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P ref ace

This report describes a technique for the multi—level modularization of

large systems such that the life cycle cost will be a minimum . The method

presented is an extension of the one—level modularization reported in

Blegel and Buicha, System Modularization to Minimize Life Cycle Costs [1,2].

The method is a heuristic extension of the previous method [1,2] and no

attempt has been made to prove its optimality . We have generated no coun-

ter examp les , however .

The system is first decomposed into functional elements , then recon-

structed into modules , each containing one or more functional elements.

The modules are then collec ted into subassembl ies , the subassemblies into

higher level subassemblies, etc. The criteria is to form the collected

sets in such a way that the life cycle cost (LCC) is minimized .

The computer routine to do this is presented and explained . An ex-

ample problem is included .
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EVALUATION

The objective of this effort was to develop a methodology which
would allow an equipment to be modularized (partitioned into modules )
in such a way as to min imize total life cycle cost. This objective
was accomplished . The methodology developed is capable of structurinq
the modular organization of an equipment taking into account reliability ,
maintainability , fabrication costs , and logistics support costs. This
report nrovides the procedures and necessary detail for use of this
methodoloqy. Besides the dissemination of the report to potential
users , follow-on activity is currently in Droqress to:

a. Include the methodology in a planned “Life Cycle Cost
Design Handbook”

b. Include the methodology as Dart of the “RADC Compu-Standards
Program ” . (A computerized compendium of procedures intended to
imolement and support reliability and maintd inabilit y standards and
handbooks).

c. Utilize the methodology in the house and suggest its use
to RADC contractors in support of life cycle cost analysis efforts on
hardware i tems.

)(~c~.
J~~OF1E KLION
Project Engineer
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I .  INTR ODUC TI ON

The o hj t c t  ly e of t i s i s  r e search  w.~s to deve lop  ~i t e c h n i q u e  fo r  the

m u l t  i — l e V e l  m o d u l a r l . ’~i t l o n  ~‘I  l ar g e  systems th r ou g h  o p e r a t ion s  on t h e i r

m a t r i x  r epre sen t . I t  ion.  The t t r i a l  p rocedure  must  p e r f o r m  m levels  of

modular i .~a t  ~~1 lfl on . 1 l ar g e  n e tw or k  of ii nodes such that the  l i f e  cy c l e

cost  w i l l  he at  or n ear  m i n u m u m .  I’he s o l u t i o n  t echn i que is programmed

Into the RADC M u l t i c s  sy st em  In F o r t r a n .  T h i s  is  an e x t e n s ion  of

t i l e  work  r e p or t e d  in Blege l and b u l c i t a , Svs tern M o d u l ar i z a t l o n  to M i n i m i z e

L i f e  Cy c l e  C O St S  [ l ,.~1.

As e l e c t r i c a l  desi gn s become increasingly complex and large , so

does their network representation , and the  assoc ia ted  data  d e s c r i b i n g

the  n et w o r k  and i t s  c om p o n e n t s .  Hence  in d e v e l o p ing  an et  I ic  i e n t  pa r t  I —

t Ion ing  t e ch n i q u e  I l I r  1 .lrgt’ u e t w u r k ~ ( 1  1) 1) or mor e  nodes) data hand 1 ing

J tIM I ’ X  c O i l s  idtr.it . i t ’ i i .

~~tw1 ’tk L i i i ( i r m , I t  i t ’n  i ~; e t ’I lv e n  l e n t  Iv repre sented in m a t r i x  t o r n .

b i t t  . t ~~ I II n u m b e r  I I I  nodes in  t h e  n e t w o r k  t n ~’ r ( . t s e s  5(1  does ( l i t ’  mat  I i x

si ‘
~~ ‘ . I t t h e r e  l I e  101) iioth’~. , 01 St ’ ueed~ a (10 ( 1 \ IOU ) m atrix t or .i I u l  1

r tp It ’ ~ t ’Il t .1 t L t l t i  I ’I t i i t  l it ’ t W o r k

I t  I u ’t i g l t  t h e  nlo d il  I ar  i .~~ t I 1(1 15 p ro cedure  does Ik’t  1lsst lnie . I ISV p ar t  i c u t  i i

t y p e  1 ’t  n e t w o r k , i t  I. ’; f l e t  e s s ar v  t o  look m or e  clo sel y into d i i  b rent (V il e ,

I t  n e t w o r k s  I ron t h e  d , i t a  hand I t ug  pti jut ot  V j e w .

Fli , ’ m t ’dul ,ir i z . i t  ion  pi l~~( ( ’~~~~~ d e s c r i be d  i i i  th i s report is esseut i i  I l v

t h e  S . l i f l t ’ .15 t h a t  de scr i b e d  i n  our p r e v i o u s  r epor t  L I  • .~ I . We havt’ iIh’ t ’I ’—

pora t e d  a c o m p u t e r  i ~ed s~ l ,l res .11 toe at I on prtictdurc and the  complete l i t ’ e

ev e  ,• u~~ e v . t l u a t  i i ~ii t ’ I t h e  t ie ’~ L g I i~1 d ev el op e d  when m o d u l a r i z i n g  these

L I . i r e ~ ’ l 1 et t ~~I ’ i  L.. l i i  In . l f lV t ’n g in e e r  l u g  app l t e a t  ion s , u s e  I iuI lug c i  ct ’t r o u i i ’s ,

tie n e t w o r k  t tat represents t lie sy s t e m  i s  ol an e l o n gat e d  type  and the

m at  r’ i i s ta I led  ‘‘ sp a r ’ ; ’ ’.



Def in i t i on :  Let A be a square matrix of order n, if r is the number of

non—zero e lements  and r n , then A is sparse.

An E l o nj~,a t ed  Non-tHree ted N e t w o r k

~~~~~~~~~~~

I t s  Ma tr ix }~t~j~~~sentat ion

1 2 3 4 5 6

F 2 1 1  

~
4~~~O 1 1 0 0 1

:~: : ~ ~
Figure 1: An elongated network and it ’s sparse matrix representation.

Now consider a non—directed network that results in a matrix that is dense ,

t yp i ca l l y a “complete graph ” .

2
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P e t  ( n i t  i o n :  A comp lete g rap h , is a graph where  every node is connected to every

ot h er isodt’

Figure 2: A complete graph and its dense matrix representation.

As the number of nodes increases , the proportion of non—zero entries to the

size of the matrix is usually significantly reduced. Thus , efficient methods of

storing data for large networks must be found .

Elongated , directed networks have a triangular matrix representation

w h e r e  d a ta  is  usually couceutr ,lte~i near the d iagona l .  For such a m a t r i x , where

is = 100 , we have U~ to ~~ ~~ p o s s i b l e  e n t r  I t ’S and on ly  a sma ll pe r ce n tage ot t h es e

entries arc non—zero .  The usual  way ot  spec i ly i n g  an e n t ry  by t h e  row and column

ind i ces is Int’l I’ ic L en t  and t i m e  and space consuming when work ing  w i th  large n et w o r k s .

Conside r i n g  t h i s  d i  t I i c t i l  t V , .t p r ocedure  is deve ’ loped to s p e c i fy  for each row only

t 11050 e 1 OiP t’llt s t o t lie i mnsed Ui t o  r i g ist ot  the ma in d iagonal up to and i no I ud ing t he

I , i s t  i1ois— ,~t’rtl e lemen t  in that row. For example , ~ OIiS ider the t_!~ row w i t h  e l emen t s

A~ . i+ 1’ A 1 , 
j +~ 

A 1 , 
~~ 

Under  the  procedure  used in t h i s  pr ogram ,

thios t ’ e lements  would be entered as:  ~~, k, 0 , 0 , 0 , 1, 0 , m where j ,  k , 1 and

m art’ the univ non—zero elements in the i— row w i t h  j being the element in the.

( I  + l ) s t  column . This  i n fo rma t ion  is input  as above and used in a subrout ine ,

I N I  I’ . where t h e  co m p let e  ~ x n m a t r i x  is  c rea ted  for  use in the modularizatlon

procedure In the main program.



II. ON THE MODULARIZATION OF LARG E NETWORK S: GENERATION OF PROPER CUTS

An exhaustive enumeration approach can be used to generate all possible

Set s S and S. We can test if these sets satisfy the requirement of a

p r o p e r  ~‘u t  ( d i v i d e  the  g raph  in to  two sub gr ap hs )  . C l e a r ly  fo r  a graph of n

nodes  t h er e  a r e  .~~~ di I t e r en t  p a r t  i t  ions ot’ the  nodes i n t o  the set S and S

M~~re1 lv er  i t  i t  is r e q u i r e d  t h a t  I’ , t h i t ’ sou rce  tiode , he in S and V • the

s i n k  ts~~dt ’ , he In S then  the number of parti tions reduces to 2~~
2. Obviously,

I lit’ I lum b t ’ r of c i i  t S i f l  a g raph  is not on 1 v a I unc t ion of t he number of nodes

IS h u t  de~1t ’1i~i on t lie C 1 1 1 1 1  i g u r u  ii oil of th e  n e t w o r k  as well . For a s i m p l e

dsaj i s  t y p e  i s et w or k  t h e  numb er  o f  c u t s  is  n — I .  For a coni p l e t el v  connec t ed

g r ap i s , t lit ’ uppe r  b ound is the  l i m i t  g iven above w hi ichs  is 2 11 2 , For la rge

Ii , t h i s  r e s u l t s  in a very wide range ’ tn t i le’ number of c u t s .

IWO heuristic m e t h o d s  d i  roe ted toward r e d u c i n g  the  number of cu t s  to

he geiie r~t t e d a r t :

1 . to  generate ’ onl v thosc cuts that are connec t ed , and

2 .  t o  generate rest  r i o t e d  proper cu t s .

A conn ec t ed  cu t  is one i n  wh i e i s  a l l  nodes in a set .tre connected by a

ci i, ,  i n .  A r e s t r i c t e d  p roper  cut  is one such t h a t  the source node is in S

.i nd t he~ s i n k  node is in S.

I f  ,, network bias as mans’ as 100 nodes , i t  is h i ghlv d o u b t f u l  tha t

th ese  or I n V  other similar cu t  g e n e r a t ion  procedures  w i l l  a~~ q ua t e lv  re—

duct’ the number oI s e t s  to  be considered in an optimization process. The

p ro ced u r e  deve loped  d u r i n g  t h i s  research  l i m i t s  the number of cuts  to

those w h i c h  have a h i g h  p r ob a h i l i t  of p r ov i d i n g  an op t ima l  r e s u l t .

_ _  _ _ _ _ _ _ _ _  

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



Paul A. Jensen *st a t e s  “ . . .atw algorithm for generating cuts will

soon be t i m e  l i m i t e d  in o p e r a t i on  as one increases  the s ize  and comp l e x i ty

o t  ih~’ s u b j e c t g rap hs .  On t h i s  b as i s  one should be suspec t  of the

p r a c t i c a l i ty  f o r  a l l  bu t  the  sm a l l est  ~. rob lem of an optimization proce—

2 u r e  w~iic~i requires for i t s  p er ~ ormanc o the set of a l l  p r op e r  c u t s . ”

* Tens~ n ~~j 0 1 A , A Gr,’ spjs Deco t i on T ec lu ~~~Luc I or the  Des ij~~ of R e l i a b i ,
R e d u n d a n t  E l e c t r o n  i, N e t w o r k s ,  PIs .  1) . I)issertat ion , . I o hu s  H o p k i n s  l’n ive’rs itv
p a g e  126.
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I I . f l IF  Mipq t , AR 1~’. A r l o N  P R OCE’dl’R E Al ’ r n — L E V E L S :

. \!  t e r  t h e  i t s  I c  nsodularlz,a t ion  ,it ,, large n e t w o r k , t he r e s u l t i n g  con—

i ciii I t  i on i s  ac , i  in  a n e t  w o r k  w i t  hi t t ie  nude s  rep  laced hv a Ii Igher level

i w i w ” w i l l  t i !  ‘dii li’S and t tie i t  c w e in g  I h it ’ i n te r c on n e c t  ions be tween these

h ’ u r U c r  I w ~ i i i 1 , , r i . ~at  i n ’’ w i l l  r e s u l t  in s t i l l  a h ig her form of

‘ ,~~l i t l w ’~ t h,it 1 1 w ’ t l i ’ Ut’ It I v  c l i  l ed  subass~’m b l i t ’ ’. .

,._

~~0~~~~ ~~~~~ .1” ~~~~~~
— _,_—‘,-.-,,l ’  ~1 ~~~ ~~

#_~_____
~

___

~~ _
~( 4 yf t 77~\Z) ~\

~~— ~—ii
— ff ~~~~ /Y~ ‘/

1, N J J
~~~~~ ,y

1 / 
= 

— 

.—“,. ‘ 1O:~I

~ 
/ 

~~ 
- 

—

F i , ’, i r ,  ~~~~~~~~~ t w ’ t ’ k  ,i t ~,i5 iSSeItl ’l I c ’S .

h~ ~ 
F 0 liii , c i i  ~ ~

w p 1 led a . fli.it’iv t i mc s .is r eq ui red to oh t a i n  t lie

10 ‘~ i i ’ ’ 1 i i i  ‘ i l ’ , I o t I eve I w ’ I mod t i l a  r j ,
~ i t i o n .  I lk ’ on l v  mod i t i c .i I i 0 1  i n  t lie 1 , 0  ~‘d ii r i ’

i n  t s i s -  ~ :‘k i n p u t  d a t  a i t  Sc’ I t

I , i 1 i i  i, ’ i k t li ,i I t i , , s  h~’t ’ii ho I t  II ;  mod t i l t ’S . ‘ I t ’ ( ‘ i l l  I c t  i s t  t’d

i n  0,c I w ’t’ ,It i~~~ i i  ~~s’r I w ’Vc I , i s s t ’ i h  I i t ’s. Fhic i s -  I 5 1 k  1 1 1 1  t~~i . i  j o t s  is , ‘ l i , n i w ~c ’cl

st r , ii ~~ It forward l v  as f o l  l ows:
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Figure  4:  A network of modules.

Where m
1 
= [1 ] ,  m

2 
= [2 , 3 , 4 ] ,  m 3 

= [5 ,7,8] , in
4 

= [6 ,9,10].

The in t raconnec t ion  I (Mi ,M j )  between the newl y found nodes , Mi and Mj can

be obtained b y forming all the pairs (k ,m) such that kcM . and mtM ., and entering

the current network interconnection mat r ix , Ac to read Ac (k ,m). Then

I (Mi ,Mj )  = 2 A c(k ,m ) .
V(k ,m)pairs

Thus a new network is developed for  yet  another level of par t i t ioning,

if needed . If an m level modularization is wanted , this procedure will

yield m new networks. At any level the newly found network and its charac—

ter is t ics  are a new set of data for  the modularization algor ithm explained

in Biegel and Buicha [1 , 2 1.

It is concievable that at some stage a user might want some of the

nodes lef t at lower levels wi th the rest of the nodes merged into a higher

level of assemblies.’ (This could be fo r  maintenance reasons.) This variation

can be incorporated by adding f i c t i t i o u s  nodes to the network in p lace of

the nodes tha t  are not candidates for higher level assemblies. These

fictitious nodes wi l l  have 0 arc weights  and 0 physical characteristic in

7
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the next level of network. Figure 5 shows such a network.

— 
6~~ 

— 
—

S..

Figure 5: A network with a fictitious node.

Where M.K 
— fictitious for next level network i.e.:

0 V j ;  I (M 1, 14
2

) = 1(142, 
~~~ 

= 0, I(Mi, 14
3
) = I(l1

3~ 
N]) = 0

8
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III. THE COST MODEL FOR HIGHER LEVEL DESIGNS INVOLVING SUBASSEMBLIES AND

ASSEMBLIES

Suppose a design D consists of a Inixture oh modules (N), su b a s sem b h i es

(SA), and assemblies (SS). Assume that there are t modules at a m o d u l a r  l eve l ,

m sub.,sst’rnh I Los and p ,sssemb l ics at th e final level ,ts shown in tht~ Figure 6.

I l k ’  ac qu i s i  t on  cost  of  such a design is:
t m P

P ( I ) )  = ~: C~~M) , + ~; 1’(SA) , + ~A i = I  j = I  k= l  k

Fe

= cos t  ill module I

= cost UI sU b dsst2mh l, \’ ; it Is the sum of tii~ cost  oh

the  modu le s  i t  con t a in s  p lus t h e  cost  oh’ p ackag ing

thit ’ mt’du los into a subassemb i v .

= cost  of  a s sem b ly  k ;  i t  is  the  sum oh thst ’ cost u t

t h e ’ suh assemh l  ies p lus  t lie cos t  of  pac ’ka g lug h it ’

subas se’rnh I ies in an assembly.

ri ,j 2 T I ~1 as sem b ly  level

‘1 2 1 suhassernb l leve l

ft121 :J I~ nio~~u l a i ’  l ev el

i’ gi r t ’ i : A nut l i i i  eve I desIgn , I).

9
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There are primarily two approaches to the problem of spares allocation to

the m u l t i l e v e l des igns:

(a) Given the overall system availability, determine a spares

allocation policy simultaneousl y for all levels.

(h) (;iven the overall system availability, determine a spares

polic y f o r  each level separatel y af ter the modula r iza tion

proc ess, by imposing the availability constraint at each

level.

Consider ( a ) ;  t h i s  p rocedure to find a spares allocation system

Is more a c c u r a t e , bu t  the equ i pment must  be modular ized  into all

levels hehore the spares calculation can be done. U s i n g  (b)  is a mor e con—

st’rvat ive  app r o ach , t h a t  is it requires that the system availability require-

ment be met at each l e v e l .  Under  model (a)  the express ion for  the spares re—

(In I rement t’o i i  ows

Let O ( M )
i expec t ed  number of f a ilu r e s  oh ’ the ~th module in the desi gn

d u r  I ng j )e’ l• iod L

t~ (sA )~ expec ted numbe r of failures of the 1
th subassembly in the design

t h u r  in g  p e r I o d  I~.

I I (SS)~ = ex p e c ted  numb er  of f a i l u r e s  of the  k th assembly in the  design

during period I,.

Thu s, assuming independence oh ’ f a i l u r e  among modules , subassemb i ies ,and

* Ui *assembli es , the probability that S
(14) spare modules for the I module , S (SA)

th * thspare stih.,ssemh l los for  j subassemb ly and S
(Ss) spare assemblies f or k

assembly i s  so t  I ic ietl t over t u e  op er at i o n a l  life oh the equipment is given by :

10

~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~ 
~~~~~~~~~ ,1, .i ~~~~~~~~~~~~~~~~~~~ -~- -- -~~~~“- -~~ ‘ ‘  

‘— -—-—-— 

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



* ~ (M)~ ~0 (M)
1 

W( M )
1

fl~ 
P(W( M )~ 

~ 
= W ( M)

i
=O e [0(M)1]

W(M) ~~1

* SA) —tJ (SA) W (sA d )
P , = P ( W ( S A )  ‘~ S (SA) ) ~; ,j -~ (9 SA~) 

____
(sA)~ i -~ W ( SA )

,~
=0

* 
S (SS) 

_O(SS)
k 

W(SS)
k

= P ( W ( S S ) ,~ < S (SS) 5) = k e [t3(SS)u l
~S ‘k W ( S S )  =0k W(SS )

k
!

Where , W ( M
1
), W (SA)~~ W(SS)

k 
are the total number of failures for the 1th

module , the ~
th 

subassembly, and the k
ttl 

assembly. Hence If the system availa-

bility is AV then it Is required that:

~~=I 
1
(14)

) 
~
‘
~~1~~

(SA)) 
~~~l~~

ss)
k~ 

> AV

The problem of optima l spares allocation becom~s three dimensional and the

number i t !  possible elements whose spares can be determined at each iteration

is t x m x p, making the problem increasingly difficult. Under model (b) the

availability constraint is imposed at each level , thus making the constraint

tighter. But as independence between the levels is also assumed , it l’s possible

to a r r ive  at a spar es allocation policy without a sign if ica t ~~ sh i f t  from tile

results of method ( a ) .  Under (b) it is required

II P M) ~~- 
AV

i = l ~‘

AV

p
~ P -‘ /~IV
k = l

11
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A separate po l i cy  for each level can be determined once the failure rate of

each element in each level is determined .

* * * thLet S 
~~~~ 

S (SA)~ and S (SS)
k 
denote the spares needed for the I

module , the ~th subassembly, and the k
th 

assembly respectively. The cost of

this spares policy is:

t 
* 

m 
* *CS ~ C(M)

1
S (M)~ + ~ C(SA) S (SA) . + 1 C(SS)

k
S (SA)

k1=1 j=l k=l

An ex pr ession f or the l i f e cycle cos t (LCC) for  a single equipment is:

t m p
LCC = E C(M

1
) + 1 C(SA)~ + ~ C(SS)

k
1=1 j=l k=l

t 
* 

m 
* *+ l~ C(M).S (M)

1 
+ 1 C( SA) .S (SA) . + 1 C(SS

k
)S (SA)

ki=l 
1 

~~~~ k=l

+ Inventory cost for each level

+ Cost of introduc ing a line item into inventory at each level.

12 
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as well as the number of modules becomes an important factor . The

modularization process incorporates a methodology for evaluating

this factor. The expression for the expected maintenance time is

E (TM) = T
1
+ nT

2 
+ ~ T

3exp (T4
P(M~))

Where n number of modules in a specific design

1
1 

= a constant t ime per maintenance action

T2 a a constant time per module

T
3 

a cons tant modif ying the exponential relationship of

the number of external connections

a constant modif ying the number of external connections

P(M
1
) number of external connections to module I.

The specific form of the above equation as used by Caponecchi [3] is
Ii

E(Th) — 2.5 + .05n + .087 Z exp (.O47P(M
i

))
i—i

The above expression is evaluated for each design and the design is

accep ted if the calculated value of E(TM ) < MTTR max.

D. Subroutine Lcc:

This subroutine evaluates the life cycle cost (LCC) of the feasible

designs. The main componen ts of Lcc are the cost of acquisition

and the support cost for the equipment over its intended useful

life.

Lcc — C
A+ C~

Where CA — acquisition cost for design

C~ = support cost for the design

Consider the acquisition cost CA, which can be f ur ther broken

down into

14



n
C — N!. (

~ 
(; ( M j )  ( I )

A 
i — I

NE — number of equipments to be procured.

C(~l
1

) = cost of each module in a design.

The cost of a module is turther given as

C(~’l .) 
a CC (NP) + CE (It (M .)) + CP

Where CC = cost of a component

N!t = number w i t  com p o nen t s

c i-: = cost , w f  p r o v i d i n g  e xt e r na l  c o n n e c t i o n s

1’ (M . ) = n umb er  u w l  c xt e r l i , i l  p in I or  module I

CI’ c w ’s t o f  w , i c k a~~j ng  .i s i n g l e  module .

t’nde’ r the assunlpt i t i l l s  of  a d i sc,ird it  I it i i  u re  ma i ntenance (DAF’M) pol i cv

~ fltl  t hat at 1 t’as t, t in e  of c ’~~ ’hi  m u d  u I t ’ w i l l  be spared , t he l i f e ’ t i m e  s i ippo r t

e’ w i st  o f  N I .  ( ‘ ( j u L h i l l t e ’ll L s , i t  t a c I t  is at , i  Se’h i ,irate s i te  i s :

CS = n C I  + ii CCI.  + N E .  ‘ N . . C~~l~~ * ( )

CS = I’ o t , i l u r ’ n h i  , t a t  i on  s up p o r t  cos t

C I  = ( t ’ st  w i t  i n t r o d u t ’ i ng  • i  l i n e  i t t - l i t  into t h e i nv e n to r i  s i - s t e m .

CC = ( i w s t  t i t  m a i n t u i l i l l ig 1 1 l O t ’ i t e m  i l l  j I l V t ’ I l t u w l ’ V f o r  one y e a r .

I. P I , i n n t ’d ope r i t  i o n , i l  l i l t ’  w i t  t i l t ’ e q u i p m e n t  in  Vc ’ , i l ’ s .

N N i i i t t l  ~ r oh  spa re’s u t  m o d u l e ’ i t o  l ie  p r oc  i i r ~’d t o  su p l t c u r  t t i c  hi

t ’t ~t i  I pm~’nt

l’ t i t ’ii t I L t ’ t o t , i I l i l t ’  ‘v~’l ~~’ ,, w ’ s t is the sum c u t  e ’quat  i o n s  ( 1 )  inch ( _ ‘)  t u l ’

Ii

- - I ~ (
‘C I . )  + N I  ( I + N , )C (M ,

I I
i = I

i ’ hi Is , w i s t  I s  t ’ V , I i l L . I t t ’ui t o t ’  c R 1 1  I , , I , t  ~b it’ des i ) ~,li liv subr ciut il le ’ I.cc

A t l ow ~‘hart t o ?  ‘, t i i ’ i  w i l t  l i i i ’ i c c  s ;ure ’st ’nted Is E i g t t l ’ i ’ 7 .

*As s~nes a ll modules in equipment different.

i~ i 

~~~~~~~~~~ -“- “~~~~~~~~-~~~~~—“~~~--- ‘ - - -



L a l cu l a t e  the cost 1 Calcula te  the cost of the
w ’I ’ eae’li m o d u l e  spaces for the design

I idet number of spaces f rom
Nspare subroutine

____I______ _ _ _ _ _ _  _ _ _ _ _ _

C a l c u l a t e  t h e  t o t a l  Calculate the total cost
u ’ wlS t of t he  modules  oh ’ spares for the required
i n  a de s ign  number of equipments

f 7 i ~ Tiii te the total
a c q u i s i t i o n  cos t
f o r  t h e  r e q u i r e d
number cit sy s t e m s

Calculate ’  the LCC
for  the design

F I g u r e  7: Flow Char t  f o r  LCC Subrout ine
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Or minimize:

C N  + ... + C N
1 1  n f l

Subject to:
n N -F
n e L F w i w A

i—l 1
0 

W
i

1~

N 1, N 2,. ..N > 0 and integer

The above problem is an integer , non—l inear programming problem ,

and is d i f f i c u l t  to solve even fo r  small values of n. But for large

networks the number of modules generated , N , is fa ir ly  large and makes

the problem increasingly difficult with increases in N. The al terna t ive

approximate solut ion method is similar to that in Biegel and Bulcha [1,2 ] .

The solution method is:

1. I n i t i a l i z e  by f i n d i n g  a lower bound N
1 

for  each module , choose

N
i 

such that

I ~~~j  ~~ *Z e  ~ A

2. Find the value of A for the system
n n -F W

where A f l  (E e . F
i
)

i—i Wa0

*
If A > A  stop .

3. Let N - N  + 1
~ 

* 
N 1+ 1 —F 1 w N 1 -F 1 W4. Calculate a (
~ e . F

1 
) — (i. C F

1 
)

14=0 W I

5. Calculate

C(M
i
)

6. Choose max ~~ and set all other N1 
— N

1—1

C O-tI)

7. Go to step 2.

18
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Now A is the minimum availability that each module must have for

the overall availability of the equipment to be greater or equal to

* 1/n
specified availabili ty A. Theoretically A — A . When n is large
*

A approaches 1, such that the above procedure overestimates the

optimal spares policy. A heur is t ic  procedure to avoid this  problem

* 2/nwas to set A — A . For instance if A — .85 and n - 25
* 1/n 1/25A11 — A — (.85) -

~ A
1~ 

— .9935 , A — .850

A — A 21
~ — (.85)2/25 

-
~ A2~ 

— .9870, A = .721
21

Thus A;1 is a better initial policy for the optimizing pi’ocedure .

The above procedure  is coded Into  f o rt r a n  and stored in sub-

routine N spare. A flow chart for subroutine N spare is p r e s e n t e d  .is

Figure 8.

F. Subroutine Maxim:

Subroutine maxim is used in subroutine N spare to select the

modules with maximum availability/cost ratio.

C. Subrout ine H—shift:

Subroutine H—shift conta ins  a subroutine to  r e a r r a n ge  the data

matrix so that every node is considered as a s t a r t i n g  node for

a set of modules.

H. Subroutine R—shift:

Subroutine R—shift contains a subroutine to reassign physic~i1

property values after the matrix has been rearranged by M—sh ift.

I. Function Minx :

A function used by the main program for selecting the’ group of

elements with the minimum value for the external minus  the in-

ternal connect ions at  each iteration.

19



Calculate the Failure
Rate for Each Module

Est int , i t e ’  M in imum
A v a i l a b i l i t y  Requ i r emen t

per module

Determine Minimum
Spares of each module  to

satisf y minimum availability
requirement

—

~~~~~~
D e t e r m i n e  the l e a s t  cos t

increases in spares  to
sa t i s f y sys t em a va i l a b i l it ”

requirement

Fi gure 8: Flow Char t  for Nspare Subroutine .
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The following data files c o n t a i n  the d a t a  t h a t  are requi red  by

the differen t segments.

data—2 contains the maximum maintenance time allowed .

data—5 contains the numbers  of nodes n, physical data for nodes

and the se t of physical constraints.

da ta—7 contains the number of equipments to be procured , the  cost

of ex ternal pins and the shelf cost of maintaining a module.

data—8 (1) The maximum length from a diagonal element up to and

including the last non—zero element in the matr ix  representa-

tion of the network .

(2) row number and row entr ies  s t a r t i n g  from the diagonal

up to and inc luding the last non—zero element in the row .

da ta — 9 ava i lab i l i ty  f i g u r e  fo r  the system .

data—lO node failure rates (e~tter only decimal f igures , eg. .211)

Art example of a 100 node network that was modularized is included.

The da ta  for  the network was generated in a random manner and stored in

the appropriate files.

21
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Sununar :

This  research has developed a method for modularizing large

networks subject to physical constraints , mean time to repair con—

-
- straints and av a i l a bi l i t y  c o n s t r a i n t s .  A procedure has also been

developed for tiic ’ spares allocation and life cycle cost evaluation

of the modularizat ion designs.

~~ A s o l u t i o n  me t hodol gy fo r  any higher level assembly is intro-

duced by repeating the modularization procedure with the appropr ia te

modific ation of ti le ’ lower level d esi gns , which  will facilitate the

problem as no additional algorithm is needed .

2
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APPENDIX I

Failure rates for m o d u l e s  is addressed In [1,2] but for convenience it

will be repeated below.

Let r1 
denote failure rate for module i.

Then r 1 
= Y r — Al’ (t.l

~
) r (Al—i)

jcM1 
I

where r
j 

the f a i l u re  r a t e  of element i of module 1

AP (M 1
) the number  of ex t e rn a l  connect ions  e l iminated  b y p u t t i n g

elements  j in module I

r = failure r a t e  c o r r e c t i o n  f ac to r  fo r  in te rconnec t ion
p

reduction.

Then 0 (M) 1 
= r~ L N E

Similar l y to c a l c u l a t e  f a i l u re  rate of a subassembly substitute for

the appropriate module failure rates r~ in (1), and the number of AP for

externa l p ins eleminated by combi n ing the modules into a subassembly. Also

for an assembl y s u b s t i t u t e  the a p p r o p r i a t e  f a i l u re  r a t e  for  the subassemblies

for r
j 

in (1) and the number of external p ins eliminated by combining sub—

assemblies into an assembly AP .
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uu,shift. ’foi-t i- ,,nri 11/28/77 1058 .7 ~‘,.t ~I ’ ’ l ,

uu~’jh u-c’ i t  l i i i -  ii , ’ l i i  f t ( flu ~ 1, •
i r , t . o - u  n- in ,— I C IC’”'’ • 100 ;- • I , ‘ i ’ u . . C  iC’) ”) 1

c t i -o w  .4111 - , , t , ’ u - ,,, l i i i — .  I i i ’ ’, I  r u~~ t_ . i  hct ~~l u i f I - ’ ’ l
t in  11. ’

~ i~~1 ’u ,
11~ I,, u , w (  1 )  —iu ,  t I  ( 1.1)

i j ~ 1 712 i -~7 . ’ u
do 712 1 •o

212 i,u~ u l ( i — 1 . j ) - ~i , i . : ’L ( i ’ -i )
rJn :‘13 i = 1  .0

211 fl1 ,-l t (r, ’ 1 — I , n - i ’ ’ ,  1
C t,o ~ t i i  r L L’U~

dc, 3 13 J - ~~1 . I l

313 trow (j)”m ,j 1, u , i .i  I
do 312 i~~1.nido 312 j~ 7•r u

312 nua tC i ,j—1 I~~uu~’t (i ,j)

do 413 ,‘j=1 ,ru -

413 ut ,atCj,r’,)-~’tiniw (j)
re tu rn
er-id

Pr n uiru o.f o n-+ ,u’ 3n,

n.ir.>~.fortt ’~tr , 11/28/77 1056,3 e~ t lion

fun ctio n n,ir,x(x,ri )
i r ite t ie r x ( r u )
r n i r , x = :~ C l )
if (t- u .le. 1) retu r n - i
do 10 i 2.r,

10 ifC ,-: (i ) •l t . m i n i : : )  nu j n,x- ~>: C j )
ret’i rn
end

I
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APPENDIX 3: EXAMPLE OF USE OF MODULAR IZAT ION PROGRAM

The user would create the da ta  f i l e s  shown on the following four pages.

All of the  segments  of the main program must  be compiled and the data  a t t a ched .

The fo l lowing shows the i n s t r u c t i o n s  required for  a t taching the data  f i les  by

the segment run . cc.

I ’ ’ ! ’  1 1,1,1 —

I’ I I  • t , - c ’  11 -~ ‘9 . -’ / 7 1 :~ ,~ • ~~, ~ t_ i ’j ,

,io ‘ 1 1 1 i  , I L , ’c’h i’ i , L - ’ ( I  \ ‘ ( I i ’ ’ ’ ~~~~~~~~ 5], c:’ ,. c, : I . t 1 ~~~t , ) ’ ~ i I , i 1 ~~~- ( ’  ‘-~ ‘~~ r~ c i ’ l ~~
- n Y

I U . ,  C, ’ t, 1, ‘ ( ~ / ~~
‘ I’ i I - ‘ ‘- 1 ,— -n ‘2

I i  ~, t  I - ‘ ‘ -  :‘ -, I ‘ ‘ . -~~~ ‘ — : ‘ -i , ‘ i ,  —

1 ‘. _ ) _ , ~~~ I ,- .
~~

, ,‘c 2 I ,‘ - ‘C~Y - , i I  L ,  ; , - t , , -
,‘

1 I ) ,.C ,’ r I 1 , 1 t ”~ ~ 
‘ 

“ ‘  0 ‘ . 1 ]  I I ’ L i  ,I

rr~~: 1 r, , - —

j  ci , c 1’ 1 (‘ i ’ I 1: c - ’) )  1’ J i-- I l  4
3 C) 1 1, 5’ ’ L~ - 2 1, ‘ ‘C ’ .’

I I ‘ ,~~-t  ,,, ‘ I  I

1 ‘ , ,j ( ’ ’ I, ,,:(’~ i i ’
j i l  ~-~ ‘J I u ’ h - ’~, - , - H f i

1 (‘1 CLI I I ( C ’ - i - ~ - C :h  ‘ (‘ ,i .1 ~ ‘ 0

r I 137 0 •_ ‘‘7 0 * ~~~~~~~~

11”’
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“— _ -~~~~--- -~~~ --~~‘- - _ “ -——- -‘~~~~—_----— ‘~ — .-~~ --‘-~~ --_ ~~~~~.- ---~~-

I - I  u L:  t ,,i ,_ 2

dat ~:,2  11/29/7/ 1136.4 o~~L Tui~~

40 .1

r 1136 O,04q 0.506 22

r 1512 0.037 0.006 2

~r data_ 7

data_ 7 10/02/77 1513.1 edt Sun

2 2 100 30 103 12 10

r 1513 0.039 0.002 1

p i -  data_ B

data_B 10/02/77 1513.2 edt Sun

30
1 6 7 2 2 6
2 5 0 0 0 8
3 7
4 0 0 2 3
5 3 0 2
6 0 2 4 0 0 0 8
7 0 0 3 2 7
8 0 0 0 4 5
9 0 0 0 6 5
10 5 0 0 0 8
11 0 0 0 9 5 3
12 0 0 0 0 9 1
13 0 0 0 0 6 4
14 0 0 0 0 2 0 0 0 6
15 3 0 0 0 5
16 0 0 0 3 4 0 0 0 4
17 7 0 0 7
18 0 0 4 0 0 0 0 0 5
1 9 0 5 1 0
2 0 0 0 0 8 6 0 0 0 05
2 1 4 0 0 7 1
22 1 0 0 0 7
2 3 0 0 0 0 8
2 4 0 0 0 0 1 5 0 0 1
2 5 0 0 0 0 4
2 6 9 0 0 2 3
2 7 4 0 0 0 8
28 0 0 6 9 0 0 3 0 8 5
29 2 0 0 7 0 0 3
3 0 0 0 0 9 0 0 0 0 8
31 7 0 2 

~~~~ ~~~32 0 0 4 0 7 ‘tS ?~°~ ~~~~~~~ ~~3 3 5 0 4 0 0 0 0 0 08
3 4 0 0 9 0 2 3
35 0 6 1 0
36 0 0 9 0 0 0 7
37 4 0 b 7 35

— _
~~

-
_. - - -_- ‘ -‘- “ —‘---‘ 
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pr data_ S

data_ S 10/02/77 1510.7 edt Sun

100
31. 34. 20. 13. 41. 41. 53. 28

‘C.
— 34. 48. 12,. 13. 34. 41. 11. 28

\c.
-
~~~ 28. 14. 29. 41. 37. 52. 49. 34

‘C,
15. 40. 29. 42. 51. 45. 22. 13

44. 25. 39. 45. 55. 27. 22, 55
‘C.

43. 44. 40. 14. 39. 50. 23. 30

45. 32. 21 . 23. 27. 18. 32. 51

13. 51. 33. 34. 55. 25 , 33. 22
‘C.

15. 53. 14. 33. 28. 23. 52. 14

31 . 53. 13. 45. 45. 48. 16. 11
\c.

41. 50. 39. 44. 43. 55. 50. 21
\C.

24. 26. 34. 37. 49. 29. 48. 23
\c.

29. 35. 32. 23.
120. 114. 206. 257. 88.. 198. 190. 291

\c.
245. 203. 276. 218. 266. 116. 127, 238

\c.
109. 101. 141 . 81. 172. 86. 237. 287

‘C.
‘
~~
‘ 133. 120. 150. 276. 224 . 114. 230. 165

‘C.
166. 190. 113. 210. 267. 210. 291. 203

‘C.
113. 297. 170. 112. 205. 136. 188. 183

\c.
292. 108. 124. 151. 219. 108. 224. 217

~c.
257. 135. 105. 166. 125. 87. 279. 174

112, 289. 171 . 109. 275. 101. 275. 101
‘C.

116. 96. 161. 136. 188. 753. 181 . 253
\c.

180. 258. 285. 774. 128 . 230. 280. 136
‘C.

270 . 184.  192. 2 1 3 .  260.  2o0.  2 4 7 .  182
\c.

290. 220. 177. 262.
0.037 0.015 0.019 0.015 0.032 0.011 0.01 8 0.018
0.016 0.033 0.049 0.025 4 0.044 0.049 0.021 0.028
0.027 0.043 0.046 0.02 0.041 0.038 0.029 0.021
0.0 2 8  0 . 0 3 4  0.038  0 . 0 2 6  0 . 0 4 4  0 . 0 1 5  0.049  0 . 0 1 2
0 .014 0.03 0.041 0.048 0.023 0,025 0.041 0.04
0.03 0.037 0.038 0.041 0.012 0.012 0.019 0.033
0.039 0.032 0.022 0.043 o.o:’s 0.038 0.023 0.011
0.0 15  0 . 0 3 1  0 . 0 4 2  0 . 0 1 9  0 . 0 1 3  0 . 0 1 3  0.0 1 7  0.039
0.072 o oil 0.03 0.079 0.040 0.028 0.013 0.028

0 . 0 4 4  0.0 3 8  0 , 0 3 4  0 . 0 3 8  0 . 0 3 4  0 . 0 2 4  0 . 0 1 3  0.0 17
0.037 0 .0 12  0 .0 15 0 .049 0 . 0 1 8  0 .0 /5  0.035 0.032
0.017 0.O4~, 0.0:6 0.03 0.034 0.04 0.038 0.032

0 .029  0 . 018  0.035 0.039

r I r I t  0.349 0.002 1 
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38 0 6 0 4 0 0 0 0 0 9
39 5 0 0 0 4 9 0 0 0 6
40 5 0 0 0 1 2
41 3 0 0 0 7 6
42 0 0 0 0 0
43 0 0 0 0 0 3 0 8
4 4 3 0 0 0 0 4  ‘
45 3
46 5 0 0 7 0 0 4 4 0 0 6 9
47 0 0 0 0 0 0 2 0 0 0 8
48 0 0 0 0 0 9 5
49 2 0 2
50 0 7 4
51 4 0 0 0 4 0 0 0 0 2
52 8 0 0 7
53 0 0 0 7 0 0 0 0 0 0 0 0 0 5
54 3 0 0 6 1 5
55 0 0 5 0 6 0 0 0 0 1
56 7 0 0 0 0 9 0 0 0 0 2
57 7 0 0 8 4
58 7 0 0 0 9 8
59 3 0 0 0 2 7
60 0 0 0 0 3
61 0 0 0 0 4 4 0
62 8 0 0 0 2 5
63 4 0 0 0 2 8
64 4 0 0 0 6 3
65 0 0 0 0 6 0 0 0 0 0 0 0 5
66 1 0 0 0 3 0 4
67 2 0 0 8 7
68 7 0 0 5
69 0 0 0 0 0 2 3 9
70 0 0 0 0 0 0 8
71 0 0 2 9
72 0 0 3 4
73 5 0 0 0 0 4
74 0 0 0 0 4 6
75 0 0 0 0 8
76 0 0 0 7 6 7 0 0 2
77-2 0 0 0 1
78 0 0 0 4
79 0 0 0 6 0 0 0 0 5
80 3 0 8 7 0 1
81 0 0 0 4 3
82 0 0 5 0 1
83 0 0 0 0 9
84 0 0 0 0 4 1
85 1 0 0 0 6 2
86 2 0 0 3
87 0 0 0 7 0 0 0 0 5
88 5 0 0 8 4
89 6 0 4 0 9
90 2 0 0 4 1 0 0 9
91 0 0 0 6
92 3 2
93 0 0 0 8
94 0 0 1 0 0 8
95 0 0 6
96 0 0 4
97 0 0 3
98 3 6
99 5
100 0

r 2313 0.248 0.002 1

37
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~~r data_9

data_ 9 10/02/77 1514.7 edt Sun

r 1514 0.037 0.002 1

pr data_b

data_b 10/02/77 1515.0 edt Sun

.359 .322 .107 .341 .408 .181 .242 .364

.254 .168 .182 .213 .142 .261 .413 .417
.103 .415 .267 .272 .1999 .446 .263 .17°
.252 ,429 .099 .362 .365 .387 .127 .087
.335 .402 .313 .353 .349 .450 .409 .107
.194 .210 .270 .299 .39 .233 .392 .180
.278 .162 .099 .332 .332 .331 .246 .222
.273 .388 .093 .100 .276 .329 .083 .222
.278 .162 .098 .332 .331 .426 .222 .331

.105 .235 .335 .298 .425 .394 .275 .115

.322 .234 .340 .417 .363 .179 .098 .353
.202 .315 .360 .447 .216 .172 .444 .348

.146 .187 .254 .279

n- 1515 0.127 0.006 2

— 38 — 
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The computer output for the network described by the data files is

shown in the pages following those files. The first 20 lines are the login

procedure where.

Lines 1—9 ———st andard login procedure

Line 10 ——-—asks for the output device to be appended

Line 12 —— -— type ec run to append input devices containing

data files , run the program and then detach input

devices.

Line 20 ————begins the computation , to find the design starting

from node 1..
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0
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0
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s t ’- 26
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0
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s t =  38
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0
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ir u t. cor .r, . = 46

6
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0
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0
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