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A Siwple Model Applicable in Structural Relisbilicy,
Extinction of Species, Inventory Depletion, and
Um Sampling, II. Systea Lifelength.

by

1. F. Pmcluaz. and J. Sethuramen

E. El-Neweihi ¥

AT ST N A

This is Part II of a two-part paper devoted to the following model. A series-
parallsl systeam consists of k subsystems in series, subsystem i containing n,
components in parallel (denoted c‘ and called cut set 1), i=1,...,k. After any

component in the system fails, the next component failure is equally likely to

be any of the components in the system still functioning. In Part I, we computed
the probability that a specified cut set fails before any of the others do, and the
probability of failure of the cut sets in a specified sequence. We also computed
recurrence relations for and various interesting properties of these probabilities.
‘ In the present Part II, we compute the probability distribution, frequency

s function, and failure rate of the lifelength of series-psrallel systems. We also
obtain corresponding recurrence relations and finite and asymptotic properties.
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A Simple Model Applicable in Structural Reliability,
Extinction of Species, Inventory Depletion, and

Urn Saspling, II. System Lifelength.
by
E. El-Neweihi, F. Proschan, snd J. Sethuraman

1, Intmu-adm. This is the second part of a two-part paper

devoted to the study of a simple probability model which has applications in reliability
theory, inveatory theory, the extinction of species, and sampling from urns.

Relisbility Model. We state the model initially in the relisbility context,
and then show that the same model can be used in the other aress mentioned. Also,
uummmummuhtmummmiupmnm.nm
the language of reliability, without repeatedly pointing out that the solution and
its properties apply ian the other aress, ,

Consider a system consisting of k sybsystems in series, vhere subsystem 1
is a parallel arrengsment of n, Components; such a system is called a geries-
parallel system. Ve shall usually refer to the parallel subsystems in a series-
parallel system as cut sets. If 1ittle is known sbout the reliability or 1life
distributions of the critical components in the systéa (as night vell be the case
in the very edrly stages of system design) , it is not unresscnable to sssume
all cosposisnts ere squally likely to fail. '

.nrmt.‘um-n-.unuuad-‘uuub:

(I-1) What is the probability thet & given cut set fails before sny of the others
do? ;

(1<7) Wit 15 the' probebilicy that cut ests fail in a specified sequence!

(I-3) What properties do these probadbilities possess? What inequalities and
bounds csn be obtained from a kaowledge of these properties?
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Although the model was originally conceived in a reliability context, it may
be applied in a meaningful way in other areas. Consider the following applications
of the same model:

Extinction of Species. As a concrete example, consider a lake containing in

addition to other forms of life, k species of fish, species 1 containing n
specimens, i=],...,k. The fish .fc"co-pnublo 1n their vulnersbility to capture;
fish are caught in succession in a period during which no births occurs (or if
new-born fish are caught, tiey are thrown back into the lake). : What is the
probability thst s given species becomes completely depleted before any of the
others do! Hnt is the probability that depletion of species occurs ia a specified
order?

Inventory Depletion. k types of items are stocked in a depot. Demands for
the given types of icems are squally likely. The two ty'pu of probsbilities of
depletion in the esrlier models and their ptoportm are also of interest in the
preséiit model. |

m An urn contains n, balls of calor 1, iel,...,k. Balls are
a-umm,ummot:bmu Femaining in the urn equally likely
to be drawn at each drawing. What is the probability of depletion of a givea colox
first? What is the probability of depletion of colors in s given sequence? Mhat
sre the properties and bounda for thess probabilicies? .

P the present Part II, we study the lifelength of the series-parallel

wlid ot o o .. i i o 3




By system lifelength we mean the number of component failures at the time of the
sydten failure.  .In addition, we derive interegting and useful properties and
bounds for these lifelength functions.

In Section 2, we derive basic formulas for P(L(n) > £), the probability
that the system survives the failure of £ components, and EL(n), the expected
value of system lifelength L(n). Recall that ne “'1"""'&" n, = number of
cosponents in cut set i, i=l,...,k, snd k = number of cut sets in the series-
parallel system. (In Part I, it was more convenient to assume the system consisted
of ktl cut sets labeled co.cl.....ck.) We also obtain various useful recurrence
relations satisfied by P(L(n) > £), EL(n), and the probability frequency function
P(L(@) = 0).

In Section 3, we derive various useful properties of P(L(n) > 0), EL(D),
and P(L(n) = £). Thus we show that P(L(n) > 2) and EL(n) are Schur-concave
in “‘1'°°""|:" In addition, we obtain asymptotic properties.

Pinally, in Section 4 we obtain properties of the system survival function
from the point of view of system aging. Thus we show that the system survival
function has the "new better than used" property, i.e.,

P(L(2) > 2L + m] s P(L(n) > 2) P(L(D) > w)

for all £=0,1,2,... ; w=0,1,2,... . We obtain an explicit expression for the
systea failure rate P(L(n) ;L +1)/r(L(@) > £). We conjecture it to be an
g incressing function of £, but are unsble to prove the ecnjecture, except in
; special cases.

2. _Basic Pormulss end Recurvence Relaticns. In this section we derive basic

expressions for P(L(2) > £) end EL(2). We aleo obtain useful recurrence relations

————
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satisfied by P(L(n) > 2), EL(n), and P(L(n) = £). With suitable computer
programs, these recurrence relations yield numerical values tof the quantities
of intérest. Also the results of this section are used in Section 3 to derive
some interesting properties of L(t_;).

Throughout, we shall assume a series-parallel system of k cut sets

cl.....ck, the 1th cut set édno:loting of n, components in parallel, i=1,...,k,

i
unless otherwise stated. We also denote the total number of components ul-o»--'l»nk

by n.
Before we state and prove Theorea 2.1, we need the following lemma presented
in Part I and proved in Langberg, Proschan, and Quinzi (1977).

Lemma 2.1. Let (2, A, P) be a probability space and A.t €A 1=1,...,m, e m

given events. Then

= - :
1
2.1) P(nA) = JPAA) = T  PAUA) $oost (-1)™ p(uA)
1= 1 121 S 1s¥£js- 1'4 gei 1
We may now prove:
Theorem 2.1. The survival probability function is given by:
z(-l)"'[ ] [ ] forISu-k
(2.2) PQp) > L) =4 5 1eS ‘
o ! 88 65 { Otbm.
vhere
s is an ubuuty subset of (1,...,k}, poseibly the empty subset,
m th urdtuuty o! 8. : : 7
ri1ob 0 y 1 g TRY : AR YT
[b : SYYE z; .;;‘y, t"aﬂ! g L o R S : iR ¥
[xe0 forsey,
x¢8
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Proof: Let A, denote the event that C, has at least one emt among the

last n-{ failing components, i=l,...,k. Then P(L(n) > £) = P( n A). By (2.1),
: i=1

k
PA@ > D = TPAY - T P uA) +eees (<D by A)
i=1 1si<ysk 1=1

: jl 1-(:111 (ol - " I ";f',] / [‘1:",]] e
| +_H)H 1 - [ﬁ]/(:]]
'_[:]‘[: REWIRENS m[‘ /[‘] B ] ,[‘ ]+

ot G

Since [‘1‘] - [:] +eeet (<151 2 1, 1t follows that

P(L(@) ’l)--i(-l)k'[[tn]/[ IAnH « N
‘ 8 . Llaes 2} laes Y]

_m_&. ‘The uneul mtcn iuclcagth 1s given by:

an Cm@- {(—n"'ﬂia][ H}

';m n-uuuuummfm(zz)ummcmc

| l-k

"-Ug‘
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Remark. For the trivial case k=1, (2.2) and (2.3) yield the obvious results
that l.(nl) ® n, ' with probability one and n(ul) =n.

An expression with alternating signs is inconvenient for certain purposes.
Thus we next represent P(L(a) > L) and EL(n) as sums of positive terms only.

Theorem 2,2. An alternative formula for P(L(n) > £) 1is given by:

C
(2.6) PG >0« ] ,[:111[&] for Lsn -k,
x321 1 1
zxi-n-t
and
1 s
.5) ‘ u.@ e :_ =) =)
o z;tsn %

Proof. The system continues to fuaction after £ of its components have fatled
if and ounly 1if each of t&_ cut sets cl.""'ck has at least one of its components
still functioning. This implies (2.4).

Since EL(n) = { P(L(n) > L), (2.5) follows from (2.4). ||

Bamerk. The relation (2.4) may also be seen resdily by considerisg the following
equivalent muw pmbh- Anun me um i has n‘ balls, i=1,...,k.
The balls are drawn at rcadc-mntatiu. tho n! possible orders of the
dr—bauuu.qunyu»u. Mtumnqmcmofmum
is empty after the fitst L balis have been dritd is P(L() > £), given by

The following theorem gives alternative m for m(y> l) and
R(2). Thess various expressions vill be used to prove interesting propertits
of L().




Theorem 2.3,

-2
iy i i 3521 (n,~x, '5'(nh-lk)l -x-(ll_!‘--%"{;l' / nll-?'!nk!

txi-n-l

for L sa-~-k, and

: ..(n-txi)l 2:1 nl
(2.7) EL(n) = ‘le (nl.;l)i...(;k-gk)l gllT-L-xkl / nl'."nk!

xzisn

Proof. The numerator of (2.6) represents the number of ways at least one
component from each cut set survives past the Lee component failure; the
denominstor represents the number of arrangements of the n component failures
without distinguishing samong components from the same cut set. I

For the special case of k=2, the expressions given for P(L(n) > &),
P(L(n) > £), and EL(n) reduce resdily to simple closed forms. Not only are
these results useful for the special case of k=2, but they will also be directly
utilized to derive interesting properties for the gemeral case in the next section.

Theorem 2.4. Consider s series-parallel system consisting of two cut sets ¢
and C, having "1 and n, components respectively; let m = n, + n,. Then

.y s ‘ r’a.(slr.‘n,)‘ >0 ‘-'-‘; 1 -[{f:1]+ [:z]}'[:l]] vLsn-2,

and
- b |
(2.9) R(a,.8,) = .—lﬁr & & @+ 2).




n
Proof. Note that [: ]l [ 2 ] is the probability that C, fails during the first
1 1

i

£ failures, 1=1,2. Since both C, and C, cannot both fail during the first

£(s n - 2) fatlures, then (2.8) follows.
To prove (2.9), write

gy« Fragmp 0 - B -] EIE]]

..-{[-111]/[:1]}-{[,,2:1]/{:2]}.,- o

2
';;éi"?i"(‘*z)’ "

Theorem 2.5. For a series-parallel system consisting of two cut sets C, and

1
(:2 wvith oy and n, components respectively, we have:

(2.10) - PL(n,.n,) = &) = [f:fJ/[:l ]] + [[:;}1]/[:2]]
for ";“‘“1"2) slfsn-~-1.

Proof. Let At denote the event that cut set C; fails at tiwe {, 1=1,2. Then

P(LGs],0,) = £) = PO + PlA,) = [[:11]/[:1]] . [:;11]/[221]. I

Next we present recurrence relations satisfied by PL@ > ), P(L(n) = &),

and EL(@). Let (n), denote the (k-1)-tuple obtained from n by deleting n,.




rem 2.6.

@ rw -0~ §2 [ 10 () [ [,,,]

-n-l-nt

% 1(ea
(b) m(g)-t)-),‘l[ ][ PlL(n), > £ -]
is=

k n,
(C) E@ - z 308 n(nlgo .,Ill 1. n 1.°1+1'o “k) + 1

Proof. (a) Let A‘ denote the event that the last component to fail is from

ci. i=1,...,k. The result in (a) follows immediately from the law of total
probability, namely:

P(L(n) > 0) = Zr(!.(p_) > £|a) P@A)).
1=l

(b) Let 31 denote the event that cut set C, fails at time £, i=1,...,k.

i
In s similar fashion, we have:

k
P(L(m) = L) = era.@ = 2|8)) (3,
i=

and the desired mult follows.

(c) Since L(I_l) - L(Ill. ceeoBy 1.: 1.n“1. .e .I\k) + 1 with probability

i
n Iﬂ. "1,.0 'k. then

n(!) - i —"l‘l(. ,...,ﬂi 1.‘1 1.n1+1’00'0nk) + 1]

k
- 1z1 n(lll.....Ii_l.l‘-l.ﬂ"l..-..l'lk) + 1. “ || *
-
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Remark. The recurrence relations (a) and (c) in Theorem 2.6 provide expressions
for P(L(@) >£) and EL(n) in terms of similar quantities obtained by reducing
the nusber of components in ome of the k cut sets by one. Relation (b) provides
an expression for P(L(n) = £) in terms of P(L(_l)i > =n,) for systems

with fewer cut sets.

3. Properties of the Lifelength L(n). Using the results of Section 2, we

now obtain various properties of P(L(n) > £) and EL(n). These results express
in precise form seversl intuitively obvious properties of P(L(n) > £) and EL(n).
These properties may be helpful in designing series-parallel systems so as to
maximize both P(L(n) > £) aend EL(n). We start with the obvipus property:

Theorem 3.1. Both P(L(n) > £) and EL(n) are symmetric functions of Byseceshy.

As ou might expect, the more components there are in the cut sets, the
more likely it is that the system survives the failure of £ components. This
is made precise in:

Theorem 3.2, Por.all £ 20, P(L(n) > &) 4s monotonically increasing in
ni' 1-1'oto’kc

Proof. It suffices to show thet P(L(n,+3, '2"""!:) > L) 2 P(L(n,,...,n) > 8).
Let Ll....,!. be the exchangeable random vatubh- upnunth' mt
lifelengths (1.0.. 1-1 upumu the nﬂcr of mt !.uuu pneodh;

the fatlure of the 1™ component). Let' L, denote the lifelength of the

additional component in C,. Let L.‘I - max {!. }s 3=1,...,k. Then
‘ 1eC

© - o,y e e - ety
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o+l
Lin, +1,...,m) = ‘.{d lun(Ll.Lz.-.-.Lk)u- obumly L(n +1,...m)

2 L(ny,...,0,) for every sample outcome. The desired result fouon immediately. ||

Corog_._tz_ 3.1. EL(n) 1s wmonotonically increasing in n, i=1,...,k.
Proof. Theorem 3.2 and the fact that X s Y a.s. imply that EX < EY. H

Remark. For the special case of k=2, a direct proof for Theorem 3.2 and
Corollary 3.1 using (2.8) and (2.9) 1is easy.

The concepts of majorization and Schur functions have been applied to
develop s variety of useful inequalities in many branches of mathemstics and
statistics. Majorization (see Definition 3.1 below) is a partial ordering in
"k’ the k-dimensional Euclidesn space. A Schur function is a fumction that
is monotone with respec: to this partial orderimg. Many well known inequalities
arising in probability and statistics are equivalent to the statement that
certain functions are Schur functions. Theorem 3.3 and Corollary 3.2 below
show that for a fixed £, P(L(n) > £) end EL(n) are Schur functions in
BysecesBy. Before presenting :hno’ results, \n give definitions of majorization
and Schur functions. We use the notation that for a givem vector x ® (:1....,:‘).
the decreasing rearrangement of the coordinates is demoted by 8(1__133“’2---33[“.

W Aucm X 1s said to majorisze s yector x' (in symbols
:!g')u

x b 3 " ’ ’ - 1.00..“1.
121 f1) 121 B 5 e

k
x =
R T m {1
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Note that 1f x' 1s a permutation of X, then x :_xr' and x' 55.
A useful characterization of majorization is given by Hardy, L:l.ttlqu.
and Pélya (1952), p. 47,

Lemma 3.1. x 2 x' 1if and only if there exists a finite number, say r, of

vectors z(l)._"’!(r) such that x = _x_(l) 2 3(2) 2...% .!(r) =x' and such

that _x_“) and _x.“ﬂ') differ in two coordinates only, i=1,2,...,r-1.

Definition 3.2. A fumction f: R, * R 1is said to be Schur-convex (Schur-concave)

1f £(x) 2 (<) £(z') whenever x : x'. Functions which are either Schur-convex
or Schur-coucave are called sehur-'gs tions. Note that a Schur function f ‘is
necessarily permutstion-invarisnt (symmetric); that io. £(x) = €(x') vhenever
x' 15 = permutation of x. : \

The following are exsmples of Schur functions: l

k ‘
£.(x) = ‘!19(:1) is Schur-convex (Schur-concave) if ¢ is log-convex

(log-concave) . .
’ v‘t}z.(;) * 4-1'“’ 18 Schur-coavex, 1 5 § su
B - 1—21:{ ‘1s both Schur~convex and Schur-concsve. {
Ve mey now stats and prove:
Theotew'3:3." ‘Por 4112, P(L(n) > )"’ 1s” Schur-concave in (ay0eccim).
‘ 1
Proof. By Lemms 3.1 it suffices to show that:’
!(I.(ll-l.. ni‘l, n,.'.;.:lk;') L 200 >0,

wvhere n1>n2.

A e 5 O D S e TR P A, 1 SR




13

First we prove the theorem for k = 2; {.e., we show that P(L(nl-l.ufl) >m) 2

P(L(n,,n,) > w). By (2.4) ve have P(L(n;,n,y) > 2) =1 - [{[:'4] + [:ft]},[n:l}] ’

wlnun-nl-!-n Lotn---a.tlnnforn >n we have:

R R R o L R R B R e R S

Therefors "“(‘1"2’ >a) s P(L(ll-l.nzi»l) > m), vhich proves the result for
k - 2.
For the general case, we have by (2.4):

oo 4, GBI

Ixgmn-t

{..1.,,, - Qo ee]

I xof n -0+l
923 3423 4

e l-vo nud P(L(Il.az) > £') is Schur-concave for all L'. Since a mun

linesr eo.mtun of M t.cua. is a Schur-concave fumction, then
PL(R > £) 18 o Schur-coucave fwcticn fn (a,...,8). ||

Remsrk. ‘An eltersative proof of Theotem 3.3 can be comstructed using a preser-
vation theorem of Proschsn end Sethurasen (1977) (Theorea 1.1).

Corollsry 3.2. EL(a) 1is Schur-comcave ia (Bgoeeeomy).

D Tuser— e 30 - " - »

B R S oo g ot s s o e R g
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Proof. Al in Theorem 3.3, it suffices to show that if n, >n,, then
EL(oy~inotl,n,,. .0 ) 2 EL(6). By Theoream 3.3, L(a,-1,0,41,...,0,,...,0,) 1is
nt.oehnti.eluy larger than L(n), which isplies that ﬂ.(nl-l.,nzﬂ....,nt) 2
n.(ul.az. % ..ﬁk) . I

Remark 1. The results in Theorem 3.3 and Corollary 3.2 are imtuitively quite
reasonsble.  Roughly spesking; the results state that for a fixed total number
Z‘i of components, the more homogeneous are the cut set sises, the larger
(stochastically) s L(n). |

Remark 2. Assume 0, + -** +n = kr, then obviously (n-k+l, 1,...,1) 3
Smg——

- i ( (k-1) times
(nl.'...nk) e (t.....l’). Since P“@ > l) and n@ are wm

k times
functions, we immediately get upper and lower bounds for then.

Next we obtain some asymptotic properties of P(L@ > &) and EL(D).

Theorem 3.4. Porall 1s1<k and for all L =0,1,2,..., ve have:

PA@ > +1 asn v,

Proof. Lat iin1+---+u‘1+‘n“1+-u+nk Por °1 ur.nmghnlunz

11!(!.@»03[;[(‘;'}#1 ssn, *e, I

Remark. It follows immedistely from the above theorem and the momotonicity of
P(L(a) >£) that ulro,@ > L) =1, vhare S is & non-empty ewbest of (1,...,k}.

kl

SUPRPRR—————
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Theorem 3.5. Let S be a non-empty subset of. {1,.../k}. Then 1is EL(n) = =,

e
ieS
Proof. It suffices to show that 1lim EL(n) = =, Write
n,
7 i
EL(n) = P(L(n) > 2) = P(L(n) > £) I(.) .
=0 ® =0 s {0,...,0,n-k})

where I‘(-) denotes the indicator function of the set A. As n, + o, we have

PLG@ >0D1 () + 1, and by the monotone convergence theorem,
{o.....o.“k)

B@ +=. ||

4. Properties Based on Notions of Aging. In this section we explore notions
of systes aging stalogous to those discussed for gemeral life distributioms in

Barlov snd Proschan (1975), Chaps. 3 and 6. Roughly speaking, we compare the
lifelength of a "fresh" series-parallel system with its remsining lifelength after
it has survived the failure of L, ssy, of its components.

Throughout this section, let ¥(2) = 1 - P(L) denote the survival probability

PO(x) >'¢) of the system. Also let A demote the set “’1"""\"' x 21,

k
1°1,..0,k, and J x, =tk
i=]

Theorem 4.1. Por all nonnegative integers £ and m, we have:
(4.1) FL + w) < FOFW).

Pyoof. let X, - “‘1"‘”&)' vhere X, 1s the random number of cosponemts
remaiaing in cut set C,, i1,....k after { coupencat failuves. Whea L > L, motice

that &cA._‘.Lnl.z, P
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Fvm)/#) = P(L(a) > 2 + ajL@) > O

- I P(Ltn) > 2 + -I;l-g,l.(g) > t)l’(‘;,c - ill.(g) > 2)

e :

= o=t
Obviously, P(L(n) > £ + .I;c = x, L(n) > £) = P(L(x) > m). By Theorem 3.2 we
have P(L(x) > m) < P(L(n) > m) since X, < 0 i=]1....,k. Thus
Fe+/F) sPQ@ > | PX, = x|L(@) > 2) = P(L(n) > w) = F(m). Thus
xehy e
Fesm) s¥) Fm). ||

Remark. A life distribution P for which (4.1) holds 1is said to be new better
than used (NBU). See Barlow and Proschan (1975), Chap. 6, for a discussion of
NBU life distributions and their properties.

Recall that £(£) = P(L(n) = £) 1is the probability that the system fails
vith the failure of the £L'" fatling component. We define the conditional failure
rate r(l) of the system by r(L) = £(L)/F(L~1), so that tr(L) denotes the
conditional probebility that the system fails upon the failure of the L'V
couponent given that it has survived the failure of the first {-1 compoments.

When r(f) 1is & wmonotonically incressing function in £, the distribution fumction
7 1s said to be an incressing failure rate (IFR) distribution.

Conjecture. For a series-parallel system, the life distribution F is IFR.
Next we prove the conjecture for two special cases. PFirst we prove it for
the case k=2:

Theepen 4.3. Let C; and C, be two cut eets forming a serice-parallel system
beving a, aad 'n, coupencats respoctively. Then ¢(f) 1s an incressing fumction
of L.
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Proof. By Theorem 2.5 we have:

n
(L) - {[:;21] + f;il },[‘:1 z] for min(a,,n,) s L s a -1,

Obviously, £(f) is increasing, while F(L-1) 1s decressing. Thus the ratio
r(l) 1s increasing. 1
We extend the above result in:

Theorem 4.3. Por the series-psrallel system let By*n = cc=n =1. Then
F is IM.

Proof. We use the fact that r(f) 1s an increasing function 1if and only if
F(L)/F(L-1) decreases. By (2.4):

la)';- ra(nl.nz.l.....lj >2) = gla).:.,n C:][::]’ r‘h{k_z]
e Ay T A B

- H(L) aa). :

vhere H(L) = [“ 3] [‘1“’*} s $(0) = PlLia,.n,) > £). By Theoren

4.2, B(L)/E(L-1) 1is decreasing. Also it is essy to verify that H(L)/H(Z-1)
10 Bheibllinay, Te 'teiiong enat F(2)/F(L-1) 1e decreasing, iwplying chat ()
Next we express r(L) 1in the general case:

m’ o Aed o} sescieR o

reLe1)e [;.‘z (.‘-ul T ] o aek, mm

- . . r—

A e g e s o S-Sy
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Proof. Let X = (X,...,X), where X

4 is the random number of components

remaining in ci. i=1,...,k. Then

r(L+ 1) =P(L@) » 2L+ 1|Ln) > )

= ] PA@=L+1X =~ YPEX = x|L(w > 2)
n~£

& Bl (s L0 0

5. Additional Problems. It seems highly reasonable to believe that the
failure rate for the distribution of the lifelength of a series-parallel system
is incressing. The intuitive basis for this belief is that as the system continues
to survive additional component failures, the number of cut sets of size one
increases while the number of functioning cmtn n-ilun; decreases. Since
the failure rate is puun.ly the number of cut uu of size one divided by the
nusber of functioning components, it seems very likely that the failure rate is
an increasing function. We are attempting to prove this important conjecture.

We are also studying the life lengths corresponding to more general classes
of systems in which cut sets overlap; 1.6., the same component may appest in
mthupueutut. mmt mnl clu.ofmt-softhutmuthclm
of cobareat systems. (u. lnrlov and Proschen, 1975, Chapter 1.) Por this general
class, the eon-umdhg ruulu comrun; 1lifelength would be much more _compli-
cated. We are currently considering some opochl cases of the nrh-pnucl
systea in which:

(a) a single component sppears in more than one cut set,
(b) several components sppear in each of two cut sets.

o t i
i ; A vl
14
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Other directions for generalization include:
(c) the lifelength of systems other than series-parallel systems,
(d) components within a cut set have the same ieuauum component reliasbility
varies among cut sets.

For each of these models, it would be desirable to obtain exact expressions,
bounds, and qualitative properties for system lifelength.
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