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ABSTRACT

It is shown how a reliability shorthand can be imple- 1
mentad on a handheld calculator. y
Assuming constan*t failurs2 rates, basic s+tructures are
used to show how the shorthand can b2 appliad. Several exanm-

ples are worked out that show, how, with component failurae

rates as input, a handhell calculator can ke used to ccapute

the reliability of a system.

Two TI-59 programs ars provided as a computational aid.
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I. INTRODUCIION

Systems and components can be in either of tvwo states:

either they are functioning or they have failed. The abil-
ity, that a system stays functioning over a predetermined
time interval is called its reliability. It is generally no*

realistic to assume that 3 system, say a lightbulb, will

fail at a specified time, bu*t rather tkat T, the time to
failure, is a random variable which has a probability dis-
tribution that can be specified. The probability distribu-
tion for a time to failurz is called its life distribution.
In this paper we will sol=ly be concerned with one specific
type of 1life distribution which is especially important in
reliability theory and practice, *the =2xponential distribu-
tion. It has the property that the remaining life of a used
component is independent of its age (the "memoryless" prop-
erty), i.e. a functicning component is always as good as
new, the failure rate is constant. The memoryless property
is the basis for a reliability shorthand, one that can be
implemented on a handheld calculator.

Depending on the size, structure and life distribution

of a system, probability sta*ements about i*s time to




failure are in general not easily achieved. Porming the sum
of independent life lengths (i.e. convolving the corres-
ponding 1life distributions) requires knowledge of integral
calculus and computations can become rather tedious.

In the case of the exponential distribution, <“hough,
computations can be simplified by translating the problenm
into a simple shorthand notation and using +this shorthand as
input for some computing device.

In this paper we will show how a reliability shor+hani
can be implemented or a handheld calculator. Basic s+*ruc-
tures are used to show how the shorthard can be applied. Two
TI-59 programs are providsd as a compu*ational aid. Formulas
for the convolution of up to four 2xponzntial random varia-
bles can be found in Appendix A. Appendix B contains a user

guide to the TI-59 programs.




IT. THE CONCEPT JF A RELIABILITY SHORTHAND

A. BASIC NOTATION

Tke survival funcrtior of a 1life length can be derived

from the distributicn functior.

Let
T t 1life length
P(t) = P(TLt) be the distribution functiorn of
Then
F(t) = P(T>%)
= 1-P (%)

is the survival function 2f T.

. . . : - -4t
In +he case of the s=xponential distribution, P(t)= e

I 4
whare A is *he failure rate. Translated into shor+hand, the
life dis+tribution is deno:ted

EXP( 4 ).

B. CONVOLUTION OF DISTRIBUTIONS

When independent random lives arz summed up, the ccrres-
ponding life distributions have to b2 convolved to determinz
the probability +that the sum of the lives will exceed a spe-

cified time t. Let

T, T, ¢ independent life lengths

10




F, (%) ,F (v the correspo>nding survival :

fanctions

£,(0) .5 (V) the corresponding density functions

T =17, + T

the total life leng*%h

Then

el
——
=
—
(]

P(T>1t)

P(T4 + Tz >%)
¢
B t) + [T, (t-s) £, (5) as.
(4
This means *hat T will exceed a specified *ime t when

-either T, exceads t }

i
-or T, is smaller than %, say equal %5 s, arnd T, l

oxceeds t-s. k
Integration with respect to s (i.e. sumnain- over all possi-
ble values of s ) is called *he convdlutlon of T, ard T,.
when T, and T, are both exponentially distributed with fai-

lure rates i, ard A, , i.=.

a~Hat

Fy (%)

F, (t) ot

’

then the survival function of T is
4
- A, (-
- e4¢ *jet, nd

[
Translated into shorthand, the survival function is dsnoted

"Lq S
(4

|

(t) ds.

4

EX2 (4,) + EXP (4, ).

1
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This shosrthand notaticn is heuristically apparent. We can
visualize a 1 component / 1 spare system wi+h EXp(4,) and
Exp (4, ) lives respectively. Prom compcnert 1 the systen
has an EXP(A,) life *o bagin with. Wher comporent 1 fails,

the system has an extra EXP (A,) life.

C. MIXTURE OF DISTRIBUTIONS
1. MIX-Notation
In the previous chap*er, we formed the sum of irde-
pendent random lives, which each had weigh* on2, i.z.
T=7T, + T,.

Now consider

T, with probability p,

T, with probability p,

where p, + Py, = 1 .
Let D, ard D, be the probability distributions of <the random
variableé T,and T, respectively. The corresponding survival
functions are F, (%) arnd F, (*%).
Than

F(t) = p, F, (1+ p, (1),
In shorthand, the mixture of distribations D, and D, with
respect +*0 *he mixing probabilities p, and p, is deno+ed

MIX [ p,D, , P,7, -

12




where
L
T, with probability p
T =
T, with probability 1-p.
Than
T, with probability p
T=T3"
T, with probability 1-p.
Ty + T, with probabili+y p
T =

Ty +# T, with probability 1-p.

The distributive law holds due to the fact tha+t +he sum of
k2 mixing probabilities for T, and I, is equal to one.
The survival function of‘i can be found by convolution:

Fe) = Fy(t) + [(pF, (t-5) + (1-p)F, (2-5)) £5 () ds.
Wih D,, Dy, Dy being theoprobability dis<ributions for T,,
T, Ty3e the distributive law can be applied to the shor+<hand
notation:

Dy+ MIX [pD,,(1-p)D,] = MIX [ p((D4 + D3).,

(1-p) (Dz + D;) ]'

13




Graphically this can be represented as follows:

Pigure 1: Distribu*tive Proper<y of ths MIX-Nozation

3. Degeneracy at the Origin

Let

P(T=0) = 1.
Then the distribution of T is dsgenerate a* zero.
In shorthand notation, such a distribution is called -he
ZERO-distribution.
Now let T =T, + T,
where T, and T, have probability distributions D, ard ZERO
ard survival functions F, (t) and F, (t) respec=ively.
Then

F(t)

]
e

¢t
(t) + }Fo (t-s) £, () ds
[+

(t).

"
el

W

PERIAN K. 0 S - o . o o

|
[
'
'
1
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The ZERO-distribution doesn'+ add any+hing %o another dis-
*ribution, so for instance
D, + ZERO = D,

D, + MIX{pD,,(1-pP)ZERO] = MIX[p(D,+ Dz),(1-p) DZ].

15
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III. ARBLIING A RELIABILITY SHORTHAND

After this brief survesy over the concep* of a reliabil-
i<y shorthand we will npow show how the shorthand can be
applied. To do sc¢ we will use basic structures. Part A of
this chapter will give examples whosz representation in
shorthand requires only basic notation described in Chapter
II, Parts A apd B, wher=2as Part B of this chaptsr will give
examples whose repressantaticn in shorthand makes uss of *the

MIX-notation and the ZERO-iis+ribution.

A. SUMS OF EXPONENTIALS WITH WEIGHT ONE

1. Sipple Series Syscenl
A series system Is a system which is functioning,

whan all i+s componen*s acre functioning. A two-componsn+t
series system can be graphically represented as shown in
Pig.2 .
Let

T : 1life of the systenm

T,: life of component 1

T, life c¢f component 2
F;(t) = survival func+ion of component 1

16
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Piqure 2: Two-Component Series Systenm

E;(t) = survival function of componernt 2 i
- e-;t,t . :
Then {
T = min( T,, I,) {
F(t) = survival function o2f +he sys-em

P( min (T,, T,) > %)

P(T> t, T, t)

Assuming independence of the two coamponents

F(¥) = P(T,> %) P(I,> %) 1

Fy (t) Fy (%)
e‘dmt e'lzf

“ldothy) T
e

The sherthand notaticn for +his systsa is

EXe (4, + 4,). |

17




This is intuitively apparant, as the system has an 2xponen=-
tial survival function with failure rate k, + L; ]
2. simple Parallel Systenm
A parallel sys+¢=2m is a systeam which is furnctioning,
wher at least one of its componernts is functioning. A two-

component parallel system can be graphically represen-ed as

follows:
A
A
Figure 3: Two-Componen* Parallel Systsa
let
T,~EXP(A ) , T, ~EXP(A ) .
Then

T = nax(T,, T,)

F(t) = P(max(T,, Ty) > %

1~ P(max(T,, T,) € *)

1 - P(T, € t, T, %)

[}

18
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—

Assuming independence of the two comporerts,

F(t)

[]

1

P(T, %) P(T,$ )

1 - P, (%) F, () i

- -4t
-e'“)ﬂ-e"' ) i

=1-(1

"

1 - -2t L S ’

At -
2e4 - ez‘* -

The shorthand notation for the sys*tem is

EXP (24) + EXP(A). i
This follows intuiticn as the system has an EXP(24) lifz <o L
begin with and when one component fails it has arn extra |
EXP (A ) life due to the m2moryless property of the expornen- j

tial distribution.

3. Stardby-Sysitem wi:ih Dissimilar Componsn:zs

Suppose a system consists of two compon2nts, ons

active and one spare. Thes active coaponent stays in service

ot

unt il it fails and then immediately is replaced by the
spare.
Let the time to failure cf =he *wec components be
T,~EXP(4,) and T, ~EXP (4, ) respectively.
Thern the system time to failure is
T=T,+T7T,
and the survival function of ths system is

F(t) = P(T > *+)

19
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FPigure 4: S*tandby Systen

"
= F, (t) + f?z (t-s) £, (s)ds
(4

¢

~dat Ay (E-8) . S 3
= e +_}e 4l by e 1 as
°

Alq e—"'lt_ IL; C.A""t
4,4 "th /{14 "l(vz

The shorthand rnotation for +he system's survival function
should be obvious. The system has an EXP( A4) life from <+hs
active component and an addi%ional EXP(A,) life from <*he
space. Sc¢ the shorthand nota*ticn is

EXP (A,) + EXP(4;).

20

e —————————— s
st om L
WCh e aene RN




B. SUMS OF EXPONENTIALS WITH WEIGHT BETWEEN ZERO AND ONE

The examples given in the previous chap*er only involved

exponen+ial lives with weigh* one. Now we will look a%t some

structures, whose survival func*tion has a shorthand notation

which ircludes the MIX-notation and/or the

ZERO-distributiorn.

1. Parallel System with Dissipmilar Failure Rates

The notion of a parallel systz=m has been

introduced

in Chapter III.A.2 . We now look at the case whare

T,~EBXP(L,) and T,~EXP(4d,).
Than

T = max(T,, T,)

F(t) = P( max(T,, T,) > t)

1-P( max(T,, T;) £ %)

1-P(T,< &, T,€ %)

Assuming independence of *he two componen*s

e )
-
o
~r

]

1-P(T,€ t) P(T, € %)

1-F, (£) F, (%)

1- (1-e""‘t ) (-4t

Aot _shat | ~(dordadt

1-(1-¢
= e"{m* +e""';f ._e‘(/(va"’"I.)t

21
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To find the shorthand notation of ths system consider all
the ways which lead to ths survival 2f +the svstam:
-either both comporents survivzs
-or component 1 fails and component 2 survives

-or component 2 fails and ccmponent 1 sucvives,

Az
If one component fails and one survives, in I—:Tr-fraction
" 2
Aa

of +he cases the surviver will be component 1 and in Y]
atAy

fraction of the cases it will be componern* 2,

This can graphically be ra2presented as

EXP(4,)
Az !
.L,.*'L;
EXP(A, + 4y) +
Aa
Aot A
e EXP (4, )

Making use of the MIX-notition “he shor+hard notation then

is
EXP (4, + 4;) + MIX(——"L?-—EXP(,(. ), da EXP(A3) ]
‘M'HL; " r‘-.,fk;

and using the distributive property it becomes

UIX[-A—'-!;—_‘T;(EXP(&,,) + EXP(/{,,,{»/(,;)) P
e _(FXP (Ay) + EXP(A.+ Ay)) 1
Aq#/{z

22
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!

As a check tc see that this sherthand notation
represents +the survival func*tion of the system, we derive

+he survival function from the shorthand notation:
_ what  F CAatd ) E-3) , ~AaS
A ( P a + } e Y A e dS)

P =A+f¢; : )
t
-Ayt ~(Aatd2)t-8), ~4AzS
+ Aa (¢ :4.Je +42) 0, ¢t os)
44*4'3 P
"/La% -"rzf ‘(:‘4*'{«:){'

This verifies that the shorthard nota*iosn irdeed

represer*s the systeam's survival function.
2. Series sSystem with One Spars

let us now look at a ?wo-component seriss sys+enm,
whose conponents have dissimilar failurs rates wi+h one com-
ponent having a spars:

Component 1 has the constant failure raza i. and
component 2 and the spare have the constant failure rate Lz.
The space can only replac2 component 2.

Let
?;(t) : the survival function of componen+< 1

?;(t) : the survival function of the standby

system ccmponent 2 with its spare.

23
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FPigure 5: Series System with one Spare

The survival functiorn for a standby system was derived in

Chapter II.B. Therefors

- ~dy t Eo4(t- -
F, (t) = e"' + f e""( :> A, e't's ds
4
= e-d"'.t + .Lze”‘zt jis
4
= (1+ A, t) shE
Now -F-" (t) = e-'{"'t
Then F(t) = B, (£) Fpl(t)

(Aatds)t

(1 +4,8e

To translate +he survival functiorn intc sher+thand notaxion,

let us consider the ways in which thz system can survive:
-either bcth components survive

-or component 2 fails and its spare survives.

24
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i Iiﬂ

If one ccmponent fails, in fraction of *he <ime I+ will

Aa i
be componen* 1, which mearns *hia%t *he system will no< sur-
vive; in‘L 24 fraction o9f the time the failing ccmponant
Aty

will be component 2.

This can graphically bte rapresented 1s

ZERO
Aa
‘4 +L1
FXP (A, + Ay ) + f
Az !
EXP( A, + 43) 1
Usirg the MIX-notation th2 survival function =hen is ,»
A A !
ExXp( A, + 4 + MIX[—=2_ 7ERO 2 pxp(Ad,+ 4
(A 2 ) YN 'ia+4z (1, 2) ]
= HIX[mlrz-(ZERO + EXP( A, + 4, )) ,
——i{'—‘—-(zxp(/t.wt,) + EXP(Ada+ A) ) )
Ao + A
- Aa
= MIX[ (EXP( 4y + 42))
Ao+ t
—i‘-—-(EXP(iuizy + EXP( A, * 40 ) 1.
/Lq + A

To prove, that the shorthand notation does reprzsent the

survival function, we dearive the latter from thz shor*hand:

_ Aa ~(A 44t Aa ~ (A 44,0t
P(t) = ———rme +  — s H
(%) M”_ze Tn * Aa (e + ,

25
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H
t s
w(AatAr)(E-8) ~(AatA)s |
jc( ' (Aatdaye  els) !
o {
(At AV E
= (14 'th, e( +Az2) .

This is the previously found resul: and +his verifies, +tha%
the shor+hand no*tation do=s represent “he sys“ea's survival

function.

3. TIwo-out=-of-Three System .

As a last exampls in this chapter, we will look a+* a

A Y

Two-out-of- Three systea.
Considsr a three coamponen= system, whos2 componer*s
have cons-ant failure ratas 4,, 4zani A3 respectively. Tke

system is functioning, as long as “w> out ¢f three compo-

nents are furctioning (se2 Fig. 6). '
In other words, the system is functioning as long'as

there is a path *hrough the systenm .
Alterpatively, th2 system can be visualized as a

parallel-series system (compare Fig. 7).

The survival functior of =he system is

F(t) = P(T, >t A Ty Dt) + 2(T, D% A Dy >%)

+

P(Ty >t A Ty >%)

P((Tq >t A T, >t) A (T4 > A Ty >%))

- P((T4 >t AT, >) A (Ty >2 A Ty >%))

P((Tq DA Ty >t) A (T, > A T3 %))

26
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o

Figure 6: Two-cut-of-Thrse Systan

A, a,
A, Aq
) Ay A3

e

Figure 7: Two-out-of-Three Systen

4 D((T, Dt A I, Dt) A (T4 >= A Ty >t)

APR(T, > A Ty >7)).

27
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Thus
F(2) = P(T4 Dt A T, >4) ¢ (T, > A Ty >¢)
+ P(Ty >t A Ty >%)
= 3P(T, >t A T, D2 A Ty >%)
+ P(Th >t A Ty >t A Ty >%)

Therefore, and assuming ind ependence of the coaponents,

F(t) = P(T, >t) P (T, >t) + P(T, >T) P(T, >t)
+ P(T, >t) P(Ty >%)
- 3P (T, >t) P(T, >%) P (T3 >*)

+ P(T4 >t) P(T, >2) P(TS >%)

P(T, >t) P(T, >t) + P(T, >t) P(T3 >t)
+ P(T, >:) P(T3 >t)

- 2P (T, >t) P(T, >t} P(T3 >%)
e'("a*"t!)f, . e"(La*L;)t . e“(:‘-;*"'!)f

ze‘(ia*ia +43) ¢

Now let us consider all tha possible ways, in which *h2 sys-
“em can survive:
~ eithar all component s survivs
- or component 1 fails and component 2 and 3
survive
- or comporent 2 fails and coapdnent 1 and 3

survive

28




- or component 3 fails and coapsnent 1 and 2

survive,

A
Ao +dy +43
fraction of the time it will be componernt i , i = 1,2,3 .

If a component fails and the other *wo survive, in

This canr graphically be rtepresented as

A EXP( A+ Ay ) |
'{m rhe +43

Az
Aa t As +L3
EXP(As + A2 + A3) + EXP( A+ 43 )

As
Ao + Az +44 EXP(A,+ 4y ) ,‘

The shorthand notation than is

EXP (A Ar+ Ag) ¢ HIX[-I—:%TEXP( Ay + A3,
el 3
A2
Aa "‘Aoz */L-;
43
da v Az +dy

EXP( Ay + A3)

EXP( Ao+ Ax) 1,

= MIX( (EXP(A,+ A3 + EXxP(A v d+d3 )y,

Ao ¥ Ay + A4
A

dat Ay +A3

—ty

Aa+ Aa+4Ay

(EXP(A,+ A3) + EXP(Ad,+4d2+43)),

(EXP( A, + Ay) + EXP(Aa+ A+ A3y 1.

29
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Again, as a check that the shorthand notation represents *he
survival function, let us derive the survival function from

the shorthand notation:

" ~(AdstAd3)t
T A +/£/t +4 [C
* ! : t (AatAda+da)(t-s) ~(As+dy)s
+ Je (Artds) € ds ]
-4
atdy t
T At d) (-9) NIRYRY
+ e (Aa+ds)e os]
(-]
. /(fg [g'(r{m'h{;)t
’t,'"‘ /tz +/(,3 t
~(Aatdz+A3) (E-5) -(Aa+A2)S
+ jc’ 2T (ia*f‘:)& o ds]

0

(A + A3t ~(Aat+4d3)t -(Aatda)t
= £ + € + £

~(Ada+Adr+ A3)E
-<Ce

The result again proves that the shorthand no<zatlon

indeed represents the survival function of the systen.
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IV. IMPLEMENTING THE SHORTHA

The concept of a reliability shorthand is in+troduced in +he
course "Reliability and Weapons System Effectiveness
Measurements", GA 4302, at +he Naval Pcstgraluate School,
Monterey. Most students *aking the course are in tis
Operations Research (OR) - Curriculua.

The choice of the TI-59 as the coamputing d2vice, on
which the shorthand was *> be implemznted, was based on *he
fac%, that each student in the OR-Curriculum is'issued a
TI-59 for use in basic probability 2nd s+ta<istics ccurses.
Thus almost every student at the Naval Pos*graduate School,
who is introduced to the shorthand, is familiar with zhe
TI-59 and has access to such a calculater.

A program, that uses the shor*hand no+ation, times *o
failure and failure rates as inpu%, should

- calculats *he survival probability of basic

struc*ures / small sys*ems and

- Tequire moderate computation tima.

To achieve +these requiremsnts it was decided *o incorporate
all solutions for the convolution of up to four exporan+ial
random variables in the program. The formulas that wer= used
are given in Appendix A.
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Two programs are providsd in this paper.

Program 1 can be used when all rates are dissimilar cr
all are the same. It uses the formulas on pages 37 and 38
only.

Program 2 can be used for the general case. I+ makes use
of all the formulas given in Appendix A. The program
ircludes a sorting routin2 that determines *he applicable
formula from the entered failurz ratss.

A user guide to the two programs is provided in Appendix

B.
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V. SUMMARY
There is a reliability shorthand that denotes the survival
functicn of a system, assuming that the failure rates of all
components are ccnstant.

This shorthand can be implement2d on the TI~-59 handheld
calculator. With failures rates, *time %o failure and short-
hand as iInput the TI-59 calculates th2 survival probabili+y
of the syst=m.

Knowledge of calculus is not nacsssary to use this
met hod, whereas the standard proceduce, finding the survival

robability by conveolution, requires knowlsdge of int=agral
calculus.

The choice of the TI-59 as the computing device for =he
isplementation of the shorthanrd, though, implied limiza-
+iors; +he number of failure rates is limited due %0 =*he
limited storage capacity >f =-h2 TI-59, and compu+ing “imes
are comparatively long. Th2 TI-59 can “herefecre only be used
for smaller systems, prefzrably for “he solution of class-
room probleams.

For +*he solution of larger probleams, the shorthand

should be implemented on 3 state~-of-the-art personal

33
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computer using a general algorithm for the convolution cf

any number of exponential random variables.
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CONVOLUTION FORMULAS

Appendix A contains formulas for the convolution of up
| to four exponential random variables.

For the two special cases, when 211 random variables
have the same failure ra%z and all have different failure
rates, general formulas for *the convolution of any number of
exponen+ial random variables are givan.

These formulas are us23 inp the two TI-S9 programs pro-

vided in Appendix B.
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Systenm:

Shorthand: EXP(AJ

Survival Function: F(t) = =

Descrip+ion:

A singlas active componant with constant failure ra*e L .

36




Shorthand: EXP(A ) + EXP(A ) + «c. + EXP(A)
(A4)° (48" A"\ e
Survival Punction: F(t) = Y + T + oo 4 77:?;77
z L-4
(At) e—“
(i-4)!
(Y]

Descrip+ion:

o
®
..l
0

A single ac*ive componsnt with constant failure ra

suppor+ed by n~-1 identical spares.

37




System:

N A

Sz 33 " e S

Shorthand: EX2(A,) + EXP(4dy) + ... + EXP(L,)

. . _ <'——' ’{'J -A;
Survival Function: F(%t) = l l é
A; - A
g d
Lz d*"

Description:
A single active ccmpona2n= with constant failure ra<e is
suppor+*ed by n-1 spares. The active componen* and the spar=as

have all cons*ant, but dissimilar failure rates.
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System:

_ 3,
S, S, , ;
Shorthard: EXP(A,) + EXP(4,) + EXP(A4;)
“
y
. . - —Aaf . “r‘lt ]
Survival Function: F(t) = Ae + (B + C%) e ,
, ,L;z '
whers 1 = ——m————0 A
("z"'fm)z '
B=1-14 &
C = 'Ln /Ll
/{'4 "&2
Descrip<tion: [
A single active ccamponan* with constan* failure ra%e /f,.,
is suppor+ted by “wo spares with idertical constant failure

rate 4,.
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l
|
|
Systen:
A/l
NN N 4
52 32 S
:1
Shorthand: EXP(4,) + EXP( A;) + EXP(A,) + EXP( 4,) y
{,
4
: . = ""{Mt 2 -/‘;f
Survival Function: P(t) = Ae (B ¢+ Ct + Dt )e
3 A
Ada
whers 1} = 3
(/L;"’LA)
B=1-1 ]
3
Cc = 41 ht Az 3
(/ta - ’{'7.) r
2
_ /‘14 A«Z
2 (/{n "/Lz)
Descriptior:
A single active compon2nt with constan< failure rate A,
is supported by *hree spares with idsn“ical constan*t failur2 j
rate Az. ;
|
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System:

Shortharnd:

survival Punction:

Description:

AN

S S,

EXP(4,) *+ EXP(A,) + EXP(A,) + EXP(4,)

F(t) = (A + Bt)e

wherse

"l‘qt Azt

+ (C + D*)e
L3 - 34,0 A,

A =

( Aa-44)3
L ke A
('{01"/"4)z
cC=1-2
2
D I{on ’{13

) (/{'4_/{';)2

A single active compon2nt wi*th constant failure raze la

is supported by cne identical spare and twc spares wi<h dis-

similar, constan% failure ra+te iz -




System:

AT

S2 S3 Sy
shorthand: EXP(A,) + BXP(/,) + EXP(A3) + EXP(4,)
survival Function: F(t) = Ae-"'t . gt (C + D) e-'("t
2
whersa A = Az Ay
(&1’44)(:{3-4—4)1
_ Aady !
(a{a'/‘z)("-g"{.z)z
= /{cn /Lt + 1{1/{«21{3( /! - 4 )
(Aa-dsdAa=Ay)  (Aaddd V(4 -A3)? (Lda-4g)?
/{vn ILZ "v3

D = ;
(4,-4;)(&: -A3)

Description:
A single active component with constant failure ca<e 1,..
has three spares. One spar2 has ceonstant failurs ra<e A2 ’

two spares are identical with cons:an® failure ra+%s /(.3 .
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USER GUIDE TO TI-59 PROGRAMS

Apperdix B con*ains a user guide to two TI-59 programs,
which use reliability shorthard and failure rat=2s as input
+0 compute the survival probabili+y 2f a systenm.

PROGRAM 1 is designad for “he “wo special cases where
the reliability shorthand is of the form

Exp(Ad ) + EXP(A ) + ... + EXP( A )
or

EXP(A,) + EXP(Adz) + ... + EXP(A,).
In the first case th2 numb2r ¢f terms is not limited, wher-
eas in *he second case *h? number of terms is limited <o 40
due to limited storage capacity of the TI-59. In this case
the number of terms can bz increased to 70 by erntering 9 in
the display and pressing 2nd Op 1 7 .

PROGKAM 2 is designed to solve problems of the kind,
that were introduced in Chapter III.B. . Due to limited
memory o +he TI-S59 the number of 2xponential tarms under

one weight in shorthand notation is limited to four.
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All results will be prin*ed, if the TI-S59 is connec*ed

to a TI FC-100A or TI PC-100C printar.
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PROGRAM 1 : Procedure
1. Use any library mcdule. Read in program 1 (side 1 of
the magnetic card)

2. Press 2nd C' to initialize.

A
3. Enter n, the number of sxponential terms +*o be convolved, i
in the display and pcess A. ;
4, Enter time t and press B. |
5. Enter 4; and press C . When all failure rates are -he
same, enter 4 only oncs.
6. a) To find *he survival probability of the systea,
when all failure rates are tﬁe sane, Lress 2nd A'. 4

b) To find the survival prcbabili*y of the systen,

when all failure ratss are dissimilar, przss 2nd B'.

u5




PROGRAM 1 : Sample Problems

1. Find the survival probability of a parallel cystenm
( compare Chapter III.A.2) ?
a)‘i =.,3 , t=7 , n=2

b) Shorthand nota+ion:

EXP(.6) + EXP(.3)

c) Enter Commert Prass Display
Initiazlize ct J
2 n A 0 '
7 t B 7
.6 24 c .3 I
.3 L c .3
Fo B! .2299172797

calculation +*akes 13 seconds




2. Find the survival probability of 2 standby-system with

dissimilar components ( compare Chapter III.A.3 ) .

a)dg= .8 , Ady=.5 , t =
b) Shorthand notation:
EXP(.4) + EXP(.5)

c) Eater Comment

Initialize

2 n

6 +

.4 Aa

.5 Az
F (%)

e D =2
Prsss Display
ol J
A 0
3 6
c .4
o .5
B! «254441493

calculation takes 13 seconis




Pind the survival probability of 3 stardby-system wi+h
one active component and four similar spares.
a) 4L =.3 , +t=7 , n=5

b) Shorthand notation:

BEXP(.3) ¢ EXP(.3) + EXP(.3) + EXP(.3) + EXP(.3)

c) Enter Coament Prsss Display
Inicializa ol 0
5 n a 0
7 t B 7
.3 A < .3
F(s) At .53787388u8

calculatisn <akes 9 seconds
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PROGRAM 2 : Procedure

CASE I : To find the convolution of up to four sxponential

2.

random variables.
Use any library module.
Re-Partition ( enter 2 in the display, press 2nd Op 17 ).
Read in all fcur sides of the magnestic card.
Press 2nd C' to initialize.
Enter n, the number of sxponen+ial “erms to be convolvad,
in +“he display and press A.
Enter time +*+ and press B.
Enter A, and press C ( n entries ) .
REMARK: Pailura rates, which appear only oncz in “he
expression, have *o¢ ;e anterad befora failure
rates, tha+ appsar several times.

To find the survival probability of +the systa2m press T,
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PROGRAM 2, CASE I : Sampls Problems

(1) Shorthand notation
2XP(A4,) * EXP(A,) + EXP(4,;)
Sample values : A, = .3 , A, =

Procedure :

Enter Commert Prass

Initialize ol

3 n A

7 B
.3 A« c
.4 L2 z
U Az o
F(t) E

calculatiosn

F———————'—'—"‘—_—_'j

.5363473866

takes 14 seconds




{2) Shorthand notation
EXP(4,) + EXP(A, ) + BXP(A,) + EXP(4,;)
sample values : 4, = .2 , A, = .4 , + =3

Procedure :

Enter Commert Prass Display
Ini+ialize ol 0
4 n A 4]
3 t B 3
.2 Aa c .2
U A, o "
.4 A c .4
W4 Ae o "
F (%) g .9809746099

calculatioson takes 20 seconds
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(3) Sho-thand notation

EXP(A,) + EXP(A,) + EXP(A,) + EXP(4,)

Sample values : Aq = .4 , Aq = .3,

Procedure :

Enter Comament Prass
Ini+tialize ol
4 n A
5 t B
.4 A c
L0 Aa o
.3 /(,z oy
«3 ,{,z o
F(b) E
calculation
E
& 52
t
.i
:
F
{

t =5

Display

0

0

9029040721

takes 20 seconds




() Shorthand notation

BEXP(A,) + EXP(Az) + EXP(A3) + EXP(Ay)

Sample values : 4, = .1, 4= .3, 4;= .5,

t =10

Procedure :

Enter Comment

Ini+tialize

4 n
10 t
A Aa
.3 Ay
.5 A3
.5 Aa
F (%)

(@]

(@]

(@]

(@]

E

calculation

53

Display

J

0

10

.7312684703

+t+akas 25 seconds




r

PROGRAM 2 : Procedure ;
CASE II : to solve problems of +“he kind, “hat w=2re '
introduced in Chapter III.B. .

1. Derive the system's shorthand notation. Fird sither tke i
- graphical repr2sentation s5r

- *he MIX-notation .

2. Use any library module. |

Re-Parti<ion ( enter 2 in the display, press 2néd Op 17 ). F

1

Read in all four sides of the magnetic card. é

3. Press 2nd C' to initiali ze. 1
4. Enter time ¢ and press B. F
y

5. Repeat *he following s*eps for each path cf the graphical q

representa+ion, i.e. £or each convoluticn ipn the
MIX-rnota*ion. ;
a) Enter n, the number 5>f exponential terms *o be

convolved, in the display and prass A.

b) Erter 4; and press C.

REMARK: Failure rates, which appear only snce in the b
expression, have to bes antered before failure

rates, that appear savsral tinmes. |

¢) Enter p;, the weight in the it¢h path, and press D. i

d) To £ind the part of the systsm's survival probability,

that is contributzd by “he ith path, press E.
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6. To find +the survival probability of the system

press 2nd E°*,
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PROGRAM 2, CASE II : Sampla Problens

1. Find the survival probability of a parallel

system

with dissimilar failure ra*es (coapare Chaptsr III.B.1).

a) Ay= .1 , dg =.2 , v =2
b) Shorthand rnotation

EXP (. 1)

(.2/.3)
BXP(.3) +

(-1/.3)
EXP (. 2)

F(t) = MIX{ (.2/.3)( EXP(.1) + EXP(.3),

(-1/.3) ( BEXP(.2) + EXP{(.3)].
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c) ‘
Procedure :
Enter Comment Prasss Display ‘
Initialize ol 0 i
2 * B 2 |
2 n, A ) ;
o1 A, c o1 ;
.3 Ao + A2 o .3
(«2/.3) E, D .6666666667
E .635793541
2 n, A 0
.2 Az c .2
.3 Ay + A2 o .3 [‘j
R
(«1/.3) P, D .3333333333 li
E .3064445622 1
F () E' .940239163 j
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b)

2. Find the survival probability of a series system with

one spare as introduced in Chapter III.B.2 .

a)'{'4=-3 ’ /{'z=.5 , t =17
Shorthand notation
ZERD
(«3/.8)
EXP(.8) +
(«5/.8)
EXP (. 8)
F(t) = MIX[ (.3/.8)( EXP(.8),

(.5/.8) ( EXP(.8) + EXP(.8) ].

b e e

- g — e o e -




c) i
Procedure :
Enter Comment Prass Display

Initialize ol 0 'l

7 t B 7
1 n, A 0
.8 Aa + Ax c .8 v
(.3/.8) P, D .375 |

E .0013866989

2 n, A 0

.8 . /{4 + /(r'l. C .8
.8 Ao + A c .8 ,
(.5/.8) P, D - +625 i
| F .0152536878 !
|
F(t) E .0166403867 |
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3. Find <he survival probability of a Two-out-of-Three

System as introduced in Chapter III.B.3 .

a) AI‘ = -2 » Az = .u ’ L:: .5 ’ ‘_’ = 9

b) Shorthand notatior

EXP (. 9) |

|

EXP(1.1) + EXP (. 7) é
|

(- 5/1.1) f

BEXP (. 6) f

F(t) = MIX[ (.2/1.1) ( EXP(.9) + EXP(1.1)),

(/1.1 ( EXP(.7) ¢ EXP(1.1)),

(.5/1.1) ( EXP(.6) + EXP(1.1)) ].
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c)

Procedure :

Enter Comment
Ini+ialize
9 t
2 n,
1.1 Aqi' /Lg +IL3
«9 'Lz */Ls
(. 2/1.1) P,
2 n,
1.1 Aq + Afz + As
o7 in + LS
(«4/1. 1) P,
2 ny
1.1 Aot Az +44
06 AQ + Al
(.5/1.1) P;
F ()
61

Press

(@]

(9]

Q

Q1

1

(@]

Display
0
9
0
1.1
.9
.1818181818

.000262u871

.3636363636

.0018043754

<6
4545454545
.0044892129

0065560755
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