, A , Z were defined

in eq. (2.4-2) with h — g, and , 

——---— 
-: ----- _. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -
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1—0

2kT-1
p I

t H =  j=0

P gkT~l g~1

j =0 
-

P
G (g +1) kT-l +1 A

£ 1
g and B = a g~ 11— 0

• That is the matrices A and B can be expressed as

A

A 3 H i Z

• = - (2.4—19)
A A A

B J G

A similar algorithm as used in case 2 can be employed (24 ,
•

25). That is,

H 3
1(I +HSJf 1’) -f 1HS

— (2. 4—20 )
• A A —l.7 G -SJJ S

where S — (G - J3 10) 1

$

S

- ~~~~ 
. -  ~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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From eq. (2.4—19) and eq. (2.4—20) , the new solution A , B

can be solved as :
A 

A — 1 A

B=—SJ J Z + S Z

= S( Z  — JA) (2 .4—21 )

A —1 A _ i  —1 A

A — 3 (I+HSJJ ) Z - 3 HSZ

— l —1 A _ i  A

= 3 Z + J HSJJ Z - J HSZ

A A _i

— A — 3 ~H ( S Z  — SJJ Z) ( 2 . 4 — 2 2 )

_ l A
a A - J  HB

_____________ -c.-. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~ ~. ~~~~~~~~~~
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CUAPTER 3

• FAULT PREDICTION

For the fault prediction algorithm it is assumed that

the value of a component, drifting due to shock damages, is

known at a fixed set of points in the “time domain”. Using

this data, one estimated the unknown failure dynamics for the

parameter. This is then used to compute the component’s h f  e-

time in the “shock domain”; that is, the number of shocks

required to cause a failure.

In the following paragraphs some formulas and proper-

ties of component’s statistics will be developed. Using esti-

mated lifetimes, some decision rules will be introduced to

compute the optimal time at which to replace the component so

as to minimize the cost function. Several terms are defined

as follows:

p (1) L : The component’s estimated lifetime in the shock

domain; i.e. the number of shocks required to

cause a failure.

P (2) Tr : The optimal time at which to replace the component

so as to minimize the cost function .

( 3) Pf : The probability that the failure occurs before the

P replacement time Tr I

~~ ~
‘.r : The probability that the component is replaced

by a new componcnt at replacement time Tr ; i.e.

P the probability that the component ’s lifetime is

longer than Tr~
25

P

- —  —~~~~ - - .  - -. -— 
, . 

— —
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~~ f L (t ) : The probability density function that the

component receives the Lth shock at time t,

where 0 < t ~ T.

(6) Tf : The expected lifetime of components which

failed before replacement.

(7) ‘P : The expected lifetime of components which

either failed before Tr or were replaced at

(8) T* : The expected lifetime of components; i. e.

T* T] ‘P -
~

Let pi(t) represent the density function of the Poisson

distribution with parameter (kt) and EL(t) represent the

corresponding distribution function; i.e.

i
Pi (t) — 

~~~~~~~ 
e~~ t i — 0 , 1, 2 , .... (3— 1)

L-l
• E

L
(t) = I p . ( t )  (3—2)

i=O 1

Several properties can be stated as follows:

(prop 1) 
~r EL (Tr )

L-1
P — I (kt) i 

e ~kTrr 
~~~~~~~

L-l
— £ 

~i~
’Pr~i—0

=EL ( T )

(prop 2) Pf — 1 - EL ( T )  (3 4) 

— .--~~ .-—... ..-__ , , 
... . 

- 

- . - - — , 
~1.
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P — E p ( T )
i—L i r

L—l
— 1 —  I Pi (Tr )

i—a
— 1 - E~~(T~ )

(Prop 3) 
~r + Pf — 1 (3 -5)

(Pr op 4) ‘P
• f r  p~~(t) dt — (1 — Ei+i(Tr

)} (3 —6)

i :r p~~(t) dt _ f:r 
(
~
t)
~i e~~ t

— 
~~T f:r t~ e~~ t dt (3 -7)

P Using the identity eq. (3-8)

f 1~m ea~
c dx - e~~ (_1)r ml ~

m
~
r

r—0 (m-r) I

• (3 —8 )

Eq. (3-7) becomes

• ‘P i if r 
~ 

Ct) dt — !~-_j- e~~
t t (_1)r ~ ~i—r lTr

0 (i—r)! C—k) Jo
i—r

—k.0 ii -kT ~ ~ ‘P
• =IT e - e r E  

( i—r) l kr-f l

—r
r E  r

r—0 (i—r) 1

: 

_______________S. 

~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
, 

, -
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= — ( 1 — e  r £ r
j—0

1 1.
= — ~~

. {]. — I p . C T ) }

= —i. (1 —

p 1 (t)
(Prop 5) fLCt) = 1 

L ~ . (3 9)
‘k 

(l_E
L(Tr))

where O < t < T

If the interval (0 , ‘Pr ] is divided into N subinter-

vals, it is seen that

Prob [( i — l ) .~ < t < i ~~] — —
~~~ 

(3—10)

where~~~a -_ ~!~

Assume ~ is small enough such that the probability of more

than one shock in the subinterval ( ( i — l ) t ~, i~] is equal to

0. The probability of one shock in the subinterval ((i—l)t~,

i~] is equal to k~, where k is the constant rate of Poisson

shocks.

For a given t in the subinterval ((i-l)1~, ia], the

probability of the Lth shock in this subinterval is:

— ,~~~~~-~~~ - -‘-—~..--—--- . 
~~~~~~~~~~~~~~~ ~~~~~ . =—~~~~~ —--—--- . .-- :~~~~~~~~~~~_ ~~~ ,

-= —‘i’.- . • - - ..:.
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Prob {Lth shock occurs in
I,

((i—l).A , it& / ( ( i — 1 ) ~~ < t < is) )

— Prob((L—l) shoqks occur izi (0, (i-l)~~J }
P

* Prob {one shock occurs in ((i—l)~~, is))

L-i
P — 

[k ( i—l) ] 
*

CL— i) I

— p 1( ( i — l ) A )  * kt~ (3—li )
P 

L

From Baylar theory,

Prob ( have Lth in (Ci—i )A , i~~] }  
-

— 
Prob{Ci_l)~ <t~i~}*

N A

I Prob{(j_l)Mt~.j~ }*
1—1

• *prob {Lth shock occurs in ( ( i— l ) M t ~ iA J ( i— 1)Mt ~ i~ }
*Prob{Lth shock occurs in ((j-l)~ < j ~/Cj—1)~ <t~jA}

— ~~ ~L—1~~~~~
1
~~~ 

kti

E i~ &‘L_l~~
u l

~~~ 
k~

1— 1
•

P

- . ~~~~~~~~~~~~~ —~~~- .- -- — . •— --  ~—~~-~~~~- ~~~~~~~~
-

~~~~~~~~ -—- =—-
~~ - — -~~~~~~~~~ -~-—
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— 
(3—12)

N
I 

~L—i 1
~~~~~1— 1

Since A is very small , two approximations can be made as
follows:

Ci) (i—1Y&~t

(ii) Left hand side of eq. (3-12) is approached to

fL(t) *

That is, eq. (3-12) can be rewritten as

p 1(t)L
N
£

j —l

If A • 0, by definition of the integral the summation
becomes an integral, such that

~L—l Ct)f L (t )  — 
‘P A A (3—14)

ç 

r pL_l (t) dt

~o

______________________________________ • ~~~~~~~~~~~~~~~~~~ L i ~
-
~~~ . L -~~~~~ - .
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From (Prop 4 ) ,  eq. (3-14) becomes
P

— ~L — l ( t )

E (l
~ EL (T ) )

(Prop 6) * 
~ - EL+1(Tr )

1 - E
L

( T )

• Since is the expected lifetime of the components which
failed before replacement ,

• ~ 1r ~ 
fL(t) dt

‘P t p _ 1(t )L

• ~ ~
•{ l_E

L (’Pr
) }

/‘Pr
t~~ (kt)~~~ -kt

= 0 (L—1) I °

(1 - E
~~

( T ) }

L (‘Pr (kt) L -kt
• ,~~~~)o Li e dt

~~~
- {l

~ EL (Tr ) }

L *çr .p L (t ) dt
— (3—16)

( 1 —  EL (Tr ) }

: 

_____________ 

_
~~~~~~~

. :~~:T :~~~~~~~~~~~~~~~
‘- J
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From (Prop 4), eq. (3-16) becomes

L 1l - E  ~(T)L+~. r
f k il — EL(Tr

) }

A 
L

(Prop 7) T = — {1 - EL+i(T)} + ‘Pr EL C T )  (3—17)

A

T — P  T + P  ‘Pf f

= (1 - E
L

(T )} *  * 
~ = :~~~~~~

r) 
+ T EL (Tr )

= — (1 - EL+h ( T ) }  + ‘Pr EL ( T )

* 
L

(Prop 8) r = — (3—18)
k

i—l (kt) 1
E~~ (T ) ]  = I e_kt] ~ 0r 

‘Pr~~~ 
j—0 ji t=~~

i. e. The probability of having a f inite number of

shocks in an infinite time period is zero .

* 
A L

T = Ti — {l - EL+l (T ) }+T EL ( T ) ]
r r

L
-_ ;

(Prop 9)

d(Pf)(1) = 
~L—l ”P r~ 

(3—19)
d (kTr)

~~~~~~~~~~~~~~~~~~~~~~~~
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d(P )

• (2) r — 
~L—1~

’P ) (3—20)
d(kTr) 

r

— EL (’Pr )

— 
L-l (kTr)

i 

e~~
’Pr -

i—0 ii

P ‘ _ e~
CTr + — 

r e~~
’Pr

i—i ii

d(P  —k L— 1 i (k’P ) i_ l (kT ) i
r — — e  T + £ { r 

- 
r } e ~~ ’Pr

• d(kT ) i—i ii ii

L-1 (kT )i 1  k’P 
L-l (kT )i

— £ r e r - I 
r e~~

Tr
i—i (i—i) I i—a ii

•
a E L i  ~~~ EL

— L-l~
’Pr~

S

~~Pf 1 -

d(Pf)• .
~~ 

— PL_l(Tr)

d(kTr)

(Prop 10) {
i_E

L(’Pr)}PL(Tr
)_{i;EL+l(Tr)}PL_l (Tr)

• d(kTr) [l
~
EL(Tr)]

(3—21)

• 
I

~~~~

_ _ _ _ _ _ _ _ _ _ _ _



L1~~
- - —- — 

- ~~~~~~~~~~~~~~~~ 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

- - - -‘- ,—w~ 
-“ ‘

34

k~f
_ L * L+l r

1 — EL(Tr)

d(kTf) = L * 
{
l_E

L(’Pr)} ~L~
’Pr~ 

- {
l_E

L+1(Tr
)} ~L-l~

’Pr~
I

; 

d(kTr) (1 — EL (Tr ) } 2

d(kT)
(prop 11) EL(T ) (3—22)

d(kT ) r
r

A L
I a — (1 - EL+l ( T ) }  + ‘Pr EL(T)

A 

kT— L~ {h - EL+l (Tr
) }  + kTrEL(Tr)

d (k’P)

d(kTr) 
a L {P L (’Pr ) }  + kTr

(_p L_l (Tr)) + E
L

( T )

— L 
~L~

’Pr~ 
- kTrPL l CTr) + EL(Tr

)

Since,
. (kT )
L PL(’Pr

) L * r e~~
’Pr

LI

(kT )
L_l

r
r (L—1) l

— klr PL_l (’Pr
)

A• d(kT)
S

.

. — E ( T )
d CkTr) 

L r

—
~~~~.~

:--
~
- 

~~~~~~~~~~~~~~~~~~~~~~ 
-=- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ —
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Once the estimated failure time and statistics of the
P component under study have been computed it remains to make

• a replacement decision. This should be based on the proba-

bility of the component’s failure ~Pf ’~ the cost of replac—

ing the component “CR”I and the cost of an on-line failure

“Cf”. That is, the cost function to be optimized can be

expressed as either
P

1
Cost — —

~~
- (CR + CfPf) (3-23)

‘P

or 
-

Cost — CfPf+ CRPr (3-24)

One possible replacement criterion is based on the

• cost of an on-line failure and average lifetime wastage due

to replacing the component before its actual failure.

p Cost = CfPf + cw(kT kT) (3 25)

where Cf and C~ are two weight constants . The first term

of eq. (3—25) represents the cost of an on-line failure and

the second term represents the lifetime wastage. The re-

placement time ‘Pr which simultaneously minimizes the cost

of an on—line failure and lifetime wastage should satisfy

eq. (3—26) or eq. (3—27) .

°~~f 
PL~l

(Tr) — C~~ EL(Tr
) (3—26)

•

•

________________________ 
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therefore,

C (kI L-l L-2 (k’P )
C__i — 1) * r 

- = £ r 
(3—27)

CL—1) I i=0 ii

Table (3-1) gives the replacement time kTr with

different weight constants (Cf/C~) and different estimated

lifetimes. rig. (3-1) shows Tr curves being a function of
L with different (Cf/Cw).

11

‘i- ’
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CHAPTER 4
P

SIMULATIONS

P 4.1 Poisson Shocks Generator

To generate a series of Poisson Shocks for the

simulation of an on-line maintenance process by computer,

p uniformly distributed random numbers are needed. A linear

congruential method (26, 27) can be used to generate num-

bers uniformly distributed on the interval (0, 1) by

P computer. That is, if the following relation exists bet-

ween a set of numbers {X
j}

X~~~1 
— CX *(2~+1) + b) mod in 

(4.1—1)

where saQ /2 , r n = 2~

Q = the number of shift register bits

• in the computer

and b = any odd number

then, the sequence {X
j
} is of period m and 0 .~~ Xj  .1 rn-i.

If each Xj is adjusted to the range (0, 1) by dividing

by in; i.e., ui = xi/m. then Uj is a sequence of uniformly

distributed random numbers between 0 and 1. That is,
P

Pu~
1) = 1 ( 4 . 1 — 2 )

where 0~~~u~ 1

• In order to convert the uniform distribution U to a Poisson

distribution N, assume:

J
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y — — in (i—u) (4.1—3)

or

u = 1 — e~~~
’ (4 .1—4 )

where y > 0

and k is a positive constant.

By the change of variable method (28, 29 ) , the probability

density function, ~~~~~~~ becomes

p Cy ) = p (u) *1 
~~~~~~~ I

y ( 4 .1—5)

— l  *k e kY

Let y represent the time interval between shocks , i.e.,

the times of successive shocks are y1, y2 etc. Then ,

the distribution of the number of shocks, n, in a period

‘P can be solved as follows:

Prob(N=n) = Prob(y 1+y 2 ~~~~~~~~~~~ ~ T)
(4.1—6)

-Prob(y1+y2+....+Y~ ~ T)

From eq. (4.1-5) it can be seen than Y is distributed as

~ 2 m
½*E (x with 2 degrees of freedom) and £ y4 is distributed

i—h .j

as ½*~ (x 2 with 2m degrees of freeedom). Therefore, (30)

eq. (4.1-6) becomes

Prob(N—n) — Prob (X22(~~1) ~ 2kT) 
- Prob(~

2
2~~

> 2kT)

_ _ _ _ _ __ _ _ _ _ __ _ _ _ _ __ _ _ _ _ _ __ _ _ _ _ __ _ _ _ _ __ _ _ _ _ _ _  _______ - 
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I 

— ~ e~~
’P (kT)1 

- 
n—i e 1

~
’P (kT)

1=0 ii j i
- 

(4.1—7)-

~ — e kT 
* (kT)~-

- ni

• Hence N has a Poisson Distribution with parameter (kT) .

Therefore, shocks that occur according to this Y distribu—
( tion are called Poisson Shocks.

H
I

•

p

•

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ _ _ _ _
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4.2 Simulation of a Perfect System

The computer simulation of a perfect (no measurement

errors , and identical drifting parameters) on-line mainte-

nance system can be performed using the following steps:

Step 1 Define Constants

(1) 1: maintenance interval

(2) k: time constant for Poisson Shock i.e.

average number of shocks per unit

time.

(3) x0: seed for uniform distributed random

number generator

(4) C~ /C,
’.,~
: the ratio of two weight factors

Step 2 Generate Poisson Shock

(1) Generate Poisson Shock y1, y2, y3....

(2) Calculate number of shocks received in

each maintenance interval n1, n2, n3...

Step 3 Define Values of Component Parameter

(1) C( 0 )  1

(2) C(i) — aj where i is an integer and

0 < i < L and 0 < a~ ~~. 1

(3) CCi) = 0 where i is an integer and

i .?. L -- L is the lifetime of the
component in the “Shock Domain”.

- . - -~~~~
- _

~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~ 
:— - :~~~~~~~~~~ : ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - ~~. ~~~~~~~~~~ •~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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• 
Step 4 Observe Component Performance at Next

Maintenance Time ml

(1) At maintenance time = mT , the total

number of shocks received are N - n . ,
3.

therefore the performance data

C
~~

= CCN)

(2) Case 1: If Cm — 0 , then an on-line

failure occurs .

GO TO STEP 9

p Case 2: If Cm > 0, then the component

performs properly.

GO TO STEP 5

p Step 5 Calculate Failure ~ynamics

The new set of constants (ai}of the failure

dynamics can be calculated from eq. (2.4-23)

• and eq. (2.4—24)

Step 6 Solve Component’s Lifetime

The lifetime of the component is then solved

• from eq. (2.1-5).

Step 7 Estimate Component’s Replacement Time

The replacement time, ‘Pr’ can be predicted

• from eq. (3—27)

Step 8 Make a Decision

Case 1 : If ‘Pr 
< (m+1)T, then the component

• will not be replaced.

P 

— -  -- -  — - -.-.•- —-
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GO TO STEP 4

Case 2: If ‘Pr > (m+ l)T ,  then the component will

be replaced.

GO TO STEP 9

Step 9 Replace component

Replace the component and reset the count

in to zero

GO TO STEP 4

L. ~~~~~~~~~~~ ~~~~~~~~~~~~~ -~~ ~~~~~~~~~~~ ~~~~~~~~~ -~~~~~~~~ ~~~~ - 
~~

-_ _
~~~~~~~~~~~~~

-. 

~~‘ •~~~~~i



~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~ 

V

45

Example :

The computer simulation of a on-line periodic main-

tenance system is performed for 600 maintenance intervals.

Assume the system is subjected to a Poisson Shock with con-

stant k—0.l shocks/hour and each interval T is 20 hours.

The normalized values of a drif ting parameter due to shocks

damage are as followings :
p

C(0) — 1.0 CC14) — 0.9CC1) — 0.998 CC15) — 0.89- 

p C(2) — 0.995 C(16) — 0.88CC3) — 0.989 C(17) — 0.87C(4) — 0.982 C(18) — 0.85p C( S) — 0.975 CC19) — 0.83CC6) = 0.968 CC20) — 0.8

C(7) — 0.96 C(21) — 0.75
• C(8) a 0.952 C(22) — 0S68

C(9) — 0.944 C(23) — 0.6C(10)— 0.936 C(24) — 0.5

• C(].l)— 0.927 C(25) — 0.35

C (32)— 0.918 CC26) — 0.2

C(l3)— 0.909 C(27) — 0.05

• and , C(N) — 0  if N >28

Table (4.2—1) gives total number of replacements and failures

within 600 maintenance - intervals with different values of
P

p 

~
:- • - - :~~~.
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Cf/Cw Table (4.2-2) shows the total number of replacements

and failures with different replacement times.

Since the cost function is

Cost = Cf* Pf + C~~ (kT
* 

- k~)

the overall cost can be expressed as

CfCost = * (No . of failures)
Cw

+ 0.1 * (280*(No . of components used) — 12000):

The overall cost with different methods and different values

of Ci/CW are given in Table (4.2 3).

- .i — 
. 

- _
_ ._ ~~~~~~~~~~~~~~~~~ ~~~~~.
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Table (4.2—1)
P 

Total replacements and failures within 600
maintenance intervals for different Cf/C~q

P
cf~’c.’., t~o. of replaom~nt ~~ of

p 50 48 7

75 56 1

100 52 2
p

150 54 2

200 54 2

•

•

P

S

S

S
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Table (4.2—2)

Total replacements and failures within 600 maintenance
intervals for methods of constant time replacement

No. of r~~lac~nent No. of failur

every 6 intervals 100 0

every 7 intervals 85 0

every 8 intervals 75 0

every 9 intervals 65 1.

every 10 intervals 59 1

every II intervals 48 6

every l2 intervals 39 U

i.. - 
- 

~~~~~~~~~~~~~~

- - - - —- - -—
~~~~~~ 

• 
. 

-
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Table ( 4 .2—3)
p

Overall cost with different methods and different

p
50 75 100 150 200

1600 1600 1600 1600 1600

1096 1096 1096 1096 1096

P
900 900 900 900 900

698 723 748 798 848
p

530 555 580 630 680

• 
612 762 912 1212 1512

750 1025 1300 1850 2400

S

t1~ algoritlin 690 471 512 668 763

S

S

S

- . -  _ _ _ _ _
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4.3 Simulation of an Imperfect System

The computer simulation of an imperfect on-line main-

tenance system can be performed by modifying the previous

algorithm. Instead of using the sane set of C(i) for every

component, a noise is added into C(i) such that the lifetime

of each component may not be the same but the average life-

time is still unchanged.

The total number of replacements and failures with

Cf/Ct; = 100 in 600 maintenance intervals are solved by using

different methods. The results with different noise levels

are showed in Table (4.3-h) .

Table (4.3-2) gives the overall cost with different

methods and different noise levels.

- - -- ----.-. -

~ 

— — — -
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Table (4.3—2)

Overall cost for different methods at different
noise levels

r~ ise
level 0 %  2 0 %  3 0 %  4 0 %  6 0 %

i~ tk~ d

iS 
1600 1600 1600 1600 2200

1096 1096 1096 1280 2008

900 900 1200 1300 2128

748 848 948 1376 2432

every 10 580 880 1380 1980 2364

912 1340 1340 1340 2452

1300 1728 1828 1984 2612

tbe algoritlin 512 752 980 752 1608

- . - . _______ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~ 
-
..•
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CHAPTER 5

CONCLUSION

In the preceeding chapters we have described a fault

prediction algorithm for on—line maintenance systems. This
P

algorithm essentially can be separated into three major steps:

1) applying a curve fitting technique to solve the failure

dynamics by using past performance data, 2) predicting the
p

lifetime of the system in the shock domain from the failure

dynamics, 3) estimating the replacement time which simultan-

eously minimizes the cost of an on-line failure and lifetime
p

wastage. In addition, sequential refinement schemes have

been developed to solve the problem of inverting a potentially

high dimensional matrix . Thus without having to repeat the

entire calculation, the new sets of failure dynamics can be

obtained recursively based on the old estimates and new data.

The algorithm has been tested in a variety of situa-

tions such as: perfect and imperfect system, different levels

of noise, different sets of Poisson shocks. The results have

been found to be surprisingly effective in predicting failures

with relatively little wastage of lifetime and on-line fail-

ure cost.

Finally, similar algorithms for the replacement cri-

terion based on the cost functions of eq. (4.1-23) and eq.

(4.1-24) have been studied using the properties introduced

in chapter 3. These algorithms yielded very good results.

j
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// FOR ~~X 01 JW 77 23.409 ~~*LISPALL
*IQ~~(~~1~ ,fl~SI(,].443 PR~~1ER)

*~I~lpaDc~~~ PR~GPN49JsgxyrnE ~~~~~~~~~~~~ c~~,M,N,K)
C.

p C. ~~~S IS $i8~~J~INE ~~L’RIX
C. ~M(M,N) ~~~1(N,K) Q4(M, K)
C. I~~~~l ~~~M+~ I
C. I~O~kE-2 Q4iM-~4C. I~~~~3 Q~~M~~4C.

DD ICXI M(20,20) ,~~4(20,20) ,c~4(20,20)
) 100,200,300

.L(,0 ~~ fl’D~JEDO 10 I’l,N
DO 10 J~l,N

~ i~M(I J) + a4(I,J)
10 a~ rIMJE

GOW4 00
200 Q~fl’I~EDO 20 I*l,N

DO 20 J’l,N
C1(I,J) )~M(I,J) — ~~ 4(I,J)

20 ~~ rII~ZiE
~~~~~ 400

300 TI~R3EDO 30 I”l,M
DO 30 J~l,K

• 
04(I ,J) = 0.0
DO 5 L~”l,NC4(I,J) = a4(I,J) + N4(I,L)~a4(L,J)

5
30 O2I1’D~JE400 c~ ITI~ JE

• ~ v1TJ1~
1/ FOR ~i~ r 01 JtV 77 23.412 __

*~~~~~ (~~~~,DISK, 1443 PRIN’~~ )*LmTML

• ~~~~~ flhI~X~ iG
flI~~~R Q~,PR
DD~~EIU4 AM(20,20) ,~~1(20 ,20) ,O1(20,20)
DD~~~IU~1 iasJK (3000) ,aI(40)
DD~~~I~Z4 E(l,20) ,H(20 ,1) ,A(20 ,l)
DI~~ GI~V C(20,l) ,FIN(20,20)

• DDeSIc1~ LUi(20,20),IXM1(20,20)DD~2~Ic1~I E1142(20,20) ,FINEW(20,20)

i1111&k ______________________________ ______________ ~~~~~~~~~~~~~~~
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Dfl4~~ IU9 bEK (600) , T~*~~~ (600), ~~ (20)E~~JIVAU2~~~(FIN(l ,l),TSHUK(1) )

~~ JIVAL~~~~ (FIN~~ (1,1) ,TSHUK(401) ,IX~l2(1,l))
E~ JIVAL~~~E ( I1l~41(1,1),TSHLJ1~(80l) )

~~JI~ThL~~~ (1111(1, 1) ,TSHUK (1201) )
E~ JIVP~Ifl~~(A(1,1),T~IUK(160l))E~ JIVAL~~~E(H(1,1),TSHUK(162l))
~~JIV~L~~~ C E(l,l),TSHUK(l64l))
~~ JIVAL~~I(C(l,l),TSHUK(166l)
~WIvM~~~~ (ce( l) ,TSHUK(168l) )
E~ JIVALE~~E(C4(1,l) ,TSHUK(170l) )
E~~XLVAL~~~~ (N4(l,l),TSHUK(2l0l))
~~~~~~~~~~~~~~~~ ,TSHUK(2501))
~~ JIVAL~~~~ (OI(1 ) , TSIEK(290l) )
cR=5
P R 6

C.
C. ‘niis s~~ria~ Is ‘it ~~~~~~‘iEi ~~issc~ succi
C.
C. S~~~ !I!E ~~~~ FOR 1~~ R. N. (~~ ERA1OR

1~ AD (CR, 9101) ~~~9101 FOR~ 1’(F 5.0)
C. ~~~~ ~P RANXM NU~~~~ ‘it ~~ G~~ERAT~~

~~ D (cR,9l0l) N1~1D
9101 p 14)
C.
C. INPUT THE ~~~~/ATICX~ PERIC*) ‘I?DC.

~~~D(CR,90l) ‘~~D
901 FO~~T(F].5.5)C. TC.~IST TII’E ~~ ET~JNT

lEAD (CR, 9101) ‘IQ~ET
~~~r=TPDt~~~~rwRr1~(PR,9l06) ~~~9106 FO~~T(1H , ‘

~~~~~ ~~~ FOR 1~E RAND(14 I~Z). IS ‘ ,F5.0 )

WRt~~(PR,9107) NR~I1D9107 FOR’WI’ (I.E , “fliE t~K). Q’ Poissa~ SW~CK ‘it HE ~~~ERA1~~ IS ‘,15)
WRflE(PR,9108) ‘IU~JST

9108 FOR~T (ill , ‘AVE. ~~). CF ~~10CK P~~ CESERVATICt’I PERICI) IS’ ,F5 .0)C.
C. X(N+l)=(X(N)*AN +~~) I’VD a~C. X(N) IS R.N. N(0,l6383)
C.

DO 9115 D~~~~l,Nl~D
AN—l29.0
ai—ul.o
CI—l6384. 0
S1~~~~ *AN +~~~~~

S2.S1_IS*c,I
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• C.
C. ~~~ ~~R’OLIZ~~ R. N. N(0,l)
C. T~ U~ IS IVISS~I~ ~~~ K
C.

‘iJJ.JK(INi~lD) = C— aE’r)*Au)G(l_SEEp,)
S 9115 C~ fl’DL1EJC— (N~~D-l) /10 +1WRITE (PR, 9130)

9130 FOI~~ T(lH , “flE SEI’ CF POISSCt~ SWJCK APE ‘)
DO 9125 31, JC
LL~’ (.7—1) *l~ .l

• L&I.J*10
WRI’1E(PR,9l35) (TSHUK(I) , I=LL,LH)

9135 FOR’~~ (I.E ,lO (F].0.5,1X) )
9125 aNrn&E
C.
C. wiwr ~~~ ~~SElWATI~V PERIcO TPD

• C.
WRITE (PR, 910) ~~D910 FOI~IAT(1H ,“THE C~~~~/ATICt1 PERICO IS 

‘ ,F15.5)
1.0
.7—1

• 925 S~~ ’0.0915 1.1+1
~ ‘(I—N~~D) 918,918,930

918 SUzWrSHUK(I)+SLZ4
~‘(StIi-’TPD) 915,920,920

920 ~ ‘(J—600) 924,924,922
S 922 WRI’IE(PR,923)

923 FOR~ .T (10 , ‘1~~ D~ 4~ EICI~ CF NSK ARRAY IS ‘10 ~~~LL’)
GO TO 930

924’ !~EK(J) — I—LL—l
LL~I—lTSHLJK(I) — StI*-TPD

• I—I—i
J-J+1
GO ‘10 925

930 ~~~ T~sJ—1DO 940 I~J,600940 I~EK(I) 0
• WRrIE(PR,945)

945 FORI~T (10 , ‘THE ~~ ). CF S~~X2( AT E~~QI OB~~~~~~JATICX4 PERICO APE ‘)
JC— (~~,wr—l) /10 +1DO 950 Jl,3C
LL.(J_1)*10 +1
LII.J’*lO

• WRI’IE(PR,946) (I~EK(I) ,I’.LL,LH)

S
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946 FO~~~T(lH ,lO (15,2K))
950 CU~INLEIa~P 5

DO 100 IC—l,12
IQ~~ I~ W +1
WRITE (PR, 101) I~ W

101 FOW~T(/////, ’ pEpIco ‘ ,14)
ICslpIuO
1911. 0
DO 105 I—1, c~Wr
I~ WT.I~ lPF +1
IS11.ISLM4~~ K(I)
IF(ISU4—28) 110,120,120

110 IF(Ia~PT—IaIP) 105,111,111
111 WRITE(PR,115)I

115 FOIIIAT(’ AT 1~~T POfl~1~ ‘,I5,’~~ L~~ ’)Iaw’1~’oISu~~o
GO TO 105

120 WRITE(PR,].25) I
125 FOl~lA~ ( ‘ AT ‘i~~r POINT ’, X 5, ’ FAn ’)

F 1911. 0
IC~P T 0

105 ~~~~INtE
• 100 ~~7PD~.E

C.
C. INPTJ~ ‘1~~ QIARACIERISTIC CF ‘1’~E DEVICE
C.
C. C ( 0 ) — l
C • C (N+l) AIJ~YS tzss THAN C (N)
C. 4 ~~~~ CA~~S Wrfl1 lO (F6.5 1K)

WRI’IE (PR, 9315)
9315 FOI~~ T(lH ,“‘flE Q~ RAC~~~ISTIC CF ‘1~1E DEVICE ARE ‘)

IEAD(CR,9310) I
9310 FOI~c~T(78X,Al)

DO 9300 1—1,4
Lb.(I_l)*10 +1
111.1*10
lEAD (CR, 9350) (CI1(J) ,J—LL,L11)

9350 FOIIIAT( 10(F6.5,1.X) )

WR1~~ (PR, 9360) (CII (.7) ,J LL,LH)
9360 FO~~T(1H ,10(F7.5,1X))9300 ~~~I~EEC.
C. DIPUr THE RATIO CF
C. C~~ .~~~~. 1T1~~4 ~pE
C. T~W~ N (ICE) = 1 FAIL
C. TrF.~ (lEE) — 2 ~~ 1’IN’ZC • Ttt~ N (lEE) - 3

L ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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C.
p ZIC~TCI~~T

~~D(cR,3002) c~w
3002 F~~~~r(Fl5.5)

WRiTE (PR, 3003) ~ W3003 F~~~~T(1H , ‘THE RATIO CF,43’J IS ‘ ,Fl5.5)

p I~~~03005 IC1~0
3006 ~~~~~~+l

~ ‘(~~~—?~~~ T) 3010,3010,4000
3010 ICi~IC~+].

~~(Icr—l) 3015,3015,3115
• 

3015 I’1~~K— ~EK (tEE)

IF (QI(ITSK) ) 3020,3020,3025
C.
C. FIlET TIME 1~~1’ Ati) FAIL
C.
3020 WRITE(PR,3022)~~~,ITSK

• 3022 ~~~~~ (I.E ,“AT ‘ZEST POINt” ,15, 3X,l”~E DEVICE TOTAL B~~~IVD)’ ,15,2X,
2’ ~E~CICS AND FAIL 10 CVERAIE’)

Tr~~~ (IEE)=l
GO ¶10 3005

C.
• C. FIlET TD~ BUT ~~r FAIL

C.
• 3025 FIM(1,1)=l.0,4~rr(B (ICT) = CR (ITSK)

C(1,1) = 1.0 - (ICT)

A(1,1)Fm(1,l)*C(l,l)
GO10502

C.
C.

— C. ‘1~~S IS ~~ l~17~INE ¶10 SOLVE 1~E PARN€TElE
C ND~~~ THE O~~~~ OF 1~~ ~~~~‘ICIENrS

• C. Fl ~~~ INV~~~~ CF THE I~ TRIX F
C. F X A — C
C. ~ j * A C
C. ~~~~~~~~~~~~~~~~~~~~~~~~~

• C. H ~kA~~~ , l)
C. E (1 , ktwi.,)

S C. G, D I S~~~~ TANT
3115 ~~~ D&E

flSK=flSK + ~EK (IDE)
IF (01(115K)) 3020,3020,1000

1000 a1fl’D~iEC.
• C. ~~I~~IATH H C

S

.

________________________________ * - - 
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C• NDlE1”t~~~~f 1
911.0.0
DO 1010 I 1,L~~~~Ll’L”(I—l) *
IF (IIC..) 1002,1002,1003

1002 LML~.l1003 IMI. I*~C — 1
DO 1005 J IZ’L ,
914 a 9J4 + J ** bORE1

1005 ~~ ITDXE
H(I ,1)—SU1
C(I, 1)—l.O- (B(I)

1010 XV’rn~IC.
C. ~~LQ~~ TH G
C.

IIIL= UfI+l
1141= IblL* ?‘W
DO 1L1OJ=111L ,1141

1110 ~~ IrmuE
~~&I4

C.
C. CALcULATH E
C.

DO 1111 I—2,ND~~~1111 E(l,I) = 0.0
E(1,1) — (NDlE1*lflh)
U41= (~~~PE1 ) * N T _ l
DO 1120 Ja 2 ,~~~~~~)
DO ll1.5 1—1, 1111
E(l , .7) = E(l,J) + I ** 3

1115 ~~~~~~~E
1120 TI!~X.ECBft~~~ l) a 01(115K)

D—l.0-ce(NDPE1)
c AIL l”~X (3,E,FIM,D4,l,ltR~D,lc~~D)
~~IL )~IX (3, 1,H,ar41 ,l,~~~~~ ,1)
S—l.0/(G—tXll]. (l,1))
FD~~(O$~lE1~~~PE1) -S
DO 1500 J 1,t~~~~
F~~~JO~~~1,J) — ~S ~tU1(1,J)

1500~~~~~~~~~~~ _DO 1510 Jl,~~~~Ix14(1,J) — D(14(l,J) *$
1510 ~~ ITD~Z

~~LL ~~X ( 3 ,FIN,H, lxiii, NDRED,NDREX), 1)
~~T.L ~~~~~~~~~~~~~~~~~~~~ 1,~~~~~) 

____b~X (1, FIN, ~~~~~~~~~~~~~~~~~~~~~~~~~
~ IIL P~X (3,FD4,H,rU1,lU~~ ,ND~~~,l)

~ 

_ - _ :-i - - - .- -—-——
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DO 1520 I—l,ND~~~p FD~~’1(I,NDlE1) —IXN(I,1) *~~~

1520 ~~ 1T~~~E
C(1~ PE1,l) —l.0-(B(l~~~l)
~~IL W~X(3,FIN~W ,C,A,NDPE1,I~tlE1,1)

DO 400 I—l ,l~~~~p DO 400 J—l,NDHED
FIN (I,J) — Fnl~ qcE,3)

400 ~~ 1rn~zjE
C.
C. F~~1 THE SET CF o.k~~YIa~~~~is A(I) SOLVE THE LIFE TIME
C.

p 502 SLiiD.0
WRITE (PR,79l8) (A(IT,1) ,r1~l,LE~~~)

7918 E0l~~T( ’ ***** A **‘ ,6(F9.4,1K))
3=0
at1.s1v41A(1 ,l)
IF($14—l.0) 505,510,510

• 501 92~~~ li.A(1,1)IF( t~Z~~~~~~~-l) 500,500,513
513 DO 500 I=2,ND~~R7~3

S7J4~~M** (1 1)
911.$2 ~HA(I , 1) *J** (I—i)

• 500 rmr~
IF(Stll—l.0) 505,510,510

505 3 3+l
IF(3—60) 501,501,510

510 LIFE J+l
LTh~~1=LIFE-I15K

• mIF~~Lm~~frQ~ T
WR.ITE (PR, 7900) L~~~7900 ~0~~~T(’ ** ** ** LTh’~~ ‘,15, ‘S1~CE’)C.

C. J~EDG NEwrcW S t’~’fl~~ 10 SOLVE TR
C. ~~W CF,’~ ’I

• C.
IF(LIFE —2) 550,560,565

550 TR”0.0
GO ‘10 700

560 ‘1~~1.0/(aW—1.0)GO TO 700
• 565 IF(LThE—3) 570,570,580

570 Tfi (1.0 + S (2.0*c~’W~1))/(cFW~1)
G O 1 0700

580 IF(LIFE—60) 590,567,567
567 ‘1~~9999.0GO 10 700

• 590 TR.LIFE*2.0

S

_ _ _ _  -.~~~~~-•...--.~~ .-•—~~• —.. .—.----•. _ _ _ _ _ _ _  _ _ _  -—— — — -— 
j _ J



- —--..--. - 
‘~_Rfl~~~~cr. _ ~~~. • -- ~~~~~~~~ -~~~~ -~~~--~-- _~~~~~~~~~~~~~~~~~~., -

6

I~~~~-0LIF1=LIFE-1
LTh’2 ’LIFE—2
PP 1.0

594 FAT 1.0
911. 1.0

DO 591 I—1,LIF].

591 ~~ I1’I~ JE
FaW~~~~~~914
IF (F—0.0) 592,700,593

593 TR=TR~l.0
F P F
ICOOP=].
GO10594

592 TR=TR-(F/(FP—F) )
LIF1 LIFE—l
LIF2 LIFE—2

610 FAT—1.0
914=1.0

DO 600 I=l,LIF2
1E~~~rE~~~TR/I

600 ~~~TINUE• 
~~~~~~~TER4-9I4

F~~~~~~~~~ 914

IF (ABS (TlI~-Tm —0 .00l) 700,700,690
690 TR~Tl~4

GO106l0
700 O~~TINEE

1~~TR—TPD ICr
WRI’1E(PR,710) ~~~,ITsK, (ICr)

710 F~~~ T (111 ,/, ‘ AT T~~ T POINT’ ,15, 2K,
1 ‘1~1E EEVICR ‘1~rAL ~~~~VED’ ,15, 2K,
2’~~~CI~ AND nE ?~~SU~~Efl’ IS’,FlS.5)
141115 (PR, 715) TLIFE, TR

715 ~~~~T (‘ THE ESTD~ LIFE TIME IS ‘,F9.3,’ ‘flE ~~PI~~~ TIME IS
1 ‘,17.2)
IF (11~ _h1cD) 720,720,730

C.
C. ~~~~~~ EEVICE
C.
720 WRITE (PR, 722)

~ L ~
-- -.- ---• —•
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722 FO~~~T(1H+,T75, ‘LA15R. i~E WflL ~~~LACE IT Z~Uf’)

• 
Tr~~ 4(IDE)—3
GO TO 3005

C.
C. ~~ITD&JE US~~ THE DEVICEC.
730 WRITH (PR,732)

p 732 FOR~T (11*+,T75, ‘LhIER. HE WILL ~~ fl’I. USE IT’)

GO TO 3006
4000 ~~~~~JECRIL ~~~T

p

p

•
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