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ABSTRACT 

Many firms are considering Flexible Manu facturing Sy stems as a means for 

increasing productivity, quality and profitabi l i ty . I n  t his paper a 

methodology for properly com paring and evaluating FMS' s is presented. The 

appropriate financial criteria are presented. Mathemati c a l  m ode l s  of 

di fferent FMS's are presented. The important stochastic variables are 

determined. The principles of stochastic dominance, risk preferen ce an d the 

value of information; and a decision analy sis cy cle are used to evaluate the 

FMS's. 
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Manu fact u r i n g  ranks a m ong the principa l real-wealth producing 

activities of most industrialized countries (Herroelen and La m br e c ht 

(1984]). Manufacturing industries have alway s been very interested in using 

the newest in automation equipment and techniques, to increase productivity 

and profitability . In recent y ears, the state of automation technology has 

reached a stage where the bottleneck is no longer the transfor mati on 

operation (that is, the transforming of inputs into outputs) but is now the 

control operation and the transfer operation (that is, the schedu ling, 

c ontr o l  and transfer of t he wor k-i n -process between transfor mation 

operations). At the same time, breakthrou ghs in e lectronics technol ogy , 

robotics technology and the continued reduction in the cos.t of computer 

hardware, are providing .the means for automating both the control and the 

transfer components of manufacturing processes. The final goal in this 

process of increasing automation is, of course, the fully automated factory . 

Our current p osi tion in t hi s  evol u t ionary p r oc ess is the flex ible 

manufacturing sy stem - the building block for our fully automated factories. 

(Hanky [1983]). 

A Flexible Manufacturing Sy stem ( FMS) can be described as a set of 

tr ansfor mation stations on which a variety of parts are automatically 

processed and between which parts are automatically transported. FMS' s are 

considerably more complex that this definition suggests. An overview of the 

technology, and descriptions of FMS ' s can be found in several articles. 

(See, for example, Proceedings of the First International Conference on FMS, 

[1982]). A summary of much of the theoretical work that is currently being 



done on FM S's can be found in t he Proceedings of the First ORSA/TIMS 

Conference on FMS , [1984], and in recent art icles in t he ���!��!_£! 
Manufacturing Systems [1982 on]. 

Many firms have either introduced or are considering f l ex ible 

manufacturing technology. (Suri and Whitney [1984]) These firms see FMS as a 

means for increasing productivity, profitability and quality as well as a 

means of maintaining a eompetitive edge in the market place. Unfortunately , 

many researchers have reported that traditional approaches to the financial 

justific ation of FMS's tend to discourage their adoption. (See , for 

example, Kaplan [1983], Burstein and Talbi (1984], Gold [1982), and Suresh 

and Meredith [1984).) Researchers such as Michael and Millen [1984] suggest 

that traditional financial evaluation models are more suited to meet short

term profitability goals rather than long-term strategic goals. While there 

is probably more truth to this suggestio� than many people would like t o  

b�lieve, we will show that when traditional financial evaluation models are 

properly used, they do indeed , encourage the adoption of FMS's. 

The most important property of a FMS is its flexibility. Flexibility 

has three components. (1) There is the flexibility to produce a variety of 

products using the same machines as well as the flexibility to produce the 

same product on different machines� (This allows firms to easily increase or 

decrease production capacity � ) (2) There is the flexibility to produce new 

products on existing machines , and (3) is the flexibility--of the machines to 

accomodate changes in the design of products. When evaluating FMS's, these 

components of flexibility must be accurately modelled. In this paper, we 

define random variables (with appropriate probability density functions) to 

represent the components of flexibility. These random variables are combined 

with other stochastic and deterministic variables , to form models of FMS's. 
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These models are put in a "decision analysis framework" so that the FMS's 

can be analyzed and compared. 

There are two kinds of manufacturing systems that can be considered -

assembly systems and forming systems. Assembly systems assemble components 

into final products while forming systems actually form components or final 

products. This paper evaluates only ass.embly manufacturing systems because 

assembly activities are similar in most manufacturing firms. (The basic 

assembly activities consist of picking up components , positioning them and 

subsequently joining them together. Forming systems, on the other hand , are 

more diverse. Typical forming activities are milling, cutting , grinding, 

drilling , electro-chemical operations and s o  on.) Our objective is t o  show 

how traditional financial evaluation models should be used when selecting 

the "best" of a number of FMS's. 

In what follows Section 2 briefly describes the traditional financial 

evaluation models that will be used -. namely the net present value and 

annuity equivalent, the internal rate of return , and the payback period. In 

section 3 mathematical models for six flexible manufacturing systems are 

presented. (The systems differ in the "amount" of flexibility that they 

have.) Section 4 reviews the "decision analysis framework" used, while 

s e ction 5 illustrates the complete meth odology with a worked example. 

Section 6 summarizes the results in this paper and describes p ossib le 

extensions. 

2. Traditional Financial Evaluation Models 

Many financial models can be used to help evaluate projects. The Net 

Present Value (NPV) , the Profitability Index (PI), and the Internal rate of 

return ( IRR) are the more "sophisticated" ones sincs they explicitly 
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c on s id e r  t h e  t im e  v a lu e  o f  m o n e y.  A l t h o u gh t h e r e  a r e  n u m e r ou s  

"unsophis t ic a t e d "  mod e l s , the bes t known a r e  t h e  A verage Rat e  o f  R e turn 

( A R OR ) and t h e  Payba c k  p e r io d  ( P B ) . Bas e d  on a s ur v e y  o f  m a j o r  U . S .  

c om pa n ie s , G it m a n  a nd F o r r e s ter [1977] r e p or t  t h a t  t h e r e  a r e  s t ron g 

prefe rences for sophis t icated finan cial e val uation models . T he s tudy r eveals 

t h a t  5 3 . 6 per c ent o f  the c om�a n ie s  us e d  I R R , 9.8 pe r ce n t  NPV, a n d  2 . 7 

per ce n t  u se d  P I . O n l y 3 3 . 9  p e r c e n t  o f  t h e  companie s  u s e d  e ither AR O R  

( 25 . 0%) o r  PB (8�9%) as their primar y  t echn iqu e .  I n  addit ion , th ey in dicate 

that the use o f  t ime d i sco unt ing ( p rinc ipa ll y  the IRR ) has been in c r e as in g  

over time . 

The N e t  Present Val ue ( NPV ) is the difference in t h e  pr es ent va l u e  o f  

the a ft er-t a x  cash in flows and out flows . Tha t  is : 

where 

NCI t " 
N PV= tg1 t ( l + k ) 

I 
fl _-__ 

t_ 
t =-1 ( l +k) t 

a ft er-ta x  eash in flow ge nerated b y  the pro je ct in p eriod t ,  

I
t 

= investme nt in period t, 

n use ful l ife o f  the pro je ct ,  

k • the a ppropriate discount rat e .  

I f  t h e  N P V  is p o s it iv e  ( that  is , in fl ows e xc e e d  out fl ows ) , t he pro je ct 

should be accep ted .  Since it wou ld b e  in c or r e ct t o  com par e t h e  N P V ' s o f  

pr oje c t s  h a v in g  d ifferent l ives , each pro ject 's NPV should be c onverted t o  

a n  Annuity Equival ent (A E ) , and the AE ' s  o f  t h e  pro jects should be compa red . 

T h e  l ar ge r  t h e  A E  t h e  mor e a t tractive the pro je ct . ( The AE me thod as sumes 

that each pro ject is cont inual ly replaced at the end o f  it s use ful l ife by a 

pro je c t  o f  l ike pro fit a b il it y . T his e s s e nt ia l l y c o nverts the fixed l ife 

investment to an equival ent in fin ite l ife investment. ) 
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B y  de fi n i t i on , the I R R  o f  a pro je c t  i s  t h at r at e  which equ ates the 

present value of the aft er-t ax c ash i n flows w i t h the present  val u e  of t h e  

after-t ax c ash out flows . Th at i s :  

(1 + IRR ) 
t 

- D · ·  
I

t 
r ---�- = o 

t =l 
( l + IRR )

t 

T h e  I R R  r e c o gni ze s the t i me val u e  o f  money and consi ders the ant i c i p ated 

re venues over the ent i r e  l i fe o f  a pro je c t . C om p an i e s s h o ul d ac c ep t  any 

pro ject o fferi ng an IRR in e xcess o f  the op por t uni ty cost o f  c ap i t al .  

Compani es freque ntl y require th at the ini t ial outl ay o n  a pr o je c t  w i l l  

be recover able w i thin some spec i fi ed cutoff peri od . The p ayb ac k  ( P B ) period 

of a pro je c t  is fo und by c o un t i n g  the n um b e r  o f  ye ars i t  t ak e s b e fo r e  

c umul at i ve forec as ted c ashflows equ al the i ni t i al i n vestment . Th at i s ,  fi nd 

the val ue of PB th at s at i s fi es 

where PB = payb ac k  peri od of the pro ject , 

I 1 - NCI
1 

i n i t i al i n vestment . 

The PB for the pro je c t  i s  then c om p ar e d  t o  a p r e s pe c i fi e d  c u t o ff per i o d  

decided b y  t he firm . I f  PB e xceeds the prespec i fied period,  the pro je ct w i ll 

not be under t ak en . T h e  problem w i t h  th i s  m&th o d  i s  th at i t  gi ves equ al 

we i ght t o  all c ash flows be fore the cutoff d at e .  ( The t i me value of mo ney i s  

not t aken i nto account . ) I t  als o  i gn or e s  al l c ashfl o ws aft er t h e  p ay b ac k  

per i o d and ,  d o e s  not  d i fferent i at e b etween proje c t s  requ iring d i fferent 

ini t i al i n vestments . Merri tt and S ykes [1963] not e th at " I t  (p ay b ac k ) h as 

h arshl y ,  b ut not unfairl y ,  been descr ibed as the " first b ai t "  tes t, since i t  

concentr ates on the recovery of the b ai t  ( the i ni t i al i n ves tment ) p ay i ng no 

at tent ion to the s i ze o f  the fi sh _( _t he ult i m at e  profi t ab i l i t y ) , • • •  " . 

Al t hough the NP V and the I R R  gi ve e q u i val e n t r e s u l t s  w i t h  r e gar d  t o  

inde pendent con vent ion al pro ject s ,  they wi ll not r ank p ro jects the s ame . For 

the problem i n  th i s  p aper ( the firm m us t  choo s e  t h e  b e s t  FMS fr om am on g a 
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n um b er o f  a l t er na t i v es )  t h e  NPV i s  t �e a p pr o pr i a t e  c r i t er ion.  ( T h e  NPV 

r eflects t he absol ut e magni tud e  o f  the pro ject wh i l e  t h e  IR R d o es n o t . In 

a d d i t i o n  t h e  NPV i m pl i c i tl y  assumes reinves tment o f  the i nt erim pro ceeds at 

the cost of cap i tal, wh i l e  the IRR ass umes r ei nv estment at t he pro ject 's o wn 

r a t e  o f  ret ur n .  Th e r ei n ves t m en t  a s s um pt ion i s  im portant i f  w e  assume a 

changi ng cost of capi tal i n  fut ur e  years .  Und er such a c o n d i t i o n ,  th e IR R 

rul e w i l l  brea k  down b ecaus e the compari son o f  a s in gl e-rate o f  r eturn wi th 

a s er i es o f  di ffer ent shor t-t erm d i scQunt r a t es i s  m eani n gl es s . Fi n a l l y,  

w h en a p r o jec t w i t h  nonconventional cas h flows i s  cons i d er ed ,  a r ea l�val u ed 

IR R may no t ex ist , or mor e than one IRR ex is t .) 

D es p i t e  t he obvious advantages o f  t h e  N PV ov er IRR and P B , all o f  th em 

will be examined i n  t hi s  pap er .  W e  d o  s o  s in ce mana gement has a v er y  s t r o n g 

pr efer en c e for t h e  IRR over N PV .  Moreover ,  man y  corpora tions s ti l l  use P B  

i n  combinati on wi th IRR for pr oject evaluat io n .  ( S ee, for exam pl e ,  Gi tman 

a n d  Fo r r es t er [ 1 9 77 ] o r  S c h a ll et a l  [ 1 9 78 ] . ) It a pp ea rs t h a t  t h e 

preference for IRR i s  in pa rt ps ychological s in ce i t  i s  s et out i n  t erms o f  

p er cen t a ges . Ho w ev er , t he i n tu i t i v e  a pp ea l  o f  t h e  IR R s h o ul d n o t  b e  

p ermi t t ed t o  o b s c ur e t he fundam en t a l fa c t  t h a t  wh en m u t ual l y  exc l us i v e 

pro ject s  ar e to b e  eval uat ed ,  th e appropr i at e  c ri t erion i s  th e AE , n ot IRR e  

W e  now formu l a t e a fi nanci a l  mo d el wh i ch wi l l  b e  us ed t o  eval ua t e  

a l t er na t i v e  manu fa c t ur i n g  s ys t em s . T h e  i np ut s  t o  t h i s  model consist  o f  

demand var i ab l es ,  engin eering variab l es and financial vari abl es .  The out puts 

a re t h e  NPV and AE , IR R ,  and P B  for each manufactur i ng s ys t em .  D efin e  th e 

fol lo wing vari abl es .  
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A ) Exogenous Vari ables 

NPt - number of di fferent assembl i es to be manufactured in year t 

MS . 1 - t o t a l  mar k e t  s i ze for assem bl y  i i n  year 1 (in uni ts demanded 
1' 

per year ), i= 1 , 2 , 3 ,  • • •  ,NP1 
MSHAR E

1 
- share of the assembl y i mar ket for the f irm 

MGR OW . 
1 

annual mar ket growth rate for assembl y i 

It - i nvestment in year t ,  t =1, 2 , 3 ,  • • •  

N - use f ul l i fe o f  the pro ject ( for NPV cal culations ) 

D - l i fe of the pro je ct for depreciation pur pos es 

WT
t 

- total wa ge costs in year t 

SP1 t 
- selling pri ce for assembl y i i n  year t 

' 

TX - tax rate 

k - ris k free interest rate 

B) End ogeneous Vari ables 

MS . 
t 

- total mar ke t  s i ze f or assembl y i in year t 
. 1' 

vsi , t  
- annual sales of assembl y  i in year t b y  the firm 

REV
t 

- total revenues in year t 

DE P
t 

- total depreciation in year t 

BV
t 

- book val ue of the pro ject i n  year t 

ATCF
t 

- after tax cash flow in year t 

C ) Relat ionsh i ps Between Vari ables 

( l )  

(2 )  

vs. t 1' 
MS

i , t 
* MSHARE

i 

REY
t 

N P
t 

SP . 
t .. ih vsi,t 1, 

DEP = 
t 

g < tr1 
D J=O 

BV = 0 0 

I .  -
t-1 .Ea J J= 

DEP j) 



( 3 )  ATCF
t 

( 4) N PV = 

(5) AE = 

= ( REV
t 

- WT
t

)( l-TX ) 

� ATCF t 
+ _

av
_

N 
__ 

t =l ( l +k )
t ( l +k )

N 

N PV 

1 - ___ 1 ___ _ 

( l +k )
N 

IRR is calculated from 

(6) 
� ATCF

t 
t=l (1 

+ IRR )  
t 

PB sa t is fi es 

B V
N 

+ -------

(1 + IRR )
N 

1 0  

= 0 

For s impl i c it y  it is assumed that the r is k  fr ee rat e  k ( us ed to d isco u nt th e 

cash flows ) is constant over th e l ife of the pr oject & Assume that t h e t ot a l  

cost per year is mad e  u p  of l abour costs and inv es tment cost s .  That is fixed 

or overhead costs ar e ignored .  D eprec ia tion is calcula t ed u s in g  t h e  dou b le 

d ecl ining balanc e  m eth od ( equa t ion 2 ) �  F inall y� not ic e  that th e las t  t er m  in 

. 

th e N PV and IRR equatio ns is th e d is count ed book val u e  of the pr o jec t at the 

end of its us eful l ife. 

3 .  M ATHEM ATIC AL M ODELS FOR FLEXIB LE ASSEMBLY MA NUF ACTUR IN G SYSTEMS 

S i x  as s em bly manufactur in g  s ys t ems w il l  be consid er ed - namel y, manual 

assembl y ( MA), manual assembl y with mechanical ass is t an c e ( M AM ) ,  r o t a r y  o r  

i n -l i n e  ind ex in g  ma c hines with spec ial purpo s e  wor kheads and fr ee transfer 

l ines with spec ial pur pose workheads (S PW),  free trans fer l in es w it h  r o b o t  

wor k h ead s , ( RW ) , a n d  r o b o t  a s s em b l y c el l s , ( RAC ). F igur e 1 shows th es e  

manu fa c t ur in g  s ys t ems. Th e m a th ema t ic a l  mo d els t h a t  w e  u s e fo r th es e 

manufactur ing s ys t ems ar e bas ed on th e mod els d eveloped by Boothroyd [1981], 

[1982]. Con s id er t h e  product io n  o f  a fam il y of a s s em bl ies wh er e  ea c h  

a s s embl y c ons ists of a number o f  part s .  The ass embl y is produced o n  o n e  of 
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1 1  

th e abov e a ssembl y syst em s. Th e as sembl y syst em has a n um b er o f  st a t i o n s, 

and at each s t ation NS pa rt s  a re a ssembl ed .  D efin e  th e followin g  va riabl es. 

A )  Exogenous Va ri ab l es 

( i )  TIMES ( sec onds) 

T A  - time to as sembl e on e part manual l y  

TM - time a ss embl e one part manually wi th mechani cal a ss i stanc e 

TW - t i me to a ssembl e one p art w i th s p ec i a l  p urp o se wo rkhead ( non 

progra mrnabl e automa t ion ) 

TR - t i m e  t o  a ssem bl e  o n e  part w i t h  rob o t  w o r khea d ( p ro grammab l e  

automat i o n) 

TD - downtime at a stat ion due to a d efect i ve pa rt 

(i i )  E QUIPMENT C OSTS 

CB - c o st p er stat i on o f  t rans fer devi c e  on manual a ssembly syst em 

C T  - co st per st a tion o f  tran sfer d evi c e  o n  a utoma t ed a ssembl y syst em 

C C  - co st o f  ca rrier ( pall et )  

C F  - c o st o f  m echanical feeding d evi c e  fo r manual and non -p rogrammabl e 

assembl y syst em s  

CM - c o st o f  part ma gaz i ne ( feedin g  d evice) fo r robot syst em s  

C W  - c o st o f  spec ial purpos e workh ead 

C 1  - basi c  cost o f  robot 

C2 - addit ional co st of robot per d egree o f  freedom 

C G  cost o f  robot gri pper 

( i i i )  PL ANT VAR IABL ES 

PE - plant effi ci ency ( fract ion o f  availab l e  t ime wo rked ) 

P Q  - part qual i t y  ( fraction o f  defec t i v e  pa rt s  to acc eptabl e pa rt s) 

N R  - n um b er o f  a ssem b l y wo rkers p er st a t i o n  on a u t oma t ed a ssem bl y 

syst em s  



N OS -n umber o f  superv i so rs on an a ssembl y syst em 

HR - number o f  product ion hours per sh i ft 

WA - annu al co st o f  one assembl y wo rker 

WS - annual co st of one superviso r 

( iv) PR ODUC TION VAR IABLES 

NS
i 

- th e number o f  pa rt s  a ssembl ed at ea ch station fo r assembl y i 

N A
i 

- number of pa rt s  in assembl y i ,  i=1 , 2 ,  • • •  , N P. 

1 2  

NT
i 

- number of pa rt s  i n  a ssembl y i that a re d ifferent fro m a ssem b l ies 

1 , 2 ,  • • •  , i- 1  

ND
i t 

- number o f  pa rt d esign changes fo r a ssembl y i in yea r t 
, 

B ) Endogenous Va riab les 

TP
i 

- th e a vera ge product ion t ime fo r a non �d efect ive assembl y i 

NSR - number o f  st at io n s  requi red in th e a ssembl y syst em 

SH - n umber o f  product ion sh ift s fo r a ssembly syst em 

We n o w  m a k e  t he fo l l o w in g  a ssumpt io n s. Assu me t h a t  a n u mber o f  

different assembl ies a re to b e  p roduc ed in year t .  The n umber o f  assembl ies 

(N P
t

) • th e number of pa rt s ( N A
i

) in each assem bl y  i ( 1=1 , 2 ,  • • •  ,N P) , and the 

p roduct ion req ui remen t s  for each a ssem bl y ( V S .  
t

) ' a re all un kn own . Th e 
l , 

man u fa c t u rin g syst em con si st s o f  a number o f  sta t io n s. Ea ch stat i on has a 

11workhead" - ei t her a manual operator {WA) , a spec ial purpo se w orkhead ( CW) , 

o r  a ro bot ( CR ) � The w ork- i n-pro c ess i s  mo unted on a work c a rri er o r  pal l et 

( CC ) , and is t ran sferred from o ne st at ion to the n ex t  b y  a t ran sfer d evi c e  

( C B  o r  C T ) . T h e  p roduct ion sch edul e is a s  follows. Set up and pr0du ce the 

ent ire yea r' s requi rements fo r a ssembl y 1 .  Then change over fo r a ssem b l y 2 

and produce th e ent i re year's requ irement s fo r a ssembl y 2 .  Cont inue fo r th e 

ent ire famil y o f  a ssembl ies. Up to three sh ift s can b e  used to p ro d u c e t h e  

t o t al req u i remen t s fo r a l l  a ssem bl ies. Aft er all th e requi red a ssembl ies 
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have been produc ed t h e  wo rkers and s u perv i s o rs a re trans ferred t o  o t h er 

a rea s o f  t h e  pl a n t . ( Hen c e  t h ere a re no c os t s  fo r h i ri n g  and fi ri n g  

wo rkers ). 

D u ri n g  th e l i fe o f  an a s s em b l y, a n um b er o f  pa rts ma y b e  red es i gned 

( for market i ng c onsi derat ions ). Wh en th i s  happens s ome o f  ass embl y eq ui pmen t  

m u s t  b e  c h an ged - s pec i fi ca l l y  t he c a rri ers C C , p a rt feed er s C F ,  rob o t  

gri ppers C G, robot part ma gaz ines CM , and the s pecial pur pos e  workh ead s  C W. 

T h e  n um b er o f  parts in assembl y i that will hav e  to b e  red es i gn ed in year t 

( ND
i , t

), wi ll us uall y b e  un known . 

T h e  a s s em b l y manufact u ri n g  s ys t em produc es a fami l y  of ass embl i es .  If 

non-programmabl e  auto mat ion is u s ed ,  th en a d i f feren t a s s em b l y s ys t em i s  

req u i red fo r ea ch a s s em bl y. Th e mo re fl ex i b l e  a s s em b ly s ys t ems c an b e  

changed ov er t o  m a nu fa ct u re a l l  a s s em b l i es .  ( T h e  t ra n s fer d ev i c es ,  t he 

ro b o t s  and t h e  a�s em b l y o pera t o rs wo ul d b e  reus ed . H o wev er, th e wo rk 

carri ers CC, th e mechani cal feed i n g  d evi c es CF, th e robot pa rt ma gaz i n es C M  

and t h e rob ot gri ppers C G  w o u l d  have t o  b e  changed . ) In addi t i on ,  some o f  

t h e  a s s em bl i es m a y  h a v e c ommon pa rt s . W h en t hi s  ha ppen s s om e  a s s em b l y 

equ i pmen t ;  namel y - th e automat i c  feeding devices CF , robot gri ppers C G  and 

robot pa rt ma gaz ines CM can b e  reus ed . 

T h e  abov e a s s um pt i o n s  h a v e  b een mad e t o  s i m pl i fy t h e m a t h em a t i cal 

mod els s o  t h a t  t h e ov era l l  prob l em i s  eas y  to und ers t an d . F o r exam pl e ,  

p ro d u c i n g  t h e  en t i re yea r's requ i rem en t s  i n  a s i n gl e  run , ov erl o o ks 

i nv ent o ry l o t  s i z i n g  c o n s i d era ti o n s , pro d u c t i o n s c hed u l i n g, e t c . 

C o nc eptua l l y, i t  i s  a s t ra i ght fo rward tas k to add mo re va ri ab l es and ma ke 

oth er assumpt ions so that th e mod els a re mo re a ppropri a t e  fo r a pa rt i c u l a r  

fi rm .  This i s  done in sec t i o n  6. 
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1 .  MA - MODEL FOR MANUAL ASSEMBLY (Figure l(a ) ) 

Select the required number of shifts SH, and the number of parts to be 

assembled in each station NS. for each assembly i (i=1 ,2, • • •  ,NP), so that 1 

there is sufficient capacity to meet the production requirements. 

That is: 

(8) 

where 

�p VS.* TP1.� HR * PE *  SH t=1 1 

(9) TPi= NSi*TA( � +PQ) 

(Every TP seconds, on average, a good assembly will be produced by the 

assembly machine. ) The number of stations required (NSR) in this manual 

assembly system is 

(10) NSR = max [NAi/NSi] (i=1,1, . � . ,  NP)� 

Assume that there is one operator at each sta tion and that ea ch 

operator has access to two work carriers (CC) on the conveyor (to allow for 

minor delays ) and that each station has a transfer device (CB ). Finally, 

notice that only the work carriers have to be changed when the assembly 

system changes over to a different assembly. 

The initial investment for a manual assembly system is, therefore, 

(11) I1 = NSR(NP*2*CC+CB) • 

The total annual labour costs can be calculated from, 

WA ��l·NAi .vsi,,TP i (l2) WT= 3600 HR * PE 

(The year subscript t, has been supressed for clarity.) 

Example 1 � model MA 

Consider the manual assembly manufacturing system described by the data 

in Appendix 1. Suppose that it will produce two types of assemblies (NP=2) 

over the next four years. The relevant demand data is: 



Assembly MS. l l' i a 
1 750000 
2 900000 

MSHAREi MGROW. 
b c l 

0 .17 0 .10 
0 .17 0 .10 

vs . 
d=air,1 
127500 
153000 
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vsf 2 vs. J vs - NA. 
f=ed.f. ) g=fh �c ) l e=d ( .f.c) 

140250 154275 169702.5 6 
168300 185130 203643 10 

As well , TA=10 seconds/part, PQ=0.05, PE=0.95, HR=2000 hours/shift , TX=0.40 

and k=0. 20. Suppose the assembly system works for one shift (SH=l) and , for 

both assemblies , one part is assembled at each station (NS1=NS22 � ), and all 

assemblies are sold for $0.65. On average a good unit is produced every 

TP=TA*NS*(1+PQ)=10.5 seconds ( equation 9). Each year the system will run 

for: 

year, t 1 2 3 4 

TP(VS1,t+vs2,t)/3600 818.13 hr. 899.94 989. 93 1088.92 

which is much less tha n the capacity of a shift (HR*PE=1900 hours/shift). 

From equation 12 the annual labour costs (WTt) are; $140921:05 in year � · 

155013.16 in year 2, 170514.47 iq year 3, and 187565.92 in year 4. The 

initial investment (equation 11) required is r1=10(2*2*1500+7000) = $ �30000. 

Using equations 1 , 2  ahd 3 to calculate revenues, depreciation and after tax 

cash flows gives: 

Year, t REVt It DEPt ATCFt 

1 $182325 $130000 (2/10)(130000) - 94757.63 
=$26000 

2 200557.5 0 .2(130000-26000) 35646.60 
.. 20800 

3 220613.25 0 16640 36715:21 
4 242674.58 0 - ! 331? 38389.99 

130000 76752 

The book value at the end of year 4 is the total investment less the 

accumulated depreciation, or $53248. Substituting these results into 

equations 4 to 7 gives: 

NPV = -94757.63/1.2 + 35646.6/(1.22) + 36715.27/(1.23) 

+38389.99/(1.24) + 53248/(1. 24) 



= $11229.86 

AE $21689.86, IRR = 0. 275, 
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PB= 3 1/2 years. 

At  a discount rate of 20%, the manual assembly system is a profitable 

investment. 

2. MAM - MODEL FOR MANUAL ASSEMBLY WITH MECHANICAL ASSISTANCE (Figure 1 (b)) 

The difference between this model and the pre.vious model i s  that 

mechanical feeding devices are available at each station to speed up the 

assembly process. (A different feeding device is required for each different 

part. When a part is redesigned, a new feeding device is required.) The 

equations are as above, except: 

(13) TPi = NSi*TM*(1+PQ ) ,  

(14 ) I1 = NSR*(NP*2*CC+CB} + CF* ��1NTi. 

Example 2 - model MAM 

Suppose we wish to produce the same assemblies as in example 1. However they 

are to produced for five years on a manual assembly system with feeding 

devices. From the data in Appendix 1 we see that assembly 1 has 6 unique 

parts (NA1=6, NT1=6) while assembly 2 has 10 parts, 2 of which are the same 

as parts used in assembly 1 (NA2= �0, NT2=8). Suppose, as in example 1, SH=1, 

NS1=NS2=1 and the selling price is $0:65 per assembly. Then TP=8.4 seconds 

(equation 13), and the annual labour costs (equation 12) are $112736�84 in 

year 1, 124010.53 in year 2� 136411:58 in year 3, 150052�74 in year 4 and 

165058.01 in year 5� The initial investment cost (equation 14 ) is 

I1 130000 + 7000(6+8) • $228000 � 
Suppose that both assembly 1 and 2 will have one part redesigned each year. 

(That is, NDi, t=1 for i=l, 2 and t=2, 3�4, 5. ) Then I2=CF*(1+1)=$� 4000, r3 

=14000, I4= �4000, and I5=14000. Using equations 1 , 2  and 3 gives: 



Year, t m.vt . It DEPt A':OCFt 

1 182325 $228000 $45600 - 168007 .1 
2 200557. 5 14000 39280 "47640.18 
3 220613. 25 14000 3li224 50209� 40 
4 242674. 58 1 l!OOO 30179.2 53644.79 
5 266942. 03 1l!OOO 269li3. li 57907.77 

284000 176226.6 

The book value at the end of year 5 is $107773. 4. Substituting these results 

into equations 4 to 7 gives: 

NPV = $14587. 82, AE = $24389. 35 

IRR = 0. 2li4, PB= 4.2 years. 

3a. SPW - MODEL FOR ROTARY AND IN-LINE INDEXING ASSEMBLY MACHINES {Fig 1(c ) ) 

These assembly machines are non-programmable. A dedicated machine is 

required for each different assembly produced. This is be cause each 

assembly requires different special purpose workheads, different work 

carriers and different part feeders. Each station in the assembly machine 

assemble s  one part only. Ob viously, for such "hard automation" to be  

profitable, the volumes must be  large enough to adequately util iz e  

dedicated assembly machines. 

For each assembly i, (i=l,2, • •  � ;NP) and for each year t select SH. t' 
l , 

so that there is sufficient capacity to meet the demand requirements. (In 

what follows, we suppress the year subscript t for clarity. ) That is 

VS.*TP./3600 =< HR*PE*SH 
l l 

where TP.=TW+NA.*PQ*TD. (15 ) 
l l 

Each station in the assembly machine consists of work carriers CC, a 

feeding device CF, and a special purpose workhead CW (all of which must be 

changed if a part is redesigned ) and a transfer devices CT. The initial 

investment required for assembly machine i is: 

(16) Ii ,l .. NAi *(CC+CF+CW+CT) : 



The labour costs consist of operator and supervisor costs. One operator runs 

1/NR stations on the assembly maehine and one supervisor monitors l/NOS 
assembly machines. The annual ·1abour coat for machine i, is: 

The initial investment in all NP indexing assembly machines is 

11 • ��11i,l 
while the total annual labour cost is 

WT = �t1WT . •  l= 1 

I� 



3b. SPW - MODEL FOR IN-LINE FREE TRANSFER {BUFFERED) ASSEMBLY MACHINES WITH 

SPECIAL PURPOSE WORKHEADS (Figure l(d) 

If the number of parts in assembly i (NA.) is large,  downtime due to 
l 

defective parts, can be excessive when rotary and in-line indexing assembly 

machines are used. In this case an in-line assembly machine with buffer 

inventori es between the stations will be used. Then, when a station 

produces a defective part, the other stations will not be forced down. They 

will use a good part from the buffer inventories. 

Once again a separate non-programmable machine is required for each 

different assembly. Boothroyd (1982] recommends the in-line free transfer 

assembly machine be used whenever NA . >� 10 and that the size of the buffer 
l 

inventories (BI) be approximately ro � 5*TD/TW1 where rx1 is the smallest 

integer greater than or equal to X. H e  shows that a good assembl y is 

preduced every TW+PQ*TD seconds (on average) on these assembly machines. 

For each assembly i, where NA. >= 10 (i .. 1,2, . • .  ,NP), select the 
l 

required number of shifts SH. such that VSi*TP./3600 =< HR*PE*SH., where l l 1 

TP.=TW+PQ*TD. The initial investment for assembly machine i is, l 

(18) I .  1zNA.*(CC+CF+CW+CT+BI*CC), 
l ,  l 

and the annual labour cost is, 

(19) WT.•(NR*NA.*WA+NOS*WS)*(VS.*TP./3600)/{HR*PE). l l l l 

(If a part is redesigned then a feeding device (CF) and a special 

purpose workhead (CW) will have to be changed. ) 

Example 3 - model SPW 

Consider again the problem of examples 1 and 2. Suppose that the two 

assemblies are to be produced on assembly machines with special purpose 

workheads. Assembly 1 has 6 parts and will be produced on the non-buffered 

assembly machine of model 3a. Assembly 2 , with lO parts, will be produced on 



the buffered assembly maehine of model 3b. The assemblies are to be produced 

for six years. Each assembly will have one part redesigned each year. A 

capacity check shows that both machines will be run for one shift only. 

For assembly 1, TP1=5+6*0.05*30=14 seconds. The annual demands are 

127500 units in year 1, 140250 in year 2, and 154275, 169702.5, 186672.75 

and 205340.03 in years 3 to 6. The required initial investment is I111= 

6(1500+700 0+10000+16000) = $ 207000 with additi onal investments of 

(CF+CW)=$26000 in each successive year because of the redesigned parts. The 

labour cost in year 1 is 

WT =(0.333*6*40000+0.25*55000}*(127500*14/3600)/(2000*0.95)=$24444.58 • 

Si mil arly, the lab our costs in years 2 to 6 are 26889.04, 29577.95, 

32535.74, 35789:31 and 39368.25. 

For assembly 2, TP2=5+0.05*30=6.5 seconds. The demands are 153000, 

168300, 185130, 203643, 224007.3 and 246408.03 units per year. The initial 

investment is r2 1=10(1500+7000+10000+16000+3*1500)=$390000 with additional , 

investments of $26000 each year (because of part design changes ) . The annual 

labour costs are $13619.12, 14981.04, 16479.14, 18127�06, 19939.76 and 

21933.74. 

Using equations 1 ,2 and 3 to calculate revenues, depreciation and after 

tax cash flows gives: 

Year,t REVt It DEPt ATCFt 

$182325 $207000+390000 (2/10)*597000 -$462683.22 
·597000 •119400 

2 200557.5 52000 105920 85580.45 
3 220613.25 52000 95136 90788.10 
4 242674�58 52000 86508.8 97810.59 
5 266942.04 52000 79607�04 106570�60 
6 293636�24 52000 74085.63 117 ,034.80 

857000 560657.47 
The book value at the end of year 6 is $296342.53: Substituting these 

results into equations 4 to 7 gives; 

to 



N P V  • -$45162�05� AE = -$67902. 44 

IRR = 0.158, PB .. 5 .6 years. 

At a discount rate of 0. 20 these assembly machines are n?t profittable. 

Obviously much larger volumes are required to justify non-programmable 

dedicated machines. 

4. RW - MODEL FOR IN-LI NE FREE TRANSFER (BUFFERED) A S S EMBL Y  MAC H I N E  W I TH 

ROBOT W ORKHEA DS (Figure 1(e) 

T his assembly machine is the same as the in-line free transfer machine 

with special purpose workheads (model 3b) except that the workheads are now 

programmable. That is, the robot workheads can b e  reprogrammed for 

different tasks. (In that sense this assembly system is similar to manual 

assembly with mechanical assistance - model 2 ,  because the human operators 

can also do different tasks.)  The cost of each robot is CR where 

CR=Cl+DF*C2. Cl is the basic cost of a robot and C2 is the additional cost 

per degree of freedom of the robot. It is reasonable to assume that four 

degrees of freedom are required for assembly line robots. 

Select the required number of shifts SH, and the number of parts to be 

assembled at each station NS., for each assembly i, i=l,2, • •  :, NP such that 
1 

there is sufficient capacity to meet the production requirements. That is, 

��1VSi*TPi/3600 =< HR*PE*SH where TPi=NSi*(TR+PQ*TD). The number of stations 

required in the assembly machine is, NSR=max[NA1/NSi], i=l,2, • . •  ,NP. Again 

we have buffers of size BI=C0. 50*TD/TR1 located between all stations. The 

required initial investment is 

(20) I1=NSR*{CR+CT) + CM*��1NTi + (CG+CC(1+BI))* ��1(NAi/NSi). 

If design changes are made then the robot part feeders ( CM ) and the robot 

grippers (CG) need to be changed. Labour costs consist, as in model 3b, of 

7..1 



operator and supervisor costs. (Notice that if assembly i has NAi parts and 

NS parts are assembled at each station, then NAi/NSi stations are required 

to complete the assembly.) Therefore the annual labour costs are; 

(21) WT = �t1 ((NA./NS.)*NR*WA+NOS*WS)*(VS.*TP.*NS./3600)/(HR*PE). 
. l::r 1 1 1 1 1 

Example 4 - model RW 

This time we will produce the two assemblies, for the next seven years, 

on a single transfer line with robet workheads. In addition, a new assembly 

will be introduced in year 4. This assembly will have NA3=8 parts (of which 

NT3-6 are different). Initially the total market demand is 700000 units and, 

like the other assemblies, that demand will grow by 10% each year. All three 

assem blies w ill have a part redesigned each year. Annual product ion 

requirements are: 

year,t 1 2 3 4 5 6 7 
vs 127500 140250 154275 169702 186672 205340 225874 
vs1, t 153000 168300 185130 203643 224007 246408 271049 
vs2,t 700000*0.17=119000 130900 143990 158389 
NS3,t 2 2 2 2 2 2 2 
NS1 2 2 2 2 2 2 2 
NS2 2 2 2 2 
E is. *TP /3600 1169 1286 1414 2051 2257 2482 2730 
SH 1 1 1 1 2 2 2 2 

-

where TP1=TP2=2(6+0. 05*30)=15 seconds. 

Clearly 1 shift is required in years 1 to 3 and 2 shifts are required 

thereafter. (Recall that the capacity of a shift is HR*PE=1900 hours.) The 

maximum number of stations required is NSR•max (6/2,10/2)• 5 and so the 

required initial investment (from equation 20) is 

CR=50000+4*10000=90000, BI=r0. 5*30/61=3, 

I1=5(90000+l6000)+5000(6+8)+(1700+1500*4)*(6/2+10/2)=$661600. 

Additional investments of 2(CM+CG)a$6400 are requ ired in years 2 and 3 

because of part design changes in assemblies 1 and 2. With the introduct ion 

of assembly 3 in year 4 new part feeders (CM), grippers (CG) and carriers 



(CC) are needed. The new investment is NT3*CM+(NA3/NS3 )* (CG+CC(1+BI)) � 

$60800 plus $6400 for part design changes in assemblies 1 and 2. Finally 

additional investments of $9600 are required in years 5,6 and 7 because of 

part design changes in all 3 assemblies. 

Using equations 21, 1, 2 and 3 to calculate labour costs, revenues, 

depreciation and cash flows gives: 

Year, t REVt LABt It DEPt ATCFt 

1 $182325 $83954.28 $661600 132320 -$549649.57 
2 200557°.5 92349;70 6400 107136 101379�08 
3 220613.'25 101584;67 6400 "86988.8 '99812.67 
4 320024�·58 146728.10 67200 83031 .04 69�90.30 
5 352027.03 161400 .9·1 9600 68344 .83 132113�60 
6 387229.74 177541.00 9600 56595.87 138851. 59 
7 425952.71 195295.10 9600 47196.69 147673.24 

770400 581613.23 
The book value at the end of year 7 is $188786.77. Substituting these  

results into equations 4 to 7 gives; 

N PV • -$102629.75, AE = -_$142359.74 

IRR = 0.122, PB "" 6 years. 

At a discount rate of 0.20 this assembly mach! ne is not a profittabl e  

investment. 

5. RAC ROBOT ASSEMBLY CELL (Figure 1(f) 

The robot assembly cell uses two robots. Each of these sophisticated 

robots has six degrees of freedom. While one robot is assembling a part, the 

other robot can change grippers and pick up the next part. If the assembly 

cell is carefully designed, the average time to complete a good assembly i, 

is TPi�NAi*(TR/2+PQ*TD). As always, select SH such that 

��1VSi*TPi/3600 =< HR*PE*SH. 

( Of course i f  there is insufficient capacity over 3 shifts, a second 

assembly cell would be needed. ) The required initial investment is: 

23 



(22) I =2*CR+�£ -
(CC+NTi*(CM+CG)) l l•l 

If a part is redesigned then the part feeder (CM) and robot gripper (CG) 

will have to be changed. If one supervisor is assigned to monitor each robot 

assembly cell, the annual labour cost is: 

(23) WT=WS*�t1(VS.*TP./3600)/(HR*PE) • 

l= l 1 

Example 5 - model RAC 

Now we will produce the assemblies discussed in example 4, in a robot 

assembly cell. The average assembly times are TP1·6(6/2+0�05*30)=27 seconds, 

TP2•45 and TP3�36. A capacity check shows: 

Year,t 
vs 
vsl,t 

vs2,t 

E ��� t*TP./3600 
SH l, 

l 

Notice t hat in  

1 
127500 
153000 

2869 
2 

years 

2 3 
140250 154275 
168300 185130 

3156 3471 
2 2 

6 and 7 there 

4 5 6 7 
169702 186672 205340 225874 
203643 224007 246408 271049 
119000 130900 143990 158389 

. 5008 5509 6060 6666 
3 3 2 mach 2 mach 

2 shift 2 shift 
is insufficient capacity with one 

assembly cell, and so a second assembly cell is needed. From equation 22 the 

required initial investment is (CR=50000+6*10000=$110000); 

I1=2*110000+1500+6(1700+1500)+1500+8(1700+1500)=$267800, 

with additional invest ments of $6400 in years 2,3 and 4 because of part 

design changes in assemblies 1 and 2: In year 4 assembly 3 is introduced, 

necessitating a n  investme nt of NT3*(CM+CG)+CC=$20700. An additional 

investment of $9600 is required in year 5 because of part design changes in 

the three assemblies. In year 6 a new robot assembly cell is required at 

cost 

As well, part design changes require an investment of $9600 for the original 

cell. Fiaally in year 7 an additional investment of 2*$9600 is required 

because of part changes; Equations 23, 1, 2 and 3 can be used t o  calculate 

labour costs, revenues, depreciation and cash flows. 



Year , t  RE V
t 

LAB
t 

I
t 

DEP
t 

ATCF
t 

1 $182325 $60400 $267800 53560 - 173221 
2 200557.5 66442 6400 44128 91720. 5 
3 220613.25 73074 6400 36582.4 96756.5 
4 320024. 58 105432 27100 34685.92 115529. 9 
5 352027. 03 115979 9600 29668.74 143896�3 
6 387229. 74 127579 298100 83354.99 -108967.6 
7 425952.71 1110337 19200 70523.99 180379. 0 

634600 352504. 04 
T he b o o k  val ue at t h e  e n d  o f  ye ar 7 i s  $282095.96. S u bs t i t uti n g  t h e se 

result s i n t o  equati ons 4 to 7 gives ; 

NP V • $181455.89 ' AE - $251701 

IRR = 0.556, PB .,. 1.8 years . 

Ob v i o us l y  t h e  rob o t  as s emb l y c ell i s  an e x c el lent i n ve s tme n t  fo r th i s  

s i t uation . 

3. DECISION ANAL YS IS ME TH ODOL OGY 

T h e  a ppl i c at i on of de cis i o n  an alys i s  o ft e n tak es t he fo rm o f  a n  

i te rati ve p rocedure c alled th e Decis ion Analys is C y c le (se e F ig ure 2). T h e  

p rocedure i s  di v i de d  i n t o  th ree phas es . In th e fi rst ( determ i ni s t i c ) ph ase , 

the vari ables a ffect ing t ne dec is i on a r e  de fi n e d  an d a m o de l  s h ow i n g  t h e  

re la t i o n sh i ps be tween t h e  v a ri a bles i s  deve lo pe d. The import ance o f  e ach 

vari a b l e  is als o  de t e rmin e d. I n  t h e  s e co n d  (p r o b a b i l i s t i c ) p ha s e 

u n c e rta i n t y ( t h at i s , p ro ba b i li t i e s ) i s  e n c ode d on t h e  m o re i m po rt an t  

va ri ables .  The associ ated p ro bab i l i ty dist ri but i on o f  the outcome v a ri a bl e  

i s  t h e n d e t erm i ne d. Then, th e pri n c i p les o f  stochas t i c  dominance are· use d  

to de termine the "best "  dec i s ion from the pro bab i li ty dis t ri b ut i o n s  o f  t h e  

outcome v ari ab le for e ach alt e rn at i ve .  The th i rd (in fo rmat ion al) phas e uses 

the res ult s o f  the fi rs t two p ha s es t o  de t e rm i n e  the e conom ic v alue o f  

e li m i n at i ng unc e rt ai n t y  i n  e ac h  o f  the impo rt ant v ariab les . If there are 

p rofi t able so urces o f  i n fo rm at ion , then the decis ion sho uld be to gath e r  th e 
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n e w  in fo rm a t ion . H�n c e  th e des ign a n d  e x e c u t ion o f  t h e  in fo rma t io n 

gathering p rogram fo llow . O ft en the new in fo rmat ion re qu ires re v is io n s  t o  

the o rig in a l  ana lys is an d s o  the firs t three phases a re re peated . ( Usua lly 

the mod ificat ions a re s light . ) Th is iterat ive proce dure is rep ea t e d  u n t il 

t h e re a re no longe r any p ro fita ble s ou rc e s  o f  new in format ion.  At th is 

po int the fina l dec is io n  is ma de .  ( Bas e d  on p p� 8-9 o f  H owa rd an d Ma t h e s o n  

[1983].) 

4. SE LECTI NG THE ASSEMB LY MANUFACTURI NG SYS TEM 

W e  w ill now use the dec is ion ana lys is me thodology o f  sect ion 3 and the 

models o f  sect ion 2 ,  to se lect the "bes t "  ass em b ly manufacturing system .  

i) De term in is t ic Phase 

The va riab les a ffe c t ing t h e  de c is ion an d t h e  mod e ls re la t ing t h e s e 

va riab le s  we re developed in sect ion 2 .  Fi rst we w ill determ ine the annu ity 

equ iva lents ( AE), internal rat es o f  return ( I R R ) an d p a y ba c k s  ( P B ) fo r t he 

fiv e as s em b ly s y s t ems under the "most like ly" co nd it ions . To do th is ,  th e 

dec is ion make r's spec ia lis ts a re asked fo r t he most like ly va lues o f  a ll the 

v a ria bles . S u pp o s e  that the dat a  in Appe ndix 2 a re the most like ly values 

fo r t h e  v a ria b les . T h e  re s ult s o f  us in g t h e s e  e s t ima t es in t h e  m o d e ls 

de v e lop e d  a b ov e ,  a re p re s en t e d  in T a bles 1 and 2 .  S in ce t he approp ria t e  

c rit erion is the Annuit y  E qu iva lent ( AE ) , a Fre e T rans fe r  Lin e  w it h  R o bo t  

Wo rk h e a ds ( RW ) s hould be use d : The secon d  best s ystem is the Robot Assemb ly 

C e ll ( R AC ) . Not ice that if the criterion is IRR o r  PB then a Manual As sem b ly 

s ystem ( MA) would be se lect e d. Second choice wo uld be RW . C learly , us ing the 

wro ng crite rion will lead to t he wrong assem b ly system .  

O f  a ll t he v a ria b le s  de fine d in s e ct io n  2 ,  s ix t een a re s t o c has t ic 

va riab les , in that at th e t ime the dec is ion is t o  b e  m a de ,  th ey c annot b e  

es t ima t e d  exa c t ly .  Anothe r e ight e e n  v a ria b les a re c a lle d d e t e rm in ist ic 



Table 1 
Results of Deterministic Phase - Results Under �st Likely Conditions 

Assembly System AE IRR PB 

1 .  MA - Manual Assembly $251670 44% 3 . 4  years 
2 .  MAM - Manual Assembly with Mechanical Assistance 285819 22 > 5 
3 .  SPW - Assembly Machines with Special Purpose -678363 4 > 6 

Workheads 
4 .  RW - Assembly Machines with Rol:ot Workheads 845477 23 5 . 06 
5 .  RAC - Rol:ot Assembly Cell 352684 18 6 . 16 

Table 2 - Ranking FMS's From Table 1 
Criterion 

Ranking AE IRR PB 
1 - Best RW MA MA 
2 RAC RW RW 
3 MAM MAM MAM 
4 MA RAC RAC 
5 - Worst SPW SPW SPW 



vari ables bec aus e  the y can be accurately est imated. F i nally there a r e  t h r ee 

o u t p u t  va r i a ble s � n am e l y  A E , I R R  a n d  P B . We now w i s h  t o  s t u dy th e 

s en s i t i v i t i e s  o f  t h e  o ut p ut v ar i a ble A E, t o  e a c h  o f  t h e  s t o c h a s t i c  

v a r i able s . B y  s o  do i ng, we can determine wh ich o f  the stochas t i c  vari ables 

are the more impo rtant ones . If the output variable is sensit i ve to c han ge s  

i n  a s t o c h a s t i c  v ar i a ble ; t h e n  t h a t  s t o chas t i c  v a r i a ble i s  c a lle d  an 

impor tant s t ocha st i c  vari able . I f  the out put v ar i able i s  n o t  s ens i t i v e  t o  

chan ge s  i n  a s t oc h as t i c  v a ri able , then t h e  s t o chas t i c  v ar i able wi ll be 

treated as a determin i st i c  vari able . To i llus trate; suppose t h e  de c i s i o n -

m a k e r ' s  e xperts gave the mos t  li ke ly va lues and ranges shown i n  A ppen di x  2 .  

T able 3 s h ows t h e  r e s u lt i ng s en s i t i v i t i e s . T h e s e  s e n s i t i v i t i e s  w e r e  

c a lc u la t e d  as fo llows . A s t o chas t i c  variable was s e t  t o  i ts low va lue an d 

a ll o t her variables were set t o  thei r  most li k e ly valu es . Us i n g  t h e  m od e ls 

o f  s e ct i o n  2 ,  A E ' s  w e re c a lc u la t e d  for a ll fi ve a s s em bly s y s t em s . T h e  

avera ge A E , A E ;  t he mean a bs o lut e de v i a t i o n , MAD , o f  A E ;  a n d  t h e  ra t i o  

-

MAD /A E  wer e t h e n  c a lc ula t e d . ( This ratio i s  a measure o f  r i sk per uni t o f  

retu rn . ) The sto c has t i c  vari able was t h e n  s e t  t o  i t s h i gh v a lu e  a n d  th e 

pr o c e dur e was r e p e a t e d. T h e  a v e r a ge ( MAD /AE) i s  t h en c a lc u la t e d. Those 

s t ochas t i c  vari able s  w h i c h  pro du c e d  a lar ge a v e r a ge ( MAO /AE) a r e  c a lle d 

i m por t a nt stochas t i c  variables because they have an important e ffect on the 

vari abi li t ies of the A E ' s  for the fi v e  a s s em bly sys t ems . The s t o c h as t i c  

var i ables w h i c h  produ c e d  a small average (MAD /AE) do n ot have an impor tant 

e ffect on the vari abi li ty o f  t he AE 's an d so c an be tr eated as determin i s t i c  

vari able s .  F r om T a ble 3 o n e  c a n  s e e  t h a t  t h e  mo s t  i m p o r t a n t  s tochas t i c  

vari able i s  t h e  annua l dem a n d  for t h e  as s em bli es , MS . Ot her s t o chas t i c  

var i a ble s s uch as mar k e t  shar e ,  M SHARE , an d ma r k e t  growth , MGR OW ,  wh i c h  

a ffe ot the ann ual demand, are a ls Q  very impor t an t . ( T he s e  t h r e e  v ar i ables 

t1 



emphasi ze the great imp or tance of demand , i n  the s elect ion o f  the best FMS . ) 

Ne xt in importance are the pro ject li ves and t h e  r i s k -f r e e  i n t er e s t  r a t e , 

I R ;  fo llowe d b y  the number of new ass emblies i ntroduce d  each year , NAP ,  and 

t h e  n um b er of ann ua l  par t  de s i gn change s , ND . F i na lly t h e r e  a r e  o t h er 

pro duct i o n  var i a bles s uch as ass embly t imes , par t  qua li t y ,  et c. Not i ce tha t  

the imp or tant stochas t i c  vari ab les are e i th e r  v a r i a b les whi c h  meas ur e  t h e  

"r e qui r e d  f le x i b i li t y" of the assembly system ,  or are financial variab les . 

( Reca ll that f le xi b i li t y  has three co mponents - f le xi b i li ty to meet chan ging 

dem a n ds ( MS, MSHA R E , MGR OW) ; f le xi b i li ty t o  accomodate new pro duct s ( NA P); 

and f le xi b i li t y  to mod i f y  pro d uct s ( ND) . ) 

I n  s ummary , i n  t h e  de t e rm i n i s t i c  phase a mode l  was deve lope d, a most 

li k e ly c as e  was ana ly z e d , and t h e  i m po r t a n t  s t ochas t ic v a r ia b le s  we r e  

i denti fie d. 

i i ) The Probab i l i s t i c  Phase 

S i n c e  som e  of t he var i a bles ar e stochas t ic ,  th e out put var i ab le, A E ,  

for each ass emb ly s ys t em will a ls o  b e  s tochas t ic .  T o  encode th e un c ert ain t y  

in a ll o f  t h e  i m po r t a n t  s t o c h as t ic variab les , p robab ilit y den s it y  

f unct ions ( p df 's )  are est imated for each of them . These pdf 's are obtained by 

a s k i n g  a p pr o p r i a t e  qu e s t i o n s  of t h e  e xpe r t s  w i t h i n  the f i rm a n d, if 

necessary , from o uts i de the firm .  (A ct ually i t  i s  us ually eas i er to est imate 

the c umula t i ve densi ty f unct ion ( cdf )� See , for examp le ,  Spe t z ler and Stae l  

v o n  Ho ls t e i n  [1975].) By s ys t e ma t i c a lly s ub s t i t ut i n g  a ll p o s s i b le 

c om b i n a t i ons of variable va lues i nto the mode ls ,  the p df for AE fo r each of 

the f i ve assembly syst ems can be calc ulat e d. A sys t ema t i c  representat ion of 

t h i s  pr o c e dur e i s  gi ven i n  Fi gur e  3 .  E a c h  path r epresents one par t i c ular 

sett ing of a ll the variab les . Two points sho uld be made her e .  F i r s t ; car e  

. 

sho uld b e  t ak e n  when dec i di ng wh i ch vari ab les are stochas t i c  an d whi ch are 



Table 3 

Deterministic Phase Results - Sensitivities of AE's to Stochastic Variables 

Var iable lt>st Likely Range Average (MAD/AE) *100 Rank 
Case IDw Hi h 

NP 5 3 5 11. 78 10 
NAP 1 1 2 

0 0 1 25 . 10 4 
1 1 1 
0 0 0 

MS 750000 500000 900000 
900000 700000 1000000 69 . 15 1 
700000 450000 1000000 
550000 350000 650000 
300000 200000 400000 
500000 400000 600000 
300000 200000 400000 

F=3 800000 600000 900000 
750000 600000 850000 

MGR.CW 0 . 10 0 . 07 0 . 10 8 . 27 11 
MS HARE 0 . 17 0 . 15 0 . 17 18 . 27 6 
Project Lifes MA =  4 yr 4 7 

MAM =5 5 8 32. 22 2 
SPW =6 6 9 
PW =  7 7 10 
RAC =8 8 12 

TX 0 . 40 0 . 35 0 . 45 12 . 76 9 
k 0 . 10 0 . 08 0 . 12 31. 25 3 
TA 10 sec 9 10 30. 66 
'IM 8 7 8 29 . 22 7 
'IW 5 4 5 2 . 98 
TR 6 5 6 17 . 45 
TD 30 27 30 4 . 11 
PE 0 . 95 0 . 95 0 . 98 6 . 27 12 
PQ 0 . 05 0 . 035 0 . 05 13. 59 8 
ND 1 1 2 23 . 88 5 
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de termin is tic , becaus e t h e  t r e e  g rows very r a p i d l y  w h e n  t h e r e  a r e  l a rg e  

n umbe r s  o f  s t o c h a s t ic variables o Second , we usual ly es tima te a cumu la tive 

dens i ty func t io n  for e a c h  s toc h a s t i c v a r i a b l e  a n d  th e n  a p p r ox ima te t h e  

c u m u l a t i v e  b y  t w o , t h r e e  o r  f o ur v a l u e s . T w o  v a l u e s  a r e  u s ed i f  t h e  

determin i s t i c  p h a s e  s h ows t h a t t h e  v a r i a b l e  i s  a n  impo r ta n t  s to c h a s t i c  

v a r iab le·.; I f  the· var i ab l e  i s  a v ery i mp o r ta n t  s tochas t i c  variable then 

three- or four values are used ..  Aga in as few. value s  as p o s s i b le a re us ed to 

k e ep the d ec i s io n  tree manageab le .. Based o n  the resu lts o f  the sens i t iv i ty 

a na l y s i s  d o n e  i n  t h e  d e te r m in i s t i c p h a s e ( Ta b l e  3 )  we w i l l  u s e  t h r e e  

b r a nc h e s  f o r  t h e  a n n u a l  d em a n d  M S , a n d  two bra nc h e s  for NP , NAP , MGROW, 

Proje c t  Lives , k ,  TA , TM , TW, TR , PQ a n d  ND . T h e  v a r i a b l e s  PE , TD a n d  TX 

w.i l l  be d e t e r m i n i s t i c  v a r ia b l e s  because they have a smal le r  effect on the 

variab i l i ty o f  the AE ' s  and because they a r e  r e l a t i v el y  e a s y  t o  e s t ima te . 

No t e  t h a t  a n o t h e r  a na l y s t  m ig h t have used fewer s toc a s t i c  variables ( say 

MS ,. r.ifes,, I R , NAP , ND ,. and. NP): with more b r a nc h e s  fo r e a ch v a ri a b l e  .. I n  

gen eral o n e  sho u ld u s e, as many sto c h a st i c: v a r i ables a nd branches a s  th e: 

computer res ources perm i t... (There are 3 840 branches in our d ecis io n  t re e . }  

We c a n  n ow d e te r m i n e  th e c u mu la t iv e  d e n s i ty funct ion o f  the annu i ty 

equivalen t ,  AE , for ea ch o f  the five manufacturing sys tems . Using th e pdf ' s  

f r om Appe nd i x  3 ,  our computer program calcula ted the cclf ' s  shown in F igure 

4 • .  Looking.,. for example,, at� the·· cclf for the r ob o t  a s s e mb l y  ma c h i n e  we s ee 

th a t  th e r e  i s  a 5 0  -_ 50 chance tha t the annu i ty equivalent w i l l  be above or 

below $ 7 5 0 0 0 0 , and there i s  a 2 0 %  chanc e  tha t  AE will exceed $ 1 . 2 5  m i l l io n e 

To o rd er t h e  ma n u f a c turing sys tems from bes t  to wor s t  ( based o n  the cdf ' s )  

w e  W·i l l  us e th e f o l l o w ing two s te p  proced ur e . F i r s t ;  u s e  f i r s t - o rd e r , 

second-order and th ird-order stochas t ic dominance (SD ) to order the sys tems . 

( See Appendix 4 for a review o f ·  s tochas tic dominance-. ) S econd ; i f  SD doesn ' t  

··� 
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exis t  between some systems , es tima te the r i s k  a tt i tude of the decis ion-maker 

and use th i s  to order th e rema i n ing systems . From Figure 4 ,  we se� t h a t t h e  

a s s e m b l y m a c h i n e  w i t h s p e c i a l p u r p o s e  w o r k h e a d s ,  S P W , i s  t h e  wo r s t  

manufacturing sys tem ( us ing the p r in c i p le o f  f i r s t -o rd e r  S O ) . I t  a p p e a r s  

t h a t  RW , th e a s s emb ly ma c h i n e  w i th r ob o t  w o r k h e a d s ,  i s  the bes t  sys tem .  

Unfortunately,. we cannot use so t o  prove th is . S i n c e  S D  d o e s n o t  e x i s t  fo r 

RW , MA ,, MAM a n d  SPW we need to estimate the r i sk a t t i tude of the d e c i s ion-· 

maker •. 

Ri s k  preference is the decis ion-maker ' s  a t t i tude toward risk . I t  should 

be measured independently o f  any speci f ic project and is usually e n c od ed i n  

t h e  f o r m  o f  a preference curve • .  suppose , for the sake of i llus tra t io n , tha t  

our dec i s ion-maker has the p reference curve sh own i n  F i gure 5 •. T h i s  me a n s  

tha t  h e  i s  i n d i f f e r e n t  b e t we e n  a lo t tery wi th equal chances o f  winning $ 3  

m i l l ion or losing $ 2  mil l ion , and th e s tatus quo .. ( O . S * U ( 3 )  + O . S * U ( - 2 )  = 

0 .s + 0 :. U: ( O } .. } Tha t i s ,  he a ccep t s; a c e r ta i n  v a l u e  s ma l. l e r  tha n  the 

expected value of the· lottery .._ For any lottery there i s. some r i s k le s s  value,, 

ca l le d  t h e  cer ta i n ty e q ui va l. e n t ,. w hi c h  wo u ld make th e d e ci s io n =m a k e r  

ind i f ferent .  When the certa i n ty equi valent is less tha n  th e expe c te d  v a l u e  

o f  t h e  l o t t e ry ( a s i t  u s u a l ly i s )  w e  s a y  tha t  th e decis ion-maker i s  r i sk 

averse . As a consequence o f  a s e t  of r i sk preference a x io m s , th e d ec i s io n 

mak e·r 1 s rat ing o f  any lottery can be· compu ted by mul t iplying th e preference 

va lue of any pos s i b le valu& in the lo ttery by the probab i l i ty of th a t  va l u e  

a n d  t h e n  s um m i n g  o v e r  a l l  po s s i b l e  v a l ue s .  Th i s  r a t i n g  i s  c a l l e d  th e 

expected preference of tha t l o t tery . 

Tab le t c a l c ul a te s  t h e  expected p r e f e re n c e s  fo r th e f i ve a s s embly 

sys tems . The f ir s t  two columns descr ibe th e pdf of AE ( ob ta ined from F i g u r e  

4 )  f o r  t h e  robot a s sembly cell . The nex t column g i ves the pr efe rence va lues 



Tab le 4 - C a lculation o f  E xpected Preferences For F i ve Assembly Systems 

RAC - Robot Assemby Cell 

Ma ximum AE = 1,916,085 
Min imum AE = - 419,789. 3 
I nt erval W i dth = 116;793. 6 

AE ( Mi dpoi n t ) 

- 361, 391 
- 244,598 
- 127 ,804 

- 11,011 
105, 783 
222 ,577 
339, 370 
456, 164 
572,958 
689,751 
806,545 
923,339 

1,040, 132 
1, 156,926 
1,273 ,719 
l , 390,513 
1,507,307 
l,624,100 
1,740,894 
1,857,688 

Probabi li ty 
0�00309 
() ; 00900 
0 ; 02533 
0. 05928 
0 ; 12412 
0.15298 
0 ; 15915 
0�14750 
0:10853 
0. 07448 
0 ; 05201 
0. 03269 
0 ; 02640 
0. 01303 
0. 00541 
0. 00242 
0. 00204 
0� 00164 
0. 00035 
0 ; 00052 

Simi lar ly 
Assembly 
System 

Annui ty Equi val e nt 
Mean Vari ance 

MA 
MAM 
SPW 
RW 
RAC 

$365093 
3631 41 

...;659597 
891 049 
407069 

3.650E+1 0 
8 . 357E+ 10  
2.808E+1 1 
3 ;696E+1 1 
9 . 770E+ 1 0  

Preference 
0.41891 
0. 44477 
0. 47016 
0. 49507 
0 ; 51953 
0. 54353 
0 � 56709 
0 ; 59021 
0 ;61290 
0.63518 
0 . 65704 
0 ;67850 
o.69955 
0. 7 2022 
0.74051 
0 .76042 
0.77996 
0 .79914 
0.81797 
0.83647 

Pr ob .  * Pref. 
0. 00129 
0 ; 00400 
0. 01191 
0 � 02935 
0 � 06448 
0 � 08315 
0. 09025 
0. 08706 
0 . 06652 
0 � 04731 
0 ; 03417 
0. 02218 
0.01847 
0. 00938 
0 � 00401 
0. 00184 
0 ; 00159 
0. 00131 
0 ;00029 
0. 00043 

E xt ende d  Preference = 0. 57900 

E xpect e d  C ertainty 
Preference Equ i valent 

0. 5716 
0. 5705 
0. 3454 
0 ;6673 
0 .5790 

361,982 
356,459 

-681,874 
862,123 
399,259 

Rank 

3 
4 
5 
l 
2 
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( ob tained from Figure 5 )  for th e AE ' s . of th e f i r s t  c o l umn , fr om wh i c h  th e 

e x p e c t ed p r e f e r e n c e  c a n  b e  c a l c u l a ted . I f  t h e  d e c i s i o n-ma k er ' s  r i s k  

preference i s  accura tely descr ibed by th e preference curve o f  Figur e S ,  th e 

b e s t a s s embly sys tem i s  the assembly machine w i th rob o t  workheads , followed 

by the rob o t  assembly ce·l l ,  manual assembly , man ua l  assembly wi th mechanical 

a s s i s-ta nce· and th e· a ss embly machi n e· with special purpose workhe?dS o ( I t  is 

interesting to note that the· same rank ing w o u ld have b e e n  o b ta i n ed if th e 

c r i te r i o n  wa s t h e  e x p e c t ed a n n u i ty equ i va l e n t . Th i s  i s  b e c a u s e  th i s  

decis ion-maker is not very r i s k  a verse . 

i i )  I n forma t ional Pha s e  

In th i s. phase t h e  uppermos t  ques tion i s ;  " S h ou ld m o r e  i n fo r ma t io n  b e  

g a t h e r ed b e fo re t h e  f i n a l. d ec i s io n  i s  mad e ? " . T h e  v a l u e  o f  g a th er i ng 

addi tional informat ion c a n  b e  m e a s u r e d  b y  e v a l u a t ing a r ev i s ed d e c i s i o n  

tree •. A special. case i �  th e case - of perfect informa tion tha t  i s r  the value 

of an important s tochast ic·  v a r ia b l.e w i l.l. be known e x a c t l y  a f te r  p e rfe c t  

informatio n: i s;  g:athered •. The. value o f  perfect informa tion prov ides a n  upper 

l imit on the amount of resources. tha t  can be exp e n d e d ,. in f u r t he r  stud i e s  

a nd ana l y s is , to reduce the uncertainty in a variable . The h igher the value 

of p e r f e c t  in f o rma t io n , th e mo r e  i mpo r ta n t  the v a r i a b l e . Th e v a l u e  o f  

i n f o r ma t io n  i s  t h e  d i f fe r e nc e i n  t h e  ou tp u t  v a r i a b l e  b e twee n  t h e  b e s t 

decis ion wi thout informa tion· and th e best dec i sion w i th new informa t ion . The 

i n forma t i o n  h a s  no v a l u e  if i t  r e su l t s  in t h e  s a me d e c i s i o n  a s  in t h e· 

without informat ion case .  

In the example we have been d i sc us s ing the value of perfect informa t ion 

is zero fo r a l l  the impo r ta n t  s to c h a s t ic. v a r i a b l e s  ( con s id ered a lo ne ) . 

E l im i n a t in g  t h e  u n c e r ta in ty in any one s tochastic variab le does not change 

the decis·ion . The best assemb ly s y s tem is sti l l  RW . However w i t h  p e r f e c t  
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i n fo r ma t i on a b o u t  M S  a nd MGROW ( t ha t i s  - the total demand)  the bes t FMS 

might be RAC . The va lue of ·perfect informa t ion abou t MS a n d  MGROW i s  

AE (perfect information about MS and MGROW) - AE ( no informa t io n )  

= $ 90 8 45 0 . 8 7  - $ 8 910 4 9 . 5  = $ 17 4 0 1 . 3 7  

w h e r e  t h e  f ir s t  term i s  obtained b y  revising the or igin a l  dec i s ion tree and 

the second term i s  the expected AE of the b e s t  d ec i s io n  f r om t h e  .or i g in a l  

t:r:ee ._ 

iv) Dec i s ion· 

I f  a l l  uncer tain ty co uld be el imina ted abou t future demands , a t  a cost 

of less than $ 17 4 0 1 . 3 7 th e n  i t  w o u ld be p r o f i ta b l e  t o  do the n ec e s s a ry 

s tu d i e s . A s tu d y  w h i c h  would e l im in a te p a r t  of t h e  uncertain ty would be 

worth les s .  It i s  unl i�ely tha t s u c h  s tu d i e s  c o u l d  be d o n e  for l e s s  t h a n  

$ 17 4 0 1 . 3 7 .  H e n c e  t h e y  s h o u ld n ' t  b e  u nd er taken ., Ra ther. the f in a l  dec i s io n  

s h ou l d  b e  m ad e .  In t h i s  exam p le t h e  " b e s t �  d ec i s io n  i s  t o  u s e  a r ob o t  

assembly machine ( RW )  to manu facture all. assemb l ie s  .. 

6 .  Summary and Exten sions 

T h e  p r o b l e m  i n  t h i s  p a p e r  w a s t o  s e l e c t  t h e  " b e s t "  f l e x i b l e 

manufacturing system for a part icular s i tua t io n .  T h e r e  w a s  a c o n s i d e r a b l e  

amo. u n t  o f  unc e r t a i nty a b o u t  th e a mo un t  o f  f l ex i b i l i ty tha t  was requir ed 

( dema nds , n e w  p r o d u c t s ,  a nd p r o d uc t  c h a n g es ) , a b o u t  t h e  f i n a n c i a l  

c o n s id e r a t io n s  ( d i s c o u n t  r a te ,  p ro j e c t  l i v e s )  a n d  a b o u t  t h e  production 

I 

variab le s  ( as s embly time s ,  qual i ty ,  e tc . ) .  S i mp le m a t h ema t i c a l  mod e l s  o f  

five poten t i a l  FMS ' s  were developed . Th e i mportant s tochas tic variab les were 

iden t i f ied , and e s t ima t e s  fo r a l l  var i a b le s  w e r e  o b t a i n ed f r om e x pe r t s .  

Cumu la t iv e  d e n s i ty func t io n s  o f  the annu i ty equivalent for each potent i a l  

FMS were e v a l u a ted and th e " b e s t "  FMS was s e l e c t e d  ( u s i n g  s t o c h a s t i c 
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dominance or the appropriate preference curve ) . An example was worked and i t  

showed tha t  the "overwhelming bes t "  FMS was a robot ic a s s em b l y  l i n e ,  wh i l e 

the nex t bes t FMS wa s a robo t i c  assembly cell .  

We have i llus tra ted the prop er way t o  e va l u a te a l t e r n a t i v e  f l ex i b le 

m a n u f a c t u r i ng s y s tems . I t  i s  con s id e r a b ly mor e  work than a s imple cost -

benefi t  analys is or a determin i s t i c p a yb a c k  c a l c u l a t io n . Howe v e r  i t  d oe s  

prov i d e  v a l ua b l e  i n s i gh t  i n  t o  th e amoun t  o f  flex i b i l i ty tha t  i s  r equired , 

the i mpor t a n t  d ec i s io n  v a r i a b l e s �  a nd th e v a l u e  o f  d o in g s t u d i e s  a n d 

ga t h e r i ng ad d i t io n a l  i n fo rma t i on. I n  another proj ect we are i nves tigating 

the general condi t io n s  under wh i c h  c e r ta i n  t y p e s  o f  FMS ' s a r e  " b e s t " . We 

b e l i e ve t h a t th i s  p aper and our other work show tha t  tradi tional fin ancia l 

evaluation mod els , if properly used , d o  enc ou r a g e  t h e  a d op t io n  o f  r ob o t ic 

FM S '  s �  

Poss ib le exte n s ion s . t o  this work wou ld be : -

i )  Add lo t -s i z ing and shed u ling considerations- to the ma th ema t ica l models 

for the f iva FMS ' s .  ( I t  should be noted tha t  these con s iderations would make 

t h e  r o b o t i c a s s e m b l y  l i n e �  a n d  t h e  r ob o t i c  a s s em b ly c e l l  e v en mo r e  

a t tractive . ) ·  

ii ) T a k e  a c coun t o f  t h e  c o r r e l a t io n  b e twe e n  t h e  s t o c ha s t i c v a r i a b les ; 

especia l ly between the dema nds for va rious assemb lies , a nd b e tw e e n  d e ma nd s  

and the f in anc ia l varibles . 

i i i )  Co n s i d e r  m i xed ma n u fa c tu r i ng s y s tems . F o r  example , u s e  a r o b o t i c 

assembly cell for assemblies l ,  2 and manual assemb ly for assemb ly 3 ,  etc .  
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Appendix 1 Data For Examples 1 'lb 4 

Assembly , i NA. 
l 

NT .  
l 

Initial Market Size , MS .  
1 l ,  ND .  t l ,  

1 
2 
3 

6 parts 
10 

8 

6 parts 
8 
6 

MSHARE. = 0 . 17 i=l , 2 , 3  
M:;RCW. 1  = 0 . 10 i=l , 2 , 3  
SP . 

t
1= $ 0 . 65 per assembly 

l ,  

Assembl Machine 
MA - Manual 
MAM - Manual with mech . 

assistance 
SPW - Special purpose workheads 

i )  Non-buffered 
i i )  Buffered 

RW - Robot assembly line 
(Buffered) 

Rl\C - Robot assembly cell 

Costs 
CB = $ 7000 
CT = 16000 
cc = 1500 
CF = 7000 
CM =  5000 
cw = 10000 
Cl = 50000 
C2 = 10000 
CG = 1700 

Financial Variables 
TX = 0 . 40 
k = 0 . 20 
D = 10 years 

750000 assemblies/year 
900000 
700000 

1 t=l , 2 , 3 ,  • • •  

l 
1 

i=l , 2 , 3  t=l , 2 , 3 ,  • • •  

Life Assembl Time 
4 years TA = 10 seconds/part 

6 
6 

7 
8 

5 'IM = 8 

'IW = 5 TD = 30 seconds 
'IW = 5 TD = 30 

TR = 6 TD = 30 
TR = 6 TD = 30 

Plant Variables 
PE = 0 . 95 
PQ = 0 . 05 
NR = 0. 333 operators/station 
NOS = 0 . 25 supervisors/machine 
HR = 2000 hours/shift/year 
WA = $ 40000 per year 
WS = $ 55000 per year 

.t 



Appendix 2 Most Likely Values and Ranges for Variables Defined in Section 2 

1 .  Deterministic Variables (Most Likely Values) 
CB = $7000 
CT = 16000 Assembl ' i NA .  NT .  
cc = 1500 1 6 parts 

1 -
6 parts 

CF = 7000 2 10 8 
CM =  5000 3 8 6 
cw = 10000 4 12 8 
Cl = 50000 5 7 6 
C2 = 10000 6 8 6 
a; = 1700 7 8 6 
WA =  40000 8 8 6 
ws = 55000 9 8 6 
HR. =  2000 
NR = 0 . 333 
NOS = 0 . 25 
D = 10 
SP. 

t 
= $ 0 . 65 i =l , 2 ,  • • •  , 9  t=l , 2 ,  • • •  

1 '  price for all assemblies 
( For s implicity , the selling 

2 .  Stochastic Variables 
Var iable 

is the same • ) 

M:>st Likely Value 

NP
1 

= number of different assemblies 
to be manufactured in year 1 5 

NAPt = number of new assemblies to 
be manufactured in year t t=2 • • •  1 

t=3 • • •  o 
t=4 • • •  1 
t=5 • • •  o 

MS .  
1 

= total annual demand for 
1 '  

item i in year 1 i=l 750000 
i=2 900000 
i=3 700000 
i=4 550000 
i=S 300000 
i=6 500000 
i=7 300000 
i=8 800000 
i=9 750000 

MGRCM. 
MSHARE. 1 

Project Lifes 

TX = Tax Rate 
k = Risk-free interest rate 

0 . 10 i=l , 2 ,  • • •  , 9  
0 . 17 i=l , 2 ,  • • •  , 9  

MA 4 years 
MAM 5 
SPW 6 
PW 7 
RAC 8 

0 . 40 
0 . 10 

Range 
IJ:M High 

3 

. . •  1 

. . .  o 

. . . 1 

. . . o 

500000 
700000 
450000 
350000 
200000 
400000 
200000 
600000 
600000 

0 . 07 
0 . 15 

4 
5 
6 
7 
8 

0 . 3 5  
0 . 08 

5 

• . •  2 
• • •  1 
. . .  1 
• • •  a 

900000 
1000000 
1000000 

650000 
400000 
600000 
400000 
900000 
850000 

0 . 10 
0 . 17 

7 
8 
9 

10 
12 

0 . 45 
0 . 12 

'31 



� 
ra 

TA 
'lM 
'IW 
TR 
TD 

PE 
PQ 

ND .  
t 

= Annual Part Design 
1 '  Changes 

10 seconds 
8 
5 
6 

30 

0 . 95 
0 . 05 

l* i=l , 2 ,  • • •  , 9  
t=l , 2 , 3 , 4 , 5  

9 10 
7 8 
4 5 
5 6 

27 30 

0 . 95 0 . 98 
0 . 035 0 . 05 

1 2 

*Each assembly will have 1 part design change every year , for 5 
years ,  beginning in the next year after it is introduced . 

Appendix 3 Probability Distributions For Important Stochastic Variables 

Var iable 

� t MS .  1 1 ,  

MGR&. 
Proje6t Lifes 
k 
TA, 'll-1,'!W,TR 
PQ 
ND 

(Value ; Probability} , (Value ; Probability} , 

( 5  ; 0 . 6} 
(l, 0 , 1 , 0  ; 0 . 6} 
(Most Likely Value 
(I.Dw Value ; 0 . 3 }  
(High Value ; 0 . 2} 
( 0 . 10 ; 0 . 50) 
( 4 , 5 , 6 , 7 , 8 ; 0 . 5) 
( 0 . 10 ; o .  60} 
(10 , 8 , 5, 6 ; 0. 6) 
( 0 . 05 ; 0 . 60} 
(1 , 1, • • •  ; 0 . 60) 

(4 ; 0 . 4) 
( 2 , 1 , 1 , 0  ; 0 . 4) 
from Appendix 2 ; 0 . 5) 

( 0 . 07 ; 0 . 50) 
( 7 , 8 , 9 , 10 , 12 ; 0 . 5) 
( 0 . 12 ; 0 . 40) 
( 9 , 7 , 4 , 5  ; 0 . 4) 
( 0 . 035 ; 0 . 4) 
( 2 , 2 ,  • • •  ; 0 . 40) 

. . .  



Appendi x 4 Stochas t i c  Dominance 

The n o t i o n  of stochas t i c  dom inance , SD , is qu i te ol d and was traced by 

Bawa [ 1 9 82 ] to the work of Bernoull i  in 1 7 1 3 .  However , i t  was not unt i l  t h e  

b e g i n n i ng of t h e  1 9 7 0 ' s  t h a t  S O  was wi d e l y  a c c ep t ed .  ( See , for exampl e , 

Hadar and Russell [ 1 9 69 ] , Hanoch and Levy [ 1 9 69 ] and Rotschi ld and S t i gl i t z 

[ 1 9 70] . ) 

In i ts most general form , SD makes no assumptions about the proba b i l i ty 

d i s t r i but i o n s  o f  t h e  o ut c om e s . F uthermor e ,  when employing SD , one i s  not 

required to place excess i ve restr i ct ions on the form of the decis ion-maker ' s 

r i s k  p r e f e r e n c e  c ur v e .  There are three SD cri t eri a ,  correspondi ng to three 

classes of preference curves . 

1 .  F S D , F i r s t -O r d e r  S t o chas t i c  Dom i n anc e .  L et F ( X ) and G ( X ) b e  t h e  

cumulative densi ty funct i ons for t h e  o ut c omes X o f  t h e  t w o  manufa ct ur i n g  

s y s t ems F and G.  Then system F wi ll be preferred t o  system G by FSD if F ( X ) 

� G ( X ) for a l l  X and , for a t  l e as t o n e  val u e  o f  X ( X = X
0

) t h e  s t r i c t 

i nequal i ty hol ds F ( X
0

) < G ( X
0

)
� 

FSD assumes onl y that dec i s ion-makers prefer 

mor e  to l es s . F i gur e 6 a shows an exam p l e  of FSD . I t  i s  o b v i o us t h a t  F 

dominates G because the cumulat i ve of F always l i es to the r i ght of G .  

2 .  SSD , Second:Order Stochas t ic Dominance � SSD c om pa r e s  a r e a s  under t h e  

c umulat i v e d e ns i t y  functions . System F i s sai d  t o  dominate system G b y  SSD 

if JX [ G ( t )�F ( t ) ] dt > O for all X ,  wi th at l east one stri ct inequal i ty .  SSD 
-Q) 

a s s u m e s  o n l y  t h a t  t h e  d e c i s i o n -m a k e r  i s  r i s k  a v e rs e . T h a t  i s  r i s k  

preferences ar e nondecreas ing and that total pr eference mus t i n cr e a s e  a t  a 

decreas ing rate . ( I f  U ( X ) is the r i s k  preference curv e , then u' �o and u11 <o . )  
F i gur e  6 b illustrates SSD . Over the entire r ange o f  X t h e  c umu l a t i v e  a r ea 



P(Ae 4X )  

x 

"..) SSD 

AE 

l·O 

+ 4c .. oi-u S�t) > 

)( 
�·oll(.& s ( '-(t.)-�<.\))cH:. ';Jo 0, .. 11 '/. 

--

x 
5�D, i� J (6<.t.) - FC.t,))dt. � o  o.U X 

-._, 
l 

x 

Figure 6 Principle of S tocha s t ic Dom inance 



b e t w e e n  t h e  t w o  d e n s i t y funct i o n s  i s  po s i t i v e  ( or z e r o ) , and s o  SSO 

concl udes that all ri s k  averse dec i s ion-makers prefer s ys t em  F t o  G.  

3 .  TSO , T h i r d-Order S t o chas t i c  Dominance . F dominates G by TSO i f  E( F ] � 

E( G] and tJV( G ( t ) -F ( t ) ] dtdV L O , fo r a l l  X ,  w i t h  a t  l e a s t  o n e  s t r i ct 
-w �uo 

i n e qual i t y .  I n  a d d i t i on t o  t h e  two as sum pt i o n s  m a d e  for SSD , one more 

assumption i s  necessary for TSD - namel y that the  pref e r e n c e  c ur v e  e x h i b i t  

decreas i ng absol ut e ri sk a vers ion . ( That i s  U111 L o � ) 
FSO is  the s trongest cri ter i on , f o l l o w e d  b y  SSO and TSO . T h i s  means 

that  d om i n a n c e  b y  FSO i m pl i es d om i nanc e by  SSD and TSO .  Dominance by  SSO 

i mpl i es dominance by TSO . ( For a detailed discus s ion of SO see , for e xample , 

H a noch and L e vy [ 1 9 6 9 ] . ) I n  short , SD i s  an i mpor tant and powerf ul r esult . 

For the problems we are deal ing wi th we will usuall y  be able to u s e  FSD and 

SSD t o  s e l ect the "best "  FMS - a decis ion wh i c h  is appropri at e  for al l r i sk 

averse decis ion-makers . 

40 
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