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PREFACE

This Lecture Series No.100 on the subjec t of Methodology for Control of Life Cycle
- 

- Costs for Avionics Systems is sponsored by the Avionics Panel of AGARD and implemented
by the Consultant and Exchange Programme.

The continually increasing costs of avionics systems during acquisition and their lifetime
operation is a matter of grave concern to the NATO family of nations. The NATO Govern-

sys tem.
ments need greater visibility and control over the life cycle costs of any weapon or avionic

• Fortunately there have been formulated disciplined methods of providing such visibility
and control over life cycle costs; that is over the development acquisition, training, operating
and support and finally disposal costs.

For these reasons it has been proposed by the Avionics Panel to sponsor a Lecture Series
which presents the basic principles of Avionics Systems Cost Analysis in a rapidly changing
technology environment and gives proven methods of achieving significant costs savings.

The Lecture Series covers in particular the following subjects: life cyc le costing, design
to cost , technology environment, costing of software, modelling and applications. The new
trends and advantages of control of life cycle costs for avionics systems is an important part
of the Round Table Discussions organised in the two locations where the Series is presented.

t
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Introduction to “Methodology for Control of Life Cycle Coats for Avionics Systems
V 1. Introduction Dr. I. J ,  Gabelman , Technical AssociaT.

Advanced technology has made available to the NATO military commander an array of highly sop hiati-
V cated , extremely complex systems which help him to reach his operational objectives. Acquiring this

increased capability however has been costly; so costly that it presents a significant budgetary problem
ç to the member nations of NATO . The Life Cycle Costs (LCC),  defi ned as the total costs of acquiri ng, op-

erating and supporting a system over its lifetime , has come under careful scrutiny , Methodology has
been evolved which enables costa of current weapon systems to be reduced and coats of weapon systems now
in development to be controlled.

The most visible costs are those associated with procurement , research and development , test and
eval uation. These account for perhaps one-third of the total LCC, Operation and maintenance and man-
power costs are roughly the other two-thirds. Cost reduction techniques can be applied by everyone who
is involved and contributes to the fielding of a weapo n system in any phase .

Life cycle costs can be lowered in many ways . In the development and acquisition phase of a system
acquisition wherever possible objectives should be limited ; wherever possible commercial products parti-
cularly those with high production—volume parts should be used ; simple designs should be esployed and
the data required should be minimized.

Product reliability improvement decreases support costs in the field . While a great deal of
research and development is taking place in the laboratories to improve product reliability there are
several approaches that can be employed now to increase system reliability and decrease LCC. Simple V

proven designs should be used ; production and quality control should be improved and more efficient dev-
elopment and test procedures employed .

In the area of logistic support , commo n support equipment should be used ; standardization should be
extensively employed; training and documentation should be improved and commercial resources used.

2~ Lecture Series Summary

This two—day lecture series will introduce the most recent developments in life cycle cost method-
ology for avionics systems . The speakers represent Canada , the United Kingdom , and the United States.
and will support their discussions with examples drawn from current experience in NkTO nations in the
application of life cycle cost programs on avionics systems.

Following are summaries of the presentations:

The Life Cycle Cost Concept - A Management Dr. E. N. Dodson
Tool for Planning and Control General Research, Corp., U.S.

Dr. Dodson will explore the life cycle cost concept as a management tool. He will discuss the prin-
ciples upon which LCC rests and the procedures used in its implementation in the development and acquisi-
tion phase of system procurement. In particular , he will describe the elements of the design—to—cost
program, the need for parametric cost estimating and other estimating techniques to cope with rapid tech-
nological change , and the elements of risk analysis.

Dr. Dodson will illustrate his discussions with examples drawn from data processing systems in
avionics environments • These examples will be considered from the point of view of hardware and software .

The Development and Implementation of T. D. Kiang
Life Cycle Cost Methodology Bell-Northern Research , Ca nada

Mr. Kiang will discuss the me~hodology developed for the Canadian Department of National Defence for
carrying out comparative engineering evaluations as an aid to management decision-making. This methodology
is unique in that it relates the life cycle cost of a system tc a system effectiveness parameter , namely
availability, The generalized life cycle management cost model can analyse a system of one or more prime
equipments situated at one or more locations , and takes into account the maintenance and logistics sup-
port provided . Applications of the model will be illustrated by examples from a study carried out on the
Mic ro—Electronic Airborne TACA N equi pment. Mr, Kiang will discuss the decision flow involved in implem-
enting this LCC methodology in the Canadian defence environments , arid will describe some of the implica-
tions and manageii’ent problems in LCC implementation.

Recent Experience in the Mr. J. J .  Naresky
Application of LCC Models Rome Air Development Center , U.S.

Mr. Naresky will describe recent experience in the application of some of the LCC models currently
used in the U.S. mili ary environment, including Acquisition LCC models and Operation and logistics
Suppo rt Models, He will present material from some recent RA DC contracts concerning cost-estimating
and relationahipe , LCC trade—offs , and RIW incentives , He will also discuss the derivation of con-
fidence levels in estimating LCC costs ,



Life Cycle Coat Producrement Mr. P. C. Reich
In The UK Ministry of Defence, U.K.

Mr. Reich will describe UK experience in the acquisition and procurement of avionics system using
ICC methodology, Ne will cover the source selection and evaluation process in 1CC procurement, and
detail typical ICC contract provisions. Mr. Reich will discuss the significance of data requirements
and data sources in 1CC procurement, as well as data availability , interpretation, and applicability . 

—_ _ _ _ _ _ _ _  
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L i  F E V YCI  F (~ (~) 5V V j V  A ’ A 1 Y S IS
(~)Ne EPrS  AND PROCEI ) l RFS V

Edward S. I)od~~on
General R e s e ar c h  o r p o r a t i on  V

P . O .  Box 6770 V

~;V , l~~.I Barb ara , C a l i t o r n i i 9311 1

.1 M~iAR1

L i m i t e d  h u d c , t s  and the growing c o s t s  of  h i gh — t e c h n o l o g y  have p rompted  great interest in cos t  estimation ,
ti e Id in which ( :ener , i  1 Re se a r c h  Corpor it ion (CRC) has , ee i i  deeply involved for over ten years . We have been

parti cularly concerned with j~ar . t r s .t r i c  est  imating techni ques——techni ques which are most suitable during the
early phases  of  an equi pment ’ s ‘ l i t e — c v c  I i . ’ CRC has conducted methodological studies for  the Ass i s t an t
Sec r e t a r y  of l)efense. each of the arme d services , the  Nat  ion ,il Aeronaut ics and Space Administration , and a
number of ether cevernment agencies.

This  paper is drawn from these various studies and is intended as a basic exposition of the p a r a m e t r i c
method of cost ~nalys is , especi.l lv is it appi ies to  modern h i g h — t echno logy  sy s tems . H o p e f u l l y , t i e  reader V

wi l l find some well—found ed and p r a c t i c a l  g u i d an ce to the estimation of costs for new systems . 
V

I .  I NTRO DUCT I ON

An evaluation o v e r a l l  program costs and benefits is a fundamental element of  good management. Such
~V si1uat ions a r e  required in order (1) to  dec ide  w h e t h e r  to  undertake a particular program , (2) to  choose
among a l t e r n a t i v e  p rogram des i gns , an d ( 3 )  to  establish a s p e c i f i c  p r o j e c t  p lan of resource  com m i t m e n t s  and
a n t i c i p a ted  r e t u r n s .  The genera l  l i t c r . i t u r e . and indeed t he d a i l y  news , are replete with examples of pro—

~ect s  f o r  wh ich  the i n i t i a l  cost  e s t i m a te s  proved to be grossl y in e r r o r .  In many instances programs
i f l l i c t e d  w i t h  ove r runs  have been cancelled after considerable expenditure; more often , quantities are cut

or p e r f or m an c e  is compromised . in e i t h e r  c.,se there  is a pa t en t  was te  of va luable  resources.

The L a r V t t n e t r t c  method of estimating costs is particularly well—suited for the early phases of a pro—
gr am ’s “ l i f e — c y c l e — — t h e  time when c o m p a r a t i v e l y  few detail s about the eventua l  equi pment s a re kn own , ye t
many of the important program decis ions  mus t  be made. Both the General Accounting Office (GAO) and the
Department of Defense (DoD) have indicated that by the t ime  a sys t em comple tes  the Concept Formulation stage
( DSARC I in DoD p a r l a n c e )  70% of the  l i f e — c y c l e  cost  has been determined , i . e . ,  has been f i x e d  by the choices
made to  t h a t  p o in t  in the  l i f e  cyc le .  By c o m p l e t i o n  of the  Sy s t em D e f i n i t i o n  stage (DSARC I I ) ,  85% of the
cost is det~ rmined .

I *A recent study within the Department of De f ense elaborates upon the merit of the parametric approach : — 

stimates for new weapon systems acquisition Costs are either derived from detailed .
grass  root calculations (the industr ial engineering approach) or based on relationshi ps
between more aggregated components of sys tem cost and the physical and/or performance
characteristics of the system. These relationships should be derived from Cost his-
tories on prior programs . The latter method is often called the parametric approach .
It is clear that , during the earl y phases of the acquisition process , only limited Idesign information is available and considerable uncertainty surrounds both this in-
formation and whatever planning data is available on how the new system will he devel-
oped and produced . Nonetheless , cost estimates must be made . Both the fact of limited
and uncer tat ~nformation on which to base estimates , and the use to be made of these
cost estimates , strong ly suggest the emp loyme n t of parametric estimating procedures.
The parametric approach is particularl y suited to making estimates based on limited
physical and perf ormance i n f o r m a ti o n .

For most new systems , the parametric approach is the only method that can be used to
make an estimate from the limited information available during concept formulation ,
i.e.. when only mission and performance envelopes are defined . Only subsequently
when detailed contractor proposals are being prepared can the industrial engineering
procedures be app lied . Furthermore , parametric methods provide the analyst with an
inexpensive means of examining the impact on cost of a va r i e ty  of changes in system
performance requirements——information of particular importance during the early phases H
of the development and planning processes.

In short , the parametric approach is based upon aggregate relationships between cost and the physical/
rerlormance c h a r a c t e r i s t i c s  of the sys tem under  s tud y .  These r e l a t i o n s h i p s  are derived from related his—
to ric al data , generally following the principles of statistical inference. V

Thi s  paper outlines the general princi ples and ~rocedures of parametric cost analysis. in doing so it
draws upon a nuither of earlier reports and docunents~~ representing studies conducted for many federal
agencies. While most of these have been within the Department of Defense (including each of the services and
various el ements within the Office of the Secretary of Defense), we have also developed costing procedures
and estimating—relationships for the Environmental Protection Agency , the Department ‘f Housing and Urban
Development , NASA , and others .

*
While many of the discussions and examples in t h i s  paper emphasize militar y systems , the methods and pro-
cedures are app licable to hi gh—technology equi pment in such diverse fields as transportation , commercial
electronics , etc.



t i l e d i s c ~~s s i u u s  i n  t h i s  p i per  c on s i d e r  - s t  V~ so le ! .  in  ti’rm.s f d i r e c t  do llar ou t  t I v s , i g n o r i n g  s o c ia l ,
e n v i r o n m e n t a l , and o t h e r  , - ‘ s t  ext er n .f f,, convent i o n a l  m e a s u r es  of dollar 051 ( a l  t h o u gh t i l e  Y i , O I V t V I  I
p r i n c i p l e s  Jr, V i p ) r o p r  i. it, and h V I V C  bee f l  ap p l  led t i  lose and u t t e r  t a c t  i r s )

M u s t  o t  ou r  ii l u s t r a t  i t is  c U ,  r~i t h e  u s t  t o  t h e  g i lv e r nmt ’n t  o f  work done b y e  l i t  r V l c t r s  during tb,
t u t u  t i t  h is, t i le  m a t e ri a l  l i f e  e v i l , , r e f l e c t i n g  t h i n l y  t h e  a c t u a l  ‘uij I i i s i s  (and s t a t  c — u  f — t h e — a r t )

f i t ,  . t  a n a l y s i s  c o m m u n i t y .  W h i l e  t i l e  p r i n i ip l e s  i I s t a t  i s t i c a l  i n f e r e n ce  are  a p p l i c a b l e  to  u , t i l l V r  , V 1 , ._

sent s  ‘1 s t s . t h e  d i f f i c u l t y  1 ae~~ii i r 1 i i , ~ d a t a  and I n  e s t V l h t  i s h in g  c o s t — d e t e r m i n i n g  r e l a t i o n s h i ps have
f i l l  - h  t u e  V l p p  I I C V I I  t O n  1 p a r a m e t r i c  t e c h ni qu e s  t i  pha s e s  such is R , V st . l r , h  and Development, an d ope rat  ion

i n  ( I~~ V f i e l d .

In  Sec .  2 the  h i s  I c  e l e m e n t s , or “step s ,” of  p ar am e t ri c co st a n a ly s i s  a re  discussed and i l l u s t r a te d .
W h i l e  t h e se  sl~~ps ire l , V t  I o r t i i  in s e par a t e  and sequent  i a l  p a r a g r ap hs , i t  sh o u l d  be emphas ized  t h a t  t he re

in , numerous in r e r r , lat  ions and “ f e e d b a c k  l o o p s ” amo ng them ( i s  i l l u s t r a t e d  in s imp l  i f i e d  fo rm in F i g .  1. 1 ) .
For example , ‘l i i  o f  t ile f i r s t  51 ‘ps en t  i i  Is developing a forma 11 y s t r u c t u r e d  t a b l e  of the  i n d i v i d u a l  cost
elements 1 be c o n s i d e r e d .  Idea !  l v , t i le o rg a n i z a t i o n , d e t a i l , a nd d e f i n i t i o n  of  these cost elements could
he s e t  forth at the outset. In p r a c t i c e . however , such c l a s s i f i c a t i o n s  o f t e n  must  be revised to r e f l e c t  t u e
fo r m a t  1 the cost ace tint ing i n f o r m a t i o n  o b t a i n e d  d u r i n g  tile d a t a  c o l l e c t i o n  phase.

Similarl y , the formulation of cost hypotheses and their statistical evaluations are often conducted in
.1 ser I e s o  f iterat ive steps. D u t i c l  b e t  ion , i t  course , is also closely interrelated with the formulat ion
i t  hypotheses and t h e  evaluation i f  Cost E s t i mat i n g  R e l at i o n s h i ps (C E R s ) .

Sc t ion I ill5cliSs ,’s several r e f i n e m e n t s  and e x t e n s i o n s  of p a r a m e t r i c  cost a n a l y s i s .

2. PA R A M E T R I C  POS E  ANA L YSIS

2. 1 Oh cc t i yes , Sci~~e . and Cit o ice i’ t Approach

The first step in pa r a m e t r i c  cost ana l y s i s  (and an y o t h e r  anal ytic e f f o r t , for that matter) is to estab—
l ish the oh oc t  ives of t h e  an a ly s i s  and i t s  scope . Three common o h ) e c t  i’.’es are :

I .  To compare  e st i m a t e s ,’f tite total costs of  i p a r t i c u l a r  p rog ram w it i l  program benefits before
d e c i d i n g  whet her  the  program should  he i n i t i a t e d .

2 .  To ‘st i tsate t o t a l  costs so t h a t  future b u d g e t s  and f i n a n c i a l  r e q u i r e m e n t s  can he e s t a b l i s h e d .

3 . To compare  c o s t s  among compe t ing  a l t e r n a t i v e s .

W h i l e  thu a n a l y s t  say f course be r equ i r ed  to meet any or a l l  of  these  o b l e c t  ives , e , j c f i  poses some d i s —
t l i t c t i ve a n a l y t i c  r , V i p l i r e m e n t s .  I f  the  o bj e c t i v e  of t h e  a n a l y s i s  is on ly  to  make cost  compar i sons  among
ci ’m ; e t i n g  ss~srerTts . i t s  scope may be l i m i t e d  to e s t i m a t i n g  costs onl y f o r  those  i t e m s  and c i l a r a ct e r i s t i c s
wh i c i l  d i f f er among t h e  c a n d i d a t e  sys tems . For o t h er  purposes , a l l  t h e  c o s t s  a s s o c i a t e d  w i t h  the  p r o g r a m ( s )
un der  s t ud y mus t  be t ik e i i  into account .*

A n o t h e r  d i s t i n c t i o n  among these objectives pertains to the use of price—level indices. Cost—benefit
u n a l v s e s  shou ld he made in  ‘const ant ’ do l lars  ( t o  the e x t e n t  t h a t  h e n e f i  E s and cos ts  ire  measured in d o l l a r s ).  V

w h i l e  f u t u re bud get ary  planning normally requires “current ” dollars .** In shott , program e v a l u a t i o n s  are V

gene r a l l y  conduc ted  in t e r m s  of c o n s t a n t  d o l l a r s , w h i l e  bu d g e t a ry  p l a n n i n g  r e q u i r e s  t i m e — p h a s i n g  of expen—
d i t u r e s  in c u r r e n t  ( o r  “ t h e n — Y e a r ”) d o l l a r s . , V

Defining p r o b l e m  scope requir es decisions as to  the  degree of ~~ r a l i t v  d e s i r e d , and t i t i s  in turn
touches upon the suitabil i t y of the parametric approach . By degree of g e n e r a l i ty  we mean such q u e s t i o n s  as

.Is the analysis to  p r o v i d e  e s t i m a t i n g  r e l a t i o n s h ips fo r  a ~ e n e r i l  class of e q u i p m e n t s
( s l lch  15 t V l C t  i c a l  m i s s i l e s ) ?  Or is the  p r o b l e m  more na r rowl y d e f i n e d  ( e . g . ,  a i r — t o — a i r

let i c a l  miss i  les ,  or a i r — t o — a i r  t a c t i c a l  m i s s i l e s  us ing  radar g u i d a n c e ) ?  Or , is t he p
e s t i ma t e  f o r  a sj~e c l f i c  mi ssile whose characteristics are fully defined?

If tile task is to  e s t i m a t e  cos t s  of an item whose design is (1) spec i f i ed  in full detail , and (2) clo sely
related t o  existing design and p ro d u c t i on t echn i qu es , the indus t r i a l  e n g i n e e r i n g  approach  is p robab l y  the
better choice t o  establish a definitive estimate. An independent parametric estimate may still he u s e f ul
IS a check of t h e  more detailed estimate.

2 . 2  Cost C h a r t  i f  A c e  t i n t s

The next step in t he  a n a l y s i s  is t o  develop a formall y structured table of t he co s t  e l e m e n t s  to  he
examined . The purpose of t h i s  “st r u c t u r e , ” ca l led  the Cos t  Chart of A c c o u n t s , is t o  ensure t h a t  ( 1)  a l l
costs Ire taken into account , ( 2 )  none are double—counted , and (3) i n d i v i d u a l  cos t  e l e m e n t s  are consis—
tently and clearl y defined. The Cost Chart of Accounts is a basic tool  f o r  o r g a n i z i n g  the  a na lv s i ~ in
keep ing  w i t h  i t s  p r e s c r i b e d  o bj e c t i v es  and scope . The importance of this t o o l  in defining the individual
co s t elements cannot be overstated; more often than not , differences in cost estimates stem from d i f f er ences

*There are several i s s ue s  to  be resolved in d e f i n i n g  “al l ” of th , co s t s ;  t hese  are ,iiscussed in Sec.  2 . 2 .

**Much of the debate  about  use of i n f la t i o n  indices seems to r e f l e c t  a d eg r e e  of confusion of these distinct
objectives. “Constant ” dollars represent c o s t s  expressed in terms of a s p e c i f i c  y e a r .  C o s t s  f rom o t h e r
years (“ current ” dollars) are normalized t o  the  base year (made const ant ) by use of price indices (s e e
discussion i i i  Sec . 2.5).
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i t t  l e t  i n i n g  w i t - i t  Is  i i i :  f u i l ed itt h - - u i  l u l l -  For ,ugalt l~l l , V , d i l l 5 h~i r d w ar , -  pro f t i o n  l u s t  i n c l u d e  the  u s t s
i f ITl.~u u u l f a c t t j r i f l g e l le i l l e , ’  ring , quil l I I  c i l I l t  n i l  , o r if I t r i e t i t a t  i i , n ?  A r ,  n u n — r ec u r r i n g  i - l u s t s  il l i i  l i t e d  p r o  r a ta
t o  the  u n i t i u~~~~t it  ) t V i r u t w i r , V I  Ar , V i u l t c l p i l i t  i - lists included in In i ssi l i- ~ t i f d ; l r i c 5  or in missile - n t  n i l
These r , V p r , s,V I l t  i t  i v ,  j~~ st i , - s ir e  t lved i t  a car e ful lv  s t r u ct i i r ul C h a r t  i t  A c t ,  1 ,115.

b l u e r ,  , ir ,~ se v , r . l  W V I V S  I s i  r i l e  t i n ,  t h e  Pu -i t Chart of Atc - t i n t s  At CRC we have to neral ly used a
r - i  i~~ t u  i t  ru .  i rd , two— d imen s  l ii i I matrix. t i l e  isi s , i i l  led tb ,  Work flreakdu ,wn St n u l u - t u r e  , do fines the “end

it ,ms ” (,- .g. , l iser opt ics)  wh i le t u e  s i t u  nd m d l i  - i t . - -  va r i e s e l e m e n t s  of t h e  sy s t em l i f e — c y c l e  ( e . g . ,
in  it l a b  tool  i t i t ~ I

A Wu rk f lr ea k d u u w t i  ~t r l i c t , l r,- is an i r , .~itul zvd V lr r liv which i d e nt it los hardware , so f t w a r e , m d  se rv ices  pro—
to1 ,d or u -  n i u rme d f u m i n g  t h e l i f e  of .i u.V e V i t i i u n  sy s t u V i i .  p r u u c r ; l n m  An examp le  of a h a r d w a r e  i t e m  Is a missile

c u l i d V i n c e  s y s t e m ;  an example of  a service is s vs t  u - i t t  t o u t  and ev a luation. Ilte DoD document establishing
c r i t e r i . i  f i r  t i e  r i f t i t t  and emp l u v me rtt of work b reakdown s t r u c t u r e s  used in the acquisition of defense

~ i t c n i i l  i t O s  is  M i  l i t  a r -  ~ t j t t d i r u l  831 .~~ This  documen t , i n t e n d e d f o r  use by bo th  c o n t r a c t o r s  and DoD
r ,t i n i z a t i u ns , d e f i n e s  a Wul S as:

.a r u d u c t — o r ie n t e d  f V l i f l I  ly I n c ,  cuutn p iusu- d i f  hardware , software , services , and other work
t - i - ~k5 which resu lt fru ,m p r o j e c t  e n g i n e e r i n g  e f f o r t s  during the development and production
of a d e f e n s e  m a t e r f i l  i t , - ru , and which comp let e l y defines the product/program. A WBS dis—
p l i c s  and defines the p r o d u c t  (s) L i ’  be u f e v ~~l , 1u ~~d h r  p roduces  and relates  the e l emen t s  of
work t i  be a c c o m p l i s h e d  tc, each other and L i t  t f t e  en~ p r o d u c t .  V

Am ~ain quoting f r u it MIL—STD 1381 , the p u r po s e  of  a WBS is t o  provide a framework that facilitates:

I. Effective management and technical bascV for planning and assigning management and technical
responsibilities within government o f fi c e s  responsible for the acquisition of defense material
items and contrac ti rs furoishing those items .

2. Consistent eu tttr ol and reporting of the tr ueness and status of engineering and other con—
t r u i t i r  efforts throughout the development and production of defense material items.

Intended as a m a n a g e m e n t  p l a n n i n g  and u - u i n t r o l  d ev i ce , it is not , therefore , necessarily intended to re—
present the best forma t for cost analyses. The WBS formats provided in MIL—STD 881 may be and often are
modified by government and contractor organizations. Indeed , MIL STD 881 recognizes the need for flexi—
bilit\’ in developing a UBS:

iq

When the prescribed elements and definitions tire not app licable (because of an item ’s
unique confi guration , activities , or other requirements or when additional WBS
element selection is needed or desired beyond the summary WBS) additional or sub-
stitute elements , properl y defined ,...niay be used.

Variations in WBS format and in the definition of each item in the forma t tend to be a major problem V -
to the cost anal ys t  when work ing  w i th  h i s to r ica l  data. These problems result from tailoring the WBS to
contractor or government accounting systems or the needs of a particular program manager. Consequently,
there may be as many formats and definitions as there are programs . Furthermore , there may be more than
one WBS used in different reports for a single program depending on the purpose of the report or the level
in the government/industry h ie r arch y at which the report is to be used .

Cost analysts who are concerned with new systems will gener all y be required to develop their own WBS
fnrtsats. The organization of subsystems , equipments , and components should be chosen to reflect the general
functional organization of the equi pment under stud y . Table 2.1 illustrates the WBS developed in a recent
CRC study of high—energy laser systems . This WBS also reflects some of the special requirements which
characterize most cost studies . The laser study Included a variety of laser types and modes o~ operation ,
and the UBS was devised to permit flexibility in system devIces within the same WBS framework. *

L i f e  Cyc le Cost c~~~~~!~ e~

The second basic dimension of the Cost Chart of Accounts addresses the major phases of the “l ife
cycle ,” i.e., the sequential activities in the history of a program which cover its inception through final

*Some agencies use a three—dimensional accounting structure . One such structure includes (1) Areas of
Activity, (2) Subdivisions of Work , and (3) Elements of Cost. Areas of Activity are the end—items,
and thus correspond to the Work Breakdown Structure. Subdivisions of Work indicate the type of effort ,
such as Design , Management , Documentation , etc., while the Elements of Cost break—out the individual
skills (technician , engineer) and cost categories of material , oveihead , subcontract , etc.

In our two—dimensional matrix the Elements of Cost are not shown——the detail of types of labor and other V

resources are not broken—out separately. In general , the parametric method is not used to estimate costs
at such a fine level of detail. Where necessary, some “rules—of—thumb ” can be used to apportion aggregated
costs among these detailed elements .

**The basic laser types included gas d ynam ic lasers , che mic al las ers , and electric discharge lasers. The
different operating modes included pulse or continuous—wave operation , and open— or closed—cycle operations .
As far  as the WBS is concerned , the difference among these alternatives Is reflected by the inclusion or
exclusion of particular elements. The basic WBS includes all elements which might be used ; the cost
analyst must choose those suitable for his particular problem.

__________ -~~~~~~~~~~~~~



rep lacement . The ins t i tu t ions  and procedures which def ine  these l i f e  cycle phases wi th in  the Defense De-
partment and NASA have been evolving over the past several years. Current Defense Department procedures
are summarized in Fig.  2. 1. Basically they account for the following major phases , or cost categories :

Research and Development — This category includes those expenses which occur within the Vali-
dation and Full Scale Development Phases of the acquisition cycle. Included are all costs for
the engineering design , analysis , development, and testing which are associated with the R&D

V 
effort directed to the elements of the Work Breakdown Structi~re. Normally these costs are
f unded f rom the RDTE Appropriation , but other appropriations may be required to complete the
R&D phase of the acquisition process.

Investment Non—Recurring — This category includes those non—recurring expenses necessary to
acquire a production capability which are directed to the elements of the work breakdown
structure. They are one—time expenses or capital investments and include the cost for V

Initial Production Facilities (IPF), as well as any c,ther one—time cost associated with
obtaining a production capability. Normally these costs are supported by the procurement
appropriations , but other appropriations may be required within the investment phase of
the acquisition process.

Investment Recurring — This category includes those expenses which are of a continuing nature
In the production of a weapon/support system. It includes all costr for the Low Rate Initial 

V

Production (LRIP) and Full Scale Production (FSP) of the major system equipmen t, as well as
the continuing expenses for the recurring investment effort directed to the elements of the
Work Breakdown Structure. Normally these costs are supported by the procurement appropria-
tions, but other appropriations (e.g., MPA in the Army) may be required in the inves tmen t
phase of the acquisition process. Also included are the expenses incurred in delivering
the weapon/support system or its components to its destination , all engineering changes , and

V modifications (a separate bud get activity) occurring after acceptance but while the system
is s t i l l  in production.

Operating Cost — This category includes those expenses resulting from the operation , modi—
fication, maintenance , consumption , and disposal of materials and supplies for a weapon!
support system after acceptance into the inventory.

There are both contractor and government (“in—house”) costs in each of these life—cycle phases. Typica l ly ,
the major efforts of development and produc tion are under taken by a contractor , with the government effort “i’

including management , some documentation and training activity, and various logistics activities. Within
these broad categories there are numerous individual cost elements which account for specific activities
within , say , R&D (see examples given in the horizontal axis of Table 2.1). The specific titles and meaning
of these elements differ among the military services , NASA , and other agencies reflecting the different pro—
cedures which are f ollowed in developing, producing, and operating various systems and equipments. V

Government cos ts are generally estimated as a small percent of total contractor effort (based upon
the argument that this management activity will scale with the overall magnitude of the contracted pro—
gram). In some studies government costs are estimated as a “flat rate ,” e.g., $50,000 per year for main—
tam ing a supply catalog.

Operating and Support are largely all—government costs (replenishment spares and some other expenditures
may be contractor—incurred), and are seldom estimated with equat:tns based upon performance or physical
characteristics. While in princip le they could be , the general practice is to rely upon manpower inputs
from military commands, with maintenance, spares , modifications , aod other 0&S costs estimated as a factor
of production costs. As the state—of—the—art in cost analysis improves , more of these O&S cost elements
will be estimated parametrically.

Level of Disaggregation

As illustrated in Table 2.1 , the Cost Chart of Accounts includes a hierarchy of detail , with success-
ively f iner  levels of de tail (or “levels of indenture”) being defined within each major end—time and life
cycle category.  One issue to be resolved by the analyst is the level of detail at which individual cost—
estimating relationships will be developed , i.e., the extent to which the systems and equipments are to be
disaggregated. Several factors bear upon this decision: V

• The objective of the analysis: If the goal of the analyst is to identify cost differences
among individual components of a system , then V he should do his work at a level of detail
which is fine enough to reflect the distinctions among the components .

• The availability of data: The shortage of relevant data at a comparatively hi gh level of V

detail often prompts a further disaggregation of the system under stud y in order to draw
upon a wider base of analogous subsystems and components. To illustrate——consider the
development of a CER for an airborne phased—array radar. There have been very few of
these systems actually developed . However if the radar Is disaggregated to a finer level
of de tail , such as an tenna , transmitter , receiver , signal  p rocessor , power supply , etc., V

the anal ys t can take advan tage of the fac t tha t the tran smi tter , power supp ly, and other
system elements are actually quite similar to other types of radars and——in many cases— —to
other equi pme n ts, such as comntuncations sets , ECN equipment , etc. This permits use of a
larger data base with consequent improvements in accuracy .

*“Appropriations refer to the organization of bud getary accounts as they are enacted by the Congress.
They represent a different means of classifying expenditures.
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This  process  of di s a g g r e g a t i o n  to  draw upon a larger rclate .d data base requirc.s speci .i i
care and technical understanding on the part of t u e i n a l v s t  to ensure  t h a t  t ite  “ana logous
subsystems ” are t r u l y r e l evan t  as f a r  is the underl ying determinants ol cost are  con-
cerned . I f  h i s  chosen analogs an,~ reall y different in terms of the functional r e l a t i o n -
ships witit cost , then the cost model will be misapecified and the results will be erro-
neous .

• Major  d i f f e r e n c e s  in u n c e r t a i n t y :  otto silt iv ~ t Iott for dis.lggregnted eat imates is to
c l e a r l y  id e n t i fy  key u n c e r t a i n tI e s .  For examp le we’ have generall y dlsaggre’gated array—
radar estimates in order to iso l a t e  ti le i i t i c e r t ; i i n t  ne ’s mtsso c  I a  t i ’ ib wi Ui pitase—sit if ter
costs. Similarl y, it is desirable to disaggregate missile costs in order to separate
the comparatively uncertain guidance estimates from tu e more confident estimates for V

propulsion and airframe .

• The p o t e n t i a l  f o r  o m i t t i n g  key cost elements: one hazard  of d e t a i l e d  or d isaggrega ted  cost
e lements  is t h a t  s i g n i f i c a n t  i n t e g r a t i o n  and oU ter  s y s t e m — l e v e l  c o s t s  s ly  he overlooked .
The a n a l y s t  must  be c a r e f u l  to ensure t h a t  he’ has accounted f, ’r  most a whicit may not be
identifi able with particular s u b d i v i s i o ns  of Ute ’ hardware , but which are neverthele ss
par t  of the overall system ’s c,tst. Thus , fo r  examp le , the re are va r ious  stan agement and
i n t e g r a t i o n  c o s t s  identified m i t  t i l e  subsystem mind sy st em l eve l  in Table 2 . 1 .

• Burdens upon the user: Another consequence ‘1 developing CERs at a high ly disaggre’ tated
level of detail is a formidable number of individual estimating equations , and a rest il—
tant list of input parameters wliic it may he impracticabl e for most users.

The u l t i m a t e  level ,‘f detail Is invariabl y a compromise among divergent considerations . It has been our
exper ience  tha t  cost  s tud ie s  of h t g i t  technology systems must  be conducted at i n c r e a s i n g l y f i n e r  le ve l s
of detail. In this sense , the sharp distinctions between the parametric method and the “industrial
engineering ” approach are becoming much less p r o n o u n c e d .

The preceding steps have established a f ramework w h i c h  de f i ne s  the  scope and detail of tile analysis.
As n oted , the s p e c i f i c  elements  of the Cost Char t  of Accoun ts  mire i n v a r i a b l y  m o d i f i e d  as the a n a ly s I s
p r o c e e d s — — l a r g e l y beca u se of t h e  need to adapt  t i te  cost f o r m a t  to t h e availability of d a t a .  The nex t
task of the analyst is to develop an e s t im a t in ’t  r e l a t i o n s h i p f o r  each e lement  of tile Chart of Accounts .

2 . 3  F o r m u l a t i n g  a Cost Hy pot h esis

The principle technique used in parametric cost analysis is that of statistical inference using the
procedures of multi p le regression. There’ an, ’ numerous  texts which develop tu e rigorous princi p le ’s and
underl ying theory of statistical inference (see e.g., Refs. 10—12). Particular emphasis should be given
to the principle that a specific functional relationshi p between independent variable~s (cost “drivers ”)
and a dependent variable (cost) should be hypothesized on the basis of a technical einderstanding of tile
process under stud y. Then , stati stical procedures may he emp loyed to  v e r i f y the postulated CER.

In p r a c t i c e , however , statistical procedures are often used to iden~ L~~ the independent variable ’s
and to specif y the funct ional form of the estimating equat ion . We fee l tl ’ is procedure is incorrect ,
although it is difficult to be absolutely rigorous on this point. Parametric cost analysis is often
exp lo ra to ry  and there  is invar iab l y some t r i a l — a n d — e r r o r  in finding a defensible CER. Thus, a search
(using statistical selection criteria) among a l i m i t e d  number of candidate itypotheses is not necessartle IV

to be faulted. An understanding oc the underl y ing relationshi ps between dependent and independent  v a r i ah l , .s
may be achieved only a f t e r  s t a t i s t i c a l  indicators have pointed the way . But there must he an even tua l  l o g i c
and rationale for the eng ineering and economic relationships which underlie each CER. In short , tite cos t
anal yst must have an understanding of the process he is studying ( e . g . , development i f  a computer) which
ap proa ches the knowled ge expected of an eng inee r .

Without this underlying log ic , the CER can be very misleading, no matter how persuasive the s t m i t i a -
tical indicators may appear. Without inst’lilt and care , statistical procedure’s can he me r e ly  art i t r g a n i z e d
way of  going wrong with confidence.

With this preamble , the next step is the development of cost hypotheses (although , as noted , ti tle s t e p  
V

genera l l y proceeds hand—in—hand  wi t i t  data collection and st~ tts ttcal e’v.iluattc’n).

In general  , the  anal yst  s t r ives  to  i d e n t i fy  a ca e i s e—a nd—ef  f e e t  r , ’l a t i on s i t i p between s, l e d  ~~ inii cp e .n—
dent and dependent variables. However , in pra ctice’ , the actual relationship among the  f e l e i t t i t  i t ’d variable ’s
is o f t en  merel y one of st a t  i s t i c al  c o r r e l a t i o n .  Aside f rom s p u r i o us  cor n ’  fat Ions , the’ depe’n de.r ,t arid “in—
dependent ” va r i ab les  may both be the e f f e c t  of some commo n u n i d e n t i f i e d  or u n s tat e d  cause ’ . For examp l , ’, V

weigh t and input power are often observed to have high correlation with electronics ci’sts m u  arc ’ used by
some anal ysts as independent variables . In man’j cases these variables are common in eil c ,m t ,’rs of nor,’ Vl S i

causal  fa r  tore (such mis f u n c t  t o n a l  comp l e x i t y ) .  V

For purposes of predict tori tit le s t u i t  1st t e a l  assoc i a t i o n  may be sctf firient , I e . , the  i t l V l l V s t  toed not V 
-

establish an actual cause—and—effect relationshi p, as long .15 the same s t a t i s t  teal relation sh i p w i l l  fe ’
app l icable  In the  forecas t  pe r iod  (see d iscussIon on time fo l  lowing page about “neat lab f l i t  v ”). H,’w, ’v” r
the analyst should he aware’ of these r e l a t i o n s h i p s  among tile v a r i a b l es , mmii recognize that a d i i  t , ’ni n t
model must be developed for tradeoff analysis.

There ire two m a i n  e l em en t s  In t 1 e  formulation of a d i R : (I) selecting the candidate indepe’ndi’nt
var iabl es , or parameters ,‘f the CER , and (2) select ing t f un c t  t ona l  f o r m  f , ’n  t h e  CF.R. Each requini .s
sound understanding ~t the type of equi pment and the p rocess  (stich mit R &D ’) wh ich is  cinder study . Th,’s,’
substeps ci’nst itute the “art ” of cu’st a n a ly s i s .  V

V_
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2. 1. 1 S e l e c t  i t m g  C a n d i d a t e  Parameters  
V

V 

Thi’ oh fe c  t ly e of Ut is sub— step  is to  ~dent l i v  wh icii  elescr 1 p1 ive p .mrm m.’t era i re’ must I i  k1’ l v  to In-
tl uence the p.m r u  icu l ar  cost b e i n g  a n a l y z e d .  T y p i c a l l y  • for pret eic me -t ion ci’s ta , t h e ’ ann I v s t  w i l l  seek ‘ i  l V l ~~

meters which govern subsys tem s i ze  or c o m p l e x i t y .  For ,.xamp ie , t r an s m i t  t e r  powe r , c o m p u t e r  spee.d . aunt
antenna ii iameter are ce’nvent tonal pumramette’rs used in CER s f o r  these’ re ’s t~,’c I ice subsystems , (It ii,’ r l , m r . m m e  I e r a
w h i c h  hel p exp lain varl.mt h u t s  in c , lst  m i l s , u  mmlv he ieic’nt I fled ; e . g . ,  v a r i m i t Ion s  In l V i l 5 t  f o r  s g i v e i t  t r a i t s—
m i t  t e r  power w oe m l d  be expected  as a f u nc t  ion of f r e q u e n c y .  These paramm .ters may he f u r t h e r  moei i f led i i ’
ret  l e d  d i f f e r e n t  des ign op t ions , e . g . , so l id  s t a t e  v e r su s  tube  des igns .

This  p o in t  prompts  some add it i,uimi I comments about the ideutt if I c m  l i o n  of cost  — d e t  t ’rmi it in g  pmmramt’t e’rs
The re .aem l t  of most  systems a n a l y s i s  s t ud i e s  are expressed in t e rms  of sy s t e m  p t ’r f o rmm iu i i .u. measu res , sumi ’it mis
a i r c r a f t  range , radar  d e t e c t  ion range , co mmnu nca t  ions h i t  r mmt c’s. . . . I t  w o u l d  he dcci rat ,  I c ’ to il.mv e’ i’e’st Ce ’—
1st ie’nsh ips expressed in t he s e ’ sanw dimens i e,ns. Hetwever • t u l  achieve various spec I f l e d  pe’rfeurm umt i ce ’— he’ s’,’ Is ,
there  are t y p i c a l l y  a number of design o p t i o n s , each eif wit l e f t  i m pac t s  d i  rect  l v  upon c oat  • Thues e ’ n, I mt  l i n t —
shi ps between pe r f ormance , d es ign , and co st  mn , ’ t u i imm. mr i ze ’d b e l o w :

Per fo r man ce~~~~~~~~~~~~~~~~~~~~ D:si gn ll2 ::.~ :~
W i t h  t i m e ’ passage of t i m e , t e c h n o l o g i c a l  change can a f f e c t  b o t h  t i t e  p e r t o r m an c e ’— u i e s i g n  an d eie’ s i g n — c o s t

re’la t  j e )n gh i p s .  For systems c i t a r a c t e r i z e d  by d iv e .rse amid rap id ly  c h a n g i n g  t ec l i n e t l i ’g i e ’s , time ’  use ’ of m m

~
!rformance p aramete r  in m cost eqe im mt  ion i ncu r s  the  r i s k  of  coils I derab I e v m m r i z m h  1 1 1 E v .  I n  th~ st’ i n s t m m n e es

the anal ys t  shou Id ca re  f m m  I l y l i m i t  the pe r f o r m an c e — c o s t  re I um t ionsii I p to part i ou  f a r  de s igns  mind t eci i i ie , l  ogl c a l
choices ( t h i s  p o i n t  is discussed f u r t h e r  in Sec.  3) .

i n t h i s  process of i d e n t i f y i n g  the dete r m i n a n t s  of produ ct  ion cost , t h e ’ m i i i m m ly st  must  draw imeav l  lv  on
h i s  own t e c h n i c a l  sk i  1 Is p u t s those 1’f k n o w l e ’dg emmhl c ’  peop l e ’ i n  t i te’ f i e l d .  lie’ must  bear  in  mind  t h a t  s i n c e
m a j o r  d, ’s I gn pr ob I ems ,m re ’ p r esemmah lv  resolved he fore  p roduc t  i ,un • any d i f f i c u l t y  i i i  f t  g c m r in g  ou t  how to
design an a r t  Ic 1 e does not hear  d i re u’ t lv on the ’ ‘‘comp It ’ x i  Lv ’’ ,~ f p rod etc t I on (wit Ic  Ii is mono a f fee’ t ~‘d by c on-
si d e r a t i o n s  of , say , m a c h i n i n g  t o l e r ance , e l e c t r o n i c s  I n t e r c o n n e c t i o n s . e t c . ) .

Ty p i c a l l y t hese same cost de t e ’r m l n m mt s arc’ I den t i f  ie’ei in CERs f o r  re ’se’a rci t  and ule ’v, ’ topment . Thte c” 515

V of f a b r i c a t i n g  an R&D Test a r t  i d e  a re ’ gener. i l lv  c o r r e l a t ed  wi  Li t t i l l .’ c,’st of the p r o d u c t  Ion m i n t  i d e. How-
eve r , design and some t e s t i n g  c o s t s  are more d i r e c t l y  r e l a t e d  to f a c t o r s  sucit as s t a t e — o f — t u e — a r t  advance ;
in shor t , to e it I f er en c e s  f rom the p r e v a i l i n g  level  of t e chno logy , r a t i t e r  than  to absolu te ’  va lues  of pa r t  I—
cu l a r  parameters . These l ,o in t s  ra Ise  var ious  me thod i ’l o g i c im l i s sue ’s w h i c h  we’ itave ’ ad d r e s s e d  In a numhe ’ r u ’ t

s t u dies ; they  are discussed in me’re d e t a i l  in  See’ . I .

Costs are also i n f l u e n c ed b y “progr u mm ’ v a r i a b l e s , I . e ’ . b y ci t ar act e ’r i s t  l i -s not  of t ime ’ e q e m i pmm -’nt h u t
of the  management ph i losophy  and e n v i r o n m e nt .  For e x a m p l e , we have i m i c l u m d e d  v a r I a b l e ’s w i t h i t i  a CER Li ’
account  f e r  schedule  cons idera t  ions (was the  sche du m l e  “norma l ” or  “c rash ”? ) ,  an d for  d i  f f , ’n, ’ llc , ’ s in  p a r t s —
screening and re 1 l a b i l i t y — t e s t  ing.  Other  program va r i ab les  r e f i  Oct  d i f f e r e n c e ’ s in mmi t lumgem em l t a t  r l i ot  lire attd
account  ing p rocedures (Was development  cur s y s t em i n t e g r a t i o n  done wi  t h I n  a government l a h u ’r a t o r v  or  by m m
p r i v a t e  c o n t r a c t o r ? ) .  In ongoing s tudies  of computer  s o f t w a r e  we’ f i n d  these progr am v a r i a b l e ’s mi re i t i g u i l v  V

s i g n i f i c a n t .  V

One r e s t r i c t i on  in t h i s  process of i d e n t i f y i ng c o s t — d e t e r m i n i n g  pa r amete r s  is t h a t  th e ’  p aru ime’te rs he ’
“ava i l ab l e . ” There are two aspects of this a v a i l a b i l i t y :

I .  The pa ramete r  shetuld  be one which  is specifIed earl y in the  l i f e  cv i ’ Ic , and doe ’s 11,11
requi re  comp le t ion  of design be fo re  I t  is known . For examp le . t i t e ’ m uu mm h , ’r of e l e c t r o n i c
components , or the  weight  and i n p u t — p o w e r  r e q u i r e m en t  of e l e c t r o n i c s  Sy s t e m s  m i r e ’ gen—
e r a l l y not d e t e r m i n e d  u n t i l  the  design is comp l e t e d .  Tints t hey  are m ii ’ t  u s e ’ f c m l  mis
in dependent  parameters  in CERs wh ich are to he u sed p r i o r  I i ’  de s ign  comp let  ion V 

I

2. The parame t e’rs should he eas i l y and unamb i guous ly  m en s u r a b l e .  To i l l e m s t r a t e :  ree’ent
a i rborne  radar programs have emphas ized  advanced s l g n i m l  p r e w e s s in g  t e c h n i qem es ( p r i m m i r l  i v
for  c l u t t e r  p rocess ing  and e l e c t r o n i c  countermea su res) .  A c c e u u m n t i n g  fo r  t u e  use of V

p a r t i c u l a r  t e c h n i ques and for  va ry ing  l eve l s  of sy st em c a p a b i l i t y  has proven to  he’
ex t r eme l y d i f f i c u l t .  Moreove r , becau se e imch s y st e m  hmm s proven to he v i r t e m a l l v  im n i qem e ,

heumoge neoems da ta  base canneu t be deve loped .

*Parameters such as the quantity pri’i tire ’ii and i i i , ’  l evel  ol i n f l a t  ion I n , ’  d i s e mus s e ’ e i  u i n , i ,~~n flat mm Ne ’rmmm i I at ii’ti
(S ec .  2 . 5 ) .

Feu r some app I i  cat Ions • such as spae ’ecr af I mmvi on ic ’s, we i gilt anei power are’ m u  I i ’ in p u t s  in  t i l t ’  fe ’rm i’
design consr r m m i i i t ~~~. In these  in st  nne ’es c o n s i d e rab l e  care mmm ci  he e’xe ’rc is,’,i : I he it , mt  a h u m s , ’  ~ h o m u  h e h  he’
r e s t r i c t e d  to  those sy stems al so  developed umn e i er  wei gh t  or power e of ls t  r m m i n t s .
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As a consequence we have been forced to use cruder  e s t i m a t i n g  parameters fo r  radar receivers
and s ignal  processors ( e . g . ,  $5 ,000 per receive r channel , or $20 , 000 f o r  a p a r t i c u l a r  type
of signal processing).

Si mi la r ly ,  missi le  accuracy has o f t e n  been postulated as an exp lanatory variable for  missile
guidance costs. However , accuracy measures (CEP , etc.) for tactical missiles are seldom
defined in consistent terms (Is it single—shot or salvo? Is the target maneuvering? Ar
what speed and with what type of signature? How is distance from the targe t measured , etc?).

Where these criteria cannot be met , the analyst must use other parameters.

When no cause—and—effect relationshi ps can he p o s t u l a t e d , a couumton resort is to settle for a “mere ”
correlation with some measurable parameter. This point warrants elaboration . As noted previously, the cost V I

analyst generally strives to identif y a basic cause—and—effect relationshi p between independent and depen—
den t vrriables. Hopefully , statistical procedures in conjunction with empirical data will establish that
the dependent variable is indeed dependent. However , statistical correlations may actuall y reflect the fact
that the dependent and “independent ” var iab le (s )  are— — in reality——common effects of some other (generally
unidentified) cause. Schematically, the relationship is illustrated below:

E f f e c t s

and Y2 may be strongly correlated through their common association with X1 . For purposes of p re-
dicting Y2 it may be perfectly satisfactory to make use of this correlation——jr Y1 can be readily pre-
dicted. However , the analyst must bear in mind that direct analysis of the relationships between and
‘)‘2 (e.g., wha t wo uld be the e f f e c t on Y2 if Y 1 was purposely increased?) is generally infeasible.

Actual examples of these points are plentiful. For examp le , estimates of recurring production cost are
often used to predict non—recurring investment cost. In fact , both costs are commonly influenced by system
complexity and size , Electronics weight and power consumption are other common examples of a dependent
parameter being used as an independent variable in cost analysis. Again , if these variables can be estab—

V lished by some other means , they can be used——with care——to estimate costs.  However , d i rec t  t r adeof f s
between , say, cost and weight requires a d i f f e r e n t  anal y t ic  approach .

2 . 3 . 2  Selecting a Functional Form of the CER

In this subtask the analyst hypothesizes a specific mathematical form for the estimating equation. For
examp le , wi l l  the equation be of a simp le l inear  f orm (Y = Aij + A1 X 1 + A 2 X 2 + . . .) ?  Or logarithmic (e.g.,
Y = A0 + A 1 log X1 + . . . , or log Y = A0 + A1 log X1 + , , , ) ?  Or , is the underlying relationship between
dependent  and independent var iables  such that a compljcated mathematical expression should be used?

Perhaps the most basic choice is between linear and logarithmic forms . All too often the choice seems
to be governed by the available supply of graph paper , or by the often misleading comparison of statistical
indicators .* In f ac t , there is (or should be) a logic associated with this basic selection. The choice
should be governed by the analys t ’s understanding of how costs vary with respect to changes in the independent
parameters . Consider an example in which power output is the independent variable. A key question is: Do
costs scale proportionately with power (i.e., an X percent change in power leads to a Y percent change
in cos t )?  Or do cost and power re la te  in such a way tha t  there is a constant  cost per each un i t  var ia t ion

in number of watts? Mathematically, the proporationate or logarithmic representation is ~ , while the k
lInear representation is ulY “ ul X .~~ “Semi logarithmic ” forms may also be specified in which one or another
of the variables is expressed in logarithmic form.

*There are a number of computer programs which provide regression statistics for a variety of candidate mathe-
matical expressions . For many (if not most) of these the direct comparison of the Correlation Coefficient is
misleading.  The prob lem is that the res iduals  are not expressed in consistent terms (this point is discussed
in R e f .  13).

tA o r ol l a r y  to t h i s  d i s t i n c t i o n  between linear and logarithmic expressions is that the error terms in the
s t a t i s t i c a l  “models ” which  correspond to these two types of equa t ion  are d i f f e r e n t .  The error  in thi ’  l i n e a r
function is assumed constant for all values p f the independent variable. It increases w i t h  l a rger  va lues  of  

V

this var iable for the logarithmic form (see Ref. 14).

Anal ysts should also note  tha t  most  c u r v e — f i t t i n g  procedures treat the linear and logarithmic forms
differently——the former minimizes the absolute deviations w h i l e  the latter minimizes proportionate deviations .
The consequence of the difference Is that statistical indicators f o r  the  two e q u a t i o n — f o r m s  cannot be d i r e c t l y
compared.

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~ .~~~~~~~~~~~~~~~ 



The preceding discussion has duelled upon the simplest of mathematical  re la t ionships between depen-
de nt and independent variables. Often , more complex equation forms are required . For examp le , in st udies
of e lec t ronics , RF f requency  is a conmion independent variable. In analyzing the relationshi ps between the
cost of , say,  radar p r eampl i f i e r s  or dish antennas  and f r equency ,  we have found two coun t e r ac t i ng  i n f l u e n c e s .
On the one hand , higher  f requencies  (and correspondingly smal le r  wavelengths)  mean smal le r  ph ysical  un i t s ,
hence lower material costs. On the other hand , higher frequencies also mean more s t r ingent  control toler-
ances and corresponding higher costs, The combined e f f e c t of these two influence s is a U—shaped function
as ill ustrated in Fig. 2.2.

Statistical procedures can then be used to ca l ibra te  and v e r i f y  the postulated func t iona l  fo rm.  These
are discussed in Sec . 2 . 5 , fo l lowing  a br ief  discussion of data  co l lec t ion  and no rma l i za t i on .

2 .4  Data Collect ion - -
The next step is the col lect ion of relevant cost and technical  data from h istor ica l  pro jec ts  which

can be used to ve r i fy  the postula ted CER. If c rea t iv i ty  and technical  insi ght  are hallmarks of CER for-
mulation , then tenacity and stamina are the watchwords of data collection. In virtually all cost analyses
the fundamental limitation is the dearth of valid , consisten tly defined data , and most of the analyst ’s
effort seems to be req u ired fo r  this phase of activity. Figure 2.3 is one analyst ’s view.

To compile data for the dependent and independent variables it is general ly best to go where the data
was or ig ina l ly  generated , i . e . ,  cont rac tor  accounting and engineer ing records. Care must be taken to ensure
a full understanding of the data——What cost elements are included? Does the i temizat ion of hardware ele-
ments  correspond to the Work Breakdown S t ruc tu re?  In what year were the costs incurred?  Are there any
government—furnished equi pments involved? What was the  schedule of product ion items ? E t c . ? ?  Because of
the perceived sens i t iv i ty  of cost in fo rmat ion , and because of the highl y varied account ing systems in use
throughout industry, the analyst can anticipate that a major share of his time and effort will be given to
this phase of s tud y.  Hopefu l l y the newly imp lemented CCDR sys tem w i l l  a l l ev ia t e  these problems wi th in  the
U .S .  Depar tment  of Defense.

2 .5  Data Normal iza t ion

Pr ior  to incorporat ing data w i t h i n  the pos tu la ted  e s t ima t ing  re la t ionships  the analyst  must ensure that  
V

the da ta  are cons i s ten t ly  def ined .  This includes both technical  and cost in format ion .  Normalization of
technical data includes adjustments to ensure that , say , the specific impulse fo r  various rocket motors  Is
calculated at the same a l t i t u d e , or tha t  radar de t ec t ion  range is normalized to the same targe t cross—
sectional  area , number of pulses , false  a larm p robab i l i t y ,  e tc .  In prac t ice , the effort required to estab—
lish consistency in technical  descriptors ( independent  variables) can be formidable.

Aside from u n i f o r m  de f in i t i ons  of j u s t  what costs are included within the recorded expenditures , there
are several considerations required to ensure that  costs are displayed in consistent and comparable terms .
These include the e f f e c t s  of (1) year—to—year  price level changes , (2) p roduc t iv i ty  or m a n u f a c t u r i n g  tech—

V 
nology changes , (3) the “t i e r ing” of contractors and subcontractors , and (4) “ learning,” or cost—quant i ty
e f f e c t s  upon p roduc t ion  costs. (

Price—Level Changes. A conventional element in cost analysis is the normalization of cost data from
d i f f e r e n t years to a “cons tan t dollar” basis, thus ensuring comparability among the data and the derived
CERs. DoD costing procedures call for cost estimates to be developed in terms of the fiscal year following
the date of the study. Thus , cos t es t imates  developed in January 1979 must be presented in FY 1980 dollars.t d

In the United States the Office of Assistant Secretary of Defense (Comptroller) issues price level
indices for use in weapons systems cost analysis; these are generally presented for Procurement and f o r  RDTE ,
wi th a sing le index covering a broad variety of equipments and systems . The military services issue a some—
what more detailed set of price—leve l indices. For examp le , the Army provides separate indices for the V

following equi pment and l i fe—cycle  categories : tm ‘
~

• Aircraft

• Weapons/track combat vehicles

• Missil es

• Elec tronics 
V V

• Aimnunition— ltardware

• OPA (Other Procurement , Army )

• RDTE (Research , Develo pment , Tes t and Engineering)

• OMA (Operations and Maintenance , Army)

• MPA (Military Pay, Army )

*To be most rigoroua the analyst would limit his search to actual recorded costs. Howeve r , design studies
and engineering estimates must often be used . Obviously, estimates are not as desirable as “act ual s ,”
bu t with reasonable care to ensure against , say , undu e optimism In the interest of being low bidder , care—
f u l l y developed es tImates can be valuable.

~Price leve l indices are actu sll y used for two purpose s : (1) to norm alize past data mis par t of the process
of deve loping a CER and (2) to  develop pro jections of future costs to “th en—year ” informa tion for future
budgetary p lanning.

~

See AMCCP-ER tnemo , ” I n f l a t i o n  Gu idance , ” dated 10 Oecemb:r 1975. 

-

~~~~~~~



The Air Force makes forward projections for Airframe , En,Une , and A v i u , n i i s  ( f o r  h V t i i  l ) ev e ’lupm ent  mu d Pr , ,—
duct ion).

Associated with the use of these indices are several con side rat imn ,, which re’pre’ .c’nt ~i gt t itiu m int po-
tential errors in cost analysis:

1. The additional detail for equipment categories and the pe riodic updating of pri m e - lev e l
indices are l a r g e l y  r e s t r i c t e d  to f_u~.~~~ yea rs .  That  is , t h ey i d e  addressed ii ’ the V,,V cond
objec t ive  of p r i ce—leve l n o r m a l i z a t i o n  noted p r ev i , ,u s l y _ _ p r , j e . m t i o n  of tutLre coats t m

“ then—year ” information.

However , the first requirement of the cost analyst is an index to  adjust Costs from

£!~Jl! years to the base—line year of his estimates , Ind ices f u r prIor years are n”t regularly
updated , nor are revisions at finer levels of equipment detail directl y issued .

2. Even with the most detailed indices there still is considerable variation among tite
constituent hardware elements (e.g., missile tail fins , fuel pumps , combustion chambers...)
in terms of types of material and labor , and the relative mix of these two major  i n p u t s  to
the development  and production process. In recent years , w h i c h  have been charac te r i zed  by
sharp and var ied price—leve l increases , the “averaging” within equi pment catogories can V
mask considerable v a r i a b i l i t y  in actual price—leve l effects.

3. In practice , the available price level indices (which are based on labor and material
inputs) are used to adjust the costs which have been recorded for particular subsystem and
components. Thus, f or example , the cost of a missile subsystem , wh ich was incurred in——say— —
1973 , is adjusted to 1977 dollars by multiplying the cost by a 1973—to—l977 index. But the
analyst should note that the recorded cost of the missile subsystem is an output measure.
It reflects the cost of individual inputs (labor , material...), together with the ~~~~~~s
by which inputs are combined , to yield the desired subsystem or component performance . If
there is year—to—year variation in this process , another source of error may be introduced ,
This is amp l i f i e d  in the fo l lowing  discussion and in Sec . 3.

Productivity Changes. The price level indices discussed in the preceding paragraphs are used basicall y
to account for changes in the unit prices of the inputs to R&D and production , i.e. • in the prices of
labor , mater ia l, equipment , etc. A related consideration is the effect of changes in manufacturing pro—
ductivity, i.e., in the cost per unit output stemming from changes in the technology used in producing
equi pment. The most striking current example is probably in small computers and calculators , where the
cost of a given level of computational capability has been dropping dramatically as new circuit tech-
nologies are implemented. These year—to—year changes in the cost per unit output are not captured by
pr ice level indices .

For many types of equipments these year—to—year changes in productivity are not pronounced . But , for
some——notably avionics——they are , and data from programs more than a few years old should be used only with
caution. Most cost analyses do not take these effects into account. Some methodological work to incor-
porate these changes is ‘1i ,cussed in Sec. 3.

Contractor Tie~j.u.~~~ Normalization of contractor tiering is another requirement to ensure that cost
figures from different sources are comparable and consistently defined. In complex weapon systems , in-
dividual components of hardware are often marked up with G&A and profit through successive tiers of sub-
contractors and a final weapon system contractor. For example , small component suppliers (e.g., mirror
manufacturers) sell their products to a subystem manufacturer (e.g., an optics subsystem supp lier), who
in turn sells the subsystem to a weapon system contractor. The prices quoted for a given component may
differ markedly depending upon which tier is reporting.

One set of representative factors which accoun t for the price differentials are illustrated in
Table 2.2 (these factors are based upon studies of US Army systems , primarily SAFEGUARD). In studies of
spacecraf t avionics we have observed a different set of factors for NASA—sponsored programs , with an approx—
imately 25Z tiering factor at each stage . 

V

“Lea rn in~g,” or Cost Quantity Relationships. A standard tool in analyzing the recurring costs of pro-
duction items is the “learning curve .” There is an extensive literature dealing with the principles and
applicat ions of this  concept ;  the reader can f ind  a comp lete discussion in Refs .  15 and 16.

In brief , the learning curve is a means of normalizing the effects of different total quantities upon
the cost—per—unit. As originally conceived , the learning curve reflected the increased efficiency of labor
(represented in terms of labor—hours per unit output) as more and more units are produced . In practice ,
learning curves are app lied to the total recurring cost of production items . The effect of “learning ” is
portrayed as a decrease in (1) the cumulative average cost per unit as a function of quantity produced , or
(2) the cost per unit of the most recent unit as a function of quantity . We have generally expressed the 

V

learn ing ,  or c o s t — q u a n t i t y ,  r e la t ionsh ip  in te rms of cumula t ive  average cost  per u n i t .  The m a t h e m a t i ca l
expression has the exponential form :

*See Aeronautical  Economic Escalation Indices,  Compt ro l l e r , Aeronautical Syste’ms Division , VIII1~uV 1 9 T h.

-- - -~~~~~- - -— -- --



Average cost per uni t  Ax
_b

where A — first unit cost

X — quantity
*b • an exponent s 0 < b 1 , de te rmined  by the e x t e n t  of learning

Learning curves are used in two ways:  (1) to normalize historical data so that variations in recorded
costs due to d i f fer e n c e s  in the quantity produced may be proper l y taken into account , and (2) to account for
the e f f e c t s  of quantity—produced in equations set forth to estimate future costs,

The analysts of ht~ torical c o s t — q u a n t i t y  da ta  is compl ica ted  by several factors. Coats for various
quantities of output necessarily are recorded over a period of t ime , during w h i c h  a number of othe r  f a c t o r s
may influence unit cost. Notable among those are :

• Changes in overhead , General and Administrative expenses , and profit which may change
in some systematic way over time and thus influence the unit  cost .

• Changes In p roduc t ion  rate . Moat of the deta i led indus t r ia l—engineer ing  analyses we
have seen have emphasized the importance of p roduc t ion  rate  in determining production
cost. And yet , t y p i c a l l y ,  production rate is not exp l i c i t ly considered in cost analyses .
If the rate changes markedly during an overall production run , there may be substantial
e f f e c t s  upon uni t  production cost .

• Various mod i f i c a t i ons  and engineering changes in the end product  which  o f t e n  take p lace
th roughou t  a produc t ion  run .

• Different contractual terms which may influence the recorded costs and/or actual effi—
ciencies in the product ion process. One can readily imagine the in f luences from a
shift to , say, a fixed—price—incentive contract from a cost—p lus—fixed—fee contract.

In these circumstances , the analyst  can onl y s t r ive  to identify these influences and adjust the data for ,
say, measured increases in overhead or cost due to modifications.

Even with careful accounting of these influences , there is considerable room f or error in spec ify ing
actual values for learning curves (the learning rate for a given class of equipment may actually differ

V from contractor to coOtractor , and among different models of the same class). Thus it is prudent to select
a “standard ” quantity (to be used in comparing unit costs) that is actually within the actual range of V

available data. For example , if tactical missiles are being compared , and the range of actual quantities
is be twe en 100 and 1,000 units , then Comparisons should be made for a standard quantity of 1 say, 500. Pro—
jection of data to a first—unit cost increases the possibility of error in the comparison. -’6

Calibrating and Verifyin~ the CEll

The preceding steps have i den t i f i ed  the independent  variables , postulated a Specific mathematical form ,
and collected and normalized relevant data. The next task is to calibrate and verify the postulated CER
using techniques of mathematical statistics, The procedure of least—squares curve—fitting, or multip le
regression analysis , provide a rigorous and consistent means of determining a specific mathematical rela-
tionshi p. A full exposition of the underlying theory and princip les of mathematical statistics and statis-
tical inference is beyond the intended scope of this paper. Suffice it to say there are many texts which
cover these top ics (see , e.g., Eels. 10—12), and the analyst should understand the assumptions and limita-
tions o~ th i s  type o f analysis. In practice , the rigorous requirements concerning the quantity and charac-
teristics of the data are seldom fulfilled. However , tl~e deviations and exceptions do not preclude the ad-
vantageous use of statistical procedures .

The results of a conventional regression analysis are (1) coefficients and exponents for the postu-
lated mathematical form , and (2) a variety of statistical indicators which describe the relationship be-
tween the resultant mathematical relationshi p and the data in deriving it. Among the more useful indicators
are the following (some additional discussion of these indicators is given in Appendix A):

• The Correlation Coefficient (E 2J. The percent of variance in the dependent variable
exp lained by the e s t i m a t i n g  f u n c t i o n .

• The Standard Error  of the Estimate. The standard deviation of the dependent variable
f r om the computed values .

• I—sta t i s t ics .  For each c o e f f i c ien t , the ratio of the coefficient to its standard error .

• F—value. The ratio of the exp lai ned to un exp la ined var iance , a measure of the signi-
f ican ce o f R 2

*The common measure of learning is expressed as the percent change in cost when the quantity is doubled .
The value of b for  a 9O~ lea rn ing  curve is — 0 . 1 5 2 .  To determine  to ta l  cost , the u n i t  cost express ion is

mul t ip l i ed  by the q u a n t i t y .  Thus , to ta l  cost ~~~( l — b )  i t  should be noted the “ f i r s t  u n i t  cost ” is a
recurripg cost;  it is not the  t o t a l  cost of p roduc ing  one item (which would i n c l u d e  the costs of maniifac—
turing engineer ing,  tools , specia l  test equi pment , and other ‘non—r ecur rjj~~” it ems) .

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _  
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The correlation coefficient is a good general indicat or , although it can be m islem md t ng l v hi gh. The
standard error of the estimate Is an important indicator , a l t h o u g h  the proport ionite (or p, rm ent ) dovim i t ion s
are probably more illuminating. In fact , the anal yst should examine t im e’  patt ern m l  r,sidumi l ,, V

(Y — Y ) for any systematic p a t t e r n s  (more’ on t h i s  subs iqemen t l v ) .
actemal estimate -

The I—statistics for each coeffIcient should be high (V V 1 ) in ord er to have mv c e in f i d en c ,  in  the cal-
culated values of the coefftcient. *

There are l~imerous ways that these indicat ors cmmn be deceptive (see, e.g., the discussion in Ref. II).
As a consequence , statistical indicators must be viewed with some caution. Howeve r , by ensuring that the
data are reasonably well—distributed over the data space and that mult l—co llinearity and other potential
statistical problems are reasonably well controlled , time anal yst will find that the se indicators can be a 

V

powerful tool,

With all these mathematical procedures , the ultimate criterion is the reasonableness of derived re- V
lat ionship. Do the relationships make sense in light of the analyst ’s knowled ge about the system and about
the data used in deriving the CER? 

V

What to do if the CEll is no Good

All too of ten the analyst will find that— —at least for the first try— —he has not developed a defensi-
ble estimating relationshi p. There are a number of potential explanations , and there’ are several recourses .
Among the reasons why the estimating relationship (CEll) is unsatisfactory may be:

1. The analys t has fa i led  to iden ti f y the actua l cost—determining variables and the general
nature of how these variables influence cost.

2. The data may be inaccurate or inadequate.

There are several things the analyst can do in order to address these problems:

I. Reeva&~ate the ~deit A~ Vu1d Vtnckp cmtde n.t vaA~abLQ4

The obvious (and most fundamental) recourse is to again think through the basic process
under study (such as the production of a radar). Are there other factors which exp lain the
costs of this process? As an aid in identif ying these variables it is often useful to examine
the pat tern of residuals from the “unsuccessful” CER. To illustrate: the analyst can p lot a
graph showing actual cost versus estimated costs using the CER.

ESTIMATED COST

ACTUAL COST

Upon examination of those programs whose data lie consistently to one side of the 45~ l ine  (al ong
which estimates — actuals), the analyst may find some single factor which stratifies the data in
this same pattern . For example , in previous studies we haire found stratifications based upon
applIcation area (airborne versus ground—based usage 1), or differing levels of environmental or

V 
~ 4I specification , or a different design technology used In the design (e.g., with or without
pulse frequency agility). In these instances the CEll can be improved by addition of an appro—
priale dummy variable to stratif y the data.

2. ReevaLuate the hypothe~az i ~d rnathcrrnxtccal ~okm o~ the CER

An originally hypothesized linear or log—linear mathematical form may not properl y refl ect
the ‘ictual relationship between independent and dependent variables. Again an evaluation of the
res iduals f r om the “unsuccessful” CER may indicate a systematic pattern which Is indicative of
some heretofore—unrecognized relationshi p. For example , a systematic pattern of “actuals ” ex-
ceeding estimates at the upper range of values may suggest that some upper bound of achie’vmmh le
performance is being approached . One might expect a furictioiial relationshi p between performanc, 

V

and cost to be of the following f orm (wh ich , in fact , we have obse r v e d ) :

*There are a number of statistical problems which are commonly encountered; perhaps the mc ’st notable d liii -
culty is multicollinearity (see Refs. 17 , 18) which is generally manifested in low t—st mm t lstit s alt h o u gh V

the correlation coefficient may be fairly high.

cos t derived by using actual values of the independent variables from programs in the da tmm h,mse as
inpu ts to the estimating function .

tm D i f f e r e n t  packaging  and env i ronmen ta l  s p e c i f i c a t i o n s  i n v a r i a b l y  lead to marked cost differences between
these two operating regImes . V

V -~ ~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~ V~~~~~~~~~~~~~~~~~ •~~~ ~V _ _ _
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1. Attesmpt tm  m i e v e  t m r  a CER mlt a th 6e’t~’flt 
tmjt ’m~ i o~ de t a ct

This procedure can be done either way , i .e . , the  ana l y st may seek relationships at a finer 
V

leve l of d et m m i l , or he may h ave to resort to a more aggregated relationship. As noted previously
.m t ine r lev e l m e t  de t I l l  may p e r m i t  an e’xpans ion of time d.m t m I, .msc . At a finer I evel em f
detail there may be a broader selection of valid analogs . Thus there may be a larger samp le of
data with which to draw inferences about costs. V

When additional data and/or analogs cannot be identIfied at a finer level of detail , the
c o s t  ana lys t  may be forced to develop the CER at a higher level of aggregation , and to accept
a less defensible estimating relationshi p. For example , in one stud y of spacecraft Stabilization
and Control  (SIC) subsy s tems , we found t h a t  each of the SIC subsystems for which we could obtain
data was virtually unique. Each had a peculiar set of  individual end—items (as indicated in
Table  2 . 3), and we were unable to find other data which would permit development of CERs for
each individua l end—item. Consequentl y we were forced to develop an aggregated CEll for the
entire SIC subsystem——one which admittedly did not accommnt for the distinct stabilization and
control components.

,. S~ tti ~
‘ ~c ~ Cm ’ ~ ~et~itt ~‘mi tui~- th am tc ’ t i u m 

~ tanV~ abte ~dt~ch CL1II be c’~i tinst tc ’d

As noted in an earlier discussion it is not always peesslhl, t e e  e s t a b 1 I ~ h
a causal i n f e r e n c e  to e x p l a i n  v a r i a t i o n s  in cost , and t h e anal yst may have to  settle f m m r  a
simp le correlation with another variable. One common examp le is the estimation of R& D costs
for high—technology equi p m e n t  as . m f u ne t  ion of t h e e’qmm i pment produc t ion ce eS t . lioth are
common effects of various facets of size and comp lexit y . If a reasonably good CER is avail-
able f o r  production cm m s t , it can be used to es t i m a t e  the va lcme of the independent variable
in the  R& D CER.

Ano the r  examp le is t he use of w e i g h t or input—powe ’r ma independent variables in many
e l e c t r o n i c s  CERs .

S . “Watt V C I L t I l  I lC t t  ( C m t ’ t ”

Finall y , there will be occ.ms ions when no parm mme’t n c  est (ma t ing relmi t iesnshi p can he foun d .
Some eleme n t s  of cost  cannot he l i n k e d  to .unv r, m sm mum .ile lv sized se t m e t  technical or p rogram
characteristics. One examp le wmia ld~ nt ifie d in a GRC s t u d y  e ’ f “ indirect ” missile production
m m m a t S  such m a m a n u f a c t u r i n g  eng ineer ing ,  engi n e e r i n g  ch ange s, and d o c u m e n t a t  ion. A n o t h e r
ca tegory  is Produc t  Improvement , f o r  w h i c h  we were cmna hle ( m e  e s t a b l i s h  any  d e f e n s i b l e’ CEll
(see , f or example , the  s c a t t e r  of data points in Fig. 2. 4). Cpon f u r t h e r  inquir y we f o u n d  —

th at Produc t Improvement expendi t mr , s wer, l a r g e  l v  governed 1w Fhuc ’  ava i  l a h i  l i t  v m e f ”y e ar— end ”
funds , i.e., they .mre subject to rmmndom quirks m e t the’ bud get and not t i m  the  t e c h n i c a l  char-
a c t e r i s t i c s  of t h e  program i t s e l f .  It , mm he u r t , t h e r e  i~ no p.mrmmetri c relationshi p with re’s le e c  V

‘ ce ’ S t  . The best we cou ld  do in t h i s  I n s t  mmn e e was to a m m g g , s t m n upper hocmnd of VI l’roduct ‘V~

Improvement ,me ’ m t,

3. I~XT FNSRtN~ ~Nb REFINEMENT S

3 .1 Introduction

The prec eding dlec cmis si ee n s have e ’emt 1 tried tim, princ i ples and erm e ,- , V e l m c r , s e e l parame’tr ie c ,est  a n m i l v a l a  .

in th is 5~~, t l,’n v V m r  louis e x t e ns  ions .mnd methodological cm’ f i n,’ment s  m r ,  d i S m V m a c m t  For t h e  most p a r t  t h e ’v V

I re extensions in the ’ s, mis c ’  t h a t  t h e e  s t i l l  f m ’ 1  low the basic prec ept em cml p a r m m m c ’t n c  ce es t  m m m l  vs  i s ;  t h o u ’
represen t improved h v p m e t t m e ’ s , s and m,e dt ’lg m e t  ( t m ,  p r o ce s s  unde r St  mmmlv . They both address an i~~scie ’ wh ich
characterizes a sign l f i c a n t  s t I V m r , V ‘t  t h ,  new e q u i p men t  mcd systems which mire m ic qmii rm’ d each v,’irr he p r i v a t e’ V
industr y and the government , vi? ,, t i m e  e e ’rv i s lv e ’  effects of t e ’ c h n o l e e g l c . m l  e h , t l m g ,  c e e s t  i t i j l y s t  have’ long

rt V n l m m m r V , ( , , i  th e e’ff ee’ ’m of m .ilor ‘‘ lumps ’’ in t e ’c’h n o l o g v  by developing . I o ; , m r l t , V  c V l R s  l e er . S V I \ V , conventionmil V

tube vs. S o l i d_ s l i t ,  V j e l l  r m e n i c s , m lm mm l n m mm vs. tit an Ium aircr a ft at r u e - t i n e s , metal vs. f i l , i m , ’n t — w o u m n d
r em c ke t— ~s’(or cases , , c , I i , ew , V v , r • c e l l . i n a h s ’m t a 1 l V I \ ~~’ g e nm ’r , il  Iv  m i e  t 1km I n t o  V l c e m e  L i m i t  the e e ’nt  in u m o u t s  and
hmndame n t , i  I S m ’  that t ,‘ c h m n , ’  I ‘‘ci m m m l ‘~~~~ mg , ’ i t  t ~ (a many Vi I C V V IS m~ I government In c h indc i s t  rv

i n  r, ec, ,mnm -h t mi nd dcv ,’ leepme n t , t , m - t m m m m ’ T , ’ g i , - , i l  m V h m . m n g , .  is ,, basi c’ ~e ’m il . In  p r o e l tmc ’t ion , t i ’ c h m m m , e l m e g i c , i l
l iVin g,’ direct I v  V I f f C , t s  t h e  p r e ’ce’sa  m t  F r m , i s t  rmlng it h e m i l  a ( 1 5  ‘ e m c e e ’s)  t n t , ’  e ’ m i t 1 ’ u m t a  (c l i i j u V , r , el p t ’ r t o r m m m n c e ’i . 

V

Any anal ytic ’ tee h n i ,~mm . ’ which e m e n j e r t  a F V ~~ip t  m i r e  t I n ’  his I c e l e m e n ts  wh i c h  l e t  e rmine r,’ s e e m m r c e’ t-’xpend i t mir es
must i n c lu d e  t h m , ’s, ’ e f f e c t s .  T I , ,  ‘ , s l , l , m i e , n s ’’ d l ’ m e u m a s e ’et i n  thi s s,’,- t ion m r , e’x p T , e r i t , e r v  .mri d e e h m v i o i m s l v  i n —

ce ’m p l e t e  . N ’ doubt , t I m , v c an be great l v  r e t  inc’ eh .ind i m p r  m’’.’cei . In c  I mid ed l i e  m i l s , u m s s i o n s  of
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• Procedures for measuring and incorporating state—of—the—art advance as a parameter in
R&D cost—estimating re la t ionships

• Procedures for incorpora t ing  e f f e c t s  of technologica l  change in cost—estimating relation-
shi ps for production systems.

3.2 Technological Change and R&D Programs 
V

3 . 2 . 1  S t a t e — o f — t h e — A r t  “Sur faces ”

There are numerous studies focussing upon improved methods of estimating R&D costs which have identi-
fied state—of—the—art advance as a key cost determinant . Most of these studies have been based upon sub-
jective assessments or rankings of this advance , or of some related consideration such as “comp lexity ”
(see , e.g., Refs. 19, 20) .*

In a study conducted several years ago for the Assistan t Secre tary of Defense , we developed a q uan-
titative approach to measuring advances in the state—of—the—art (SOA) based upon SOA “surfaces” for
specific points in t ime . Our approach stems frcmm several basic observations :

• The “state—of—the—art ” (SOA) as a specific level of pe r fo rmance  changes over time as new
accomp lishments are implemented and become part of the industry ’s general technical
capabilities.

• At any particular point in t i me , the SOA for a particular system or app lication is a function
of numerous parameters . For examp le , power output is one indicator of the SOA for a radar
transmitter , but specification of a particular output in watts requires specific values or
constraints upon other parameters such as frequency, weigh t , etc.

• Subsequent systems with greater capabilities advance the SOA , the advance being measurable
in relation to the SOA prevailing at the t ime the design approach was selected.

Briefly, our procedure is to identify several variables which——t ce a reasonable degree——bound the state—of—
the—art (SOA) In design achievement for the subsystem or equipment under stud y. These variables are gen— V

era l ly  performance and/or  physical descriptors , and must be chosen Sm that they reflect actual design goals
or constraints. A specific time period (e.g., late sixties) is then chosen, and al l  of the equipments
developed in the period are cataloged in termS of the chosen technology variables . A “surface” is then
fitted to the data for actua l equipment , the surface being defined within the space described by the tech-
nology parameters .

To illustrate , in a study of avionics computers three technology variables were set 1rth as being 
V

representative of the compute r state—of—the—art. A surface was fit to six data points representing six
computers developed in the 1967—1968 time period , the results being illustrated in Fig. 3,1,~ The advance
imp l i c i t  in any computer  developed in the ensuing time period is then measurable. In effect this procedure
is a quantitative , objective alternative to subjective qualitative assessments of “comp lexity” or “technol—
ogical advance rating. ”3

While this approach is felt to be a valid and useful representation of technological change , it does
have two fundamental limitations. First , in order to “fit ” SOA surfaces for successive time frames, a con-
siderable sample of data (i.e., number of different development items) is required. For some items , such
as coliunercial computers , where there have been many development projects , this is no great problem. For
most space and military systems, as well as other commer cial eq uipment , there have been f ewer developmen t
items which can be included in any one reasonably homogeneous set. Thus, there is insufficient data to
specify a surface for each period of time . This drawback limits the usefulness of the approach for R&D
costing of many high—technology systems .

A second limitation is that the time period for each surface is arbitrarily specified ; thus the pro—
cedure lacks rigor in the sense that another analyst migh t specify a different time period——and will , in
general , obtain different results. In short , two analysts working independentl y (and using the same data
and technical parameters) may not come to the same analytic conclusions . As a result , our recent studies
have focussed on variants of this overall approach which avoid these particular shortcomings. VI

3.2.2 Variants of the “Sur face ” App roach

There are several variants of this overall approach which permit economies In the size of the data
sample , and avoid the arbitrary stipulation of time periods . . . all the while preserving the basic con—
cept. One approach we have explored is to develop a more generalized equation for the surface in which

*Still other studies have been concerned with measuring technological advance for purposes of technological
forecasting (e.g., Ref. 21).

1’
The rationale and “mechanics” of this procedure are given in Ref. 22. An ellipsoidal form was used to
account for the “diminishing returns” as inc reased val ues of any par t ic ular pe r formance parame ter are
sought.

1
This work, and its initial application to tactical missile propulsion and guidance has been fully documented
in contract reports (Ref. 23) and in the open literature (Ref. 22, 24).

L~J
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* - e m  V
t i m e ’ .’ e m i t  I ’ll ’ S parameters Ire ’ expressed mms mm funct Icmm u m l  time (ins temid m e l  l i t  t log Vi slee c it aunt 1 m m  t e e  I -

dat i ( e r  e , , m m I i  itm d ividu mi 1 t Itmw per ic’,1) . In t i m e ’ course’ , ‘t  t it i s  wcerk we ident i f  iced re’ lm i t c’ d mm pp rom m ch e ’s whi I cii
proved simpler to use. Feer e’xamp le , Barr mmnd Kn i ght ex m m m ine’d s’ar i m ’cm s lo rms  c m l ec’onctmi c “Pr~ gem e’t ions
functions ’’ in an m t  t e m p t  te e ident i ly  r e l a t i o n s h i p s  w l m i c ’h m m c c o r m n t  I e ’r tee’hnc’lc’g ic ’mm l advance’. Among th e ’1 r
invest igat ions we .  .m mci i t u e  1.’ regr ess ion V ilimi (vs Is in c lu d i n g  X’ar ious te’chni cal  chmirac t  e n  is t i cs  and cal c’nda r
t ime. Alexander mmmcl N, t a m ’s ~f 

g V ~ N T ) , V te I m i ve’ 5 , (  forth ,m re’I,mt ed r p j e r i m , m , t m  which we have’ im p l e ’me’n t c ’d mis fol lc’ws :

• A I t mit ,’d number i’f techn i ,- i  T c ha r , ic t , ’n i s t  I cs , W h l e ’t m ( r e ’m m s m ’i l . i l e  l v )  eneompmis s the te~ e I l , m e m T e C g ~

m e t  ,i p m m n t  icem l mmr ,1.mss i t  suhs ’e’stems , mm rc s e t  f e ’r t im  .is Inde ’pend c ’nt v cmri m m hle ’s in ;i mu l t i p le ’ -
e

r c g r , ’ s m  I ‘ m m  , m ( l L i t  ion.

• The d epm .’neit ’nt var  immh to is some cons iste’nt I y del m e d  el m lendar mile ’s t ell , ’ for ,‘ ,i c ii sc ibsy st  em
in the s ma 1e I c  (such ,ms c’omp l et l,en m e t qual if ica - ie,n test)

• The re ’ s c m l t  m t  Vi m em l t t ; ’ l c ’ rc’grc ’ssic’n ex,’rcis .. is .m fune’t io~ wh i c h  m i i i  he’ i n t m ’r p r e ’ t e ’d mrs
.in ~ xj ’ e c t  c’d dmi t e \‘

~ 
fee r m ich I ovemc’ri t me I a g I Sem i a e’ F of t och i n  i cal chia r,mc ten 1st 1 m s  (whit e’hi

Ti, i v , ’ hc’,’tm spec if ice] .ms independent variah l,’~ ) . V Is shown u z r i i m t m  l i i i  l v  In Fig. 3 ,

• The re’s I dum m Is V — V e m il he’ use’d 1mm i nd Ic  m i t , ’  r a m ’ f t It o e’x t  c’n t ( , e wh I c i i  e’ac ’ Ii scih—
C , mc V t m i . i l

e Vmy s t  c mli w e .  “b e f o r e  i t s  t ime , ” eer ill.mv have I m m g g e ’mi belt I tie] the is’ .’ rmm ge ’ . Thu is is , I n  of t e ’c t ,
1 measure  m e t  r e l i t  lye I e’chn ,e I m eg ~ a I mmdvanc o

n 1 t_c 3 t ’
~~

t
VVVl
’
. i ’

V
c l m ’

~~_ tn, ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ o n e ’ atc idv which lmm v ,’st ig.itc’d t h e  t i m e ’ ro grc’as ic ’n
.mppnm e~ich F m ’cmis e l e’d on ge ’ , m , ’ r a T  I’ c irpo s . ’ ,m u ’i , ’m u i c e l  compc i t e’rs , . The f m e l  l ow i n g  t e’ c l m m u i c a  I c lm .m r, m c t, ’rlst lea w e r e

S e I  forth .ms i n d i c a t o r s  of t , ’ c I m m m m e l e ’ g 1 m ~ m (  c .ip it e t I I  ty , m er  s t , i t e — m e f — t h m , ’ — m m n t

Th.’ ape’e’d c ef the computer In m ’pe ’ rat Ions po n ,uecond

2 . flue’ dens I t  v i e the’ ,V c’ t i  t r,m I p r,’cc’ 55 1 ng unit In pe’utids 1e e’r c cih Ic I m e m e

3 . The’ number m e t  dist inct I s, inst rcict ion F v p e s  in th ue ’ cm em put c.r rop c’n t o i r e  (,i,l,i , shti t i l,’l t , ,‘t c ‘I .

T e c h n i c a l  c i , i t , m  mind the e i , m t e  of development ce’mp l ei t ton we re’ comp i led for t w e n t y — s i x  ai r b o r n e’ and sp a c c tm com-
p u t e r s  . flies’ we’re’ then cm~c’d in ,u n m u l t l p l ,’ rc’grc’,csion mlnal’e’siem tm ’ c’mstahl isit an equation whu icit ,‘mmn he int em ’—
preted is thc eStimated , ,‘r expected , date of deco tcopme~nt—cm empIo t ion mis a f un c t  ton cef t h e ’ th rc’e technology
Nirameters . The’ resulting c’qmimmt ion is

‘F 
19h1 . 1 + O.03N

1 
+ O .OISX , + O.L3teX

3 
(3.1)

where V~ — Expe cted v.’.mr of eiovelopmt’nt complc’t ion

N 1 
Ncimher m e I di st inc t i ns t  r m i c t  I on typ e s

N , Ncimhe’ r o I m ep e ’ iV ,m t I m ’mm s ( t h o m i s m i n d  ~ ) per secc’nd

N 1 
(‘PT’ dens ity ilb/ft

3)

The ne’xt s t e p  was to examine ’  the  r e s i du a l s , or m le ’v i at  ions , oF t ime  ,i , ’ tu m i l  d.t t a f r o m  the  e’e’t i m a t  log f u nc t  lint .
These are’ ill  ust rmuted in Fig. . 3 Tj~ 2le computers i n , ’ shiowut is they lie i f e m e’,’e’ mind he I ow the  -e S c l i ne .
A im o i n t  above the line corresponds te e an V m c t , i m l l m i l t  e’ m ’f comp let  Ic en emin l icr t han  exp e c ted—— in s h o r t ,  t h e
c o m p u t e r  was “ .ih em md of its time’.” i , e , mve ’r -m ,’ lv . com pm et era 1 , 1 1 1 ing h.’ l euw the’ l ine were’ “heir lcd tim e’ In time ’’ ,
i.e. , on the lemis tel of t he i r  t echn tc ,u l per f ormance  capabIlity they woueld have he~ n expoc t e ’cl t o  be’ t h rough
development m t an earlier date . flimes , t h e ’ re’s ieiu mm l (V~, — “ 

~~ ~‘u ~~ 
, Is inte’rpr’e’tmihle mrs mm indiemit or c’f

state—of—th e— art mmdv ance. - V V

It is our hvpc~thes is thm m t ext ri de’ve Iopment of fort is re’qim i ced for m m ce emp l i t  or to  he mm hemi d m et it s
time , .ind thm mt being “behind the times” slmo mm lii he corn ’ l m m t e d  w i t h  a rod,i,’e’d effort , t .e’ . , it is hvpothe’sI ~ed
thmi  t the res idtma I ( e ’ r SOA .udvmmnce ’l is p,es it lvi i v i i ’ nrc ’ I i t  e,l w (t im dove I opilic’nt ~‘c~ s

*
5mm sIt 0511 in  F I g , I . I • the ~~ ‘ i to  r i  I e’ml e mmm t t ,‘n t i er  mill CII i~ 5~’ tel 1 5

X~ X~ x ’~
+ -~ + ~, + . . . — 1 ,

whc’ re’ the ml I • a II : .  mr ,’ the ~e’ ne c in  te r c’ep ts .i I e’ng t I r e  cm ’s p,’ c t I v , ,i xe ’s . We’ ,i re’ e’ xmrm i iii ng a gene ’ rmm ~ ~~,
,

form in which these Intc’rce’pts mire’ expressed i n  1 itu ,’.in t, mnct ions e’f tim ,’

We I r e ’ I supeit ing me’ cc to these rest d,mmm Is t it in Is c’iCnS ’on t en t I e ile en .’ in  rc’g rem u s I on .imu,r I vs (a , The’ mi mui i . m I V

ass cimp t ion I a t h  .mt tim .’ cle ’p encic ’n t ea rl  mib I,’ is rep r,’s cm t ml ha’ t he ’ e’st I m.m t log fun,’ t I i’m) , p 1 ems  , t m i  ~‘l r , ’ i t .‘rm
which is repreSented by the p .mt tern of r,’s i c i u m i l s ,  In thIs (~, i i  I i c i m  I ,ir  m i p p n m e . m c t i  i t  i s  mi s s m m me ’d t m at t hm e ’r,’
Is information remaining in the patt ern ~e T  r,’sic h ee ,nl a • Iii  act ,1 1 I I ’l l  I’ ’ t i l e ’ s i l l  I — r e m a i n I n g  e’rror t m m n c ’t  ion .
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This leads to the second step in this overall cost—estimating procedure , viz., incorporation of SOA
advance in a c o s t — e s t i m a t i n g  relationship. The computers in the sample include both airborne and space
compu te r s . T y p i c a l l y ,  t hese two categories are fundamentall y different in environmental specifications ,
reliability and test requirements , packaging, and other considerations . Thus the samp le should be strati-
fied.

The computer data base also includes another basic division: an older group of ~hard_wired , syn—
chronous computers , and a more recent set of synchronous , microprogrammable machines. This distinction is
also hypothesized tee have a significant impact upon cost.

These two classifications (represented as dichotomous , or dummy variables) were included with SOA
advance in an estimating equation , with the following results:

Y - 6.11 + 2 . 7  X 1 — 4 . 7  + 14.8 X
3 

(3.2)

wher e

Y — R&D cost (millions of 1974 do l lars)

- ‘SO i ’ (years)

1, for microprogrammable computers F
2 0, for synchronous computers

— 
1, for space computers

3 0 , for airborne computers

To use these procedures in evaluating a proposed new computer R&D effort , the analys t would observe
the following steps:

• The individual technical characteristics of the proposed computer are inserted as X
1 , ,

and X
3 

of Eq. 3.1. 
~e 

is calculated,

• The proposed date of R&D completion is used as 
~AcTUAL

• ‘
~e 

— 

~ACTUAL is calculated , and becomes in Eq. 3.2.

• Values of X
2 and In  Eq. 1,2 are also specified for the proposed program .

• Using Eq. 3.2, calculate Y , the R&D cost.

Re~~nernen,t,6 06 Re4owtc~-E8t&na.t~ng Egua~t~on4. The simple linear relationship between R&D coat and
state—of—the—art advance given in Eq. 3.2 is not altogether satisfactory , and in recent stud ies we have
been r e f in ing it. First , there are various cost elements associated with R&D which are independent of SOA
advance; thus a lower, or “fixed ,” cost will be approached as SOA advance diminishes. Similarly, there is
an upper bound on achievable SOA—advance even though funds might be unlimited . Thus, one would expec t a
cost relationship asymptotic to some upper limit of SOA advance . In short , we hy pothes ize a comp lete
functional form as follows:

DDT&E COST

SOA ADVANCE 
L

We have examined several subsystems for which the span of available data did permit testing of this
hypothesis. For example, cost estimating relationships have been developed in this form for coummunications
mul tip lexers, traveling—wave tube amp l i f ie rs, and solid rocket motors.

0.7, F—statistic 8.6 (17 data points), t—statistics are 4.3, 1.4, and 3.3 respectively.

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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L V \ m t t , t  3 e ’~ jc ’uatmico ’ M e ’thc’ ci . A c o m p l e men t  c c v  c p j m i m e i i - t i  t e e  n ie , i s m i r l m m l ,  s i d e — m t _ t t m e _ V m r I  m i d v , m n c e ’ is
i _ I  I l~’d ‘‘ l i e It~ I’.’ n f e e  rnun e’c’ . ‘‘ ie’hi I I , ’  q u i t e ’ s ui I i c r  I i i  1er intel p l c  F , ’ t ime t h u e  re g r e ’ sm m I ‘em m m l i i i  r cm mmc l i , t lie’ Pr V ie _
m e , e i m m r c , s  m l  use dii I c r  in  two r,’spm ’e ’t s :

• A se ll V i i , i t t •  r c ’ I , i t  l o n s h ip  w i t h  t i m e  is etc’s’, l i e I e c ’d t ~r v’ V im Im in d tvi dumi l t e ’ eImi m i m e l  p~m n m m m c ’ t c ’r 
V

• R m m t h e n  t h m , m m m  cs I i m g  the e i e t  I r e ’ seim p h’ m i f  h i i s t e e n l c ’ a I  p n m e ~’ r iiils te l  ,V a t m i h  1 i s l m  an as’ e ’ r V m 1 e ’  le v e l V

ot  t e e t i l i m m l m m g v is a fune’t ion c m i  time’, the  hi m ms , ’I  l i m e  I ~V 5 V ~ V i i i  t e c h m n i m l m i g y  ( f r , e m  wh l e t i  ri ’s i d u 1i l s
m I e ’ m,’,asu rc’d) is est,ih l ished f rom t i m e e s e ’ p r c m g r m m m s  Iii tile s.mm ple ’ w imi i ’hm represent time i i mm ’st

, i dv , incc ’iI c , m p a t e  I I it v

.5 su mm ary  m e t this appr,m .m, h is given in Fig.

T’he ,i n m  I ~~ is  tee ’ c let s wit Ii t ime ’ 5 pm i ii I m i t  I m e t i of  i S U lliillm i cv S e t  i ’ peer fee rnm mm emc ee d ’ r de~ I gn e’ lm ;i r am ’ ,~ r I ‘. t I m s  - 
-

wh i c h  arc ’ ,V i e n m m i d c , r c ,d ind l cmit Ice m l  the’ S I V I t i ’ m l  t e m V l m l i m m l i m g \  e r  t i l e ’ su b sy s t e m  c i n d e r  at c i c i a’ , A e r , r e m t m l i s I I  e V

tier using t h e  dc l  t . m pe ’r I  rsm ,i m m c i  t c ’chn l m t m i e ’ is t l m .mt t i l e ’s, ’ ,  t i , i r , m m - t  e ’ r i , - m t  irs he I m i d I V’1m e ’f lde ’ii t m e t  m ’i l e ’  m u i i m ’t  m e n  i n  t i m e ’
sen se t h.m t a p e ’c’ I I  v 1 mm C .1 V icr I ecu I a r value m i t id le ’ c lm mi r.mc t , ’ r 1st I i m I m e  C’s tim ’ t re’ 9 m u re’ s e e ’ c’ I fs ing a Im Ieee ’ a lee r C me ’

m it  ti e ’ rs , Tei i l l  ems t n.m t c’ • t r mns n It t~’r peewe r ~~ r eitm I t we’ I gli t and r ccc ’ t Sic ’ I 5Ci15 I t i w it s ’  V i  r e  lent (mid n\’ S c i 111 m m I m i  ~~\

el, ’a e  r m m t m ’~~~ m ( e r  t r .m m m se ,’ivers ; V e t  t l m e ’v are unre  l,m t e’ eh t e e  eene’ m i n e c t I m e r  i n  the a,’ is,’ th at cm n i e dcees n m e t  , m e V t  ,m s
.m cc ’nstr ,mint on the m e t h e r .

The V m s - a l  l a h l ,’ tec hnica l d,mt .i ,irc’ tlme ’n e’xm iitm in e ’d t i m  lde’mt t l i v  t ime  ‘‘ de ’m i n a , m t ’’ i t c ’ilms m e s , ’ r time ( , iem I I  I u s —
tr .mted in Fig. 3, -. , and t i m e ’ p a r t  l c m m l .i r devc ’lc ’pm e’nt  I t e m s  w l m l c l m  Ii~~v, ’ t i m e  mcest  m i d v m u i c ’ed cm ip m ihi I It s at ca cti
p e e in t  in time m c ,’ sm i ,  1 , 1 1 , I l i e m m e i r e ’ used tee eieve~’Iop , i c m i n g l e — v , m r i , i t e l c’ o x p r e s s i m eti  m s mi fu i i e ’ t i m ’mi ‘I  t i m e .

For examp le’, (r ome .u ~~V ii ’V m 1 m I e ~ ee l  13 5(e ,1m ~~ ’ C r , m t  t transceIv ,’ra , ( h r , , , wore ’ f m e c m t t d  to  te~ demminant in terms
m e l  r e’m’c’ leer sens i t  ( S I t  v (Marine r I V  m m c’h ieved a sons it l v i  tv m m  I — 150 d hlm in l9(e~ M ,in l ne ’ m ’ ‘ 5 se t a mim i,

m m t i r m e l , i n d  m e t —1 53 d8m in l~ 68, while the’ M — a e ’r i e ’s ranse’,’ie’e’n m m c h i i e v e d  — I ~~e ci8m in 1 9 7 5 ) .

The’ d o m I n a n t  p rm egram s  i re t h en  used in de’v~ lop i n g  a re ’gre ’su m i m m m i  relatIonshi p between t lie I m, m I l m i m m 1 m e v
parameter ,imm d time ’. In time examp le ’ of the a p I e c e  c m l  t t r.iI,,scs~ i v e n s  • Clu e fee l l e ew in g  e xp ress  j olt s~~i,m d er i v e d .

- l~~9 + 0. 3 (5 (V — I9b0) ~3, 1)

slier,’ ,X~ 1 
— r e c e i v e r sensitivit y , —d ll m V

V — ,‘mm lend ar v,’,ir

In ef! O c t . N
~ 1 

is an e x p e c t e d  leve l ‘ i  t c c t i l l m e I e m gv (in terms eef re ’cc ’ iver sensitivit y) ,m s .1 f c i n c t  lee n m e t
calendar t ime .V Actual program v ,clmme em are mt’ase ,cre’d as t iwv t’.~T I , t ime ’v’w’ or below 

~ EI I t  ,inv m e t e  i c u i ’u m i r  pc e i i i t  V

In t ime . We tcv 3e e e t  m e a l  ze that the res idua Is (N 50. ~~~~ 
— NFl ), w i m i c t i  r e p r e s e n t  i n e l i c z i t e ’rs of stat e—ee f—t hie ’—mi rt

advanc e, an,’ cee rrelated with DOTE s’, est .  ‘ V

Other t e c h n o l o g y  pa rame t er s a r e mm n a l y z e d  in ,m similar m an n e r .  The r e s i d e i m i l s  fre er ic t hese’ a n a ly s e ’s l i r e ’ V
t h en used ,n s separa te  terms in ,i DOTE c m e s t — c ’e m t i m m i t l n g  f u n c t i o n .

Some Eva l u a t i v e  Remarks

There 1mre a number e ef  f e a t u r e s  ceenune e n t m e e’, i ct i  e ’f thc’se a p p r c e m i e l i e s , m od each m ’f f e t a  seime’ di st m e t  iv,’
ch,mr .ictenist io’~~. Each is based upon the assumption that t e ch n o l e e gv  c iii  ho r e p r e s e n t e d  in  tc ’rms cef physical
eer performance variables which arc’ readil y quantified. Timis i - m  h o t  a l w m m v s  t h e  case’; li e n  c’xample , mmmv
spec ia l  s ignal  ~e n i e c e ’s s i n g  c a p a b i l i t i e s  cannee t he r e m m d i l y  q c m m m n t i f i e d , nor can 51c c’ m ’ i , i l  th rc i mu t c o n t r o l  f e a t c m res V

of rocket engines.

There itC ’ some dist m e t  differences amo n g t t i c ’se’ ,ip preeaches  t e e m e m i s c i r i n g  s t m i t e — o f — t t m e — m m r t  In thmeir
representation of technological change over time . In the  development  ee l  a n m u l y t ic  models ,tnel estimating
relationships , there’ are— —invariably——tr adeoffs between (1) time desired richness of detmi Il used tc ’ d e s c n i h e e
the p r,ece ’ss under s tmecl v , and (2) the need te e occen e ,mi ze in t h e  cisc cef ,iv.n l iable data wh ich moist he Ut iii red
in calibrating and verif y ing the e’st i ma t  inS ne’I a t ie en sim i p .  The sc ’ve ’ r m i l  mml te’nii ,it ive mi 3ejerc em i c lmemm to m e m i s e u n i n g
SOA advance represent a v V i nlC ’ tv  cef speci f i c  t radee’f fs be tween  t h i c’se two f a c t ee r s ,  m\s discussed previousl y .
several of the approaches permit economical use of a v a i l a b l e  h i s t o r i c a l  da ta  by u n e ’eerpo r m l t i n g  the  ,‘n t l re
d,nt,r sample In a “ t ime re g ress ion” proce dure . h owever , this e’ccenc,mv is realized only be giving Ci~ se mi te ’
“ r i chness ” in t he d e s cn i p t  iee n of how p e ’r fm irm anc e  v a n i a h l e s  change I ’ve ’ r t i m e . In tIme ’ t ime  re ’gr m ’sa l e e n mind
delta performance procedures there is .~n implicit assumpt  ion thi .i t tI ’e re ’ l i t  i cen sh i ps mmm ,eng tite t e c lm n e el m egv
var iab les  remain  cons i s t en t  ove r t i m e . In some f i e l d s  ief mm pp l i c a t  icen this is ne’t t h e  ca se ,  li t  o t h e r s ,

*The regression e q u a t i o n  m et time mis a funm ’tion of one’ m e r  mo re technology v.irlahles f ix e ’em t I me rol.m ti ccns lil p
among these various elements. However , in some te cimn icat fields these re l mmtt on slui 3es e’hminge markedls’ m e\ ’ e’)
t i m e .  For example , sm mnm e’ years  ago there was ml c’eensistent effort ti e I m i m nc~m msc e t h e ’ e e ei,m e’r ce cmtpcmt m ef li re’ con—
rol n ,m d ,m rs, More recentl y, however , tecl iui i c al  e f f o r t s  lisa’ ,’ co n c e n t r a t e d  on ce t h i o r  le~, n t  m m c m ’s in re ’si ’ m ’I i ae ’

t e e changes in operational requirements. We have noted comparable effects in stcidie s ie I t a ctical rocket
motors.

In our original “su r f a ce” approach, the Sti mS s c e n t  I c e ’s , wh ich are defIned lee r sm d e ’ce’ss is’,’ t I m,’ Intervals ,
need not move c’utwmird in ,inv simple, cm ’nsiste’nt manner. Each s u r f a ce can he’ posIt i onc ’d In ,n l i y  manne’ r
w i t h  res pect  t~ ’ previous or muuhseqcient s m m r f . i c , ’s , as mmi v he indicated by m m c t u a l  t e c h n i c a l  p reegress.
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Ti
I t m ,  r e appears  t i e  be .m “g~~~ m m m  i hmness ” iii the Imp le mentat I mmm l m e l  reclmiicil og I al deve’ 1 eipn ue ’n t  a 1,er wl m 1 l b  t lmese
V i~~(~ n m i a m i m c ~s may he sm -Il semi t ,.d

During these studies other “o p e r i t  ioml a l ” e me l u s  le le’r a t  im i i i s  h mive ’  come to I igimt . As an c’xamp h’, t h e’ first
s t e p  in the t line—regress Ion and delt .m pent m ’ r m a i m c e ’  p r o c e d u r e s  iovolves  miii c’qmiat ion in  w h i c h  var ious  tec i m—
nical and pe ’ rm eer tui an e e ‘-tm,mr ae e’n isc i ce d  i r e ’  ne’l,it, ’d to e’alendmir t ime . With .i p rope r ly  sc , I , V m t e.it set ‘f c h a r —
V i m  te’n ist lea , the  i n f e ren c e  is that the’ nc’sult ing estimating f m u n m ’ t l i m i t  dep i c t s  t i l e  t imcc~~c t m e i n g i n g  t ’apabi  I I  ty
to a - tm lc ’ ve’ ‘art I -mm l , ir pe’rfeurmance’ level s. i l m m w c ’ s’ e’r , with anot her se’ m l char .ict enls t le s , the’ e q m det ion may
r e F  l e’ct the tlm e’—e’h .imiging nature of mis~~1on r e q u i r e m e n t s , rmi t l i e r  t h a n  t e ’ i h m n l c a l  c a p a b l 1 i t y .  In t h i s  i u m —
s t V i i i e,m , time residuals 

~~ 
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~AcTuAL~ 
w o u l d  n , m t  be indIcative U t  t e c h n o l o g i c a l  advance .  ‘fl u e .-u l d  mere l y

i n d i c m i t e’ bc ’s in d l v l d u . i i sy s t e m s  m Ime ‘‘b o l c m r e ’’ or ‘‘~~l t e ’r  i t I m i n  t lime’’’ In terms I c h i m i i i g I m i e ~ me ‘sieii i re ’m (cui r c ’il mi-n ts
( ,mr , in the C,i ed~ ’ of c e em m c ’r c j a l  m rm m e ici m -t s , c i m a n C i n g  m a r k e t  d e i imm mnd) .

To , ; I S~eV Vi s p e c i f i c  e x a m p l e :  • l V tm e ~ o v e r a l l  s ize  of computer nieiiieery Is gmeve ’rned by m i s s i o n  goa l s , and
ete ec ’s mi m e ’  r e p r ese n t  .i p I n t  icular techn em lmegi c ,i l constraint. Use of thIs mission—determined parameter in t ime’
t I : s e  r e er e s s i on procedure ’  cou ld  Ie’mid t o  s p e c i o u s  i r m t e’re ’n c m ’s abou t  t he  t e c h n o l o g i c a l  advance  r ep r e s e n t e d  in
p a r t i c u l a r  mach ines. *

To ne’see)ve this p r o b l e m , v a r i a b l e’ s s ho u l d  be cimo sen to reflect technological capabilit y , not pure
mission parameters . The variables sheeuld be g Iven in terms of “effici enc y measures , ” such as c a l c u l a t i o n s
~te’t a e ’,V~ i~~~ W .ittmm per pound , t h r u s t  per pound , . , , n a t h m e r  t han  “a b s o l u t e — s c a l e  measures ,” such  as t o t a l  V

mem eerv size , power output , tlmru st , e t c .  E f f i c I m ’ m i e -v measures represent genera) technological goals and con—
at  r a i n t s w h i c h  . m e ’ inva r i a b l y h~’ l n g  i m n ; m r m ’ v e d .  V1~

•fle , d t m s e m l u t e sca le den  size indicators are more d i r e c t l y  a
f u n c t i o n  of mI s s ion  p a r m i m , ’ te ’ r s , e . g . ,  t , m r ~~e’ mI’m mmil e’ s men computer memories ore no t  i n d i c a t i v e  of t e c h n i c a l  V
capabilit y as much as they refl e ct t ime r e q u i r e m e n t s  t ee 0cc’F oleerational objectives. Measures of changes
over rim e in these parameter s more often reflect changes in the various factons affecting operational re— V
qmu i re’ments (e.g., milit a ry threat , stated goals in spae’e exp loration , business requirements in commercial
systems , e t c .). In these instances the residuals 

~~ 
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cannot be interpreted as indicators of tech—
no log ic ,~l ad vance.  - V

I m u  some t e c h n i c a l  areas  it has not been possible tim characterize the state 01 technology with a re-
du ced set of m e a s u r a b l e  pa ramete r s . F i re  con t ro l  radars and radar—guided missiles are prime examp les;
conventional measures , such as accuracy er range , do not represent major design goals in current sys tems .
Ra ther , emphasis is being p laced upon advanced signal processing capabilities , and other characteristics
which are difficult t m ’  describe mis si milar parameters . In this instance , our ability to accoun t for tech—
nological chang.1 in R&D resource anal ys i s  is l i m i t e d .

In the next section , technological change is discussed as i t  a f f e c t s  p rocurement  costs .

3.3 MANUFACTURING TECHNOLOGY (OR PRODUCTIVITY ) INDICES

3.3. 1 I n t r o d u c t i o n  I t’

It is standard procedure in cost analysis to adjust recorded costs from different years to some
constant— dol tar basis , e.g., FY 1975 dol1ar~ . This adjustment——the price level index——normalizes for
variations In the “purchasing power ” of the dollar in obtaining the 

~~~~~ 
f a c t o r s ( labor , m a t e r i a l , e t c . )

of production or development.

For many equi pments , n o t a b ly  e l e c t r o n i c s , t h e r e  is need fo r  an a d d i t i o n a l  index-—an “o u t p u t  index ”——to normal i ze  f o r  s c a n — t i — y e a r  changes in manufacturing productivity, i.e., in the ability to produce a
given level of output per unit cost. This point is amp lified in the following paragraphs , with the argu—
sent be ing  made t h a t  f a i l u r e  to accoun t  fo r  these p r e d u c t i v i t v  changes is a source e

V Vf  the  chronic  e r rors  V
in estimating electronics procurement cie sts .

3.3.2 A Productivit y or M m m n u f a c t u r h n ~ Tc . m h n m e I m ~~y I n d e x

In many a p p l i c a t i o n  areas—-mo st  n o t a b l y  In d i g i t a l  cc’mputers and avionics-—there have been remarkable
and continuing advances in tech nology which impact  d i re ’ c t l s ’  upee n the  r e l a t i o n s h ip be tween  sys tem performance
and proceiretnent e e m s t .  And v e t ,  conventional cost analv~es do not take these advances into account , an

~zmlssion which can result in serious estimating error,

This is best explained by illustration . Consider the anal yst faced with the problem of establishing
a procuremecit cos t—est imating  re la tionship  (CF.R) for computers . His task is to identify a functional re-
lationship between computer performance (output) 1und the cost of producing that capabilits’, He mi gh t
hypothesize m CER based upon , for examp le , processing speed (millions of instructions per second , or MIPS).
Then, historical cost and performance data are compiled and dollar fi gures are carefully adjusted to
FY 75 do1lar~ . However , time dat,m from different years are not homogeneous In terms of the production
technology underly ing the performance—cost relationshi p. Ear l y compeu ter data would be based upon , say ,
1969 production technology . More recent data would reflect a later technology , and the aggregation of
these f igures  w o u l d  m i x  t i m e — v a r y ing e f f e c ts of advances in p r c . d m m c t i o n  t e c h n olo gy  with the “cross sectional”

5
1n addition t i e  c om p u t e r s , this same problem has emerged in the analysis of TWT power amp lifiers , This
Issue ham also arisen in stcid lea of other systems such as tactical missiles and fire e’e’ntrol radars . For
example , changes in mission parame t e’rs have prompted a shift from high-t iuru st rocket motiens to longer
su ms ta ined  burn ing .  R e l a t e d  t m  t h i s  change  are redm i ce ’ d “ to rque ” demands upon mis s i l e  cont ro l  su m h sv s t e m s .
Several years ago there was considerable emphasis upon higher peak powers for airborne fire control r,ie t m~rs ,
More recently , there has been a shift in emphasis to signal processing techniques.

In these examp les , the t i m e  reg ress ion pro cede ire——if mused withoeit an understanding of the interactions
be twe en mi ssions r e q u i r emen ts , t echnology ,  and pe r f o r m a n c e — — c o u l d  he t o t a l l y  m i s l e a d i n g .
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*relations h ip betwem ’im specific performance levels and cost a t  a g iven  po in t in time.

Graphically, these relationshi ps can be viewed in Fig. 3.5. If  tIme anal yst has three dat e points V

f ro m 1969 , 1971, and 1975 , and does not normalize for t ime  ad vance in tech nology,  he may face the follow iimg
d ifficult y : a p lot of cost (properly normalized for price level changes) versus performance may look like
Points 1, 2, and 3 (Fig. 3.5a). Extrapolation to some other 1975 equipment , with performance X4 , would
lead to a cost estimate Y4 . However , the data are really “app les and oranges ——a mix of old and current
techncilo,~Ies (as in Fig. 3.5b). To properly normalize for the advance in manufacturing technology, Points
1 and 2 must be ad jus ted  to 1’ and 2’ to represent time cost of prodm icing time 1969 and 1971 compute r s  if
they were actuall y produced in 1975. With proper adjustment , all the historical data would be placed along
the same tecitnology curve. The resulting cost estimate would be Y~ , given in 1975 dollars using 1975
technology.

To generalize from this example: There are numerous app lication areas characterized by (1) changes
in design and in manufacturing technology which result in year—to—year reductions in cost per unit of out—
put (system performance), and (2) operational requirements for continuing increases in performance. In
these circumstances , the failure to account for manufacturing productivity changes represents a source mif
systematic bias (underestimation) in cost analysis.t To be sure , there are also many application areas
where the pace of technological change——as it affects cost——is not particularl y rap id , and historical data
covering a span of years can be used without this productivity adjustment. But in specific fields , espe-
cially avionics , the need for normalization to a particular technology seems compelling. A cost estimate
is incomp lete without specification of the~~pp~jcable technology .

V Our initial inquiry into the use of productivity indices was in an analysis of avionics computers
for the USAF Avionics Laboratory; 28 subsequently we have extended the investigation in a NASA—sponsored
st udy of spacecraft avionics. In the computer study for the Air Force we reviewed the intensive literature
indicating the rapid changes in computer productivity. Sharpe 29 dep icted a number of relationshi ps , as
illustrated in Fig. 3.6. Turn30 ind ica ted the historical and projected data shown in Fig. 3.7. Seller
used data from a Bell Laboratories study in formulating a computer technology—cost index.31

One source from which we drew extensivel y was a stud y of computer indices developed for the Naval Air
Development Center . 32 The N ADC s t u d y is a comparativel y detailed inquiry into prospective future technolog—

V 
ical  dev e lopment s in circuitry , components , etc. These are then combined i n to  indices for future years
f rom a base year of 1970; c o n t i n u e d  rap id improvements  are f o r e c a s t , as t y p i f i e d  in Fig. 3.8. The index
is mul t i p lied by 1970 costs to establish costs using a future—year technology . (Note that the effect is
to reduce estimated costs for , say,  1980; while the effect of the conventional price—level adjustment of
1980 dollars  would be an increase in 1980 cos t . )  In deve lop ing  a CER for avionics computers in 1974 tech—
nology and 1974 dollars , we first extended the indices back in time to span the historical data base. His—
t o r i c a l  costs were  then adjusted to a 1974 technology and an appropriate CER was set f o r t h ,  Not s u r p r i s i n g -
ly, the difference in the  estimating equations with and without this normalizing index was significant.

In more recent  studies sponsored by NASA and by the U.S. Air Force , we have been examining procedures
for deriving empirical measures for these technology indices. Our approach is to i nco rpora te  t ime (year  of
development comp letion) as an additional independent variable in a postulated CER . The regression coeffi-
cient for this new variable——derived from historical data——may be interpreted as the annual change in cost
due to shifts in the estimating relationship .1

Several  i n d i v i d u a l  subsystems have been evaluated , including computers and communications subsyctems . I’

For example , in an anal ysis of procurement  costs for avionics digital processing units , the fcll owing
equat ion  was derived :

inC = 8.41 — .11 + 0.249 X
2 + 0.217 in + 0.274 in X4 (3.4)

*Care fu l  analysts have recognized the pitfalls in trying to relate s umma ry pe r f o r mance measures  (such as
MI P S)  to cost without accounting for differences in design. But this accounting has generall y been done
in onl y a crude manner , e . g . ,  st r a t i f y ing for  use of integrated circuits or discrete components. Most
changes in technology seem more pervasive and consistently changing over time . Within electron ic systems
advances in solid—state circuitry have actuall y been imp lemented in a gradual (“smooth”) manner over time
so that the effects of th ese advances have been prolonged and continuous .

t
in estimating the cost of a reduced performance system , there would be a tendency to overestimate the cost.
The relationshi ps in Fig. 3.5 are exaggeraged to illustrate the impact of the index.

1
To illustrate in terms of the simplified schematic of Fig. 3.5b——cost (Y) may be expressed as a function 

V

of MIPS (X) as follows:

Y a + b X

However , the zero—intercept is a f u n c t i o n  of t ime : a — a
0 

— a 1t .

Substituting, we get Y a
0 

— a 1t + bX . In this illustration , the eqema tion becomes th e new me,del , In-

cluding both the general CER and the technology index .

_  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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where C — Cumulative average cost at Q 100 In thousands of 1974 dol la rs

1(
1 

Year of development comp le ti on — 1900

= 
j 0, if microprogrammable

2 1, if hard—wired , synchronous

X 3 = I l0~ opera t ions  per secondflword l eng th , b i t s )

1(
4 Number of d i s t i n c t  i n s t ruc t ions

The f i r s t  variable is the exp l i c i t  i n d i c a t o r  of the yea r—b y—year  e f f e c t  of advancing technology.  Inc orpor—
ating this indicator in the estimating equation properly accounts for this significant cost—determining
factor and results in a more accurate portrayal of the relarionshi ps between cost and the other performance
measures. The empirically derived technology indicator can be used to forecast future costed only with some 

V

assurance that historical trends will continue . The analyst may, of course , revise the coefficient in
keeping with his own technological forecast.

Computers have exhibited the greatest year—to—year changes itt manufacturing technology——as measured
in terms of performance and cost. We have also examined other equipments such as transponders , antennas ,
multiplexers , and radar subsystems . 

V

The preceding discussions have touched upon several of the methodological refinements we have been
investigating in the past few years. This work is obviously incomplete and can undoubtedl y be refined with
additional effort. While these “mechanics” of accounting for technological advance are “experimental” we
remain firmly convinced that the underlying phenomena of technological change and its impact on cost are
very real and must be reflected -In parametric cost analyses.
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Contract Purchase MARX-UP FACTORS ASSUMED IN MODEL
Tier Type o~ Input Cost C~A Fee Sell ing Price

Third Hardware coaponents , — — — X
subsya tees

Second Hardwere subsye te~e , 0.20 (1.20X) 0.10 (1.32X) 1.32X —
sy . te.s

First Integrated hgrdwgre/ Y 0.08 (l.08Y) 0.02 (l,IOY) 1.1OY (1.45X)

TABI.E 2. 3

S T A B I L I Z A T IG N AN I )  ( G N U R e ) I.  ENI ) ITEMS

SPACECRAFT ‘
~

END ITEMS

Rate Gyro Package X N X X N

Att itude m v ro  and Accelerometer Package N

E l e c t r o n i c  Cont ro l  Assemblies N N X N N N X

Attitude Translation Electronics N

Tlmermst/Translaticmn Control N

Att itude Control Assembly N

Desp in Electronics X N

Control Timing X

Valve Or iver Assembly x
C o n t ro l s  Conver t e r  N

T h r u s t Vec to r  Servo N

Gimbal Driver Actuator N

Descent Eng ine Control Assembl y N

Power Inver ter  N

Inert ial Reference Init N

Scan Actuator N

Reaction Control Assembly N

Magnetic Torquer N

Despin Mechanism N

N u t a t i o n  l) amp sr N

Op t i c a l  Sensors N N

Other Subsystem Related N X N N N N
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THE DEVELOPMENT AND EMPLE M ENTA TI ON
OF L I F E  CYCLE (3)ST METHODOLOGY

by
T.D. Kiang

Manager , Contract Reliability Engineering
Bell—N orthern Research , Ottaw a , Canada

SUMMARY

8elt—Northern Research has developed a life cycle cost methodology suitable for the Canadian Forces
environments. The methodology will be used to imp lement the life cycle management system established by
the Canadian Forces Procedure CFP 113. This paper describes the concept of the life cycle management
system and the life cycle costing process . The unique features of the life cycle management cost model
and i t s  c a p a bi l i t y  t~ relate cost and system effectiveness factors are discussed , The results of the
model application m m  th~ AN/ARN—504 m icrotacan are presented .

1 , INTRODUCTION

The concept of life cycle management system (LCMS) was initiated in 1973 within the Canadian Depar t -
m e n t  of National Defence (OND) in response to the deve lopment  of a comprehensive defence program manage-
ment sys tem ( f I r M S ) .  The EIP M S is a imed a t  p r o v i d i n g  g u i d e l i n e s  for managing the defence services program
which identif ies c u r r e n t  and fu t m i r e  defence resource requirements. The LCMS comp lements the DPM S by
p r o v i d i n g  an integrated approach for the management of materiel based on a life cycle concept. The LCMS
C V i l L S  for the development of a methodology suitable for DND life cycle resource evaluation and analysis.

In April 1976 , Be l l—Northern Research (BNR ) was awarded a two—year development  c o n t r a c t  by OND. The
contract was divided into two parts. The first , completed in April 1977 , involved the development of
l i f e  cycle cost (LCC) methodolo gy. In the second part , a life cyc le  management cost model (hereafter
designated as DND LCC model) was constructed by establishing the relationship between cost  a nd sys tem
effectiveness factors. The model was validated for practical app licat ion using the microtacan — an air-
borne electronic navigation system carried on mo s t of the a i r c r a f t  in the CanadIan Armed Forces. The
t e s e i l t  of t h i s  d e m o n s t r a t i o n  has presented DND w i t h  a powerful tool for comparative engineering evalua-
tion in aid of management decision—making . The methodolog y will hel p life cycle  m a t e r i e l  managers  wi t h—
In the Canadian Forces environments in the procurement of new sy s tems , for optimization studies on main-
tenance , and for logistics support plans for existing systems .

Before the detai ls of the DND LCC model are presented , the i n t e n t  and concept of the LCMS are ‘1
br iefl y discussed to provide the background scenario for this unique Canadian development in LCC metho—
do logy.

2. LIFE cYCLE MANAGEMENT SYSTEM

2.1 Life Cycle Management Concept V

Life cycle management is a concept wh ich  provides for the management of all activi ties from the time
a requirement for materiel is conceived em nt il the materiel is disposed of. I t  is defined in the Canadian
Forces Procedure CFP 113 ~lJ  as ‘ t he e f f e c t i v e  management  of a l l  a c t i v i t i e s  requ i red  to a c q u i r e  and sup-
port materiel needed for operations , from the t immme of its initial e’onception to the time of its dispos al .

The princip le activities performed deiring the life cycle of an eqeiipment m et  sY s t e m  are a s s o c iat ed
w i t h  des ig n , eva l u a ti on , ac q u i s i t i o n , in st a l l~~t t on , m a i n t e n a n c e , supp or t , m o d i f i c a t i o n  and d i s p o s a l .
Other integral activities required to achieve total life cycle management are analysis of effectivene ss
and life costs .

Ideally it Is desirable to have one manager , who can be held accountable , fo r a n e q u i p m e n t  or system
throug hoe.t its life cycle. The length of the life cycle for  mos t  C a n a d i a n  Forces m a t e r i e l  as well as the
movement of personne l and changes of organizational structure within DM0 precludes the achievement of
this ideal approach, It Lv , therefore , necessary to provide a comprehensive system w i t h i n  which life
cyc le  management  can be achieved .

The LCMS therefore encompasses and consolidates all individua l life cycle management activities. It
is designed to ensure that .me activit y undertaken is within s t a t e d  police , Is based on a l l  pl ans and de— V -

d a m ns made previously, and recognizes future requirements. As the life cycle of an e’ m i p m e n t  or sy s t e m
spans a considerable length of time , it has been found idvantageomis to divide the activities into stages.

2.2 The Life Cycle Stages

Althoug h the life cycle of an e q u i p m e n t  er sy s t e m  can be divided i nt o  any numbe r  if s t ages , the  f e e l —
lowing division has been adop ted  w i t h i n  fIND:

(a )  C o n c e p t ion ;

Ui) A c q u i s i t i o n ;

Cc) In—Service; and

(d) Disposal. 

— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ V 
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The c o m i c ep t  ion  s t ag e  m ’ l m i ’ i m J m a s S , -S all the Ict l v i  t i e s  w h i c h  . ir e ~ necessary  I i i  deve l op and d e f i n e  - i 
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me.un s 01 m e e t i n g  .i S t i l e 2  r e q u i r e m e n t .  The a c q u i s i t i o n  s tage encompasses  those activ i ties required t i c

aCm l ,ii re , I O S C V i I I , and provide f i i t m e r e  s u p p o r t  I m i r  the emiuipment or ~vs t e -ea selected in time conception
s I e g e . The In—servi ce stage is normall y the longest and encompasses the ac t i v i t ie s directed at the main—

en . m m l e e • support , and used if Ic at to~ of an equ t  pm ne nt  O r svst m~m throughout its operational life . Tb,’ di s—
posa l stage consol iil .ite ’s the  , i m t i v i t i e s  r e q u i r e d  to remove the equi pment or  system and i t s  .iip 1 rUng
mat~~ttet it’ (.,m iltt(es from the Canadian Forces . - 

-

2 ,) The Life Cy c l e  M a t e r i e l  M anag e r

The persemn re’spi ’ees ihle for ii i i irm ll natin g the p r i n c i p le l i f e  cy c l e  management activities within the
LCM S stages is d es i gn . e t ed  as a l i f e  c y c l e  m a t e r i e l  m a n a g e r . A life e.vm V le materiel manager may be respon—
s i b l e fo r  i lmi ,’ or more sy s t e ms , Siil’SVst cfll S , Cr e q u i p m e n t s  i t  v a r y i n g  com p l e x i t y ;  or  he may  he m ( e ’ s i g e e a t e d
r i m r  th~ management V t  commom u i t e m  materiel. F i g u re’ 1 i l l u i s t r m m t e s  time r e l a t i o n s h i p b e t w e e n  L i f e  c y c l e
mat eriel managers.
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of parti cipat ion in the two systems vary from project to project. However , once a project is approved ,
the LCMS takes over the prime responsibility to manage the resources throug h its in—service life and its
d Lv po sa l .

The LCMS provides the criteria for the development of the DND LCC model.

- Defence P,oqe.m Management Sy , iene

Po le,5 Pe o m ect  
V

Planning 
Dnei opment Oef n i r i i m r m  I np lem ent at mon

~ om.ct M~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

’

L j

— 
Conception f Acque,m i ion In— Servmce Omiposal r

— V Lm Ie Cy cie Management System -

Figure 2 interface between Life Cycle Management System and
Defence Program Management System V

3. LIFE CYCLE COST METHODOLOGY

1 .1 Criteria for Model Development

The ICC methodology was developed primaril y to meet the needs of fIND. The basel ine  m e t h o d o l o g y  was
to provide a generalized model that relates cost and system effectiveness factors in quantitative terms.
The following criteria were established for the development of the DND LCC model:

(a) The model must form a common starting point for LCC evaluations.

(b) The model must allow flexibility for the inclusion of additional cos t contributing factors
pecu l i ar to an in d i v i d u a l  pr o j e c t .

(c) The model must allow flexibility for th e de l e t i o n of cost  e lem en t s  t h a t  a r e no t app l i c ab le in
an in d i v i d u a l  p r o j e c t .

(d) The model must be c o n s t r u c t e d  so tha t  comp lex cost  f u n c t i o n s  dependen t  on system effectivenes s
pa r a m e t e r s  ( such  as r e l i a b i l i ty , m a I n t a i n a b i l i t y  and logistics support) can be computed by a r
programmable facility.

(e) The model must p Vr , , ide  for the ad justment of future expenses to a c e e r r e n t  d o l l a r  value  on a
sp e c i f i ed annua l liscount rate.

Within this contex t~ nNR has developed .i model that deter m ine s optime im system values with respect to
LCC and an i m p o r t a n t  sy s t em  e f f e c t i v e n e s s  p a r a m e t e r , n a m e l y  o p e r a t i o n a l  r e a d i n e s s .  To pe rmit clar ifica—
lion of the technical terms used in  the model development , basic definitions were established .

3.2 Definitions

(a) Life Cycle Costing is the process of economic anal ysis to assess the t o t a l  cost  of o w n e r s h i p ,
taking into conpIderat ion the  i n at r Vml n t ’ i associated with the system effectiveness require-
ment s.

(b) Life Cycle Cost is defined as the sum cf one—time initial costs incmmrred in the life cycle of
an equ ipmen t  e r r  s ys t e m  p r i o r  LO o p e r a t i o n  plies the ongoing V ests incurred during its operating H
l i f e .

(c) System Effectiveness U the probability that the system will provIde , in term s of the resources
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required , and as spe c I f I ed , either: (i) the maximum operational performance within the total
cos t prescr ibed , or (ii) the required value at the lowest total cost.

(d) Operational Readiness is the probability tha t , at any point in time , the system is either oper-
ating satisfactoril y or ready to be placed in operation on demand , whets used undet stated con-
ditions Including allowable warning time . Th us , total calendar time is the basis for computa— 

- 
V

tion of operational readiness. I -

3.3 Objective Function of the Model V

The fIND ICC model Is designed for com parative engineering studies in projects where trade—offs in
life cycle resources of systems are possible and permissible. The model represents Vi set of mathematical
expressions relating a general and flexible profile simulating real life system operation . Due to the - 

-

non—linear and complex relationship that exists between system operational readiness and its ICC, a ma r-
ginal allocation approach using Lagrange multi pliers has been adopted for optimization purposes. This
approach emp loys an interactive technique for optimal allocation of resources. V

The objective fumiction of the model is to:

(a) maximize system operational readiness for a g i v e n  l i f e  cycle Cost constraint , or

(b )  m i n i m i z e  l i f e  cycle Cost to meet a given sys tem o p e r a t i o n a l  readiness requirement.

Mathematical expressions for the above objective function can be f o r m u l a t e d  as:

Max A5, subject to L C C < C  (1)

Min LCC , subject  t o A 5 > A  ( 2 )

where As Sys t em ope ra t iona l  r ead iness
LCC L i f e  cycle cost
C L i f e  cycle cost c o n s t r a i n t
A System operational readiness target

Deta i l ed  m a t h e m a t i c a l  express ions  and the i r  d e r i v a t i o n s  are documented  in a BNR r ep o r t , M a t h e m a t i c a l  t .
Model ( 2 1 .

3.4 Model Structure

The s t ruc ture  of the fIND LCC model is presented in Figure 3. The m o d u l a r  s t r u c t u r e  of the model
provides f l e x i b i l i t y  in dea l ing wi t h p ar t i c u l a r  requirements of individual systems , acid in performing
different types of analyses.

Each block shown in Figure 3 represents an element of LCC or operational readiness . For conveni—
ence , the blocks are arranged In a set of n u m e r i c a l  ser ies .  Blocks in the  100—series r e f e r  to e l e m e n t s  n
of LCC; blocks in the 200—series refer to elements of operational readiness. Data requirements for each
block are detailed in the LCC Methodology report 1 3J .

The double arrows superimposed on the DND LCC model  in F igure  3 i n d i c a t e  some of the  more Im p o r t a n t  V

r e l a t i o n s h i ps between Cost e lements  and e f f e c t i v e n e s s  elements;  these arrows are not meant to be exhaus-
t i v e  for  there  are many more d i r e c t  and i n d i r e c t  r e l a t i o n s h i p s .

The model is capable of dealing with any system tha t consists of one or more prime equipments that
are situated at one or more locations; in addition , the model takes into account the maintenance and
logistics support (MLS) system available to support the prime equi pment.

To f a c i l i t a t e  the c o m p u t a t i o n a l  process , ma t h e m a t i c a l  e x p r e s s i o n s  deve loped  f o r  the fIND ICC model
are  programmed in F o r t r a n  IV u s i n g  an 113M VM 370/ 168 c o m p u t e r  s y s t e m .  The in t e r a e - t i v e f e a t u r e  of the
computerized model permits rapid access to sensitivity analyses and parametric evaluations of ICC or
operu.tional readiness.

3 .5  C o m p u t a t i o n  of Op e r a t i o n a l  R e a d i n e s s

To compute operational readiness , a parameter of system effectiveness , the DND LCC model takes into
account  the o p e r a t i o n a l  readiness  of all prime equi pment associated with tire system . In a system com-
posed of several prime equi pments , the prime eq m mi pment may be d i s t r i b u t e d  over severa l  l oca t ions . The
problem is first considered location by location. For each location , the model complites the o p e r a t i o n a l
r e a d i n e s s  of pr ime equi pme n t  a t  t h a t  location based on:

(a) factors peculiar to that location w h i c h  c o n t r i b u t e  to o p e r a tio n a l  r e t sd in e s s , and

( b )  f a c t o r s  a r i s i n g  from the m a i n t e n a n c e  and log i s t i c s  s m ip p o r t  sy s t e m  common to  a l l  l o c . m t ( o n s .

O nce the o p e r a t i o n a l  read iness  of p r i m e  equi pment  a t  each l o c a t i o n  h e s  been d e t e r m i n e d , the  mode l
can then compute  o v e r a l l  sys tem o p e r a t i o n a l  r e a d i n e s s , wh i ch is the  prime system effect Iveness p . m r V i m n e t e - e -

of  m I m i - c - r e t  i n  t he  fIN D LCC m o d e l .

The operationa l readiness of prime equipment at each location is compu t e d  as .m I m e n c t i o n  of ew’ e il
u p t  ime and mean dow n t i m e , The c a lc e i l a t i c c n of mean lept tome t akes  in t o  m m V c oee n t  m e a n — I  I m e — h e t w e e ’n — f a l l , i r e s
(MT R F ) ,  t he  u t i l i z a t i o n  r a t e  ( i . e. r a t i o  of n p e r . e t i n g  hou rs to op e r ab l e  ho e tr s ) , t)1e neemhu ’r of prime
eqimi pments in th~ system , mtnd the mean_ttme~ between~ schee1 imled~ ma inten .mnce (MTRSM). Time c c m l c m e l a t  ion e el
mean downtime takes lntn account mean corrective maintenance time m d  mean scheduled maintenance tim e .



The g rea tes t  impact  on the resu l t  is from the mean c o r r e c t i v e  itt ainters ance t ime , w h i c h  depends on the  t ime
needed for f a u l t  diagnosis  and checkout , the t i m e  to rep lace the f a u l t y  i tem , a d m i n i s t r a t i v e  t i m e , and
supp ly  delay t ime ( i .e .  the time required to obtain a spare item). Supply delay time depends upon the
MLS sys tem.

The model wi l l  compute supply  delay t ime for each l o c a t i o n  of prime equipmen t .  In a d d i t ion , i t  can
compute  the opt imum number arid allocation of spares to be held at each location In the MIS sys tem I f
these values have not been predetermined .
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Fi gure 3 fIND LCC Model V

3.6 Maintenance and Log i s t i cs  Suppor t  Sys t em

The DM0 ICC model makes detailed analysis of the maintenance and logist ics support (MIS) system
av~ i1ab 1e to suppor t  the pr ime e q u i p m e n t .  This MLS system ence)mpasses all activi ty by the repair facili-
ties and spares pools at var ious  l o c a t i o n s .
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The many  v a r i a b l e s  in the MIS system d e t e r m i n e  tire t i m e  the prime equipment must wait for a spare
( i . e. supp ly de l ay  t i m e , Block 26( 1 of F igu re  3) .  Thus 1 the MIS sys tem a f f e c t s  downt ime , and u l t i m a t e l y
system operational readiness. In a d d i t i o n , pos s i b l e  changes in the  MIS sys t em to increase or rede ice

V supp ly del.ay time will affect LCC.

The major  po r t i on  of LCC o f t e n  tends  to be due to recurring costs during the in—service stage .
Thus , ICC evaluations related to the MIS system can strong l y influence LCC and achievable operational
r e a d i n e s s ,  The problem is much more than a question of how many spares are needed for the initial pro-
curement , The model can hel p to determine the effect on LCC and system operational read iness  of dec i—
s l i c e r s  r e l a t i n g  to :  r e p a i r  po l ic ies , number and type  of t es t  equ ipmen t  to be used by r e p a i r  f a c i l i t i e s ,
manpower , et c.

FIgure 4 illustrates a typ ical configuration of a comprehensive MIS system. At each p r i m e  eq u i pmen t
location , the failed equipment is restored back to service by the test  and r e p a i r  f a c i l i t y  by rep l a c i ng
faulty line rep laceable units (LRU) with a spare L R U .  Th i s  spare LRIJ is p rov ided  by the MIS sys tem . The
f a u l t y  LR I VI i s  sent to the MIS system for r e p a i r .

I Maintenance and Logistics Support (MLS) System

PE lo~ation 1 I I
V I istl ir i e 1 I

test / repair  

f aciht y

PE location 2 2nd line I
test/repair ~~~hty

I 3rd line
MLS I

PE: prime equipment 
V

F igu r e  4 Typ ical C o n f i g u r a ti o n  elf C o m p r e h e n s i v e  M a i n t e n a n c e  and
logistics Support (MIS) System

The MIS system described in the model consists of at  most t h r ee lev e l s  of t , m c i i i t i e s  depending mm
the m a i n t e n a n c e  and support plan for mu p articu lar prim e eqmiipment . Each MLS f a c i l i t y  c o n s i s t s  of a test
and r epa i r  f a c i l i t y  and a spares pool. The t e ’s t umi l r e p a i r  f a c i l i t y  amid tire spares poni im-ed not nece c—
sa r i l y  he located  at the same p lace .  The t e s t  and repair facilities are ’ dedicated t e e  e ’ f t u - i ’ ’ ing  ru 1 m i i r s  

V

t h a t  c a n n o t  he’ performed mit the preceding level of MLS fac i l i t i e s .

T he gene r a l rep a i r  po l ic y is d e t e r m i n e d by the h i e r a r c h y  of thp p r i m e  e q u i p m e n t  and t i r e  cause  eel  
V

f a i l u re . This genera l  r e p a i r / s p a r i n g  p o l i c y  i n c e ir p o r m i t e d  in  tire fIND LCC mod el  f e r  emuc ir  l eve l  of t ie , - MIS
system is summarized in Table I. A typ ical operation mrf t ir e  MLS system I s  l l l m m s t r m u t u ’d in  F i g u re  S .

3. 7 Com put a t i on of l i f e  C yc l e Co s t

The model computes  ICC as a function m e f  n o n — r e c u r r i n g  and rr-,- i e r r i n g m V i m ~~~ a . Non—rec urring err m er e ’—
t ime costs include , where app l i cab l e: R &D , hardware acq u isition , operations , m ain t enm m n e -e , l o g i s t i c s  sup-
port , ad m i n i s t r a t i o n , and disposal. Recurring c u t s , m -e rm lr , i t e ,3  on in an n u a l h.-is i c , i i e m ’l ud,’: f ina i r e - c
charges , operations , m a i n t , ’n a n e -e , l o g i s t i c s  s u p p o r t , and ,r d m i n i s t r m i t i i r i r .

These l i e s  t s i re  ad VI US t C d  by a di scmi ut nt rate 1m m c e r n v e r t  t i re  v a t  eec ee l  f u m t  icr, ’ ito l i a r s  t e e  ;cre-scnt do I—
ta rs and , i f  d e s i r e d , to a c c o u n t  f o r  the  e f f e c t s  of i n f l a t i o n ,  These i~ V l t i u i l 1 t i o f l a  i r e ’ ~xi,’irdcd ove r l i i , ’
expected lifetime of tire system , err t ire p e r i o d  m e n d e r  s t u d y .  
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Tab le 1 Summary of R e p a i r / S pa r i n g  Pol icy

Repair Policy Sparing Policy

Faded Item PC LRU Module ~ Spares Held

Cause of Failure 
~~~~, Sub,

W
Mod Cause, Alt

Facility \ _______ ie (Type II) (Type I) (Type l l ( Causes 
LRU Module Module

\ Repai r Replace Replace Repair ~~‘°‘ Repair Discard

\ Action LRU Module LRU i~oeiule Module

FE Test /Repair Facility X

lit Line
MLSFci(ity X X

2nd uine
ML S Facili ty X X X X X

3rd Line
MIS Facili ty X X X IC IC X X

Typ e 1: Restoration of Failed Item Is Effected By Replacement of Lower Level Components

Typ e U: Restoration of Failed Item is Effected By Repair of Item
PE: Prime Equipment
LR U: Line Rep laceable Ueii t

3.8 Rela t ionship  Between System E f f e c t i v e n e s s  and LCC

2 The double arrows superimposed on the DM0 LCC model in Figure 3 indicate some of the more im p o r tan t
relationships between cost elements and system effectiveness elements; these arrows are not meant to be
exhaus t ive  for there are many more direct and indirect relationships. The matrix of Table 2 prov ides a
more comprehensive indication of some of the relationships that can exist between elements of LCC and
elements of system e f fec t iveness .

In general terms , system e f f ec t i venes s  can be im proved or red uced by:

(a )  decisions in R&D t ha t  inf luence  system inherent  r e l i ab i l i t y  and m a i n t a i n a b i l i t y ,  and

(b )  decis ions  r e l a t i ng  to the main tenance  and logist ics support provided to the system .

In both cases , decisions in (a) and (b) influence cost as well as system effectiveness. For example
a de cision to use high—reliability parts or to incorporate built—in—test equi pment in the system should
resu l t  let improved r e l i a b i l i t y  and operat ional  readiness;  at the same time , these decis ions w i l l  probably
resu l t  in hi gher acquisi t ion costs but may wel l  produce lower overall costs over the l i f e  of the system.

Sens i t i v i ty  studies can help identif y those re la t ionsh ips  in which small changes in input  value s
have a significant effect on system effectiveness and LCC; thus  e f f o r t s  can be concent ra ted  in these
areas wh ich have the greatest  po tent ia l  for cost savings and improved e f f e c t i v e n e s s .  S e n s i t i v i t y  s tud ie s
are p er formed by exercis ing the fIND ICC model over a range of input  va lues /dec i s ions ;  in th i s  way it may
be found that some types of input data have a negligible effect on the model output over the range ; o ther
types of Input can be identified where small changes in input  produce s u b s t a n t i a l  changes on the model
output .

3.9 Assumptions

The LCC me thodology developed for DM0 is general ized in nature. It is designed to accommodate most
aystems and equipmen ts encountered in the Canadian Forces environments for LCC application. To meet such
a broad scope of app lica tion , some assumptions are made and incorporated in the DND LCC model. The fol-
lowing summarizes these assuaptions and limitations tha t are inherent in the model construction.

(a) All failures are random

Failures are assumed to follow a Poisson process. Where failures do not strictly follow a
Po i sson process , the model provides res-i lts that in most cases are within reasonable bounds for ICC
and operational readiness. However , piecewise linear approximation has been used successfully to
sim ulate wearout failure characteristics for all prac tical purposes. 
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Figure 5 Typ ical ()per~i t  i m r e i  m et  MIS System

(b) Every prime equipment failure is cau sed by lai litre ,rf a l i n t ’  r e p i u u c e a h l u ’  unit

The ON !) LCC model  eap eruete s on the u t n e l t - r s t a n d i irg t h a t  a s p an .  IR II w i l l  he re quei  ru-el t i e  r , ’ste er , ’
erpera t  ion of the  pr ime equ t i  pmen t  . T h i s  assutmpt Ion ireg lee t s t I re  1rur ss ( b i l l  i v  t ( ra t  aerme I r V ii i l i e u  m el
prime equtipment fa i  lu res  may be re-pa i r ab l e  vi t l i , r , t t  t ime iu t s t u i l t a t  (em it of u s t e e r , ’  l,RlI , m ’ . ‘ . ru-pal r eal hey

ad jus tmen t , etc. This asaiumpt loti utpp l i~ s only t m r  crime equu i (rme-n t  t e l l  m i r e ’s. In tire ’ i-mi sc’ of l,R(i
fat lure’s and module fit I litres , the mu d,. I eons iii,’ ru e tw em 1 vire s  of r, ’a t e e  r u t  ( ‘er : by r,’pmi i r (Type II
and by rep l acement  w i t h  a sp are component  (Type 1 ) .  TIre i m p a c t  m e t  i Ii t i e  V- u s s m i m 1 ’ i  i em t r  , m t u ’ p e e m u t  I erg m e p m r m r
t h e  f r a n  ion of fat lures of tIcI a type , is  that the PNI) ICC mccii ,’ I will m ’V, - r — e s  Isa te l iii’ ti mb er  e e l

spare LRIJs reqitired , and w i l l  a l l o w  w a i t  ing  t i m e  f m r r  ieiet t i n t n g  tIme m e i r m u , ’ e’e l e m i  spa r ,’; I h i t  i s , time Im Ni m
LCC mtrd e l  uau i tp us t  w i l l  tea serme e x t e n t , be more p e s s i m I s t i c  t h an  r ea l  l i t , - e t t i t a t i o n .
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(c)  No lateral t r a n s f e r  of spares occurs  be tween  spares pools

All spares pools art’ assumed to obtain their spares from the preced i ng leve l of spares pool in
the logistics support hierarch y. In real life , a spares poo1 may on occasion , for expedienc y , re—
quest a spare from another spares pooi of time ’ same level as itself. Tire effect ee l t h i s  real life
pract Ice , if permitted , woctld be to decrease the waiting time for a spare needed to make a repair.
Th itut  t he  DM1) ICC m u r d e l  m i m i  p i t t  does not a l l o w  fear  t h i s  occa s iona l  and i r r e g u i l m t r s h o r t c u t  and t i, .e r i e,
could be pessimistic t e e  some degree ; t i re  real  l i f e  e x per i e n c e  siro ut ld be the  same icr better.

V ( d )  System effectivenes s is meucat ired era operational readiness

The DM1) ICC mu rde l  Is con etre ucted t o  me e t su t re  sy s t e m  e f f e c t  ivenesui in terms e e l  e rper ut Im e e m m i l reach —
ness. This model dices ccci consider eep u ’r ,tti emnm i l p e r f i r r m a er e - e err m i s s i o n  r e l I a b i l I t y ;  i f  these’ i s i r V i ~
meters are i m p e e r t  l i l t  urn .i p ert i e e l . ,  r pro heel , tire-  l i t , - e ’v m ’ I t ’  m t  t e n  (u’ l manager m u u s t  t a k e  the’s i n t e r
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(e) The fIND ICC model reguir es input  da ta

The DND ICC model deals icr q u a n t i t a t i v e  d a t a ,  To exercise  t h i s  model , the l i f e  cycle m a t e r i e l
manager must be able to provide  i n p u t  d a t a .  This inpu t  da ta  can be e s t ima ted  e t t a t i s t i c a l l y based on
historic experience or comparisons with similar equi pment; input data can be based upo n actual in-
format ion , or it could be based on the personal jud gment of the life cycle materiel manager , or even
pure guesses. The operation of the DM1) ICC murde l does not depend upon the quality of input data but
merely upon the availability of data on which to base it s  c o m p u t a t i o n s .  In t h i s  respect , th e .a ccur—
acy of the output produced by the model will depend upon time quality of data provided . The better
the e s t ima tes  or da ta , the more m m c c u i r a t e  w i l l  be the DM1) LCC model  output . However , by condeucting
sensitivity analyses , the life cycle  m a t e r i e l  man ager  c-a n i d e n t i f y  those d a t a  i t ems  t h a t  have a
strong impact on the model output , and those da ta  i t ems  that (cave i lesser or negl i g ib le  impact on
output. In this way, he can determine which data items warrant time greatest effort in obtaining
a c c u r a t e  e s t i m a t e s , and w h i c h  da ta  i t e m s  can be e st i m at e d  w i t h  less accutra cy or even ignored .

(f) The DM1) LCC model considers quantitative data

The model does trot deal w i t h  i n t a n g i b l e s  hu t  in  valise s that can he expressed quantitativ ely .
Any app l i cab l e  in t a n g i b l e s  must  he weighed by the l i f e  cyc le  m a t e r i e l  manager  in  t ime d e c i s i o n — m a k i n g
process. C

(g) The DND ICC model is intended for comparative studies
I—

This model should be u sed only for comparative studies. One indirect advantage of using a
model for comparative stusdies is that i t  can be u se f u l  even when accurate input data are not avail—
able; if in p u t s  are  estimated in a consistent manner , even though they may err In a b s o l u t e  tenni s ,
the model can compote relative advantages or disadvantages of various options .

4. APPLICATION

4.1 App lication of ONU LCC Model to Life Cycle Management System

The DM0 ICC model is intended as a tool for carrying out com parative engineering studies of options
and t r adeab le  r equ i r emen t s  a v a i l a b l e  at d i f f e r e n t  t imes or s tages  in the l i f e  cycle  of a sys tem or e qu t i p—
teent. To do this , the fIND LCC model evaluates each alternative in term s of LCC and operational read i-
ness. FIgure 6 illustrates typical app lications for the DND ICC model throughout the various stages in
the life cycle of a system or equi pment. As the life cycle progresses , the alternatives available de—

V 
crease. The model hel ps to compute quantitative data useful In assessing trade—offs between cost and
effectiveness factors, it presents a powerful decision tmrol for the life cycle materiel managers.

Life Cycle 1
Management Conception Acquisition tn - - Serv uce Dispoual
Sytt .m 
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4 ,2 A Decision Tool for Life Cycle Materiel Managers

The DM0 LCC model is h i g h l y  adap tab le ,  I t s  u s l t i m a t e  worth to the life cycle materiel manager will 
V

be determined by his vision in applying it , i.e. by the type s of analyses and trade—off stusdies he de—
cides to perform and his timing in conducting these studies. The model cannot make decisions but it can
hel p answer questions. It is up to the life cycle materiel manager , ho we ver , to ask the right questions :
what  w i l l  be the e f f e c t  on cost (or e f f e c t i v e n e s s )  V

if expected sys tem l i f e  is doubled?  or halved?

if the pipeline distance between 2nd and 3rd line is increased?

... if the system MTBF is improved?

if more sophisticated test eqesipment are provided?

The tree d iag ram in Fi gure 7 i l l u s t r a t e s  how time DM1) ICC model can be used by the life cycle m a t e r i —  L
el manager in the decision—making process. The tree starts with a sys tem e f f e c t i v e n e s s  r e q u i r e m e n t ;  the
first level of branching represents the choice between possible prime equi pments. For each possible V

prime equi pment , a second level of branching dep icts tire test equi pment that might he used to suppor t  the
prime equipment. The third level of branc h ing represents possible repair policies , i.e. the particular
MIS sys tem chosen , including the many variables in this system , e.g. nusmber of lines in the system , nuts—
her of fac ilities at each line , d istance between the lines , etc, H

System Effect ieenus

/ ~~~~~~~~~~~~~~~~~

‘
/ ‘

I
I
II\ 

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

~ u~~~~ cTe Cost

Op timum
Quantutues &
Allocat ion of 

-
Spares 

VV~
\X Level of Branchung

Figu re 7 ICC Dec i s  l e n i r  Tree

The’ final deal m a t  ion of each pat ir , depend tog eupea n tire choice made i t  e t c -t m hr,;mrc-h i ng p o i n t  , Is  t im e ’
urp tim tsm number and allocation of shr erre s needed.  This destination can he uletericrined by tire DM1) IVC1 model ,
leased usp on I r equ ir eucm eer t for mt nimi Ring ICC or ~u requtremn eert fo r  e e m a x i m i R i n g  s y s t em e f f e c t i v e n e s s .
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hee’n selected , however , some branches  ire- e l i m i n a t e d , b it t  mane  chin e- u ’s still remain. Sometimes , t h e  t e s t
equ i pmen t l I m i t  nay be’ se l ec ted  depends on time c h m n l c e  ci prime eqeii pmeurt , i . e .  the p r ime  c qt t ip m e i r t man ui —
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equ t i p m e n t .  

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

~~

-

~~

_ _  _  _ _ _



The branches relating to the repair policy and MIS system to a large extent remain available
throughout the life of the equipment. The fIND ICC model can be used in the early stages of system life
(concept ion , acqu isi t ion , beginning of in—service life) to evaluate possible MIS systems. This evalua—
tton can usaefully be repeated at intervals throughout the in—service life : to v e r i f y  the MIS system
selected earlier based on updated input data; to determine the impact of proposed equi pment mod i f ica-
tions; to determine the impact of a proposed change in effectiveness requirements , etc .

As the equipment nears the end of its useful life , the fIND LCC model can evaluate Options concerning
possible modifications or overhaul to the prime equipment to extend its useful life versus the option of
retiring the equi pment and replacing it with new equipment, V

4.3 ~yp~cal Applications

The following list names some of the app lications of the fIND LCC model that are typ ic al for  each F
stage of the LCN S :

(a) During conception

i) sensitivity studies to determine what parameters have a major impact on coat or system
e f f e c ti veness

ii) analysis of options relating to s y s t e m  c o n f i g u r a t i o n, system reliability and maintaina-
bility, or operational readiness of the system with respect to LCC

iii) impact of possible combinations of manpowe r availability and skill level requirements on
ICC

iv) evaluation of effect of maintenance policies on LCC and operational readiness

V 
v) comparison of R&O contractor versus organic maintenance within fIND in term s of ICC

vi) influence of test equi pment on ICC and operational readiness

vii) evaluation of systems that are operationally equivalent (but different in other respects)
in terms of ICC.

(b)  During acqu is i t ion

i) evaluation for procurement of a system given a cost constraint or operational readiness
req ui remen t

i i) optimization of MIS system V

i ii) evaluation of maintenance policy in terms of LCC

iv) optimization of spares requirement given an operational readiness requirement or cost
constraint C

v) optimization of support resources , such as location of spares , level of maint enance ,
transportation

vi) forecasting of support expenditures over the life cycle.

(c) In—service

I) verifica tion of analyses carried out during the conception or acquisition stage

it) evaluation of proposed repair and overhaul contracts

ii i) evaluation of impact on LCC and operational readiness of proposed software or hardware
modifications

iv) evalua t ion of effect on ICC of changes in MIS system

v)  impact on ICC and ope ra t iona l  readiness of proposed modifications or overhaul to extend
system life .

(d) At disposal et~ge 
V

I )  impact on ICC of extending system life versus replacing system with new acquisition

ii) evaluation of impact on LCC of available options in disposal , transportation , docustuenta—
lion , and adminis tra t ion to phase out system. V

It should be noted that the exercise of the fIND ICC model does not produce decisions; it only helps C

the life cycle materiel manager make more knowledgeable decisions .

4.4 The Dec iaion—Making Process

In app lying the ICC methodology, the decision process involves the following procedural steps :

- - —~ ~~~~~~~~~~~~~~
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(e i ~ D e f i n i t i o n  ee l the problem

(b) Selection of alternatives that meet performance requirements

(c) Definit ioem of input data requirements

(d) Acquisition of data

(e) Execution of model

(f) Interpretation of o u t p u t

(g) Sensitivity anal ysis for cost drivers

(h) Evaluation of results with other intangible and uncontrollable parameters

C i )  Final decision.

Figure 8 shows a simplified flow diagram for the decision—making process.
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Figure 8 Decision—Making Flow Diagram

5, A CASE STUDY ON THE AN/ARN 504 MICROTACAN

V 5.1 Purpose of the Case Stud1

The purpose of the case stud y is to demonstrate the practical app lication of the DM1) ICC m o d e l  , and
to  validate the ICC methodology developed for DND operation. The case Stud y consists of a baseline steidv
and three c o m p a r a t i v e  s tudies  to fully illustrate the features and c ap a b i l i t y  of the fIND LCC model ms
app lied to the var ious  stages of the system life cycle.

The system selected by DND as a vehicle to demonstrate the app lication of the  fIND LCC model is the
Micro—Electronic Airborne TACAN , AN/ARM 504 . It must be emphasized that the muse i)f t h i s  sy s t em ’ s d a t a  V

and conf igura ti on , including the support system , i s fo r  d e m o n s t r a t i o n  purposes  only . Res u lt s presented
herein make no implications concerning past decisions , or futu re actions , deme te n the f a c t  t h a t  the base-
line data provided by fIND has been expanded to fully demonstrate the model’ s capabilit y .

5..~ icope of the Case Study

( a )  B a s e l i n e  s t u d y

This study deals with several hundred microtacan equuipmen ts dep loyed at .1 num ber el C a n a d i a n  V
Forces haves. The prime equ si pments are suipported by .u three—echelon mainten ance and logistics
aupport systeen . There are Ifu first lines supported by 4 second lines and I third line depot. C V i t l
on pr ime equi pments and the support system were input to the mode l and u sed ems .i baseline in the
three comparative stesdies .

V 
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(b) Stud y 1 — c o m p a r i s o n  of p r i m e  e q u i p m e n t s  f o r  s o u r c e  selection

This stud y ,  conducted during the conception or acquisition stage , com pares three different
m i c r o t a c a e e  e q u i p m e n t s  fu r  source ~e l e c t t o n .  The trade—offs are between cost and reliability.

(c) Stud y 2 — comparison of alternate maintenance and logistics support plans V

This steud y, u suall y conducted during early tn—service stage , deals with the comparison of al-
ternate maintenance and logistics support for the microtacan equi pment. 

V

(a ) Stud y 3 — co~parison of options for rep lacement of aging equipment

This stud y is usuall y conducted as the equi pment approaches its disposal stage . It examines
the options relating to rep lacement/modernization of urging equ i pmen t .  T h i s  st u d y  is done to V

evalmeate the economic viability of extending equi pment service life .

Each of these studies was performed using the computerized f I ND ICC m o d e l .  De t a il s  of the s y s t e m
operat ional scenario , data requ uirements , options considered , analysis resuelts and conclusions are pre-
sented in the following sections. Comp lete case stud y on the AN/ARM 504 microtacan is documented in a V
BNR report on LCC Case Studies I4~.
5 .3 Baseline Stud y u -

V - 
V V

This section describes aspects of the case Study which are ~oetmmsrn and V er ne a baseline for assessing
alternatives.

(a) The system under study V -

F igu r e  9 i l l u s t r a t e s  the t h r e e  LRIJ s of the m i c r ot a c a n  sy s t e m . Cost , w e igh t  mind failure rate
data are given in Table 3. The Receiver—Transmitter (R/T) 1811 consists of its chassis plus ten re—
p laceable modules (excluding the bandpass filter and isolator which are passive devices , non—repair—
able , and rarely require replacement). The Adapter LR1J consists of its chassis plus two rep laceable
modules. The’ Control IR IJ is not further divisible into modules , and must be returned to the repair
and overhaul (R&o) contractor for repair. The Mount , while referred to as an LRU , has not been in—
cluded in this stud y due to its passive nature.
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Tabl e 3 Cost , W e i g h t , and F a i l m u r e  Ra te  D a t a  of the AN/ARM 1eC I 3 M i c r u t a c a n

L I N E  R E P L A C E A B L E  ( ‘ N I T  MODULE COST WEI GH T FA1 L 11~ E R ATE
(1811) 

V_______________________ 
( $ )  ( k g) ( x 10 6)

RE CE I V E R  TRANSMITTE R 2 1 ,000 10,7 5001)

P /A M e e d e e l e t e e r  2 ,750 405 C
Freqmu encv Cener emte r 3 ,350 45 8
Decoder 2 , 350 417
Internal Contree l 1 ,651) 769
B e a r i n g  C o m p u t e r  2 ,4 50 909
Range Compm uter 2 , 0 0  540
Circulating M m e e u i t m m r  750 48
S e l f  Test 950 196
R/T Chassis 2,000 50
Power Supp ly 1 , 550 804
Receiver 2 ,N70 148

ADAPTER 5 ,000 6,6 800

Range Coup le r 2 ,700 20(1 V

Bearing Coupler 3 ,000 200
Adapter Chassis 1 ,000 400

CONTROL 1 ,200 0.9 83

I
( b ) Operation and support configuration

Figure 10 illustrates the operation and support configuration for the sixteen Canadian Forces
bases where the mic ro tacan  equ ipments  are located .

These sixteen 1st line facilities are supported by four 2nd Line facilities which in turn are
supported by a single 3rd Line maintenance depot. With the exception of the P/A modulator module in
the R/T LRU , all other modules are serviced by the R&0 contractor at the 3rd line depot.

The statistics concerning number of prime equi pments (aircraft in this case ), operating hours
per month , and distances from supporting facilities , remain constant throug hout the case stud y.

(c) Spares flow and repair activity

There are basic differences in the spares flow and repair activit y between each of the micro—
tacan LRIJs. The baseline statistics used throughout these studies concerning order and shipping
time , repair time , and percentage of occurrences , are given on each of the diagrams illustrating the
respective activity for each of the LRU5. Figure 11 depicts baseline activity for the Control LRU ,
wh i le F igures 12 and 13 cover the Adapter and PIT LRUs respectivel y. L

In Figure 11 , it can be seen that the Control 1811 is sent to 2nd line for failure verification
arid confirmation , and then either returned to stores i f  good , or sent to RiO f o r  r e p a i r .  Rep lace—
sent Controls are ordered as indicated to rep lenish the respective spares stock .

Figure 12 concerns the Adapter LRU , whose activity parallels that of the Control LRU until con— -:
firmation of a fault at 2nd Line. Here , as there are mode ules involved , repair can be effected by
module rep lacement ,

With the PIT 181.1 , faumi ts are liable to occur V i small percentage of the time (5% in this case) C

which cannot be repaired by module rep lacement. This type of famult is defined as ‘Type II ’ • whereas
“Type I” faults refer to faults which modu le rep lacement can rectif y. This is ill ems trated in Figeure
13 where the spares flow and repair activity for the PIT is depicted .

(d) Inn,u t data

Table 4 lists the input data used in this case utm u d y.

The data used were the best available from DND at the time the study was ~ rfee ruieed . It was
felt that musIng the best available data would make the case stmmd y more rea l i stic , although it sh omu ld
be emphasized that the purpose of the case m t m m m l v  was tee exercise the OND ICC model rather than tuu I V

draw conclusions concerning the microtac an system.

( e )  Output

Figeur e 14 shows a plot of ICC vs OR for the base I m u ’  d V i t . i  inpuut .u . T h i s  plot ~~~s e n h I  , i m e d  by
varying the requirement for OR veml em e- m  between . 7 and 0,998, and enhtVul n ing the resm elti ng opti muem
values of ICC.
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5.4 Study 1 — Comparison of Prime Equipmc’nts for Source Selection

(a)  Descr iption

Stud y 1 deals with the selection of three alternative microtacan systems on a LCC basis. The
repair and maintenance policy is equuivalent for all three alternatives.

This stud y could take place in either the conception or acquisition stage of the LCMS. The
basic approach is the same in either stage , onl y time depth of analyses would diffe r depend ing upon
the data availability and accuracy.

The alternative microtacan systems will be referred to as Alternates A , B and C, with Alter-
nate A being the baseline system as described in the previous section.

The following data changes app ly to Alternate B mind Alternate C.

Alternate B. Costs for LRUs and modules are 120% of the baseline figures shown in Table 3.
Failure rates are 50% of the baseline figures shown in Table 3.

Alternate C. Costs for LRUs mind modules are 150% of the baseline figures shown in Table 3.
Failure rates are 50% of the baseline figures shown in Table 3.

The baseline support system is app lied in all three alternatives.

(b) Results

The results obtained from exercising the DND LCC model with the input data described for Alter-
nates A , B and C are shown graphically in Figure 17. The data computed by the model for an OR of
0.80 were analyzed and the results summarized in Table 5.

Table 5 Life Cycle Cost Breakdown (Study 1)

NON—RECURR ING RECURRING L
ALTERNATIVE (NR) (LCC—NR ) TOTAL LCC

A (baseline) $ l4.52M $ 4,93M $ 19 .45 M
B $ l5.l6M $ 2 .37M $ l7 .53M
C $ 19 , lO(.f $ 2 .43M $ 21.53M

F
SM 

____________________________________

0, 70 0, 75 0,80 0 85 0 9 0  0 95 1 (30 V

operational lead lmle ss

F i c e m r u ’ 17 P l m ’mt  mimi ICC v~ OR ( “ t c m e l v  I )

( c )  Conclus ions

It can bp concluded from this part Icuelar - e t m m m l v  t h a t  a limit exist,) t e e  t he m ’c m c t - e  wh i c h  , m l i e e e m l , l  inn’
In om erre ul for hardware licqu is it inn e in order l e e  achieve lowe r hardwar e fe g i lmer u’ rates , fu n r ccc v  1 .5’m 1 —

fied value of equipment m )per atioflal readiness. 
V
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From the LCC breakdown in Table 5 and related analyses , the following conclusions can also be
drawn:

I) The recurring costs are virtuall y halved by halving the failure rates.

it) While the tottial. spares are less for reduced failure rates , the cost is offset to a vary ing
extent by an increase in hardware acquisition cost.

It should be noted that onl y by plotting a family of curves can a proper appreciation be obtained of
these effects.

5.5 Study 2 — Comparison of Alternate Maintenance and Logistics Support Plans

(a) Description

Study 2 demonstrates the use of the DND LCC model in making comparisons between alternative
maintenance and logistics support systems . The mic ro tacan eq u ipment details are as described in the
baseline case.

The alternative support systems are referred to as Alternate A and Alternate B.

Alternate A. The support system is as described for the baseline case .

Alternate B. The support system is depicted in Figure 18. Essentiall y all 2nd Line mainten—
mince has been eliminated , and the proposition Is made to shi p all failed items (LRUs in this case)
directl y to 3rd Line (i.e. the R&0 contractor). Figure 19 illustrates the repair activity which
will take place under this alternative support system.

ED
ED
ED—
ED

ED—
ED

ED

ED
ED
ED
ED—

le t Lent 3rd 1.np

Figure jg Operation and Seupport Configuration (Stud y 2) -

~~~ ,--~~~~~ -~ ‘--~~.-V.--- --’0~ ‘--.Vi—---- c- - --—-V’---- - --V - - ---V-V-— ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



~ 
~~—.-e-- ’ -‘- — - -—— - “e”~~~~~~~’ ” -’C - c- —

~~~ ‘. ‘- “~~‘-‘~‘ ‘~~‘ ,

3-23

Th,t/R~~~~ F.~~eey
A..y LRU

L R U  R,plus.etlnl

R.pS.cm,,~ LRU 10501

SInd FInite Ord.,
LRU  It R.uuus.t,. .t
R & O  LR U

lit Lmn.

Order & Shmpp en9
FInII Turn. . 3 MotIle,

Conie:rn.d So I33~ g10 F•e,l, Co,,0011

3rd Lmn . 
V

rnSI R.p.er LRU Store,,. .w. 90% 550)

3rd Lmn,

Figure 19 Repair Activity for Alternative B (Stuedy 2)

(b) Results

The results obtained in this study from applying alternative support systems are grap h ical l y
disp layed in Figure 20.

SM 
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _27.0 I
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Figure 20 Plot of LCC vs OR (Study 2 )

The data compmited by the model for un OR of 0.80 were anal yzed and the rm ’ sm m l t s summarized in
Table 6~

Table 6 Life Cycle Cost Breakdown (Study 2 )

NON—RECURRIN G RECURRING
(gR) (LCC—NR ) TOTAL 1_CC

A (baseline) $ l4 .~ 2M $ ~c .mflM $ 19 . 4 ’ n ”l
‘

C ~~~ 
$ 16 .68M ~~ $ ,

~~~~~
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( c )  Concl usion s

From the ICC breakdown In Table In and related .umm ~u l vs u ’ s , It can ht’ cone lu mdu ’ e t  t m a t  wf e i l e  t i m e  re-
curring C,’m ) S t n i  of manpowe r for maintenance are reduced , by eliminating time 2nd Lin tu m . u i n t u ’ e m . m e c m - e ’

a c t i v i t y ,  th e e x t r a  ( n o n — r e c u r r i n g )  Cos ts  i n e u u r r e d  for  i n i t i a l  spares o u t w e i g h t h i s  f e l e t e c r  .nm d ci m ,u k u ’
t he proposed suppor t  s y s t e m  ltue mr e  ex pe n s i v e  on ~u LCC b a s i s  m ey e r  t im ,, ’ uppe r r , uec ~ u’ of IlK ( I ) .7 a d d  up ) .
At lower values of OR the reeiuuced amount of m i t  iii spares requi red reduces time e u d v u m m t . u g m ’ mc f e e m cm’
maintenance polic y over the other . It i s  not ant ic -I pated that value s mIt OR less than 7)l1~ Wt )uuid he
of practical Interest.

S.in Study I — C o m p a r i s o n  of ’  O p t i o n s  f o r  Rep im i e -ement  of Aging Eqeuipme nt

(a) Descri ption

Stud y 3 examines two alternatives in a hypothetical situation where the equipmeelt mind support
system are as described in the baseline m use . The p o i n t  in t i m e  at  whim -h th is stuudy is assuumt’ul to
t ake  p lace is a f t e r  15 years of In—service m epe m r . u t ion out m f  ~tmi orig inal lv planned life of 2)) y e a r s
(see F igure  ‘1) .  At t h i s  po i n t  co n s i d e r a t i o n  is  b e i n g  g i v e n  to c o n t i n u u i n g  t ime e q u i p m e n t  euse fo r
another ten years (i.e. five years more t han ori g i nall y plantled).

- - - - - Orug ,nal Planned lute -

1 C

0 1 5 Y , u  20 Vu,  2S Veu

- Pe eueo,u-d
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Ftgoure 21 Extension of Eqeml pment Life (Stmmdv 3)

I t  is asseumed t h a t  the powe r supp l y m o d u l e  is  now o n ly  a c h i e v i ng h a l f  of i t s  o r i g i n a l l y ‘cpu ’m i —  ‘ I
li ed  MTBF . All other modules  meet  t h e i r  MTiIF requetrements. Because of ticts reduced MTIIF of t he
power suipp ly , tile mimicrotacan operational readiness is lower titan desired .

The two alternate courses elf action being considered are referred to as Alternate A and Alter-
n a t e  B, and are desc r ibed  below: r

Alternate A. Purchase additional spare power suppl y modules to raise time microtaca n operati eVTn—
al readiness .

Alternate B. Rep lace all existing power supp ly modules with a new design , having twice the
MTRF specified for the existing model , heit with a cost increase of 20%. An additional $ll’lOK onetime 

- ‘
coAt Es also added to account for the desi gn and retrofit of the rep lacement m o d u l e .

(b) Results

Results of stud y 3 are plotted in Fi gure 22 .

( c )  Conc l usions

It missy be concluided from this stud y that Alternate 4 r although more costly in thc mid—range of
OR , I not significantl y greater , and has the advantage of verified data to s up p o r t  i t .  Alternate B
may be more cos t l y in the long run if the failure rate again does not hold to the s p e c if ie d  va lue .

6. CONCLUSIONS

The case stud y on the AN/ARM 51)4 m icro t a c a n  has seiccessfm ully demonstrated the eipplic.u ti on of the l~NlT
ICC model to the Canadian Forces operating environments . The ,)mlc-cess of this d em o nst r itimc n has led t n
the  award of severa l  f u u r t h e r  c o n t r a c t s  to RN R 1 ranging from 1_CC evaluation of aircraft engine . t v e t l l m n —
bility to comparison of replacement policies for a veh ic l e  f l e e t .

The ICC methodology was developed primaril y Em , meet time needs of DNII. By s t a e i d m i r m l i z i n g  on this
methodology, tiNt) c O nt a i n s  a common s t a r t i n g  point for ICC evalmu a ti mnn s . The me t t,odology cotul d be (‘Xteelded
to non—DND app lications tm n e’ondu,e’t LCC and system e’ffectiveness anal yses on comp l ex system s sum e ’h as power
di~ trtbutIon , transportation , and cocium ,unieation networks. The methodolog y can also be adap ted i n  speci-
fic requs i rements for sen s itivit y analyses , evale ua t ie ’in of reliability Improvement warranties , engineering
economy stiu dtes~ and other appl ication s .
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Figure 22 Plot of LCC vs OR (Stud y 3)
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SUMMARY

As operation and support costs of the comp lex , sophisticated weapon systems of today - V

have begun to far exceed the original acquisition cos ts , there has been increasing pres-
sure to develop and imp lemen t Life  Cycle Cost (LCC) methodology in the analys is of such
systems . To use such a methodology , one must have available valid models which in- m -

corporate acquisi t ion cos ts and opera tion and suppor t cos ts over some de f ined  usef ul
life period . Many models have been developed , but it has only been recently that they
have begun to be app lied . The purpose of this paper is to: (1) acquaint you with a few
of the represen ta tive , available models ; (2) discuss the methods by which the models
were developed ; (3) analyze the models in terms of their shortcomings and sensitivities ,
and (4) discuss recent applications of these models in avionics procurements . A brief C

bibliography, con taining informa tion on addi tional models , is included . *

INTRODUCTION: The Life Cycle cos ts of a sys tem include its acqu isi tion cos ts and i ts
operating and maintenance (O&M) costs for its useful life . From this may be sub trac ted
any salvage value recovered at the end of its useful life . The latter is usually neg-
ligible and will not be addressed in this paper . We wi l l  address , in order , acquis i tion V

cos t mode ls , O&M cos t models , a model examining reliability as a cap ital inves tmen t ,
considerat ions of inaccuracy in LCC estimates and some recent app lica tions of LCC models
in Air Force procurements.

ACQUISITION COST MODELS: Acquisition cost models are usually charac terized by two types:
development cost models , and produc tion cost models .  Acqu is i t ion  cos t models are
usually emp irical in nature (although there are some exceptions). They are generally
developed direc tly from available data; the inherent correlation and relationships among
the data variables are allowed to frame the form of the resulting model. One obvious
modeling approach is the use of mul tip le regression in wh ich one develops a ma themat ical
rela t ionship be tween acquisition cos ts and the significant variables affecting acqui-
sition cos ts. Regression analysis is a widely used model ing techni que and hence , merits
some discussion .

SIMPLE LINEAR REGRESSION: We shall illustrate the use of regression techni ques by using V

simp le linear regression to derive a model relating the cost of airborne radio sets to
their weight. This is based on an intuitively appeal ing thesis tha t as the weight of a
system increases it becomes more cos tly. It is unlikely tha t weigh t alone wi l l  prove a
sa ti s factory indication of cos t , but thi s will  be checked in the course of the analysis.
Our input da ta is presen ted in Table 1.

TABLE 1
TEN AIRBORNE RADIO COMMUNICATION SETS

COST ($)  WEIGHT (LB)

22 , 200 90
17 , 300 161 ‘

~
11, 800 40
9,600 108
8,800 82
7,600 135
6,800 59
3 . 200 68
1,700 25
1,600 24

*The authors above are particularly indebted to the authors of the fo l lowing  r e p o r t s
and publications , extracts from which form a maj or por t ion  of this lecture text.

(1) “An Introduction to Equipment Cost Estimating” , C . A. Batchelder , et al , The
Rand Corporation , RM-6l03-SA , December 1969.

(2) “Rel iab i l i ty  Acquisition Cos t Studyd l , S . D .  Mer cur io  and C.  W. Shaggs , RADC-TR-
77-334 , June 1973.

(3) “Reliabili ty Acquisi tion Cost Study (II), Hug hes Aircraft Company , RADC-TR-75-
270 , November 1975.

(4) “Rel i ab i l ity Trade-offs for Unit Production Cost , T.W. Butler , June 1978 ,
in printin~ as an RADC Technical Report.

(5) Reliabili ty as a Capital Investment , A. Coppola , Proceedings 1974 Ann ual
Reliabili ty and Maintainability Symposium , Los Angeles , C a l i f o r n i a , 29-3 1 January 1974 .
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The form of the relationships between cost and the explanatory variable(s) depends
on the problem . It may r e f l ect ei ther an underlying physical law or a structural re- C

lationship. When no par t icu la r  fun ctional form is suspec ted , a simp le (two-variable)
linear model is frequently used to describe the rela tionship between two variables. In
this case, the equa tion of the model is

y~~~ a + b x , ( 1)

where y is the dependent variable and x is the explanatory variable. The symbols a and
b are the constant and coefficient , respectively, of the equa tion es tima ted from the
data. Here y could represent the cost of a radio communication set and x could represent
the weight. If it is assumed that b is greater than zero , the model indicates that I -
heavier equipment will cost more than ligh ter equi pmen t . When the values of a and b are
known , it is possible to comp ute y (cos t) for any given value of x (weight).

LEAST-SQUARES ESTIMATING: Given Eq. (1), the basic problem in the f i rst phase of the
regression anal ysis is to derive es tima tes of the parame ters a and b.  The standard pro-
cedure is the method of least-squares. The values of a and b are determined by the
requiremen t tha t the sum of the squares of the devia t ions of the samp le observa tions
from the es t imated line w i l l  be a t a minimum . Symbolically , this minimum is expressed
as -

n 2
mm t (y. — y.) , (2)

i=l 1. 1.

Where yj is the ith observation and 
~~ 

is the value of estimated from the equation

y1 = a + b x~~. (3) k
The carets over a and b indicate that a and b are least-squares estimates of the P

true but unknown values of a and b. Thus 
~~~~ 

is the least-squares estimate of y~ andthe term (y~ - y.)  indic~ tes the difference between each observed yj and each
correspondir ’ eshmated yj. This is illustra ted in Fi g. 1 , wh ich shows the actual  (y )
and es tima t~~ (y) value of the dependent variable that corresponds

Y -  ~,
B

Unexp lained I I
devia t ion

FIG. 1 - DEVIATION OF ACTUA L VALUE FROM ESTIMATED VALUE AND SAMPLE MEAN

to a speci f ic  value of the explanatory variable x. The l~~ne shown in Fi g. 1 is the line
that represents Eq. (3). All of the estimated values of y~~ f a l l  on this line . The
vertical distance from point A to point B is the difference between the actual value (v)
and the estimated value (y) . The summation of all such differences that are squared
(as illus trated in Eq. (2)) is the quantity to be minimized in estimating the line .

[__
~~
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The minimum value for this sum is satisfied by sub st i t u t ing  ~q . (3)  in Eq. (2),
taking the partial derivatives of Eq. (2) with respec t to ,s and b , and setting the re-
sults equal to zero . This process yields two equations that are called normal equal ions 

V

and that can be solved for a and 1 :

1; s’ = na + b 1~ x ,

I xy a I x ÷ b ~: x~~,

where y = cos t of airborne rm d i o  equipment in thousands of dollars ,
x = weig ht of airborne radio equipmen t in pounds ,
n = number  of i tems in the s a m p l e ,
I = summation (e.g., I v the ~~u:. of a l l  v ’ s).

V Table 2 c o n t a i n s  the numerical v,ul ut s and to tal s r~~c l u i r e d  t o  solve the

TABLE 2 
I -

DATA FOR REGRESSION ANc\ l,y gIS OF COST ANU ) wI :IGHT

-~~~~ —u- H
90 2 2 . 2 S lOO l , Qqs .O

161 17 . 3 25 , 92 1  2 , 7 8 5 . 3
40 11 . 8 1 , 600 4 72 .0

108 9 • f n  l l , 6h 4  1 , 0 3 6 . 8
82 8.8 6, 724 721.6

135 7 .6 18 .2 2 5  1, 02 6 .0
59 6 .8 3,481 401. 2
68 3. 2 4 ,624 217.6
25 1.7 625 4 2 5
24 1 .6 5 7 6  38 . 4

792 90.6 81 , 540 8 , 739.4

normal  equations when data from Table 1 are used. The Costs are expressed in thousands
of dol la rs .  When the values from Table 2 are substituted in the normal equations , the
following expressions are ob tained for the samp le da ta points (n = 10) :

9 0 . 6  = lOa + 7921’ ,

8739 . 4 = 7~~2~1 + Sl , 540h .

Solved simul taneous ly, these equations g i v e

a 2 477 ,

b =  .083 ,

and thus f rom Eq. (3) 
V

v = 2 . 477 + .083x (4 )

The l ine represent ed b y this equation is shown in Fi g.  2 as the solid l i n e  w i t h  t he
ac tual observations p lotted as dots . The extent of the dispersion of the observations
r e la tes  inversely to the usefulness of the line as a tool for e s t i m a t i - g  t he  v a l u e s  of v
from the values of x . The greater the dispersion of observed values of v about the line ,
the le ss accura te the estimates that are based on the line are likel y to be The measure
of the dispersion about the regression line is called the standard error of estimate (SE)
of the equation and is shown by the dashed lines.

One measure of dispersion in .‘i collection of data points is called the variance - The
variance is defined as the sum of the squared distunces to each of  the  data points from
a c e n t r a l  r e f e r e n c e  p o i n t  d iv ided  by t he  degrees of freedom (df), which equal the number
of independent  b i t s  - f  i n f o r m a t i o n  c o n t a i n e d  in the  samp l e .  ( I n  a n a 1v ~~in g  the d.st~ m
tha t are g iven in T~ible I, the degrees of freedom equal (n - 2L  i.e., the number of
observations vs less the number of constraints , 1 each for a am -md h .

In least-squares procedures , the cen tral  point of reference for c ,ul culatin g the
variance of each var iable  is i t s  samp le mean , which causes the le,is t -squares line to
have the property of passing through the means of the variables used t o  e s t i m a te  t h e
line. This characteristic is shown in Fig . 1; i t  can be verified by dividing bo th sid es
of the first norma l equation b y n , since the samp le mean of  any variable v is

vs
I V j

1= 1 
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FIG.  2 - REGRESSION LINE AND STANDARD ERROR OF ESTIMATE

By r e f e r r i ng  to Fi g. 1, it can be seen that the total distance from y~ to ~ f o r  any
observation on y is the distance from C to B . The sum of all such distances squared - 

V

and divided by the degrees of freedom is called the total variance of y:

- (y~ -To t a l  va r i ance  of y = 

~ - (6 )

The d i s t ance  from C to A indica tes  the  amount  of the t o t a l  d e v i a t i o n  of f rom ~ w h i c h
is exElained by the estimating relationship. Conseq uen t ly, the sum of the distances
from y to the l ine , squared and d iv ided by the degrees of freedom , is ca l led  the
exp lained variance:

Exp lained variance of y t 
-

n - 2  (7)

The remaining distance from A to B is the res idual or unexp lained deviation from y
~ 

to
y, or the unexp lained variance:

(V - Vj ) 2
Unexp lained variance of y = I -

~~~~~~~ ‘—‘~
---

V 

n - 2  (8)

The standard error of es t ima te is def ined as the squa re roo t of the unexp lained
variance o f the y ’ s: ____________

SE = 
I (y. ~~)

2 C

:

For the equation y 2.477 4 083x , the standard error of estimate is $5 ,808 . Th is
value has been plo tted abov e and bel ow the regress ion  l ine  in Fig.  2. The interpreta-
tion and signif icance of these results will be discussed in connection with the use of
prediction in terva l s .

In comparing one SE with another , it is useful to compute a relative standard error
of estimate. One such measure is the coefficient of variation (CV), which  re la tes the
SE to the mean of the sample y’s:

— .~ — -—— ~~~~~~ 
~~~~~~~~~
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( 10)

Continuing the anal ysis of the data in Table 1 , the mean of the y m s is $9 ,060. There-
fore , the value of CV is

$5 ,808 = 641
$9 , 060

This value is high. Although the question of reliabilit y of an estimating equation is C

relutive to the context in which the equation is to be- used , a value at least as small
es  10 to 20 percent for the coefficient of variation is desirable. 

V

The standard er ro r  of e s t i m a t e  g ives  a measu re  of the magnitude of the unexplained
v a r i a n c e .  A n o t h e r  related measure  of dispersion is given by the coefficient of deter-
mination that show s the proportion of total variance accounted f o r  by the estimating
re la t i o n s h i p :

r2 = Coefficient of determination = Explained variance
Total variance

= 1 - ~~~~p lained variance S (11)
Total variance

When all the observed points in the samp le are on the least-squares line , the co-
efficient of determination equals 1 and there is no unexp lained or residual variance.
As the proportion of total variance that remains unexp lained increases , the coefficient
of determination approaches zero . The square root of the coefficient of determination
is called the correlation coefficient. Correlation has no substantive meaning unless
both the dependent and explanatory variables are assumed to be normal random variables.
The ordinary assumption in using regression analysis for developing estimating relation-
ships is that only the dependent variable is random . Consequently, it is not considered V

good practice for the correlation coefficien t to be used in documenting the results in
this particular application of regression analysis. The inclusion of the correlation V

c o e f f i c ien t , however , causes no serious problem since it is simp ly the square root of V

the coefficient of determination . When analysts review the results , they can easily
calculate the latter from the former. Since the coefficient of determination is always
in the range between zero and one , its square root will always be larger , except at the
boundary po in ts of zero and one .

The coefficient of determination for Eq. (4) is .325 , which is relativel y low and
further substantiates the evidence that weight alone is not a good predictor of the cost
of airborne radio communication equipment.

PREDICTION INTERVALS: The procedure for calcula ting the prediction interval for a simple 
V

regr ession is as follows . For a g iven value of the exp lanatory variable , say x , the
estimating equation is used to obtain a predicted value of the dependent variable : 

r ’

y = a -f- bx. (12)

The prediction interval pu ts a bounda ry around y:

y * A~,2. (13)

There is a certain level of confidence (1 - c) that the cost of a set weighing x will
be in that interval .

Values for c/2 rather than c ar e used since y is to be bounded on both sides. The
values of c can be divided by two since under the assumptions , the probability dis-
t r i b u t i o n  about y is normal  and t h e r e f o r e  is symmetrical. In statistical terminology ,
a two-tailed t distribution for constructing the intervals is used .

In the case of simp le regression , a 100(1 - c) - pe rcen t  prediction interval for an - ‘

e s t i m a t e d  value of the dependent variable can be constructed as follows : V

~ ± A~~~~, (14)

where

A
,2 

= (SE) t
,2 ~~

n +  1 
~~~~~~ ~)2’ 

(15)

and where SE = the standard error o’ the estimating equation from which y was obtained ,

t = the value obtained from a table of t-values for the c/2 significance level ,
c/ 2
n the size of the samp le ,

x the speci f ied  value of the exp lanatory variable used as a basis for



obtaining ~, ,

= the mean of the x ’s in the sample ,

(x. - ~ ) 2 the sum of the  s q u a r e d  d e v i a t i o n s  of t h e  samp le x ’ s f r o m  t h e i r  samp le
mean .

When the estimating equation derived previousl y is used , the cost of a communica-
tions set weighing 100 lbs is estimated at $10 ,777. To establish aroun d this value a
9 0- p e r c e n t  p r e d i c t i o n  i n t e r v a l  ( i . e . ,  one w i t h  a 1 0 - p e r c e n t  l e v e l  of si g n i f i c a n c e) ,  t h e
necessa ry  data are

SE = 5 .808 ,
£ = 0 .1 ,

€ 1 2  = 0.05 ,
t = 1 .86,
n = 10 ,
df = 8,
x = 100 Ibs ,
~~~= 79.2 lb ,

I (x - ~)2 = 18,813.6 lb.

By substituting these data in Eq. (15), solving for A ,2, and multi p lying by 1000 ,
we obtain V

A
12 

= $11 , 447.

Therefore , for x 100 lb . the 90-percent prediction intervals in dollars are

~ ± A~~~ 2 
= $10, 777 + $11 ,447.

The percentage lOO ( 1 - c) is the confidence level of the prediction intervals , which
means that if repeated observations on the cost of communications sets that weigh 100
lb were taken , 100(1 - r) percent of the time these observations would lie within the
range set by the 100(1 - r) prediction intervals. This is the only sense in which a
level of confidence can be associated with prediction intervals, It is erroneous to C

infer that there is a 100(1 - c)-percent probability that the actual value for any
particular case will lie within the interval.

Further , predic tion intervals are valid outside the range encompassed by the samp l e
data that are used to generate the estimating relationship and the interval oniv if
the es t ima ting rela tionship  is i t s e l f  va l id  o u t s i d e  t h a t  range . For example , if there V

were occasion for the line to curve up or down or if a discontinuity in the form of a
discre te jump in cost occurred for weights outside the samp le range , this fact would not
be reflec ted in the prediction interval. Thus, it must be clearly indicated when the
intervals are used for estimates based on values outside the sample range .

This prediction interval procedure can be repeated for other values of x and the
resul ts plotted to obtain a 90-percent prediction interval band around the regression
line , as shown in Fig. 3. In this case , the 90-percent confidence region is fairl y
wide because  of the r e l a t ive ly large standard error of this equation . The formula for
the prediction interval is such that the width of the interval is sensitive to the size
of the standard error; large standard errors indicate that much of the cost variation
in the observed data is unexplained by the equation .

40
Prediction Interval

V (upper bound)
,

30~ -

~~ P r e d i c t i o n  Interval
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FIG. 3 - THE 90—PERCENT PREDICTION INTERVAL BAND
FOR ESTIMATED COSTS BASED ON SAMPLE DATA

~~~~~~ ~~~~
-s.=.- ~~~~~~~~~~~~~~~~~~~~~~ 

__________ - -

4

TABLE 10
GOODNESS OF FIT RESULTS FOR RELIABILITY COST (Cont ‘d)



V 
---

~~~~
---

In using regression analysis , it mus t be noted that the statistical significance of
regression relationships does not necessarily imply exis tence of a causal relationship.
The following excerpt from an Institute of Defense Analyses (IDA) memorandum illustrates
the importance of this dis tinction in cos t anal ysis:* 

V

Frequent ly dur ing cost  e f f e c t i v e n e s s  s tud ies , the distinction between a
“causa tion” cos t model and a “correlation” cost model is overlooked . A simple
exam p le will be used to illustrate the distinction between the two types of
cost models and show how a sensitivity analysis  performed with a correla tion
cost model , rather than a causation model , can lead to erroneous conclusions.

Examp le :  E s t i m a t e  the cost of a s sembl ing  a p iece of hardware . The assemb ly
consists merely of bol ting var ious elemen ts toge ther .  The overwhelming majority
of the Cost of the assembly p rocess is the salary paid to the men who do the
bol ting. Careful  anal ysis of all the available cost data might yield a cor-
rela tion cos t model given by Equation 1.

C = a x w  (1)

where w is the total weight of all the bol ts tha t go in to the assemb ly,
C is the Cost of the assembly,
a is a regression coeff ic ient . V

.

By all of the various sta tistical measures of goodne ss of f i t , Model 1 is a
valid predic tion equa tion .

The causa t ion cos t model is g iven by Equa t ion 2 .

C = k x h xn  (2)

where k is the hourly wages of the assemblers ,
h is the number of hours it takes to fasten and bolt ,
n is the number of bol ts used in the f inal as semb ly, V

C is the Cost of the assembly. - -

It should be no ted tha t the correl ation cos t model and the causa tion model C

are interrelated by Equa tion 3.

w B ~~~ n (3)

where B is the weight of a single bolt ,
w is the total weigh t of a l l  of the bol ts tha t go in to the assemb ly.
Thus any design or sensitivity analysis performed on Equa tion 1, the 

V

correlation cost model , will lead to the correct results if Equation 3 is not
violated. For examp le , an anal ys t would be correct in predicting that a cost
reduction would occur if he reduced the weight of the fasteners used by using
less fasteners. He would be incorrect if he predicted a cost reduction would
oc cur if h e reduced the we ight of the fasteners by subst ituting aluminum for
steel bolts while keeping the number of bolts constant . The reason that a - 1
substitution of aluminum for steel bolts would not reduce the cost , is because
the underlying relationship between the number of bolts and the weight of the
fas tener s (E quation 3), which is the reason for the good cost weight relationshi p
of the correlation model , has been vi ola ted .

In mathematical terms both a causation and a correlation cost model have :1
the following properties.

Cost = f (characteristics) (4) I
But ~~~ a causation model can be manipulated as Equation 5.

Characteristics = f~~ (c os t ) (5)

The problem of determining whether a cost model is a correlation or a
causation model is , except for the trivially simp le type of problem illustrated here ,
very difficult since all causation models can be transformed into correlation models .
There exist no statistical tests to determine whether a model is a causation model or
a correlation model .

The types of exp lanatory variables used in the cost model generally will —

give a good guide as to whether a model is a correlation model or a causation model.
For examp le , wei gh t as an exp lan atory variable in a Cost model where the material cost
did not dominate , would be a good indication that the Cost model was a correlation modeL - -

If the model is a correlation model and the anal yst performs a sensit ivi t y
anal ys is , he runs the risk of violating the unknown underl ying relationships lnetvecn

* Morris Zusman , “Use of Cost ~l i C d m - 1 s  in Sensitivity Anal ysis and as :1 Desi~~n Aid ,”
Ins t i t u t e  of D e f e n s e  Anal yses , N-587 (R), September 1968 . In this discussion , th~
term correlation is used figurativel y in the sense that it is statistical l y si~~n i f i c a n t
in exp laining the amoun t of variance rather than in the sense that both the dependen t
and independent variables are random .

- ----- - •~~~~- -  -- - • - • ~~~~~—-~~~- - - -- --- -- --- - 
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the correla t ion and causa tion models.  If these underlying rela tionships are violated
the sensitivity analysis will  be erroneous .

This examp le illustrates tha t regression anal ys is  is an aid to , and no t a substitute
for , experience and understanding.

The bibliography presents many references on cost estimating relationships (CER’ s)
derived by linear regression. Some of these are almost as simp le as the cos t to we ight
relationship, bu t hopefully more useful . Some require the use of a computer program to
handle the large number of variables . The next sec tion will  look at the results of
some regression models relating acquisition costs  and rel iabil ity .

Improving reliability is a universally recognized method for reducing O&M costs.
However , improving reliability requires an investment during acquisition . To properl y
trade-off reliability against LCC one must consider both aspects. For this reason , the
Rome Air Development Center (R.ADC) , initiated a program for determining the relationship V

of reliabil ity to acquisition costs , and in the course of tha t program produced two
models concerned with development costs and one concerned with production cos t . The V

f i r s t two are based on linear regression and provide examp les of its app lication ‘to
cost modeling .

RELIABILITY ACQUISITION COST STUDY: RADC-TR-77-334, “Reliability Acquisition Cost Study” - -

details the efforts performed by the General Electric Aerospace Electronic Sys tems
Department , Utica NY on contract to RADC to provide models relating development costs
to re l iab i lity .

The objectives of this study were to develop relationshi ps capable of de termining
and predicting the cos ts attribu table to rel iabil ity during the developmen t phase of
elec tronic equ ipmen t acquisition . Fur ther , basic rela tionships were to be developed
equating reliability increments to increments in development cost. Specifically, the V

key objectives identified at the outset of the study were to:

Develop a rela tionship be tween the equi pmen t rel iabi l ity and the to tal
reliability development cos t . C

Develop a rela tionship be tween re l iabi lity element cos ts and the equi pmen t
rel iabi l ity.

The study deal t with three rel iab ility elements as they relare to ten equi pments
from two manufacturers. These elements are :

R e l i a b i l i t y  Desi gn Program - including prediction , fa i lure  mode and e f f e c ts
analy s i s  (FMEA) , and desi gn reviews .

R e l i a b i l i ty  Pa r t s  Program - including parts screening specification , parts V
standardization and control , and vendor control .

Reliab ility Tes ting Program - including evaluation t e s t i n g ,  equi pmen t
environmental screening, and reliab ility demonstration testing.

The approach to the study was to hypo thesize linear models ( l inear in c o e f f i c i e nts
but not necessarily linear in the variables)  for developing rela tionships be tween
equipment reliability and reliability cost; collect reliability cost data , rel iabil i ty
data (based on failure rate history) and normalization data on the various equipments;
correlate the data ; synthesize the data to the models and iterate the models to satis- -

V

fac tion . All  of the da ta anal yses were performed using time-share computer programs
developed by the Information Services Business Department of the General Electric Corn-
pany in coopera t ion wi th the General Ele ctric Corpora te Research and Development Center.

Multip le regression analyses were performed to develop prediction equations for :

To tal r e l i ab i l ity co st as a func tion of resul tant equipmen t MTBF and
quan tity of parts.

Reliab ility prediction cost as a function of quan tity of par ts.

Reliability de sign r eview cos t as a fun c t ion of quantity of parts. - 
V

Rel iab i l ity fa i lu re modes and e f f e c ts analys is cos t as a fun ction of the
pred iction cos t . - ‘

Rel iabi l i ty des ign cost as a function of quan ti ty of parts.

Resul tan t equi pmen t MTBF as a function of reliability parts program cost , 
V

reliability test program cost and quan tit y of par ts. V

It should be pointed out that a formal failure modes and effects anal ysis e f f o rt
was pe r fo rmed  for onl y three of the equipments in the data base. Therefore , the pre-
dic t ion r e l a tionsh ip for failure modes and effects analysis cost , being devel oped fr om
onl y thre e p ieces of data , is statisticall y weaker than the others. Also , since there
were only three equipments with FMEA , these equipments were excluded from the develop-



4~’) V

ment of the prediction equation for the reliability desi gn cos t .

The pred iction equations are :

Total Reliability Cos t

C
T 

= 1.804 Q
R

Np (1)

Rel iab i l ity Predic tion Cos t

CPR = 119. 16 + O.O96 Np (2)

Reliability Design Review Cost

CDR = 92 .479 + O .022N~

R e l i a b i l i t y  Fai lure  Modes and E f f e c t s  A n a l y s i s  Cost

= 0. 80 CPR

Rel iab i lity Design Cost (by definition)

Cd = C PR + C DR + C
~~ 

(5)

Reliabi lity Design Cost (excluding FMEA)

Cd 
= 242 .2 + 0.l2 lN  (5a)p

Reliability Parts Program Cost plus Reliability Te st Pr ogram Cos t

C,,,,k., = C
T 

- C
~ 

(6)

Resultant Equi pment MTBF

- 

5.360C~ l .422 C~
0 .G39

R 
— — 

1 .372
N
p

A summary of the key statistics for these equations is shown in Table 5 for
equations (1), (2), (3), (4), (5a) and (7). Equat ions  (5) and (6) are not included in
the summary since they were generated by definition instead of by performing regression V

analyses.

These equations allow prediction of reliability cos ts and r esul tan t equ ipment MTBF’s
but do not address the question of incremental gain in equi pment MTBF as a result of
each of the rel iab ility elemen ts. Consequ ent ly, they have been termed gross prediction
equa tions.

The sta tistics provided through the regression analyses give an indication of the~accuracy of the equat ion s . As can b e seen f rom Table  3 the index of determination , R’-
indica tes tha t the predic t ion eq uat ions accoun t fo r more than 50 percent of the initial
var ia tion . Also , from Table 3 , a comparison of the standard error of estimate , SE, and
the standard devia tion , Sy, indicates that the dependent variable can be predicted more
accura tely using the equation than by using the mean of the dependent variable .

Also , the adequacy of these prediction equations can be assessed by comparinG the
values pred icted by each equation with the actua l data values that were used to develop
the rela tionships (see Table 4).

In addi tion to percent difference between predicted and actua l values , approximate
confidence limits about the actual average value can be computed through the use of
appropriate factors . Such factors are shown in Table 5, for each of the prediction
equations (for 60 , 75 and 95’!, confidence limits). The confidence limits are b,ised on
the assumption that the independent variable values for each prediction are equal to thc
average values of the appropriate variable in the sample .

As can be seen from Table  * , the largest deviation for the predicted values was the
r e l i a b i l i t y  prediction cost for radar E which was hi~’h by a factor of almost four . Also ,
the des ign i s h igh by a factor of three. This results from tlit ’ fa ct that the actua l re-
l iabil ity pred iction and de si i’.n Costs for this equipment are low . The reason they are
low is attributed to the fact that this radar was developed in parallel with the di gi t a l
portion of the same system . This is d i g i t a l  equi pment F in the data base . It appea rs
that the radar benefitted from this parallel developmen t , which results in a lower cost

V - - - - -  .- -.--- -‘~~~~~~~~~~~ - - ---. ~~~-~~~~- -V
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TABLE 3
GROSS PREDICTION EQUATIONS AND STATISTICS SUMMARY

Equation R R2 
Ratio SE Sy

CT = 1.80 eR N
P
°
~

68 0.978 0.957 99.99 0.180 *0759

CPR = 119.16 + 0.096 0.699 0.488 97~55 679.29 895.54

CDR = 92.48 + 0.02 N~ 0.759 0.576 98.91 132.37 
— 

191.70

V 

CFM = 0.80 Cp~ 0.996 0.992 ”’ 99 .62 160 .77 1513.29

C
d
’ = 242.2 + 0.121 N~ 0.936 0.876 99.80 286.53 740.34

5.36 C 1.42 c~
0
~

64

0.895 0.801 98.43 0.879 * 0 479

-fl--- --_ - V I I _ _  __-

* These result from log linear equations .

TABLE 4 b
COMPARISON BETWEEN PREDICTED COSTS AND ACTUAL COSTS WITH

PERCENT DIFFERENCE

________ __________ ________ Equ ipmen t  Le t te r  Code

A B C 0 F G H J K

Pred . 21, 561 7 , 636.8 7 , 352.5 2 , 925.3 9, 026.8 ‘1,077.1 2,391 ,9 11,621 .7 2 ,664.8 2,817.7
CT Act. 23,449 10,264.0 7,719.0 2,976 .0 6,776.0 5,883.0 2,645.0 11 ,947.0 2 532.0 2,765.0

“i’Dift . —8.75 —34 .4 —4.98 —1.73 24.93 16.86 —10.58 -2.8 4.98 0.805

Pred . 1,894.8 1,1.15.5 1, 189.2 371.5 1,806.6 714.7 562.9 1,781,4 411.8 367.7
CPR Art. 3, 165 1,036 761 452.0 487.0 619.0 549.0 2,076.0 517.0 5-14

flttf. -97.02 9.56 36.01 -21.66 77 .04  9.11 2 . 4 7  -16 .53  27 .98  -47 .91

Preel . 505.3 331.1 341.2 151 .1 484.8 231.0 195.6 478.9 160.5 150.2
Art . 633.6 460.0 326.0 206.0 203.0 131 .2 165.0 594.0 148.0 163.0
c~ fl it !.  -23 .39 -38.9 445 -36.3 58.22 43.20 15.64 -24.06 7.78 -8.50

Pred . 2, 529.2 — — — 389.2 519.1 — - — -

C FM A r t .  2,531.2 — - - 203.0 649.0 - - - -
Di!!. -0.07 — — — 47.84 —25 .12 - — - -

Pred . 4,929.3 1,476.6 1,530.4 522.6 2,680.6 1,4t,4.8 757.9 2,260.3 572.3 517.9
Cd 

Act. 6,329 .5 1,496.0 1,087.0 658.0 893.0 1,427.0 713.0 2,670.0 675.0 707.0

~-D i !t. -28.40 -1.31 28.97 -25.9 66.68 2.5 5.93 -18.12 -17.95 -36.51

Pred . — 1,537.4 1,592.6 560.7 - - 802.2 2,340.0 611.5 556.0
C Art . - 1,496.0 1,087.0 658.0 - - ‘/13.0 2,670.0 675.1 707.0
d 

~ - ~~~~~~ — 2.69 31.75 -17.36 — - 11.12 -14.10 -10 .41 -27.17

Pred . 16,631 . 6 , 160.2 5,849.1 2,402.7 6,346.8 5,612.3 1,634.0 9, 361.4 2,092.5 2, 299.8
C Ac t. 17,110 . 8,768 6,632.0 2,318 .0 5,883.0 4,456 .2 1,932.0 9,277.0 1 ,856 .8 2. 088,0
~‘ “~~l)iIt. -2.93 -42.33 -13.38 3.52 7.31 20.59 -18.24 0.90 11.26 9.21

Pred . 1, 121.2 479 .1) 181.6 197.3 98.5 289.4 78.6 343 .8  127 . 2 199,3
e A ct .  1,350.0 225.0 188.0 225.0 141.0 501.0 46.0 287.0 133.0 20 1.0

~ % Di!!. -20.4 53.1 -3 .52 -14.0 -43.16 -73.11 41.51 16.5 -4.5 -4.84

- - - - :~~~~~~
‘ - -  - -
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TABLE S
C O N F I D E N C E  L I M I T  A P P R O X I M A T I O N S

M u l t i p l y  the values of CT and o g by the following factors for the Confidence Limit
indica ted.

PREDICTION 
N 

- 

M0 7 5  
- — 

M
0~~

VARIABLE LOWE R UPPER LOWE R UPPER 
— 

LOWE R UPPER

C
T 

.05 1. 05 .93 1.07 .87 1 .14

0
R 

— 

. 7 8  1 . 2 8  
- 

.71 
J

i.41 
- 

.52 1.9

Add. (subtract) from the values of CPR, CDR, Cd the indica ted values .

M M M
PREDICTION 0,60 

_________ 0 .7 c _________ ——V_—V-f l - , 9 S~~~V~~ V~~~ V_ ~~

VARIABLE
LOWER UPPER LOWER 

— 
UPPER LOWER UPPER

C -191 +191 -263 +263 -495 +495

CDt - 37 + 37 - 51 + 51 - 96 + 96

c - 81 + 81 -111 +111 —208 ±208
d ,

in predict ion and des ign due to commonality of tasks . If equipment E is excluded from L
the re l iabi lity predic tion analys is , the index of de termination , R2 , increases from
0.488 to 0.8 12 and the standard error of estimate decreases from 679. 29 to 430.05.

All of the other prediction quations yield predic ted values that are from 0.5 to 2
times the actua l values. It is felt that this is acceptable for initial estimates
based on the limited data base ava ilable  coup led wi th gene ral equi pmen t development un-
cer tain ty.

Equa tion (1) is used to predic t the total re l iability pr ogram cos t , CT. 0R as usedin the equation is the final equipment MTBF requirement in hours converted to a 60 per-
cen t lower confidence level and N~ is an estimate of the number of electrical components
tha t the equipment will contain (if the equipmen t is a mod i f i ed  desi gn , onl y the new
componen ts are used) . Putting this information into the equation , one wi l l  ob ta in a
predic tion in terms of a cos t normal ized to a new de sign , airborne , analog confi guration .
If the equi pmen t is expected to be predominantly analog, this normalized cos t , CT, w i l l
be the actual predicted total reliability program cost in mandays.

Equations (2) and (3) are used to estimate the reliability prediction cos t , CPR, and
the reliability desi gn review cost , CDR, respec tivel y us ing the number of e lec tr ical
par ts , N0. The intercepts of these equations represent the fixed cost portion of these
reliability element costs.

Equa tion (4) g ives a predic t ion of the r e l i ab i l ity failure modes and effects analy-
sis cos t , C~~~, if it is required on the equipment , in terms of the e f f o r t  expended in
rel iabi l ity prediction CpR . This pred icted cost , C~~~, is also normalized as descr ibed
above . Equation (4) was developed using the actual prediction data on the 10 equi pments
of the study, and in the app lication of the equations , one uses the predicted reliability
predic tion cost from equation (2) as the value for CPR in equation (4).

Equation (5) y ields a normal ized predic ted co st , Cd, for the reliability desi gn pro-
gram . This equation was defined using the actual data collected and in app lication
y ields a normal ized predicted reliability de sign program cos t by add ing up the pre-
dicted values obtained from equations (2), (3) and (4). If the equipment for which
costs are being predicted does not have a failure modes and effects ana lysis requirement ,
then equation (4) is not used and the last term of equation (5) is .~ero . A l so , if there
is no FMEA , equation (5a) can be used to predict the desi gn cost

Equa tion (6) y ields a normal ized  predicted cost for the combined r e l i a b i l i t y  parts
and reliab ility test programs . Again , since this equation was d e v e l o p e d  from he
ac tual data , the output from equation (5) subtracted from the output of equat ion (1)
will yield a normal ized  predic ted cost for the reliability parts and te st pro~’r.I ms corn-
bined.  To ob tain the ac tual co st for  d igit al equ ipmen ts , the parts portion must he
divided by an appr opr ia te “K” fac tor .

Equa tion (7) is used to predict the resultant equi pmen t M~ H (at lower 60 percen t
confidence level) in terms of the normalized reliabilit y parts program cost , th e  tier-
malized reliabili ty test program cost and the quantit y of electric al parts . The pro-
cedure for using this equation is to first take the outputs frot’i t h .’ other equations

- -  ~~~~~~~- - - V -- 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~~~~--— VV- -- V -  V V~~~~ 
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to determine the combined cost for the reliability parts and test program . Next , use 
- 

-
equation (7) to d e t e r m i n e  the allocation of this cost between the parts program and test
program . This alloca tion reflects the average of the actual allocation of the ten
equipmen ts in the data base and not the most  o p t i m u m  allocation .

The study included more deta i l s , such as the modification of the formulas to cover
di g i ta 1 components  and the optimization of costs between the three reliabilit y elements ,
bu t the discussion above should suffice to illustrate the use of regression anal y s i s  to
develop the rela t ionship between reliability and deve lopment cost .

RELIABILITY VS ACQUISITION COST (II): The General Electric stud y was p e r f o r m ed on
avionic equipment . Following this , RADC awarded a contract to the Hughes Aircraft Corn-
pany , Ground Systems Group , Ful le r ton CA for a s imi lar st ud y on ground and shipboard
electronic equipment . The final report , “RADC-TR-75-270 - R e l i a b i l i t y  A c q u i s i t i o n  Cost
Stud y (II)” , provides more insight into the variations and comp lexities of regression
anal ysis , and excerpts from this report follow.

SUMMARY OF DATA: The data for the systems investiga ted  for  the stud y comprise two
categories. The first category contains system characterization and reliability da ta.
This data gathered on each system expresses the type and f u n c t i o n  of the system , the
reliability values in terms of mean time between failure (MTBF) for the contractua l
spec if ied  (9 = 9spe ) ,  the des ign predic ted (~ r ci), and the demonstrated (9demo) re-
liabili ty values , an~ the system comp lexity as §e~~ined by the number of total parts (N).
The number of parts excludes hardware and equipment tha t had no direct effect on the
sys tem rel iabil i ty.

The number of parts was also represented by the total number of system analog parts
(NA) and the total number of system digital par ts (N D) . This data is summarized in the
Sys tem Charac teri za t ion Tabl e, Table 6. The second category contains the reliability
cost data. The reliability program was defined by determining the reliability program
phases (see Section 2.4.1) and group ing the reliability program costs under the three
program phases. The reliability program phase costs are the reliability des ign phase
cos ts (CD), the reliability parts phase costs (C p), and the reliability evaluation phase
Costs (Ce). The total reliability program costs (CT) are the summation of the three
rel iability program costs and all cost values are expressed in mandays. This data is
summar ized in the R e l i a b i l ity Program Phase Costs Table , Table 7.

TABLE 6
SYSTEM CHARACTERIZATION DATA

Mean Time Between Failures (Hours) 
V

System Number Type or App lication Specified Predicted Demonstrated Total Parts

Shipboard ECM System 90 98 183 42901
— 

2 
— 

Shipboard Target Acquisition 125 146 46863

3 Shipboard Radar System Solid 500 574 300 (1) 11313

4 
-

~~~~~~~~~~ Submar ine Fire Control Display 200 270 851 21683

5 Low Frequenc y Sonar with Towed
Array System 18.. 165 26 4 49243 r~

6 Complex Portable Tracking and 190 “10 2C6 36493Control Center -

7 Art i l lery  Locating Radar 250 216 216 18469

6 2400 1111 Per Second Modem 4000 5721 2005 (1) 1031

9 Tank Fire Control Ballistics
Compute r Syste m 3t,.) 26~ 17a1

10 Satellite C~ mmunicati,,ns Sy stem 200 217.5 173 17108

(1) Reliability Dcnrnnsti’ation Test terminated at minimum acceptable time with no (allures.
(2) Reliability Demonstration Test conducted by U. S. N. personnel.

L ~~~~~~~~~~~~~~~ ~
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TABLE 7
RELIABILITY PROGRAM PHASE COSTS

Design Phase Par ts Phase Evaluation Phase Total
System Number C0 Cp CE CT

(man-days) (man-days) (man-days) (man-days)

1 214 4962 2498 7674

2 244 5301 2196 7741

3 202 4093 2249 6544 V

4 207 4467 2464 7138

5 237 3580 1348 5165

6 204 7233 9262 16699

7 170 1612 530 2312

8 119 3396 1452 4967 
-

~

9 272 1252 928 2452 
- 

-

10 148 1449 2110 3707

DEFINITIONS : 
V

CD - Rel iabil ity desi gn phase cost (in man-days)

Cb - Relative reliability design phase cos t , CD = CD/ CT

CE - Reliability evaluation phase cost (in man-days)

- Relative reliability evaluation phase cost , CE = C
E/CT

C1, - Reliability parts phase cost (in man-days)

C~, - Relative reliability parts phase cos t , C~ = C
F /C

T

CT - Total cost of reliability program (in man-days)

GD - Reliability gain due to reliability design effort , GD = 9D’01

GE - Reliability gain due to reliability evaluation effort , GE = 
~E
’9p

V C~, - Reliability gain due to reliability parts effort , G~ ~I~’~~D

GT - Reliability gain due to total reliabflity program , GT = G
DGPGE 

= 9E ’9 1
k-factor - Adjustment factor for environmental app lication ;

N - Total number of digital and analog parts , N NA + ND

NA - Total number of system analog parts

ND 
- Total number of system digital parts

NEA - Number of system parts normalized to analog

- Pos t design MTBF (in hours) V

- Post  eva lua t ion  ~ IBF ( in  hours )

- Initial system MTBF without reliabilit y ent-t incement (in hours)

- Post p a r t s  MTBF ( in hours)

9pred - Predic ted  MTBF (in hours)

9spec - Specified MTBF ( c o n t r a c t u a l )  (in hours) 
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where

Y. the t th obse rved value of a particular function. r
th= the i calcul ated value of a particular function (calculated from a model).

n = number of observations. V

DATA NORMALIZATION: There are usually a number of independen t vari ables  tha t can a f f e c t
a g iven dependent variable. In this stud y we wi l l  pa rticu la r ly be investigating, as V

dependen t variables, re l i ab i l ity and cost . The impor tant , useful independent variables
are included in the regression models. However , there are several (independent) vari-
ables that may affect the dependent variables which we do not narticularl y want to include,
These will be “normalized” ou t or excluded from the regression mod el . These variables Ire -

Comp lexi ty
De sign differences
Environmental differences
Time d i f fe rences
Non- relevant cost d i f f e r ences

In this study comp lexity was measured by parts count . The variable N (total par ts
coun t ) and (N A, ND) were included in the regression models. To be “on the safe side”
the di g i t al  parts count (ND) on each system was converted to equivalent analog parts
count and a new independent variable , NEA, the total number of equivalent analog parts
was included in the regression models. The conversion factor used was a constant
2 x ND = NA (two times the number of digital parts equals their equivalent number of
analog par ts ) .

The design effects are considered to be neg ligible because all ten (10) systems
in the data base were designed by the Hughes Aircraft Company , nine of these systems
were designed at Hughes-Fullerton .

The environmental differences were removed from the MTBF ’s by normalization , This
normalization was importan t only when predicted or specified MTBF was used as a de-
pendent variable. Also , when ratios (say 9snec ’9nred) were used as dependen t variahle~
the normalization factor was not needed becatise it cancelled out . The basis for the
normalization is given in Table 3.1.1. The k-factors were developed using the fixed
ground environmen t as the normal (k fac tor = 1) case . The k-factors are composites ~ f
the various environmental factors given in MIL-HDBK-2l7B for t i e  various parts. The
weights assigned were based on rough estimates of part distribution. It turned out
tha t the shi pboa rd and ground mobile factors were identical.

The ten (10) systems forming the data base are of relative ly recent vintage so that
time effects are censidered neg l i gible. Finally, to remove non-relevant cost dif-
ferences ( e . g . ,  the  changing value of the dollar) all costs -Ire measured in man-da ys .

V I ~~~ -- V~~ ~~~~~ V_ ~~ 
V_~~V
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TABLE 8
k-FACTORS FOR ENVIRONMENTAL NORMALIZATION

adjusted
(~) x k—factor)

Sys. ~ Environment e~pe~ epred k-factor e 
~ red

1 Shipboard 90 98 4 360 392

2 Shipboard 125 146 4 500 584

3 Shipboar d 500 574 4 2000 2296

4 Shipboard 290 270 4 1160 1080

5 Shipboard 182 165 4 728 660

6 Ground , 190 210 1 190 210
Fixed

7 Ground , 250 216 1 250 216
Fixed

8 Ground , 4000 5721 1 4000 5721
Fixed

9 Ground , 184 369 4 736 1476
Mobile

10 Ground , 200 217.5 4 800 868
Mobile

THE REGRESSION VARIABLES: The various sets of dependent and independent  v a r i a b l e s, 60
in al l , are shown in Table 9. Each set was run on each of the f ive  model types dis-
cussed in the next section with the exception that in a very few cases where there
existed a large number of independent variables (e.g. 3) and a smal l  number of da ta sets
(as in the gain analysis) the second degree model with cross-product terms could not
be run because the degrees-of-freedom were to small . Not all of the independent vari-
able sets provided good predict ions for the various dependent variables so the list in
Table 9 g ives a l l  those sets tr ied , not the Sets that were good fits.

For all sets the dependent variable is always cost. The independent variable(s) are
those t h a t  would normally be ava ilable , at least in estimated form , earl y enough to be
of use in predicting costs.

DESCRIPTION OF THE MODELS AND b~~ASURES OF FIT: Each of the following five models was
f i t t e d  to eacF~ of the variable sets which are seen depicteo in iaoie 9. It was not
expected , nor even desired , that al l  models would f i t  a l l  the va r i ab le  s e t s .  Nor was
it desired that there be at least one good model fit on every variable set. All that
is needed is that there be at least one good model for each dependent variable of
in teres t . For examp le , in Table 9 , the variable sets include 15 with CT as the de-
pendent variable . As a worst case we only need one model to be a good fit to one of
these 15 variable sets with CT as the dependent variable. The five models used are
(t represents the random error term):

Linear Y = a0 + a1X1 + ... + a~ X~ + c

Ln-Linear in V = in a0 + a1lnX 1 
+ . ,  . 1 a~ lnX 1

Exponen t ial (a 0 + a 1X + ... + a X  4 - )
Y = e  1 n n

3econd Degree Y = a0 + a11X1 + a12X~ 1- . + a
01

X + a ,Y + i

Second Degree with Cross Products (example , for  n 2)

Y = a0 + a11
X + a

12
X
2 + a 21X2 

+ a 22 X
2 + a (17)X1X2 +
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TABLE 9
THE REGRESSION VARIABLES

SeI*ctto~ No Depeadent Var iable Independent Variable(s)

1—1 CT espec/epred F
1-2 CT 8spec

1-3 CT eP~5d
1-4 CT N

1-5 CT
1-6 CT NA, ND
1.-? C0 espec/epred
1-8 C0
1—9 CD epr ed
1-10 C0 N

1-11 CD NEA
1-12 C0 ~A’ ND .
1— 13 CP espec/epr ed
1—14 C~, 0spec
1—15 Cp 6pred

1-16 C~ N - -

NEA
1-18 C~ NA. ND
1—1 9 CE eapec/epred
- E spec

1—21 CE 0pred
1-22 CE N

1—23 CE EA

1-24 CE NA, ND
1—25 CT espec/epred . N
1.28 CT espec/epred . NEA
1-27 C e ‘e N NT spec pred’ A’ 0
128 C e NT spec
1-29 C $ , NT spec EA
1-30 CT ~~~~~ 

NA, N0
CT 0pred’ N

142 CT ~Px~ d’ NEA
1.33 CT ~pred’ NA, N0
1-34 CD ~spec~~ pred’ N
1-35 CD ~spe c”°pred’ NEA
1-36 CD ~spec1

~ pred ’ NA, ND
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TABLE 9
THE REGRESSION VARIABLES (Con t ’d)

SelectiOn NO 
— 

Dependent Variable Independent Variable(s)

1—37 Co espec. ~
1-38 CD ~apec’ NEA

1-39 CD 0spec ’ NA, N0
CD epred. N

1-41 C0 epred . NEA

1-42 CD 0pred’ NA, ND
1-43 C~ 0spec~’0pred~ 

N

1-44 C~ ~spec”~ pred ’ NEA

1-45 c~, espec/epre d. NA, N0

1-46 ~~pe

1-47 C~ ~spec’ 
NEA

1-48 Cp 0spe c’ NA, ND
1—49 C~ ~pred ’ N

1 S O  Cp ~pred ’ NEA

1-51 Cp ~pred’ NA, N0
1-52 C

E 
espec/epred. N

1-53 C E ~spec1
~ pred ’ N EA

1-54 CE espec/epr ed~ 
NA. N0

1-55 CE e~~~, N
1-56 C

E ~~~~~~~~ ~~~ 
V

1-57 C E espec~ NA, ND Ir
1—5 8 CE 0pred’ N

1—59 CE epred~ 
NEA

1-60 CE epred. N A, N D H

GOODNESS OF FIT OF MODELS: For app l i c a t i o n s  of the  r e s u l t s  of t h i s  study onl y one of
the  above models  is needed for any p a r t i c u l a r  set of v a r i a b l e s  (Y , X 1 Xn)~ 

Also ,
i t  is of interest to see , over a variety of s i t ua t i on s , w h e t h e r  one p a r t i c u l a r  model
is invariably, or even frequently , the best fit t i n g  m o d e l .

Because of the absurdity of the assumption that any pa rt icul;ir data set (of dependent
and some independen t var iab les )  is i rand om samp le from a mu ltivariat e norma l distribu-
t ion , the usua l measur es of goodness of fit (F test , t test and Corr eIat ion~ have been
abandoned . The two measures of roouuess of fit which we have selected ~re P and R.P . V

The formal definitions of these quantities were given in a previous section . in w o r d s ,
R measures the average (arithmetic mean) absolute value of the rela~~ive (to the ohserve l
values)  dev ia t ion  of the  observed and calculated (from the model) ~alues of (h e  iii’-

pendent  v a r i a b l e .  R . E.  measures  the f r ac t ion of t~~o- unexp l a i n e d  v a r i a t i o n  t o  t he  t o t a l
v a r i a t i o n . The sma l l e r  the va lues  of R and R . E. f o r  a r~~r t i c u l a r  d a t a  s et  t h e  ~~~

- ‘ ter V

the f i t .  The idea l , but imposs ib l e , s i t u a t i o n  would  he R = 0 and R . E .  = 0 .

MULTIPLE LINEAR REGRESSION METHODOLOGY: Given a l inear e q i i a t  ion in two v ar i a b l e s ,
,~ + ~X where ~ is the Y i n t e r c e p t  and is the slope o~ t h e  l i n e , t h e  pr o b l e m of

finding the “best fit ” line ~o a piven set of N points (x1, v’). (x ’ , v~~)(xN, y~) is to determine the values  a and h so that the sum ot the squares of the
d i f f e r ence  between the e s t ima ted  va lues  of Y ( g i v e n  by “ = a 4 bX) and the observed 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~- -  -— - -V _ _
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values of Y is a minimum. This is the least squares a p p r o a c h .

The constants a and b of the equation Y = a + bX are solutions of two linear equa-
t ions ca l l ed  normal equa t ion s.

aN +b ~~~X1 =~~~~Y1

N N N
a~~~X. + b~~~X~ = Exi~i,

1=1 i= 1 1=1

The constants a and b are given by

N N N
N~~~ X.Y. - ~~

x1EYi
b = 1=1 1=1 i=1

N / N  ~~2

N~~X2 ..(~~~X~)
i=l \1=l /

and

where ~ is the mean of the X-valu:s and 7 is the mean of the Y-values.

In the multivariable case the normal equations are similar to the linear case. The
V-values are the dependent variables , i.e., in the analy sis of the data the dependent
variables can be reliability phase cost or total cost , and the X-values are the
ind~~ ondent variables , i .e ., number of sys tem parts , reliabili ty phase costs , system
MTF . , depend ing  on the r e l a t ionsh ip that is being analyzed .

New software was created to calculate the deviation (error) from the regression
analysis data . The measure s of “goodness of fit” (R.E . and R) were de te rm ined for each
selec tion for all models and sorted for  the “best fit” by selection number .

RESULTS OF DATA ANALYSES: The variable sets as previously mentioned , all have reli-
ability cos t , in some form or other , as the dependen t variable . The distribution of
the six ty sets (selections) is

SELECTION NUMBERS DEPENDENT VARIABLE

1-1 through 1-6 CT 

- -

1-25 through 1-33 CT

1-7 through 1-12 CD

1-34 through l 42  CD

1-13 through 1-18 C~,

1-43 through 1-51

1-19 through 1-2 4 CE

1-52 through 1-60 CE
The results of the model fits are given , by model , in Table 10. In the following sec- 

- 

-tions we discuss the best fit results for each individual cost category and total costs.

Results for total cost , CT

C = -24j~l-4 * 41 .30 9 - 0.00810 + 1.89N - O .0000 l 5N ~T spec ~pec A A

V V_V ~~ - ~~~~~~~~ — —~ A..
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+ O . 4ON D + 0 .00 00082N ~ - O .OO13NA 0spec 
- O.OC32N D 0spec~ 

(1)

C = -28 ,154 + 24.850 - 0 .00320 2 + 2 .34N - 0. 000027N 2
T pred pred A A

+ O . 7 6 N D - 0.000061N 2 
- 0 . O O l l N  0 - 0 . 0 0 0 6 4 N  0 . ( 2 )

0 A pred D pred

TABLE 10
GOODNESS OF FIT RE SULTS FOR RELIABILITY COST

Linear Ln-Linear Expen 2nd Deg 2nd Deg CP - -

Selection R.E. R R.E. R R.E. ~ R.E . ~ R. E . ~

1—1 1.12 56.27 1.17 46.93 1.19 48.06 0.75 35.04 0.75 35.04

1—2 1.08 60.13 1.09 51.39 1.18 52.92 1.01 61.54 1.01 61.54

1—3 1.07 59.44 1.07 51.63 1,20 56.42 0.98 58.23 0.98 58.23 r
1—4 0. 88 47.54 0.95 43.61 0.95 40.93 0.81 45. 97 0.81 45.97

1—5 0.87 48.22 0.95 43.35 0.93 41.07 0.84 47,46 0.84 47.46

1—6 0.86 48.80 0.93 42.26 0.92 41.21 0.75 44.60 0.61 37.68

1—7 1.09 19.31 1.09 19.74 1.87 27.64 0.98 19.73 0.98 19.73

1— 8 0. 76 13. 51 1.03 29. 47 6.21 45.42 0.69 12.43 0. 69 12.43

1—9 0.81 15.07 1.09 19.38 5.01 39.28 0.62 12.99 0.62 12.99

1—10 0.94 16.08 1.05 15.92 0.95 15.25 0. 85 15,27 0.85 15.27

1—11 0.97 16.86 1.07 16.48 0.98 16.23 0.88 16.40 0.88 16.40

1—12 0.90 15.31 0.61 12.84 0.92 14.91 0.76 13.84 0.65 10.49

1—13 1.10 60.27 1.17 53.80 1.20 55.33 0.67 40.02 0.67 40.02

1—14 1.11 64.26 1. j ?  59.26 1.22 56.68 1.05 64.85 1.05 64.85 
- 

-~

1—15 1.10 64.68 1.13 59.47 1.19 58.38 1.02 62.70 1.02 62.70

1—16 0.73 49.06 0.87 49.95 0.80 44.78 0.72 49.26 0.72 49.26 H

1—17 0. 72 49, 31 0.87 49.84 0.77 43. 82 0.72 49.24 0.72 49.24

1—18 0.72 49.53 0.86 49.25 0.78 44.22 0.63 43.35 0.41 32.60

1—19 1.12 82.39 1.20 59.16 1.18 61.43 0.88 55.40 0.88 55.40

1—20 1.05 92.76 1.10 62.94 1.19 69.12 0.98 100.00 0.98 100.00 - ;
1-21 1.05 90.83 1.11 62.65 1.21 73.22 0,97 99.12 0.97 99.12

1—22 1.02 73.05 1.08 54.48 1.11 55.63 0.90 87.73 0.90 87.73

1—23 1.01 73.14 1.08 53.87 1.09 55.89 0.93 86.93 0.93 86.93 - -

1—24 0,99 74.18 1.06 52.33 1.08 55.36 0.83 91.90 0.76 76.93

1—25 0.85 47.73 0.86 41.80 1.33 74.26 0.50 31.48 0.45 30.76

1—26 0.84 48,47 0.86 41.38 1.09 60.97 0.50 31.26 0.49 30 61

1—27 0.84 48.59 0.83 41.36 1.14 64.49 0.38 27.84 0.11 15.51

1—28 0. 88 42.38 1.04 38.24 1.03 33.03 0.69 47.76 0.46 37.51

1—29 0. 86 41.73 1.04 37.68 0.99 32.88 0.74 48.02 0. 33 :Lt. 92

1—30 0.85 41.92 1.02 36.22 0.98 33.16 0.61 45.44 0.00 1.15
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TABLE 10
GOODNE SS OF FIT RESULTS FOR RELIABI LITY COST (Cont ’d)

Linear Ln-Linear Expon 2nd Deg 2nd Deg CP

Selection R.E. R R.~~ R R.E. R R. E . R R .E.  B

1—31 0.88 42.73 1.06 35.52 1.01 34.37 0.71 44.46 0.21 17.85

1—32 0.86 42.51 1.05 34.71 0.98 34,70 0.77 43.56 0.15 20.59

1—33 0.85 43.01 1.03 32.76 0.97 34.88 0.62 42.88 0.01 6.05

1—34 0.71 16.04 0.54 14.16 14.55 79.62 0.31 10.83 0.31 10.77

1—35 0.78 16.68 0.62 14.99 9.99 64.78 0.36 11.95 0.36 11.93

1—36 0.60 14.69 0.11 6.23 28.67 100.00 0.16 6.60 0.15 6,75

1—37 0.75 15.32 1.02 17.91 4.08 36. 57 0. 24 8.43 0.24 8.24

138 0.76 15.51 1.03 18.51 4.92 39.57 0.24 8.18 0.24 8.31

1—39 0.66 13.90 0.45 12.48 5.67 43.24 0.24 8.75 0.11 5.86

1—40 0.80 14.96 1.05 16.77 3.44 32.68 0.18 6.75 0.15 6.00

1—41 0.81 15.11 1.07 17,69 4.11 35,59 0.19 7.19 0.19 7.15

1— 42 0. 73 14.24 0.54 13.20 4.22 36.08 0.22 7.59 0.11 5. 14 - 
V

1—43 0.70 48.97 0,81 49.18 0.75 45.19 0.46 32.93 0.46 22.62

1—44 0.70 49.75 0.81 48.94 0,44 44.68 0.49 33.20 0.49 33.16

1—45 0. 70 49. 51 0. 79 47. 87 0. 74 44. 89 0.27 27 .95 0. 09 11.65

1—46 0.64 34.23 0. 96 42,27 0.88 31.38 0. 53 41.08 0.37 33. 75 V
1—47 0.61 33.94 0.95 41.99 0.77 30.01 0.57 38.75 0.35 30.48

1—48 0.60 34.45 0.92 41.14 0.77 30.33 0.40 34.45 0.03 9.39

1—49 0.64 36.28 0.93 40.41 0.86 33.15 0.51 36.70 0.16 18.31

1—50 0,62 36.75 0.93 39.95 0.77 32.75 0.56 34.76 0.20 20.70 
V

1-51 0.62 37.09 0.90 38.70 0.79 32.54 C. 38 31.66 0.01 3.73

1—52 0.99 71.79 1.00 54.93 2.83 100.00 0,58 53.80 0.48 56.85

1—53 0.98 71.56 0.99 54.52 2.39 100.00 0.50 47.11 0.46 56.26

1—54 0.98 72.37 0.97 52.24 2.02 100.00 0.49 45.99 0.11 28.70

1—55 1.01 82.37 1.12 50.69 1.14 52.63 0.79 100.00 0.54 73.78

1—56 1.00 81.02 1.12 49.54 1.13 52.30 0. 82 100.00 0.30 64.67

1—57 0.99 80.43 1.10 47.45 1.12 51.77 0.73 100.00 0.01 13.69

1-58 1.01 79.87 1.15 46.30 1.13 53.68 0,85 P5.76 0.31 41.05

1—59 1.00 78.79 1.15 44.67 1.12 53,57 0.88 96.79 0.15 41.15

1-60 0.99 79.09 1.13 43.53 1.11 53.18 0.78 94.26 0.06 27.96

Resul ts for Desi gn Cost , CD

The best fit results for CD ind ica te tha t vir tua l l y a l l  the ind ependen t var iable s are
good pr edic tors of C , Fur thermore , inspection of Table 10 indicates that all of the
models do a reasonab~ v good job of fitting. One examp le of su ch a model is :

C0 
= 195.24 + .11 °SPEC - .000032 (O SPEC)

2 + .023 N
A

- 15 x io 8 (N A ) 2 - .094 N D ÷ 35 x i0~~ (N D)
2 - 18 x icr 6 

°SPEC 
.N A

+ 48 x io
_ 6  

°SPEC .N 0 

V - _~~~~~~~~~- - -- V -~~
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N = 14 ,804

C
D 

214.

To avoid repetition we will use just the Set 9spec’ N A ,  N D .  From (1-39)

C
0 

= 195. 24 + 0.11 (360) - 0.000032(360) 2 + 0. 0 2 3 ( 2 8 ,097) - 0 .000000 15

x ( 2 8 ,097) 2 - 0 .094 ( 14 ,804) + 0.0000035(14 ,804) 2 - 0 .0000 18(360)

x28 ,O97 + O .0 0 0 0 4 8 ( 3 6 0) ( 14 , 8O4) I , ., ’
= 2 0 7 . 7 1

This agress very well with the C0(OBS) = 214

3) P r e d i c t i n g  p a r t  cost Cp :

System No . 3 has

0spec = 2,000

0p red = 2 , 296 -

~~

N A = 9,461

N D = 1,852

C~, = 4,093.

Equation (3) gives

C~, -9 , 133 + 15. 0 2 ( 2 ,000) - 0 . 0 0 2 9 ( 2 , 000) 2 
+ 1.10(9 , 461)

~D . O O O O l O ( 9 , 46l) 2 
- 1 . 0 7( 1 ,852) + 0 .000049(1 , 852) 2 .v

-O.00063(2 ,000) (9 ,46 1) - O . 0 0 0 4 4 ( 2 , 000 ) ( 1 , 852)

= 3,454 .80. (--
This result agrees well with C~~(OB S) 4 ,093 .

4) Predicting evaluation cost CE :

System No . 4 has 
•
1

9 = 1, 160
spec
9p red = 1, 080

NA = 19 , 567 
V 

-

N D = 2, 116 
V

C
E 

= 2 , 464.

U s i n g  E q u a t i o n  ( 5 )

C
E 

-17 ,137 + 28. 17(1 , 160) - 0 . 0 0 5 6 ( 1 . 160) 2 
+ 0 . 7 9 ( l q , 56 7 )

-0 .0000048 x (19 ,567) 2 
+ 1 . 7 8 ( 2 , 116) - 0 . 0 0 0 0 5 1( 2 , l l 6 y

-0 . 00067 ( l , 1 60) ( l9 , 567)  - 0 .0031  x (l , 16 0 ) ( 2 , 116)

= 2 , 346 .55 .

R E L I A B I L I T Y  TRADE—OFFS FOR UNIT I’ROflI CT I O:~ COST : We ’ ve s j o - I l l  :- i l i ’  t of t ime on r~n’r,.osionanal ysis because it is importan t fir th e user to understand i t s  d i f f i c u l t  ies is st ’ll :15
i t s  advantages. The final RAD ( st tidy in rcl i .- h i  li tv .ittd a c q u i s i t i o n  cos t  d id  no develop I -
regression equations and hence , prov ides :i sample  of  an . i L c r t t ; i t c  ric o:’ of c o s f  estilItat I I ) ’
in acquisition.

The study was performed for RADC by the ~~Irt i n - ~’t .n I d  t o  ( o rp n r . i l  1 01-1 , ()t- I , iti do F)..
At this writin (; (January 1979) t h e  fina l report V 

‘‘ (~ - I  l a b i  lit v l’r ;idt-Offs for (‘nit 1 . ’ -

duc tion Cos t ’’ is sti l l  in print I ng . Excel: ’ ’ s tH,1 J ,,,,,.~

A model that relates r e l i a b i l i t y  aeliieveno-n ’ 0 t h e  I I I )  : 1 ,  ‘i’ram trade— - I t o
their result ant cost consequences ~It. ’nId ~lt~ th ee physic - i l , ~, igurabIe (ask s ot
comp li shment s and he subdivided a b u t - l i ne : ;  t h a t  i t t :  t u- , i d l  I i ’r l : l I t , ~ i - cOSt c~’11 ,’et 01) 01111

r e p o r t i n g .  The cnt ire ii I e cY c  1, - - t he produc t shou Id I’ t’ i V I V  ~~~~ (~ T t t 4 0
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Below is a general expression for electronic equipment reliability that reflects
three primary influences : development engineering, manufacturing, and field use and
suppor t.

R = M T B F  (R ) (R ) (R + R  + R )
p g m 5 f d

where
R = mean time between failures at any given time

b4TBF = predicted mean time between failures in accordance with proceduresp in MIL-HDBK-2l7. This parameter implicitl y accounts for the quality
of pu rchased  pa r t s  and the electrical and environmental stress and
derating.

R = reliability growth. This factor generally varies between 0.1 and 1 .0g and relates to the adequacy of the test-analyze - f ix progr am dur ing
engineering development. A good program will result in a value of Rg
equal to 0.9 or greater after about 10,000 hour s.

= mai,ufacturing influence . This factor relates to the assurance that any
manufacturing induced defects have been detected and removed .

+ R1 + Ra 
= pos t dep loyment logistic support influence. R5 is a skill factorof ~perators and maintenance personnel . Rf relates to the adequacy of

facilities , including work shop s , special test equipment , and repair parts.
Rd is a measure of the availability and quality of documentation , including
operating and overhaul and maintenance manuals .

The basis for this reliability expression and the elements that influence it are shown
pic toriall y in Figure 4. It is significant that product reliability is not a constant
value but varies with the effects of these influences. The basis of this reliability
expression will first be discussed in some detail and then related to impact upon unit
production cost.

b-riSE (R ) (R ) (R + p. I R )
p. P g  rn __

DESIGN R E L I A B I L I T Y  I-IANUFACTIIRING INFLUENCE OPERATION AND SUPPORT

t
PART S SELEC’I’J ON — PROCESS CONTROLS OPEP,ATOR SKILL
STRESS Df- d41 I •~~5V [V )~U (~

V
~• I Pu SHEETS — E X P E R I  I -.I:CE i.t ~VFI.

((ESI (;i I-iAiiGI ~ ‘rRArNII-o ; — TRAT N I
(OIOW1II TIuSTIIIG INST1I-0:T (((N — FAC1L1’I’l ES

i-t4V1LR TAL (.0i-ITIIOI.S (;Ei-N-~R.-\(. i-AP )fJ TiES
— S I ’ E C I A f .  TEST -:~~~~‘ I -~~ ;~t r

I N —  HOUSE — Iuf-:rAl I’1RrS
*LET DATA

I’ART S oI’ER,\’roIi iNS I

— ~L\ n- ; : I 1 ’. N s  N.-N1, \ (.0

* LET - Limited Environmental ~44)
Testing

FIG. 4 - BREAKDOWN OF REL IABILITY EQUATION FOR COST TRA DE-O FFS

DESIGN RELIABILITY FACTOR, MTBF (p. ) :  The prediction models as presented in MIL-HDBK- 21 7
are deve l~~~TT~~rn actua l fiel d r’fa~ hir c r i t e  experience and there IN -r e , arc the log ical
reference for est m ating the poten t i i i  reliabilit y of any given equi pment . It has I’een
shown in numerous studies that individual pr odu cts coo exhibit widely different results

~~~~~ when compared to such a predic tion , depending primar ily upon the maturity of the de ign ,
the effectiveness of the manuf acturing qualit y contro l , and upon oper :itional influences .

General El , - c t i i c  has published studi ,-:; showing that reli a b i l i t y  demonstr ation of
radically new designs will typ i c a l l y reali:e aj’pr ”ximatelv 10 pci -cent of the MIL-HDBN-
2 1 7  p r e d i c t  i i ’ r i  ‘.- .i lue initially , improvin g to n e ar  100 percen t a c c or d i n g  I i ’  a I - ow l i t

____ 
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curve of v a r i a b l e  slope de termined by the effectiveness of reliability eng ineering dur-
ing the desi gn phase. According ly, the first two factors of the reli ability equation ,
MTBF~ and R

g • account for the illiluence of design and developmen t eng ineering .

To predict the reliability (MTBF ) of a given equipment configuration , the component
parts are identified along with the design guidelines for environmental and electr ical
stress. The variables are :

~ . The q u a l i ty of par ts chosen , such as established reliability (ER) level
L, M , P , R , 5, or T for passive devices ; JAN , JANTX , or JANTXV for discrete
semiconductors; and MIL-M-385lO , class  C , B , or A for integrated circui ts.
A typ ical  examp le would contain a mixture of parts and , for conceptual d e s i g n .
may have to be grossly estimated as provided for in the procedure of Section 1
in MIL-HDBK-2l7.

The ra t io of app lied electrical stress to the device maximum rating.

The environmental exposure limits of temperature , vibration , etc.

With these variables specified , an MTBF can be determined . To rcali::e the potential of
this prediction , a test-anal yze-fix program is essential for debugging new designs . It
gen e r a l l y requires repeated cycles of operation under ;ull combinations of environm ental
stress , with positive corrective action to remove design defects.

R is related to the intensity and duration of the test-analy ze-fix program accord-
ing tS the graph shown in F igure 5. When a wel l  d i sc i p lined reliabili ty program is
followed with quick reaction to test problems , the slope of the curve can be e x p e c t e d
to approximate the straight line , a = 0 . 5  as p lotted on log graph pap”r . The develop-
:nent of this relationship is covered in detail in “A Learning Curve Approach to Reli-
a b i l i ty Model l ing” , .1 . T. Duane , IEEE Transactions , Aerospace , Vol 2 , 1964. When
combined into an integrated test program (not dedicated to reliability growth testing)
or with less than top priority given t o  failure analysis and corrective action design ,
the growth rate can be expected to follow the slope of a = 0.25 or less . Evaluation of Lt rade-offs requires a judgement as to the appropriate value of a.

1.0 _____ — 

V 

— -~~~~~a~~~~0.5

0 5  EEEj~~~-V1IH~
0 2  _

:1 ~~~~~~~~~~~~~~~~~~~~~~~100 1000 10, 000

Cumu lat ive growth test time ~ hours

FIG . 5 - RELIABILITY GROWTH FACTOR , Rf. v e r s u s  C u m u l a t  ive
GROWT H TESTIN G II OURS 

-

MANITI.’ACTURINiN I N FLuENCF: FACTOR , R : In theory, i t does  n o t  m a t  I e’r 1 ( 10 )  n u mer o u s  ( f l - f  c c l  $
Ire introduce~T In t o e  lcctro~T~ eq~lipn1ent during the’ niant itac I u r i ng  p r o c e ss , st ’ I on i . ~~~
they are detect etl and corrected prior t o final del iverv of I h e proelue ’t . Tb i s po sit i Ot t
will be examined in much more’ detail in a later discuss ion of cost c o ns eq uen c es  - hut for
the m o m e n t  it is submit ted h I l t  f o r  rd i a h i  l i t  v achievement - i t  is s u f f i c i e n t  I t ’ e’mp lov
l i m i ted e n v i r o n m e n t a l  t e s t  i ng  (LET)  Ii ’ remove ~or Con f i r m  1111’ .ii ~senc,’ ot  I nianti l ,ie I uir i l l ( ’
de f cc  1:4 ( m a t, ’ r i  a 1 and workmanshi p) . The metre r i 5 t 4 r ’ 4u5  t h i s  test , w i t  ( t i n  d e s i  ( ‘. 11 1 i n u i  I s
and the more cvc les of exposure , t he grea t er t he probab I li t  v that a ll manu f a c t  t t r  i h g

defects have been  removed.

F i g u r e  6 is  a grap h I cal  r e p r e s e n t  a t  ion of the cnlpi ri c a ll v ~I e~ r I \V d1 ( 0 1( 1 2 . 1 !  ot t  I or re—
mova 1 of in fan t  m o r t a  l i t  y failures i n  elect ron i C equ I pme’n I by u s e  0 I t ep e a  I ed v . l r  i it l o t
o f  environmental stress:

I~~~
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Rm 
= 1 — ( 1 - E ) n

where

E is :i measure  of the severity of the test environments relative to the ’
C des ign limits

n is the number of c y c l e s  of e n v i r o n m e n t a l  e x p o s u r e .

1. 00. -

0 .90,
E l. = 0 . 5

0 . 51) , -

0 . 7 0, E = 0 , 3

Number  of  E n v i r o n m e n t a l  tuycles r n

FIG . 6 - LIMITED ENVIRONMENTAL TESTING IMPACT

III
This  exp r e s s i o n  is v e r i f i e d  by d a t a  f rom an e x t e n s i v e  s t u d y  b y R . W . Burrows  in

which resul ts of environmental screening practices of 26 elec t ron i c equi pment manufact-
urers  were summarized . The curves for three representative values of Ec are shown . One
is for the case of combined exposure to the two most critical environmental elements ,
such as t e m p e r a t u r e  c y c l i n g  and random v i b rat i o n , w i t h  l eve l s  e q u a l  to the  d e s i g n  l i m i t s ,
Ec = 0.5. Another curve , E~ 

= 0 . 3 , is representative of temperature excursions of 50°C
and sinusoidal vibration at 2 .2 g. The th ird curve shown , for Ec = 0. 1 , represents
burn-in screen where temperature is not cycl ed . To appl y the equation , eigh t hours of
burn-in is equivalent to one cycle i. e ., for a 48-hour burn-in , n = 6.  For test pro-
files that do not approximate ei ther of these cases , a value of E~ may be es t imated by
c o n s i d e r i n g  the r e l a t i v e  s e v e r i t y  of t h e  i n t e n d e d  t est I  to  t hose  desc r ibed  above , kee ’p irii ’.
in mind that E

~ 
= 0 . 5  is p robab l y an upper limit for any p r a c t i c a l  app l i c a t i o n ,

OPERATION AND SUPPORT FACT OR~~~R8 + R f + Rd : The final factor , R , + R f + R d ,  is i n c l u d e d
In t~~~modeT for comp leteness in accounting for total life ~~~~~~~~~~~~~~~~~~ It has a
neg ligible impact upon unit production cost and therefore , will not be expand ed upon
further . For quantitative reliability predic tions , th is factor will approach unit y as
field training and familiari ty with the equipment incroases. A judgenient can he made of
the appropriate value for each analysis based upon c o m p a r i s o n  to  c u r r e n t or r e c e n t  ox -  

V

perience with equipments , ef similar contplexitv and app lic ation in - i  given operationa l
organ iza t ion .

COST CONS I DE RA T IONS ~ A gene ra l  e x p r e s s  ion for the u n i t  p r o d u c t  ion  1’,’st  of  an e l  e ’ct  roni c
~ iimb1y i s :

UPC = ( M (1 + °m~ 
+ L ( 1 f 0 1) 1  ( 1 f G&A ) (I  + f e e)

where

UPC = unit production cost

M direct m a t e r i a l  cos t

1 i Cible 

-
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L — di rec t labor

01 labor burden rate

GM — general and administrative burden rate

Fee profit fee rate .

M and L are the variables that may be impacted by reliability considerations MTBF and
R,~ as shown qualitatively in Fi gure 2.  p

MTBF~ COST IMPACT: To determine MTBF~~, it is necessary to specify the quantity and

~‘ti~Ttty of component parts , including any requirement for supp lemen tal screening/testing .
If complete material lists exist for all design configurations that are to be considered
for trade-off study, conven tional Cost estimating techniques are used to estimate the
cost impact of each design .

For conceptual design , where de ta i led parts and materials lists do not exist for all
design op tions , MTBF~ is es tima ted by following the Section 3 method of MIL-HDBK-217 ,
and the related material cost may be es tima ted from the rela t ion sh ips shown in Figure 7.
Data was collected from several  p r o j e c t s  to comp ile Figur e 7 , which shows considerable
variation and even some overlap in relative cost between the quality of par t level s .
Note that many different types of parts are represented and that judgement is required
to select the most appropriate values.

In general , more exotic and comp lex parts will require a greater differential in
price when quali ty requiremen ts are increased. Conversel y, common and simp le parts can
be tes ted extensively wi th  r e l a t i ve ly simp le au toma tion , resulting in very little in-
crease in pr ice . Se t up charges , which must be prorated over each production lot , be-
come qui te si gnif ican t when small quan tit ies are involved. The se fac tors were ref l ec te d

V in the da ta , and should be considered in using Figure 7 to estimate parts costs.

I
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Commercial JAN TX TXV Ult ra ,
ER-L ,M , ER-P ,R , ER-S ,T, Minuteman
38510-C 38510-B 38510-A Space , e t c .

FIG.  7 - COST OF PURCHASED PARTS VERSUS SPECIFIED QUALITY

MANUFACTURING COST IMPACT OF RELIABILITY: The cost impact of R
~ 

(manufacturing influence
iij,on reliabili ty) is much more comp lex. Select ion of . i  value of R~ for  the reliabilit y
equation implies that a finished assembly , after comp letion of I.ET will have a c1~rn-sp1 -nd
ing freedom from m a n u f a c t u r in g  d e f e c t s .  The re  may h i ve been many failures , subsequent
repa i r s , retesting, or none . Only the end result is significant for reliability achi eve--
men t .
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How ever , the means of realizing the failure-free finished produc t may be very sig-
nificant to the costs incurred . General l y, there are three philosop hies for setting up
the manufacturing operation :

1. Caref ull y con trol each st ep in the manufacturing process so that no defects
are introduced. This is the preventive approach and incurs cost for care-
fu l  anal ysis and p l anning of all manufacturing operations . I f  successful ,
few if any failures will occur during LET and little or no cost is incurred
in troubleshooting , repa ir , and re tes t .

2. Somewhat the opposite of the above is to build up all assemblies with
minimal control and p lan on mul tiple repetitions of the LET to remove the
numerous defects until subsequent test cycles demonstrate the unit to be
fa ilure f r ee .  N

3. The other philosophy is to stud y the econom ic s of the app lication of the
first two approaches and choose to emphasize one or the other on an in-
dividual manufacturing operation basis.

Approach number I must be followed where the Cost of a specific failure is extremel y
hi gh, for ins tance , when human l ives may be threatened. It is generally the p re fe r red
approach for very comp lex equi pmen t tha t is in high vo lume prod uction . Number 2 is
mos t a ttrac tive fo r very low volume production or for relatively simp le ass embl ies where V

troubleshooting and repair are very easily accomp lished.

Mos t elec tronics manufac tur ing companie s who deal with governmen t contracts set up
their manufac tur ing sys tems to f a c i l itate bo th hi gh volume and low volume production .
Thus, in most practical situations , approach number 3 is selected.

In general , manufac turing defec ts are avoided by careful adherence to detailed
written instructions for each operation that have been thoroughl y tested and proven to be
e f f e ctive . Such val ida ted ins truc tions app ly to a l l  manufac tur ing opera tion s inc luding
procurement of material , in-house material handling, all  fabr ica tion and assembl y tasks ,
inspection , tes t and package for shi pmen t . E qua l att en tion is required for hou sekeep ing
activities such as maintenance and calibration of test equipment , tools, gauges and
measurement standards ; personnel training and proficiency monitoring; and vendor selec-
tion , surveillance, rating , and control. To ensure that these instructions and controls
are effective , a positive acting closed loop failure analysis and corrective action
system is required.

For de tai led  anal ysis , direc t labor , L, is subdivided into four categories:

L = Lassy + Lt e s t  + L5~~ 
+ 

~~ET

where

Lassy = all  fabricat ion , assembly, and rework labor ,

Ltest = all in-line test , inspect ion , and troubleshooting

L5~ 
= all qual ity assurance and produc tion eng ineering including failure

~ analysis  and followup

LLET = LET labor .

Emp hasis upon preparation and maintenance of instructicn sheets , along with failure
anal ysis and corrective action generally requires an increase in support labor , Lsuand resul ts in le ss troubleshoo ting labor , Lrest, and les s rework labo r , L~~55y . ~ c
This sugges ts a sub set trade study to find t~ e minimum labor cost to achieve the re -l i-
ab ili ty level ( f r eedom f rom manufac turing induced defects) imp l ied by R

~~. 
An examp le

that illustrates these cost interactions is included in a later section .

One manufacturing control element that is very important to the efficien t production
of modern avionics equipment is the incoming inspection of electronic parts. When a
defec tive par t mus t be de tec ted and rep laced after assembl y onto a printed wirin t ’ hoard ,
it is commonly estimated that the cost is 10 times that of detection at the incoming
inspec t ion poin t . Further , if the printed wiring board containing a defective component
part is installed into a higher assemb ly, the cost estimate for detection and repair
increases to a factor betweer 30 and 100.

The cost impact of incoming inspection effectiveness is vividl y illustrated by
Table 11 from a recent study on the detection of integrated circuit - defects, Da ta was
recorded for the distribution of detected failures per thousand ICs tested a t  various
assembly levels and for three separate incoming inspection method s . One method was to
inspect a samp le of 30 percent of par ts received; a second method was Is conduc t 100
percen t f unc t ional  tes ts , and the third was to combine 100 percent environmental screen-
ing in addition to 100 percent functional tests. Usini . the f irst method , 30 percen t

samp le te’~ ting, 3. 2 defects per thousand devices were d etected i t  incoming at an .-iver .ete -
cos t per de fec t o f $0 .50 , 14 .5 defects per thousand devices at the board lcsn -l it .i cost
of $10 each , 3.2 defects at the system level at an average cost of $30 per defe ct . end - 

-

1.4 were detected in the field at a Cost of $100 per def e ct . The detect ion cost per

-
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defect was proportionatel y hi gher for the other incoming inspection methods , $1 per de-
fect for method two , and $6 each for  method three , bu t the overall cost of removing
integrated circuit defects from a system was $180 less for method two and $200 less for
method three.

TABLE 11
DATA SUMMARY

Type of Inco mi ng  Failures per 1000 Tested

Inspection Incoming Board System Fiel d

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _____ $ 1 0  $ 3 0  $ 100

30 percent of dev ices 3.2 l~ 14.5 3.2 1.4
tested $0.50

100 percent of devices iS 4.6 2.3 0.7
tested $1.00

100 percent tested 21 @ 2.3 0.5 0.16
plus screen ing $6.00

V 

Figure 8 shows cumulative cost per system for the three methods. Another recent
study suggests that in the general case the cost per defect at the system level and in
the f ield could be much hi gher , which makes the effectiveness of incoming inspection even
more significar.t than this example indicates. L

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~/ 
INCOMING

I too
]Ii_i 

__
100 100 + screen

METHODS ~‘ PERCENT

FIG. 8 - CUMULATIVE COST TO REMOVE I NTEGRATED
CIRCUIT DEFECTS VERSUS INCOM ING TE ST
METHODS

The cost of conducting incoming inspection is frequentl y accumulated as a material
handling overhead , de signated as in the UPC equation . For trade-offs involving the
degree of incoming inspection , this factor should be adjusted according ly . The procedure’
is to estimate the differential cost of the inspection alternaf is-c and Is add (or  sub-
tract) from the standard cost (usua l or baseline method of inspection). For the’ previous
examp le , the differen tial cost of adding 100 percent screening is $6 per defect t imes 21
defe ct s , less $1 per defec t t imes 15 defects for each 100 devices tested . If the materi al
co s t , M , is as sumed to he $2000 per 1000 devices , then an increase in mat trial burde’n
rate can be computed by dividing the added test expense’ by the material cost ,

___ ______ ___ ____ -~~~~~
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= new test cost - old test cost
m total material cost

— (6) (21) — (1) (15) = 126 - 15 = 0.056 or 5.6 percent
2000

If the standard inspection method is to conduct 100 percent functional testing with-
out screening, at a 15 percent total material handling burden rate , then a bu:den ra te
of 20.6 is used for any trade-off alternative in which 100 pe rc en t screening at incoming
inspec tion is chosen . Those companies who do not establish separate material burden
rates may evaluate UPC trade-offs by setting o~ = 

~
0m~ 

as calculat ed above , for any de-
viation from the standard incoming inspection method .

LET COST: The cost of environmental testing (LET) takes the form of a fixed setup C O t

plus incremental costs dependent upon the duration of the test. From the r e l i ab i lity
considerations , the value (or se t of va lues)  of R

~ 
dic tates the number of test cycles to

be conducted . The LET cost therefore may be represented by the equation:

LLET = Lcyc (n) + L5

where

LLET = cost of conducting a specific LET

Lcyc = cost of one cycle of LET exclusive of setup

n = number of test cycles corresponding to R~

L5 = se tup cos ts

Graphical interpretation is provided in Figure 9. Lc c and L are both directl y pro-
por tional to the comp lexity of the unit under test , t~ 

the number of measurement points
to be monitored , and to the length of time required to traverse one cycle , and inversely
propor tional to the amoun t of automa t ion emp loyed .

F 
1LET ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

S LLET L
~~~

(n) +

SETUP COSTS

Number of test cycles s’ ~

~~~ 
COSTS OF ONE CYCLE EXCLUSIVE OF SETUP

FIG.  9 - LIMITED E N V I R O N M E N T A L  TESTING COST MODEL

The cost estimating procedure  is:

I . Given the specific test requirements , obtain an estimate o~ the setup costs . I ;
2. Ob tain an estimate of the cost of one t e s t  cycle’ .

3. Determine the number of c y c l e-s required by the value of the R~ .

4. Calc ula te LLET .

~~~~~~
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E\V V\LUATING TRADE-OFFS: From the reliability equation ,

R = MTBF~ (R
g

) (R
n

) (R 5 f R
f 
+ R

d)

it has been shown that variations in MTBF~ and R~ alter unit production cost. From the
UPC equation ,

UPC = (M (1 + 0n) + L ( 1 + 01) )  (l  + GM (1 -1- f e e ) )

~I . O~~, and L vary with the reliability requirements . For evaluation of trade-offs , a
matrix is suggested of R versus UPC as follows . If there are i alternatives of MTBF
and j alternatives of Rm , a UPC~~ can be calculated for each Rij according to the re-
lationships developed. After calculating all combinations , the trade-off evaluator has
two alternatives; choose the least cost combination that produces an acceptable reli-
ability, or choose the most reliability available at a given cost.

Examp le: -

G iven two cho ice s each for  MTBF~ and Rn, — 
-

MTBF~ 1 100 hours  (u se ~ill JAN devices)

MTBF~~-I 500 hours (all TX devices)

Rml = 0.975 (six LET cycles , Ec = 0 . 5 )

Rm 7 = 0.75 ( two LET cyc l e s , E~ 
= 0 . 5 ) .

Since the f a c t o r s  R g ( f o r  purpose of the examp le) and + R 1 and R~ do not s i g n i f i c a n t ly
a f f e c t UPC . they tna~ be removed from the analysis by assuming them eq ual to 1.

Th en

100 ( i )  ( 0 . 9 7 5 )  (1) = 97 . 5

= 1.00 (1) ( 0 . 7 5 )  ( 1) = 75

R21 = 500 (1) (O. ’~75) ( 1) = 487 .5 ‘1_I
R22 = 500 (1) (0.75) (1) = 375 .

The cost associated with NTBF is M 1 = $2500 .  From the relationships shown in Figure 13
the cost associated with MTBF~ 2 may Be estimated as M-~ = ( 1 . 5 )  ( $ 2 5 0 0 )  = $3750. A j u d ge-
ment has been made here that the cost of TX devices i~ approximately one and one-half
times the cost of JAN devices for the mix of p a r t s  in this equipment.

For both R
~ i and Rfl2 , the LET setup time is 4 hours at $8 , and cyc le  lab or i s  4 hour s

each at $7 . The re fo re ,

LLETI 
= $28 (6)  + $32 = $200

LLET9 = $28 (2)  + $32 = $88 .

For Rm1, the following conditions ,lre given :

Incoming inspection is 30 percent samp le testing and the corresponding mat~~: i a l  V

burden ra te is 11 perc ent.

Lassv  is 60 hour s at a direct labor rate of $6.

Ltest is  50 hours at a direct labor rate of $8.

~~~~~ 15 2 h o u r s  at a direct labor rate of $10 .

X assya testa supa LET1

= $300 + $400 + $20 + $200 =

Therefore ,

UPC 11 = (M 1 (1 * 0,11) + L
~ 

(1 + 01) )  ( l  GM) ( 1 + fee ’).

A r b i t r a r y  va lues are  assumed for 
~~~ 

GM , and fee since they are- constant for  a l l  t r a d e -
of f s .

01 = 1.5

G&A= 0.2

fee 0.1 .

- -- V
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Then

UPC 11 = ($250 0( l . l l)  + $980 (2 .5) )  (1 .2) (1.1) $6897 .

Subst i tu t ing  the cost of m a t e r i a l  a s soc ia t ed  w i t h  MTBF~~2~

UPC 21, = (M 2 (1 + 0.11) + L
~ 

(1 + 01) )  (1 + GM) (1 + fee)

= ($3750 (1.11) + $980 ( 2 . 5 ) )  ( l . 2 ) ( l .l )  = $8728 .

For Rn2, two situa tions ar e considered , and hence , two cost results for the same reli-
ability result. The first situation is identical to 

~~~ except for the cpecified LET .

L = L  + L  + L  + L  .. 
V

y assya testa supa LET2 V

= $360 + $400 + $20 + $88 = $868

Therefore ,

ISPC12a = (M 1 (1 + 0.11) + Ly (1 + 1.5)) (1 + 0. 2) (1 + 0. 1)

= ($2500 (1.11) ÷ $868 (2.5)) (1.2) (1.1) = $6527

UPC 22a = (M 2 (1 .11) + L
y 

(2 .5))  (1 .2) (1 .1)

= ($3750 (1 .11) + $868 (2 .5))  (1 .2) (1 .1) = $8359.

The second si tua t ion for Rm2 is with incoming inspection changed to 100 percent functiona l
tes ting and a cor respond ing ma ter ial bu r’den ra te of 13 percent . As a resul t , the break-
down of labor is

Lassyb = 40 hours at $6

Ltestb = 20 hours at $8

L$upb = 10 hours at $10.

The reduction in assembly and test 1,abor is partially due to the more thorough incoming
testing and partially due to increased quality support such as vendor surveillance and
fa i lure analysis.

The new labor total is given by

L~ = La b  + Lt t b  + L 5 + LLET2

= $240 + $160 + $100 + $88 = $588 ~ 1V

and correspondingly

UPC I2b = (M 1 (1 .13) + L
~ 

(2 . 5) )  (1 .2) (1 .1)

= ($2500 (1.13) + $588 (2. 5) )  (1.2) (1. 1) = $5669

UPC 22b = (M 2 (1.13) + L~ ( 2 . 5 ) )  ( 1 . 2)  (1.1)

= ($3750 (1.13) + $588 (2 . 5) )  ( 1 .2 )  (1 .1) = $7534 .

RANKED ORDER SUMMARY

R21 — 487.5 hours UPC21 = $8728

R22 = 375.0 hour s UPC 22a = $8359

R 22b = 375 .0  hour s UPC
22b ~~~~~

= 9 7 . 5  hours UPC 11 = $6897

R12 = 75.0 hours UPC 12a = $6527

Rl2b~ 75.0 hours UPC 12b = $5569

The resul ts shown here are of no particular significance , because the values selected
for the variables may or may not be representative . The intention of this examp le is to
illustrate the app lication of the relations~sips devel-~~ed to the reliabilit y versus unit - V
produc tion cost trade-off analy s i s .

TRADE-OFF MODEL TEST: As a test of the validity of the reliability model , the e l a t e fr o t ’-
a multi p lex set l’~ used as an examp l e exercise . The eli ta given for this e ’ f t i i p r n e -ttt in-

cluded the reliability mean time between failure prediction , some details cit the roll-
abili ty growth development program , and the results and condition s of production re- li-

~ 

~~~~~~~~~~~~~~~~~~~~~~ _
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ab ility t e s t i ng . As in the earlier examp le , the post dep loyment or logistics influence
is norma l i zed  b y setting the total R5 + Rf + Rd equal to unity. Recalling the reli-
ability equation

R = MTBF~ (R g) (R m ) (R 5 + Rf + Rd),

first , substitute the predicted mean time between failure of the multip lex set

MTBF~ = 4945 hour s .

Second , estimate Rg. Sin ce a very comprehensive  grow th program of greater than 10,000
hours has been conducted , i t may be assumed

Rg 
= 1 .

Th ird , estimate Rm • When a burn-in screen without temperature cycling is used , the stress 
V

tha t induces failure where manufacturing defects exist is much less , and faults will be
detected at a lesser rate. One cycle of a typical temperature cycling screen will take
six to ei ght hours to comp lete. Therefore , in terms of exposure time only, 48 hours of
burn-in equates to approximatel y six to eight cycles . Choosing Ec 0.1 and n = 6 ,
solve for R

~

Rn = 1 - ( 1 - Ec)
n 

= - (1 - 0. 1) 6 = 0 . 4 7

The resulting predicted reliability is then

R1 = 4945 (1) ( 0 . 4 7 )  ( 1) = 2324 hour s .

Th is compare s favorabl y with the observed failure rate , calculated at the 60 percen t
conf idence  level , of 2716 hour s .

A trade-off was considered where less expensive , lower quality parts would be sub-
stituted and more rigorous screening conducted on the comp leted assemblies. For this
second configuration , all integrated circuits would be specified to requirements of
MIL-M- 385l0, class C , and discrete semiconductors to JAN . The resulting reliabili ty
predic tion in accordance with MIL-HDBK-2l7B was 2060 hours . The new screening require-
ment for completed assemblies included six cycles of temperature cycling from C to 50
degrees centigrade combined with 2 .2g vibration at bO Hertz. It was assumed that these
variations would have no effect upon the results achieved by r e l i a b i l ity developmen t
growth testing . The alternate reliability was

R2 = 2060 (1) (0 . 86) (1) = 1770 hours.

The ac tual cos t of the mul tiplex equipment gives a UPC 1 corresponding to R1. Recent
average produc tion values ar e V

Ma terial , M1 
= $7400

Labor , L1 = $3160

= 0 (redistributed into labor burden)

01 = 150 percen t

GM = 20 percent V

Fee = 10 percent

UPC 1 = (M 1 (1 + 0m ) + L 1 (1 + 01) )  (1 + GM) (1 + fee)

= ($7400 + $3160 (2.5)) (1. 2 )  (1.1) = $20 , 196.

The alterna te cost , UPC 2 corresponding with R2 is

M 2 = $5300

L = $3760 (increased because of added setup time for screening and more2 test and repair due to lower quality parts , i .e., more
defects detected)

UPC
2 

= ($5300 + $3760 (2.5)) (1.2) (1 .1) = $19 ,404.

SUMMARY DATA

Rel~ abi1ity Cost
Alternate 1 2324 hours $20 , 196
Al ternate 2 1770 hours $lQ . 4O4

_ _ _ _ _ _ _ _ _ _ _ _ _ _
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Alternate 2 was not selected because although it results in a four percent cost re-
duction , the reliability is reduced by almost 24 percent to a value that did not meet
the requirement.

This examp le demonstrates the utility of the estimating relationships as well as
showing excellent correlation between predictions and actual results observed ,

OPERATION AND SUPPORT COST MODELS: An essential ingredient in an LCC model is the de-
velopment of operation and support (O&S) cost models . These models are basicall y an-
alytical in nature. That is , an operations , maintenance and support scenario is first
developed , and around this scenario , a comp le te  cost model is developed. Examp les of
relationships exp lored in the development ef such models are: the quantitative effect
of reliability on the number of maintenance actions and spare parts requirements; the
effect of maintainability on the number of maintenance man-hours required , and the man-
power required per maintenance action ; and the development of materiel costs , and costs
per man-hour , for the required maintenance activities. A virtual plethora of such
models have been developed in the past; one report published almost eight years ago V

contained 46 different models (“Using Logistics Models in System Design and Early Plan-
fling” , the Rand Corporation , Santa Monica , California , Febru ary 1971) .

Operating and maintenance costs are the sum of initial and recurring costs over the
system life cycle . The O&M cost model is therefore the summation of every sign i f i cant V
cos t elemen t , For illustrative purposes , the following cost elements are extracted from
the O&S modeling p o r t i o n  of a United States Department of Defense Publication , “Life
Cycle Costing Guide for System Acquisitions” , (Interim) January 1973. The guide lists
the following as pertinent 06cM cost f a c t o r s :

1. Opera t ional Pe rsonnel and Consumables  Cos ts
a. Personnel
b. Consumables

2. Training Costs
a. Ini tial and Rep lacement  Tra in ing
b.  Recurring Training

3. Maintenance Costs
a. Organizational
b. Intermediate V

c . Depot (system level)
d. Depot (subsystem or component level)

4. Facilities

5. Initial Government Materiel and Services

6. Support and Test Equipment V

7. Data

8. Ini tial Spares and Repair  Par ts

9. Salvage and Disposal

1.0. Init ial and Replacement Transportation

11. Supp ly Management

12. Dev elopme nt and Test

Equations provided for the first four items are:

1. Operational Personnel and Consumables Costs

a. Personnel

Y NT NS
COP = t D~ 1 1. (PR , ) (CP . )

k l  j 1  s l  sJk SJ

where:

COP = Life cycle operational personnel cost .

CP 5 . = Average annual cost (including a l l  pay, allowances , m e d i c a l  c V e r e ,

~ dental , retirement , etc.) of a man of skill “s” and type

= Discount  f a c t o r  fo r  year “k” to :e-ne ra f e 1 “present value” .

Number of combinations of different skills and levels within skill s .

~~~~~~~~~~~‘~~~~~~~~~~~V V V  —
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NT = Number of types of person nel

PR 5 .k = Number of requ ir ed personnel (including the Government provided fac-
tor to accoun t for leave , sickness , e t C .) of s k i l l  ‘

~~~~
“ and type “j ”

in year ‘k ” . (Wherever  this symbol occurs , it refei to personnel
relevant to that equation) .

Y = System operating life cycle (to the nearest year)

j = Typ e of personnel (civilian/military/etc .)

k = Year in l i f e  cyc le  of the system .

s = Skill type and level.

Double coun t ing  of Costs where operating personne l perform maintenance must be avoided.

b.  Cons umabl es

Y NC
COC = t D~ (RC 1) (CUC .) (}I C. k )

k=l i=l 
i

where :

COC = Life cycle operational consumables cost.

CUC 1 = Cost of operational consumable item “i’ per unit consumed , including
cost of transportation to point of use~,

HC ik = Programmed operational use time (hours of u t il i z a t i o n )  , in year  “k ’
V of the ships , aircraft , etc ., which consume item “i’ ,

V Ni ’ = Number of consumable i tems .

RC 1 = Consumption rate (units/hour of utilization) of consumable item ‘i” .
(Hours of utilization mus t be compatible with those in HC ik .)

V i = Item number (“i’ will be used throughout this Guide to identify
- 

- consumable and recoverable items)

Other symbols ar e a s pr evi ousl y defined .

Items visuali,:ed under the operating consumables catege irv are *POL ,
elect rical power , hydraulic/pneumatic power , heating, and Cooling energy, nuclear power ,
and consumable  ma ter i a l s .  A l t h o u gh t he  equat ion is generally app licable to each of these
categories , it may require somewhat different inclusions within the specific terms . For
examp le , POL consumption will consider cost per unit  of consump t ion (pounds , gallons ,
etc.) times utili;:ation hours. In the case of nuclear power , cap ital outlays may be re-
quired at specific dates (e.g., core replacement), and these will he discounted from
their respective dates.

2 . Training Costs

a. Initial and Repacenient Training

CIT 
k= l  

Dk ((CI 5~~) (PR
5)g 

- PA $jk  - PF 5~ k
) + (CU 5~ ) (PA

Sjk~
I

where:

CIT = Total initial and replacement training cost of personnel ,

Ci ,~ = Induction and initial training cost per man (entire cost , inclu etinc
pay and all owances , t o  bring a man int o the set’vice and up t o tb ,

required skill type and level “s’ for personnel type “~~ “~~

Cu ,. = Up date training cost per man to bring available personne l up -

‘~~ req uired level for skill type and level “s’ a n d  ,‘e’ r - ~on : .  1 t . ~~,I  -

PA , ‘k - Number of eva i lab Ic  personnel of skill t vpe in  - level ‘ s in  I
53 sonnel. type’ ‘i” tb ,i t do no t  r equ i re  ~fl~~t c i  tr , eiti ~ :-~ i n  v~’.e:

require update training.

k 
- N;u:! , r a f pe rsetnile I of :1- i l l  t s’pe and 1 eec ’ ‘‘s’ and p , r ~V t “j t tat are a y , i  i lab Ic and f u l l y  trained in y e n  ‘k - -

i i~~h e r  symbols are is previousl y defined .

* VOL is de fine-i ,cs power , oil , lubric ants , e t c .

~~~~~~V V ~~~ -~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - - -- -
~~~~
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Notes: 1. Personnel types and skill levels will include categories cited 88 operational
personnel in equation la, and all other categories used in this system.

2. Also note carefully the definition of PAsik and PFsjk.

3. Personnel must be available to work on the system under consideration (e.g.,
not merely available within the Service but assigned to another system).

4. PA~ 1k and PF variations from year to year include a reflection of turn-
ove± rates. sjk

b. Recurring Training

Y NT NS
CRT = ~ D,,~ ~ Z (CR . ) (PF . )

k 1  j = l  s l  53 sj k

where:

CRT = Life  cycle recurring training cost.

CRS4k Recurring training cost in year “k” to maintain the proficiency of those
-‘ personnel working on the system , for skill type and level “s” and per-

sonnel type “j ” .
Other symbols are as previously defined .

Note: The use of PF5.k in the equation for recurring training is based on the premisethat those per~onnel entering the system during year “k” would be fully trainedand would not require recurrent training until the succeeding year.

3. Maintenance Costs: In the maintenance equations below , exclude labor costs for
those tasks which are accomplished by operating personnel costed above. (Operational
Personnel Costs).

a. Organizational

Y (RU? )
~MO = E ((Dk) (HO) (CLO) + CCO + CR0)) k

k=1 HT

where :

CMO = Life cycle material and labor cost for organizational maintenance .

CCO = Total cost of consumable material used in organizational leve l main-
tenance during the operational test period. (Includes the cost of
items identified as “discard-at-failure”).

CLO = Average organizational level maintenance labor cost per man-hour to
repair items which were removed during the operational test period
(direct and indirect).

CR0 = Total cost of recoverable material condemned at the organizational
level during the operational test period.

HO = Total maintenance labor man-hours used in performing organizational
level maintenance during the operational test period .

HT = Total utilization hours of ships, aircraft , tanks, etc., during the
operational test period .

HUPk Total operational hours of utilization programmed for this entire
force of aircraft , ships , tanks, etc., in year “k”. r

= 12 ((RUO) (NOU) + (RUT) (NTU))k

where:

NOU = Number of individual operational aircraft , ships , tanks, etc .

NTU Number of individual training and other nonoperational aircraft ,
ships , tanks, etc .

RUO Operational utilization rate (hours/month) per aircraft , ship, tank
et c.

RUT — Training and other nonoperational utilization rate (hours/Month)
per aircraft , ship, tank, etc.

Other symbols are as previously defined.
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b. Intermediate
Replenishment Costs*

Y Repair Costs HUP NR HUP
CMI — Z Dk ((HI) (CLI) + CCI)) 

lIT 
k 

~ CRI~ ( mr +
k—i i.~ i

Pipeline COStS* Transportation Costs
NR (CPI ) (HsI . - lISI ) NT HUPi ,k i. kJ. + 

~ 
(NT I~) (CTI~) ~ 

k
i=l HT i-i MT

*The sum of pipeline costs and rep lenishment costs (for intermediate and depot levels
combined) for each item “i” in any year cannot be less than zero. If negative , rep lace
all terms involved by zero for that item .

where:

CMI — Life cycle material , labor and transportation cost for intermediate
maintenance .

CCI — Total cost of consumable material used in intermediate level main-
tenance to repair unit s which were removed during the operational test
pe riod .

CLI = Average intermediate  level maintenance labor cost per man-hour to re-
pair items which were removed during the operational test period
(direct and indirect).

CPIj Unit acquisition cost of recoverable item ‘i” multiplied by the number
of time s that item was removed during the operational test period and
ultimately repaired at the intermediate level.

CRI~ Unit acquisition cost of recoverable item i’ multi plied by the number
of times that item was removed during the operational tes. period and
ultimately condemned at the intermediate leve l .

CTI~ = Average round trip transportation cost (including packaging. adjuinistra-
tion and scheduling from removal to reinstallation) per unit of item
“i” removed during the test period and sent to intermediate level ,
and condemned or repaired at that level.

HI — Total maintenance labor man-hours used in performing intermediate
level repair on the units that were removed during the operational test
period .

HSI i k = The number of total operating hours for the entire force of aircraft ,
ships , tanks, etc., programmed during the intermediate repair cycle
time for item “i’ in the year “k” (where cycle time covers the period
of time from removal to reinstallation of item “i” , based on first-in ,
first-out processing).

NR — Number of different recoverable items in the system .

NTI i — The number of units of item “i” that were removed during the operationa l
test period and sent to the intermediate level , and repaired or con-
deemed at that level .

Othe r symbols are as previousl y def i ned .

c. Depot (S ystem Level)

COD — E 12 (D~K
) !~Q~_~f NTU (CO H)

k-I MOu MTDk
where:

COD — L i fe  cycle cost of system overhaul at depot . F
CON Tota l cost (labor , overh ead , round-trip t ransporta t ion , and m a t e r i a l)  of

individual a i r c ra f t , shi ps , tan k s , e tc . ,  of each system overhaul .

P~JD — Calendar months between overhauls of operat ional  shi ps , a i r c r a f t ,
tanks , et c.
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MTD = Calendar months between overhauls of training and other nonoperational
ships, aircraft , tanks , etc.

Other symbols are as previously defined .

d. Depot (Subsystem or Component Level)
Rep lenishment Costs*

Repair Costs

CMD — Dk ((MD) (CLD)) + CCD + ~ CRD1 ~ MT ~ +k—I 1—1

Pipeline Costs* Transportation Costs*

NR CPD ‘ ‘HSD - HSD ~ NR HUP
~ 

( 1’ ‘ ...ik._ —i, k-l ’ + t (NTD~) (CTDi)(_ 
k

i=l HT i=l lIT

*The sum of pi peli ne costs and replenishment costs (for intermediate and depot levels
combined) for each item “i” in any year cannot be less than zero. If negative , replace
all te rms involved by ze ro for that  i tem.

where:

CCD = Total cost of consumable material used in denot level maintenance to
repair units which were removed during the operational test period .

CLD = Average depot level maintenance labor cost per man-hour to repair
items which were removed during the operational test period (direct
and indirect).

CMD = Life cycle material , labor and transportation cost for depot mainten-
ance at subsystem or component level.

CPD1 = Unit acquisition cost of recoverable item “i” multiplied by the number
of times that item was removed during the operational test period and
ultimately repaired at the depot (subsystem or component level).

CR111 = Unit acquisition cost of recoverable item “i” multip lied by the number
of times that item was removed during the operational test period and
ultimately condemned at the depot (subsystem or component level).

CTDi Average round trip transportation cost (including packaging , adminis-
tration and scheduling, from removal to reinstallation) per unit of
item “1” removed during the operational test period and sent to depot
level.

HD Total maintenance labor man-hours used in performing depot level
repair on the units that were removed during the operational test
period .

HSD k = The number of total system operating hours programmed during the
~ depot repair cycle time for item “i” in year “k” (where cycle time

covers the periods of time from removal to reinstallation of item
“i” , based on first-in , first-out processing).

NTD 1 — The number of units of item “i” that were removed during the operational
test period and sent to the depot.

Other symbols are as previously defined .

THE SAVE PROGRAM: A more recent development reported in the proceedings of the IEEE 1978
National Aerospace and Electronic Conference NAECON 78, Vol 3, is “System Avionics Value
Estimation (SAVE)” ; a new tool for Logistics and Support cost analysis. This is a col-
lection of five special purpose computerized logistics and support cost models integrated
within an interactive network. Developed by the Air Force Avionics Laboratory , it at-
tempts to avoid problems of logical incompatibility, inconsistent input/output and a lack 01
overall guidance which arise when severa l different models are used in one procurement.

It is mentioned here as an examp le of the reduction of the myriad of O&M cost models Hto one computerized analytical aid. Its approach is worth emulating .

RELIABILITY AS A CAPITAL INVESTMENT: Life cycle cost modeling permits one to consider
costed activfti~I~~I Ti~v~itments. comparing the acquisition costs of any activity (invest-
ment) to potential savings in O&M costs (returns). One example of this is “Reliability as
a Capital Investment” published in the proceedings of the 1974 Annual Reliabilit y and

~~ Maintainability Symposium , Los Angeles , California. The following is the description
given in the paper for computing the return on an investmen t in reliability activity
during acquisition .

_ _ _ _ _ _ _ _ _ _  U
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Return of invectment (Rot) is simpl y the annual return divided by the investment
cost. In the context of this paper :

ROl I = 
CO-CN (1)
CR

where :

CO = annual maintenance costs of a system procured wi thout  a re l iabi l i ty  program.

CN annual maintenance Cost of a system procured with a reliability program.

CR — cost of the r e l i a b i li t y  program .

Further  expanding the terms :

CO = V( l )  V(2)  V(3) V(4)  • l2  .V ( 5 )  (2)

whe re:

V( l )  = f ie ld  fa i lu re  rate of a system procured without  a re l iabi l i ty  program .

V(2)  = number of pa r ts in the system

V(3) = number of systems instal led.

V(4) — operating hours per month .

V(5) = cost to repair a failure.

CN = V(6) V(2) V(3) V(4) ~l2 ~V(5) (3)

where:

V(6) = field failure rate of a system procured with a reliability program .

Remaining terms as defined above .

CR = (CM + CL + CT) (1 + V(26)) (1 + V(27) (4)

wh ere:

CM = cost of materials (i.e., parts screening)

CL — cost of labor for reliability activities excluding test related activity.

CT = costs of all reliability tests including labor and failure analysis activity.

V(26) = G&A overhead factor .

V(27) — profit factor.

Further expanding the terms of Equation 5:

CM = V(2) V(3) V(7) (1 + V(8)) V(33) (5)

where (new terms only):

V(7) = cost of screening per part.

V(8) — materials overhead factor.

V(33) = ratio of semiconductors to total parts.

NOTE: This equation considers only the cost of semiconductor screens (i.e., micro-
circuits per MIL-STD-883 and other semiconductors per TX (specifications). Other
populous high reliability parts (e.g., parts per ER specifications) are available
without extra cost over standard parts.

CL — V(9) V(lO) V (ll) V(2) + V(12) V(l3) V(14) V(2) (6)

where:

V(9) — engineering costs per hour .

V(lO)— engineering overhead factor .

V(ll)— no. reliability engineering hours per part.

V(12)— QC inspection costs per hour .

V(13)= factory overhead factor .
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V(l4) — QC inspection man-hours/part due to reliability program .

NOTE: This equation computes the cost of routine reliability and QC inspection efforts
caused by the reliability program. It is assumed that the amount of effort is
proportioned to the complexity of the equipment.

CT — CABI + CRET + CRQT + CSBI (7)

where:

CABI = costs due to assembly burn-in.

CRET = costs due to reliability evaluation testing.

CRQT — costs due to reliability qualification tests (demonstration).

CSBI — Costs due to system burn-in .

Expanding the terms of Equation 7:

CABI = G~H (8)

when:

C = total hours of burn-in required for special assemblies (e.g., power supplies).

H = cost per hour for test technician and failure analysis.

Expanding the terms of Equation 8:

G = V(2) V(3) V(15) V(l6) (9)

where :

V(15) = ratio of special assemblies to total parts.

V(16) = length of burn-in per assembly.

H = V(32) V(17) V(13) + V(6) V(21) V(18) V(9) V(l0) V(19) (10)

where:

V( 32) — ratio of technical time to burn=in (assuming that continuous monitoring
is not required for assembly burn-in).

V(l7) — cost of test technician per hour.

v(2l) — ratio of failure rate experienced in burn-in to field failure rate
(also used as ratio of failure rate during reliability evaluation test
to field failure rate).

V(18) — number of parts per special assembly.

V( 19) — engineering hours needed for failure analysis per failure.

Returning now to Equation 7:

CRE T — V(20) (AX) (11)

where:

V(20) — length of reliability evaluation test (operating hours)

AX — cost of RET per hour.

Expanding AX:

AX — V(17) V(l3) V(34) + V(6) V(2 1) V(2)  V(9) V( l0)  V( 19)

where:

V(34) — ratio of technician time to test hours assuming continuous monitoring
and a test cycle including “equipment off” periods which do not count
as operating time (i.e., countable test time is less than calendar time).

All other terms as defined above .

Continuing with the terms of Equation 7:

IT (12)
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when :

Ax — reliability demonstration test time .

AB — cost per hour for reliability demonstration test.

Expanding terms of Equation 13:

AA — 1 V(22) V(23) (13)
V(6) V(2)

where :

V(22) = the ratio of specified MTBF (mean time between failure) to field MTBF .
It is assumed the test specified MTBF will be higher than the field
MTBF . No retest is assumed as the reliability evaluation test should
have provided enough data to allow the specified MTBF to be met during
the test .

V(23) — ratio of required test hours to specified MTBF .

NOTE: The remaining terms have been defined and provide the field MTBF .

AS = V(l7) V (13) V(34) + V(6) V(9) V(l0) V(19) V(2) (l3a)

Where all terms have been previously defined .

Concluding Equation 7:

CSM =(V(3) V(24))~’J(l7) V(l3) + V(9) V(l0) V(l9) V(6) V (25) V(2)) (14)

where :

V(24) = hours of burn-in required per system .

V(25) = ratio of system burn-in fai lure rate to field failure rate.

All other terms previously defined.

Rate of return compares investment costs to annual recurring cost savings. Initialr O&M cost savings are handled by subtracting these from the investment cost. For example ,
the paper shows that a reduction in the cost of initial spares procurement can be con-
sidered an immediate return and hence , subtracted from the cost of the reliability pro-
gram .

LCC CONFIDENCE INTERVALS: Given the appropriate development , production , and operation
and support costs for a system, one can then sum them to estimate total life cycle costs.
It is obvious that , since each estimate is subject to some degree of inaccuracy or error ,
the total LCC will be sensitive , in different degrees, to some combination of the inlerent
errors . The following are extracts from am RADC study aimed at quantifying model sensi-
tivity and developing procedures for estimating confidence intervals for LCC models . The
work is still in progress and so is not available in the literature .

APPROACHES TO HANDLING UNCERTAINTY: The benefit derived from achieving Cost visibility
is greatly diminished if projectTons are frequently wrong and the costs portrayed are not
representative of reality . As a result , methods must be used to account for the uncer-
tainty involved and in this manner develop more credible projections of LCC.

Complete certainty can be obtained only from a historical perspective and this is too
late to assist in the planning of the project at hand . However , various approaches to
handling uncertainty are available and have been used at one time or another . Four of
these approaches are briefly discussed below.

Safety Margins: Perhaps one of the oldest techniques for protecting oneself against
uncertainty is to provide a margin of safety in the estimates of critical parameters.
Quite often , the worst possible value of a parameter is used to represent the projected
outcome. While this procedure can be used to establish an upper bound on possible costs .
it can work to the disadvantage of a program by eliminating certain courses of action as
too expensive when , in fact , they may be too expensive only if the worst possible set of
circumstances occur .

Expected Values: Basing decisions on an expected outcome ma~ well be one of themost common decision-making procedures in use today . The advantages of this approach is
that it requires only a single estimate representing what the analyst feels will actually
happen . Also , if the decision is made many times , the expected return will be realized .
The disadvantage is that the degree of uncertainty that may affect the final decision is
not reflected and ~t may not be possible to make the decision many times.

Sensitivity Analysis: Sensitivity analysis is another fairly common way of treating
uncertainty. Use of this approach calls for one value , such as reliability, to be varied
over its range while other values are held constant. This makes it possible to determine
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the degree of sensitivity that a LCC estimate has to various input parameters. The
technique works best when uncertainty exists about only a few parameters and when the
parameters are independent (i.e., the effect on costs of the various parameters is
separable). However , when uncertainty exists in a large number of input variables , the
number of possible combinations of values becomes very large and may prohibit one from
analyzing all possibilities . Also , the likelihood of some combinations occurring will
be much less than the likelihood of other combinations . Straightforward sensitivity
analysis will not reflect these changing probabilities and a LCC resulting from extreme
values of all input parameters will appear just as likely as one resulting from the use
of average input values.

Monte Carlo Simulation: Monte Carlo simulation provides yet another way of accounting
for the uncertainties in input parameters of a LCC analysis. Such an approach requires
that information concerning input variables be available to the LCC analysis model in the
form of probability distributions. This means that either the raw input data must con-
sist of probability distributions or else the model itself must convert deterministic
input data into a probability distribution .

Likewise , the model output consists of a distribution of life cycle costs.
From this output distribition it is possible to determine both the expected life cycle
cost and the uncertainty associated with the estimate .

There are several advantages of a Monte Carlo simulation approach to LCC analysis
over the more traditional sensitivity analysis approach . First , and perhaps most im-
portantly, it provides information concerning the probability of occurrence of specific
life cycle costs. LCC values arising from a sensitivity analysis are simply point estim-
ates of a life cycle cost and nothing is formally given about the likelihood of any
particular value occurring. Common sense tells us that the occurrence of extreme values
in two or more parameters simultaneously is not as likely as the simultaneous occurrence
of more moderate values. However, this difference in probability is not quantified dur-
ing a normal sensitivity analysis where it can be when the analysis is conducted by
Monte Carlo simulation.

Second , it relieves the analyst of the responsibility of deciding what combina-
tions of parameter values to use in calculating a life cycle cost. Deciding which corn-
binations of values warrant investigation and then making the proper calculations can
be a burdensome task when there are a large number of input parameters.

Because of these advantages, a Monte Carlo approach to LCC analysis will be
discussed further.

A Simulation Approach to Life Cycle Cost Analyses: There are several major consider-
ations that should shape the development of any simulation model being designed for use
in conducting a LCC analysis. First, it must be as accurate as possible. Next , it
should be simple to operate and last, the output should be structured so that it is
easy to understand. It is only by following these guidelines during model development
that proper visibility can be given to the costs incurred by an equipment item over its
life.

Model Accuracy : Model accuracy is largely a function of three things. These are

Validity of the input data .

Completeness of the cost categories.

Treatment of the costs within the model.

Validity of the input data is in many respects an intangible that is difficult to
quantify. It is dependent both on the ability of the analyst to extract and formulate
the data as well as on the availability of data sources. As a result , the validity of
input data can vary greatly from application to application . To accommodate this
situation , data input requirements for a model should be as limited as possible while
still enabling the model to meet its output objectives. This point is pursued further
in the discussion on model completeness immediately below. L

Insuring that the cost categories of a model are adequately complete requires a
great deal of attention. The model must contain a sufficient number of categories to be
complete and also provide sufficient detail for control and decision-making purposes when
evaluating design trade-offs. At the same time, the number of categories must be re-
stricted in order to retain simplicity . The exact structure of the Cost categories
should represent a balance between accuracy and simplicity . The ultimate model structure

~~~ is therefore somewhat dependent on the use to be made of the model results.

The use of CERs introduces a unique problem when insuring that the cost categories of
a model afford complete coverage. CERs are not always straightforward and the original
cost data upon which the relationships are based may not be readily available for analy-
sis and verification. This means that the use of CERs should be restricted to those that
are thoroughly documented or that can be verified in some manner .

Treatment of costs within the model may consist of simply summing up costs in dif-
ferent categories . The main c.tution to be observed on this point during model develop-
ment is to make sure that all relevant costs are included and that none are included
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more than once . This is particularly true if CERs are used to estimate cost. As stated
earlier , the model builder must know in detail what costs are covered by a specific CER.
One should also be willing to judge whether or not the history represented by the ~lddata points used to structure the CER will repeat itself in the app lication being analv~’ed .

One other top ic that needs to be considered when discussing the treatment of costs
within the model is the Monte Carlo sampling procedure. A Monte Carlo Procedure operates
by taking samples of possible values of input variables and combining them as dictated
by the logic interna l to the model to produce a final result. The input variables on
most models are independent which means that any value of one variable can be selected
and combined with any value of another variable. This is not always the case when dea l-
ing with a cost model and requires special attention to insure that the model yields
acculate results.

T~ie problem of dealing with dependent input variables (i.e., dependent cost categories)can be solved In two ways . The first is to combine all cost into more highl y aggregated
groupings which are no longer dependent. This is not desirable if the model is to be
used to evaluate design trade-offs because the necessary cost detail will be lost.

The second method involves modifying the normal sampling procedure used by a Monte
Carlo model. The cost categories mus t first be ranked in a priority or precedence order .
This order can change from sample to sample , but must remain constant during a single
sampling operation . The model will then obtain sample values of all input variables in
the order dictated by the priority listing. The first value obtained will be selected
from the entire range permitted of that variable . However , from that point on each
subsequent variable will be checked to determine if a dependence exists between it and
the variable previously selected . If a dependency does exist , the potential range of
the second variable will be restricted to reflect the dependency relationship. The type
of restriction imposed is dynamic and will vary from sample to samp le during the simula-
tion run. Model complexity will be greatly reduced if the priority list can he structured
so that each variable will have to be checked for dependency only against the one pre-
ceding it on the list.

Simp licity of Operation: Simp licity of model operation goes a long way toward es-
tablishing its eventual usefulness. A model that is too complex to operate will not be
used enthusiastically and as a result , may fall into disuse. As far as an analyst is
concerned , simp licity of operation is determined by the requirements imposed on structur-
ing the input data . Care must be exercised in this regard when dealing with Monte Carlo
simulation models. Traditiona l thinking says that better results will be obtained when
more precisel y structured input data are used . With Monte Carlo models this often means
that input data must be structured in the form of a histogram or probability distribution .
This is a severe requirement and one that can only be carried out with difficulty for
typical life cycle cost data .

An alternative to this approach is to structure the model so that it fits a
known probability distribution around some type of point estimate (or possibl y around
a point estimate along with an indication of the distribution variance) . It is something
close to this latter approach tha t is recommended here in order to achieve the required
simp licity in struc turing the Input da ta .

It is felt that a limited choice on the exact form of the distribution to be
used can be left to the analyst without introducing undue comp lications. The recom-
mended forms are tither the uniform (i.e., rectangular) or the triangular distribution .
Either of these can be easily specified by indicating the mean and a range around the
mean . This type of estimate eliminates the need to formulate a probability statement
to describe every piece of input data. Data items known with complete certainty would
be input as a single point with no range associated withthem . The rectangular distribution
would be used when it is felt that no information whatsoever is available about the
magnitude of the estimated or future cost with respect to its estimated range . The
triangular distribution lends itself to the situation where sufficient information is
available so that one is at least able to say that the occurrence uf a cost near the cx-
treme end of the estimated range is less likel y to occur than a value near the estimated
expected value. It is logical that as the life cycle progresses through the conceptual ,
val id a t ion  and development stages , the a b i l i t y  to re f ine  cost estimates will increase.
This should resul t  in a general narrowing of the input cost ranges as well as a shift
from rectangular  distr ibutions to t r i angu la r  d i s t r ibu t ions . In add i t ion , the emergence
of primary cost drivers , possibl y as the result of sensitivit y analyses , w i l l  occur and
emphasis can be placed on refining these estimates to a higher degree than the less
important cost estimates.

Mode l Output Structure: As indicated earlier , the prime consideration in structuring
the output Is to make it easy to understand and thus give visibilit y to the costs (and
the associated uncertainty incurred by an equipment item over Its life .

A basic item of output required from the Monte Carlo analysis is a probability 4
distribution describing the life cycle cost of an item . Thl~ could appear in t abular
form or as shown graphically in Figure 10 below .

Once this  is obtained , it is a relativel y easy matter to give the degree of
confidence associated wi th any particular interval estimate of life cycle cost. The
example in Figure 10 shows that there is a 907. chance that the total life cycle Cost of
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some hypothetical system will be between $1,200,000 and $980,000. A program manager is
now in a much better position to make decisions concerning program funding with uncertain-
ties concerning cost exposed for consideration .

~~~~~~~~~~~~~~~~Confjdence Interval

$Q80,000 $1 ,200 ,000
L i f e  Cycle Cost in Dollars

FIG. 10 - DISTRIBUTION OF LIFE CYCLE COST

It may be desirable to structure the probability distribution of life cycle
cost in terms of a cumulative probability distribution . This information would then
indicate the probability of a life cycle cost having a specific value or less. It could
be shown graphically as in Figure 11 below.

$980,000 $1 ,200,000

Life Cycle Cost in Dollars

Fig. 11 - CUMULATIVE DISTRIBUTION OF LIFE CYCLE COST

In addition , it is felt that an option should be available where life cycle
costs would be broken down into annual amounts. This would provide a cost profile that
would further aid decision-making by giving visibility to the continuing as well as the
peak year funding necessary to carry out a project . The penalty paid for the use of
this option would be an increased requirement for data inputs. Cost data would either
have to be input on a year-by-year basis or else an arbitrary allocation scheme would
have to be exercised by the model to accomplish a year-by-year assignment of cost.

An option could also be provided so that costs could be shown either with or
without the impact of inflation and the application of a 107, discount factor .

EXAMPLES OF LCC MODEL APPLICATION: The most prominent example of the application of life
cycle cost models is the AN/ARC-164 Procurement Program . The program ’s objective was to

L 
produce a low life cycle cost radio to replace a variety of radios used by the Air Force ,
reducing annual maintenance costs and eliminating the costs of supporting more than one
standard radio.
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An LCC model was provided each of the competing contractors who were to use their
f i x e d  price production bid as the acquisition Cost and estimate the O&M costs from Air
Force equations similar to those presented previously.

The achieved LCC was to be verified by actua l field measurements of the LCC parameters
(e.g.. reliabili ty, repair  co st s , da ta cos ts , e tc . )  and an incen t ive/penalty of up to
257. of the contract price determined by the difference between the computer LCC based on
field measurements and the LCC based on the contractor estimates. Figure 12 shows the
incen t ive /penal ty a r rangement .

One other provision was that if the LCC based on field data was 
~~ 

of the bid LCC
no incentive or penalty would be invoked . This  was to a l low for  some uncer tain ty in
the results.

The most significant O&M cost driver was determined to be the reliability of the
radio. The successful contractor , Magnavox , Ft Wayne , Indiana , made his own analysis
of the cost vs the benefit of various values of radio mean time between failures (MTBF)
summar i zed  in Fi gure 13 . On this  bas is , he bid on LCC based on a 1 ,000 hour MTBF. He
then geared his reliability program to achieve that figure and the LCC field tests in-
dica te he ac tual l y did bett er than anticipa ted. The final LCC computation from the
f i e ld  resul ts was wi thin 37~ of the bid LCC and hence , no incentive/penalty was ac tually
paid.

L~C INCENTIVES TO MANUFACTURER
POSITIVE INCENTIVE (% OF A T )

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

.4O
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AT TOTAL AcQu~~mo: 
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.20 + % SAVINGS IN LOGISTICS
MAX 25% A.1. COSTS OVER BID VALUE

NEGATIVE INCENTIVE (% OF A T )

FIG . 12
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This program thus provided a practical exercise of LCC modelling, and its apparent
success in achieving its LCC goals will lfkely lead to more such exercises.

Another app lica t ion of LCC model l ing  is in the use of Reliability Improvemen t War-
ranties (RIWs) where LCC modelling is used to determine whether a warranty arrangment
is more cost effective than the normal situation of maintenance by the purchasing organ-
iza t ion . The RIW requires the producer to make all repairs to his product for an ex-
tended period of t ime (normally 3-5 years) and hence , is an incentive for him to make
a l l  possible cost-effective improvements to reliability and maintainability . In app ly- S
ing the warranty, the cost of the warranty and its benefits are weighed against the cost
of organic main tenance , through LCC model l ing .

One applica tion of a RIW was to the AN/ARN-118 TACAN procurement. A life cycle cost
anal ysis determined that a four year warranty followed by organic maintenance would have
a lower LCC than pure organic maintenance for a ten year life cycle.

The con tractor also committed himself to an MTBF guarantee of 800 hours. This
provision required the supp ly of additional spares to the Air Force if the field MTBF 9
did not achieve 800 hours, The contractor hence had an incentive to achieve high reli-
ability both to reduce repair costs for higher p r o f i t under the warran ty fee , and to
avoid the penalties of not meeting the MTBF guarantee. Latest field results indicate a
MTBF of 1800 hours is being achieved. The success of this program will undoubtably spur
the further use of warranties , and LCC modelling will be required in each application to
weigh the life cycle costs of the warranty approach against those of the conventional
approach .
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FR0BL~21S IN THE INV~~TIGATI 0N OF RELIABILITY—ASSOC IATED LIFE—CYCLE COSTS
OF MILITAR Y A IRBORNE SYSTE~’1S

by
PG Reich

United Kingdom Ministry of Defence

SUMMARY

Improved control of those life—cycle costs that are aasociated with reliability
requires better understanding of how they arise, and of the relationships between
the many possible sorts of investment in better reliability and maintainability
and the benefits it achieves. Basic problems in deriving the8e relationships are
discussed , with particular reference to overcoming difficulties of data acquisition ,
and to methodolo~~ for handling such complex properties as the “reliability” and
“maintainability” of airborne weapons systems . Specific problems of Cost Analysis
are discussed , including some novel aspects of “burn—in”. The need is stressed for
dealing with operational effectiveness on a par (and jointly) with cost estimating,
if the results of the latter can be expected to have a sigoificant influence on
decision—making: some of the consequent problems of analysis are considered. In
the conduct of projects , the importance is stressed of providing an adequate
information system , to aid timely decisions on the tr ade—offs and investments
associated with reliability and maintainability.

INTRODUCTION

1. It is first necessary to explain the term “reliability—a8sociated life—cycle costs”. This is taken
here to include any co8t incurred in achieving, improving and accommodating the properties of “reliability”
and “maintainability” that are experienced in service. In what follows, these propert ies will be
considered jointly ( for reasons that will appear) and will be referred to as “R & M” .

2. The coats discussed in this paper fall into two math categories:

a. U & M investment costs: these are the costs attributable to activities that are aimed at
achievi ng or improving the reliability and maintainability of systems. Figure 1(a) depicts the
phases during a life-cycle in which these activities can take place. It is to be noted that invest-
men t can continue after equipment enters service , in the form of modifications programmes aimed at
improving B & t’~.

b, Support cost,. associated with B & M: these are the costs of maintenance attributable to
“unreliability” and “unmaintainability” that is expe”ienced during the service life of the aystesn.
Figure 1(b) illustrates the sort of ca8h flow associated with these. It rises sharply during the
initial provisioning of spares, test—equipment and other supporting items, shortly before entry to I’
service. After this point it may fluctuate considerably, for various reasons, but particularly as
the amount of repair work or scheduled maintenance changes in response to initial learning processes
and to R & M modifications programmes.

3. There seems to be considerable scope for controlling life—cycle costs through savings in these support L
cos ts , since they make an important contribution to overall expenditure. In Reference 1, for instance, a
break—down of Royal Air Force Costs suggests that as much as 3~ & — 40% of the annual RAP budget might be
attributable to them.

4. Authorities in life—cycle costing have , however , also stressed (References 2 and 3, for example) that
the potential life—cycle costs of airborne weapons systems are largely determined in the extreme ‘fro nt
end’ of projects (ie before full—scale development has begun), particularly in the conceptual phase. I
do not propose to challenge this, but would point out that provisions to meet requirements for enhanced
‘performance ’ capabilities (in relation to those of earlier projects) can strongly influence the initial
desigo options. They may therefore limit, to some extent, the control of life—cycle costs that can be
exercised in the early phases , unless , as seems unlikely, large extensions to delivery time—scales are
amongst the acceptable options.

5, Recent studies in the tIE, sponsored jointly by the Royal Air Force and the Air System Controllerate
of Ministry of Defence (Procurement Executive) have explored in detail the costs of R & M investments,
and their relationships with life—cycle support costs. They have also been concerned with the influence - -

of R & M investments on the operational effectiveness of aircraft fleets , sad with the effects on dates of
delivery to service tha t might result from additional B & M activities during project definition,
development and production.

6. The question of ‘operational effectiveness’ will be discussed in more detail later, but, before
proceeding, some clarification is needed. Expressions of operational effectiveness can take the following
forms:

a. extent of training programmes, or other exercises , that can be undertaken in peacetime

b. potential flight—line availability in case of periods of tension or war

c. effectiveness , given full serviceability on the flight—line, that would be achieved during
operational sorties in representative war—time scenarios.

_ _ _ _ _ _ _ _ _  
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Of course, a. is mainly an adjunct to a., in that it determines the potential fitness of air and ground
crews for wartime roles.

7. Life—cycle support costs , and particularly those attributable to R & M, can obviously be varied in
accordance with the level of operational effectiveness that is sought, or permitted. It is therefore
necessary to establish some reference level of effectiveness, if comparisons of life cycle costs are to be
useful. The influence of a. upon c. is not easy to quantify, and a convenient working assumption is to take
the level of a. observed in recent practice to be adequate (ie to assume that c. would not be eigeificantly
greater if a. were increased).

8, If one is seeking the reliability that minimises life—cycle costø at some fixed level of operational
effectiveness, then the familiar representation of the optimising process needs modifying along the lines
shown in Figure 2. To the pair of curves (I and II in Figure 2) that are ueually shown is added Curve III,
to represent the coet of making good the lose of effectiveness that is due to unreliability. Means for
this were considered in a paper given in Lecture Series No 47(Reference 4) and included, for example, such
means as simply increasing the size of the aircraft fleet. It is seen that, when the operational
effectiveness’ factor is taken into account, the effect is to increase the estimate of the optimum level
of reliability,

9. In recent studies, we have simplified matters by considering investment coats and benefits in relation
to levels of investment cost, and of U & M, that are estimated from systematic observations of equipment
already in service. The “benefit” is expressed in terms of both reduced support cost and increased
operational effectiveness.

10. There are two ways in which the support costs associated with R & M may be controlled. The first is
through changes in the inherent reliability and maintainability: the second is by changes to maintenance
practices, so that the costs of dealing with given levels of R & M may be reduced. In the recent studies
mentioned earlier, the main emphasis has been on the former. Rowever , during the course of the studies
some indications have been given of the scope for reducing costs by improving maintenance practices, to
be compared with the potential savings from improving the R & M levels themselves.

STRAT~X~Y FOR EXPLORATION OF INVESTMENT/RZPUEN RELATIONS

11. The prospects for drawing useful inferences from a purely statistical treatment of costa in past
projects on airborne systems appear to be very poor. The R & N investments and returns are confounded
with many other important factors ( including the prevailing accountancy procedures, sad the particular
levels of system capability or technology demanded).

12. One is therefore forced to consider the detailed mechanisms by which investment in U & N activities
has influenced, or could have influenced, support costs and operational effectiveness. To investigate all
such mechanisms over a number of whole airborne weapons systems * would be an enormous teak. It would
also fail to exploit the observation that some of their aub_systeme* lend themselves much more readily
than others to such quantitative study, and that some contribute very much more than others to support
costs or to loss of operational effectiveness.

13, The problem ,then ,is to make a suitable selection of sub—systems for detailed, “case—history”,
treatment. The criteria foz selection are likely to include:

a. A well—reco rded and intelligible programme of development

b. A well— recorded history of in—service “R & M” modifications and their implementation.

c. Technology that is sufficiently modern to be representative of future projects.

d, Accessible data on H & M levels experienced in service, and from which to estimate their
influences on maintenance costs sad operational effectiveness.

These are not as easily satisfied as might be imagined, a priori, and in practice the number of cases
worth considering for detailed investigation may not be very large. The selection of sub-systems finally
chosen for the recent UK Studies is shown in Figure 3.

14. Following selection of the sub—systems, a method of study for each one can be outlined as follows:

A. Collection of representative samples of data on defect rates, associated maintenance activities
and unit costs of the activities.

B. Collection of samples of data from which to estimate losses of operational effectiveness.

C. Estimate the life costs of maintenance associated with identified generic types of cause,

D. Estimate the losses of operational effectiveness associated with generic types of cause.

* The term ‘airborne weapons system’ is used to describe a whole aircraft and its payload. The term
‘sub—system’ is used to denote a functional portion of this whole. Examples of sub—system are air-.
conditioning, propulsion, nay—attack, communications transceiver, etc.

_ _  _ _ _ _ _ _ _ _ _ _ _ _ _ _
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H. Highlight the most important causes of maintenance costs and of loss of operational effectiveness.

F. Conduct historical review of the project with particular reference to the cost and effectiveness
of the U & N *ctivities,and to other factors affecting in—aervice reliability.

G. Kypothesize (and asaign costs to) additional ft & N activities that might have been profitably
applied at varioua stages of the project.

H. Estimate the B & N gains associated with these additional activities.

I. Translate these gains in B & N to savings in life maintenance costs and increased operational
effectiveness,

J. Generalize the results of I to cover whole airborne weapon systems , sad indicate potential returns
on investment in future projects.

K. Give a paradige for the conduct of B & M activities in future major projects, based on A to J above.

It is seen that steps A through I constitute a detailed “Case Study” of each sub—system, and that this
involves a thorough investigation of the “background”; ie, to the initial operational requirements, time-.
scales, contractual arrangements, and revisions to specification; etc. Steps G through I concentrate on
the potential for improvement (one measure of which is the achievable reduction in life—cycle costa) to
guide the formulation of policies for future projects.

DIFFICULTIES OF DEALING QUARTITATPrELY WITH B & N

15. Complexity of R & N properties: The conduct of the Case Studies has served to remind us that
“B & M” of modern airborne weapons systems (and of their constituent sub-systems) are in reality very
complex properties. All definitions of B & M prove more or less unsatisfactory, either because their
application is aimed at too restricted a field, or , if they are intended for general use, because their
constituent terms are vague.

16. Consider , for instance, the definition of reliability given in Reference 5, which , as an attempt to
describe the concept briefly, seems at least as good as any other:

“The ability of an item to perform a required function under stated conditions for a stated period of
time”.

It is when one comes to quantify ‘ability’ and ‘time’, and to specify ‘functions’ (and what constitutes
satisfactory functioning) and ‘conditions’ that the difficulties begin. Imagine, for instance, the
multiplicity of functions of even one sub-system (eg an airborne interception radar or nay—attack equipment)
and the enormous variety of event sequen~es that can be demanded by the operator within a time—eegsent, and
it is soon appreciated that~reliability of a whole tactical aircraft is an extremely complex property.

17. The concept of maintainability also presents difficulties. Some attempts at definition address it in
terms of the time, or of manpower needed, to repair defects. It becomes clear, however, in Case Studies of
the type referred to above , that the cost, duration and frequency of scheduled maintenance should also be
taken into account when defining quantitative measures of maintainability.

18, Inter—dependence of B & N: The scheduled maintenance implies policies for assigning fixed intervals
for the replacement or refurbishment of certain components or sub-assemblies. It is then impossible to
treat reliability and maintainability independently of one another. Indeed, rates of ‘defects’ or
‘failures’ are often controlled by means of these ‘life—j ag ’ policies, the most familiar examples perhaps
being found in jet engine components. For some purposes, scheduled maintenance can be treated as the response
to patterns of regularly occurring defects. Its effects on life support costs, for example, can sometimes
be estimated in a similar manner to those of randomly occurring defects. Dealing with consequences to
operational effeotiveness, however, calls for a sharp distinction to be made between scheduled and un-
scheduled activities. Additional expenditure on scheduled maintenance activities, spares holdings etc can
provide a means for achieving increased ~vailability’.

19. H & M may also be considered to be interdependent in another sense. Engineering design that is aimed
at reducing the cost or duration of individual maintenance activities (for example, by making sub-assemblies
or components more easily accessible) can lead to higher rates of defects. Multiplicity of interconnections,
in the interests of modularity, has sometimes been identified as a cause of loss or reliability.

20. Pitfalls: It is common practice to express reliability in terms of a mean interval (eg operating hours ,
flying hours, number of eorties, eta) between specified eventa (eg failures, defects, maintenance actions,
roplacemente , eta). This tends to give the impression that reliability is simple to deal with, which may
well be the case with, say, domestic television sets, in which both the usage and the forms of failure are
well established and predictable. With airborne weapons systems, however, there can be enormous variety in
the conditions prevailing during an “interval”, and in the types of “events”. The variations in the conse-
quences of an “event” (as measured by repair cost, or lose of mission effectiveness, for example) can be
very large. Thie is why “Reliability Growth Models” that deal in systematic trends in mean time between
failures can be so misleading, since the residual types of failure may have disproportionately serious
effects as compared with those that have been eliminated.

21, Slow emergence of B & N characteristics: It is important to recognize that, at the start of a
major airborne weapons systems project, there can only be a vague notion of the more significant forms of
unreliability that are going to reveal themselves during development and production , and , subsequently, in
operational service. Which is to say that specifications of Mean Times Between Failures cannot serve as
much more than a frame of reference in the initial phases of a project. Data that are potentially accessible
during late development, particularly after flight—testing hae commenced, can be ueed as inputs to cost/
effectiveness studie, a-’ that the most worthwhil, improvements to ft & 11 become identified in a progressive
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manner. The specification of R & N objectives during a project is essentially an iterative process. They
become more realistic and closely defined as the project progresaea, Although an overall MTBF, with a
detailed breakdown between sub-systems should be assigned initially, the counting of “failures” and what
is to contribute to accumulated “time” 1, negotiable in the light ~f experience. The main problem is to
convert the flood of data that is released, or potentially available, during development, production and
early service into a timely flow of feedback information.

22. These characteristics of the B & M properties of complex systems , rule out the more obvious approaches
to studying the investment/return relationships. For example, it might have been supposed that the following
method could be followed:

a. Establish the relationship between investments in B & N, and the changes thereby induced in rates
of defects, rates of scheduled maintenance activities, repair times etc.

b. Independently of a. establish the effects tha t given changes in the rates of defects, etc. have, or
would have, on support costa and force effectiveness. p
a. Combine the relationships of a. and b. so as to derive the required coat/benefit relationship8.

In practice, such a method is not feasible, for the basic reason that it is not until one has investigated
the nature of the defects, scheduled maintenance actions ete, that one knows how to express usefully changes in
their rates, T’ .tr nature is understandable only when both the following properties have been inveatigated~—

a. The ultimate influence of all observed types of defect, and scheduled maintenance actions etc. on
support costs and operational effectiveness.

b. The aechanisms whereby changes in engineering practices can change the incidences of the observed
kinds of defect, etc.

It is therefore apparent that an iterative approach is required, in which the appropriate classifications
of alleged defects become increasingly evident as more is learned of their basic causes sad effects.

OTRER BASIC PROBL~}1S

23. Most of these basic problems are associated in some way with difficulties of acquiring the necessary
data. To some extent they arise because the recording and processing of data suitable for ft & N investment/
return studies has not been a major pre—occupation of routine data systems. To this extent they can be
overcome in future studies, but several fundamental problems will persist.

24, Before considering these further, it is well to remind ourselves of some of the main items of B & M—
associated costs that have to be taken into account, These are set out in Figure 4, in which it should
first be noted that the items of investment cost listed in Figure 4a represent a broad classification. In
practice they have to be broken down further into numerous sub—divisions to correspond to the many forms
that ft & N enhancement activities can take. There are general problems in deriving development and pro—
duction costs, and their availability is dependent on type of contract. Attribution to their H & M
content is inherently difficult, because B & M activities tend to be embedded in the more general processes
of development and production.

25. Several points emerge from the matrix of ft & N—associated support cost items ahown in Figure 4b. The
first is the complexity of the process of estimating these costs, particularly when one recalls the variety
of unscheduled maintenance actions (eg to deal with many types of genuine defects, of alleged defects tha t
are not confirmed, and of accidental damage not attributable to unreliability, eta). The second point is
that it would be very remarkable if routine data systems were to provide directly the entries to elements
of the matrix, for a particular type of aircraft: and even sore remarkable if these were directly available
for sub-systems of the particular type of aircraft, It is found in practice that the processes of
estimating these entries are speculative and to some extent, arbitrary, largely because of problems of
attribution. One has to proceed through indirect measures of cost, such as the manning levels or manhours
attributed to particular sub—systems. Moreover, it is necessary to take into account items of ‘fixed outlay’
(in addition to running costs) that consait expenditure even before systems have entered service. The
further process of associating support coats with particular kinds of defects or scheduled maintenance
activities, (and hence to specific deficiencies of U & N for given sub—aystema , is therefore one of gross
approximation. The process is , however , well worth attempting, because useful assessment of coat/benefit
ratios can be made even though the estimates of the B & N—associated support costs are no better than a
binary order of approximation.

26. Multifunctional Organisationa Several large orgsnisations serve as sources of data for the above
estimates, involving manufacturers and procurement agencies, as well as the operators of the weapons systems.
Difficulties of attribution arise because these orgmnisations are, of necessity, concerned with a wider
range of functions than is implied by the acquisition, support and peacetime operation of the particular
systems under study. Manufacturers, for instance, say be concerned with a much wider range of product, ,
and their spare psrte and repair facilities may serve a variety of cuetomers , yet be subject to some common
overhead Costa. Maintenance personnel of the armed services are likely to have potential wartime roles
(eg repair of battle damage ) in addition to peacetime functions , and their manning levels are likely to
reflect the several functions. For this reason alone, H & M investment/return studies must be based on
estimates of the marginal effects of changes in investment ~~d demand. Great care has to be taken when
quoting unit costa , particularly with respect to defining the reference level, of cost/activity upon
which they are based. The need is also implied to construct from paet experience a picture of procurement
and operation tha t can be periodically updated to tak e accoun t of general trends within the organisations
concerned.

27. Operational effectivenesa data. Without going into detail at this stage , it should be pointed out
that difficulties of data acquieltion are by no means confined to those associated with costing, In
particular, the estimation of loss of potential wartime effeotivenesa by aircraft fleet., due to B & M
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shortcomings, makes demande for data that are extremely difficult to satisfy through routine peacetime
procedures of data record ing. The influences of defects on operational effectiveness are no less varied
than their influence. on support coats.

28. Basic sampling problem, It is inevitable, if recent (and , therefore, technologically representative)
system acquisitions are to be studied, that samples of defect rates, and other rates of maintenance
activities, are based on a relatively short aegeent of in—Service life (eg upon the first 3 years of a
service life of 10—15 years). Variations of such rates throughout service life are illustrated in Figure5. It is to be expected tha t , for any one sub—system , several plots of this kind would be required, each
corresponding to one of the several kinds of “significant” defect or scheduled maintenance action tha t have
emerged in service; (Ic ‘significant’ with respect to support coat or to operational effectiveness). One
cannot avoid speculative assumptions on future trends. One can ensure, howeve r , that in comparing returns
on B & M investment to be expected from different kinds of system, or sub—system , that the aaaumption a (eg
on learn ing processes, on the ameliorative effects of modification programmes, and on ‘ageing’ processes)
are reasonably consistent.

WARNING ON LIFE—COST MODELLING

29. The foregoing paragraphs are sufficient to alert the reader to the dangers of embarking, ab initio , on
the construction of elaborate models of life—cycle costing. As in most areas of operational research, the
models and their input data are in a ‘chicken and egg’ relationship. My advice is to take a look at the
available sources of data and start with the simplest of models , then reconsider the forms of data that
could be useful , and continue iteratively. It weems doubtful whether elaborate models would ever be
juatified in the study of B & N investment/return relations, in view of the basic assumptions tha t have to
be made. I am inclined to extend this advice to all forecasts of total life—cycle cost of high performance
airborne weapons syatema , on the grounds that , to be valid , these must take accoun t of operational effect-
iveness levels to be achieved during service life, and that the prediction of these will  always remain
imprecise.

SPkX IFIC PROBL~)!S 01’ DATA ACQUISITION

30. Incidence of dsfects~ In addition to the Inherent variations in defect rates during service life
(pars 28, above), three potential sources of gross errors of measurement have to be dealt with:

a. Defects of a sub—system may be wrongly attributed to other sub—systems of the aircraft. It is
therefore important to define unambiguously the sub— systems under study and to ensure that the system
of reporting is capable of associating identified defects with the parent sub-system, particularly when
these occur in components of a type that is common to more than one sub—system.

b. The operational usage of the sub-system during the period sampled may be un typical . For avionics
equipments, in particular , the use of ~~apaed Time Indicators is helpful , and so also are mean s of
collating routine streas measurements on the aircraft (eg from “g’ meters).

a. Even with the above facilities, there is the risk of attributing flying hours of an aircraft fleet
to sub-systems (particularly avionics) that have not in fact been carried, or operated, on all flights.
It may be that the only way to guard against this, withou t imposing a tedious burden on routine
maintenance reporting~is by a system of spot—checks at operational atation~.

31. Assigning causes to defects, The moat cost-effective improvements in B & N policie8 cannot be found
unless the causes of defects from past projects can be identified. This is by no means as straightforward
as might be thought, because the reporting of defects leaves such scope for interpretation. It seems to be
common experience that a substantial proportion of defect reports is ultimately classified as ‘no fault
found’. Where a fault is confirmed , it may be attributable to mishandling rather than , say , to engineering
design, or faulty workmanship. Close investigation of patterns of defects reported by the routine data
system often leads to a changed diagnosis; for instance , through the highl ighting of “epidemics” at cen t res
of operation or maintenance, or of associations between defects and particular tail—numbers in the aircraft
fleet. For many sub-systems (eg complex avionics and propulsion) partici pation by the respective manu-
facturers is essential to useful diagnosis.

32. Effect of burn— in on defect patterns. Since burn— in has become such a common practice, particularly
for avionics sub—systems, it is of great interest to measure its effect on in—service defect patterns,
There is a serious lack of relevant data from peat projects. This can be remedied in future by controlled
experiments that exploit in—service data, and collate them with the burn—in histories of sets of similar
equipments, as described in para 49, below.

33. Spare marts consumption. Special provisions may be needed to determ ine the quan t i t i e s  of consumable
spare parts used , for the sub-systems studied, during a given period of sampling. D i f f i cu l t i e s  are
particularly likely where there are Sorts of spares that are common to several types of aircraft or to
several sub-systems on the same aircraft, In addition to these considerations, there is the question of
‘end effecta ’ if one is forced to use indirect measures of sparse consumption ; such as the quant i t ies  of
spares of a given sort, tha t are ordered (or delivered ) from tiwe to t ime .  In this case the length of
sampling period should be sufficient to keep the quantizatlon errors within acceptable limits. Some
organieations , particularly the manufacturers of the sub-systems, may not have a standard practi~ e ~f
accounting separately for the spares , labour and overheads attributable to repairs and reconditioning,
in which case further special provisions may be needed, for atudy purposes.

34, Manpower consumption. The same difficulties of attribution that apply to the measurement of spare
parts consumption apply also to manpower consumption. Additionally, there is the problon of distinguishing
between the manpower ueed on reliability — associated activitiee from that consumed by other duties of
maintenance personnel (such as re—fuelling , f l ight—line aircraft handling, role—charge e tc) .  Th~ most
direct means of estimating manpower is from the records of manhours a t t r ibuted  to par t icular  tasks at the
several lines of maintenance. It Is desirable that these be checked by assessments of the manning levol~associated with particular types of aircraft, with a breakdown, where possible , applicablo to the sub—



systems being studied.

35. Quantities of rotable spares. It may not always be posaible to distinguish the purchase of those
equipments (or parts thereof) that are intended as the basic aircraft fit from those needed as ‘pipe—line’
stock to support repair cycles. The latter can be an important element of reliability—dependent cost, and,
to estimate it in such cases, data are needed on effective sizes of front—line and reserve fleets.

36. Causes of consumption of spares and manpower, Mention has been made (paras 50 and 51) of the
problems of counting and classifying defects. Even when these are overcome, special provisions may well
be needed if the spares and manpower consumed in a given sampling period are to be attributed to particular
types of def ect and of scheduled maintenance actions. For maintenance within the operator ’s organisations,
it has to be decided whether more detailed inputs to a centralized maintenance data system would be
justified on a routine basis, or whether ad hoc methods of spot—sampling would be preferable. Repair and
reconditioning work by manufacturers poses more d i f f icul t  problems of attribution when sub-contractors are
also involved. In addition to distinguishing between scheduled and unscheduled maintenance there may also
be the problem of separating out work and materials expended on in—service modifications. Within the total
quantities of spares and manpower consumed by the modifications programmes, data will be needed to dis-
tinguish the contribution to those modifications aimed at improving R & M, and to enable this to be
attributable at sub-system level. Such data are likely to be more readily available for the avionics sub-
systems than those parts of the aircraft that are commonly dealt with by ‘blanket’ provision of modifications
funds,

57. Operational implications of R & N. The three aspects of operational effectiveness given in paragraph 6
suggest the kinds of data needed. Routine maintenance data systems may tend to overemphaaiee the effects of
defects on peacetime training activities, at the expense of necessary detail on potential loss of wartime
effectiveness. In view of the many possible wartime scenarios, even for a fleet of aircraft of the same
type , collection of the latter sort of data could impose a heavy burden on maintenance staff , if undertaken
on a routine basis.

58. For the implications of defects dur ing the sorties in which they arise, a functional classification
is needed, suitable for inputs to operational models of combat, support, strike or reconnaissnce activities.
At least, these should distinguish those defects that curtail the sortie, but it is also important to make
finer distinctions in degrees of loss of effectiveness. For example , in the case of radar equipment for
airborne interception, the incidences of losses of the various modes should be distinguishable in the data,
and reductions in ranges of surveillance and missile control should also be recorded. It may well be that the
collection of this sort of data would require special visits by analysts to operational stations, and ,
during these, exceptional contributions from air crews and maintenance personnel. These could be used to
check, and to complement, the day—to—day system of data collection.

39. Flight—line availability at operational stations depends upon both scheduled and unscheduled
maintenance activities. Commonly available data, such as the proportion of aircraft ready to fly at some
stated time of day, are of limited value for application to ~tartime scenarios. They need to be supplemented
wi th data on the degrees of unserv 4 ceability (giving causes) and , In particular, on recovery times. Data
for the latter should be appropriate to assessing the effect of alternative assumptions on maintenance
resources (stocks and manning levels) and on other features of battle conditions, such as damage and
attrition.

SOME PROBLII4S OF COST ANALYSIS

40. Effects of changes in B & Mon maintenance demand. The effects of improvements inR & N (eg those that
could have been achieved with additional investments dur ing development or production) will be to modify
the shapea of the event—rate curves shown in Figure 5.

41. For each classified type of defect or scheduled maintenance action, new curves will be produced,
reflecting decreases in the quantities of consumable spare pmrts , and in the labour required ,for repairs or
reconditioning. The difference between the areas under , respectively, the original and the new curves
gives the reduction in the particular type of running (or on—going) demand on maintenance resources: this
is illustrated in Figure 6. In practice, due to the difficulties enumerated earlier, one may have to
settle for gross simplifications to these curves, using, for instance, estimates of life average rates
(using only a very broad classification of types of defect) based on samples from a short segment of the
life cycle.

42. Estimation the effects of improved R ‘~ M on the “fixed outlay” on rotable spares and on holdings of
special test equipment etc ,present some difficult questions. To what extent, for example, can the
improvements in B &~~ be predicted at the time at which decisions on initial provisioning have to be made?
However, let us j roceed on the assumption that this improvement can be predicted exactly. It would then
seem reasonable to assume that the fixed outlay would vary in proportion to the maximum demand during the
service l i f e  of the sub—system being studied:

STOC K ~C Max (F(t) A(t))
t

where F(T) represents the quantity of flying per unit calendar time during service life c~’~t

where A(T) represents the number of defects or scheduled maintenance actions per unit flying time .

It is seen that knowledge of F(T) depends on data , or assumptions, on the rate of build—up of the fleet, or
of Introduction of the equipment stidled. (There are also s ich finer points as to whether the stock has
any end—of—life  value and whether some of It could he turned into consumable spares).

4~. if the actual case history shows that the initial provisioning levels of rotables and test—equipment
was unduly high, then it may necessary to postulate a rationalized procedure (applicable to provisioning
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of these items in future projects) before applying the proportionality given in para 42,

44. Relating aavings to reductions in demand. We have considered the estimation of potential reductions
in demands on resources (spare parts , materials and manpower for repair and reconditioning), but not yet the
ultimate savings in support costs. The difficulties in estimating the latter stem partly from the dis—
continuities (and other non—linearities) in ‘overhead’ costs, and partly from the multifunctional nature,
discussed earlier, of organisations concerned with maintenance.

45. The direct costs of maintenance manpower (as indicated by wage rates, for instance) are small in
comparison with the total costs that might be attributed to it, if existing bodgetary estimates were
allocated pro—rata to the sub-systems studied. They remain comparatively small even after the non—
reliability—dependent element has been removed). The ‘overheads’ include supporting labour as well as the
capital facilities. The studies of potential effects of additional investment in B & N enhancement suggest
the possibility of substantial inroads (eg of the order of 5~~) into the peacetime maintenance workload,in certain areas of technolo~~’. The potential inroads differ  considerably for the respective areas of
technolo~ r however, and it is not easy to arrive at a broad generalisation. However, some success has been
achieved in particular areas, and Figure 7 illustrates the sort of relationship found in an example for
which peacetime maintenance was the sole function of the organisation concerned. The discontthuities
represent such discrete processes as the closure of whole buildings or other capital facilities.

46. A much more difficult problem arises when considering the scope for reducing manpower and its
associated overheads at operational stations. One way of proceeding would be to express the potential
benefit in terms bf the extra effort that would be released for other activities (eg repair of battle
damage) in wartime, and hence to convert to units of operational effectiveness rather than to those of
support cost.

47. Allowing for differences in scales of procurement, The costs of investment and of support both depend
upon the quantities of aircraft and equipment that are produced and operated. Comparison between the returns
from investment in the B & H of the sub-systems studied require some kind of standardization of procurement
scale, and a basis for reading them across to scales in future projects. Useful approximations can be made
by dividing the costs into three classes, according to dependence on numbers produced and operated:

a. fixed (eg development costs)

b. semi—fixed (eg test—chamber facilities for quality control in production)

c. pro—rata (eg spares consumption in service , or in the repair of failures in burn—in)

4~. Cost effectiveness of burn—in. Burn—in gives rise to reliability investment costs tha t comprise
fixed , semi—fixed , and pro—rata elements. The pro—rata and semi—fixed costs tend to predominate and, no
matter how lar., the production quantities, a substantial unit cost persists. For avionics, a typical
order of burn—tn cost per defect detected (in test—chambers), and rectified before delivery, is 1000 US
dollars. Increasing the duration of burn—in tends to increase this unit cost, and to call into question
whether a cost/effective basis has been established. Figure 8 shows the sort of functional relationship
inferred in the case of an avionic equipment, for which sub-samples of the production run were burned—in
for much longer than the average. A physical interpretation of this sigmoid shape is that the initial
slope is predominantly due to the ‘infant mortality’ type of failure that burn— in is expressly aimed to
eliminate. The rate subsequently settles down to a level suggested by the slope of the tangent to the
point of inflection (Fig s), which is independent of infant mortality and may be taken to have been
constant up to this point; ie, to correspond to some underlying defect rate that is independent of infant

• mortality. Further time in the test chamber leads to the prema ture ageing suggested by the curve to the
right of the point of inflection. The risk of proceeding too far beyond the point of diminishing returns
is obvious.

49. In a thorough cost/benefit analysis of burn—in, it would first of all be necessary to estimate the
extent to which the patterns of defects detected would have been reproduced in service (particularly,
whether they would mostly arise 
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th service life). Steps to collect the necessary data to support

such estimates have been suggested above. This done, and the consequent savings in—service repair costs
estimated , the side—benefits of bum—in would also have to be taken into account. These include:

a. The provision of information on systematic defects, which can give a basis to progrmmnee of
reliability growth in production (It is important to distinguish this from the elimination of
infant mortality).

h. Review of a means (for comparison wi th  other methods , such as batch—sampling) of eustainin ; the
contractor ’s attention throughout the production process.

c. Any side—benefits that arise from preventing ’bursts’of defects in early service. These might
include the prevention of loss of morale, of excessive handling (hence of failures due to mishandling)
and of hasty re—provisioning of maintenance resources.

50. Discounted cash flow (DC)’) : It is to be noted that investment to improve B & M can be made at any
point in the l ife cycle , but that those made in the earlier phases may not reap their full benefit, in support
cos t savings , un t i l  some 20 years later. In a climate of high interest rates, the practice of discounting
these savings can have a profound effect  on investment/return ratios.

51. There does not seem to be a generally agreed rationale for applying DC? adjustments to defence project
funding. It can be noted , however, that, with the patterns of reliability—associated cash flow that can
be expected over the life of an aircraft project, and with an annual discount rate of lG~, an undiecountedreturn of between ~ to 1 and 2~ to 1 would he required to break even (in a commercial sense) on investment
ms.de throughout the development and production phases.

_ _ _ _ _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _  
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52. It is also to be observed that , in the application of DC)’, it might be possible to treat investment
in burn—in as a special case, with considerable simplification. If the main benefit of burn— in is . in
fac t .to el iminate defects in early service , then one would expect to reap it only a short while after
the corresponding investment occurs on the production l ine. In this case, the effec t of discounting
might be negligible.

.~NALYSIS OF OP~TtATIONAL ~F ETWE~4~~S

5~. We touch now on one of the most difficult subjects related to the control of life cycle costs: the
analysis of operational effectiveness ( paragraphs 6—8 above). The particular aspect of concern In this
paper is the loss of effectiveness due to unreliability and unmaintainability, and the potential for
reducing this loss by improving R&M . In the comparison, between sub—system, of the potential returns
they offer on R & M investment, the two forms of benefit (viz: reduced support cost and increased
operational effectiveness) can suggest very different priorities if considered in isolation from one
another. Estimates of both are essential to sound decision—mak ing. For instance, a recent cost/benefit
study of a proposed reliability.4aprovemept programme, for an avionics equipment already in service,
showed a poor return in the tons of support cost savings. This was because much of the life support cost
had already been comaitted to the provision of rotable spares and special test equipment. There was
sufficient fleet life remaining, however, for the expected gain in operational effectiveness (equivalent
to adding several aircraf t to the fleet) to be the more siguificant consideration.

54. Need for high—level measures. The measures of operational effectiveness should lend themselves to
selection of priorities (between sub-system investments) and to being weighed alongside predictions of
support cost savings. This implies taking into account the role for which the whole airborne weapons
eyetem has been procured. There are usually several alternative ways (in addition to improving B & M)
of off—setting a loss in the operational effectiveness of an aircraft fleet, and, ideally, one should
compare them all. In practice, there is seldom sufficient data for this ideal procedure, but at least a
useful upper—limit estimate can often be made of the value of the effectiveness gain , by translating it
into an equivalent change in the number of aircraft of the fleet , and hence to a life—cost change . In
Refe rence 4, Baker has considered the alternatives of fleet expansion and more intensive flying at
constant fleet size. His arguments suggest tha t of the two alternatives, the cost of the fo rmer is
likely to give the more valid measure, and that, in any case, their costs will not differ greatly unless
there has been a substantial departure from the optimum allocation to aircraft, men, and other resources.

55. Operational modelling. This will usually require ~odela of the operation of the airborne weapons
systems in their wartime roles. In many cases, the estimation of high—level measures of changes in P1
potential wartime effectiveness will be hampered by shortage of input data (as discussed earlier).
Represenataion of the effects of battle damage to aircraft and airfields, and of supplies of maintenance
resources, for instance, will be subject to many speculative assumptions. Elaborate, general purpose
modelling does not seem appropriate to this field. The data that are readily available from peacetime
operations justify only the most rudimentary models initially. These should be used in sensitivity
analyses to indicate the sorts of information that will be needed from special processes of data collection
at operational stations.

~1AMPL~ OF WARTI~~ EFF~X~TIV)~4ESS MODELLING

56. The example that follows is in illustration of the initial modelling needed for a given type of TIairborne weapons system, in order to investigate sensitivities to parametric values and to the assurptions
used, It represents the sort of model that can be suggested by a quick look at those data that are readily
available in peacetime.

57. Tactical airforce operations. The airborne weapons system chosen as an example consists of an
aircraft and payload designed for the close—support role in land battles. ‘,e stake use of the basic
assumption, suggested in paragraph 7, to the effect that the levels of unreliability in peacetlue have
not been such as to intdrfere eigulfically with the training of crews, and hence have not affected their
wart ime preparedness.

58. The pattern of close support is represented as a demand on each aircraft for bursts of intense
flying activities. Each of these consist of a sequence of sorties that are spaced as closely as possible
in time. Each sequence is seen as a response to some critical event in the land battle, such as an
arinoured breakthrough or other suitaI le target concentration. The sequences are taken to to sp- ice~i a t
comparatively large intervals of time , so that the sorts of maintenance activities that can be ~inlertaken
within a sortie turnround are very different from those that are possible between sequences. The numt ,’r
of sorties in a sequence is treated parametrically.

59. Measure of effectivenestt. The function Cf S tactical air force is a~numed to he to des troy sur face
targets, of a small number of generic types (eg tanks) , The effectiveness is taken to vary in proportion
to the total number of such targets destroyed by the force during a battle. In these terms, loss of
effec t iveness  wil l  depend upon both.

a. attrition of the air force, or other damage , inflicted by enemy act ion ,

b. unavailability of aircraft or equipment due to scheduled maintenance activities.

c. incidence of defects due to unreliability .

To a f i rst order approximation i t  is reasonable to assume that the occurrences of (a) are independent of
those of (c). Their effects, however , may well interac t , but , as an initial assumption , thos e are also
taken to be independent of one another. A further simplification to the analysis can he made by
transferring the effect of (h) to support costs; ie by allowing for the extra resources (eg rotable spares)
to be provided to ensure tha t  scheduled ac t i v i t i es  have a negligible impac t in comparison with randoml y
occurring defecta.  In the cases studied , the consequent increase in l i f e  support cost would be only a
small pe rcentage . The effect ivene ss ,~ •, is therefore taken as the following ratio:
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E targets destroyed at a given level of R & N
targets destroyed given perfect reliability

— — — equation 1.
6C. All defects observed on the individual sub—systems of the aircraft are grouped into the following
three classes;

Type t. Defects that, in wartime, would prevent take—off, or, if occurring whilst airborne, would
require an immediate return to base.

Type 2, Defecte that would not. prevent take—off in wartime but would degrade the ability to destroy
targets.

Type 3, Defects that have no influence on mission capability.

It is assumed that repairs of all Types 1 and 2 defects can be made between sequences but that can be
made in the intervals between sorties. As an example, a 5—sortiejper.~sequence operation is shown in Figure 9.

~l. Further assumptions.

U) Whenever a Type 1 defect occurs in a sequence, the aircraft will remain out of action until the
end of that sequence.

(ii) Duration of weapons release period is small compared with sortie length, and occurs mid—way through
the sorale, as shown in Figure 9. (This simplifying assumption is not critical. Provided total
weapon release time remains small , releases could be treated as though spread across the sorties ,
without substantially changing the results from the model).

(ii i)On each occurrence of a Py-pe 2 defect on a particular aircraft a reduction coefficient, ~ , is
applied to the expected number of targets destroyed by its next weapons release. (This coefficient
is used to represent the average degradation produced by all types of defect. It is treated parametric-
ally).

(iv) Turn—round times allowed between aortie~ are too short for repair of Type 2 defects. These are
therefore carried over from sortie to sortie, within a eequ~nce. If a number, a, of Type 2 defects
has accumulated before a weapon release period,the factor ~ is therefore applied to the expected
number of kills during that period.

(v) Types 1 and 2 defects are fully repaired in the intervals between sequences.

(vi) Types 1 and 2 dsfects occur at random during the sorties, independently of one another.

(vii)At the beginning of the first sequence of the battle, there are no aircraft unserviceable, due
to unreliability,

62. Derivation of the effectiveness ratio (s). This follows from the foregoing assumptions, using the
following notation:

= expected number of Type 1 defects per sortie

2 = “ “ “ 2 ~‘ “

~~~ = degradation factor (pare 59 (iii) and (iv))

n number of sorties In a sequence •

Of those~~ircraft flyable at the start of a sequence, the proportion reaching the point of weapons release
in the j sortie is given by

expL (j-~)A ,1
such aircraft, the effect of Type 2 defects on the expected numbe r of targets destroyed during the

j sortie is given by multiplying by the following factor —

/1 + ~~(j ~~ )~~ + ~~2(j~~)2)~
2 

+ - -
Thus , each unit expectation at ~~~~~~~ weapon relea se has been reduced by the Type 1 and Type 2 defect rates
to:

exp ~~
J_ 4) / ~\1 +A2 (i-.t )J~g.

Substitut Ing x for 
~~ ~~~~ (l_ ~~Jsnd eu~~ing over all sorties in the sequence , it follows from

equation 1 that

= exp ~~~23_l)xJ_ — — equation 2

= (i—a ~~~)/2n SINUX — — — equation 3

63. The •stimat.d lose of effectiveness due to unreliability i. given by lOO(l—E)%, end is plotted ag&inst
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Type 1 de fect  rate , )~,. In Figure l~ , in wh i ch the e f fec t s  of varying the degradation fac tor , ~~~~, the
sequence length , n , and the ra t io  \~~ /X  are also shown .

t~4. Further development of the model (and additional data  r equired ) woul l be influenced to some ex t e i i ’ by
the ranges of X, and thdt are expected to be of interest . Apar t from this , t i, relative insensitivity to

• over qui te  A wide ran ge , atiggests that  over—elaboration should be particularly avoided when the t i~~ecomes to represent the degradations due to ind iv idua l  sub— systems , (eg when replacing ~ by a set ofdist ributed variables) .  The e f fec ts  of changing the length of sequence are large enough to suggest the
need to take a closer look at repair times , perhaps introducing a ~et  of distributed variables to
represent them in the next version of the model.

DEALING WITH PROPOSED i2Tt~SIONS TO TIME SCALE

65. Perhaps the most intractable problem encountered in studios of R t t~ investments tins returns is how to
put a value on delay s to in—service dates. The quest i on arises because some of the means of H
enhancement that suggest themselves in development or early product io n require a d d i t i o n a l  t im e , despi te  a
more intense use of other resources. On what can an operator of airborne weapons system base a decision
when informed that if . for instance, he waits another year for some new equipment , it will save x irillion
dollars of support costs and give a y’~ increa ne in operational effectiveness when it gets i:i~o service?

66. It seems reasonable to start from the assumption that the delay would require an extension of Ii1 ~
(and , perhaps, additional quantities) of obsolescent equipment , and that this would perform the req ui red
functions at a higher cost during the period of delay than would the new equipment, In the case o~ anairborne weapons system, an estimate of this cost difference might help the decision—maker , but  seems to
be inaccessible. I believe this is because the underlying trends in the cost/effectiveness of weapons
systems tend to be masked ,mainly by changes in the description of the threats that they are intended to meet .

67. An example of the sort of trend tha t migh t be uncovered is given by the costs of carrying unit weigh t
of pay load in air transport operations which , it can he argued , serves to ‘ isolate’ savings that  are almost
wholly due to the ‘march of technology ’ . The data given in Refe rence t , fo r c ivi l  air t ransport , are shown
in Figure 11. They suggest that, by a more or less continuous process , (wi th  a sligh t discontinuity
following the introduction of jet aircraft in l95t~), the effectiveness/cost ratio was doubled during the20 years period up to 1975. Each of the major components 01 cost showed a similar  trend.

t~~~. it is for consideration whether the correaponding trends are accessible in the case of airborne
weapons system (eg in anti—tank capability per un i t  cost)  and , if so, what techniques .ciio ’~ld he used to
convert them into estimates of equivalent cost penalties for given delays in the introduction of new systems.

ANALY ’TICAL SUPPORT FOIl THE C ONDUCT OF PROJkX~TS

69, The techniques by which investments in activities for improving Il t M are brought to hear throughout
projects have been enumerated elsewhere. The UK Ministry of Defence publication at Reference t~ deals w i t h
integrated management of B & M in avionics projects from the initiation of the concept through to maturity
in service. In the USA , Military i~tandards of the 7t35 series have given precepts for the management of
B & M that are applicable at the level of whole airborne weapons systems.

10. Trade—off’s play a very important par t in the management of II & M activities. For example , preliminary
studies can ind ica te the potential for trading reliability and maintainability with ‘performance ’ variables,
or with time—scale. These must draw heavily on systematically exploited ‘feed~back’ from earlier projects,hut can he u p—dated as bet ter  data become available during the conduct of the project. The accommodation
of several kinds of avionics equipments in the confined space and usually ‘difficult’ enviromnont of the
aircraft is another area for trade—off. Selection of priorities for funding additional B S ~ acti vities ris required throughout a weapons system project , in terms of both the techniques to be preferred and the
sub—systems to be given most attention. In many areas of airborne weapons system technology, B t M
activities have already reached a high level of refinement in recent projects. The UK studies mentioned
earlier (paragraph 5) have shown that good returns are feasible from additional N & M investment in
future projects provided that the choice of points of application , and of the most appropriate sub—system ,
is shrewdly made during all the phases shown in Figure 1.

71. During later development, transition to production , early production and early service , huge
q~antiti ee of B & N data become available in an airborne weapons system project. Their acquisition and
processing to aid timely decisions aimed at meeting, or revising, H c M objectives/forecasts poses a
considerable challenge. As di scussed in paras 21— ’S , i t  is during these phases that the nain threats to
reliability and maintainability, and specific counter measures reveal themselves, or are confirmed.
Together with the trade—off analyses of para t’9, above, the data acquisition ~u ti ut tlysin constitute a
need for a coherent information service.

72. Because of differences in required capabilities , in technologies available at the ~~~~~ ui - i  in
ultimate operational usage.there is still considerable room for improving the I’ ine~ for:

a. setting reasonable targets for H & N a t  the ou t set of a project

b. comparing the B & M achievements at the various stage s of a projec t wi tit those from earlier
projects, to indicate the progress being made in th i s  respect .

‘
~~~. It is seen that the control of life—cycle costs in fu t ure projects is likely to benefit greotly from
improved means for acquiring and interpreting data .  The main requirei~it’nts for analyticol support (ie  a
kind of “B A M information service”) for the management s: a major projec t , in these respects , are
illustrated in Figure 12.

ANY vigws EXPRIdSSED ARE THt~~; OF THE A u’rHoN ANI ) DO NOT Ni~ ’ERS A IIILY I KPBFI~ENT TItOSh i~ THE ~?l I : E D  xIN;Ix~:,
MINISTRY OF DF.F~~CE. ., ~ •

(.pyv iI t  (~\ ~~~~ .~Iic ~ I-I ~t •~ ~~
‘ ~~~~~~ / t ?
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III Cost of off - setting loss of effectiveness
due to unreliabili ty

IE Investment in R & M improvements
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M T B F

Figure 2 Sh ift in est i mate of optimum M T B F when operatio nal
effect iveness taken into account
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Figure 3. Sub-s ystems chosen for studies 
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Figure 10 Estimates of loss of eff ective ness in close suppo rt
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