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ABSTRACT

A modified cost-benefit model is developed to evaluate

alternative military equipments for installation aboard

existing Coast Guard vessels. Life-cycle costs of alter-

native systems are used to estimate alternative systems

cost. Identified are the relevant cost elements to the

Coas t Guard that should be included in the life-cycle cost

equation. Benefits are measured in terms of the altern a-

tive ’ s impact on assigned peacetime missions of the vessel.

To arrive at an estimate of an alternative ’s worth over all

missions a multi-attribute technique is used. Assumptions

and problems associated with using multi-attribute selection

criteria are discussed. The proposed mode l is developed

for the case where the additive function criterion is

deemed appropriate. A constant-sum method is developed

to use subjective judgeinent of experts to arrive at ratio

scale benefit values for the alternatives . However , the

actual implementation of the model is contingent on NOSC’s

factor analys~ s of attributes currently under development.
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I. INTRODUCTION

Inc reas ing  emp has is within the Coast Guard is being

placed on evaluat ing  m i l i t a r y  sys tems in terms of t he i r

peacet ime b e n e f i t s . E v a l u a t i n g  m i l i t a r y  sys tems in terms

of t he i r  expected peacet ime b e n e f i t s  has evolved due to

the greater number of combat systems installed on new clas s

vessels. The importance attached to this concept in the

systems selection for the Coast Guard’ s new 270 ±oot medium

endurance Cutter (MEC) is exemplified in the following

statement.

Ri gh t f rom the beg inn ing ,  the dialogue
with the Navy demonstrated the importance
which they viewed the program (270 MEC)
and the benefits which would accrue from
our use 1f comba t systems for peacetime
miss ion.

Measuring the expected peacetime cost of the alternative

military systems is a complex task. The system ’ s physical

characteristics such as wei ght , volume , and power require-

ments are in reality cost elements. Shore as well as

shipboard manpower requirements and system acquisition

costs should also be classified as Cost elements. For new

class cutters , selecting military equipments includes the

1Moore , R.G., “MEC-270” , The Bulletin , U.S. Coast
Guard Alumn i Association , Vol. 39 , No. 2 , March/April 1977 ,
p. 2 .
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requiremen t of trading off peace time m i s s i o n s  for  added

mi l i tary capab i l i ty as l imi ted personne l  and budge t

cons traints influence the actual size and missions of new

platforms . Due to these constraints , increasing the

military capability of a platform can only be accomplished

by four alternative methods. These are:

1. Increase the size of the platform to accommodate
all equipments.

2. Hold platform size fixed , but reduce the peacetime
miss ions  to be performed.

3. Utilize unused space on a platform for military
systems and also increase personnel requirements .

4. Utilize unused spac e on a platform for military
systems whose benefits eliminate the need for
cer tain peace t ime equipmen ts , bu t sti l l  allow all
pe ace t ime miss ions  to be p e r f o r m e d .

Successful implemen tation of any of the four alternatives

requires careful analysis of the actual benefits a military

system provides . Naval Ocean Systems Center (NOSC) San

Diego , California , is currently developing a multi-attribute

selec tion methodology primarily desi gned to address  the

four th al terna t ive of providing increased mili tary capability

on new class cutters . Appendix A presents a tentative outline

of the methodology NOSC is developing .

The purpose of this paper is to extend the concept of

evaluating military systems in terms of their expected

peacetime benefits for existing cutters. A modified cost-

benefit methodology is developed that may be used in

conj unction with NOSC’s methodology to help verify that the

system with the greatest expected peacetime benefits has

8



been chosen. When the application of the cost-benefit

methodology and NOSC technique result in the selection of the

same system , the credibility of the study is strengthened.

This is possible since the proposed cost-benefit model

requires a differen t set of assumptions than NOSC’s

me thodology . Unfortunately , even comple te agreemen t among

the two me thodolog ies do es no t fully ensur e the be st sys tem

has been selected. Both the NOSC methodology and the

proposed cos t-benefit model require the assumption that

the wholistic problem of system selection may be decomposed

in to a number  of smal le r  d imens iona l  problems  which separa te ly

lend themselves to analysis. The requirements necessary to

decompose a wholistic problem into smaller parts are admit-

tedly i~ui te res tr ic t ive .

The me thodolo gy proposed in this d i scuss ion  is no t a

cos t-benefit model from classical economic theory . Cost-

benefit models are technique s used by analysts to evaluate

non-marke t decisions . Most often cost-benefit techniques

are  appl ied to de c i s ions  a f f ecting ~ub l ic good s . Examp les

of public analysi s include studying the impac t of building

a new dam or the desirability of building a Federal court-

house. Cost-benefit models determine the desirability of

public goods by measuring the dollar cost of the project

and then comparing this to a dollar-value estimate of the

bene fit received. Thus , the building of the dam may cost

10 million dollars but the increased irrigation provided

may increase Igriculture output by 20 million dollars 

in9



the area and also provide recreational facilities. The

proposed  me thodology in this  d i scuss ion  does no t att emp t

to p lace  a d o l l a r  value on the b e n e f i t s .  Ins tead , it

provides a technique wh ere costs are estimated by life-

cycl e cnsts and benefits are measured in a restricted way

by comp ar in g th e expec ted impac t of al terna t ives on peace-

time missions . The intended use of the proposed cost-

benefi t model is to aid the decision-maker in arriving at

a rational choice. It is not intended to replace the need

for a decision-maker.

The proposed cos t-benefit model requires two assumptions

in add ition to those necessary to use multi-attribut e

selec t ion cr i te r i a . These a re :

1. Miss ions  ass igned to exi st ing cu tters curren t ly
prohib it the additional assignment of new missions .

2. The alternative systems list prepared by the Navy
include only sys tems which are capable  of f u l f i l l i n g
the s ta ted m i l i tary m i s s i o n .

The firs t assumption is necessary as only benefits that

accrue to exis t ing peace time m i s s i o n s are c o n s i d e r e d  when

comparin g alternative systems . If one of the selection

crit erion is to evaluate alternatives by considering their

impact on increasing the number of peace t im e m iss ions  an

existing cutter could pe r fo r m , this model should not be used.

In real ity, howeve r , the second assumption does appear

reasonable for existing class cutters . Current and projected

operational commitments indicate that existing cutters are

being fully utilized. Thus , even if an alternative could

incr ease the number of peacetime missions performed , curren t

10



resource l im i ta t ions and t ime cons t ra in ts pr oh ib it assi gning

additional peace time missions to existing cutters. Appendix

B pres en ts the number of addi t ion al p l a tforms re qui red  to

operat e existing cutters with their presently assigned

missions . Shor tages of platforms in every class cutter

indicate that the addition of new missions is not currentl y

feasible.

The second assumption is more restrictive and in many

cases ;nav severely limit the use of this model in evaluating

mil itary systems . This assumption is necessary as no

benefi ts accrue for the system ’ s ability to perform the

mili tary mission. Since it is reasonable to assume that

the Navy would place on the alternative list only those

sys tems which could p e r f o r m  the i r  in tended m i l i tary us e ,

th is assumption is plausible when evaluating systems by

their impact on peacetime missions .

Af ter having d iscussed the assumptions required prior to

implemen ting the proposed cost-benefit study, fu r ther

assumptions required of the specific model are discussed

as they arise throughout the discussion. The actual need

for the Coast Guard to evaluate militar y systems by their

peacetime benefits is flscussed in Chapter Two. Identified

in Chapter Three are the cost elements relevant for the

Coas t ~uard and a life-cycle cost formula is developed to

es timate the cost of the various alternatives. An example

problem on applying th ’e life -cycle cost equation is presented

for he case where Coast Guard manpower requirements are

11



equivalent to the Navy ’s. Also discussed in Chapter Three

is the importance of properly measuring externalities

associated with alternative systems . Finally , a b r i e f

d a scuss ion  on the prob lem of evalua t in g a sys t em cos t per

year for systems with unequal lifetime s is presented.

Chapter Four discusses the assumptions necessary to use

multi-attribu te theory in es t ima t ing the expec ted b e n e f i t

ratios or ttie syst .~~15. Specific requirements and limitations

of us in g the selec ti on cri ter ia  of dominance , minimax  and

max imin , lex icograp hy, utili ty theory , and the addi t ive

func tio n fo rm ar e p resen ted. Al so included are the

d ifferent measurement scales each selection criteria utilizes.

Chapter Five proposes a constant-sum model to estimate

p eacetime benefit ratios for each alternative system. This

techn ique produces a ratio scale estimate of each system ’s

exp ected benefit which is required in a cost-benefit analysis.

F i n a l l y , Chap ter Six discusses the specific assumptions and

limita tions required to use the constant-sum method. Also

presente d in the conclusions are specific recommendations

where further study should be conducted prior to implementing

the pro posed cost-benefit model.

Fin ally, one further point merits discussion. The actual

im plementation of the proposed model is contingent upon the

com pletion of a factor analysis study to identify the

independent attributes that , when combined , col lec t ive ly

describe the peacetime missions a cutter performs . This

stu d; is currently being conducted by NOSC and their results

12



will be the list of attributes required for this model.

Appendix C presents a partial glossary of possible attributes

that are currently being analyzed at NOSC.

13



II. BACKGROUND OF THE NEED TO EVALUATE U.S.
NAVAL SYSTEMS BY THE COAST GUARD

The need for the Coas t Guard to carefully examine

available United States Nava l military systems is great.

The two major factors that are increasing the importance of

carefully evaluating Naval equi pmen ts are :

* Increasing costs of electronic surveillance equi pme n t

* Trend within the Coas t Guard to install larger
numbers of more sophis ticated electronic equipmen t
aboard i ts newl y des igned ves se l s .

A . BUDGET AND PERSONNE L

This chapter presents the budget limitations the Coas t

Guard has in deve lop ing  ma jor elec tronics  sys tems . Spec i f i c

program elements within the Navy budget are presented to

show the high cost of developing electronic systems in areas

which effect many Coast Guard missions . Also discussed in

this chapter is the trend of installing a larger number of

military sys tems on the newer Coas t Guard platforms . Finally,

a brief discussion as to why the Navy furnishes the Coast

Guard with military systems is presented.

Increasing cos ts of electronic surveillance equipment is

a major factor that the Coast Guard should not ignore. Budget

and personnel cons traints severely limit the amoun t of funds

available for independent research and development or

production of sensor systems . These limitations app ly to

14



equipments for existing class vessels as well as newly

designed cutters.

The amoun t of funds and personnel associated with

research and development efforts in the Coas t Guard is small

in comparison to that of the Navy . The total Coast Guard

request for research and development funds in 1976 , excluding

the transition quarter , was 20.7 million dollars . This

f i g u r e  r ep resen t s  on ly  1.9 percent  of the total bud get

request for the Coast Guard. In addition to this relatively

small re ques t f o r  funds , only five tenths of one percent of

to tal Coas t Guard personnel (military and civilian) were

engaged in the RDT and E program. 2 The U.S. Navy , however ,

spends a much larger por tion of its bud ge t in the RDT and E

sec tor. In 1976 the total obligation authority for the Navy

under the appropriations title of RDT and E was 3.314 billion

dollars . This represen ts 11.5 percent of the total Navy

bud get , and was approximately three times the entire Coast

Guard budge t. Since 1973 this trend for allocating roughly

11 to 12 percen t of the Navy budge t for  RDT and E has

remained constant .3 While no direc t comparison of the Coast

Guard and Navy RDT and E budgets should be made , cer tain

program elemen ts within the Navy bud ge t can be used to dep ict

2Department of Transportation and Related Agencies
Appropria tions for 1976 , Hearings  be fo re  a Subcomm ittee of
the Committee on Appropriations , H.R., 94th Congress , Fi r s t
Sess ion , Par t 1, 1976 , p. 82. V

3United States Navy, Chief of Naval Operations , Historical
Budget Data, March 1977 , p. 60.
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the high cost of developing electronic sensor systems which

are app licable to the Coast Guard . In 1976 the U.S. Navy

requested 53.8 m i l l i o n  do l l a r s  for p rogram element  6 2 7 0 2 E ,

tactical technology . This program element includes target

acquisi t ion , iden tification , and ocean moni toring and control.

The Navy fu r the r  reques ted  an add i t iona l  fou r t een  million

dol la rs  for  program e lement  62 708E , advanced C3 technology.4

Systems developed by the Navy in these program elements

will become increasing ly impor tan t as the Coas t Guard assume s

increasing responsibili ties of ocean surveillance and

moni tor ing  in the f i e l d s  of law enforcemen t , environmen tal

pro tec t ion , fisher ies patrols and military preparedness.

The 1976 Coas t Guard RDT and E request has been divided

in to its ma jor elemen ts to fur ther  exempl i fy  the limi ted

funds ava i l ab le  to the Coas t Guard for  develop ing sys tems

on an independen t basis. All figures are in millio ns of

dollars. ~

Alloca tion of Coast Guard ROT and E Funds

Search and Rescue .14

Aids to Navigation 1.50

~a r ine  Safe ty 3 .36
M a r i n e  Env i ronmen tal 9.01

Pro tec t ion
Ocean Operations 0.15
Program Suppor t 4.50

20.66

4 He a r i n g s  on M i l i t a r y  P r o c u r e m e n t .

5Department of Transportation , Hearin gs , p. 8 .
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Coupled with the phenomenon of the limited funds available

for  deve lop ing  s o p h i s t i c a t e d  e l ec t ron ics  sys tems  is the Coast

Guard’ s policy on how RDT and E funds should be expended.

As in the past , our aim is to apply the
benefits of science and technology to Coast
Guard missions and operations in ord er to
reduce costs as well as improve services to
the public. 6

In order to improve services to the public the greatest

amount of funds must undoubtedly be devoted to peacetime

missions and opera tion. However , in the case of exis t ing

cu t t e r s , the se l ec t ion  of m i l i t a r y  systems from Naval

inventory which have the largest peacetime benefits and

perfo rm the required military missions is also compatible

w i th the goa l of improv ing  serv ices  to the p u b l i c .

B. MILITARY SYSTEMS TREND

The trend of the Coast Guard to install a large number

of s o p h i s t ica ted sys tems aboard n e w l y  desi gned cu tt ers a lso

increases  the impor tance of p r o p e r l y  evalua t ing Navy sys tems .

A compari son of the instal led ma jor elec tron ic  and weapons

sys tems aboard the newest existing cutters with planned

equipments for the proposed 270 foot MEC shows this trend.

The Coas t Guard’ s 378 foot hi gh endurance  cu tt er (HEC)

has been chosen as represen tative class of existing cutters .

This clas s ‘~es..el was selected as it represents the newest

cutter in its respective class. This class cutter also

represen ts the vessel which would be the most compatible

in augmenting military multi-unit naval exercises.

6lbid., p. 82.
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I~ The 378 foot HEC’ s were first commissioned in 1967 and

the following equipments represent the standard equipments

presently aboard most vessels in this class vessels. The

378 ’ s ut il ize an on board ASW sys tem. This  sys tem is

composed of the SQA-38 sonar system which is coupled with

MK 301 fire control system to direct MK-32 torpedos. Surface

search radars consis t of the SPS-29 and SPS-51. To complete

the systems suite installed is the MK-5 6 gun fire control

sys tem which directs the five-inch mount or board. 7 The

above equipmen t systems indicate that the major military

mission of the 378 is anti-submarine warfare. While military

coas tal surveillance and surface search can be adequately

carr ied ou t , presen t armament and electronic systems limit

this  class  ves se l ’ s effectiveness against incoming aircraft

or m i s s i l e threa ts .

The new 270 foo t MEC , becaus e of improvemen ts and

additions of equipme nts systems , has the capabi l i ty to

p e r f o r m  a grea ter number of m i l i tary mis s ions , w h i l e  a t a

much reduced manning  l eve l .  ASW c a p ab i l i t ies w i l l  be

performed under the ship-helo team concept. Current plans

prov ide  fo r  the capab i l i ty of d e p l o y i n g  a LANP S he l i cop ter

to be used in conjunction witha passive tactical towed array

sonar onboard  the MEC. In addi t ion the MEC w i l l  be provided

the MK-92 fire control system used in conjunction with a

‘Janes F h t in g Ships 197o- 77 .

_ _ __ _ _ _  
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revised version of the OTO-Melara 76mm guns .8 Also , an

elec tronics system module (ESM) will he installed to provide

the capability of anti-missile defense. Finally , comp lemen ti ng

the ins tal led equipmen ts , space- wei gh t reservations have

been made to allow the installation n: the Phalanx close in

weapons sys tems , or i ts equ iva len t , and the Harpoon m i s s i l e ,

bo th of which are planned for availability in the mid l980’s.~

The greater numbers of electronic systems on board the

270 fcot MEC have not only expanded the military mission

capabilities of this class vessel , but also have increased

the potential capabilities of performing various peacetime

missions. Major tasks of peacetime missions expected to

bene f i t f rom these sys tems ar e air , s u r f a c e , and und erwa ter

s u r v e i l l a n ce , nav iga t i on , and communica t ions . Indeed , there

is curren t ly an R~D st ady underway to establish the modifica-

t ion s requi red  for  the  ESM package  to prcvide a law enforce-

ment capability. 10

The discussion has been limited to establishing the need

of the Coast guard to evaluate Naval systems . ~t should  a lso

be men tioned that the Navy has much to gain from joint

cooperation with the Coast Guard. The major benefit derived

for the Navy is the additional immediately available surface

pl atforms and trained personnel that the Coast Guard could

8Moore , p. 22-24.

9lb id., p. 22.

10 15 i d . ,  p .  22 .

19



provide in times of actual hostilities. However , the actua l

benefit derived from the Coast Guard vessels will be largel y

dependent on the equi pment on board these vessels prior to

the beginnings of hostilities. Refitting of equipments and

the re-training of personnel on board Coast Guard vessels

could greatly reduc e the effectiveness of the additional

Coast Guard vessels during the m ost critical early period

of any shor t c o n f l i c t . Thus it is a lso  in the Navy ’s

int erest to ensure that the Coast Guard has sufficient

quantities of hig h qualit y equipment aboard its vessels.

Thus , given tha t increased mili tary capabilit ies will be

requir ed of future and current class cutters , the question

r emains  as to ho w one se lec ts the equi pmen t sys tem tha t

provides  the gr ea test peac et ime b en e f i ts. One pro b lem of

system selection for hte Coast Guard is that the best piece

of equi pmen t for the Navy does not guarantee that it will

also be optimal for the Coast Guard. Indeed , there  may be

several comp eting systems all capable of adequatel y p e r f o r m i n g

the military missions agreed upon by the Navy and Coast Guard.

However , each may hav e unique characteristics that benefit

different peace time mission areas . The extent of this

p r o b l e m  b ecomes ev en more ev iden t when the compe ti n g sys tems

are of a dissimilar nature. Such would be the case when

try ing to compare systems such as sonars , towed a r r ays , and

electro optics , in terms of their over a J i impact on peace-

t ime miss i ons , assuming all are car able of p e r f o r m i n g  th e

mi litary mission of underwater surveillance.
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Th e proposed c o s t - b e n e f i t  me thodo logy  p r e s e n t e d  in the

remainder of the paper attempts to deal with the problem of

sys t ems selec t ion . As it becomes inc reas ing~ y d i f f i c u l t to

choose systems based solely on stated operating character-

istics , the proposed methodology based on using subjective

j udgement s of exper t s  to measure benefits , bec omes a u s e f u l

tool for the analyst.
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I I I .  COST C O N S I D E R A T i O N S  OF SYSTEM S E L E C T I O N

In any c o s t - b e n e f i t  a n a l y s i s , t h e  i d e n t i f i c a t i o n  of

relevan t cos t elemen ts is impor tan t in develop ing meaningful

estimates of a sys tem ’ s cost. The high degree of uncertainty

in t o t a l  r e s e a r c h  and deve lopmen t  and a lso  p r o c u r e m e n t  cost

elemen ts for proposed systems often make total-dollar cost

estimates hig hly var iab le. Thi s variabili ty of the COSt

estimate often masks the importance of conducting detailed

analysis of the cos t elements associated with operating

costs. When considering the selection of existing equi pments

from Naval inventory , tne uncertainty of all cost element s

is reduced. Thus it become s even more important to identif y

relevant cos t elements.

A. JOINT SERVICE AGREEMENT

This chap ter iden ti fies the rel evan t cos t elemen ts to

the Coas t Guard when considering military equipments from

Naval inventory. The joint-service agreement between the

Navy and the Coas t Guard allows the Coas t Guard to acquire

and operate military equipments at a much lover cost than

if the Coas t Guard had developed the system independently.

Also developed is a life-cycle cos t equation tc. be used in

es timatin g the dollar cost of alternative systems .

The joint-service agreement prcvides a detailed

descript ion of the cost elem’~nts applicable to the Coast

Guard when selecting military equi pmen ts from Naval



inventory . The u n d e r l y i n g  concept of allowing the Coast

Guard to selec t equipments from Naval inventories is stated

in th e following general provisions of the joint-service

agreement.

To ensure the ready integration of the Coas t
Guard uni ts into the Navy in time of war or
other emergency as approved by the Pres ident of
the United Stares , the Chief of Naval Oper at ions
shall prov ide to the Coast Guard all requirements
for Navy-owned military readiness equi pment and
associ ated support material that the Navy deems
nec essary to enable the Coas t Guard or specific
Coast Guard un its to carry out assi gned mission s
while operating with the Navy.. • l1

Fur ther examinaticn of the joint-service agreement

demonstrat ed that cost elements of research and development

and product ior are not relevant to the Coast Guard ’ s cost

estimate. Rese arch and development and also production

cos ts are borne entirely by the Navy . Table I pres ents the

alloca tion of cost elements applicable to each service as

stated in the joint-service agreement .L

Using the informa tio n of Tabl e I ind ica tes that

the typ ical life-cycle cost estimat ing function

Cost = f(Research Development, ?rodu~~L~n , ~rerar ion)

is not applicab le for the Coast Guard. The Coast Guard’ s

stated cost elements indicate that a more appropriate

relevan t life-cycle cost equation is

ost = f(Operation)

UNIv Ma t. Instruction 41)0.18 of 20 OctDber 1969 , p. 3.

1’ I b i d .
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TABLE I

ALLOCATION OF COST ELEMENTS A~1ON~ SERVICES

Navy

1. Initial issue of all basic equi pment for
installation

2. Related repair parts , assemblies , f i e ld ch a n g es ,
test equipment , spec ia l tools , and a c c e s s o r i e s

3. Schedu led  r e p l a c e m e n t  of Navy owned equipmen t

4. Replacement of defective Navy owned equi pmen t

S. Maintenance support material and services for
installed equi pment

6.  Log i s t i c s  s u p p o r t  f u n c t i o n s

T . Technical and tactical publications

Coast Guard

1. Transportation and installation costs

2. Spares and repair parts peculiar to Coast Guard
v e s s e l s

*
3. Annual cost of maintenance support material

* I n d i c a t e s  on a reimbursable basis to an
agreed maximum lim it.
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Even man y  cost elements generally considered as operating

cos t s ire borne by the Navy . [tems two thrcug h six assi gned

to the Na vy in Table I are operating cost elements that

sho uld he removed from a Coast Guard cost analysis. Reducing

l ife-cycle costs to a function of only oper ating costs does

not el im inat t all uncertainties in estimating cost. However ,

for the problem of selecting equi pmen ts from Navy inventor y ,

the systems personnel requirements ard equipment reliabilities

have been established by the Navy . Thus , th e major element

of uncertainty in the cost estimate arises from transforming

the known requirements into dollar values.

3. JNSPECIFIED COST ELEMENTS

~b i l e  the  stated cos t elements assi gn ed to the Coast

uard should be considered , cost elements not mentioned in

the joir~t-a~ reement are also important. These elements

of cost ire borne by the Coast Guaid and represent a large

percentage of the system ’ s l ife-cycle cost estimate.

Jm itt ed cost elemerts which must also be cousidered in

arriving at a meanin g ful estim ate of a system ’s cost are

opera ting manpower requirement s , maintenance personnel , and

th eir associated trainin g costs. These cost elements , along
V
~~ith those ident :fied applicable to the Coast Guard in

Table I , sho uld be utilized when computing the estimate of

eacF. sy stem ’ s lif e-c y cle cost.

Having def ined the cost elements that are included in

the cost-benefit anal y sis of alternat i ve system s , the elements
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are  now s e p a r a t e d  i n t o  r e c u r r i n g  and n o n - r e cu r r i n g  c o s t s .

This procedure is required as life-cycle costing takes

into accoun t the actual flow of expenses ove r a system ’ s

lifetime tv app ly ing a present value analysis to the

expected cash flow . The present value concept app li ed to

cash flows is an attempt to reflect the fact that a dollar

expended today h as a h i g her alt ernative opportunity value

than a dollar expended at a later date. Non-recurring cost

elements are those costs that occur only once during a

syst em ’ s lifetime . Only transportation and initial instal-

lation costs are considered non-recurring costs in the

proposed anal ysis. Installation costs should also include

c cst s  for modi fications to existing cutters required solely

for the addition of the proposed systems . All other cost

elements are classified as recurring costs . However , the

~roposed cost-benefit mode l omits the maintenance and support

material cost element. Elimination was deemed reasonable

as the actual cost of this category is more dependent on

management and accounting techn iques within the Coast Guard

than on the actual equi pment chosen. Therefore , om itting

t his element assumes that proper management policies are

being foll owed and that the Coast uard pr op e r l y  docu ce n ts

and requests the correct amoun t of reimbursement necessar y

for suppo r~~.

1 . Pst~ m a t xn g Dollar L if e-Cycle Costs

AS result of ~he joint-service agreement and the

stared 1 s su nitii ~is , the equation to det ermine relevant dollar
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life-cycle cos t estimates for alternative weapons systems

may be e x p r e s s ed as :

j n
Cost = [I , + _______  + 5Zk + M zk ) J  . [EQ . 1)

2= 1 k=l (1

where indices : j = number of vessels for which the
sys tem is being cons ider ed

n = time horizon in ye ars

I = discount factor

var iables: I = installation and transportation
costs

O = life-cycles cost of operating
personnel including training

S = yearly costs of spare parts uni que
to the Coast Guard

M = life-cycle cost of maintenance
pers onnel inc ludin g trainin g.

Due to the small number of vessels comprising each

sh i p ’s class , the analyst often may have suff icient time to

examine the problem of cost on a detailed level. Howeve r ,

if the analyst can only use average cost estimates for each

of the variable s , equation one may still be used. Care

should h e  taken when calculating cost estim ates on a detailed

level for a single vessel and using this vessel as an average

cos t estimate. Vessels of the same class often have uni que

equipme nts on board and great disparities of attached

pers onne l. Thus , average co st estimates derived from a

si ngle ship can be very mi sleading. To avoid this situation,



it is suggested that when using average cost values they

be ob ta ined by aver ag ing costs over all vessels in their

respective class.

O b t a i n i n g  e s t i m a t e s  f o r  the  v a r i a b l e s  in e q u a t i o n

one r e q u i r e s  c l o s e  c o o p e r a t i o n  w i t h  the  Navy . Va lues  fo r

ins ta l l a t ion and yearly sp are parts unique to Coas t Guard

vessels can only be det ermined afte r in terface requiremen ts

are known . The actual determination of Coast Guard manpower

r e q u i r e m e n t s  p r e s e n t s  the m o s t  c h al l e n g e  to  the  a n a l y s t .

Howeve r , onc e the manpowe r requirements have been determined ,

th e anal yst next applies the life - cycle dollar cost output

from the Navy billet cost model to obtain estimates of

personnel cost. This method requires the assumption that

Nav al enlisted billet costs can be equated to Coast Guard

enl isted billet costs for comparable rates. This assumption

should be omitted if life-cycle costs for Coast Guard

b illets are available. An excerp t of Navy life-cycle billet

cost s for l?’2 is presented in Table II. This is presented

to show the billet cost models disaggregation leve l of

outpu t and is used in the later example of determining

re levant life-c ycle cos~ s.

Ac tual dollar figures presented in Table II have

been calcul ated to reflect total cost to the gove rnment of

est ablishin g a military bill et within a proposed system.

Thus , bi llet costs take into accoun t base pay , training ,

transportation , and re tirement costs of personnel.
13

lLN avv Mil itary Manpower Billet Cost Data for Life-Cycle
Plann i ng purposes, NAVPERS lS163 , April l~~~2.
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TABLE II

\NNU \L ENLI STED MANPOWER BILLET COSTS FOR
LIFE-CYCLE PLANNIN G1 4

Rating E2 E3 E4 ES E6 E~ E8 E9

Electron ic Technician

ET 11,140 12,506 13,023 16,240 2l ,b67 24,868 27,651 32,499

Rada rman
RD 10,443 10,628 U ,046 13,413 19,188 22,440 25,038 7,239

Quartermas ter

10,109 10,332 11,397 12 ,665 16,448 19,396 22 ,797 27 ,~ 82

Calcula ting manpower costs in this method is appropriate

for the sys tem selec tion problem under considera ti on . The

add ition of military equipments on existing cutters requires

tha t new billets be created.

After having established the major cost elements of

th e proposed equation to determine dollar life-cycle cost

estimates , an example of how to appl y the proposed cost

es timating technique is presented. All data is fictional

for illus trat ive purposes .

14 Ib i d.
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Example: The Coast Guard and Navy have agreed on air -
search mission (mili tary) to be perform ed by
the 2 5 0  foot Coast Guard vessels. There are
c u r r e n t l y  4 active cutters in this class.
The Navy has also furn ished the Coast Guard
with a list of 4 alternative air-search
radars in the i r inven tory which are capable
of sat isfac torily performing the mili tary
miss ion .

The Navy fur ther furnishes the Coast Guard
w ith systems requirements of the four
syst ems . Manpower requiremen ts are presen ted
in the following matrix format.

Manpower Requirement Matrix

Operators Required (RD’s) Electronic Technician (ET ’s)
E-3 E-4 E -3 E-6 E -7 E-3 E-4 E-5 E-6 E-7

System l 1 2 1 2 1

System 2 1 1 1 2

System 3 3 1 2 1

System 4 2 1 1 1 2

In addition , the Navy also provides the Coas t
Guard wi th years of useful life of each system ,
and a mee t ing be tw een Navy and Coas t Guar d
engineers yielded the cost estimate for spare
parts unique to Coast Guard vessels. This
information is presented as follows:

30



Information Matrix

Years Life Spare Parts Installation

System 1 8 0 130,000

System 2 12 5,000 50,000

System 3 10 0 75 ,000

System 4 8 4,000 100,000

Solution:

Ste p 1: Transform the manpower requirement matrix into

doll ars . This example , in keepin g with the assumption of

100 percent utilization of present Coast Guard resources ,

as sumes  manpower  r e q u i r e m e n t s  as p r e s e n t e d  b y the  Navy are

proxy variabl es of Coast Guard manpower requirements for

each sys tem . Thus , manpower  cos ts per  year  are  compu ted by

m u l t i p l y i n g  the  number  of men in each rate b y their respective

1.fe-cycle costs from Table II. For the purpose of this

example manpo wer requiremen ts are consid ered cons tant for

the life of the system. Equation one will allow these costs

to va ry  i f  manpower  is expec t ed  to change  over  t i m e . D o l l a r

manpow er cost estimates for the example problem are as

follows:
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Yearly Manpower Costs

Operating Maintenance Total

System 1 61 ,312 54,147 115,459

System 2 33,280 72,599 113,879

System 3 53 ,326 47,717 103,043

System 4 59,709 72,599 132 , 308

Step 2: Determine the time horizon for each alternative

system. The Navy provides the Coast Guard with an expected

syst em ’ s remaining useful life for each of the alternative

systems . This , however , is not necessarily the years of

life the Coa st Guard should use for planning purposes. The

Coast Guard mus t also consider the expected life of the

vess el prior to decommissioning. Thus , the time frame to be

used for determining life- cycle cost for each alternative is:

Time Horizon = Min(Svstems life , vessel life) .

Thi s  p r e s e n t a t i o n  a s s u m e s  a v e s s e l ’ s expec t ed  l i f e

of fif teen years. Therefore , the time frame for each of

the systems is their original estimated life.

Step 3: .\pp ly the life-c ycle cost equation [EQ . 1) to each

of the alt ernatives. To ensure all cost elements are

included it is suggested that the following cost element
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matrix be constructed. Inputs are the results of steps

one and two as well as the original information matrix.

Cos t Elemen t Ma tr i x

Time Horizon Installation Operators Maintenance Spares

System 1 8 130 , 000 61,312 34 ,147 0

Sys tem 2 12 50 ,000 43,280 72,599 5000

System 3 10 75,000 55 ,326 47,717 0

System 4 8 100,000 59 ,709 72 ,599 4000

A pplying equation one to the above data yields the

following life-cycle Costs relating to each system being

installed on all four vessels.

Life Cycl e Cos t Matr ix

Life C cle Cost Systems Life Time

System i 2 ,983 ,433 8

Sys tem 2 3 ,494 ,194 1

System 3 2 ,832 ,385 10

System 4 3 ,308 ,26 S

Finall y, one fur ther assum pti on in the proposed me thod

to determine relevant life -cycle costs should be noted. A

zero do llar cost is assi gned to weig ht and space requirements

of al tern ative syst em s . In the system selection problem

for ex isting cutters , no meaning ful dollar estimates are
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obt ainable. If existing platforms can accommodate these

sy stems and no other systems are planned for future installa-

t ion , th en the assumption of a zero dollar cost is valid.

2. Externality Costs

Wh il e no dollar value is assi gned to the weight or

space req uir emen ts of al tern ati ve sys tems , these re qu i re-

ments should no t be deleted when prepar ing the cost -benefi t

analysis. Space and weig ht requirements should be treated

as externality costs . These are costs associated with

alt ernative systems that cannot be expressed in a common

denominator such as dollars. For many problems of choice ,

ext ernalit y costs may be the determining factor for selecting

an alternative. Thus , the importance of the analyst iden-

tif ying externalit y costs cannot be over-emp hasized.

No attempt is made to list here all externality

cost elements relevant to the Coast Guard’ s p r o b l e m  of

sy s t e m s  s e l e c t i o n .  These  m u s t  be i d e n t i f i e d  each time a

new a l t e r n a t i v e  l i s t  is f o r m u l a t e d  by the Navy . However ,

som e of the major externality costs , in addition to space

and weight requirements , that appear to be common to most

analyses of this nature are listed. These include the costs

associated with restricted access to forei gn por ts be cause

of cert ain eloctron ic equipments or weapons; the changing

publ ic image of the Coast Guard from a peacetime service

to a more  m i l i t a r y - o r i e n t e d  s e r v i c e ;  and the overarming of

a v e s s e l  to  such  a deg ree  t h a t  no a d e q u a t e  weapons  w o u l d

be available in peacetime situations. Finall y, one other
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i t e m  is hand led  as an e x t e r n a l i t y  cos t  in the proposed

co st -ben efi t analysis . This is the cos t of sel ecting

equi pments with unequal expected lifetimes. The proposed

methodology to determine life-cycle costs does not attemp t

to compu te an averag e l i fe-cycle cost per year for each

alternative . Thus , the decision-maker must consider both

total life-cycle cos ts and the sys tem ’ s expected life times

when arriving at a final selection. Two alternative methods

for handl ing unequal expected systems lifetimes were examined

and considered less desirable. Both methods attempted to

combine ti me and life-cycle cos t es tima te s into a sing le-

dimension estimate of cost per year . The first alternative

method took the total life-cycle cost estimate for each

system and divided these values by their expected useful

operating life. This method produced what is sometimes

call ed an average cost per system. While it is appealing

to present the decision-maker with directly comparable costs

in this fashion , the results can be misinterpreted. The

rational deci sion-maker would be expected to choose the

sys tem with the least average cost if their benefits were

equal as it can be assumed that the goal of the organization

is to minimize total costs. The major disadvantage of this

procedure is the cost values obtained from the computation

above are not reall y average cost values. The inclusion

of the present value concept in equation one implies that

equal dollar expenditures over time are assi gned different

v a l u e s  in t h e  t o t i  cost estimate. Since dividing a total
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lif e-cycle cost estimate by the system ’s life time does not

y ie ld a valid averag e cos t , m inimizing this value does not

guarantee that the true average cost is also minimized.

The second a l t e r n a t i v e  m e t h o d  to obtain comparable

yearly cost estimates for alternative systems was to adjus t

all time horizons to the maximum expected lifetime of any

sing le system. This included the expected life of the

p l a t f o r m .  Thus , i f  s y s t e m ’ s A and B had expected lifetimes

of 5 and 10 years , respect ively, then it would be assumed

that after 5 years an additional system A must be procured

to comp lete the 10 year life t ime of ~ystem B. A decision

of t h i s  n a t u r e  is really a multi-stage decision , ho wever .

The ou tcome of a multi-stage decision is rarely realized

in militar y problems . This is due to the face that avail-

able military systems and the decision -maker are constantly

chan ging. It is more probable that at the end of system

A’ s in itial life time another analysis of alternative

systems will be conducted. After this analysis it is quite

probable that system A will not be purchased. Because yearLy

cost estimates may be misleading to the decision-maker , no

at temp t has been made to quantify life-cycle costs and

systems ’ lifetim e s into sing le numerical values.
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I V .  .\N O V E R V I E W  OF E X I S T I N G  M U L T I - A T T R I B U T E
T E C H N I Q U E S

H a v i n g  e s t a b l i s h e d  t h e  cos t  of the  a l t e r n a t i v e  s y s t e m s ,

whether by the proposed life-cycle costing technique or by

ot her methods such as devising cost estimating relationships ,

the next problem is to establish the actual benefits of the

systems. The exact measurement of peacetime b e n e f i t s  each

system provides to existing cutters is a complex problem.

Ex isting cutters have the responsibilities of p e r f o r m i n g

several p eacetime missions. Thus , a s i n g le v e s s e l  may be

exp ected to perform m issions such as search-and-rescue ,

enforcement of law s and treaties , marine env ironmental

pr ot~ ction , or any number of the designated Coast Guard

peacetime missions. I f  t h e  goal of the Coast Guard is to

select the s stem ~it h the greatest peacetime benefits ,

the systems must be evaluated in terms of their benefits to

e a c h  m i s s i o n .  Once this i n f o r m a t i o n  has  been  o b t a i n e d ,

ho wever , the question remains as to how the decision-maker

s h o u l d  s e l e c t  t h e  b e s t  sy s t e m .  S i n c e  man y  m i s s i o n s  c o m p r i s e

the peacetime responsibi lit y of the cutter , one method of

arriving at a rational selection is to use m ulti-attribute

J~ cisi on theory. T h i s  c h a p t e r  d i s c u s s e s  the  r e q u i r e m e n t s

necessary to utilize multi-attribute decision t e c h n i q u e s  as

a 1e c i s i o n - m a ~~~ng a i d .  D i s c u s s e d  a re  t h e  r e q u i r e m e n t s

n e c e s s a r y  to p e r f o r m  a n y  f o r m  of m u l t i - a t t r i b u t e  a n a ly s i s .

T h i s  d i s c u s s i o n  f u r t h e r  examines specific requirements of



the more frequently used techni ques of Dominance , M a x i m i n ,

Lex icograp hy, Ut ility Theory and the A dditive function form.

A . CONCEPT OF MULTI-ATTRIBUTE ANALYSIS

The under lying concept of multi-attribute decision theory

may be su m m a r i z e d  as f o l l o w s :

G iven a list of alternative systems and the

organizational goals , decompose the goals

into a comp lete list of attributes and then

attemp t to mea ure each s ct em ’ s impact on

each of the attributes. Next , estab lish a

proc edure that will reflect the decision-

make r ’ s preference of the relative importance

of eac h of the attributes. Finally, obtain a

d e c i s i o n - m a k i n g  r u l e  t h a t  w i l l  s e l e c t  the
s y s t e m  t h a t  o b t a i n s  t h e  h i g h e s t  va lue , or

u t i l i t y ,  to the  d e c i s i o n - m a k e r  b ase d on h is

s t a t e d  p r e f e r e n c e s .

B.  PROBLEMS

N h i l e  the  concepts of  mu1 ti - attriL ~ute d e c i s i o n  theory

h a v e  stron g i n t u i t i v e  a p p e a l , t h e r e  a re  s e v e r a l  i n h e r e n t

p r o b l e m s  of  u t i l i z i n g  a m u l t i - a t t r i b u t e  a n a l y s i s  f o r  sy s t e m s

s e l e c t i o n .  F i r s t  to  be d i s c u s s e d  are  p r o b l e m s  common to

all mu lti-attribute techni ques. These problems may be

summarized in the following categories.

* C o n s t r a i n ~~ c.l information proces sing

* Uncerta int y

* Data requirements
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1 . Constraints on Information Processing

One of the reasons for using multi-attribute

decisi on theor y is the limited amount of d a t a  t h a t  a

decision- m aker can pr ocess and make a choice consist ent

w i t h  h~ s subjective evaluation of the data. The underlyin g

concept of multi-attribute decision theory is that the

anal yst should strive to reduce number of relevant variables

of the problem , ref erred to as the dimensionality of the

problem , to a smaller dimensional problem the decision-maker

can comfortably handle. Ideally, the dec ision-ma ker would

like to base his decision of choice considering all attri-

butes simultaneousl y . However , as the number of attributes

increase , the decisi on-maker loses the abilit y to subjectivel y

choose among alternatives. This p henomenon on the limitation

of informa tton processing has been studied for several years.

The result of studies indicates that people can utilize no

m ore Than five to ten chunks of conceptual information at any

15given time .

M u l t i - a t t r i b u t e  d e c i s i o n  t e c h n i 4 u e s  r e l y  on the

u n d e r l y i n g  a s s u m p t i o n  t h a t  .~h o l i s t i c  p r o b l e m s  of ch o i c e  can

be d e c o m p o s e d  into t h e  s e v e r a l  s m a l l e r  p r o b l e m s , each of

w h i c h  is s~~n p l e r  for the decision-maker to  e v a l u a t e  t h a n  the

ag~~r e ; at e  p r o b l e m .  One of the  necessary assumptions , th ere-

f o r e , i s t :~e goa l  of t he  d e c i s i o n  p r o c e s s  can be d e sc r i b e d

c o m p l e t e l y  by a f i n i t e  n u m b e r  of a t t r i b u t e s .  T h i s  a s s u m p t i o n

1
~~F i s c h e r , G.~~. ,  F ou r  l e t h o c i s f o r  A s s e s s i n g  M u l t i -

~z : r : u t e ~~~t L 1 1 r i e s :  An E x p c ~~~~e n t a l  V a l i d a t i o n ,  T e c T h i i c a l
~c’~or

t , i n L v~~rs~~t .  of M i c h i g a ~7 S ep t e m b e r  10 7 2 , p .  3 - 4 .
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seems p lausible in studies involving systems selection

since ‘oite often an equi pment can be characterized by

eit h er ph ysical parameters such as weig ht , power requirements ,

etc. , or by subjective values of broadly defined attri butes

that comprise the goal. Violat ions of the assumption of

obt aining a complete list of attributes most often occur

when attemp ting to define the attributes of a psychological

goal , such as measuring intelli gence , w here no agreed upon

list of atrributes has been established.

The second assum pt i on brou ght about by the decom-

position principal necessary for most multi-attribute tech-

ni ques is that attribute values are independent. Independence

implies that the judges preference for m attributes are not

influ enced by the state of the remaining n-rn attributes in

the n dimensional pr obl em . Independ ence requirements are

th e basis of most models used to describe multi-attribute

Jecision makin g . Anot ner implication of independence is

the rehuire m ent that no cross-product worth or other

comp lem en taries exists among any at tributes.

The excepti on to technL~ues requiring the indepen-

dence assumption is a m e t h o d  known as effectiveness index

the ory. Effectiveness index models allow for the functional

form of the value of system over all attributes to be any

gener al form . Cross-product terms or any functional form

invo lving one or more attributes may be utilized to approxi-

mate a jud ge ’ s worth of a system. ro use the effectiveness

index mode l requires the analyst to be able to cons t ruct
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the functional form that approximates the decision-maker ’s

subjec tive jud gment. To accomplish this task the analyst

has two options. He may ask the decision -maker to specify

the funct ional form that he used in arriv ing at the decision

or he may attemp t to arrive at a functional form of the

decision-makers jud gment process given only the jud ge ’ s

values of the attributes. If the analyst cannot arrive at

the decision-maker ’ s func t ional  f o r m , he has few options but

to accep t the requirement of independence among attributes.

Exis ting mu lti -attribu e decision techniques allow

the analyst to select w h a t e v e r  d i m e n s i o n a l i ty  of the  p r o b l e m

he wishes to consider when making h is recommendations to the

decision-maker. However , th e assump tions requ ired for tech-

niques using full Jim ensiona lity in the decision criteria

are  so r e s t r ic t i v e  that full dimensionalit v is of l i m i t e d

use in mos t  s i t u a t i o n s .  U n f o r t u n a t e l ~’ , the  r e d u c t i o n  of

t h e  o r i g i no !  f u l l  d i m e n s i o n  problem to a single attribute

or num erical value does not simpl ify t h e  p r o b l e m  of c h o i c e .

Inde ed , further assumptions are also require d to base a

decision on a single numeric value . These assumptions are

discussed in the presentation of existing m ulti- attribute

decision techniques that require a single numeric value .

The major disadvantage of utilizing a single numeric repre-

sen t jt ijn of an alternative ’ s worth is not the  a c c e p t a n c e

of the required assumptions. Genera lly, these assumptions

are necessar\~ for the decision-maker to use an analysis and

arr ive at a rational choice. The prob lem is that often the
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assumptions required are deemed valid by the analyst and

not  the  d e c i s i o n - m a k e r .  These a s s u m p t i o n s  are then unknown

to the decision-maker when he makes a rational choice from

the prepared analysis. An analyst should strive to present

the analysis to the decision-maker in the maximum dimensional

form th at the decision-maker can utilize his expertise to

arrive at rational choice.

2. Uncertainty

Uncert ainty in decision-making process refers to

the uncerta inty of the outcome of selecting any alternative

sy stem. Most actual problems have some degree of uncertainty

associated with them. Existong techniques , however , often

beg in by assuming that the outcome is certain. This require-

ment of certa inty on the outcome space is necessary for

several reasons. The major technique utilized to reach a

choice among alternative candidates that formally considers

unc ertaint y is the expected utility principal. However ,

for the analyst to apply utility theory to actual problems

of choice re~ uires severe assumptions. The expected utility

princ iple requires not only the existence of a utility func-

t ion , but also that the decision-maker is able to specif y

a prob abilit y distribution ove r the possible consequences

of each action. This requirement is difficult to fulfill

in actual decision-maki ng problems since often the decision-

maker cannot establish all the possible outcomes of a decision .

I f ill outcomes of each course of action are known to the

anal yst , he next must a~ Si gfl a probabilit y to the outcomes
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occurring . Finally, a rule to combine the ut ili t ie s across

all at tributes must be devised.

I f  one is w i l l i n g  to make the  assumption that a

decision-maker can specify probabili ty distributions over

each of the possible outcomes , other p r o b l e m s  a r i s e  in u s i n g

the expected utility princi ple. One problem is determining

what functional form the analyst should use when combining

the various probabilities and utility values over all po ssible

outcome s to arrive at a single utility value for each alterna-

tive. Expected utility principle requires that the expected

utility of an action be an additive functional form repre-

16sent ed by :

EU (A.) = 

~li 
U (x1) + P

2~ U(x2) 
+ 

~ni U(Xn)

where

EU = Expec ted uti li ty

A . = 
.th action

= Probab il it y of ~th ou tcome with respec to
.th action

U (x
~
) = Utility of outcome (X 1)

For the functional form EU(A~) to addi ti ve , it has

been demonstrated that an additional assumption is necessary .

lb Ibid. , p. 10.
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T h i s  is the  a s s u m p t i o n  of m a r g i n a l i t y  among g am b l e s ) 7

The mar g inality requirement implies that if two finite

gambles are marginally equivalent then the decision-maker

mus t  be i n d i f f e r e n t  be tween  t h e  g a m b l e s .  Two gambles are

marginally equivalent if they give rise to identical

marginal probabil it y dis tribu ti ons .

Thus , if one had a choice of the following two

gambles

Prob ability .5 of receiving a 100 percent
increase in miss ion 1 and a 75 perc ent increase

G1 in m i s s i o n  2.

Probab ility .5 of receiving a 10 percen t
increase in m ission 3 and a 20 percen t increase
in mission 4.

Probab ility .5 of receiving a 100 percent increase
in mission 1 and a 20 percent increase in

G, = mission 4..

Probabili ty .5 of receiv ing a ~5 percent increa se
in m i s s i o n  2 and a 10 pe rcen t i nc rease  in
mission 3.

Then for marginal ity to be present the decision-maker must

be ind ifferent as to which of the gambles he selects. This

is due to G 1 and C, bein g marginally equivalent. However ,

if the decision-maker prefers gamble G2 since it assures

h im of a high value outcome , the n the additive form for

1; 
Ibid ., p. 11-15.
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ccmbining utilities is not appropriate. Other functional

forms have been devis ed for the case in which the expected

u tility is not valid due to the violation of the mar ginality

requirement. For further discussion in this area the

interested reader is referred to [Fischer]

The last as sumption of utility theory in decision

making con text is the requirement that the decision-maker

selec ts his deci sion based on maximizin g his expec ted bene-

fits. In many situations , however , the decision-maker may

be risk-avers e and selec ts the decis ion which does no t

maximiz e his expected gains but minimizes his expected

l o s s e s .  Other  fo rms  of d e c i s i o n  c r i t e r i a  have been observed

and in one labor atory exp erimen t , w ith subjects trained in

ob taining probabilities , 41 out of 64 subjects made decisions

by some other techni qu e than m a x i m i z i n g  expected u t i l i ty . 18

3. Data

The las t problem that influences all multi-attribute

dec ision analysis is the problem of data. The analyst is

faced  w i t h  two problems in dealing with data. First , the

a n a l y s t  m u s t  dec ide  the type of data to collect and then he

m u s t  t r a n s f o r m  the  o r i g i n a l  da ta  in to comparable values

a c r o s s  a t t r i b u t e s .  The a c t u a l  multi-attribute decision rule

he s e l e c t s  w i l l  determine the extent that the data must be

m anipulated. Certain decision criteria require only that

the data be comparable within each attribute. However , these

18 Beach , B .H., Direct arid Indirect Methods for Measuring
Utility , Techn ical Report , Uni ve r s i t y of W a s h i n g t o n , J u l y  4 ,
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decision cri teria are sufficently restrictive as to be rarely

useful . Other criteria require complete comparisons of

values across attributes . In these situations physical

char acteristics must be trans formed into values that lend

themselves to comparison. Finally, other decision criteria

require that values across attributes be additive. Thus ,

ra tio-scale values are required. The following discussion

is intended to help the analyst in arriving at the proper

scale necessary to use the various multi-attribute selection

c r i t e r i a .  A l s o  p r e s e n t e d  a re  the  proper ties each measuremen t

scale possesses.

a. Nominal Scale

This technique represents the lowest form of

measurem ent scales. This typ e of scale is produced when a

judge is asked to place items in similar groupings based on

any d e s i r e d  p r o p e r t y .  T h e  f i n a l  g r o u p i n g s  have no o rder  of

worth , however. Nominal scales have the undesirable feature

t h a t  s t a t i s t i c a l  t e c h n i q u e s  d e p e n d i n g  on a d i s t a n c e  b e t w e e n

points conce pt , such as the mean , m e d i a n , or s tandard  devia-

tion canno t be utilized. Nominal scales require only that

each item in the same group be assi gned the same numb er and

tha t no two groups receive the same number. As such , any

one-to-one transformation on the original data is permitted

and u i l l  p r e s e r v e  t h e  g r o u p i n g s .  For  m u l t i - a t t r i b u t e  anal ys is

lata obta ined on a nominal scale is of limited value . This

is due to the fact that there is no method to combine values

across attributes. For sing le attribute problems , n o m i n a l
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scal ing techniques do have some advantageous properties.

Sta tistics based on frequencies , modes , and coeff ici ents of

continuit y can be calculated from nominally scaled data. 19

More importantly , however , is the fact that this type of

scalin g requires the least amount of work for the judges

s c a l i n g  the  a l t e r n a t i v e s .  The j u d ge is not  r e q u i r e d  to g ive

a numer i ca l val ue of an al terna tive ’s worth but only to

place items in groupin gs.

b . Ord inal  Scal e

U n l i k e  the  n o m i n a l  sca le , da ta  o b t a i n e d  on an

o r d i n a l  sca le  i m p l i e s  a d i f f e r e n c e  of w o r t h  e x i s t s  among

groupings. Mos t  o f t e n  o r d i n a l  sca le  da ta  are o b t a i n e d  by

having jud ges rank order alternatives via some parameter

or property. Ordinal scaling allows the analyst to differ-

en tiate among equality, greater than , or less than among

alternatives. As such , any mono tone incre asing transforma-

tion is allowable on the orig inal data as it preserves order

with in the alternatives. Ordinal scaling is a popular method

for obtaining i nfor ma t ion from j u d ges as i t  r e q u i r e s  the

j u d g e s  to simpl y rank order alternatives . Obtaining orig inal

data does not require the judges to assi gn any numer ical

value to the difference in worths among alternatives .

Further , popularity of ordinal scales is increased by the

fact that many procedures exist of a non-parametric nature

allo wing for the differences among alternatives to be

ob tained without assuming a normal distribution on judges

19hu i l f o r d , J.P., Psych ometric Methods , p. 8-19.
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r e s p o n s e s .  The m a j o r  d i s a d v a n t a g e  of ordinal scales is that

no absolu te value of the difference in worth among alterna-

tives is possible. Also no procedure exists to combine

o r d i n a l  da ta  across  a t t r i b u t e s .  Thus , w h i l e  me thods  are

available to compute the overall rank order of alternative s

based  on severa l  j u d ges ’ r e sponses  w i t h i n  a s i n g l e  a t t r i b u t e ,

there is no way to determine how much better the “best”

alternative is from the second b e s t  or even the worst. From

a cost-benefit approach this procedure is of limited use

s ince the amount of difference in equipment ’s wor th is

nec essary to perform a tradeoff anal ysis between alternatives.

c . In terval Scal es

The t h i r d  l e v e l  on w h i c h  da ta  may be o b t a i n e d  is

the  i n t e r v a l  s c a l e .  I n t e r v a l  s ca l e s  are  commonly  r e f e r r e d

to as e q u a l - u n i t  s c a l e s  and have i m p o r t a n t  p r o p e r t i e s  over

b o t h  t h e  n o m i n a l  and o r d i n a l  s c a l e s .  The major property of

i n t e r v a l  s c a l i n g  is t h a t  n u m e r i c a l l y  equal d i s t a n c e s  s t and

f o r  equa l  d i s t a n c e s  in some a s p e c t s  of the a l t e r n a t i v e s

being scaled. 20 As a result of this property, two items

th at have numbers 10 and 20 assigned to them are as far

apart as two items having the numbers 30 and 60. The

p r o p e r t y  of equa l  d i s t a n c e  arises from the fact that

i n t e r v a l  s ca l e s  have an a r b i t r a r y  or i g in and arbitrary u n i t s

which are constant over the scale. Since the ori g in  and

units on an interval scale are arbitrar y , any linear

2O
Ib i d . ,  p. 14 .
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transforma tion may be applied of the form x ’ = a + bx ,

where x denotes ori g ina l value , a is a constant , and b is

a scalar greater than zero. However , since the ori g i n is

arbitrary , l ittle meaning may be attached to addition

across attribu tes of numbers obtained on an interval scale.

Common forms  of d a t a  o b t a i n e d  on an i n t e r v a l  scale  are

tem perature measurement , altitude , and calendar time . While

direct addition of numbers on interval scales is not permitted ,

ac tual distances measured between two values do have the

additive property . This allows for almost all statistical

p r o c e d u r e s  to be p e r f o r m e d  on i n t e r v a l  sca le  va lues  w i t h i n

an attribute. These include calculating the analysis of

variance , means , and the standard deviation. The one

statistical procedure not allowed is the computation of the

coeffic ient of variation , whi ch is based on the ratio of

th e standard deviation to the mean of the distribution.

This  r a t i o  is no t  mean ing f u l  s i n c e  i t  depends  on whe re  the

ar bitrary zero point is located. 21

While interval scaling procedures have far more

use to the analyst than either nominal or ordinal scales

i t  must  be n o t e d  t h a t  the requirements on the judges have

been g r e a t l y  i n c r e a s e d .  No l onge r  is i t  s u f f i c i e n t  f o r  the

iud ge to  g r o u p  or r ank  alternatives. The judge is required

to a c t u a l ly  a s s i gn a n u m e r i c a l  v a l u e  to the alternatives in

a consisten t way .

‘1- Ibid. , p . 15.



d . Ra tio Scale

The last measure ment techn ique availab le to

the analyst is the ratio scale. Ratio scales occur in data

where there is a fixed or natural origin. Examples of

r a t i o  s ca l e s  a r e  l e n g t h , co s t  and time with a fixed 0 point.

Since ratio scales have an absolute zero point , it is possi-

b le to equate meaningful ratios ~n the number sc ale . This

i m p l i e s  t h a t  no~ only a l l  p r e v i c u -  ~y men tioned statistics

may be calculated on ratio scale values , but also the

c o e f f i c i e n t  of v a r i a t i o n  may be c o m p u t e d .  V a l u e s  computed

f r o m  r a t i o  scale data may be compared for equality , in equal-

ity, equality of raios of intervals and equality of ratios

themsel ves. The original data may be transformed by the

use of any equat io~1 in the form x ’ bx , w h e r e  b is a sca l a r

greater than zero.

While ratio scales are the most powerful in

t e r m s  of t h e  number  of s t a t i s t i c s  t h a t  nay be calculated ,

t h i s  s c a l i n g  m e t h o d  r e q u i r e s  t h e  a n a ly s t  to use  r a t i o

sca l e s  on s u b j e c t i v e  judgments. To obtain ratio scales

the  j u d ge m u s t  p e r f o r m  t h e  t a s k  of e x p r e s s i n g  a l t e r n a t i v e s

w o r t h  in t e r m s  of ra t ios. A s the  n u m b e r  of a l t e r n a t i v e s

requiring scaling increases it is quite common to observe

inconsi stencies in values the jud ges assign to alternatives.

Since both add ition and multiplication nay be perfo rmed on

ratio scales , however , the ratio scale is very popular in

a n a ly s i s  where a natural zero ori g in exists and the number

of alternatives to be ex~’rn ined is small.
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Summarizing the discussion on scalin g methods

a v a i l a b l e  to  t h e  a n a l y s t , as one p r o g r e s s e s  f r o m  n o m i n a l

to ratio scales the amount of data mani pulation permissible

increas es and the scales become more robust in the number

of st atistics that ma be calculated. Tempering the analyst

on the proper scale to utilize , however , is stated require-

;n ents  of each  s ca le  as w e l l  as the  i n c r e a s i n g  r e q u i r e m e n t s

on the  j u d ges ’ r e s p o n s e  l e v e l .  E q u a l l ;  i m p o r t a n t  as s e l e c t i n g

t h e  p r o p e r  s c a l i n g  m e t h o d  is t h e  assurance that the limita-

tions of the chosen scaling method are followed. Often

man’; lim itations are violated in the attemp t to obtain more

i n f o r m a t i o n  f r o m  d a t a  t han  the  s c a l i n g  m e t h o d s  a l l o w . An

e x a m p l e  is a t t e m p t i n g  to o b t a i n  i n t e r v a l  s ca l e  d a t a  f r o m

r i n k  o r d e r i n g s  by j u d g e s .  A r b i t r a r y  v a l u e s  are  o f t e n

a s s i g n e d  f o r  v a r i o u s  ranked positions , i.e., 10 fo r  the

i t e m  r a n k e d  f i r s t , 9 for second , down to 0 f o r  the l o w e s t

r a n k e d  a l t e r n a t i v e . F in a l l y ,  an average v a l u e  is c o m p u t e d

;a s e d  on t h e  n u m b e r  of p o i n t s  a c q u i r e d .  The d e f i c i e n c y

of  t h i s  p r o c e d u r e  is  t h a t  t he  r e s u l t s  o f t e n  depend on the

a r b i t r a r y  n u m e r i c a l  v a l u e s  a s s i gned  to the r a n k - o r d e r e d

l i s t .  T h e r e f o r e , when a d d i t i o n  of  v a l u e s  a c r o s s  a t t r i b u t e s

is requi red the analyst must realize the value s must be

obta ined on ~i ratio scale level.

“Moon , J.W . , ‘A Prob lem on Rankings by Committees ” ,
~~~~~~~~~~~~~ Vol. 44 , 19Th .
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C . CO MM ON TECHNIQUES UNDER CERTAINTY

After h a v i n g  d i s c u s s e d  the  problems of uncertainty,

i n f o r m a t i o n  p r o c e s s i n g  c a p a b i l i t y ,  and d a t a  g a t h e r i n g

t h a t  a f f e c t  a l l  m u l t i - a t t r i b u t e  d e c i s i o n  t e c h n i q u e s , the

r e m a i n d e r  of t h i s  c h a p t e r  w i l l  be devoted to examining

r i s k i e s s  d e c i s i o n  c r i t e r i a .  Even  r i s k l e s s  m u l t i - a t t r i b u t e

t e c h n i~~ues r e q u i r e  man’; a s s u m p t i o n s  t h a t  a r e  d i f f i c u l t  to

v e r i f y  in actual problems . Since they require fewer assump-

tions than methods incorporating risk , an a l y s ts f r equen t l y

use on e or ev en s e v e r a l  r i s k l e s s  t e c h n i ques  to a r r i v e  at

th eir recommendations. Appendix D presents the multi-

attr ibu te decision making techniques that are available

to the anal yst. The following d i s cus s ion pr e~ ent s an over-

view of the most frequent ly used  t e c h n i q u e s .  D i s c u s s e d

ire the inherent assumptions and limitations that each

criteri on exhibits. Techniques under discussion include

Dom inance , Miniimax and Maximin , ~exicograp hv , and additive

;. eig ht in g.

1.. D o m i n a n c e  :heor \ ~

D o m i n a n c e  t h e o r y  is one of the fe~ t e c h n i q u e s

a v a i l a b l e  to  t h e  a n a l y s t  that ma~ y i e l d  a s o l u t i o n  to t h e

selection problem by utilizing a d e c i s i o n  c r i t e r : o n  f o r

selec~ ien that considers all the orig inal attributes. The

d e c i s i o n  c r i t e r i o n  of d o m i n a n c e  theory nay be stated as

foll o~ s
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Let

X = (x 1,x 2, x _ ,  . . . , x )

and

Y = (y 1,y,,y 3, . . . y
~ )

where X and Y denote the overall worth of a l t e r n a t i v e s  X

and Y , and 1x 1,x 2, x_ x~ ) and (y 1,y2 ,y3 , y~~)

denote vectors representing values of the alternatives

over the n a t t r i b u t e s  f o r  X and Y r e s p e c t i v e l y .  Then the

decision rule may be stated as:

Choos e K if x. > v. for all i
i — S

i

or
Y i f x . <

The decisi n rule allowing for t he > or < is termed

a ~eak dominance decision. This impl ies the decision was

n i c e  to select one alternative even thoug h ove r some attri-

butes the system not o~e1~fc fed was equal to the alternative

cho sen. If the decision rule uses onl y strict inequalities

then the decision r i le is knoi~n as stron g or strict dominance.

It should be noted that this decision criteria is invariant

as ~hethe r the attr ibute values were m etsured on ordinal ,

i n t e r v a l , or r a t i o  s c a l e s .  S ince  m a n y  of t h e  p r o b l e m s

~



associated w ith data have been eliminated , dom inance i s

one of  t he  m o s t  e a s i l y  a p p l i e d  decision criteria. Also ,

a d e c i s i o n  b a s e d  on the  d o m i n a n c e  d e c i s i o n  r u l e  can be

r e g a r d e d  as a v e r y  r a t i o n a l  d e c i s i o n .

W h i l e  d o m i n a n c e  t h e o r y  is easy  to appl y and the

r e s u l t s  a r e  known  to  be good , r a r e ly  w i l l  t he  dominance

c r i t e r i o n  y i e l d  a s o l u t i o n  to t h e  s e l e c t i o n  p r o b l e m .  The

bes t  t h a t  can u s u a l l y  be hoped  fo r  in u t i l i z i n g  t h e  d om inance

decision criterion is the elimination of some alternative

systems from consideration. Dominance will not solve the

problem of how to evaluate the remainin g alternatives

where dominance does not prevail.

The remaining techni ques for assessing multi-

attribute decision problems reduce the ori g in al d imens ion-

a l i t y  to a sing le dimensional problem in ~he attribute

space. ~!~ n~ max ari d maxi inin ore the two decision criteria

app lied t o  multi-attribute anal ysis that have their origin

from game theory . Because these two procedures require

man y common a~ sumption s to produce a decision rule , t hey

x~ ll he examined together.

2. ~.hinimax and Maximi ri

The m i n i n a x  d e c i s i o n  r u l e  c r i t e r i o n  r e q u i r e s  t h a t

a l t e r n a t i v e  v a l u e s  a c r o s s  a t t r i b u t e s  be h i g h l y  c o m p a r a b l e .

I f  c o m p a r a b l e  v a l u e s  can be achieved , thc minimax procedure

is to  f i r s t  o b t a i n  t h e  m a x i m u m  v a l u e s  of the a l t e r n a t i v e s

over  a l l  a t t r i b u t e s  m d  t h e n  s e l e c t  t h e  aite rnat i ’-e with

t he sma l lest maximum value over all it s a t t r i b u t e s .  The
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maxim in procedure is to ob tain the m in imum valu es of the

alt ernatives over ~ll attributes and then select the

alternative with the largest minimum value over all attributes.

Wh ile minimax and rnaxi niin decision criter ia were

first introduced in game theory, their results should not

be interpreted in classical game theory context . Game

theory requires that a payoff matrix be established. The

size of the payoff matrix is dependent on the number of

courses of action available to each of the  p l a y e r s .  In

decision theory contexts one can view the game with the

d e c i s i o n - m a k e r  as one p l a y e r  and n a t u r e  as the  o p p o s in g

p l a y e r .  H o w e v e r , the  o r i g i n a l  m a l t e r n a t i v e s  to  be examin ed

and the  rm a t t r i b u t e s  over w h i c h  each a l t e r n a t i v e  mus t be

e v a l u a t e d  s h o u l d  no t  be considered a payoff matrix. Nor

can a p a y o f f  m a t r i x  be e s t a bl i s h e d  u n l e s s  one knows a l l  of

the  d i f f e r e n t  c o u r s e s  of a c t i o n  t h a t  n a t u r e  may f o l l o w .

W i t h o u t  have a payoff matrix established , the rul es of game

t h e o r y  t h a t  e n s u r e  a p l a y e r  can f o l l o w  e i t h e r  a p u r e  or

m ixed strateg y and maximize his expected gains , or minimize

his losses , cannot be app lied.

Examining the minimax decision rule for multi-

a t t r i b u t e  a n a l y s i s  one sees that much information is not

used  in arriving at a decision. The o n l y  v a l u e  c o m p a r e d

among alternatives is t h e  m a x i m u m  v a l u e  e a c h  a l t e r n a t i v e

receives. Thus , the decision criteria often allows a system

t be chosen where alternative systems ma y receive higher



va lues in the remaining n-i attributes. The same restrictive

p roperty also holds true for the maxir nin technique .

3. Lexicograp hy

Lex ico grap hy is anoth er multi-attribute decision

criterion that may be regarded as a single dimensional

technique . This decision criterion rec~uires that the list

of a t t r i b u t e s  be r a n k - o r d e r e d  in t e r m s  of t h e i r  i m p o r t a n c e .

Ne x t , t h e  v a l u e s  of each a l t e r n a t i v e  s y s t e m  is m e a s u r e d

over each of its attributes. Finall y , the decision criterion

may be summarized as follows. Beginning with the highest

ranked attribute , select the alternative with the highest

v a l u e  in t h i s  a t t r i b u t e .  I f  two or more alternatives have

t he  same v a l u e  in t h e  hi g h e s t  r a n k e d  a t t r i b u t e , o m i t  a l l

o t h e r  a l t e r n a t i v e s  w i t h  l e s s e r  v a l u e s .  Then proceed to the

a t t r i b u t e  l i s t  and se lec t  t h e  a t t r i b u t e  r a n k e d  se cond h i ghest .

E x a m i n e  the r e m a i n i n g  a l t e r n a t i v e s  and s e l e c t  t h e  a l t e r n a t i v e

w i t h  t he  h i g h e s t  v a l u e  in t h i s  a t t r i b u t e .  If t i e s  c o n t i n u e

to e x i s t , t h e  p r o c e d u r e  is r e p e a t e d , each t i m e  o m i t t i n g

a l t e r n a t i v e  sy s t e m s  w i t h  v a l u e s  l e s s  t h a n  t h e  m a x i m u m  v a l u e

of a l t e r n a t i v e s  that r e m a i n , u n t i l  an a t t r i b u t e  is r eached

where only one alternative has a maximum value . If all n

attri b utes Live been examined and ties exist , the decision-

ma ker should be indifferent as to which system is selected .

An exori r le is presented to clarif y this decision criteria:

Suppos e one mu st choose a system to
perform air surveill an ce and has a
list of three attributes to consi der.
Furt he r the weig h t of importance of
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the three attributes are .2 , .3 , .5
r e s p e c t i v e ly . Th i s  i n f o r m a t i o n  may
be d isplaye d in the follo wi ng ma tr ix:

attribute

(.2) (.3) (.3)

1 2 3

1 H i g h  6 2

2 Low 8 8
al t e r n a  -

t i v e  i 3 M edium 4 6

.4 H igh  2 8

F u r t h e r  l e t  x .  e n t r i e s  in the  above
m a t r i x  d e n o t e  th~ v a l u e  of t he  ~th
a l t e r n a t i v e  in the  ~th  a t t r i b u t e  w h e r e
n u m e r i c a l  va lues  are  on an i n t e r v a l
s c a l e .  Then l e x i c o g r a p h y  d e c i s i o n
c r i t e r i o n  b e g i n s  by s e l e c t i n g  a t t r i -
bute three and examining the alterna-
tives to obtain the maximum value . In
this example alternatives two and four
are t i ed  w i t h  a v a l u e  of e i g h t .  El im-
inate alternatives one and three from
c o n s i d er at ion  and proceed to the next
r oost i m p o r t a n t  a t t r i b u t e , a t t r i b u t e
t w o .  E x a m i n i n g  a l t e r n a t i v e s  two and
t h r e e  one f i n d s  t h a t  a l t e r n a t i v e  two
has  the  highest value fo r  a t t r i b u t e
t w o .  Thus  the  s e l e c t i o n  p r o c e s s  s t o p s
and the  l e x i c o g r a p h i c  ~e c i s i o n  c r i t e r i o n
s e l e c t s  a l t e r n a t i v e  two as t h e  b e s t
s y s t e m .

The p r e s e n t e d  example demonstrates the a d v a n t a g e  of

u s i n g  l e x i c o g r a p h y .  The a d v a n t a g e  is t h a t  no r e q u i r e m e n t s

a re  p l a c e d  on t h e  an al yst to obta in v a l u e s  t h a t  a r e  com-

parable across attributes. .\n’; form of data ma also be

utilized that exhibits the prop erty of c o n v e y i n g  a concept

of ~.ort h . However to obtain the characteristic of non-comparisons
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across attributes the analyst relies on a fundamental

assumption. This assumption is that after the solution to

an n-d imensional problem has been obtained by examining m

attributes , the remaining n-rn attributes have no i n f l u e n c e

on the  s o l u t i o n  ou tcome . This  i m p l i e s  t h a t  the  o r i g inal

r a n k  of a t t r i b u t e s  no t  on ly  i m p l i e s  ord er , bu t also that

each successive rank-ordered attribute is of such importance

to the  d e c i s i o n - m a k e r  t h a t  a l l  o t h e r  a t t r i b u t e s  w i t h  a

lesser weig ht need no t be considered when selecting a system .

W hil e the lexicographic decision criterion guarantees a

selection outcome , much informa tion about the various

al ternatives is not utilized.

4 .  A d d i t i v e  ~‘a l u e  F u n c t i o n

The f i n a l  m u l t i - a t t r i b u t e  decision t e c h n i que to

be discussed is the  a d d i t i v e  value function criterion.

This technique assumes that the a ’t ernative s nay b e eval-

uated over each of the attributes and then the worth of each

a l t e r n a t i v e  may be obtained by summing the alternative

values across attributes.

The concept behind the addit ive value function decision

criterion is tha t the final alte rna t ive value represents

a w ei g h t e d  a v e r a g e  of  t h e  c o n t r i b u t i o n  the  a l t e r n a t i v e

y i e l d s  o v e r  t he  attribu tes. 3 T h i s  t e c h n i q u e  has an advan-

tage over the previously discussed decision criteria since

°MacCrimmon , K.R., Decisi on-M aking Amon~ Mu ltiple -
Attribut e A lternat ives - A Survey and Consolidated Report ,

~~ND Corp ., december , 19b8 . P. 28-33 .
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each al ternative is compared over all n attributes. This

implies tha t no informa tion was los t in arr ivin g at a deci-

sion . Again , however , there are assump t ions tha t the

anal yst should consider before apply ing the addit ive value

funct ion decision criterion.

The f i r s t  a s s u m p t i o n s  t ha t  the  anal y s t  mus t  justify

is t h a t  an a d d i t i v e  va lue  f u n c ti o n  is the  co r rec t  d e c i s i o n

criterion . In r i sk l e s s  d e c is i o n s  the  n e c e s s a ry  and s u f f i -

ci ent conditions that guarantee the existence of an additive

‘4eva luation function for three or more attributes are :

1. Prefer enc es mus t be weakl y ordered

4 .  Mono tonicity of attributes

To ensure that preferences are weakly ordered the

fo llowing two properties must be examined. First the

analyst must be able to express all values in the following

mann er, Either he is indifferent , be tween two outcomes x~

and x~ , he prefers x . to x~ or he prefers ou tcome x~ to

x. . Secondly , transitivit y must exist between outcomes.

Trans ivit v requires that for any outcomes: if

x. is preferred to x. and x~ is preferred to X k ,  then

must he preferred to xk.

24 Fi sher , p. :~~.
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Monotonicitv of attributes is more difficult to

es tablish . To sat isf y the m onotonicit y requirement it

mus t  be t r u e  t h a t  p r e f e r e n t i a l  i ndependence  c on d i t i o n s  are

s a t i s f i e d  among a t t r i b u t e s .  This  i ndependence  a s s u m p t i o n

may be stated as:

Let (x 1,x ,, . . . , x~) denote the attribute vec tor

d e s c r i b i n g  the  w o r t h  of s y s t e m  K .  F u r t h e r , le t  Y d e n o t e

any s u b s e t  of these attributes and Y ’  deno te  the  r e m a i n i n g

a t t r i b u t e s .  Thus X = (Y, Y’). Now l e t  and Y .  be any

two s t a t e s  of t h e  Y a t t r i b u t e s  and le t  Y !  and Y ’  be any
1 J

two states of the Y’ attributes. Then it must be true that

th e decision-maker will prefer the outcome iY
~~

, Y~ ) if

and only if he prefers 
~~~~~

‘ 
Y~ ) to (Y~~, Y~ ) .

~~~~~

The above independence or separability assumption

i m p l i e s  t h a t  if one w e r e  e x a m i n i n g  the  v a r i o u s  al tern at ives ’

o v e r a l l  w o r t h , t h e  t r a d e o f f  values for attributes x 1 and

x 2 ,  k e e p i n g  the  o t h e r  l e v e l s  of t he  r e m a i n i n g  a t t r i b u t e s

f i x e d , does riot depend on the particular values of the fixed

l e v e l s .  I f  b o t h  the p r e f e r e n t i a l  i n d ep e n d e n c e  a s s u m p t i o n

h o l d s  a l on ~ w i t h  t he  weak  o r d e r i n g  a s s u m p t i o n  t h e n  t h i s

g u a r a n t e e s  t h e  e x i s t e n c e  of an a d d i t i v e  v a l u e  f u n c t i o n  f o r

r i sk l e s s  d e c i s i o n s .

Once the  a n a l y s t  has  s e l e c t e d  the a d d i t i v e  v a l u e

f u n c t i o n  as t h e  c o r r e c t  decision criteria there are other

.. .) .
T a a
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requirements necessary to use the proposed cost-benefit

mode l. First , the anal yst must be able to obtain values

in the alternative-attribute matrix that are hi ghly com-

parable across attributes. Secondly, the val ues ob ta i n e d

must possess the property of additivity. Since only ratio

scale values possess this property of additivity , the analyst

is forced to use ratio scale values. The implication of

using ratio s c a l e  numbers is t h a t  v a l u e s  in the  a l t e r n a t i v e -

attr ibute matrix represents the decision-makers subject ive

e v a l u a t i o n  of  an a l t e r n a t i v e ’ s w o r t h  f o r  an a t t r i b u t e .

Thus , i f  one s y s t e m  had a v a l u e  of 3 . 0  in an a t t r i b u t e  and

a n o t h e r  s y s t e m  had ~.0  in the  same a t t r i b u t e , t he  second

system is twice as valuable in the performance of the

attr ibute.

A s can be se en , all multi-attribute selection

criteria require many a s s u m p t i o n s  t h a t  r a r e l y  can be veri-

fied to be valid in actual problems of choice. One problem

of multi-attribute selection criteria is that no method has

any  i n t e r n a l  c h e c k s  t h a t  w o u l d  i n d i c a t e  a s s u m p t i o n s  w e r e

c l e a r ly  v i o l a t e d .  P e r h a p s  t h e  b e s t  check  that can be

applied is to perform several different anal yses each based

on different assumptions . If the various studies all indi-

cate th e same alternative is b e s t , t h i s  s h o u l d  i n d i c a t e

t h a t  t h e  sy s t e m  s e l e c t e d  is h i g hly independent of the

a s s u m p t i o n s  used  to  a r r i v e  at t he  d e c i s i o n .  The p r o p o s e d

cost-benefit model was developed to be used in conjunction

with ~OSC’s methodology to serve this purpose. In the
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nex t chapter a discussion of how expert judgment may be

used to es t im at e the ove ra l l r at i o - w o r th ’ s of alternative

systems is presented. The procedure to estimate the

al ternatives ratio-worth ’ s is develop ed for the case

where the addi tive func t ional form has been deemed

appro priate.
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V .  M ETHODOLOGY TO OBTAIN ESTIMATES OF EQU I PMENT RATIO WORTH

To m e a s u r e  the  b e n e f i t s  of a l t e r n a t i v e  sy s t e m s  f r o m

Naval inventory a method comprised of several previously

discussed mu lti-attribute decision techniques is proposed.

C o m b i n i n g  the  expec ted  b e n e f i t s  measu red  in t h i s  c h a p t e r

w i t h  t he  p r e v i o u s l y  d i s c u s s e d  r e l e v a n t  l i f e - c y c l e  cos t

m a t r i x  y i e l d s  a f o u r - d i m e n s i o n a l  s o l u t i o n  to a id  the  d e c i s i o n -

make r  in a r r i v i n g  at a ra ti ona l cho ice. A four dimen sio nal

s o l u t i o n  is p roposed  as i t  reduces  the  d i m e n s i o n a l i t y  of

the  o r i g i n a l  p r o b l e m  to a l e v e l  the  d e c i s i o n - m a k e r  nay

s u b j e c t i v e ly  e v a l u a t e .  Th i s  s o l u t i o n  a l l o ws t h e

d e c i s i o n - m a k e r  to  use h i s  e x p e r t i s e  when  a r r i v i n g  at

a d e c i s i o n  as to w h i c h  s y s t e m  to s e l e c t .  A t e c h n i q u e  of

t h i s  n a t u r e  e l i m i n a t e s  the  r e q u i r e m e n t  on the  analyst to

f o r m u l a t e  an a p p r o x i m a t i o n  to the  d e c i s i o n - m a k e r ’ s f u n c t i o n a l

f o r m  he uses  to t radeoff such d i v e r s e  i t e m s  as e x t e r n a l i t y

costs and a system ’ s benefit. It should be noted that this

proced ure does not eliminat e the requirement of performing

these trade offs. This procedure is intended to aid the

dec ision-maker by presenting relevant information required

to perform this task. What it does eliminate is having

to m a t h e m a t i c a l l y  f o r m u l a t e  t h e  s u b j e c t i v e  p r o c e s s  t h a t

the  d e c i s i o n - m a k e r  uses.

T h i s  c h a p t e r  p r o p o s e s  t h e  c o n s t a n t - s u m  m e t h o d  to a r r i v e

~~~~ an e s t i m a t e  of t h e  a l t e r n a t i v e ’ s w o r t h .  A l e a s t  s q u a r e s
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der ivation of the constant-sum method is presented with

emphasis pl aced on special cases that must be considered

when using the constant -sum method to compare dissimilar

alternatives. Finally, discussed in this chapter are the

options the anal yst has in interpreting the results.

The meth odology to measure benefits was constructed

for the case where the Coast Guard has incomplete knowled ge

of th e alternative systems in Naval inventory and cannot

make ratio jud gements between all alternatives. Also , it

h as be en assume d that the  Navy is i n s u f f i c i e n t l y f a m i l i a r

with actual requirements of Coast Guard peacetime missions

to mak e ratio judgements of the system ’ s impact on each

m i s s i o n .  H o w e v e r , i t  is a s s u m e d  t h a t  expe r t  j u d g e s  do

exist with In the Navy to evaluate alternative systems in

each of the attributes. Possible sources of expert judges

include personnel attached to Navy laboratories who are

consi dered experts in the fields of equipments under con-

sideration , or personnel on board vessels who have had

direct experience operatin g several of the equi pmen t s.

Secondl’.’ , i.t is assumed that the ship-work-breakdown

furict ions which will comprise the attribute list describing

Coast iuard missi o n - are performed in the same manner b the

Navy . A repr e sentative list of these a t t r i b u t e s  are  p r e s e n t e d

in Appen dix C. S p e c i f i c  d e f i n i t i o n s  of a t t r i b u t e s  should

he utilized in ontai ning subjec tive values from different

j u d g e s  to  r educe  t h e  v a r i a b i l i t y  in judges response s arising

f r o m  p e r s o n a l  i n t e r p r e t a t i o n  of  the v a r i o u s  a t t r i b u t e s .
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A. METHODOLOGY

To o b t a i n  r a t i o  sca le  v a l u e s  of e q u i p m e n t s ’ w o r t h  based

on s u bj e c t i v e  j u d g e m e n t , a c o n s t a n t - s u m  method has been

a d o p t e d  f r o m  the  p s y c h o l o g ica l  s c i e n c e s .  The b a s i c  assump-

t i o n  of t h i s  t e c h n i q u e  is t h a t  j u d ges a re  c a p a b l e  of e x p r e s s i n g

the  va lue  of two c o m p e t i n g  a l t e r n a t i v e s  in ratio form and

there exists a concept of a natural orig in amon g jud ges.

An agreement on the natural origin in the case of systems

comparisons imp lies that the j u d ges have  t h e  same concep t

of when  t h e  e q u i p m e n t  p r o v i d e s  no w o r t h  in a given attribute

and t h a t  t h i s  o r i g i n  is constant over attributes.

A discussion of how the  c o n s t a n t - s u m  m e t h o d  may be

utilized to obtain an estimate of the equipments ’ worth for

each attribute is presented. For the system selection

p r o b l e m  un d e r  c o n s i d e r a t i o n  100 total points has  been c h o s e n

i s the  v a l u e  t h a t  t h e  j u d ges a r e  to  divide within pairs of

a l t e r n a t i v e s  f o r  e a ch  a t t r i b u t e .  In  t h i s  d i s c u s s i o n  t h e

f o l l o w i n g  n o t a t i o n  w i l l  be u t i l i z e d .

Let

a . .  = N u m b e r  of  poi nts awarded to the ~~~13 alternative when  compared  to t h e  i~
alternative , i 

~ 
j

= Number of jud ges re s~ ond ing to the
1. comparison of ‘~~e ~th versus ~th alternative

n = N u m b e r  of a l t e r n a t i v e s  to be c o m p a r e d .

Then f o r  each  j u d ge , h i s  s p l i t t i n g  of 100 p o i n t s  b e t w e e n

s u c c e s s i v e  p a i r s  of a l t e r n a t i v e s  may  be p r e s e n t e d  in the
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A m a t r i x .  The total n u m b e r  of comparisons each judge is

r e q u i r e d  to make  is n ( n ~~1) f o r  each  a t t r i b u t e .

A Matrix

Al ternat ive

1 2 3 . . .  n

1 a a , a~~ . . . a.11 l_ lo in

a,1 a ,2 a 2 ... . . . a2

Al ternatives

n a a • a _  . . . anI n~ no nn

The A m a t r i x  above for each ludge is then combined

to form A fl average value matrix. Denote this matrix A.

Let denote the (ith , ~~h) entry in the ~ matrix. Then

m a y  be computed b y :

— 1a.. = — ( 
~. a..)

13 ~~~~~~~• All 11

jud ges

S i n c e  r e p r e s e n t s  the  a v e r a g e  v a l u e  of A l t e r n a t i v e  j

~hen  c o m p a r e d  t o  a l t e r n a t i v e  i , t he  m a t r i x  W may now be

con structed where each w .. entry a d ’ . be c o m p u t e d  by

w .  = _ _  

i~~~ j

13 —

3 1

= I i = j
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4 Each e n t r y  t h u s  becomes  an e s t i m a t e  of the ratio

b e t w e e n  the  s ca l e  v a l u e  of t he  ~t h  v e r s u s  ~th  a l t e r n a t i v e .

F h u s  l e t t i n g  s~ d e n o t e  the  scale value of the j~ a l t e r n a -

t i v e , the  e n t r i e s  may a l so  be d e n o t e d  as

5 .

w. . =
13

1.

N o t e , h o w e v e r , t h a t

5 .  S . 5 .

5 .  5, 5 .
1. K 1

Therefore an additional n-i estimates can be obtained by

w
-i -~~~~~

5 .

In general ~~~~
- 

~~ 
althoug h al l ire estimates of

Thes e est imates .~il l not generally be equal since

:ncons lstenc ic3 of iud ges ’ response can be expected to occur

fre quently. In order to mini miz e the inconsistenc y of

a judge ’ s response and utilize all of the informat ion con-

ta~ ned in the w
~~, 

;:~atri.x , i least-squares appro ach is

foll owed t o  obtain the value s..



The procedure beg ins by rewriting

5.
,% . .  = _J_

i i 5 .
- 1

as

log ~~~ = lo g s~ - log s~

or

log w .. - (log s~ - log 
~~ 

= 0

Therefore , the least-squares approach implies that the

values 
~l’ 

5 7~~ . . . , s~ are obtained by letting 6

Q = [ log  w~~3 
- ( l og  s~ - log s~~)J

and t h e n  o b t a i n i n g  the  l e a s t - s q u a r e s  s o l u t i o n  for tie values

s . ,  i = i , n ;  w h i c h  will minimize the function ~~~.

To m i n i m i z e  t h e  f u n c t i o n  Q r e~i u i r e s  t a k i n g  n p a r t I a l

d e r i v a t i v e s  of  Q and s e t t i n g  each  .lerivative e~j u a l  to z e r o .

-I bu s ,

n
- 2  E [ ( l o g  w .  . - (log s . - log s f l  = 0

i= l

6Torg erson , c .S. , T h e o r y  an d  Me th o d s  of  ~cj~jJji~~,
p. 105-113.
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The above equation may then be simp lified to

n n
: log ~~~ - n log 5 . log 5~~ = 0

i=l - i=l

Finally , rewriting this equation as a function of

one obtains

n n
log w

~~
. : log  s~

log s . = 
i=l 

_ _ _ _ _ _ _ _

-~ n a

Recalling that the units are ar a i t r i r :  - r ri io sc~’~ e :,l
t

,1 ,

next choose the units value such that

n
= log s

~i=l 
n 0

Therefore , with the above simplif icatz on , whi ch is not

an :i ss~.i mp tton , the equation for s~ may be expressed as

n
: log

1= 1 13
log s~ = 

n

Taking the anti-l o g of both sides of this equation

v~ elds the fol lowing expression f o r  the estimat e of

n l, ns. = .~ (w. . )  [Eq. _ J
i = i 13
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i h u s , the  e s t i m a t e  of the s ca l e  v a l u e  of the ~th

alternative , s , may be computed by taking the geometric

mean of the ~th column of the W matrix. One advantageous

property of the geometric mean being used as an estimate

of the value of the  . t h  a l t e r n a t i v e  is t h a t  the  .t h  co lumn

geometric mean is identically equal to the reciprocal of

t~ e ~th row geometric mean . If the arithmetic mean would

h.. e been utilized the column mean would not necessaril y

have agreed with the reci procal of the row mean since in

general

1 —

x

(.~~ )

where

— 1x = — x .
~ i=i 1

denotes the arithmetic mean.

It should he noted that when comparing hig hly dissi mi la r

systems such as an air-search rada r and an electro-optic

device the ~ matri x nay have entries w h e r e  ~~T = 100 and

~TT = 0. These TTT values can arise when one a l t e r n a t i v e
3 1  11

cannot perform a g iven attribute while the other alternative

does have some capability in the attribute. In this case values

~n the w. . matrix will be w . . = and w . . 0. To accommodate
13 11 3 1

t his case the following modification of the constant-sum



method is suggested. Assi gn a value of zero to the s~

est imate of the 1th al te rna t ive ’ s worth omit ting the

calculation of the geometric mean for the 1th alternative .

This  is deemed appropriate since it is reasonable to assume

that if an alternative receives a value ~~T = 0 then
n 3 1

= 0, since the ~~ systems inability to perform
i = l ~~
t h e  a t t r i b u t e  s h o u l d  be u n a f f e c t e d  by its comparison with

the  r e m a i n i n g  n - l  a l t e r n a t i v e s .  A l s o  a w .  . va lue  of

conta ins no information except the ~th a1t~ rnative does have

an impact in the attribute. Since this information is

wholly contained in the remainin g n-l values , W . .

then the geometric mean of the ~th alternative may be

computed as

In-rn —
-. n-rns. = .~ (w. . )

i=l 1.3

for all w. . ~ ~~, 0, where rn num ber of w. . values =
13 13

dne further spec ial case is considered. This is the

case where neither alternati ve has any impact on the attri-

bute under consideration. Wi thout specific instr uctions ,

the jud ges may respond to this case by dividing the points

equall y between alternatives. The constant-sum procedure

would then produce erroneous resul ts by calculatin g a posi-

tive alterna tive ’ s worth w hen none exists. However , this

p r o b l e m  md v be e l i m i n a t e d  by p r o p e r  p r e p a r a t i o n  o f  the

questionnaire instructing jud ges to o m i t  t he  s p e c i f i c

compa risons where neither alternative has a positive impact



on the attribute under consideration. If all jud ges are

unan imous in leaving the ~~ com pa r i s on b l ank  then = 0

and TT = 0. Thus , a value of zero is assumed for s.
3 1. 1.

and s. .
3

Adopting the above procedure in the case when dissimilar

a l t e r n a t i v e s  a re  to  be compared  increases the importance

of the analyst using a large number of judges. The cons t ant-

sum method does not take into consideration or weig ht th e

estimated s~ values by the number of judges who responded

to the comparisons of the alternatives. Thus , the values

of s. ar e independent of the number of iud ges respondin g

th . .to t ie  j  a l t e r n a t i v e  v e r s u s  a l l  r e m a i n i n g  a l t e r n a t i v e s .

As such , the constant-sum method does not require the

jud ges to make all comapri sons on the quest ionnaire and

encourages the jud ges to omit comparisons they are incapable

of making. A large number of judges will reduce the

probability of all judges leaving the same comparison of

alternat ives blank due to insufficient knowled ge of the two

a It e m a t  I yes.

The procedure yields estim ates of the subjective worth

of each of the alternatives for a given attribute. Let

m denote the number of attributes over which the n alterna-

t ives are to be compared. Therefore , after hav ing performed

an aud it~ ona1 rn- i replications of the constant-sum techni que ,

i .e. , once for each attribute , the following alternative-

attribute matrix V may be constructed.



Al ternative- A ttribute Matrix

At tributes

1 2 . . . . m

1

a l t e r n a t i v e s  v
13

n

Thus , each  co lumn represents the outcome values

j = I , n of the constant-sum techni que for a single attribute.

The final step in obtaining the estimated values of

the total ratio worth of alternative systems for the case

of the additiv e function form is obtained by multiplying

the V matrix by the relative weights of importance attached

to tie attributes by the decision-maker. Denote the

attribute vector as \ = (X l, X 2, A _ ,  . . .  , ‘) .  Then , an

est im ate of the alternatives ’ rat io worths considered over

il l attributes is computed by

x l x n  = A ‘V

where

= l x m  matrix of the relative importance
of attr ibutes

= the transpose of the V matrix

0



The finalized X matrix values are on a ratio-scale

where direct comparisons between alternatives is possible.

As an aid to the decision-maker , however , it is suggested

that the finalized X matrix be transformed by the formula

= bx

where b will be the scalar value necessary to raise the

equi pment with the highest score to a value of 100 points.

Thus , if the hi ghest alternative has a value of 100 and

another alternative has a value of 75 it is correct to

interpret the results as the highest scored alternative

is 1.33 times better than the other candidate. The results

may also be presented as the lower-scored alternative is

only 5 percent as effective over all attributes.

App endix E presents an example of the constant-sum

method of obtaining estimates of the alternative ’s total

worth ratios for the air-search selection problem. The

est imates of alternatives total worth ratios are then

com bined with the life-c ycle cost solution to yield a four-

dimensiona l solution. The decision-maker may use his

e x p e r t i s e  to  combine  the  s o l u t i o n  m a t r i x  to a r r i v e  at the

s e l e c t i o n  of a s i n g l e  s y s t e m .  T a b l e  I I I  d i s p l a y s  the

final s o l u t i o n  in m a t r i x  f o r m  for the hypothetical air-search

radar se lection problem.



I
Tab le III

Four  D i m e n s i o n a l  S o l u t i o n  In Matrix Form

Life Cycle Time Ratio-
Costs Horizon Externalities Worth

1 3.0 million 8 65.75
power

AJ.terna- 2 3.3 million 12 wei ght 58.04
t~ve space
Sys tems 3 2.8 mil l ion 10 etc . 100

4 3.3 mil l ion 8 67 .8

An o u t l i n e  of  the  proposed cost-benefit methodolo gy used

to a r r i v e  a t  the  four dimensional solution is presented in

A p p e n d i x  F .

B .  I N T E R P R E T A T I D N  OF RESULTS

The f o u r - d i m e n s i o n a l  s o l u t i o n  is to be used  by t h e

:Jecjsj~ ri m3ker to arrive at a rational choice. This ~ro-

cedur e can aid the decision-maker as it presents the rele-

vant information of the decision in a small number of

variables. This small dimension will allow the decision-

maker to use his expert jud gem ent to select the best

alternative h ased on his criteria. In many cases the

solution matrix Ta ble III na; be used to directl y select

the best decision. In other situations more in formation

be requ ired. These two cases are dIscussed in the

rema inder of this chapter. Both situations are discussed

for the case where ext e rnalities and expected lifetime s
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w o u l d  not  prohibit the s~~tion of any alternatives.

Alt ernatives having una~~~able externalities to the

dec ision-maker should be*ainated from the list of

systems under comparison

Case I: If one a1t~~~ive has the lowest expected

life-c y cle cost and hig hEexpected. overall worth , then the

selection criteria of d~~~~ce should be ut ilized. While

the dominance technique ~.f limited valu e when many

attributes are consider ~~ior four attributes dominance

become s a useful criteria If one ignores externalit y

co sts , the air-search r~~~example pr ob lem o f Tabl e III

may very ~el1 lend itse~~~ dominance decision criterion.

Case II: No altern~~~ has both the lowest life-c ycle

cost and hig hest ove ra ll~~efit value . In this situation ,

select ing the best alte~~~ve become s much :nore difficult.

Th is is due to the fact ~~ calcula ted expected benefit

ratio values are dimens i~~ss. Thus , if two alternatives

receive values of 30 and respect ively , it is true that

the second alternative ~~t~ice the impa ct as the first.

How ever , no di rect esti of how much an alternative wi ll

increase the e ffect iven ~~3f the pl atform is obtainable

from the const an t-su m rn~~~. If one alternative is twice

as effective is an otu er~~~rnative and still increase s

peacetime effectivene ss~~3aLy two ~ercent , costs na :

become the overriding d~~ioa criterion. When the final

solution ria trix is .i ca~i! matrix , add itional information

wi ll be rcqu~ red . The ~~tional inform ation required w ill

Th





be an estimate of an one alternative ’s over all imp act on

the peacetime missions . The onl y requirement is that the

alternative chosen has a non- zero positive impact. Once

the percentage of the overall impact for a single alternative

is known , th e remaining alternatives can be scaled accordingly.

Thus , while the case II final matrix does not y ield a direc t

solution for the analyst or decision-maker , it does eliminate

th e requirement of the analyst having to perform the task of

conducting a separate study for each alternative to arrive

at benefit values.



VI . CONCLUSIONS AND RECOMMENDATIONS

Selecting mil itar y equipments by considering their

imp act on peacetime missions is one alternativ e method

of systems selection. For existing vessels with assigned

peaceti me mission responsibilities , the as sumptions re~ uired

to implement the proposed cost-benefit model are reasonable.

Howe ver , even in the case of comparing existing militar y

equipments for existing vessels it is difficult to arrive

at valid est imates of the true costs and benefits associated

w ith the various alternat ive systems .

Coupled with the problem of measuring the costs and

benefits of  the various alternatives is the task of com-

bining these elements into a measure of effectiveness that

the decision-maker may use to arrive at a rational choice.

Anal ytical techni ques that combine all selection considera-

tions into a single , d imensionless value for each alternative

are of Limited v a l u e to the decision- m aker s i n c e  no tradeoffs

can be p e r f o r m e d .  However  u s i n g  a t e c h n i q u e  w h e r e  no attemp t

~s m~~ie to combine any of the selection considerati ons a l s o

is of iim: te d value due to the information processing limi-

tat ions of the decision- m aker.

S i n c e  a s s u m p t i o n s  a re  r e q u i r e d  to r e d u c e  the dimension-

i l i t ;  of t h e  s y s t e m  s e l e c t i o n  p r o b l e m , i t  is a p p r o p r i a t e  to

reduce  t h e  dimensionali ty only to a l eve l  t h e  decision- ma ker

may use  to a r r i v e  a t  a r a t i o n a l  c h o i c e  w h i c h  is C o n s i s t e n t



w i t h  his expert evaluation of the presented information.

In the proposed cost-benefit model the solution produced

is a four-dimensional solution. The individual dimensions

are life-c ycle costs , ti me horizons , externality costs ,

and the expected benefits of the alternatives. This dimen-

siona li tv clearly falls within the maximum number of

separate pieces of information that individuals may collec-

tivel ; e v a l u a t e  when  a r r i v i n g  at  a r a t i o n a l  c h o i c e .

The proposed cost-benefit analysis uses a life-c ycle

cost estimating approach to measure an expected dollar cost

for each alternative system. Using a life-cycle cost

a p p r o a c h  r e q u i r e s  t h a t  a l l  t h e  r e l e v a n t  cos t  e l e m e n t s  t h a t

occur over a sy s tem ’ s l i f e t i m e  be t a k e n  i n to  a c c o u n t  w h e n

arriving at a cost estimate. The major cost elements that

the Coast Guard  must consider w ill undoubtedl y be manpower

requirements.

A f t e r  the  cos t  e s t i m a t e s  of t he  a l t e r n a t i v e  sy s t e m s  have

been o b t a i n e d  the next step is to determine the benefits

of each system. M u l t i - a t t r i b u t e  t h e o r \ ~ is one t e c h n i q u e

av a ila b le to the analyst that estimates the v a r i o u s  a l t e r n a -

t i v e s  w o r t h  over  s e v e r a l  p e a c e t i m e  m i s s i o n s .  H o w e v e r , to

use any of t i e  avai lan le m ulti-attribute deci sion criteria

req u i r e s  m a n ’. s e v e r e  a s s u m p t i o n s .  O f t e n  the  f i n a l  s o l u t i o n

;~r o i u ced a~~ing a m u l t i - a t ~~r i h u t e  a n a l y s i s  is ve ry  d e p e n d e n t

on t h e  specif ic a s s i m p t i o n s  of the  criteria c h o s e n .  Thus ,

r e i~~ance  i : o n  s u b j e c t i v e  au th or ttari v e judgement will have

o con L n u e  w h e n  a r r i v i n g  at t h e  f i n a l  d e c i s i o n .

—



However , since the analyst has few options other than

using niul ti- a ttri h u t~ techniques to evaluate alternative

sy s t e ms , t h e  m o s t  i m p o r t a n t  c o n s i d e r a t i o n  is t h a t  t h e

a n a l y s t  and d e c i s i o n - m a k e r  a r e  a w a r e  of t h e  a s s u m p t i o n s

required to i.~e a m u l ti- ittribut e anal ysis w h e n  e v a l u a t i n g

31 t e r n a  t a yes

Recomme n dations : No v a l i d a t i o n  of t h e  p r o p o s e d  cost -

b e n e f i t  m odel w a s  p o s s i b l e .  A v a l i d a t i o n  of the  mode l

shoul d be conducted after \OSC concludes the factor analysis

of the at tri h u t es that describe Coast Guard missions.

ti nfortun atel ; , a valid verification of the cost-benefit

model results w ill be diffi cut l to form ulate. Compari ng

the results of the fina l selection ordering of the cost-

benef it model to the results of p revi ousl y conducted studies

must be c a r e f u l l y  p e r f o r m e d .  The ~x a e n t  to w h i c h  t h i s  model

w i l l  a i d  t he  d e c i s i o n  m a k i n g  process can o n l y  be J e t e r m a n e d

by comna ring the  r e s u l t s  of t h e  c o s t - b e n e f i t  mode l  i~~iLns t

p r e v i o u s l y  c o n d u c t e d  s t u d i e s  which produced both good and

p oor  r e s u l t~~.

Further anal ysis ~s also requ :red to estab l i sh that the

dec Ision-mak er correct i ; expresses his r e l i t ~~,e importance

of  t h e  v a r i o u s  i t t r i b u t c s  u n d e r  c o n s i d e r a t i o n .  One meth od

tau t c o u l d  be used to e s t a b l i s h  t h a t  t he  d e c i s i o n - m a k e r

a c t u a l l y s e l e c t s  a l t e r n a t i v e s  c o n s i s t e n t  with his stated

import a nce of attributes would he to examine past decisions

of systems select ed where the sys t em ’ s worth in e a ch attri b ute

is known.
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A d d i t i o n a l l y ,  the  e x i s t e n c e  of the  r e q u i r e m e n t s

necessary to apply multi-attribute decision theory to

problems involvin g systems selection are often unprovable.

Thus , in lieu of basing a final decision or recommenda t ion

so le ly  on the resul ts of a s ingle , hig hl y d e t a i l e d  m u l t i -

attribute analysis , the prud ent analys t may prefer to conduc t

several analyses on a broader leve l where each study uses

a diff erent multi-attribute criteria. Thus , the proposed

cost-benefi t model should be used in conjunction with the

m e t h o d o l o g y  be ing  deve loped  by NOSC when s e l e c t i n g  a l t e rna -

tive systems from Naval inven tory for ex ist in~ Coast Guard

v e s s e l s .  Since the  two me thodolo gde s require a d i f f e r e n t

set of assumptions , a hig h d eg ree of co rr~ .La tion between

the  r a n k - o r d e r  of  the  a l t e r n a t i v e s  in t e rms  of the order

the  d e c i s i o n - m a k e r  wou ld  s e l ec t  the  sy s t ems  would tend  to

ind ica t e  t h a t  the  r e s u l t s  are somewhat independent of the

assumptions r e q u i r e d  to p roduce  the r e s u l t s .  If  disagree-

men t exists between the rank ordered alternatives list each

me thodology yields . the analyst has few options but

to identif y the assum ptio ns that produce the disagreement

of results.

Finally , no method currently exists to calculate a

m~ aningful vari:~n ce  on the benefit ratio values calculated

by the c o n s t a n t - s u m  m e t h o d .  However , due to  t h e  t e n d e n c y

of j u d ge s  to r e s p o n d  in i n c r e m e n t s  of two , f i v e , and t en ,

t h i s  c l e a r ly  i n d i c a t e s  t h e r e  e x i s t s  a variance on the r a t i o

v a l n ~s e v e n  in the case w h e r e  the  jud ges po ssess complete

SI
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information of alternatives they compare. A Monte-Carlo

simu lation should be conducted to establish the extent to

which this variabilit y will affect the outcome of the final

rank ordering of al ternatives .



A P P E N D I X  A

OUTLINE OF NOSC’S TENTATIVE METHODOLOGY*

1. D e f i n e  a l l  M i l i t a r y  and C i v i l i a n  M i s s i o n s

2 . Establish Primary and Secondary Military and Peacetime
Miss  ions

3. E s t a b l i s h  SWBS C a t e g o ri e s  fo r  Each M i s s i o n  Area
(SWBS-Mis sio n Matrix)

4 . Establish Systems for Each Category
(System - Catego ry  M a t r i x )

5 . I d e n t i f y  Equ ipmen t  f o r  Each S y s t e m  U s i n g  SCSC
and Navy I n v e n t o r y  L i s t i n g s

6. Develop Equipment Characteristics Matrix

Lis t Critical Constraints for Mission-SWBS Categories
( U s i n g  M i s s i o n  R e q u i r e m e n t  C o n s t r a i n t  L i s t )

8. Subject Each Equipment to the Critical Constraints of
t he  A p p r o p r i a t e  M i s s i o n  SWBS C a t e g o r y

9.  I n s t r u c t  P l a n n e r  in W eig h t i n g  Sys t em A t t r i b u t e s

10. E v a l u a t e  Each  E q u i p m e n t  in t e rms  of Each W e i g h t e d
SWBS Cate gory

11. N o r m a l i z e  O u t p u t  Va lues  fo r  Each E q u i p m e n t  C o n s i d e r e d

12. Take Normali zed Resultant Values and Weig ht Each
Commensurate Wi th It’ s Categories Impact on the
Mission (In EQ (1))

13. Wei ght Relative Importance of M ilitar and Peacetime
M i s s i o n s  ( P l a n n e r )

11. E v a l u a t e  Each E q u i p m e n t s ’ M u l t i - M i s s i o n  C a p a b i l i ty

15. Normalize Output Values from Step 14

16. Interpret Results (Significance of Variation)

Note 1. C o n s i d e r  Human Factors After Final E q u i p m e n t
L ist Conclude d .

* P r e s e n t e d  w i t h  p e r m i s s i o n  ot  Naval O c e a n s  s y s t e m
C e n t e r , Code L . 2 , San D i e g o , C a 1 i f o r n ~~a .
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APPENDIX B

COAST GUARD VESSEL REQUIREME N TS

The “Need” colimu-i reflects the number of each class of cutter required
to meet projected multiprogram cutter requirements. The “Have ’ column
includes only those cutters in the present inventory which will not
have exceeded their useful service life in the given year . The “Short”
column is the difference between “Need” and “Have .” The “Short” column
in 1986 represents the number of cutters that must be built during the
next ten years if the Coast Guard is to have the capability to execute
program requirements as identified in the Cutter Plan.

~ç~ATEG .ORY 
~ 1977 ~~~~ 1979~~~~~~ 1981 19E6

\\ I

~~~ ~~~~~~~

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

_ _ _ _ _ _ _ _ _  —_______ 
_ _ _

~~W}~EC 24.61 2~ 17 1 7 24 16 ~ 24 13 ~~~ 2~

11.7j  23 17 3 23
~~~

l7 1~~~~~21? 1’ 22 30

________  
3.11 75 59 16 ~~77 54 • t J ~~~~~~O 5 2 2 3 5 Ia ~~51

13.3 3 1 3 2: 128 30 2~
2 . 9  9 3 6 ~ 6 I~ 

3~~~~~ 3 3 ~ 3
2.9 14 5 9 ~~14 ~ ~~~~~~~~ ~ ‘~ ‘

~‘LIC ~.9 17 12 5 
- 

19 12 19 14 5 ~ 1 9 14

___________ 
2..0 25 ~~ 26 15 11 26 15 11 2 6 15

________  ____  

6 1 2 I 6 1 ~~~~~~ ~ 3

~I—Il (~~i~~:?j 6 . 2 k  10 . 5 10 3 2  
~ 

13 1 ~~
DI — I l I  10 15 —5 ~ 10 .5 -‘5 ‘ 10 25 ÷5 ~ 10 15 —5

!ERRY 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

~.11 5 -s- 2~~~~!. 6 +2~~~~ L. 5 —I~~~ 4 4 3

WA CO __j2 .2

~~~~~

0 3 i 3

~~~

0

~~~~

3

~~~

3

~~~

o . i j

~~~

Adopted from CG- 3~ 0-4 , Cutter Pl an ,
Ltr of Promu lgation dtd 4 Apr l~Y~S
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APPENDIX C

GLOSSARY OF POSSIBLE ATTRIBUTE S

The followin g is a partial list of shipboard functions

t ha t  NOSC is studying to describe the peace t ime mis sions of

the Coast Guard . Their r e s u l ts  w i l l  be the attribute list

requ ired for the proposed cost-benefit model . Definitions ,

whenever pos sible , were obtained from the Department of

Defense Dictionary of Military and As sociated Terms , of

3 September 1974 .

Air Surveil lance: The systematic o b s e r v a t i o n  of airspace
by elec tronic , visual , or other means
p r i m a r i l y  fo r  the  p u r p o s e  of i d e n t i f y i n g
and det ermining the movements of aircraft
and m iss i les , fr iendly and enemy , in
the airspac e under observation.

Command and Control: The exercise of authro ity and direction
by a properly designated commander over
assi gned forces in the accomplishment of
his mission. Command and contro l functions
a re  p e r f o r m e d  t h r o u g h  an a r r a n g e m e n t  of
p e r s o n n e l , equi pment , communicati ons ,
facili t ies , and proc edures wh ich are
employed by a commande r  in p lann ing,
d irecting, coordinat ing , and controlling
forc es and operations in the accomp l ishment
of h is mi ss i o n .

d~ untermeasures: That form of militar y science which by
the emp loymen t of devices and/or techniques
has as its objective the impairment of
the operational effectiveness of unfriendly
activ ity.

l~on~ Range Navi gation: The systematic determination of the
pos ition of one ’ s vessel by electronic ,
v isua l , or other means when the vessel
is  in excess  of 10 n a u t i c a l  m i l e s  f r o m
chartered Landma sse~~.
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Shor t Range Navigation: The systematic determination of the
posi tion of one ’s vessel by electronic ,
visual , or other means when the vesse l
is less than 10 nautical miles from
char tered landmasses.

Subsurfac e Surveillance: The systematic observation of
subsurface areas , places , persons , or
t h i n g s  by v i sua l , aura l , e l e c t r o n i c ,
p h o t o g r a p hic , or o t h e r  means .

Surface Surveillance: The systematic observation of surface
areas , p laces , person , or things by
visual , aural , electronic , photographic ,
or other means .

Surfac e-to-Air Communications: A method or means of
conveying inform at ion of any kind from
a surface vess el to fixed wing or rotary
aircraf t.

Surface-to-Shore Communications: A method or means of
conveying informa tion of any kind from
a vessel to a shore communications station.

Surface- to-Surface Communications: A method or means of
conv ey ing information of any kind between
two surface vessels.

So
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APPENDIX E

EXAMPLE OF APPLYI NG THE CONSTANT-SUM METHOD

An example of using the constant-sum method is presented

for the re ader. The problem presented obtains ratio benefit

v a l u e s  fo r  the  o r i g in al air-search radar selection problem

previo usly discus sed.

Let the following matrices denote the responses of jud ges ’

;~ho se  t a s k  was to divide 100 total points within each pair

of a l t e r n a t i v e s .  Each  j u d ge was instructed to divide the

points in terms of the alternatives positive impact

on Ihe performance of the  s p e c i f i e d  a t t r i b u t e .  F u r t h e r ,

the jud ges w e r e  i n f o r m e d  t h a t  the awarding points as (30 ,50)

impli ed that both alternatives were equally effective within

the attribute while (75 ,25) point split indicated that the

f irst alternative had three times the positive impact on

th e attriDute as the second alternative. All judges were

also instructed to omit comparisons where they were

unfamiliar ‘~ith one or both alternatives.

The results of the judges ’ response ar e presented below .

Omittu d entries indicate a jud ge chose not to make specific

comparison s .
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ATTRIBUTE 1

Alternative System
1 2 3 4 1 2 3 4

1 - 40 60 55 1 - 45 55 50

Alternative 2 60 - 70 55 2 55 - 65 60
System

3 40 30 - 25 3 45 35 - 40

4 4 5 45 75 - 4 5 0  40 60 -

Judge 1 Judge 2

1 2 3 4

1 - 75

- 50

3 5 -
4 50 -

Judge 3
AITRIBUTE 2

Alternative System
1 2 3 1 1 3 4

1 - 55 70 20 1 - 60 60 50

Alternative 2 43 - 55 45 40 - 55 45
System

3 30 45 - 5 3 40 45 - 35

4 ~IJ 35 75 - 1 50 55 65 -

Judge 1 Judge 2

1 2 3 4

1 -  50 35

3 50 -

1 1)5  -

Judge 3
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ATTRIBUTE 3

Alternative System
1 2 3 4 1 2 3 4

1 - 45 45 60 1 -  40 70

Alternative 2 55 - 50 55 2 -
Svs tern

3 5 5 50 - 60 360 -

4 40 43 -~~~) - 430

Judge 1 Judge 2

1 2 3 4

1 - 50

2 50 - -n

4 30 -

Judge 3

Each e n t r y  in t h e  above  m a t r i c e s  r e p r e s e n t  a 1~ v a l u e s .

Thus , the entry for jud ge 1 in attribute 1 implies that

t he  second s y s t e m  r e c e i v e d  40 of the  o r i g i n a l  100 p o i nt s

divided among the first and second alternatives.

A f t e r  o b t a i n i n g  the  ~~~ v a l u e s  the  nex t  s t e p  is to

construct th e A ~a t r i c e s  fo r  each a t t r i b u t e .  Each e n t r y

in the A ~uatrices is computed by

— 1 -a . . = — a..
13 fl - -jud ges

The results of this com t utation leads to the following :

90
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ATrRI?AJTE 1 ATrRIBW’E 2

Alternative Systems
1 2 3 4 1 2 3 4

1 - 42.5 63.3 52.5 1 - 57.5 60 35

A = Alternative 2 57.5 - 67.5 55 2 42.5 - 55 45
Systems

3 36.4 32.5 - 32.5 3 40 45 - 33.3

4 47.5 45 67.5 - 4 65 5S 6 6 . 7  -

A1TRIBUTE 3

Alternative Systems
1 2 3 4

1 - 47.5 42.5 65

2 52.5 - 50 62.5

3 57.5 50 - 60

4 35 37.5 40 -

Using the above values in the ~ matrices the next step of the

constant-sun procedure is to construct the ~ matrices for each attribute.

Each element in the ~ matrix is con~uted by

a..
w. . =

a. .
j i

The results of this computation leads to the following:

I ’
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A1TRIBUTh 1 A1TRIBUTE 2

Alternative Systems
1 2 3 4 1 2 3 4

1 1 .74 1.72 1.11 1 1 1.35 1.5 .54

Alternative 2 1.35 1 2.08 1.22 2 .74 1 1.22 .82
Systems

3 .58 .48 1 .48 3 .67 .82 1 .50

4 .90 .82 2.08 1 4 1.86 l . 2  2 .0

A1TRIBUTE 3

Alternative Systems
1 2 3 4

1 1 .90 .74 1.86

2 1.11 1 1 1.67

3 1.35 1 1 1.5

4 .34 .6 .67 1

C o n t i n u i n g  the  examp le the  sca l e  v a l u e s  are  now

calculated for each attribute. To calculate the s. values
j

use the following formula:

n= 1 (w. .)
-~ i = l  ‘•~~

These s. values for each alternative in each attribu te
.1

a r e  p r e s e n t e d  in t h e  f o l l o w i n g  m a t r i x  (V ) :



ALTERNATIVE-ATTRIBUTE MATRIX

Attribute 1 Attribute 2 Attribute 3

1 .92 .98 .95

Alternative 2 .73 1.08 .86
Systems

3 1.65 1.38 .84

4 .90 .69 1.47

Next , as suming that the decision-maker has expressed

the relative importance of increasing the capabilit y of

perfor ming attributes 1 , 2 , and 3 as 0.6 , 0.2 , 0.2 ,

resp ectively, an overal l estimate of the alternatives

ratio-benefits nov be calculated by combining the wei ghts

of the attributes and values in the alternative-attribute

m atrix as follows :

— \ ~~
.

— A V
1 x n

‘.~h e r e :

= A vector of the relative we ights of attributes

vT = T r a n s p o s e  of the alternative-attribute matr ix

P e r f o r m i n g  t h i s  calcul ation on the e x a m p l e  of measuring

the benef its of the four air-search radars the following

result s are obtained :
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X = (.6 .2 .2) .92 .73 1.65 .90l x n
.98 1.08 1.38 .69

.95 .86 .84 1. 17

= [.94 .83 1.43 .97].

Each x . value above renresents an estimate of a ratio-

benefit value of the ~th alt ernative . However , to aid the

decision-maker it is recommended to transform the values

on a scale where the maximum x~ value equals 100. Thus , a

transformation of the x~ values by

x~ 
= bx ’ w h e r e  b = 69.93

yields the follo :ing:

= [ 6 5 . 7 3  5 8 . 0 4  100 n ’ .lx n

Finally, the se values are combined wi th t~~e li fe-c ycle

cost vect ors to obtain the final four -dimen sLonal solution

matrix.
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APPENDIX F

OUTLINE OF THE PROPOSED COST-BENEFIT METHODOLOGY

1. Obtain alternative systems list from the Navy ’s inventory .

~~~. Eliminate any systems which could not be installed
after reasonable vessel modification s .

3. Identify peacetime missions of the platform .

4. Identif y all attributes required to perform the
peacetine missions [Results of ~IOSC study].

S. Jetermine relevant life-cycle and externality costs
for each alternative system .

6. Utilize subjective judgement from systems experts to
obtain expected benefit ratios of each alternative .
This will require the preparat ion of a questionnaire.

-
. Establish the relative importance the decision-maker

places on increasing perfo rmance of the various
attributes.

S. Obtain final estimates of each alternatives overall
ratio value by combining steps six and seven.

9. Combine the results of steps five and eight to construct
a four-dimensional solution vector for each alternative .

10. Remove from consideration any system with completely
unacceptable externality costs or time horizons.

11. Appl y the dominance criterion on the remaining alterna-
tives. If a solution is produced , select that system .

l .  In the case where no solution is produced using
dominance , further analysis must be conducted. The
analyst must arrive at an estimate for any non-zero ,
positive alternative of the percent of overall impact
it will have on peacetime missions .

13. Scale the remaining alternatives benefits once one
system ’ s benefit has been obtained to arrive at direct
estimates of the benefits for all alternatives.

14 . Allow the decision-maker to arrive at a rational choice
of the best system using his expertise to subjectivel y
tradeoff values in the solution matrix.
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