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FOREWORD

This repori was prepared by the Radio Corporation of America
of Camden, New Jersey, for the Rome Air Development Center,
Reliability Branch, Engineering Division, Air Force Systems
Command, United States Air Force, Griffics hir Force Base,
Rome, New York. Mr. Russell E. Purvis was the project engineer
and principal investigator and Mr. Harvey R. Barton the project
manager. Other RCA project personnel were R. L. McLaughlin,
J. T. Glass. and I. H. Young. Mr. Julius Widrewitz was U.S.A.F.
project monitor. Other U.S.A.F. project personnel were
E. Simshauser and J. Klion. This study was made under Contract
No. AF30(602)-3850, and was conducted duri.ng the period July 1,
1965 - June 31, 1966, Project Nr. is 5519, Task Elr 551901.

It should be recognized that the definition of "Value" used
herein differs from that currently accepted in the industrial
Value Engineering fraternity. "Value", as used here, describes
the imputed worth, as of a system for accomplishing its objec-
tive, where the basis of worth is the worth of the objective.

The reason for the departure from the definition-t in current
use in the Value Engineering field is twofold. First, it is
desired to encourage Value Engineering effort on the part of
those individuals not presently so employed. Second, and more
impn-rtant, the value function was required to be useful in op-
timization operations. As described in the report, the dimen-
sional compatibility required for optimization favors the
separati.on of performance and cost factors. The proposed value:
fwuction permits optimization of performance with maximum cost
constrained for optimization of cost factors with constrained
minimum acceptable performance. The second tLpe of optimization
is the more frequent requirement of value engineering. In
addition, the proposed definition peramits comparison of systems
designed for different functions, which is essential for evalua-
ting systems of overlapping capabilities,, or alternate mixes of
systems for accomplishing a complex function.

Frequently, it is inconvenient (or undesirable from the stand-
point of national security) to use objective worcth as an opera-
ting numeric. In comparison of alternatives with the same
function, this is unimportant, since objective worth is invari-
ant, and only the performance aspect of "value" differs between
the alternative,3. Fortunately, though, where it is required to

£ determine "Value" for systems having different fLunctions, the
cost paid for an acquired systexr to acconplish the function can

iii



uiinsin sum

be utilized as a lower bound on its "Value."

If it is desirad, mental conversion can be made from the defi-
nitiuns o- this rci,.rt to those currently used by the Value
Engineer, by cons " ' "Value" defined herein, as worth, and
"Value" divided by cost, as value.

This &rizent is not rileasable bt CFSTI becatwe it contains infonmation
embargoed from release to Sino,-Soviet Bloc Countries by AFR 400-10,
"Strategic Trade Control ?rogram."

Publication of this report does not constitute Air Force approval of the
report's findings or conclusions. It is publinhed only for the exchange
or stiiilation of ideas.

Approved: E F. U HAMM
Value Engineering
Reliability Branch

Approved:

15ief eeririS Division

FOR THE '-OMMANDER:D tý L ý&ý.-wgo
IRVING 0. C..ABELMAN
Chief, Advc~d Studliqs Group
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"ABSTRACT

This report presents a valut &alyuis methodology designed
to widen the scope and improve the effectiveness of existing
cor7entional techniques of value analysis, by reorienting the
emphasii towards the conceptual phase of developme:.t. At
present, the methods and techniques of value engineering, as
generally recognized and contractually practiced, consiat of
re-evaluation of functions and incentive reward for any
pertinent reduction in cost of acquisition. Bauically, the
report describes a development of the concept of value and ita
quantification, along with prescribed methodology for systematic
analysis, permitting value optimization with respect to total
expected resource cost.
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riA W&TION

The major objectives of study contract -Ano3(602)-3850 were to Investigate the
theoretical feasibility and practical. advantages of doenigan engincering
(synthesizing) procedure for achieving high levels of vr' zixercising
posi.tive control, promot-ing va. Lue assurance., and accomph..hing cost avoidar-ce
during the definitionm, design end development, and operational stageti of a
product's life cycle.

A value engineering methodol- cW vas ieve-loped cttpatible vith configurattion and
perfoxmance engineering rela~ting value, func-;;Ion, performance,, and tatal resource
costs. The value enginee~.'ing procedure ez~lays a mathematical modeling technique
in the form of a cost differencie eqjrstion, which permits the evaluation of
design-support altt.rnatives and identification and selection of the least-coat
alternative from among those originally cousidered. The mathevaitical model
operates on quantitative., reliability., mainta-inability., operational reediness.,
and, acquisition and support cost factor inputs. _Tence,, by selection of the
least-cost alternative, a margin of assurance ia provided that perfo;.usnce
parameter requirements, as well as function enid total eoat, have been evaluated.

A field test and statistical validation :?f the technique were contemplated.
However. these were not possib.Le for two reasons. A least-cost alternattve
is selected on a comparative basis and only with respect to those alternatives
originally considered. Consequentky, tn the program definition and early design
stages of developmea~t where no historical./theoretical value standards exist., it
cannot be positively stated or demonatrated that the alternative chosen repre-
sents an optimized state. Secondly., the "factual, coist" information necessar'y
to facilitate a real-cost versus a project-cost couiparison was not aviailable in
the detail required. Consequently,, the comparison of two sets of projected-
cost figures would prove little. To provide some measure of conftdea~ce in the

adjusting-error in least-cost alternative selection was furnished.

The resuilt3 of this study shoul4 not be eonsti~aed as be-ing conclusive,, nor the
teehniques developed understood to be the pa~nacea * This research effort
represents the formulation off just one app~roach and one step 'toward satisfyring
a growing need for a value concept and procedure conrpatilble with other system 4
engineering practices.
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As xtwaue vork,, it would be desiable to padfom an &M-ItickiJ nuor of mobi -

applications to actual ease studi~ie t* eetablish techzaiqu intep'ty' an invw-
tigate the a afntaseu of coquz"Ofiswn the itorativ ProcaQwes to sizmlify the
raechanics of application and miniadse oa~lzutianai error.

UERMW P. SIMBHAUSER
Value Engineering
Reliability Branch
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CRITERIA FOR VALUE ENS3INEERING

1.1 GeneraZl

Value engineering had its birth in the commercial world, where
it has continued to be aggressively and beneficially applied.
Value engineering has also come a long way in military applica-
tions, where it tranacends the existing commercial application
domain. The ernphauir in military ap?licationh, although first
assumning the perspective of commercial application, has consis-
taintly continued to be pushed to the letail design "rd system
design phusee of systcam development. This report attempts to
conceptualize value engineering analysis av a systematic quanti-
tative technique embodying a formal mathematical struct-ure which
permits optimization of valce,

The dependent variable in the technique structure is total ex-
pected cost ef acquisition, opezation, and support, as measured
in recurring and non-recurring cost ever -the lifetime of an item
or system.

The time phasing of the application is from pro-award phases
of 9ystem development to design Zreeze.

Ir this report, value engineering is viewed as a field of en-
* gineering directed to development of systems having appropri-

ate or "pecified values in the accoA~lishment of their missions,
at leaat cost; value analysis is considered to be the syste-
matic application of analytical techniques used to assess the
value and cost of a system or portion of a system.

There is no rttempt in this report to tt-.vel the already well-
trodden paths in value engineering, nor is there a deliberate
attampt to enhance the ongineer'a thinking or idea generation
abilities, except perhaps by providing an analytical foundation
and framework for a stand~rdired approach to the projection of
cost ramifications of particular decisions.

Within the limitation of this program, idea generation rhould he
assured through capitalizing on competitive aspects of defen-ve
tpmnding, thus letting necessity mothe: invention.

one of the major problem. remaining in systems and equipment -devel-
opment is *-ha laclhk of knouledge on the designer's part of how to



project his design into its operation and support environment.
This inability is believed to derive from two sources: first,
1ack of basic knowledge about the support system, and second,
lack of definition of the intended operation of the system or
equipment.

The required cost antlysis associated with the contractor must
be, within his responsibility, consistent with contractual re-
lationships; whatever tradeoffs are performed, and generally,
many are required, are best left to contractor expertise. A pro-
cedure for cost accounting and control, directing tradeoffs, and
providing competitive incentive is developed as an integral part
of the value analysis meth3dology. This technique, for contrac-
tors not already employing something similar, should significantly
enhance a contractor's capability for cost competitiveness and
delivery of a technicai~y suitable product.

A note of precaution is appropriate; it is impossible to pre-
dict with certainty, the behavior of an equipment in a future
environment that is not completey defined, particularly if the
equipment exists only on the drawing board. Nevertheless, an
attempt must be made to maximize the probability of selecting the
best design-support candidate from several alternatives that
satisfy the user's operational requ4 remsnts.

The advantages of the proposed technique are that it is re-
latively simple to apply, it eLsures that all significant costs
are considered, it imposes a standardized discipline, and since
it compares all alternatives on tae same logistic basis, the
predicted least cost solution has the highest pi.obability of
becoming the actual least cost so2'ition.

The basic principle of vzlue analysis expressed in this report is:

Value decisions at all levels of hardware development
are made with reference to the total cost and value im-
plications of the end product, including operation and
support.

The value analysis technique is predicated upon the end product
in its intended enviroiment over its expected lifetime. This
is the essential starting point of this presentation.

1.2 Backqround

1.2.1 Present Status - The evaluation of function is the present
,tate-of-the-art of value engineering theory. The basic tool
may be summarized as a serien of questions difrected to function
evaluation:
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a. What is the product?

b. What is the designed function of the product?

c. How well does the product peiform the function?

d. Are there acceptable alternatives for the design of
the product for cost reduction and comparable quality?

This value engineering approach represents a qualitative, rather
than a quantitative process.

This tool, applied to military value analysis, takes the follow-
irng additional forms:

a. Question constraints of contract. Does the contract
cover or exceed the requirement of the function of
the product? There are two types of requirements
generally invoked in contracts, system operational
reqnirements and military specification standards.
Syste, c¢perationa'. requirements constitute the big
picture, and are generally peculiar to the system.
These requirements are mission-environment oriented.
Military specification standards are detail part per-
formance requirements.

b. Question the mission of the product. Will the product
properly perform the mission called for in the contract
and specifications?

c. Question constraints of the "abilities," e.g., reliabil-
ity. Are the constraints of the other "abilities"
compatible with the requirements of value for cost re-
duction?

d. Question alternatives to the Casign. What alternative
designs are possible to perform the required function
of the product within the parameters of specifications,
cost, and value?

e. Question the parameters of the function of the product.
Will the product perform the required function with
the present design?

The existing value methodology in recognized primarily as an
after-the-fact cost reduction mechanism. In reality, considerable
"-alue analysis effort is performed in the proposal, definition,
and design phases of system devetopme.it; but it is given scant
recognition as such, due simply t) the mensuration problems asso-
ciated wibh cost savings.
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There is in value literature a wealth of l'eas on generation of
alternative devices, both of a general nature and as categorized
by problem type, e.g., to buy or make (See Appendix I for useful
notes on selective application of value analysis).

1.2.2 Present Problems - The existing problems of the value en-
gineering discipline are as follows:

a. Need for a quantitative criterion for value, -pointing up
the difference between value and cost.

b. Need to orient value analysis to total expected re-
source cost.

c. Need for a feasible systematic procedure for evaluation
of feasible alternatives.

d. Need to reorient value analysis to the objective of
elimination of excessive cost, rather than reduction
in cost, or do it right the first time; e.g., how much
can be saved by decreaoing the value of the system
(decreasing performance goals, viz,, reliability)?

e. Need to project alternatives into total coso picture
early in the conceptual phases of system development,
thus providing a means of making the systems, circuit,
and packaging engineers aware of total cost implications.

1.3 Value.EnQineerin_ TechniQue Requirements

1,3.1 General - A general value engineering methodology must
meet certain specific requirements, such as:

a. The desired method should be useful Lor objectively
quantifying value, &s follows:

(1) As a tool for design decision through ill project

phases.

(2) In the development of proposals.

(3) In the evaluation of proposals.

(4) For mo-itoring the value ievel of systems/equipment
undergoing development.

b. The method should have application to most military
systems, equipments, missions, and tituations.

4



c. Thei mathod must be ta~,bnically valid ane usef ul in
* practice for these reasonns

(1) It must prcyvide rsal.Intic guidance for trade-
* ~offs between functional. 3 vels of pco.formance

and the costs of oaers'rdp and ý-peration.

(2) it should take into &;ccoiwt the AkiV level of
the average user (bath contractor and custo-

mr, and the conditions under vihich it will
be used.,

(3) The data requiredl and the acti(ons to be takeni
to reach meaningftl decisions must be sequen-
ced and timed to match normal program phasing.

(4) The method should be capable of adjustment to
maintain its validity in the face of advances
in design, iyate1uts support policies, and mission
requirements, as well as advances in analyti-
Cal toMAS and the qu.ality of available data.

(5) The degree of re-ýinement of a model or techni-
que should be emipatible 'with the basic accuracy
axidivariability of the data needed for its
use, and the sens~itivity of the output to vani-

(6) The time and cast rracruiret. to carry out the
proc edite at. any pltase of -ih.e development cycle
should br-- conpatib.le with d~esign schedules and
budgets. The cost of carrying out the proce-
dure, must not be disproportionate to the cgains

In order to assure ir.(cefii.cj the, needs outlined in 1.., and

requreme~ts (a), b~ .:~ c) f tn~u ection, it -4o essential
tbat the tý-echnique be, structured %ipon definiition for valueI
Which can~ withatand a Iloq:Ial anl~vait. AccordingIy, "-he
characteritstics off au w fi.'Irts 5 kinined, which are necessary
to ineet zrequirementW&Foa 'isefu U ralt~e Engineering tec-Inniqu.e.
In the P.ait, a number of icictors hav~e rnil.i tated agaiiioft meet-
inq these requi rements, and r~arru hi.ýs bi.xen exercised in develop-
ing Vhai ar~proach so tha1t the saazw pitfalt'i can be, avoided.

one dangor is the faiiivre to re;.coqnize that v~lue has an. exist-
eiice in( lpenie~nt of coet. The v,,-Iue of a eyatem measures its
4uality of u3nfu~nt,!!s, not the cost of oymership. E'or instance,
a techm- JIoqiza.1 brelaktbrough can. ;Iras~tfcally reeuce the -Ot of.



equipment without affecting the value of the oquipont- at aAl: or
equipment reliability can be sigtifizantly improved without a
cost increasA, lut with an evident !M.crease in value thruo iu*-
creased probability of ac•ii~ h*ne miasion. A sy*ten may be
developed *uich can replace two existing iute.ms., and with equal
Bati*faction. Its value is equal to that ef the two existtnj
zystev. . ,.8qedless of whether it costs aýre or less than the
two,

A second problem is the not uncomeon belief that all value para-
meters can be optiaizcd at ance. in most reai cases (given a
sound design to start with), it is not feasible to impmye one
funotin, indiscriminately, without affecting others.

A thiid pitfall is a widely held tendency to look for absolute
invariant value independent of the particular application and
the particular user. The value of a glass of water is quite
different to a man on the desert and to a man drowning in a lake.
obviously, an element of value is d&sire or need.

A fourth ihaz.rd stems from overlooking the relatiomehip between
th* value of a system and the worth of its mission or objective.
Forx irstance, a battleship cut up for scrap has far lee3 value
than when it proudly joinad the fleet, yet many more dollars have
gone into the operational anC scrapping costs., Certainly, scrap
is a less worthy objective than the ship's design mission. it
is also true that a perfect mousetrap does not have the value of
a fine home, ýs evidenced by the fact that the customer will not
pay so much f6r the mousetr4Ap,

i

It is desira1e not only to develop criteria for weasuring value,
but also to develop criteria for selection ol areas of high
yield. This will >voW• elewmntx eof timaliress and feasibilV.ty,
as well as such elements o yit7ld ap annual or contract cost of
producing, the cost of oparaktio and maintenance, cqvpleýAty,
ration of special parts to st-•rd parts, state-of-tha-art, de-
sign maturity, and rembit ihq ucful life.
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2. VALUX COWE27?8

2.1 general The basic technique of value engineering/eaialy-
mis ~~i! i ths rport oxrefu'lly proviAe4 an improved

tool of great potentiall benfirc to a wide ranige of likely users,
Governmental departaentst especialiy tht military, as well as
Private indiustry. The prescribed m~ethodology is designed to ac-
hieve a specifiad objectitre at a nminizxuK. investment of resource
C03t over the life cycle of the ifynteinr a goal of acknowledged
interest to the DOD and the tJSAF; that is$ achievement of apeci-
fl ed functions at minimum total expected reaot~rce costs oc ;r the

N life of the system.

The followinq views rin the changing concept of value engineering
were expressed by Mr. George E. Fouch, Deput., Assistant Secretary,
DOD, in; a speech entitled "A New Look at Value Engineering in the
Department of Defenseh"*:

"To be truly effective, value engineering must be an inteVyal
part of the mainstream of the total management process. Gnly
in this way can value engineering properly contribute to o---r
goal of achieving timpzoved weapon systems at minimim total cost
of effective ownership and use for their plannied life ý-vcle.
Value enginee~ring actually is, as~ we know, a purposeful, orderly
m~ethodology for increasing the reti,.rn on investmant on specific

* targets of opportunit-y with~ no basa in required performancc. I
am using the term return on investm~ent in its broadest context..
To the military, this could mean many things. It might imeane for

* ~example, lower acquisition cost, but it might also mean lower.
total cost by decreasing logistic and operational cost, although
increasing acquisicion cost. An imagianative value engineering
program, for example, his the effect of implemenfing quality andW
reliability objectives by simplifying dei-ignA 4*nc focusing teating
and inspection on rýLoqentials, or it micjft meana more dlzfenlse capa.-
bility for the same amount of dollars. Pof, make no r-itakEe. VE
is a tool capable o~f mi~king desired military ~~bite
economically feasible, as v.ell as a tool for cost reducti~oi. To
industry, by il~turn om investment, I mi'e&n i~ncrased profits or
improved coopetitive posi.tior'. VE adds a tzew financ-ial ditcmnsion
to the 15ntrepreneurial aspect of defenve coatracti.-fc.

In this light, VE differs fromi long established techniques and
methorls in that these have emphauized a si-ngle' functional.I

*Presentod at the Valua Enql.neerinq 5yupopium, sponsored by i~h
Society of American V'alv~e Engin,"ert, 2~ 4, 1966-
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marAgemnt orientation# whereas VE croes.* all functional
lines in the interet of more efficient achievement of a
higher level managent and objective. Thiv is a broad di•-
mension,, but one which is within the definitions and policy
for VE in the Department of Defense today*.

The iinortar-i. differences between the orientation of the
technique presented in this relport and conventional value
analysis lie in the areas of application. The proposed tech-
nique is tc be applied in the conceptual, definition, and
design phases, whereas conventional value engineering is
generally directed to minimizing acquisition costs, and
usually exercised under contractual incentive types of con-
tract, This latter approach is quite legitimate because of
the impossibility of evaluating consistently the savings
through value engineering efforts at earliaS conceptual and
definition phases, nor should they be required to be demon-
strated. The position taken on this point in this report is
that the aim is to eliminate alternativea requiring unnecessary
costs before these costs are incurred. Measured in this way,
a product which undergoes significant cost reduction in the
acquisition stage is poorly designed, depending upon answers
to the following quesitions:

a. Did a preferable alternative exist at the time the
initial design decision was made?

b. Does additional information exist nrw which did not
exist previously?

c. Was the initial design decision made ,tsr . the best
information a&.1_ lable?

d. Neire the alternatives projected int.o total iife

Cycle?

e. Were chance event, woicrhed andl/or explored?

2.2.1 Go.i4- Valie has a qeneri.lly accepted definiti-n of
long tUT Ainq In ter.ms cf loy usage. This secýtin conuid,4ra
dzfinitioo of the 'e.'-m ag it ig u&ed and develope from thii
definitiorN a general value rodel pOesessing the logical strui-
ttire •uefor solution of co.m~plex value angine~ring pr'_blewc.

2. -2 D-ev31pme - Value i . aa the iiputed quality
nf us'%,lness for a spo-•fic puric'•. i':uting in this context

I



deucribes derivation of a characteristic in 'erme of weasur-
able parameters. The definition differs from that of "worth"
only in that "worth" generally is used to express an intrinsic
quality, whereas "value" expresses an imputed quality. These
definitions are explicitly and implicitly compatible with
genaral usage. Logically stated,

V(f) p(f)w(f), (1)

where

V(f) = the assigned value of the t'nctic: (f), measured
in imputed resource dollars, and

p(f) = the imputed probability of requiring the function,
(desire, or need, discutised in 1.3.1) and

w(f) = the worth, measured in -esource dollars, of hav-
ing accomplished the required function (f).

System value becomes

Vt (S) = Pf (S)V~f), (2)

where

Vý(S) =the •ssigned value of the system (S) for accom-
plishmenrt of the function (f) in imputed resource
dollars,

p (S) =the probability of accomplishing function (f)
with system (S) :- effectiveness.

The value of a system for aclieving a required function is
dependent upon the value of the function, ind upon the capa-
bility of the system for achieving it. Value, considered
here, is independent of th3 means by which the system imple-
ments the achievement, and of the ccst of auystem acquisition
and support.

2.2.3 Margin of value - The convp-tiunai profit margin related
to valAe of a -ystem is re~rrented sim-ly as

1W (S)=V_ (FI-C(S), (3)

9

- I



where

AV (S) - the margin of value, or the return in re-
source dollars in excess of the investment,
and

C(S) the r"Isdurce dollars invested to achieve the
expecele return [IF (S)1.

2.2.4 Military Value Model - Modern military systema can be
generally predicated upon a single type of iathiematical model.
To illustrate its application, consider the io-lowing devel-
opment of this value concept, applied to a defensive system.
An offensive system is evaluated by means of the same model,
with appropriate modification to the objective value parameter.

An offender will launch an ICBM against a specific location,
with imputed probability (q). Detonation of' the warhead on
target will cause damage with worth rW(L)]. The probability
of succes uf the mission is (r).

A defending system is planned with probability of success
(effectiveness) (v). Success is defined as the reduction of
damage to W(L'). The defense systemis considered a deterrent
to ICBM launch, reducing its probability fr'om (q) to rp(f)<q].

The value of the system is the expected gain from its acquisi-
tion

V(S)-qrW(L)-r { l-v)p(f)W(L)-,rvp(f)W(L') (4)

-rW(L)[q-p(f) (l-v) ]-rvp(f)W(L').

In words, the value of the system equals the danmage eliminated
if it works Nwhich is equal to the damage accruing, if we do
not acquire it), less the damage accruing if our system does
not work, and the residual damage if it does work.

If we ignore the deterrent capability cr our system,

V(S)-rvp(f)[W(L)-W(L' )], (5)

that is the system's val'u is the product of

a. The probability of requiring its function [p(f)],

b. The probability of accomplishing ý.he function with
the system (v), and



c. The assigned value of the function, as measured by
damagje eliminated, [p(r) [W(L)-W(L') J].

The task of the value engineer is to assure achievement of re-
quired system value at least cost.

The problem may be stateda

Minimuze total cost, subject to

V? (S) >Po (S)V(f), (6)

where

V, (S)- system value,

P0 (S)- minimum allowable probability of accomplishing
function (f), or minimum effectiveness level,
and

V(f) = assigned value of function (f).

The environment cf the value engineer includes an objective
function which is specified. His control of this function is
to ensure at least the minimum value of the effectiveness func-
tion, or probability of accomplishing the objective, [P0 (S) ]
at minimunt cost (See appendix II for further discussion of
value modeling and technique analysis).

2.2.5 Definition of Objective - Let (E) designate a set of
parameters describing the effectiveness of the system under
evaluation.

E = •": I f 3 ,, e 1.k. ) (7 )

Let (E0) designate the set of parameter values (elo , having the
minimum acceptable performance numeric associated with each
parameter (greater than which there is no explicl't advantage
for the system). This set of parameter numerics expresses the
melative value (V) of the system, in comparison with an alterna-
tive having the same objective.

it should be recognized that the system re',.'esented by the mini .-
miut acceptable value for each performance parameter (e• 0 ) is
not- necessarily the least costly system. Indeed, it is frequently
poeeo.ble to find a less costly alternative which pro"ides better
pei-formance in one or more performance parameters.

F.4gure I illustrates this relationship, where (e o) is

11
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k1

the specified numeric from the systems Ntudy, beyond which
further improvement does not contribute) significantly to
system effectivoness, and (e:) is the absolute minimum cost

- point).

Most examples of cost reduction result in increased performance,
i.e., beyond requirements.* For example,, a fringe benefit of
cost reduction resulted in an increase in reliability of 30
percent of Clans I changes and 48 percent of Class 11 changes.

This implies misdirection from the existing definition of
value, as well as from value waalysix. The difficulty arises
from the tacit assumption that achievement of a quantitatively
specified objective at minimum cost results in the absolute
minimum cost.

The value engineering criterion or objective now becomes

Obiective: Minimize T (8)
Subject to E>E0

Where A- cost of acquisition,
S= cost of support,
D- delivery lead time, and

D.- maxiunum acceptable delivery time.

The model may be expressed also in the form

MinF (T?=S+?N .A-A 0 +r* )+)x (E-E-r4) (9)

+?k (D-Do+r),

where

E-E. -r, =0 E->Eo

D-D, r2 -0 D•Do

A-A0 + r, =0

' "F-ringe Eff!ts of Value Engineering, DOD", Value Engineering
Committee of the American Ordnance Association, Washington. D.C.,
May, 1964.
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where

(-) is a Lagrange multiplier, introduc-ed to ensure the
prorek dimensionality along with nwrical value, and (rt)
is a slack variable necessary to ensure that the inequalit es
are satisfied.

14



3. GENERAL VALUE ENGINEERING/ANALYSIS METHODOLOGY

3.1 Government Reponsibilities

In the presence of a specified objective function, the control
of Rystem value is exercised through controlling the system's
capability for accomplishing its objective. In order to ensure
design value, the system design must be implemented in strict
comrpliance with its objective. Accordingly, a problem defini-
tion procedure is followed, whose ultimate objective is to es-
tablish value parameters and consequent design constraints.
This is the responsibility of the buying agency. The general
procedure follows:

a. Develop mission requirements

The system objactive is described from such a stand-
point and in sufficient detail as to establish capa-
bility requirements and a system cost target. Ar
example follows which establishes partial requirements
for a system design.

Exilm1a:

(1) Target:

(a) Radar image 1 square meter.
(b) Velocity 1 kilometer per second.
(c) Altitude 500 meters.
(d) Evasive action capability - 2 degrees per second3 .
(6) Nuclear warhead.

(2) Interce-t Requirements:

(a) Kill distance 20 nautical miles from system base.
(b) Probability of killing a randomly schedulel tar-

get, 0.95 at 20 nautical mile radius.

(3) &nK ironx tent:

(a) Temperatures, -20 degrees Fahrenheit to +160 degrees
Fahrenheit in direct sunlight.

'b) Intercept capability not seriously impaired by
darkness, fog, electronic jamming (broadband)
50WA/{z).

15



b. Develop SYstem Performance Parameters

The system configuration is broadly defined, to the
degree necessary to describe accomplishment of the
mission. This task is normally accomplished by the
Government, sometimes as a result of contractor
foasibility studies.

From the previous mission description and a comparison of
alternative means of accomplishing it, the decision is
reached that the systa-m wi2l include the following:

a. Soli-efuel missile.
b. Radar detection, tracking of target, guidance, and

homing of missile intercaptor.
c. Nuclear interceptor warhead.

From .orrelation of system characteristics with the mission
requirements and tradeoffs of system characteristics,
specifications are established for system performance
parameters such as:

a. Radar detection resolution and range.
b. Radar tracking error.
c. Guidance error.
d. Missile velocity and acceleration.
e. Missile mianeurvering capability.
f. Missile waihead kill radius.
g. System reliability.
h. System operational readiness.
i. System dcewntim::i limitations.

Figures 2(a) and 2(b) indicate applications of design and
operational parameters to be furnished the ccntractor by the
Government in the Request for Proposal. At this point in
system requirements definition, system and subsystem cost goals
are assiqned for delivered end items. A Request for Prcposal is
devdioped, incorporating the end item cost goalq to provide a
system which at least meets the minimum set of performance para-
meters, which corresapnds to the value of the effectiveness
function.

In addition to cost goals and minimum -'wrformance par tors,
the Government assigns requ~irements for adherence to certaiii
general specificaticns describing methods of producing,

16
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analyzing, demonstrating, &A documenting required system
operational capability. Tables I and 2 show applicatioi. of some
such specifications.

For accomplishment of necessary tradeoffs among development,
production, and operational costs, the contractor must be
furnished information upon which to base production run potential
and certain operational cost factors, as indicated in appendix
IV.

A further requirement to assure a minimum cost sys 'm is that
the Governwnt furnish information relative to areas of potentikl
risk in system development.

Such rhks can be financial or technical in nature. Areas of
teclhnical risk are determined in observation of system require-
ments in comparison with technology state-of-the-art., This
information and that of potential cost risk is a natural by-
product of the analysis to establish cost goals.

The contract type anticipated a3 a result of selection of a
proposed alternative has some influence upon cost evaluation.
The Give..,-ent is responsible for considering contrac'tual
characteristics in the selection of the winning alternative.

3.1.1 CONTRACTUAL ASPECTS OF COST

Contract types currently in use can be classified ii =o "Fixed
Price" and "Cost Reimbursement" categories,

If a "Fixed Price" contract is to result, the acquisition cost
is fixed for the contractually defined system, Anticipation of
a "Cost Reimbursement" contract limits the credibility of pro-
posal acquisition cost, because of lack of positive co!ntrol.
In consequence of this, cost evaluation of a system proposed for
this type of contract require.s analysis of system characteristics
generating cost, and analysis of experienced relative cost
etfficiencles of1 the contractors. In support of a cost type
proposal, the contractor muyt be required to furnish a suffi-
ciently detailed description of system characteriatics for the
Government to make its own estimate of acr.iiiction cost. TYh
effect of contract incentive provisions can be anticipated. In
the case of coat reduction ircentives, acquisition cost should
not incorporate expectancy of cost reduction, and the coimpetitors
should be ao advised. Thin encouraqes minimum base price.
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If the proposals incorporate technical incentive clauses, such
as for reliability, maintainability, etc., the base system and
its price should define the system to be evaluated. Termis of
an incentive clause should be patterned after the parameter' s
contribution to systen value, as defined in section 2.2., that
is, a change in the systam's probability of accomplishing its
function, multiplied by the value of the function.

For example, if a change in Mean-Time-Between-Failures ftom
200 hours tc 250 hours increases the probability of accomplish-
ing tne function by 10 percent, and the value of the function is
established at $10,000., this improvemient is worth not more than
10 percent of $10,000., or $1,000.

3.2 IRMUSTRY RESPUNSIB:LITIES

The contractor's responsibility is to analyze the requirements
of the work statement, and develop a system configuration which
meets the minimum constraints of performance parameters, at
least cost. What this amounts to is, pairing feasible design and
support alternatives and selecting the least cost pair meeting
the performance requirements. Figure 3 depicts the range of
possible combinations of design alternatives and associated sup-
port policies to be !ompared. To this end, value and cost goals
are allocated within teliverable end items. The general steps
of the analysis follow:

PROCEDURE SOURCES OF DEMIGN/SUPPORT ALTERNATTI.

"•TEP 1 a. mtermine applicable performance

Devise system to meet and cost constraints.
mission requirementa. b. A feasible alternative satIsfies

conditivne imposed in (a).

STEP 2 a. Ietermine operational constraints
rand performance requirements tor

Transform systeu the system and develop required
fpactions into item functions.
•ackageu. b. From Step 2 and (a) estAblish hard-

ware which will, meet br exceed
operational and/or performance re-
quirements.

NOTE: There may be many alternate ways of packaging the system
functions. nes& alternatives may extend from micro-electrorics
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Figure 3. Design/Support Alternatives

23



to conventional p~tts to distinctly different types of sub-
system composition. In general, however, there will be
relatively' few practical alternatives.

STEP 3
Develop feasible Iuu.p- a. Determine applicable conttraints
port structure. and requirements of support

str-cture.
b. A feasible support structure

", aatisfies conditions imposed in
"(a).

STEP 4
Assign Air Forc. Skil! a. Equipment(s) and sub-assembly
Category (AFSC) "nd man- levels are assigned Air Force
ning to item packa~es by Skill Category (AFSC) by
maintenance location, potential location of maintenance.

b.. Manning is established for each
permissible equipment/sub-asaembly
allocation to repair location
(i.e., maintenance echelon,
"organization, field, depot).

NOTE: The AFSC constitutes'a general personnel classification
that will .ermit latitude fo• squipment claasitication assicinment.
Generally, this will not bo a e prblem source in the generation of
alternatives.

ST2P 5

Select feasible design a. There are assumed to be several
configuration for an feasible configurations.
item pyckage.

NOTEt A feasilbe desirn is a complete packaging definition of
the evuipment pat:kage under consideratior.. Thus, theoretically
any change in ccJ~iguration definition w 41d produce Alternatives.

STEP 6

Evaluate (ei~mlnate) a. This evaluation is always with

alternative design respec.: to the selected equip-configurationv, sent package, ane at &'11 tames,
it is the entire package under
evaluation.

24



NOTE: Caution must be exercised to ensure that the alternatives
produce demonstrable differences. Many potential design changes
will not provide real alternatives in that they do not generate
cost differences.

STEP 7
Reiteratu Steps 2-6 a. Caution must be excercised to
for other feasible ensure that theequipment associ-
alternatives. ated with a previously evaluaitd

equipment package, i.e., if all
equipment packages are added, the
sum constitutes the total hardware
package of the system.

Appendix V contains an iterative procedure for systematically
evaluating alternatives in the U. S. Air Force support environ-
ment. Success~vely evaluate design/support configuration
alternatives. All design/support alternatives must meet or
exceed the minimum acceptable performance requirements. Cost
differences between alternatives will appear as acquisition and/
or operation-support cost. The areas where these potential
diffexences would appear are listed in cost monitoring tabular
form, These tables, referred to below, contain elements and
serve two purposes. They provide a check list for indicating
possible hidden and redundant cost sources, and also serve as
work sheets for analysis.

The general mechanics ofvalue/cost cgoal analysis involves four
steps:

a. Use table 4 for identifying acquisition and support
cost elements, as a check list for identitying
differences between cost alternatives.

b,. Use equations of the cost estimating technique in
section 4 to establish the difference in cost magni-
tude between alternatives.

c. Use figure 5 of cost decision elements for detv~rmini.ng
aggregate cost effect between alternatives.

d. Use proceduri developed in sectior, 5 for cost monitoring
and selection of tradeoff areas.

25



4. TOTAL COST MODEL

4.1 General - The total cost (T) of a system, equipment,
can be-represented by:

T = A+S, (10)

where

A - the cost of acquisition,

S - the cost of operation and support.

The cost S is based on the expected lifetime cost. Figure 4
shows the basic cost model which has to be evaluated. Ea,:h
element would ordinarily be evaluated to obtain the total
cost. For purposes of reaching a decision on whether to accept
a particular alternative, differences in total cost are employed.
Thus, it is unnecessary to evaluate equivalent elements of the
two alternatives whea considering which one of two to choose.
It is necessary only to evaluate the elements that are perti-
nent to a particular decision.

Let

T - total cost of the first alterndtive.

T2- total cost of the second alternative.

the difference in total c~zst (AT,, ) is represented by

AT2, 1  -'1Ti, (11)

where elements of cost common to the first and second alterna-
tives need not be considered if they are equal. If the quantity
AT2  is negative, it .ans that the second alternative is less
cosay. If positive, it means tha. the firsit alternative is i.,e
-:orrect choice, viz., lees costly.

When two alternatives have been compared, the one yielding the
lesser cost advantage is dkopped trom further consideration.
Successive alternatives are devised and matched against the
current alternative that has gqrnater cost advantage.

In order to make the evaluations above, certain basic informa-
tion must be available. This information involves the detail

26



0

-
Hj

27



acquisition and support cost elements, and associated respon-
sibility for generation, i.e., the contractor or the Government.
Thu estimation of support cost as well as certain acquisition
costs requires additional information which permits extrapola-
tion of basic cost elements into expected total cost differencesT
this information is designated as operational factors.

Table 3 contains an overview of cost factors aasociated with
acquisition and Operation-Support, along with responsibility
for pr"oviding necessary information. Also included is a de-
tailed listing of operational factors which must be supplied
(determined, estimated) in order to 4r~nsa ,te acquisition cost
elements, as well as support cost elements, into total expected
cost differences.

The total expected cost model 4 -orporates certain specific
techniques required to generate supp'_rt cost 'd/or performance
changes as a result of a specific alternative. Tho techniques
are either in the detailed cout breakout, or appropriately
referenced to the applicable appendix containing detail proce-
dures.

Tarle 4 contains a listing of infoxmation, along with respon-
sible sources, which will be required to be furnished by both
the contractor and the Government. This information will serve
As inputs to the mathematical iicel. The table also designates
tile outputs of the modeL which will be required for alterna-
tive evaluations.

The columns designated "Pert.-.rmance" and '"Constant" LAdicate,
respectively, whether the information element in a constanrL as
in the case of certain inventnry costs), and TAether it is re-
Latee to the symtem vai74e parame,-ors.

4 2 D>TIL &OST EL'M-Ns

4.21 C foa Ast .eit ion The elerirnts of :quisition cost to
be chans{•rh-:cudW-a rges -0hich may arloe from the do-

, dvvelop, nt, fabrication. an<` installation ot ih_, fti.dp-
Ment.

?artl!'ular 3tte~itcx . be paid tc i1tems whbih mArk the
diffarences btwaei- otZhrw ,j a'itlar alternatives. Among
these m.,y be:
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TABLE 3

TOTAL COST ELMCTS

ACOUISITION COSTS

FOURCE

COST FACTOL
Design (R & D) c 4  X
Fabrication/GFE ct X x
Install at ion/GEEIA c X X
Manuals c X
Line Item Document c",X
Test FPquipment Ct X

Organizational Olt X
Field c. X
Depot

Standard ctt

Special c 4  x
Tools & Fixtures C X

Organizational c X
XQ

Field c X
Depot * x r

Standard c x
x 48Special c xZ dZ

OP'ERATIONAL F~ACTOR~

Type itein cost (prodliction ~u.ty) (c d x
Type itom Failure Rate. () x
Tvype item Repair Rate x
Npmbe.r ,pt , item in equipment (n) x
Number of demands for factory japport N11
Equipment R'atore Time (hours) YTTR X
Unreadinesa Due to: 1. Sparing

2. Picsonnel u X

Equipmenit Life X
Numboz ii! equipm'nts schedule4 for

3oprat ion E X
Number of Z'Euipments pej site N X
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I.
TABLE 3 (COOT.)

TOTAL COST RLEMTS

AO 1TIT-- COSTS SOURU2

OPERATIONAL FACTOR

Equipment operational time per I x
Equipment operational readl..,s goal (1-u)
Equipment reliability MTBF X
Number of field shops F X
Equipment phase out period L' X
Number of organization sites ? X

OPERATIONAL AND SUPPORT COSTS

COST ?ACTOR
Personnel: (Technical Manpowr)

Organizational c X
Field c0 X
Depot c x

Facilities: (Utilities & Materials
for Maintenance and
test equipment)

Organizational c r X
Field c Xr X
Depot C1 r X

Tranosport at ion
Organizational c t X
Field ctt X
Depct c4 t X

Spares
Organizational Co X

Parts c X
Modules c X
Higher Assembly c , X

Field Pr X
Parts cr X
Modules cr*• X
HigheL Assembly C1  x

30
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TABLE 3 (CON .)

TOTAL COST ELDIENTS

OPERATIONAL AND SUPPORT COSTS SOURCE

___COST FACTOR CDU

Depot cd X
Parts cd
modules ca X
Higher Assembly Cis%

Utilities (Depot) c4 X _
Line Item (Depot c1  x

Maintenance NtL X
MRS N rLR X
Debit and Credit Nb x

Factory (all factors) c

Z3
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TABA 4

sou~cis or xwomSwim=MGM•C POW'A INMMIMMS

tL~ii Ttm entry/'maintenanceC %
Quantity newl 1 introduced N
Cois. per new Ite= entry I
Nal1tainin9 itea in stoýk N X X
On Master Repair Soiiedule (MRS) R X X
Quantity of stock item repair

1xibit and Credit D X X
Lquipant life L
Numabr of equipments scheduled

for operation 9
Rquimsents per *its N
NLvmber of sites/Field Shopa Y/F
Rquipient Permissible Unnradinevi

(Specifited) u X
Equtipswit rx'wtins Allowsabe

(Specified) D% X
Equipmernt Maintainability Allow-

able (Spic if ied) XR x
Equipment Reliability Allowvble

(Specitied) hT&F X

Information Moquirevonts for Proposal Prepration Pzodures

Equipment Phase-out Period L
Nuber skill types of quantity

assigqnable X
Personnal per uite

maximum X
Min ima X

Utiliuation F~rtor ý-iaintanmnw-c) P x
Personnel urniover Rat** X
PersonnolD~l iain.( rto)X
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TABLE 4 (CONT.)

a)GOVEPRNMEI4 P1RWIDED INrORM-ATION

PRODUCT COST

YACTOR _______

Personnol U.til ization (Maintenanctu) X
Quant Lty X
Skill x

Ope rational Sch~edule X
Prevc~itive Maintenance (Specified', x

*Orlanizationsl (Ho~urs) x
FIG7 - (Bourg) x
Depot (Hours)

By T&A*:
Periodic ity X
Durit ion x

Fqcuipmont Chractwxitica, (specified) x
*Weight. X

Voluwa X

Ti:nsportatior cost/mbiI-mentErt

(HiQ AFLO/code SGT/) Mil-.ttry

commercial 2
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TABLZ 4 (CoNT.)

SOURCES OF INFORMATION

(b) COfTRAC'OR-PROVIDED INFORMATION
PRODUCT COOT

ii

FACTOR . ! ..
Deuign (Remearch & P4velopment) ca X
Yabrication/GFE cf X
Inltall~tion/GEEIA ct X
Manual co x
Line Itam Documentation c% X
Test equipment:Type per location ct X

Organizational cto X
Field ct X
Depot ct4  X

Standard (Contractcr/GFE) c&46  X
Special cfidx X

Toolti & Fixtuxiesi (Type per location cl X
Organizational 3 I X
Field c 6 X
Depot a X

Standard (Contractor/GFr) c X
Special (Contractor/GF") c X

Typei Item (spare part.s, modules, X47
ar.d high assembly) (ca) X

Typei item failure rati (q) X
Typei item repair rate (41) x
Number of type item in equip. (n,) X
Total number of failures over

equipment life N, X
Number of demands for factory
a upport N T

Factory au,•-prt (total) 0 X
Equipoent al.iability anid ZBF,7.

4airtainat ]ity ,XTTR, p" X
Unz~eadinjsa Due to:

Inherent Limit

"Sp.ras Allocation,
M&nning Aliocation u Y
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TABLZ 4 (CONT.)

(c) INPORMATION PROVIDT) BY MODUL

PRODUCT COST

FACTOR 
0248

Unreadiness u x
Personnel: (Direct/TIndirect

technical Manpower X X
Organizational c X X
Field Cr X
Depot ca X

Ficilities z(Utilitios/mater :• al
for operation and maintean0-,,,,,cr cf X
Organizational co x
Field ct f W
Depot c 4 /c 4a X

Transportation Ct X X
Organizational ce X
Field C0 • xDepot c4

Spares: ca x
Organizational c x

Parts cc . X
Modules cX
Higher Assembly c

Field c. x
Parts c x
Modules C, X
Higher assembly C X

Depot c 4 ,X
Palts cCp X
Modules c asp X
Higher Assembly cIC

Line item processing (Depot) c X
Introducing newii, T X
Retaining item in stock NLM X M,
Retaining item on ýiRS N ILR x x (•j
Debit and Crzdit N X x Dý

Factor- .;out (when applicable) C' X
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a. Built-in fault isolation features.

b. Secial test equipment.

C. Special tools.

d. Facility of manufacture.

Differences in research, devqopment, design, or hardware
costs should be considered where they constitute a significant
difference among the alternatives. Differences in requiroents
for Government-furnished equipment (nFE) should also be estab-
lished. In any case, refined estimates of costs are justified
only whan the alternative, or group of alternatives, has cost or
other advantages which make it a good candidate for selection.

Cost of acquisition (A) can be represented by:

A- c,+ct+c1 +c,+ct +c +cI (12)

where

c- - cost of design,

ct - cost of fabrication,

cl = coat of installation,

c - cost of manuals,

Qt- cot of test aquipment,

c cost of tools and fixtures, and

c% cost of line item documentation.

4.2.1.1 - Cost of Design - .i'ka cost of design is
C Mc +c d+ca +c4 (13)

where

cont of electrical design,

c4 - cost of mechanical design,

C d c-ost of engineering support, And
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- cost of Product Assurance.

4.2.1,2 Cost of Fabrication - The cost of fabrication is
represented

C -c +c +c +C +cf t +c +cr (14)
Ct"f IaC Ia+ "t t is Il+ It p 14

wbere

ctO - cost of manufacturing engineering,

c, - cost of assembly,

cti - cost of in•entory,

c, - cost of shipping/receiving,

C cost of model and machinr4 aboyr,

Ctt - cost of text engineering,

- cost of quality control, and

ct = cost of purchasing.

4.2.1.3 Cost of Installation - The cost of installation can

be broken into
C,=CI- CI +C It +CA r +C5 I +Ct -

where

Cis W cost of prototype installation,

C - cost of service model initallation,

C - cost of training,

cir - -oat of repair program,

cie coot of spares provixiorfIng, and

ci - cost of fl.eld support.

37



4.2.1.4 Cost of Hanual. - .he cost of manuals includei

C - c +c (16)

where

cup - coat of producing manuals, and

C - coat of updating,

4.2.1.5 Cost of Test B nt - The costs of test equipment
can be further broken -own as follows:

ct ct. +ct.+c t (17)

and

Ctd ='I ct,+tda (18)

where

cte" ccst of test equipment at organization,

^ tr cost of test equipment at field,

ct = cost of text equipment at depot,

td Ct + C t4X

"Ctdo- cost of stardard test equpment at depot,
and

" t dx, cost of special test equipment at depot.

4.2.2 Cost of Operationad Supprort - The cost of operation
;%nd suppot aS represe-nted by

S - c +cr +c 4 +c (19)

where

c cot torgan zat.Icn,

cI •cost at field,

c4- cost at depot, and

CY cott at factory0.
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4.2.2.1 Cost at Organization - All operational costs are in-
cluded with the support costs at organization. The cost at or-
qanization (cc) is represented by

ca .Ca+e Cc. +ct (20O

wher:

con - cost of personnel,

cot - cost of facilities,

Con - cost of spares, and

Cot - cost of transportation.

4.2.2.1.1 Cost of personnel - The cost of personnel iii reprq-
sented by

c, (=tZG ,k Xt k )+F (21)
f Sk

where

Gt.k - number of men with skill i, in Akill field k, in
an operation and maintenance unit J.

X - average expense incurred by the gnvernnent as
a rasult of the manning with skill i in skill
field k, in unit J, and

F -the administrative end service costs normal to
an operating and maintenance vnit ot size

Thi values of these ,,aria1es are found as follows:

a. G jk is the nuamber of men with skill i, skill field ft, in
operaticna and mrintenance unit J, and is determined by a
manning analysis. See Appendix III.

b. X 1 , , meo under personnel cost in Appendix VIII.

c. ., for small relative changes in =31,k the difference
in 7' is practically insignif-icant.
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4.2.2.1.2 Cost of Facilities - The cost of facijities
including uEII Iii7 represented by

Cot Z' *t* ,tt (22)

Normally, demonstrable differencea .. n these costs will not
exist among alternatives, and for this reason, such costs can
be neglected; or, in many cases, they will cancel out when
differential costs are considered. Where they are neither,
*etimates should be made using the best available information.
(The buildings, power generators, test equipment, and similar
items, are acquisition coste, if chargeable). These costs
may be treated as follows:

c* Mu=cost of utilities (power). It is necessary to
estimate total power for equipuent, azir..ondition-
ing, etc. Where '-wer in caterated oi, site, use
delivered cost of fuel. Otherwise, use KWH rates
for comuercial sources. Include the cost of power
(fuel) for operation.

c , ncost of materials for maintenance of facilities.
It is necessary to estimate the total cost of
upkeep using as sourceo', the civil engineering
site function.

. -cost of materials for maintenance of test equip-ment. This cost is to be assessed in the same
manner as the operatiig equipment and in conjunc-
tion with it wheze there is a commonality between
parts.

4.2.2.1.3 Cost of Spares - The actual number of spare items,
of #ll types, is establIhed by using an optimizing technique.
5.;. principle of the technique is to chose the one alternative
from many, which returns maximum reduction in unreadiness per
unit cost invested. See appendix VI, Logistic Criteria and
Methods for Establishing Spares Levels.

The general oquation representing cost of sparns at Organization
in

c Mc +c +c (23)

where

c I, s cost of parts,

40



c = cost of modules, and

- coit o." hl.gher assemblies.

4.2.2.1.4 Cost of Parts - L~t the cost of parts (c,,) be
represented by the foer 9wing equation:

c, LEc, n, U)

a~d =N 6
ard N J )

wherce

L - Life of equipmnent.

E - number of equipments scheduled for operation.

n, - number of part i p&r equipment,;' -VI

cl-P - cost of nart i,

'At usage rate of part i,

N = total parte repair demanis (usage)-organiza-S-" t ion

=LF2n 1 -A _I and

C = mean cost of part.

The total demands for repair baaed on pc-.t count is given by

N L N .(25•Nr - • LN 9't -P (5

The number of part replacements at organization level is given
by

N -P = LEDNt_1  • '_P (26)

where n, - number oE part applications in assemblies for which
organiza4D& has repair rosporsibility,

Similarly, for field and depot,

N LETNo (27)
Nr -P EDI-4PNI-
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and
and K - N r - o+ N P 7r+N r _

When usage information Ix missing, X ~ is found by the follow-ing: •

whoere ' 
(28)

S-_ f - predicted failure rate of the part i.

For high demazd systems, part cost aver the equipment lifetime

wil.l closely approximate this expression, and will not usually
contribute significant unreadiness. For low demand systems, it
will generally be necessary to derive part cost through optimiz-
ing procedures (detailed in appendix VI).

4.2.2ý1.5 Cost of Modules - The cost of modules at organization
is represe d by --

c I CS- c1  (29)

where

Si..r number of modules of type i, used and on
hand at the time of phase-out, at organi-
zation to maintain a pro-established level
of permissible unreadinens,

S [support alternat ve, u(tV,)J, reference

wtie re appendix III, appendix VI.

u - unreadiness, and

c, cost of module of type i.

The usage rate is approximately equal to the failure rate for
the module case.

iS-ee AppendIx VIII for part• usage constant,
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4.2.2.1.6 Cost of i1igher Assawblies - The cost of higher
assemblies, at organization, is

e a ZS1,11 Oc1  (30)

where

Sib.. number of higher assemblies, of type i used,
and on-hand at time of phase-cut, at the or-
ganization to mai.:tain a pre-established levcl
of permicsible unreadinecss,

Stho = cost of higer aasembly of type i.

4,2.2.1.7 Cost of Transportation - The transportation costs
at organization (c t 7;-are determined in the following manner:

(a) From on site operational location to and from on
site field maintenance shop by routine methods
(generally negligible cost).

(b) ct w site operational . . . . by priority requisition

(demands) x (average length of round trip) x (cost
per trip (Government Data Input))

(c) c t22 site ooe-ational . . . from depot maintenance

(4.2.3.4).

(d) Vehicles on 4tiich equipment is mounted should be
included in acquisition co.ats, whether Govarnment-
furnished equipments or contractor--upplied.

4.2.2.2 tort at Field - The cost at field (cf) is represented b'y

C - c +C - +c, (3)"* : m .8• s '

4.2.2.2.1 Cost of Pv.raonnel - The cost of perfohne! at field
(when distinct of organization) (cf is

It It X1 It ).+F (3

wherv the Rynbols, on the right side of the m c•ation- jre ce-
fined in paraqraph 4.2.2.1.1 Field p-_r~onrie.. ?y be considered
as independtntiv ctontributing unreadiness (see examplre of
ADpend i× III).



4.2.2.2.2 Cost of tacilities at Field - In determining cost of
facilities at field (c,,} use pzrcedures Jn 4.2.2.1.2.

4.2.2.2.2.1 Cost of Spares at Field - The cost of spares at
is expressed as

c, cr +ct +ct (33)tee l ter ta

where

c f~ cost of parts,

c = cost of modules, and

Cff% gb cost of higher assembli-4.

4.2.2.2.2.2 Coist of Parts - The coat of parts at fiele (c,,,)
is

t N c (34)

where

N - total pirtp repair demanos-field.

4.2.2.2-2.3 Cost of Modules - The cost of acoules at field is

C .S1 c (35)

where
Si _.• =number of modules, of type I, used and on

hand at the r O l.-oAt period. at field to

maintain a prs-establighed level of per-
missible unr.• adinejss,

S. - [support -,ltarnztive, u(,N)1 (L'efere.ncesappendix III ane. appendix VI.A

4.2,2.2.2.4 Cost of llHiher Assa~li.s - The cost if higher

S(•;( 6)

•ere

St•- ntiber of higiemr assaiablles, of type i

used and on hand pt the phase-out pericZ,
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at f Jeld t'. ralwatain a pro-estabnished
level of peririesible unreadiness,

Si - S[support alternative, u(4,N)] (refelences
appendix III and appendix VL.

4.2.2.2.3 Cost of Transportation - The cost of trmsportation
(ctt) is coite as-part of organization or depot costs.
(See paragraphs 4.2.2.1.7 and 4.2.2.3.4).

4.2.2.3 Cost at Depot - The cost at depot (cd) is represented
by

"C d = ca +C d +Ca +c t +caU+c1 (3"7)
I Where

Cm d, cost of personnel at depot,

c~t = cost of facilities at depot,

cd• . cost of spares at depot,

cdt = cost of transportation at depot,

C = c-st of utilities at depot. and

c• I cost of line item at. depot.

4.2.2.3.1 Cost of Personnel atDeot - The cost of personnel at
depot (c. I)T represented as fOllOsW:

Let

N the module repair demand at depot

(r +q,) Len"

where r,, q, are fractions of L tal module failure population re--
tlrned Lrom orqarnization and field, and

N-_d . the higher assembly repair demand at depot

n(r +q) L EF

whare r are fractions of total higher assemiDv failure
population returned from organization and field.
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Since there im essentially a constant workload at the depot,
rather; than the standb.:/work situation that exists at the
field and organlzation, c4  car be expressed as follows:

Ca. ELE [ZUr1 +q 1)n 1_\_) (38)

where

whr = mean repair rate of modules, of type i,
at depot,

4,-% = mean repair rate of higher assemblies, of

type i, at depot, and

cd = cost of labor, direct and indir~ct*.

4.2.2.3.2 Cost of Facilities at Depot - The cost of facilities
(c 4 , ) is represented by

Cdf =C•f +C (39)

where

c df= cost of material for maintenance of facili-
ties at depot, z-rnd

c t cost of material for maintenance of test
equipment at depot.

The statements in paraqraph 4.2.2.1.2 are applicable in 6vala-
tion of the3e r'osts,

4'•2.2.ý.3 Cost of Spares in rot - The general equation repre-
sentinq cosut0 -ofspares in depZ7, is

C C 4ar+C AkU ,. (40)

where

c Ai cost of parts,

c cost of .iodules, and

*a&aD&p@lx 7 VF.UI for depot. labor conatants.
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II

c = cost of higher assemblies.

4.2.2.3.3.1 Cost of parts - The cost of r~rts at depot (Ca,)
can be expre das

c d =LE~c- rip, -2 (41)

Also,

C d I N r _P d c

where

yr" = total part repair demand-depot.

(See paragrah 4.2.2.2.2.1).

4.2.2.3.3.2 Cost of Modules - The cost of modules at depot
(case) is

Cd,, 1 ISi_.4 C (42)

where

S = number of modules, of type i, used and on
hand, at the phase-out period at depot to
obtain desired ormt. onal readiness for the
equipment.

St,- • S [Gupport al'ternative, u(ti,N)1 (reference
appendix IIl. and i-ppendix VI).

4.2.2.3.3.3 Cost oTfHi.5her Asoemlies -- "he cost of higher
assemblies. at depot, Cc4  7

7 TS c (43)

whao t

S, number of higher assembies, of type 1, used
and on hand 3t phase-out pirics at depot to
maintnin a pre.mtabliahed level, of pe*t-,ivs1A
uu read ine s a

= " Srsuppor: alte-native, u(,. ,• 1
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4.2.2.3.4 Cost of Transportation - The cost of transportation
associated w=-"' ept (c.t) can be expressed

cd t W C to +c4 t (44)

where

c 4dt total cost of round trips from organization
to depot, and

cdt total cost of round trips from field to
depot.

This formula in evaluated by means of the following:

cat.= [(Nr-d )r,+(N, -bd )r. 1cE. (45)

and

where

r 1 +q., 1, and

r +• =1, where ri, q1, r. % are as defined in
4.2.3.1.

c4• = mean cost of zol1,d trip between organization
and depot, ard

c, = moan cost of round trip betwere field anddepot.

4.2.2,3.5 Cost of Utilities at Depot - The cost of utilities
(c 4 ) is

C4  c C (46)

w'e re

c4 - cost of power and

c', t cost of buildinqs.

Normally, this cost will :zilcel out wiien taking differentials
corressj-nding t- different alternatives. IfIt.f door not, a
cost emalysis i& raquired.
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4.2.2.,6 Cost of Line Item - The cost of line item (c,) can

be represented by

we , N% [I+(L) (M))]+N, I (L) (R)+(N )(D), (47)

where

,- member of new line item introduced into ihe supply
system. The value of thi3 factor is necessarily
user furnished data.

I - cost of introducing a line item into the support
system. The value has been determired to be approxi-
mately $34.00 per item.

L life of equipment

M cost per year of maintaining a line item in the aupply
system. The value has been determined to be approxi-
rAately $19.00 ner year per item.

K -number of stock items repaired by depot. The value
is furnished as user furnished data.

R = cos per year of maintaining a stock item (recover-
able) in the master repair schedule (MRS). The
value has been determined to be approximately
$29.00 per year per item.

D debit and credit costs associated with inventory
accountability and storage for item repaird at the
depot. This refers to a documentation cost, and
has beern determined tc be approximately $14.00 per
repair act ion.

4.2.2.4

c Y costs at factory

In these instances where factory mairntenance is planned as an
integral part of the equipment maAntenance/support policy, the
•:osts connected with perfonming the services at ractozy will
be approximately Cho e~me, or aomewhat less, than ýould be in-
curred i:E the wrk wre done at depot.

The valucv of M, R, D, and I, are determined by zoma Air De-
velopment Center's Technical Report 65-214. (For all these
values, see appendix VIII. The values of the other param-etern
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are veriable wit.h the system type.

4.3 'ost Analyn'u Structurp

The acquivitior, and suppor't cost elements presented in the fore-
going soction may bti viewfid profitably as consisting of two
commoL. coiut categories. Tese are recarring and non-recurring
costs. in the following tables (5(a)-kd) and 6(a) and (b)),
acquisition and support cost are identified in terms of these
corc categories.

Tne rationale behind the breakoot of both acquuition and support
costs into non-recurring and recurring is that it simplifies idea'-
tification of distinct cost elements, and of equal importance, it
points up th6 significant areas of cost tradeoff (engineering and
fabrication).

4.4 Cost Decision Element Matrix

In general, it will only be necessary to evaluate the difference
between two alternatives; where more than two alternatives exist,
the procedure is to systematically eliminate the poorerdioice
alternative by direct comparison of estimated cost differences
(being assured that system value parameters are satisfied by each
alternative considered).

Figure 5 illustrates a tabular procedure for evaluating each
element of the cost model. Provision is made, in figure 5, for
the evaluation of two alternatives. Oniy the elements that
change, from one alternative to the other, will be required.
Once two alternativeci have been evaluated, the one yielding a
cost advantage is retained, and the other alternative J.s no
longer considersd.
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5. TIM• PRASED VALUE METHODOLOGY

5.1 quo uhiJ.g2by - rne basic rationale of the value
allocation review technique consists of directing the sellers
to cost and value goalp which will make them more competitive
through cost consciousness, based on increased awareness of
procurement item requirements and the competitive environment.
Basically, the technique presumes competitive behavior of the
seller in a dynamic situation of increaý ing information con-
crrning both product requirements and competitive environment.

Given a value incentive goal, the potential seller will have
the capability of using the following strategy:

a. He will assunme that he is in a position to repeat or
outperform his previous cost position, because of the
additional insight gained in past performance.

b. He will direct himself t development of cost structure
compatible with the value goals.

Thiv cost structure must be directed to a cost at or below the
buyer's cost allocati.on targets, if the seller expects to re-
main competitive, The result of the buyer's specifying a cost
goal ii tc shift the mean amount of the total cost responses
toward a lower cost. AdditLonally, the magnitude of cost
difference between the cost allocation :arget established by
the buyer and thAt satablished by the seller will be heavily
dependent upon the seller's known competition. Thus, the
Eeller must direct himself to establishing a cost goal which
will be below that of hi.ý coAnpetitors. Recognizing that his
competitors are striving to achieve the contract award, his
cost goal must be predicated additionally, on the cost goal of
the competition. This latter effect provides an additional
incentive t,. ret .e the target qoal still further.

5.2 Va# j1location 'vIew Technique (VART)

5.7ý1 §4 ,rou - Value engineerilr.g may be viewed as divided
into two avplicatiorn phases•

a. Proposal iPhare, &nd

b. Contract P ri ...... se.

The objacvciv6 ot vaiui engineering in the proposal. phase is to
•~id unD:n<ar>• :osts by means of a detailed examinatior and
a o110a.ý-- .... f prt.-posed program coste (See fiqu--e 6 (1)). In
t c cý ti- u-t j4rtcmance phase, the <ilAectiv* is to i!Pl4Uiwrt
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tne costs developed in the proposal phase, than to determine,
periodically, if the w ount of the costs should be continued,
rsallocated, or reduced (See Figure 5 (b)).

In our free economic system, the optimization of value with
respect to resource cobt may be viewed as a gaume of strategy
involving the buyer and the competitive sellers, several
basic assumptions being connected with the proposal and con-
tract performance phases as follows:

a. Proposal Phaae - It is assumed that the competing
sellers will spend the full amount of contract (at
least). This assumption forces the attention of
the buyer to ensure that the bid of the winning
seller contains no unnecessary coot. Further, the
bid by the winning seller must be controlled to the
budgeted amount.

b. Cont'rarct Perfortance Phase - It is assumed that the
sellbr will try to increase the scope of the contract,
i.e., to cover an underbid, obtain return from cost
reductior., and the like. It is also assumed that the
pressure from the buyer may force the seller to ful-
fillment of the preposed design, even if superior
alternatives have been developed (a natural aspect of
risk).

5.2.2 Technical Discussion - The value allocation review
technnxq Invo fesudamenta! steps in its gerneral appli-
cation form. These steps are:

a. Step 1 - Allocaticn of value/cost goalz to the pro-
curement of items by the procuring agency.

b. Step 2 - Allocation -f value/cost goals to deliver-
ablo iams hy the Competitive contractor.

c. Stop 3 - Allocation of value/cost goals to item
elements by the competitive contractor.

d. Step 4 - Review of value/coat performance by the
contractor.

5.2.2.1 Ste 1 Procur~nc ynAllcocation - The buyer and
his aeocTte-engeerTg t f •n• most-- cases, in the
best position to obtain a value/cost goal. This goa&l should
be pa:t of the wot"k statement provided to the •.llers. The
goal ir established usincy ,xpeIrience data applicable to the
itorn(u) being procurced-
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In general, the cost goal used would be that of the moet xisi-
lar and recent acquisition by the Government, procured in a
competitive environment. The cost goa.. would depend on the
number of item of a type being procured.. A first step in im-
plementing thesa buyer's goals would bc the development of a
value/cost similarity library. These goals should be indexed
to permit determination of:

a. Previous procurements which are identical to the
current item.

b. Items having the same value, but not the same detail-qd
specif .oations.

c. Items having both different value and/or detailed
speci f ications.

This value/cost similarity library would ultimately provide
correlation for value/cost/time tarjeting for procurement
agencies.

5.2.2.2 Stop 2 - C ntractor Value/Cost Go- .A_19. - The

compet•itve contractor will have at his Jisposal, or should
have in order to remain competitive, the followinq procurement
cost goal information:

a. The amount of funds that the procuring agency has
allocated for the items (if available,.

b. Value/cost goal established in step 1.

c. Appraisal of competitors based on cost of aimilar
items,

d. Self-4ppraisal, based on in-houme technical capability.
This cost goal, at most, should be the least of the anticipAtee
costs in a, b, c, or d, above.

5. 2.2. 3 te~ - Va1u2ZC(at Gc Ai t -awn
Value,/coot goals ars prorated to item elements, based 0Te•
conti-butions to item cost, Ther qoa.ls are eetabliahwd as
follows:

a. rrom Step 2. the total of the it.em, value/coot goal
(T) I.s established.
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b. The allocated value/cost of an item element is eso-
tablished from

T1 =kc, (48)

und

T-T,+T, +...+T 1 +...T.

TI - ailocated cost goal cf th~e item/tAsk,

Ct - xperiencect cost I-,t a similar it~um/task,

and k ini establ'Ashed from kx- 1P

1.2.2A4 J~~ vj The allocated va1ue/cost goals are
re-viewed at pre-determined mionitor v~oint3 on an item basis.
Tradeoffs an/or reallocation of v~ilue/cog' qoale between
equippent Pac~cages are performed where re,4!ired. At aill t~iMes

the value/cost goal is revieid with respect to total expected
recur-ing and non-recurring costA.

5.2~.2.5 Value hkioctiqr Reie TehiteE rer
The~ re aYrefnaetNireas o~f t-rAdeof f oper to a
potential contractor in -I cor.i-etitive blddinq stt~atior.. The
areas jn~oive both re-curring and nonv-recu.rring costs:

SEqr~e n ýOstfi

b. ftr~ication coat*$

C. Sa;pport -.-id ope~ration ot

E-5ixr1!Vi thAt the total c'ost picturr is 'vin4 -v~lu-te tI n -i

C.<) ft -ho diwscipiiner of Qc-i,4i,. *~~~c,~nd pr~x~eokrvlr
nlo** Activities, ý,lated ox, an item b aSIMTh
funtionsa of thte VA11.1p K ---ztt3iP review- te.v.hni-7 a o

A una~~t. ~ctz~ ~~xn max~ngj the x-.iq'

like, -nv bn urtt3 t,ý ,L -'rAl in thp pa&st '~it aly.i.-nj
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ieqrow• of Pwcc¢ss, but all lacking in consistency, The major
difficulty in va3ue achievement at least cost lies in the
desiqner's lack ot %nowledge of manufacturing and aupport cost.
Thnis, whereas the designer may qgito adsquately estimate the
cost in t.ma of labor hours for his effort to produce a design
to meet rwqpirmento, he is most frequently at a cceplete loss
to estimate the cost inplicationa of Aanufascturo. Covawrsely,
the productiar eigizner is in th, esna situation with respect
to design corts. It is only thrauqh coordination of the engi-,
nearing discipline.' thit neceasary cost can~ciootiioew can be
achieved.

5.2.2.6 V• • - Va allocation review
technique Ay 1i co r as an iterative procedure involving
the fcw1ing routine:

a. Establish trwe C--stem value/cost. go,4

b. Allocate vxtlue/cost goals to items comrising the
system.

c,. Perform tradeoffs to achieve value/cost goals.

d. Analyze variation from value/cost goals ut item levels.

* .aliocate valw/cost var.ance funds among ite. to
ensure achieving the syst#m value/co.t goals.

f. Tft Whe sensitivity of tthc initial value cost system
goal by rywtematically reducirg the cost goal it (a),
and repeatzng steps (b) througth (e) , u'nti the Value
goal is unachievableo.

9- Dav•op bid cost.

h. Popeat stopa 1c) thrcouqh 't) at each s chhdu.ed Tnnitor
point v•t the it-em loe..

A -'14L. am49

(49)

I
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Looking at the dynamic situation, it can bq said that

(50)

•Reurinq 2aowt related to non-acu.rrnq coat, - The recurring
and non-recurring costs are idertif-&4 and re.,ar.ed to costs of
acquisition and support as follom.

T - A +A +St +S (SA)

where

A - xtn-recurring costs of acquisition,

A - recurring costs of acquisition,

S = non-r4curring cotst of support,

S = recurring costs of support,

and

A -Mc
aI

A -7",c

ES -Fc and

S =7ý-

where.

c•_on--rec :u-rit av cnto o f &zqui. ition off ttm (i) ,

c• non-rocurl-ilnq ctof support of£ item &:A-•m
. 1 " ]-v

m

C. r non-r~riri cost~ of &IA -itac !f I,.

_x a oru:i r~' f upr - tm(7 ~

roc~-~ ~t~f ~ o ~66)

4 s~rtv ~-t~ ~- - ie~~j



Let Ac , with the appropriate subecripts, designate a change

in the costs as a result ox. tne following:

a. TTa41eoff between deeiqn 4nd fabrication.

b. •esign alternative selection.

C. Design/support alternative selection,

The eVprase.-Žn Xc change in total cost of an item (ii becomes

MAC +c_ +Ac_ 1 +tiQ_ • (52)

To obtain the break-even cost, let

Act -t0

rearrange the ter•is

(At +Ac-IJ ) + (Act +Act :0

&nd aumxing results in

MAC +F- )+C +'VC. )=0

The above exprsssion means that for eve'-y increase in non-
xacurring cost, there must be ar, e:. valent decrease in re.-
curring cosr, in order not d;o cLhange the total cost.

glat d to cost epaded - ht any point in
the prograt 4 elopnt, e ost conitrol is concerned with two

a. Ext!Mats-to-g (C , nd

The allocatd valueicost to the item/task packagle (i) shou)A

*&tisfy the condition

%7I

"t ....



C>c-ct 6+c "

and T-Zc -1,c,, -ct -. (53)

and ujing the equations developed previously

T +A + •,A 4A +S + +S54)

and
(TA)=A,+LAN )+ OLS +&% ) + .+( - ) (55)

where

An g =Acquisition, non-recurring cost-to-go.

-Support, recurring, amount expended.

Proposal Phase - The proposal evaluation toward the value goal
is made on an estimate-to-go basis as followsz

T=A +A +S +S (56)
DI ?'6 •E ra

if T4, +A +S +S (57)

Submit the goal to sensitivity analysis, aad if

T<A +A *V+ (58)
rg - Z rg

tradeoffs hiust be performed to achieve the cost goal. :f the
goal cannot be achieved, the feasibility of the bid m.ust be
evaluated.

Contract performance Phase - At each succeeding cost monitor
point in the program, expeuditures 4nd estimates-to-go must be
established for each item/task. by task,/packag',, these gs-i-
mates are summed and compared with the tarqet cost goal for
th&t task packag*. Where the cost-to-go i. exceedd• t:iadaoff*
are required between non-re,'urring and recurring cost, tc rmeot
the target cost goal for that task. iW}exe tradeoffa fl~il to
achieve the cost target goal, variance funds from other task/
packages zre ?:eallocated to ensure t!iaL the overall targ-t
cost goal will ba met.

K- _____________



The basic criteria for selection of candidates* for valur Im-
provement ate easentially the name as those used in establish-
ing the value/cost goal allocation. These criteria are:

a. Similaritly of item/task to previous valuo/cost
performance records.

b. Identifiable risk involved in achievinq the value/

cost allocated goal

c. Difference from the allocated value/cost goal.

It should be noted that criteria (a) and (b) are in fact com-
ponents of the valthe/cost goal allocation which may be estab-
lished by the buyer or seller. Tnuv, the key to selection of
potential valus/cost improvement rests in the analyuis of thm
differences from the value/coat goal allocation.

From the defined objective statement.. the zata of return per
unit resource cost can be establiahed. The cost differonce
for the value/cost qoal allocation are given as followsa

A t 6 .1-a ,iI-r4 +4,c _ +AV. _ I ,P (591,

This expresuion may be either positive or negative. Where a
positive difference exismt, the iten/taak Ui) becomes a target
for valuv/ccat improvement. If these ite/tasks are -:anked
by order of posit3ve coat diffeo.cce, itqm/tamk preference
listings art obtaired. If constraints exi ., the resources
mast be expended in such a way that the const.-.ints a,*s not

At any point in th* program, coat variince iN obtained from
the monitored eprmssion for the equipment/teask package (i),i.e.,

-Ac, :,AA +AA +AA +,),A A(60)

nnot. an the sul-ctve applica- y

tion of Valuo Arlysis,



Figure 8 illustrates the tabular format for reviewing, *valua-
tion, and reallocation of project funds.

Figure 9 illustrates a charting technique for monitoring cost
with respect to the system target goal Variation about the
system cost goal can be anticipated as the program progresses,
but convergence to a system cost below the target goal can be
anticipated. For purposes of comparivon, the progress of a
typical program with value analysis, as it has been practiced,
is shown in a dashed line.

5.3 Selective Applic~tion of Value EnQineering

5.3.1 General -T'ypically, engineering results are constrained
by several specific resource costs. These are as follows:

a. Time - Measured in terrs of a scheduled delivery of
an item/task.

b. M,'ney - Measured in terms of dollars romaining to
complete the program cn schedule.

c. Skill - Measured ir. terms of personne) availability
and associated capability to perform tasks remaining
oa the prograir schedule.

These constraints axe not independent and are, in fact, continu-
ously trade.d-off in a dynamic rerearch, development, and pro-
duction program.

5.3.2 2ticqtivn -A basic objective of value analysis is to
marshadl the availabl.ý resources, which are time, money, and
skill, and to direct these resonrces in achieving a maximiun
return rate in value per unit rbsource cost invested. This
object. .ve iz beset with the problem of dimensionality, in that
resource c-sts involve days, dollars, and people. As a neTessity,
these Zeiources mu3t b.e traded continuously, and this trading
wil4 depond upon the specs fic p'ogxar requirements.

5.3.3 Crt 1 f s_.nlectiva apjlicatiLn f valu analy ss -
The 'Cindamental consideration- of value return par unit reeource
cost shov.c,. i.n all instances, be directed to totai expectad
cost, ' e., re'u'rring- q and nnn-ren currinq cstu for engineering,
produztion., and support/operistizýn.
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The cost variance of the equipment/task package (i) in the
algebraic sum of the cost differences.

5.3.4 Total expected cost variation analysis - The techni-
que developed above is based on analysis or tae variation in
total bxpected cost. Two general constraints are involved,
systcm value parameters (it is assumed that all feasible al-
ternatives satisfy), and acquitition cost goal. Because this
cost goal acts as a constraint, the question arises: How is
it possible to achieve a minimum total expected cost? A
further complication is that the technique does not require
eutablishment of total expected support costs.

The rationalewhich permits these problems to be avoided is:
The allocated value/cost goal on the initial iteration acts
as a constraint, that is to say alternzatives which satisfy
the acquisition value/cost goal are aystematically evaluated
to establish a least support cost , based on suppi-rt cost differ-
ences between alternatives. Secondly, the value/cost goal
should be varied. This permits evaluation of these questions:

(1) will an increased acquisition cost produce an off-
setting support cost difference to justify the
increased expenditure?

(2) Will a decreased acquisition cost be offset by an
increased suppoxt cost?

If the answer is "ye3" to either of these questions, the
initial *,alue/cost goal is near optimum. If the answer is
negative, alternate proposals should be submitti'

5.3.5 Summary - The value allocation review technique consti-
tutes complete revision of the existing dproach to value
analysis. Excessive costs must be initially avoided at the
proposal phase to achieve value optimization. The approacuh is
direct, in that it recognizes the compet: tive ervironment in
which the buyer and sellers exist, and is directed to the causes
ir.volved in the generation of excnssive cost (lack of control).
Cost accountability, being established on an item/task total
cost basis, forces cost cf.nmciousness upon the deaign, fabrica-
tion, and procurerient functions as a team, and pei.•mits tradeo.fs
to be made with eiccessive co&t areas.

Although emphasis has been placed on The Government partici-
pation in esta")llsbmnt of cost goal&. and upon a comp~etitiveenvironment, the technique is equally applicable to situations

which do not contain these el:ments.
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The value allocatiLon review technique is directed to the
achivement oft

a. Compatibility with the coqetitive environxant,
with the net effect of sharpening competition
wbile narrowing the field of competitors.

b. Coam~tibility wif.h stan'arL r'L ivity net iork analy-
sis inccaes the overall Amslitness of achieving
accurat* cost performance ectimxtesJ

c. The technique anhances contractor operations as
follous

(1) Requires esnentially no additional nwaqeaent
effort.

(2) Permits relf-appxaisa2. by pwctential bidder.

(3) Permits establishmett of cost control mecnanism
and control levels for aul)osquent Program
phases.

(4) rrovides criteria for directing and selecting
vendor products and cost goals.

(5) Lessens the tendency towards redundant costs
in a proposal.

d. The tachnique also crettes valte/cost awareness, •a it

(1) Forces cost awarenesv an7 accountability on
dasign/manufacturing enginset ing.

(2) Forces tradeoff amonc encjineering, manuftctur-
ing, 5Y, support cm,- ; (tradeoff betWe6,i non-
recurring and recurring costs).

7.4

††.......C..... [ -*........



6. THE DECISION FWJIfR)IMNT

6.1 Genreral

This sect ion pL'ements the funrdamawntal czncepts, the woexima
defi1 'itions for the value met~hodologys and tCho progr~am time
frame in Wh'ich value 6aiayria. m~ust be parformed. ?'or t~he pur-~
pose of this study, value egin~raeinq it conmidered to be that
dihcipl.ine concerne~d 'with analy'ý is of '.iow ayst*en and equipment
are related., wvhereas s~ystem engL,.eerinq7 is d.~racted to analysis

of thte relatinxship between the mission of the system. Thus.
as the systems effectiveness anvA yst is m-latetd to the system

engineer, so is the value znalyst related to the design engineer.
Pictorl'ally, this velationtehip is a)-own in figure 10.

The elements co-tmvn !:etweeii s- -atca, e~fectivenees and as~'tem
vaiue itre the halassf..fz- to implemont the systemi and the
related, support &aperts,, A14it~ionalilr, t~he .interfacte of systwe
effectivenesas an~d system v~usrevnivepR abouit the method of

implemr..t~in the funct ion. Tn general., this will involve hard -
ware, but way relate to processes, achadules, and the like-
or par~fomannu:e

63.1,.1 i~vffiiitioni4 tik triy other predict iorn/measurement tool,
vals cTnerin ~ he pi '.Ccated on za-i axr-iomatic "t of

asjuupt.4ona., c:in a-9 re~ii6tC&1lY as possJble the qround
rules of the kalLn. ~ ue, for the present zurpose, is ap-
propriately vieied :41 the~ týtI~ity of a propo!3ed sya:4tr~ - equip~-
i-writ to the u.ser ,ve~asured ý.r terms ot monet~arv ;ae f an ac--
chiev~ai ob-ect.ve., -e,'eenc eqaiation 2, page 9, se-,-ion 2.2.2).
Whu-~re the. &;b1ectxve ajnd ILts value are apecified a-A., A'ix,%d, the
zviative valj ic an alterna't~ve system can he dlocribed in terms
of. its capability for a~iievemient of the obj.1 ctj.veg ý?or Military
systemb, thics !Apaisility ix quantifiable in , 'eruiz !:. Prforr'nan#--e

mavur~tes of the syxvtem J :ility for its &ntiafpatA iss.ion

TIq2 term~ 'Iabitztiv.e" mv W, considere~d syr~onyrio'ue with.1 the tcz-1u
lise AII~ 4fal iue efgineerirng Ir~w

Val tte f .Onlywim- ids a ail nti t afý`s t0 and aye- teuadtic I
xiethod, di±ra(.-.m tv:o t~te i!ivmeunt. of sycifi-I perforirance

~~4eqIi&.AL or oi. eater than' some pre-A&esigned value at
mi~nimium isc~' s.;pWýndit~uro. The termn tayst-ewp iri used in
thi~s roport, A. ac-r~ ciiv&Ale objeýAivo "~c~-fied i-, terms oZ

~ex:i~~e ra~t~s, ~- int. ii~rdwarf,
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6.1.2.1 System value parameters - In general, there are two
types of system value parameters. These are shown in table 7.
The basic value parameters are:

a. Design value parameters - These parameters establish
the design requirements imposed on the system. The
capability parameter is defined in terms of mission
requirements. Each proposed design alternative may
be predicted with respect to satisfying the parameter
numeric. Generally this would be acccmplished using
modeling techniques. Demonstration testing may be
conducted to ensure satisfaction of the parpmieter
numeric, with the exception of the survivability and
safety parameters, for which it may not be feasible.

b. Operational value parameters - These parameters describe
the use value of the system.

The design and use value parameters constitute the total value
to the Government. Specific numerical 3escription of each design
and use value parameter is to be provided by the Government.

Value parameters, as previously defined, satisfy quantitative
requirements, prediction, and demonstration requirements, and,
as importantly, they represent utility of the system to the
Government in terms of achieving an objective(s).

6,1.1.2 System utilimation rates - The value of the system ie
related to the cost of the system through utilization rates
(See table 5). The prime utilizat.ion rate is the operiational.
rate, viz., how much is something uaied. All other rates are
either part of the operational rate (training rate) or deriv-
atives of it (maintenance rates).

6.1.1.3 Dependent variables - The system utilization rates,
operating on design and operation value parameters, combine to
determine both acquisition and support cost. Thus, for a well
defined Gystem design configuration (design and operational
value parameters specified along with hardware implementation),
the total. expected cost of acquisition and support may be efti-
mated, 'using the system utilization rates. The system &ttili-
zation rates are intimately related to how; the system value
objective is achieved, namoly, hardware alternaties. 1nhese
alternatives are, in turn, related to basic cost ;nputc of
acquisition and support.
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6.1.2 Inforimtior. Aeque.cy - At any point in the system develop.-
man". cycle~, the information upon which deciejons are based is in
the form of estinzates. Greater detail and accuracy may be ob-
tained, but only at the expense of time and cost and, perhaps,
national safoty. To assure opti.,iality, information accuracy
sufficient to ensure that one alternative is superior tQ an~othe~r
is all that is required.

From the defini-tion of value, arl its relation to tetal expected
cost, it is apparent that system value can be predicted only
with the same degree o.l accuracy as the basic value parameters.
Recognizing that real difference in total expected cost is the
principal criterion, infý--mation sufficicnt to ensure that one
alternative is superior to another is also sufficient- to assure
that the minimum cost c3.)al can be achiesve.-I. This part.4cular
feature is singularly signiiicant, in that as the hardware -'on-
figuration becomes more defined, variations in cost estimatiý,nsI
for acquisition -and support decrease.. Further, for the purposes
of compa:ing alternatives, the points of differences between
alterna-tives may be sing.led out and, if necf-ssary. greater
deta... informatioa acquired.

in qene:'nl, mcquisition costs are best provided by the con-
tractor, sin~ce this is the source of alternatives and basic
cost inputs. In order to project operation and support cost as
a function of design alternatives, thc USAF must be the sourcLe
of operational parameters and npecified cost constants. The
systent utilization rates will be a j>int responsibility. The
util~za1-isr rates are a primary target for sensit~ivity analysis.

The prospec:t.Lve contractor must compare alternatives and per-
form tradeoffs to assure proposing the least cost configurat;.on
meeting value recquiremients from. the alternatives available -to
him. Eva l'zat ion of each p:coposed configuration in comparisc-n
with -hose of different prospecItive contractors is feasible
only by the Governmient.

it is necessary from both the viewpoints of Government and ---he
contra-,-.or that a common me.-hod of analysis be used for com-~
paribon of alternatives by the contractor and by the Govern.-

"tThis is enco-Qraged by the %31vernment, in advising that
propcisala wiiV.f'A be evmlua~ted by the -technique dnscribed in thnis
report, and recomrimerding that prospective conti~ctors -use the
@ame . method to evaluate their ltriave.Furtiipr encouurage-
awnt is prov~ded w.I-Lh the -K-qurirement that the contraictor pro-
vtde value and cost da-ta ir, formiAt. rep-,ired by t~he Governme~nt
for ~oua~snP.-rporles. The prospective contractor will1 be

79



required to provide estimated acquisition costs and support
parameter values, to serve as bases for aupport cost difference
between alterniatives of different contractors. The resulting
contract will incorporate as requiremente those cost Lnd
performance parameters upon which the decision was based.

6.1.3 Value Analysis in the Continuious Time Domain - The basic
requirements of the mathematical modei or analysis technique
are that it be capable of application in the time frame in which
tthe problem exists and, additionally, that it be capable of
utilizing information of limited accuracy. The refinement
(closeness of fit) of the model should be predicated upon exact-
ness of the information processed.

Throughout the conceptual phases of system development, decisions
ar- made sequentially with increasingly more accurate estimates
o- system performance and cost. In spite of the relatively
inaccurate information available in the earlier stages, decisions
still must be made concerning alternatives, and to ensure that
the proper alternative is selected, the methodology of process-
ing available information must permit finding quantitative
differences between alternatives.

Figure 11(a) depicts the broad cause-and-effect relationships
that in actual practice develop into a chain of events that
terminates in a deployed and operational aystem. The important
features are:

a. La time progresses, the alternatives available for
subsequent phases become increasingly constrained.

b. ;;hanges in concept at any phase can be reflected in
terms of resource cost in subsequent phases.

c. Input (requirements) at any phase may be categorically
related to previous decisions, or shown to be relatively
independent.

Figure 11(b) depiko's the same phases with feedback provision.
This feedback is simulated in that alternatives at any phase
are extrapolated into the terminal phases of the system life
cycle. The value advnntagen afforded by simulated feedback
are:

a. It minimizes constraining requirements on subsequent
phases withouqt tested, long-range effects.

80
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b. It p~xmits relative evaluiation of alternatives

c. It permits sensitivity analysis to be performed. This
type of analysis takes the following forms:

1. Determination of importance to non-importance of adecinion.

2. Determination of effect, if a change is necensitated
in a subsequent phase of life cycle.

3. Pointup of areas of high cost sensitivity.

Figure 12 provides a detaile4 picture of the system program
phasing. Opportunity for change exists at every phase and at
every level of system development.

"kMany' alternatives -ill involve relatively simple decisions,
whereas others may be more complex. The simpler evaluations
will generally involve only acquisition cost, there being no
essential difference in value parameters, or alternately, only
difference in support cost. Another aspect which characterizes
these simpler evaluations will be the independence of subsequent
decisions involving the system. However, in general, particularly
of the more important decisions, the sequential ampect of the
decisions will predominate. The question quite ncturally arises
of the feakibility of being able to completely define a partic-
ular confiqtration during a preceding system conceptual phase.
The practical aspects of this question are available time, cost, /
and information adequacy. It should be recognized that as the
hardware becomes more defined, decisions involving changes or
modifications become relatively less important than the decisions
made at a previous stage. Further, only sufficient information
is required to ensure that tho best of the feasible alternatives
are eaiecta4, thus, information is required only sufficient to
ensure dominance of one alternative over another.

6.1.4 Method of lication - It is important to recognize
that equa tonsiare not likely to be developed which extrapolate
design valse paramoters in conjunrtion with operational value
psr~ta. rs into exact support coati. However, from the viev-
point Cf value analysis, it is not necessary to hav3 such com-
prehensive oqu~ttonw, What is necessary is the ability to
evalual:e altcrnativea via cost/performance differences.
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The cost methodology aspect of value analysis is of primary
significance, since any required sophistication and/or infor-
mation and documentation may offset advantages offered by t'•.
technique.

The primary advantage of the proposed approach is that it per-
mits individual contractors to use their own cost accounting
systems. The only requirement is the ability to differentiate
between alternatives as measured by acquisition and support cost.

6.2 Value and Cost Anliy

The method of analysis is batsed on the ,sequential decision
processes, charac.,erized by a logical sequence of events. Tha
events a:. oi thi:ei types:

a. Feasibla alternatives.

b. Chanca events.

c. Program schadule.

The approach is commonly treated in literature as a decision
tree.

Thin sequential decision approach is analogous to dynamic
programming, in that altern-tives which possess -th contin-
gency events and suhalft..natives are evaluated, using a
backward eveluation process. This feature permits signifi-
cant coeputational r*duction, which otherwize could render
the technique infeasible.

Each sequence in the decision tree may be considered a strategy.
Associated with each strategy is a resource cost. The optimum
resource cost is found by successively evaluating each alterna-
tive in th. backward genre. At each coimon branch point,
rolling backward, the most costly alternative in climinated.

6.2.1 The Decision Tree - The technique to be employed is
most easily grasped using the deciuion tree diagram. This Is
shown in figure 13. The circled (o) untrits -e-resent feasible
alternatives and the boxed LZ entries represent chance
events, Associated wvith each chance event is an estimated
probability of occurrtnce ( P ... RegarJless of the speci-tic sequence chosen, each of-ence results in a terminal event
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(Till ".) which, in this case, represents a complete definition
of a proposed configuration of the system, complete with the
cost (c) of the alternative. The sequential decision tree may
be considered the sequence of increas:ing definition of the sys-,
tern design, the branches representing alternate approaches at
successively greater leels of system definition.

6.2.2 Evaluation of Alternates - The first step in the evalu3tion
process-is the establishment of feasibility. Specifically, two
types of constraints must be met,, These are, from the value func-
tion of paragraph 2,2.5:

a. t. <to

t,= time required to implement the strategy.

allowable time limit.

t. E <EQ

E = value of effectiveness function.

Eo= minimum. required value of effectiveness fimctiono

Here (ti) may be established using an activity network techni-
que and (E) is establishec using either the standard prediction
techniques (reliability, maintainability, etc.) or a prediction
model specifically developed for the specific Eystem parameter.

The second step in the prvess (having eliminated those alterna-
tives which do not satisfy either or both constraints above) is
the estimationof the total resource cost. This may be accom-
plished using the individual contractor cost acconting or ac-
tivity network techniques. Starting from the terminal pointa
in figure A3 , the more czostly alternatives ire eliminated. Note
that an alternative is costed from the terminal point to the

highest level of asstmbly (to AO, if necessary) at which the
decision has a significant cost inplication. This procedure is
reiterated until only one alternative remains. The degree of
accuracy involved in the costing analysis should be guided,
as necessary , to demonstrate that one alternative is superior
to the other.

As an example (Figurt 13), consider alternatives A16. &Yd AQ92,
defined ao the decision to r~pair or discard at the moduic
level of assembly in the event of failure. No dexsicgn impiica-
tions are involved in the dcinsion. The cost difference it, in

66



costs fot mparan, personnel, etc., for repair or replacement
of modules. In this example, no additional coot iifference
is reflect,,sd irnto the higher assembly level (ka), or higher,
and theref% re only the coot difference at module level need
be considerod ±or the decisJ.on. Other alternatives may require
consideration of cost differences at multiple levels of assem-
bly.

6.2.3 Concept of Cost Analysis, Input4,d Cost anO Risk Cost
,,alysi-D- lu-analysis p::olenv a•-e utima 4 =e3 bi.e
to-It~i-e oll owing simple alaacing problem:

Lot (ce) designate :he cost of analysis,

(c 1 ) designate the cost to i.plement the recommended al-
ternatives, and

(c.) designate the anticipated total expected cost liiffer-
ential.

The, (c +cI <n), if value analysis Is to be a paying proposition.

Imputd cost -Let (p) desigqiate the probability that the sys-
terd Il perfoxn, as designed, over the expected lite of the
system.

Let (Ap) designate an incremental increase in the perfcrmance
of the system as d result of acceptance ot a denign/support
alternative, and let (Ac) designate the incre-ntal zost of
implementing the design/support alternative.

The expected return from the inveitment of the resource cost (c.
must be at least

yAp-A o60r

Ap '(1

where (v) now iA the ir4puted resource coot saved if the alt.-!roa-
is accepted (incorporated).

Risk - The concept oK r'iAk is always asgocilated with a pr xriri
in stme form, These risks will us'%)ally fall into the fcrljowinq
categori esz
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Scheduled Completion (Time)
Technlcal Feasibility f.Performance,!
Budget (Cast#

Unfortunately, a problem in one area tends to create excesses
in another.

Where uncertainty is involved in a particular strategy, the
following appioach is suggested:

a. Asrume that a particular course of action will be
taken and evaluate it in relation to alternatives.

b. If the return in cost savings for the ri3k alternative
6xceeds other altearatives, the fnlowirjy -cases ?rise-

(1) The expected savings usiiig the cost risk strategy
should at least offset the addition of expected cost oxpendi-
ture if the risk strategy fails.

(2) Additionally, further investment may be made to
gain adequate information and reduce or eliminate the risk.

Perhaps the best means of coping with this aspect of a prog:ram
is an activity network which lays the program out with respect
to time sequoencing and cost. This appreoach a~so permits analysis
of the effects of potential errors.

The question of technical feasibility can be handled similarly:

Let (p) designate the probability that a specific element in the
tech•ical approach (alternative 1) is feasible, and

Le.t (q) designate the probability that an acceptable but less
desirable approach (alternative 2) is necessary.

The probabiiity that the ,iecond ?pprooch will be required is

< (pI-p).

Let A,- coat of implementlng alternative i, if feasible,

Vy cost of determining fesibil.lty of alternative 1, and

a - cost of inplementing alternative 2.
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The total expected cost becrjmes:

The break-even point is established by setting TEC-O.

Thini riok analysis may be subjected to scýedule timelineas analy-
sis using an extended concept of an activitl network, as shown
in the following diagram:

e 3

el ea e
Start o C ,omplete

e.

where (el) designates an event, and (t1,) designates time from
e, to e,.

The expected time schedule is given by

T 3t2+PJ ta 3 + ( ) (63)

Thue, this svb-network may be readily incorporated in a major
program activity network.

"The concept of total expected cost hao broad implication and
is an effective medium, when properly extzrcised. Numerous
enigmatic problems, in principle at least, become readily re-
solved.

Given two alternatives, (a) and (b), suppose alternative (b) is
in a position to utilize certain equipmernt, facilities, etc.,
which already exist. Suppose also, that were it not for these
seeming advanfaqes, alternative (a) would be superior. The
question now irises to whether alternative (b) should be
charged t.e cost laitikily incurred (or existinq worthr) of tho
presently unutilized or underutilized equip-mnt, facilities, &:c.
Two uc]ool3 of thought exist on this question-
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a. Charges should be invoked on alternative (b) because,
sabsequently, a demand for the presently unused/
underutilized facilities may be made, which will force
a new acquisition.

b. C.,3rqes should not be invoked because the inre.tment
heo already been uade, and the facilities, etc., are
unused.

In the limiting form, both positions above are valid where cer-
tainty is involved, .naaly, it will be deumaned in the future or
it will not be demanded in the future. Wtat is :].eaxly re-
quirad is a look at the expected cost, which includes expected
future use of the available facilitles, and the like. Accord-
in-ly, estimate the likelihood of the facilities being otherwise
in demand, and, in fact, cost-analyze the alternatives. i-gxcally,
this is structured as follows:

Let c= Cost of alternative (a).

Cbe= Cost of alternative. (b), if unused facilities,
etc., are not charged.

Act= incurred incremental cost of alternative (b),
if facilities are used and a subsequent do-
n and is made.

p = _obability that a demaý,d will be made o for.
unusea facilities, etc.

The expected coat of alternative (b) becomes

E(c) =c ,+p-Ac (64)

and Ac =c -Etc ). (65)

Incremental analysis (differences in cost between altrr-avives)
can result in poor decision making, if the concept of difierences
in total expected cost is violated. Examles of thi abot..AJr"e.c- chatige of outuile purchase services to in-houae servicts,

based on no innodiate additional z euuiremmnt~s in fixed con'trm
ovever, when vxpan.sion is required, the previous decision

proves to ba a poor choice. This comes about duc to inadecuette
pl ann in.n

What is roqA.ired to mnis.ra proper decision making is projic-ion
* f the feasible alternatives, i.e.. the decisicn tree approach,
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ad~aquataly treating expected events and predice~ticon of the
analysis oil the sought-after objective (total expacted cost,
total expected profit, etc). It is standard practice in
industry to develop (plan) marketing, ma'icets, on a monthly,
quarterly, and annual basiv. Gene.rally, five-year plans are
developed on an annual basis. This is done to provide adequate
short-and-lona*-range planning information, to permilL analysis
in terms of differences in total expected profits.

The cost Yaethod used herein for general analysis avoids con-
sideration of interest. This position has been taken for
t'-io follooring reasons:

a. interest is charged on ;tll coummodities ar. the same
rate. Thus, individual commodity interest need not
be computed.

b. The minimium coat- point is uniaffected by the applicai-
tion of interest costu.

c. The method of the analysis is restricted to estab-
l ishment of total expected variable cost, and the
goal is the establishment of the best support and
acquisition policy.

The interch' paid on the funds is not related to how the funds
are sp-ent,. The value of the funds, as measured by an~ alter~-
nate meana of investment, e.g., reduction of national debt,
has alrea~ly been established by the requirement for a systein
having specified perform~ance requiremsnts.

The cost analysis method devw3l..ped does not use proration ao a
device to qseign costs, but, instead, is predicated on demon-
strable difference in cost as at result of chorising a design/
support alterna-ý ite.

T~cFederal Budget in largely paid cff each year by means of
taxes, thereifore, not mocre tharn one year's Interest abonld be

c~.gableto system costs. Be-cause of the means of acquisi-
tion~ of the funds. no difference in interest period should be

ch~rgeablt to capit-al o~ltlay. or operation and ma3intenance
COSLA. 'Tbus, if the alternative selection criteria included
appA-11iat-ion oil 1!Eu cycle intereat (or anything near it) to-
capital outlay, greater future federal budgets wculd be re-
quirii-. T1he critiria would tend to saleCt systiems %iith lower
acquisit ion colte and hijq'he oparation/fThairl ternance osti

wh ,becsau1 Ot t-ýa annual nature of money acquisition, would
roquira lar-;:r t~otal expenlitures.



7. TECHNIQUE VALIDITY, ACCURACY, AND SOURCES OF ERROR,

Technique Structure: The technique structure rests on coat diff-
erences as opposed to prediction of total cost. It is dedired
that the technique deal with quantifiable variablee and demon-
strate differences in approaches (alternatives).

This method of cost analysis obviates certain subtleties which
would otherwise be encountered if total expected costa w•re
used rather than total expected cost differences ;

P. Accounting for shared utilities, facilities, personnel,
etc•, wherever the difference may arise

b. Specifically, it mtuy be impractical to determine the
total ax2.cted -!out implicatiun of a design alterna-
tive.

c. Since ori.y those cost factors are analyzed which
possess differences between alternatives, sufficient
attention can be applied to the significant factors
to minimize the effect of error upon a decisior.

Znmortant to this concept is the fact that tha coat charged to
the Government for an item is its real cost. The fundamental
concern relative to the technique structure is whether it permits
evaluation of alternativeo which possess diff!erences in cost to
the government. The validation of these characteristics of the
technique structure does not rest on the ability to predict cost,
but on ability to pdJict cost differences with sufficient accur-
acy to permit decisio:-making. Consider the following:

Vendor A quotes x dollars to a contractor for an item. Ver.o: B
quotes y to the contractor (y<x). The contractor is unconcerned
with the internal processes --lich generateo the costs x and y,
If the item is to be incorporated as a part of an end product,
this Wfferenca in cost may be passeu or to the Government by the
contractor. A real case in coint is the TFX decision, which was
hastd on the cost differer.ct implied through coamnnality of dt-
sign. It is to be noted that the manufacturers'cost proposals
were on a CPFF basis, ar could be expected to have considerable
potential for variance, out the cost difference implie.o by thc
designs was valid.

For a techniauu, procedu'.e, or mathematical model to be uceful, it
must provid-a &cceptable lavels of validity reliab~lity, cd
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economy in application.

The technique developed in the previous sections has two aspects
of validity; these are described by the following cqestions:

a. Does the technique permit va~.id cost/performance
decisions?

b. Does the tecbnique permit valid decision making without
making detailed cost comparison between predicted and
incurred cost.

The major objective of the techn.iqxe Js cet •id~ce. in then
contra-t , fx=Cd s.iI have buiz committed and the key to
cost avcid~nce %,,ill be through modifications of initially pro-
posed hardware/softwarc/operations/support designs. To ensure
cost avoidance, it is mandatoey that incentives exist for con-
tractors to make modifications in the initially proposed design.

The proposed value methodology permits individual contractors to
submit proposals based on least total expected cost, and pro-
vides the U. S. Air Force a means of evaluating the indi ,idual
contractor proposals relative to each other and thus, of estab-
lishing a least total expected cost decision.

The va.l'idity of this approach rests on two assumptions:

a. The winning contrector Is committed to deliver the end
product consistent with contractual constraints.

b. The Government evaluation is performed using the pro-
posed methodology, and the contract is monitored on
the basis recommended.

For contractor cost, the model possesses prima facie validity in
that decisions are based directly on known or estimated cost
differences existing at the time of the decision. The validity of
the technique depends upoxn only the thoroughness of analysis of
the technique users. This amounts to seeking out significant
differences betweer alternativen which can affect a decision.

Thle position taken in this report is that detail cost accuracy can
be obtained, but at the expense of program time an-. funds to sus-
tain the cost investigation in greater detail.
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More importantly, it is stressed that cost comparisons of alter-
natives should be evaluated only to the point that a condition
of dominance of one alternative over the other is established.
This is patently important to achieve economy of application
in both timeliness and funds expended.

Cost predictaYbility *alls into two general categor'les. Some
costs cwn be estimatLd directly, and the estimates control actual
spending. In these cases, t'a predictions become self-fulfilling.
The acceptance of a proposed aIternative from the design team by
the fabrication and procurevent personnel actually constitutes
the validity of the cost estimation procedure. The process in-
volved can be considered much the same aa buying on the open mar-
ket.

Ihe manufacturing people are charged with the responsibility of
producing hardware at a specified budget which is established
on a basis of what is to be dcne. If a proposed hardware alter-
native is postulated by deaign and procurement is to be implemen-
table at a specified cost, this must be demonstrated to manufac-
turing, or manufacturing will not assiune the financial responsibility.
ManuZacturing cost now becomes largely self-fulfilling. Similary,
procurement is part of the check and balance ','ich ensures
validity of cost eRtimates by obtaining cost data/quotee from
vendors to ensure that material costs are compatible with design
and rzufacturing estimates. Other costs must be estimated,
usirng cost projection techniques. These latter costm are sub-
ject to error because:

a. Many ccsta are of a recurring nature, and significant
changes in commodity price come a)out with the passage
of time.

b. The method of incurring cost in the support and/or
operational phase may not, in fact, igree with the
supposed method using cost projection equations.

c. The rate of obsolescence L ̀  an item may be influenced
by state-of-&rt improvemen,! alho different deploy-
ment schewes may 'ehtlop, -ich will affect the opera-
tional poaturo and support structure.

For the case of the recurring support cost prediction, the pro-
blem must be squarely faced; a value/cost decision :iaxt be made,
and selectioi of the best value/cost alternative i& dasiredd. In
general, analysis via dominance will usually be rsquirod: and this
condition iA best teuted by analysis of error nources relevant
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to the particular alternatives being evaluated.

For particular decisions, specific detailed cost models may be
required (as an example, see appendix VII), but this feature will
not invalidate the general methodology. Were the expected cost
error exceeds the difference between alternatives, more refined
esitimates may be required, depending upon the importance of the
decision,

General sources of error are developed and examined in t'he
sections which follow. There are two major characteristics of the
proposed difference antlysis which provide an intuitive valida-
tion of this approach. These are:

a. Where srrora are involved in the operational factors,
the errors will generally be in the same direction
for the alterrnatives being evaluated, e.g.. failure
rate, expected lifetime.

b. The aggregate error within an alternative will be less
than the absolute sum of errors because errors will
tend to cancel.

Specific Error Sources.

Appendices III and VI on manning ,>nd sparing, respectively, have
self-contained descriptions of error sources of major influence.

The amount of error introduced into the cost an~l.,is from the
various inputs will depend generally upon the charact6ristics
of the specific system under analysis. In general, the relative
error outpAt of the cost m.odel will be less than the relative
error input. As the worst, th6 cost error will be linearly re-
lated to the error input, and this will occur when there is
small varia'-ion in the aystem demand rates.

Maning Analybis.

Manning Cost Error Sources -The major sources of err-or in manning

will be due to errors in failure and maintenance rates. Where
self-sufficiency dictates a m"!iing relatively independent of work

Sload, this source Of error beccmes negligible. Whe-re a signif•-!,
Scant amount of work. is performed at a location, a sensitivity
• analysis may be performed to establish potential cort error. Re-
• finortwnt in predict-iona may be made, if significant differences
S~ are found.
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Secondary manning errors will fall into five categories:

1. Personnel turnover rates.

2. Pay schedules.

3. Skill level assignments.

4. Skill packagiri•.

5. Assum.4 independence of subsystems contributing unreadi-
ness.

Turnover rates (see appendix III) dic._-e pipeline personnel re-
quirements. These rates will ba a function of the otganizaticon
type. To same extent, these rates are controllabl. z-(hro-agh :e-
enlistment bonus,, etc.).

Pay scnedules are relatively 5table and will constitute only
minor differences. Skill level assigmment can be a major source
of error from two aspects: underestimating skill requirements
has the effect of increasing service time, which reflects in un-
readiness. Overestimating skill requirements has its main effect
in requiring additional pipeline personnel. See appendix III.

Skill packaging constitutes assign-.nt of work responsibility to
particular skill types and levels. This Is generally accouplished
by skill assignments based on Pquipment or subsystem type. In
general, if reasonable -rimary workloads ate maintained thjs will
not constitutes t major source of error.

Independent unreadiness contributions are assumed from different
subsytems. Methods exist fcx compensatiorn where the independence
assumption does not hold (iiee AMRL-TDR-64-21, appendices III, V, and
V.). The error would be to overestimate unreadinoss. In general,
this would not have significavt effect upon selection between al-
ternatives.

Depot Labor Costs

For the depot, the "•abor cost prediction erro, varice linearly
with failure rate Vr rep-air time error, The basic cont ratem per
labor hour can generally be obtained directly from the candidata
depot work source. Labor rates will be a function of time over
the expected lifetim, of the system. The variation of labor rate
with time tends to Jnreaae the labor rote, but this effact tends
to be compensated by other ristig costs. This should not be a
significant source of error.
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Depot Inventory Costs.

Cost Constants - These constants, it in• anticipated, will be up-
dated with time, as required.

Theae constants are based on a large so;mple and proration of cver-
head costs, Error in these constants will not cause significant
coý; aailywiiý ermrJ for the followinc. reasons:

1. Expected error values are small.

2. Errors tend to the same dir#,ction for all alternatives.

3. The contribution of constant factors to alternative cost
difference is small.

There dre several basic parameters upon which the proposed techni-
que is heavily dependent. These are:

a. Expected lifetime of the end item(sl being acquired and

supported.

b, Dem&nd for Rervice per unit: time.

c. Service time per demand.

d. Dermissible unreadiness of end item supported.

The expected system life is one of the more important parameters
in the cost analysis. The influence of this parameter manifests
itself particularly in:

a. Cost of operating/maintenance personnel,

b. Cost of spares (consumablea), aid

c. Cost of facilities and utilitiek

Considering two alternatives, ',ere is natural reluctance to
select the alternative offering least cost, 4f this cost is ac-
hieved by _educing support coat. This is due to the uncertainty
associated with the expected deployment life. This reluctance
comes about as a result of:

A. Trading a reasonably firm cost (negotiatcd between
buyer ai.d seller) against an expecteO cost of lesser
cei-tainty.
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b. A natural tendency to suboptimize, that is, where
the seller does not have the responsibility of opera-
tion and support and concomitant cost, he directs him-
self to producing items at minimum price consistent with
performance requirements and profit and risk picturv.
This reluctance holds true for the buyer when his res-
ponsibility extends only to acquisition cost.

Although the present deployment planning anticipates systems with
lifetime expW.ctancies of 10 years, some systems may become quickly
outdated, Whereas others may extend considerably beyond a 10-year
life cycle. A decision must be made between alternatives at a
point when atpport- costs are somewhat uncertain. Even in view of
this uncertainty, vhe decision providing least total expected cost
is based upon both acquisition cum: support costs over the expected
system life.

Reliability estimation techniques and maintainability tEcfulique,3
have reached a state-of-art which permits relatively accurate ea-
timates to be made of demands for service anC service time.

Other service times become important where remote repair is req-
quired. These times affect repairable items. Error in repairable
spares coat may derive from ,he foll-wing sources:

(1) Depot Turnaround Time

Between systems, the average time may vary significantly.
This time is a ma-wor detemminant of &pares where depot
re'z air is used and, to ,o4se extent, controllable through
the high value item concept. Note that the repair time
at depot is not uoually signilicant, except in determin-
ing depot labor costs.

(2) Field and Organization Repair Time

For both field and orqanization, there are tradeoffs be-
between perscnr•el and apares iin meeting operational re-
quirements. If a coat orror exists, it will acise from
error in Drediction of r-pair and failure rates.

For high usage vpares, the error Nsociated with consum-
able spares cost over --he life of the equi,-:r.ent wi l not
be significant, as Che purchased quantity can be adjusted
to meet experienced demand.
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For low usage spares, the initial purchase may bet signi-
ficantly more than the expected demand over the lifetime
of the equipment (see appendix VI)

In this reqard, item cost is intifnately bct.nd ,p iii yco-
duction qrxntity- If more 'han one production rur is
necessary, the cost assQciated with the item based on the
first production run will generally provide an over
estimate of the item cost.

Cost Sources Not Anticipated to Influence Decision - The following

cost sources are not antic p•tA to •e significant.

a. Manuals.

The cost of manuals will i.enain relatively unaffected be-
tween alternatives.

• Facilities and utilitisas.

These costs may be important in determinin_ whether or
where to repair a hiqghM level of assembly, -,iver that
existing facilities will not suffice. The cost Ji.Lffer-
ence foc facilitie3 and utilities for modulz repair, given
assembly repair, will generallv not be significant betwen- I
alternatives,

I
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8. St4ARY

The major effort in this report has been to present A concept
of value and a imans to its quaatification in as compreheneible
a =nj.or i., posaiible, witha the aim of increasing the scope and
effectiPvness of conventional techniques of value engineering.
As currently employed, these techniques usually emphasize re-

"-evaluation of systems and functions to achieve reduction in the
cost of end item acquisition.

The technique prescribed in thim report stresses the importance
of value analysis in the conceptuial phase of development, the
objective being to elirinate alternativen roquirin." unnecessary
costs before these costs ar- incurred. In this way, systematic
analysis over the totai apectrum of system development makes
possible value optimization with respect to total expected
resource cost.

The methodology of value analysis propounded in this study adds
a new dimension to value engineering as generally envisaged and
practiced at the present time. It proposas better cowwunication
between aAd improved coordination of the various levels of the
engineering disciplines and management, from the conceptual stage
to end item realization. :t seaks the goal of obtaining the
optimum product with respect to cost in resources consistent with
full realization of function objectives, or succinctly ew'ressed,
"getting the job done satisfactcrily at least cost." The
advantages of the tochnique expounded should accrue to all users,
Governmental procurement entities, as well as industrial 2roducers.

The value analysis technique introduced in this repor. has these
basic characteristice:

a. Quantification of value consistent with established
USAF specification of %yatem utilization.

b. Value par&acteo-8 which are predictable ?nd measurable.

c. Systematic meth-d cf quantitativa analysis whLch
permits practical optimization in the "least costs
sense consistent with system valie°

d. Technique structare which permits denign trAdeoff of

discrete alt~rnatives relating to cost ana system vi'eu
parameters-
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e. Method of cost analysis which permits optimizaticn with
respect to total cost and is consirtent with bot'r design
aid •parationa. va'ue pdra!;tcrs,

f. Method of cost analyais based on difference principles,
which permits decisions through dominance of one al-
ternative over another.

I

I01
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EXP•MATTON Or TERMS

1. Acquisition Cost - The total cost to the Government incurred
to place an item(s) in initial operation in the field. (This
includes both Government and contractor cost.)

2. Black Box - A discrete, physical component (sub-unit) of an
operational unit to which may be assigned a rate of failure
and a time-to-repair, and which may be moved from one
location to another independent of the next higher level
of assembly.

3. Confidence Level - A level of protection afforded against
having a demand for an item out of st>ck. Th43 confidence
level is computed based on the prob3bility of .hav; ng one or
more demands for an item, In a specified psricd of tirme,
above the stock level.

4. Constraint - Any restriction or condition which bounds the
value a variable or parameter may assums; e. g., manning
must not exceed 100 men. For example, number of men avail-
able and training facilities available frem';.vantiy act as
constraints on the training program which can !i undertaken
to obtain a particular number of men with particuilar skills.

5. Cost.-to-qo - •he actual cost to complete the remaining
pro;.ram requirements.

6. Desic n Alternative - Aln alternate desin layout of modules
and higher modular assemblies, types, and sizes within an
equipment.

7. D_ g u r Alternative - An aiternative involvirg a
change in a design configuration and/or L maintenanco plan.

S. Uo~nti~ m - rime durirng which the operational unit or mub-
system ~i riot avallhb".. for operational use because of mainte-
nr.nce or othel factoys.

). • 1At#t••Qi.~Q - A-r- estimtte of the actual ccxt-to-go.

1G. J-o A It Dt,.-J, otion - A pzolability diotribution
having thlv form%

I (; ireqen'-y distribution

-tu
""U•muative
distribution.
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where the mean and standaxd deviation are both 1/1. In
this teport the time baetwewn fail,•res of equipment and
ttme to repair failures both are assumed to be distributed
exponentially.

11. Fabrication - Fabrication means the construction of a
system, equipment, assembly, etc., from its parts or
*laswfentte,

12. Failure 2,te - Number of 'uilurts (non-scheduled interrup-
tioni-o-s' ration) of the item per unit time.

13. Imputn - Imp'Jt..nr, as use, in Lhis report, describos
Ar7i'ation if a characteristic in terms of measur&ble
parameters.

1.4. Inventory - Stock (items) provided in anticipation of
demand.

15. Inv2ntory Mode_ % mathematical imodel purporting to
describe relat' lishnip between allocation of spares and
cost in suppor•. of an end itewr equipment and the military
mission of the equipment.

15. Levels of Assembly - A rough meaora of tbh size and/or
complexity of a sub-divisior of an equipment. Exce~pt for
the lowest leiei of assevti).y, the p,.rt, each level of
assembly is made up of several members of lower levels of
assembly. Below ace listed, from high> to low level of
assembly, two examples of variovs lavels of assembly.

Aircraft Radar set
Engine Rack
Cylinder assembi, Drawer
Cylinder head assembly Printed-wiring hcard assew-cily
Zxhaust valve Resistor

j.7. TUine Item - An item of supply which is listsd in a Federal
stock Catalog, ane to which J.s asaigned a Federal Stock
Number.

18. Lp 'atic - The science of allocating, resources for support
of military operations.

19. Logistic Mz~del - A fnathematical model purporting to describe
the relationship between_ the allocation of sparer, personnei,
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maintenance capability and cost, in support of an end item
and the military mission of the ..tem.

20. Hein -ptatbliyt - Ease of repairing an item given a
partkculir combination of maintenance equipment and replace-
m6nt parts and sub-ass%-,N'i, Generally measured in terms
eo mean-time-to-repair (MTTrR or its inverse repair rate
(p.).

21. Maintenance Channel - Combination of men and equipment
required to perform a particular task or groups of tasks.

22. Maintenance Plan - See Support System.

23. Mannin•l Requirements - A detailed breakdown of the manning
required to meet specified operational requirements of a
netv weapon system.

24. Manufacturing - Manrfacturing is us-,' to define the processes
of procurement oi parts or materials, anC their fabrication
iatQ myatems, equipments, etc.

25. Maxi muM A blle Dgntime - Time that a s stem may remain
inoperative for the performnance of a maintnanca task.

46. Mean Time Btween Failues(MBF - Average time per item
between occurrence of failures. May be estimated by
dividing time by the number of failures occurring during
this timtle. It is t.he reciprocal of the mean failure rate (?).

27. Mobility - A measure of how quickly the system/equipment can

be relocated.

28. Ndule - Lowest level of plug-in aasembly.
29. Module ConfLqurt - A particular design iayout of modules

within an equipment.

3r. Module Si;& - The ?verage number of parts per module,

31. CRo& ReAdineag - The average percent of on-line units
which are operational at a given time when they are intended
to be.

32. R,2Sug Lq~lats - A statoment of operational readiness
ieVol required of the operational units, total operational
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hours, capability o! the operational units during a
specified period of time, and the nurber of missions required
of the oper&tional unit during the specified period.

33. Organilation - Ac used in this report, organization designates
the using location of an end item, or the first level of
support in a multi-echelon support system.

34. Yarameter - A quantity to which may be assigned arbitrary
values, as distinguished from a variable, which aesumes
only value3 that the form of the function makes possible.
For example: the operational readinesa specified. Values
miy bt arbitrarily assigned.

35, Personnel Availability - A measure of recources of men and
=kills that are zvailzble outside the syatem to man the

system.

36. Phase-out jr• d - The period conmzencing with the t:Lm' of
relaxed operational requirements charged to a system antil
complete disuse or salvage of the system and associated
hardware.

37. Preventive Maintenance - The care and servicJ.nj by user
personnel for the purpose of maintairning equipment in
satisfactory operating ccndition by providing for systematic
irispection and correction of incipient failures, either
before they occur or before they develop into ma3or Lailures.

38. Primary Duty Assignment - The type of duty to which personnel
are allocated during their normal on duty shift peri-d, irnd
which is directly connected with the operation. and maintenance
of the weapon system.

39. Production - Production includes the functions of procurement,
fabrication, producti.on engineering, and other ancillary
functions required for the transition from t, e design to the
fabricated producv.

40. Provis•2ning - The initial And continued allocation of spares
in the support 3yrtem of an item.

41. QuAntiLication - The process of establishi;_Q ! numerical
evaluation procedure to measure a character-.iltic of a Nystem.

42. ueue - A waiting line o" unita which require orome form of
ser.ice (normally mairtenance repairs).
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43. Ready Inventory - Spare items which are used as replacements
upon failure ana which are repairable at using locations.

44. Revai: Rate - Ths reciprocal ot the average time spent per
channel in repairing an item, excluding delays such an "wait
for spare part to be delivered," etc.

45. Rep Channel - See Maintenance Channel.

46. Skill Levels - The classification system used to rate main-
tenance personnsl as to their relative abilities to perxorm
maintenance.

47. §S1are~ (noun) - Systems, equipments, black boxes or
mo~dules kept'- in reservo, unused u~ntil needed to replace a
similar failed item, so that there will nct be a reduction
of the number of operational systems of equ:ipments. When
the failed item is repaired, it becomes a spare if it is
not necded to provide the desired number ýf operational
systems or equipments. Not to be confused'with spare parts.

48. Snare Parts - Non-repiirable items at lowest level of assem-
bly held to replace similar items whose failure caused failure
of a higher level of assembly.

49. Suba~semblj - Of modular construction, any of several possible
levels of assembly ranging from subsystem to module.

50. Subsystem .- Major funictional equipment or group of eqilipments
of o~erational unit or support system, essential to operational
completeneis.

51. Service te - The reciprocal of mean time to reutore an

item to cperable status, including waiting and t-ravel time.

52. Su__2rt Alte ve - An al ;ornative maintenance plan.

53. Su'iport System - The maintanance personnel, equipment, apaep,
an, spare parts aa organizxd into rhops, ech3lons, wits
assigned responsib-.l4tis,•a

54. Trad•off - Tho b"l xncina cf two or more vauiableu associated
with performance to Zt -•• -A g reator return per unit cost
.tnveu ted.
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55. Unreadiness: The fractiin of time per unit time an encs

item equipment is not operable.

56. Utilization Factor - A ratio, the failure rate of an item,
divided by the repair rate of the item. Queuing tables are
usually based on the utilization factor, since it is invariant
with changes in number of operational iteme and repair channels.

57. Value - Value is defined as the imputed quality of usefulness
for a specific purpose ("imputed here describes deriv&tion
of a characteristic in terms of measurable parametert).

58. Value Analysis - Value Analysis is the systematic application
of techniques used to assess the value of a system or portion
of a system.

.59. Value Enqineerinq - Value Engineering is a field of engineer-
ing directed to developmant of systems having appropriate
or specified valueij in the accomplishment of their missions.

60. Variable - A quantity that may, assuime a succession of values
that need not be distinct, but which :an only assume those
values that the form of the function makee possible.

61. VART Value Allocation Review Technique. A techrique
Ea-eicted to enabling the assignment of value and cost goals
to a project, permitting progrim review and directing value
imnprovement and/or cost reducti.on.

62. Workload - Averaqe ma•..-our of effort of a particular skill
caused by the operation of an item or group of itemt when
-hey are operated according to speciiied requirements.
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K4AOR SYMBOLS

A - Acquisition cost

C - Number of repair char,•,ls.

c M Cost designator

D - Debit and c-redit cost - used for inventory accountability

at the depot.

D - Units down in excess of sparer.

d Fraction cf unit3 dowT in excess of aDares.

E = T-tal ruviber of equipments.

F m Number of field sites.

Gil = Numbor of personnel o.C subsystem .ikili (i) at location (j).

I - Line item entrance cost.

L = fw,-cted equipuet iifa.

u Equipment phaseout period.

M = Cost per ynar of maintaining a line item in the supply
system.

N W Nwber of equiipments per location,

NI - Ntuwber of lint items introduaced into ' supply j-ytiýn.

NV = Numer of lins itews repaired by depot.

N - Total expectcd repair dsmw4nds at the depot.

N - Total expected repair dfimands at the field.

N - TTotal expected ropaia: demands at the orqa.zatiln

n A designator of number in dafined context.

P - Utilization factor - a ratio forned by cividlng in
equipment failure rat3 by its ep~ir ratA.

p( ) - A designator of p.ý-bability _r dvfined corvxt.
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q Fraction of depot module repair demands from the field.

SFraction of depot higher assembly repair demands from
the field.

R " Cost per year of maintaiing a stock item on the
3ateriai Repair Schedule (MRS).

- Fraction of depot module repair demands from or~anization.

r. - Fi-action cf depot higher aseemb&y repair deman'ds from
orqar.iz 3t iol.

S =Support and operation cost.

8 w Designation of spares.

T w Total cost,

t A de3ignator of time i- defLn-d c;ntext.

u Operational unreadiness - the mean nwdber if equipments
not, ooerable divided by tc-cal nu~rber of equipments.

V~~ ~~ hU T ."
W Wux~th

Y Numnber of or izioral rit•:• pet- tield Thop.

N Failure. tatepreciproczl of 1,*i, time betwern failure (TBF).

Repair rate, reciprocai of meanr tin't ýo r'epair (MT.-R),
or e-rvice rate, depending on context.
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APPENDIX I

NOTES ON SELECTIVE APPLICATION OF

VALUE ANALYSIS

Tn general, most systems exhibit a non-uniftrm coat pattern
similar to the economist Paxeto's Law* on the non-uniform
distribution of wealth. Relatively tew system elemrents will
be found to account for a high percentage of system cost.

.Generally, proportionate valL,e improvement effort should be
devoted to these 4 tems, in keeping with the principles of
management by e '-eption. The cost variation analysis pro-
cedure provides a tool to implement these principles. In
establishing the initial cost estimat., particular attention
should be directed to the items havAing the highest "coet
sensitivity," namely, potential return for effort expended.
Criteria to consider are:

1. High QuantitL Repetitive items - These are frequently
of low or medi-im cost. The quantity factor exerts high
"leverage" in terms of overall savings for efforts
expended.

2. ard ys. Spef•ia! Ite_ - Standa-d and special
designs should be exaluated to aetermine if total
value will benefit from an exchange of rules. Inm-
pruved value may result .Erom sabstituting a stand-
ard or Government-furnished item for a non-,slandard
or contractor-furnished item, or vice versa.

Standard parts tend to be less value-sensitive
because they have thu protection of statuA. A non-
standard part is handicapped because it bears the
burden of deronetrating at least equivalent fur.,ction
and reliability, and savings which will mcre tl-an
co•pensate for ciiange.; in the logiztic svsteo. On
the other hand, the problem is often oevrsimplitie6
and misstated, *.g., a bpecification ft; "The max-
imum use of authorized parts, m-itrials, arr -
ceses...' This is easaential up to the poin't where it
provides Auperior total value. If the use of a non-
sta.ndard par, can he ghown to contribute greater over-
all vaiue, it w1l have a:.iieved the objectives •f
standardization by not standardizing.

* Vilfr&do Paret- - Minual.n d'Economiz;E Politic., 1906.
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3. Technical Uncertaintjes - The scientist and engineer
inherently generate alue. They take the first and
biggest step by making it possible to perform a
fuaction that did not exist before. During the pro-
ject development, plan (PDP) stage, value engineering
techniques assist the invent>-.- procass and guide it
to less costly solutions. In t,.s regard, high cost
areas of technical un.-.rtainty should oe investig'Ated,
particularly -?here the 4lternatives differ widely in
cost.

4. St&te-of-the-Art - A "design from scratch" is invari-
ably more complex, costly, and iess reliable tha!-. it
can ultimately be, Its value irnprovement potdntia I
is, therefore, higher than that of a mature design.
Conversely, areas in Which technology as conventional
and equipment design is relatively mature, su,.. as
power supply, storage, and conversion, may be found
to offer less p,.tcntial. This is not necessarily
so because the mature design represents the ultimate
4n simplicity, bDIt because of the p-oblems previously
noted.

In alldition to the criteria above, the following checklist pro-
vile.3 an indication of potential sources of cost reduction to
achieve value/cost goals.

At SPECIFICATION REVIEW

1. Review porfo:.,;ancu specitic&tion3s to ensure thac no
unnecessary or excessive requi-rements are i.posed.

2. Hag the cost of any overdesign baen defined for its
effect on prroduction, as "qoll as on thc Research and
Development program?

3. HaA the co-%, effect of contract-requiired overdesigi)
been dinscussed with the r'ft!oier?

i. Doex the dosign .repreg@,nt optan•-. eie't-ci, •lrppic t".

2. Is circuitry ov&rl, -orpL x oxr cora:l- vive?
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3. Have atandard "preferred cixcrIts" been reAiewed to
see hao many can be used beneficially?

4. Has the firld of commercially available packaged
circuits, nower supplies, etc., been :eviewed against
your requirements?

5. !an circuitry be eliminated by having one circuit do
the job of two or more?

6. Whc L specifying special ccmponert rarts, have potential
vendors been consulted for alternatives or modifications
that would hold coats down?

7. Hate al.l high cost components such as transistors, semi-
conductor diodes, magnetic and hig: power devices,
motors, gear trains, ard decorders been examined to
determine whether lower cost substitutions can be made?

8. Are the components of the lowest cost meeting the
design requirements?

9. -an any elcctrical tolerance lie liberalized to allow
specificition of lower co•;t parts?

10. have ne&rly idertical parts been made identical tr,
gain the advant:age of quantity buying cr manufacture?

11. ".as ccaxial cab_..e been specified, when hookup wire
c¢ shielded cable will do the job?

12. Have aWtomated techniques been used to the maximumri

I3° Is Tef'on wire specified, where ether insulation will
b.uffice?

"IZH MEHNCAL DEýýGlj
1. Dcvs the de4ign reprtment optimum muchianical simplicity?

2. la every part absolutely necesaary? Can any part bo
elimir.ated or comlined with another p,.rt to rdur
total number of paitt and ot?

i1.!



3. When specifying special parts, have potential vendors
been consulted for alternatives or modifications
that would hold costs down?

4. Are mechanical tolerances within the limits of normal
shop practice? Can any tighter tolerance specified
be changed or be liberalized to hold costs down?

5. Are the surface finis)-es the coarsest that will do
tb, job?

6. Are the fabrication processes of the lowest cost
-meeting thle design requirements?

7. Have nearly identical parts been made identical to
gain the advantage of quantity buying or manufactur2?

8. Are the materials of the lowest cot meeting the design
requirements?

9. Does the combination of material and protective

finish specified result in the lowest cost combination?

10. Has relative workabil't. of materials been considered,'?

11. Have standard alloys, iAades, and sizes of stock been
specified whenever possible?

12. Can the des.cgn be altered in any respect to avoid the
use of non-standai tooling?

13. Has the 1/10-inch arid draftincg system for sheet metal
parts been used wherever applicable?

14. Can the design be modified to enable the use o- the
same tl.oling for right- and left-hand, or similar,
parts?

15. Are drawings for fabricatun .f parts which are
similar to parts already produced cross referenced,
so that available tooling can be used?

16. Can the design be altered to avoid unnecessary
handling and processinT• result ing from such things as
r>v<inq and spor welding o. the same subassembly
pa1?
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17. Have automated techniqies been used to the maximum?

18. Are casting bosses of adequate size, considering the
large tolerances which apply to casting dimensions?

19. Can cores or complex rart'ng 1.ines I-e eliminated
from any casting by moderate redesign?

20. Is impregnation of castings specified when it would
aid processing? (Castings should be impregnated after
machining, if they are to be electroplated. This
impregnation prevents absorption of plating acids or
salts. Castings should also be impregnated, if they
are to hold liquids or gases under pressure).

21. Have engineering and factory speziaiists been con-
sulted for castings, forgings, weldments, heat treat-
ment, and other specialties?

22. Have standard sites, grades, and alloys of fasteners
been specified whenever possible?

23. Are all manual welding operations specified absolutely
necessary? Can furnace brazing be substituted?

24. Are the assembly processes of the lowest-cost meeting
the design requirements?

25. Has adequate clearance between parts been provided to
allow for easy assembly? (Parts have become smaller,
but hands have not.)

26. Are all parts designed Z-_ assembly at the earliest
possible time? Assembly costs go up as the buildup
of the system progresses.

27. Are markinQs adequate t• guide the assembly processes?

28. Have the engineering and factory specialists been
consulted on any unusual assembly problems?

29. Hat datum line rather than multiple surface dimension-
ing been used on all drawings?

30. Can any four-place dimension be chan 3 ed to a three-
pi;Lce -JimenEion?
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31. Can any three-place dimension be cbanged to a two-
place dimension?

32. Can heat treating after forming sheet metal parts be
eliminated by change of design oi material to avoid
straightening problems?

33. Is all masking fron finishing materials (such as
plating solutions and paint) necessary?

D. STANDARDIZATION

1. lave you coordinated your design with those who may
be using (or have used in the past) similar designs,
circuits, parts, or components, to get optimum benefit
from standardization and past experience?

2. Are the standard circuits, standard components, and
standard hardware the lowest cnt standards which
will supply the minimum required characteristics?

3. Can the use of each non-standard part of circuit be
adequately justified?

4. Can any new non-standard part be replaced by a non-
standard part which has already been approved?

5. Do control drawings leave no question that a vendor
standard part is being spec fied when such is intended?

6. Has standardization been carried too far until the
cost of excess function is greater than the gains
resulting fjrm high quantity?

E. WUNTAINABILITY DESIGN

1. Ts each assembly gelf-suppcrting in the desirabli
position or positlons for easy maintenance?

2. Can assemblies be laid on a bench in any position
without darnaging compone•nt,,"
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F. TESTING,

1. Are the test processes of the loist cost meetLna
the dssign requirements?

2. Can any test specification be eliminated or relaxed?

3. have interacting controls been eliminated, or the
adjustments specified in such a manner that the
lowest cost factory test personnel can easily align
the circuit?

4, Is the system compatible with the requirements for
checkout in the 2actory, if no' as a complete system,
ther in large suboystem segrment? I

5. Have the test procees experts been .onsulted for
a .ternatives that wovld keep their costs down?

G. PRODUCTION COSTS

1. Are the quantities to be built on this order known?
Are the estimated quantities to be built on future
orders known? Have these factors been considered
in the design decisions?

2. Will tooling costs be in line with presen't and
anticipated production?

3. How much do .ou estimate the design wi)A cost in
production?

H. SUBCONTRACT ITEMS

1. Has the field of conmmercially available packaged
units, subassemblies, and circuits been thoroughly
reviewed tc be sure there are no standard vendor
items that will do the jot,?

2. Is desired coat control adequately emphasized in
subcontract specifications?
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3. Have our specifications for subcontract items bepn
reviewed against the chec,;c list, to be sure we are
not ova specifying?

4. Havo suggestions been invited from prosepctive
suppliers regarding possible value improvement from
loosening specification limitations?
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II
APPENDIX II

VALUE MODELING

1. mNTRODUmaIr

The model dascribed in section 2, paragraph 2.2.3, of this report
was developed for the purpose of quantifying value. It is directed
to establishing value relative to a potential single requirement.
Subsequently, the weighting functions (imputed' probability and gain
and loss f.tnctinris) are remcved, and the measure of achievement of
value is reduced to achievement of a B-ecified effectiveness func-
tioni, which is described in ta•--i cf, .. asurabJ.e and specified
parameters. The purpose of this appendix iF, to develop further the
generality, the basic concept developed in uaragrbph 2.2.

2. GAEPJRLIZATION OF THE VALUE CONCEPT

In paragraph 2.2, value of a function was dcveloped as:

Vtf) = p(f) w(f), which is identifiable with the system

value through V(f) = p(f) w(f) ZI VV and

V, (a) = p , (a) V (f) - pf (a) p(f ) w(f)

In general, a system may have multiple mission requirements, and
establishment of the total value of the system is desirable. This
generalization can be accomplished by summing the value return~s
from the spectrum of mis3ion requirements:

V1 (S) = Y, V (s)= p (ES) (f W(f

Note that p, (s), p(f)1 . and w(f) 1 may vary with the mission re-
quirement. This expression may be used as a -,wane of evaluating
competing hardware systemn.

Where systems differ in deterrent capability or misqion spectrut;,
the military value model must be invoked.

2.1 Military Value Mcdel

This model is general'zed similarly to the above development by
introducing '-he subscript (,) to designate mission type_.

Thus, V(s) -• L q, r,W(L) -r, (-V)p(fW(L) -rev p(f) W(L'). (II-2)

Wh,',re competing systems are being evaluated over a mission spectrum,
i' will generally be necessary to allocate missions or fuanctions to
a mix of systems, thus creating aT. optbdum mix. Several optimiza-
tions techniques are applicable. Por unconstrained mix problemis,
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optimization of system value wita respect to resource cost can be
accomplished using the ranking procedure, which is based on selec-
tion of an alternative providing the greatest return in value per
unit resource cost expanded.

3. GFNERAL VALUE FUNCTION

Problems of dimensionality have plagued investigators ceeking a
value model which permits establishing ratios t- determine "ctreater
than or less than" conditions. The following development shows the
characteristics which such a function must possess to satisfy a
ratio test, viz., If

<1 (T:-31

then V2 Ar2 is preferable to V1 /Tj, etc., where V, and T: correspond
to the value and total expected cost of alternatiý,e 1, and 3inilarly,
V3, T2 correspond to alternative 2.

4. x.!C.M'IREMENTS OF A GENRAL VALUE FUNCTION

Let a,, a-, .. , represent values of pazamc-ters describiag a design
alternative, and let V, a function of the parameters, be the value
of the design alternative. The function V(a, ,% .. CL,,) is to be
determined, which expresses the relat:ive (oz absolute, value of the
design alternative. An alte'mrate design is described by parameter
values V(0, B2 ... j.

If it id required that the ratic

V (a...I C -, ) )V 2

be independent of the units of me-.s;cemenrs, then V must be of the
form

V(i• ') (a( )..(a. •, where si is a constant and
independent of al, and weights the si rnificance of (it. The exponent
may be either positive or negative.

5. TiMH PROBABILI7.. DISTPJBUTTON FnNCTION

One function which satisfies the difficulties or dlimensionalit," it
the probability function. The basic requiremients are satisficd if

a. The probability density function is

p(tt .. -0 , and (II-4)

b. Thi'7 probabillty distr:batizn frunction is

:p(t),dt= . (11-5)



I
Note, also, that the probability distribution function

p(t>r•o) = AO = p(t)dt (11-6)

is, of course, dimensionless.

Thus, the probability function approach dces satisfy the dimen-
sionality difficulties. The value engineering structure pro-
poseo in the methodology developed is compatible with the notion
of measuring value in terms of a probability function.

If value is expressed in terms of effectiveness as a compound
probability functior, then the following relations can be logically
developed:

LetVL et (e j, e2 , . . . . e .,)

be a -'robaA..lity density function, and by definition

P (E) =f ... PE (; 1 ,e,-..-en)de 1 ,-..de,, (11-7)

and 2

P(E!Eo) = ,f''fE' (el...e)de I...deI

where

P (E) =Irp (e) de
l>fp (e) de-O

and designiate a specifiable and measurable system performance
parameter. This equation may be interpreted to state that the
value of a system can be evaluated by the probability that the
system will perform under" the spectrum of mission requirements
over the expected lifetisae, of The system. Each major system per-
formnance parameter is assumed to De i function of several descrete
desiqn-decis ion alternativfs':

Each design-alternative is related to resource cost

C - (.i), (11-10)

i.e., the to+al resource cost to implement the j th dt-sign aliterna-
tive over tbh litetimt c' the system. ".e d-ign altern:tives re-
present a set of alternatives, one or nvore of which is s-elecced for
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incorporation into the design of a system, anid generally, each
alternative will affect one or more performance parameters and
the skrstem cost. The formulýtion abovw lends itself to syste-
matic quantitative tradeoff analysis of value. Let a change in
the effectiveness relation be as follows:

AE=AE (e , e 2. .. e .. e ) n/ - l
1n

then the rate of change of value is evaluated by

AE=E'(e,,e 2 ... e ,..e 2 3 (I-12)
C C

rfhe selection of a specific design alternative will generally

affect more than one system value parameter as follows, from
equat ion (II- 1;:

8E= ZE "3 (e 'e e (11-13)T (e 1e2 . .e .

A special case iz when only one of the parametez.z and its Esso-
cdated 1-ource cost for increm-ental improvement are involvd
in the decisivn, i. e., tle impact of a design alternative
affects a single parameter.

6. VALUE X/%-UYSIS DECISION MECH ANISMS

6.1 Value Anal<-is of Function

It has b1,en esta;lished in the preceding matorial that relative
value may be represented in terms of the functional

£ E(e ,...e ,....e I. (II-~i4)

In general, the process of selecLJoi betweot) two cardida., d 1 ýiqn/
support alternatives may involve each vale parameter of a sys-

tem being affected. Trhat is, for altcr. -tive (a), a chanqg< in.
system vaiue is introduced and evaluated from

AE dE e e.(I-)

Similarly, for alternlitive (b),
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In generalV t.he value (effectiveness) function will not be com-
pletely knovn, i. e., equation If-14, hence it will usually be
neceE£sary to co.npute, dE Ae thxough mciling and parameter es-

de

timation.

This will be necessar, because the rate of change of vdlue, as
related to a specific parameter (the marginal retu-.%), will de-
pend upon the value already a'chieved. Figure TT-I shows in
matrix form the array of interact.ions possible from the intro-
duction of a design/support alterrate. The first colu.mn shows
the return in system value frow selection of an alternative, as
measured by the charge in effecýti-;,eness. Each element of the
column indicates the weighted return from a specific parareter
change inherent in the alternaAiv•. being evaluated. The succeed-
inz columns designate the cost a--.as affected, given that the
alternate is incorporated in the system. Suiming all of the cost
columns yields the total change in cost as a result of selecting
the alternative. A second alternative is analyzed in a sinilar
manner. If the alternatives are competing, the cho-ce way bz
made by evaluation of

AE./Ž LE b/T , I, (II-17)

where the A designates incremental changes in the value and cost.
(T) of alternatives (a) and (1'.

Consider, for e<armple, a systcen describeL aE oo2uows:

E e,.e2, ( -8)

whe re

e-= operational readin.ne.s, ano

S-r~ismion rý i:.a,ýiitv.

Ix,. is dea& red to detenin- the chanqe in effectivoness rluc to a
mo-diflct xn aff-ectinq e, -id e thro:gh a change in tailur- rate
and rupair :iI(. Then

,E e Ae.E iie•. (T -1ý9)

.pcratioral ree. .nts I,: qgven by
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EVALUATION OF FUNCTION MATRIX

Incremental Cost Elements Cost Elements
value return Acquisition Operation and Support

Non-Recurring1 Recurring _Non--..currhng Recurrin6

w Ae .. SI -1  . -r"

wAe

w1ýAe2

w e

Wn Ae•

AF= AN = AA= AS = AS,
Ewl el ZAA I -n r -IASIn - F M I

Figure Ii-l.
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and ission reliability is given by

e• 2 exp (-*Atti).

Now, the change introduced in operational readiness as a result
of a change in the ith element is

2Ae. = (Att tdi)/l+t) (11-21)

If el is positive, the change in operational readiness is an in-

grease; if negative, then it is a decrease.

To determine Ae 2

e = -tk exp (-\i) t (11-22)

where
n

A• = ZAI II-23)
i =1

'A- '.ttal estir.ated failure rate of system,

and

N! =.Uailure zate of the ith element having mainte.nance
sgni.ficance, and

t= (11-24)

Fie re
t•= mean repair time of system, and

t,= contribution of itb element to system repair time.

This is approximately

where

t is mean time to perform maintenance on ith element,
failure,
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and

tk is the time of mvission duration.

Consider a possible modification of the ith element failure rate
NU to )' and a concomitant change in repair time t to t'

Let A) - -D\ ), and
=ýI (tt - to

Iden:ify A\t with A 1, and Att with At,.

Subetituting these values into equation (II-19) and rearranging
terms

AE exp (-k t [t + ] AAt +

(l+xt tt) 2

exp (-?t,,) At~t•-w* AX : At.

, t)

The ccefe"f..cents of tlese terms above become w, and w2 , respec-
tively, :A- E becomes E1 , i.e., the change introduced in system
value resulting from this design alternative, if selected.

6.2 Valie-ke/Cost Alteraiv:irve Matrix

The matrix form for value analysis cf function has its cost coun-
terpart for hardware development, operation, and support. Figure
II-2 indicates ch- brea kd:.wn of a system into its hardware and
software elements designated bv the item column. The succeeding
columns designate cost differences as3ociated with a hardware or
software ite ' change a3 :eflectad Ly selection of a design/
support altmrnative beinc Lncor;porated into the system. At
a!)l times, the nasis of the analysis is differences in t :tal
cost. The Ltotal cost difference from an alternative appearing
in figare 11-2 should be the same as that appearing in figure
-I-i, 1hc orly 1if'r>rcr -(% be'nc- cne of cost analysis structure.

6.3 Cost Decision Element Matrix

In general, it will only be necessary to oval .ate the difference
betý.wen :wo alternatived- ulnerr. nmre an two alternatives exist,



VALUE/COST ALTERNATIVE MATRIX

Hardware item/ Acquisition Cost Operation/Suppoi-t
task affected Elements Cost Elements

Non-Recurring Recurring N-A-Recurring Recurrin 6TAAi 6n AI -6S - AS - |

1

2

"* I J

An AA AS AS AT•I n fl? J f

Figure 11-2.
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the procedure is to systematically eliminate the poorer choice
alternative by direct comparison of estimated cost differences.

Figure 11-3 illustrates a tabular procedure for evaluating each
element of the cost model. Provision is made, in figureII-3, for
the evaluation of two alternatives. Only the elements that change,
from one alternative to the other, will be required. Once two
alternatives have been evaluated, the one yielding a cost advan-
tage is retained, and the other alternative is no longer considered.

7. COMMENTS ON VALUE MODELS

The following general observations are based on the preceding
discussion:

1. Any model of the form

V = 7Aixt /c,
I

where a is a weighting factor of (:arformance paramete,: xt and c
is costs will not suffice generally as a working model, due
simply to the fallacious assumption of linearity of the weighting
factor.

2. To avoid problems of dimensionality, only one non-probability
weighting factor can be used for value modeling, e.g., resource
cost and its broad implications measured in dollars.

3.. Computation of the rate of-return in value per unit re-
source cost invested will depend on the particular alternatives
being evaluated. This may require specific model development,
e.g., from serial elements to r:edundant elements in the reliabil-
ity model sense.

4. The cost incurred to achieve a specific value lies in the
means of implementing the value, and not in the value per se.
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APPENDIX III

FUNDAMENTALS OF MANNING

1. INTRODUCTION

The evaluation of alternatives of system design, including
operational and maintenance conce-,ts, requires application of
a standard, objective method for determing operational sup-
port requirements. This appendix describes a method for de-
termination of support requirements to satisfy an objective.
The support requirements established include manning and skills,
and repairable spares. The objective is a given level of op--
erational readiness for a specified operational schedule.
Application of the method provides support requirements in a
form permitting objective comparison of system designs and of
alternative policies for maintenance, which affect personnel
and spares.

Emphasis will be placed upon the determination of maintenance
manpower. Operational manning requirements are similarly de-
termined, except that queuing aspects of the problem can usually
be ignored.

2. OPERATIONAL READINESS

The operational readiness of a weapons system which comprises a
number of operational units, e.g., 18 airraft per squadron, is
defined as the numbe:- of on-line (ready operational units
divided by the total number of operational units in the system,)

N-o N-D
N N-

,Where (N ) designates operational units ready,

S\ designates operational units assigned to the system, and

(D) designates operational units down for service.

This relationship may also be expressed in te~ms of time:

(111-2)
4-

wheiie (t) designates the sum of the average uptime and downtime
of Ln operational unit, and (t) designates the average downtime
of an operation unit,

., ->

.L-
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Generally, an operational unit will exist in one of three states:

1. In operation for a time (t.) per day.

2. Ready for operation for a time (tr) per day.

3,, Down due to corrective or preventive maintenance (t d)

per day.

States (1) and (2) have been combined into "ready time" for the
present purpose.

Operational readiness is used as a performance measitre for an
operational unit, or for a number of operational =jiLts, Readi-
ness itself is a dimensionless parameter. Evaluation of a
system is facilitated by introduction of an "unreaidiness" para-
meter , (d), defined as the fraction of operational units down.
If operational readiness is expressed as

N-R D

Where d3, it is eviuent that

R1 -d.

A system is comprised of a number of subsystems contributing
independently to system unreadiness. Using 'unireadiness", these
contributions can be added to determine system operational
readiness:

R=Il-Zdf' (111-4)

where (R) is the operational readiness of the system, and the
(d1 )'s are unreadiness contributions of the subsystems.

Each subsystem's unreadiness contribution is a function of
maintenance personnel in terms of repair channels, and of spares
assigned, and the implied costs of both factors are represented
by

di =f(s 1 , cost7 C•, cost), (1II-5)

where (s,) and (C,) represent spares and repair channels assigned
to the subsystem skill package.

Spares and persionnel assignment depend upon failure and service
rates, and the relative cost of spares and personnel.
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at=S Ch,1,CC) ,C =Ct (N, , a) (111-6)

where ()ý) and (4) are failLre and service rates.

Any change in one of the parameters above can be. expected to
reflect itself into a change in unreadiness (d ). A change in
unreadiness (Ad,) can thus be measured in termi of cost. This
permits tradeoff of personnel, spares, skill packages, etc.,
and optimization with respect to operational readiness (R).

3. THE MODEL

In order to optimize the assignments of personnel and spares, it
is necessary to have a means to evaluate unreadiness (d,) in
terms of failure and service rates 0,,u), 3pares (s.), and ser-
vice channels (C1).

The method is based upon development of ar. activity network.
O.hich is representat~.ve of the physical situation. The activity
network provides a means of recognizing lagica. task allocations
and their impacts upon manning. The network will be described
.in tezms of a finite cyclical queue, which describes a process
generally encountered in military, and aften in commercial
operations, specifically, where the operation involves re-
pairable machines, with which a failure rate and a repair rate
may be associated. Figure II-I illustrates the behavior of a
system under finite cyclical quiue conditions.

The mathematics of the model is based on exponential failure and
service channel rates.

Although seemingly reztrictive in nature, the imdel provides
accurate results, even in cases which vary significantly from
exponential. Further, as a practical matter, the error usually
associated with the estimate of ieasurable parameters required
will exceed the lack of fit introduced by the degree of lack
of' fit of the exponential processes involved. Also, output
error is invariably less than inpul. error.

Spares complcment, (s), is measured in wlhvle units of the sub-
system populition (N) If the ski! I package is develo0ped for a
black box, (s,) represents the n.unbei. -f spare black boxes; if
the skill packaqe has been assembled for a coriloto .iircraft, £2)
is spare aircraft.. Is is of course, only n arprxi.ation
to the reai spares. but since sparinq will really be dne at a
lower level of assc;;:bly, the estinated ýontribution of -pares
to operational readiness ig conservative, .

0perational manning -equirements a;:e normally det r7mined ujx,
the basis of position descriptions' rather than analysis of flicxtu;.
ting workload.
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4. PIPELINE PERSONNEL AND BACKUP FACTORS

from the foregoing, the number of personnel required to perform
work in satisfaction of operational readiness can be determined.
.This count is based upon available personnel, and must be modi-
fied to account for sick leave, furlough, etc. This adjust-
ment factor is 0.20 times the direct manpower by skill level,
and is additive. This factor is derived from AFM 26-1.

The military manpower problem is peculiar in .ts high turnover
rates of experienced personnel, resulting from discharges, re-
tirements, and promotions. This necessitates placing a signifi-
cant number of personnel in training for required positions.
These personnel additional to basic system requirements are de-
signated pipeline personnel.

In most technical fields, there is a series of skill levels,
viz., 1, 3, 5, 7, and 9, representing increasing amounts of skill,
knowle4ge, and responsibility. Typically, the technic.. an ad--
vances a level at a time to the highest level, with tra.'ning
and the passage of time being prerequisites for each step.
Consequentli, in order to have men continuously in the Uighest
lcvel, there must be a steady upward flow from the lower skill
levels to replace those discharged. only a small portion of
the qualified men starting out in a field reach its high skill
levels; concomitant with this progression is a progression in
grade (rank), pay, and privileges. In the succeeding analysis,
the concern is to establish the total number of personnel re-
quired in j,..---nnel inventory in orde-c to maintain a spacified
number of qualified Personnel assigned to a given system.

The personnel lost per year in a specific skill field (k) and

skill level (W consists of the following:

1. Dizscharged (D• V -.

3. Ret i-d (Rij,

4. Tr&nqfrrfti (Tn)'.

*T' can. -Cooent aither a qain or loss to the systeiai.

Z"-T -otal percwanel leoving. a skill dosi<nation i•k) per year
can re tepr entod br-
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L k =Dlk+Rtt+T 1k +P t k•(I7"

Steady State Personnel ReqUired by a B1ecifir_ System

For designation (1k), all personnel leavi.g this designation
must be replaced through promotion from:

Pk , =Ditk +Rik +Tl +Pik ** (1II-8)

***Using this basic relationship, the recurrence equation f :r
a specific skill field becomei:

%

Pk =P0 -Z (D +Rn +T,( -9)

The significance of (Po)is that it represents t1a '-umber of
personnel to bg brought into basic training to supyM-rt the per-
sonnel of a given system.

Let

g,= personnel required in each skill level, Zor a given
field, as determined by manning analysis to achieve
systen operational requirements.

Sthe yearly rate per person of personnel leaving this
skill level

Then, gg,

and P 1(1-)

the rate per person of personnel beinq prowted from the (ith}
skill level -er year.

Suppose a system manning analysis establishes that the Table of
Organization (TO) for personnel requires (g4 ), (gs), (g 2 ), and
(g 1 ) perawxmal in the rempiacrtive skill levels. To have a selff-
sustaining personnel system, vi., one that produces sufficient
skillod uersonnel ftow a l!wel co replnce those leaving the next
in hiqbAut skill leval, the equation

WAt be satisf ted. t•r gmeeral, the eq• uationu will not to
satinfled for a ý •.en sy-tam. Thu#, in general,

%,IM~~( 9,,'_A (AXl)



if g1 I iI #t -.LPt _.I I-4

this requires that somewhere ir personnel inventory there must
b- ( AA additional personnel, so that

Transposing and adding to subscripts,

g'9=( .•i1)P (111-16)

and

and so forth, stopping at each primed (g,) which yields the lar-
gest number. Therefore, in establiahing total system personnel
requirements, the number of people charged to the sy&tem in any
skill level will be the greatest value of (g ) and the primed
g1 '3 starting with the manning analysis as represented by the TO.

Example 1

Let g9., 1 g 2 , and g, designate the required skill complement
as det'..!rmined by a work analysis. The total number of persons
needed to fill these requirement" will be determined from
equations 111-16 'and 1II-17.

Suppose the following data are available:

9g4 -20 14=0A30 p4 =Q0.00

S40 i.• =-0.40 p3 =0.30
g2 =100 i 2 =0.•85 p2 =0. I0

g.=30 0.98 P =0.95

g 0= 0 l0=0.99 ' po=0.98

Itplying:

! ,, (l•g +)./pj, (111-16)

the results are%

!i 4 9=4g = (2 0)

g'9 1=20 g9= (4c)
(g'1=(l601 as opposed to 1=100

=g'0 (90) g1 =30

Sg' o30) g=0
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The larger number of persons is in brackets. Then applying
equations 111-16 and II-17 successively, and always choos-
in•g the largest number of persons, the following data are
obtained:

Work Analysis To be Supplied

g,=20 g 4  -0

g3 =40 g9 =0

g =1o00 *2=60
g =30 in' • g-114

-/ g"* 0=4i g=0 g"' go-144

TotaT--1--0 318

Stated in words, for every group of 190 persons, as determined
by wore requirements assigned to the system, an additional
group of 318 must be supplied to ensure skill stabillty, making
the total number of persons required to man the system actually
508.

Example 2

The following rates are representative of an existing Communica.
tions and Electronics Squadron:

94 =14 1 =0.08 p 4=0.00
93=48 13=0.15 p 3=0.8
g9=106 1 2=0.45 p2=0.05
g1 =26 i1=0.50 p1 =0.40
go0 =0 10=0.99 p0 =0.98

Using the TO as a basis for calculation:

'94 =14 g4=14
9 g48 gx=48

9g=106 as opposed to g9=144

9:=26 g 1=162
S=0 gg"-83

rTotal a--9

t
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Roughly, the perbonnel system requires 'wice as many personnel

as can be actively employed, to ensure a trained raserve.

Two fairly obvious features are:

a. Pzduction in level three and level four capability
has a significant effect upon level two personnel.
This is indicative of the fact that the higher skill
levels are most likely not to be filled.

b. The critical skill level is level two, in which a high
discharge rate occurs. This level also consists of
independent workers. A small change in the retentivity
rate of this level would have manifold benefits.

For example, suppose the leavincg rate (12) in the example above
were changed from .45 to .30, an,' (p2 ) from .05 to .10 per year,
Then the new requirements would be

Sg4 = 14

g93 = 48

g2 =106

g= s80

"= 41

Total =289

as opposed to the TO of 194 and the requirement of 451 pre-
viously determined for steady-state maintenance of the personnel
structure. The resultant saving of 162 man years per year could
be invested to secure the retentivity requirements. In addition,
significant savings would be realized through better trained
personnel.

5. TABLES

Tabl~s have been developed to assist in determining the number
of direct personnel required to satisfy operational readiness
requirements (Tablts for Determining System Manning and Related
Support Requirements, AMRL-64-12!.

These tables incorporate the following parameters:
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Tabular Ratries

c= Nwaber of service chamels.

N= Maximum number of units whicb teay demand service at a particu-
lar instant.

s= Number of spare units which may replace units being serviced
or awaiting aervica.

P= Utilization factor (N/!1),

where

'X= Rate of demand of one unit (failure rate),and

ji= Service rate of *ne channel.

Output

Two quantities are the output of the tables as follows:

d= Mean number of faile,3 units, per N, for which no spares (s)
are available.

n =Mean number of units, per n+s, either a-waiting or undergoing
service.

Defined Quantities

D = Mean n.uaber of failed units for which no spare is avail-
able, and

= dN.

N = Mean numbe2: of units either awaiting cr undergoing service,
and

=n (N+s),

R = operational reac'ness, and

wflere

N. - Mean nunler of units operating,

N•-ds = N(i4-.d)
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Derived quantities

Two identities listed below are the basis for derivation of
other pertinent quantities necessary to establish system
measures. They are:

Na =W+Cb. .III-l9)

Cb =N, P. (111-20)

This identity states that the mean number of busy channels, (C0)
is equal to the mean number of units operating, (N ), multiplied
by the utilization factor (P). This identity may te established
by considering the following:

In a steady state there exists a finite queue length.
In ordem to maintain a stable mean queue length, the
number of units entering the queue must be equal to
the number of unit leaving the queue. The mean num-
ber of units arriving to the queue is equal to NO-.
Also, for steady state. the mean number leaving service
(C b ) must be equal to the mean nt nber of units leaving
the queue. Thus,

CL=NOCX, (11I-21)

or

1= P. (1II-22)

The following quantities can now be derived, using the definitions
established above:

W = Mean number of units awaiting service, and
= N• -Cb.

so= Mean number of units operable but not operating, ands+D-xa.

t"= Mean waiting time for service (in queue), and
= WiC b.

t, =Mean waiting time in waiting and service, and

t =Mean downtime, waiting for replacement of a failed unit.
=DSC b = d(A (1-44
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Format of Tables

The tabular format is based on anticipated use of tables. Two
parameters, (N) and (1), are required *o locate each specific
table within the range covered. Nit)-in each specific table are
two additional locators: service ctYannels (C - columns) and
spare units (s - rows). For combin3tions of (C and (4, there are
two output entries; these are 01 the fraction of mnits inoper-
able in excess of spares and (n.), the fraction LAf the total
nimber of units down.

The effect on the output entries (d,nd) of changing either (C)
for a given (s), or (s) for a given (C), may be read directly in
sequential order; viz., across a row for (C) and down a col.umn
for (s). A particular advantage iq that for a specified com-
bination (C,s) the maximum rate of change in the (d,n 4 ) may be
immediately determined from the difference in value between
present value of (d) and (nd) and that obtained from the adja-
cent row and colunm. The format of the basic tabular entries
follows:

N=

C 1 2 3

0 •

2
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Perhaps the most important characteristic of this format is that
it permits a visual evaluation of the effect or changing (4 and(C),
individually, or in combination. Given cost estimates of a ser-
vice channel incremtent and a spare unit, simple cost analysis

may be perforaied directly from the tables.

Example - Evaluation of Operational Readiness

Tw equipments may be operated as follows: one on-line, and
one off-line as a spare. A maximum of tvo service channels
(repair crews) should be available. The failare rate per equip-
ment is 0./lAours. The service rate per channel is 10/hocurs.
The tabular parameters are, therefore,

N=I,

P-. 1,

C-l1,2, and

Turn to the section of the table with N=1 and P=.1O0000.

(This part of the table is reproduced below.)

N= 1 P= .10000
C 1 2

S

S.091
.091

1 .009 .005
.054 .050

2 .001
.037

Pead off: d• d 009 (111-23)

-d =.005,

then

-1ý =.991 (111-24)

=%-.995,
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Suppose the spare requirod three minutes (t=.05 hours) to go into

action upon failure of other equipment. The time would detract

fro:i the computed operational readiness by an amount (It). Assume

a total possible on-time of (tV), then the time the equipment is

down (nsither the equipment, nor the spare, on-line) is

S=dNt' (l-dN) (It), (MIi-25)

then
SR = (t'-ta )/t (III-26)

U(1-dN) (1 -It).-

Calculating the revised operation readiness,

R=(.991) (.995),

=.986.

P%'=(.995) (.995),

=. 990.

6. OPTIMIZATION ROUTIITE

Fo. any system, maintenance may be performed at a number of
locations. At ep.ch location, a number of subsystems may be
maintained, witb individual manning and spares complements de-
termn•ed through eyercise of the optimization procedure. illu-
strated in figure 111-2. An example of application is in sectioy;
7.2 of this appendix,

The menning procedure developed below is biased conservatively.
That is, it tends to underestimate the operational readiness
level resulting from a particular manning scheme. However, re-
suits from the field, based upon investigation of the technique's
validity, establish that the prm-edure estimates manning at lower
lervels than typical T. 0. establishment.

These differences result directly from differences in the techni-
quas employed. The technique described in this report achieves
aconreeritive results through consideration of manning require-
men :s ati reaulting from completely random processes. This is
not strictly the case, since there -4 some control exercised in
schedluling WC)rk. Existing methods for establishing manning

O. 0.'s are intimately dependent upon design similarities, and
opera:tional environment and urage. They do not deal directly

1
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with the interrelations between the design and its application
nor with pipeline personnel in its relationship to the other
factors.

In point of fact, no analytical m;-iner exists which is capable
of combining all of the 2I significant task charac-
teristics. In general, however, certain characteristics will
always tend to predominate. Theae form tý-n basis of the pro-
cedure which is outlined below, and developed more fully through-
out this appendix.

In principle, estimation of manning requiremezýts as a function
of design parameters and operational requirements is relatively
simple. The procedure ,:oasists of the following:

a. Estimate reizibility and repairability of hardware
items in their operating environments.

b. Weight reliability and repairability with required usage
capability to determine the frequency of demand for service and
the associated workload.

c. Allocate hardware it•.ns ta skill packages. This con-
sists of combi-ning work elements having commonality of charac-
teristics:

(1) Conmon work location.

(2) Commn technical knowledge

(3) Coiumon tools ain test equipment.

From these characteristics, the skill speciality field is
established.

d. Based upon the foregoing knowledge, eatimate the num-
ber of personnel of each skill level required to perform simul-
taneously on the tasks comprisinr each skill package. This
grouping of persrnoel ip tb" skill tetm, or service chann4l.
(NOTE: Cesnerally, level 5 personnel constitute independent
workers, and level 7 are work programiers or supervisors. Level
3 1wrseonnel work under the direction !f levels 5 and 7, to
accomplish less complex tasks).

145

P

g4



e. Use the u.anning tables described previo•aly to opti•iize
the relationship between service channels and spate to satisfy
operational readiness requirements. Wply backup and pipeline
requirements.

Work requirements are separated by demand type and priority.

(1) Random or scheduled demand

(2) Primary or secondary priority

Rpdom and scheduled demands are frequently associated with
primary and secondaqy priorities, respectively. If random and
scheduled demands both have primary priorities, they are qrouped
into the same skill packages and treated as random.

The capability for secondary workload is established by ccvput-
ing idle time available fror, primary work requirements as des-
cribed in paragraph 8.1 of this appendix. If available idle
time exceads the secondary workload, then no additional person-
nel are required. If additional personnel are required, re-
examine the tradeoff betweea. service cha".ls and spares.

Total personnel requirements for the system (7G0k) consist of
the aggrogate of sabsystem skill assignments by location, as
detezxined through optimization. Consideration is given for
contingency plans or self-suffici-Imcy requirements, which might
rvquire separability of skill packages into sma,.ler umits (as
for separation of a self-sufficient squadron frou its group or
wing). A block diagrti of the overall manning procedure is shown
in figute TI1-3.

I 7. STANDARD TRADEOFF PROBLEMS

The application of the manning procedure will involve, 'n general,

specific standacd tradeoff problems,, he more important standard
tradeoffs are explored in the following applications of the
technique.
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7.1 Multi-shift Schedule, Pipeline Pe:-sonnel and Backup
Factor EAplication

System Manning - A shop responsible for overhaul of jet engines
will be consdiered for a wing of 40 four-engine aircraft.
Periodically, after a given numbcr of houre of flying time, all
four engines are removed and repl,-•4 from ready spares, if
available.

The overhaul operation requires one man of skill level (7) and
7 one of skill level (5).

The basis for consideration of multi-shift operation is
recognition of the necessiety for a common time base for demand
and service rates. In this example, lecause the operational
and maintenance szhedule6 are on five-day weeks, a daily basis
for failure =d repair rate,% is suitable. A two-shift maii-
tenarca schedule, however, :provides twice as much repair time.
per day as a siagle shift s'hedule. This remults in a utiliza-
tion factor (P) fcr two-shift maintenance, corresponding to one-
half the one-shift value (see paragraph 8).

The utilization factor is given at (p =.10) ior two shift main-
tenance, and (P2=.20) for cne shift. "

The operational readiness levels to be investigated are
i•R=.90), (RP=.95), and (R3=.98). The table below gives combLna-
tions of maintenance teams (C) and sets of engine spares (s),
satisfying (RI), (Rg), and (R3), r4•spectively (.'hese are obtained
from tht queuing tables N=40, P=.l and P=.2).

TABLE I11-1

Two Shift C s C 2 s Cc s

P=.l 6 0 7 2 7 4

5 1* 6 3 6 5*

4 5 4* 5 7

3 14 4 13 4 16-

Cne Shift 12 4 13 $ 13 9

p =.2 9 5 10 7 11 10S8 7 9 9 10 11
7 8 16 9 5
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Assume that the annual cost of a repair channel equals the
annual cost of a spare set of four engines. To find the mini-
mum cost for each (R), it is only necessary to find the mini-
mum totil of (C+s).

These values are indicated above by underlined entries. The
(C) entry must be multiplied by the number of shiZts to ob-
tain total cost. The optimum policy, which is indicated by an
asterisk, call for two shifts, in al_ cases.

An adjustment to each repair channel must be performed to com-
pensate for sick leave, furlough, etc. (tbis is taken to be 0.2,
see appendixVlUrl).Additionally, personnel are required in the
system tc replace other personnel leaving due to discharge, etc.,
as a stable personnel system is required. To achieve this,
suppose that the number of men at skill level (5) must be equal
to. or greater than, that at level (7). For every two (5) level
pexsonnel, one (3) skill level person and one trainee are re-
quIred. Since the repair team consists of one each at levels
(7) and (5) skill, no additional (5)'s are required. However,
for each (5) level, one additional man is required, i.e.,
1/2 (3)-level, I/2-trainee (T).

Requirements for optimal policies are tabulated below.

TABLE 111-2

R -. 90 R .95 R =.98

Skill Level 7 5 3 T 7 5 3 T 7 5 3 T

Personnel 10 10 5 5 i0 10 5 5 10 10 5 5

Adjuut by .2 2 2 1 1 2 2 1 2 2 1 1

Total 12 12 6 6 12 12 6 6 12 12 6 6

Zesource Cost 11 units 14 units 17 units

In the examples which follow, pipeline personnel and backup are
not considered.

7.2 Application of the Optimization Technique

A standard operation in military and industrial operations is
the periodic calibration of test equipment, and repair and re-
calibration of failed test equipment, Suppose a type of test
equipment is required to be calibrated every month (x-30 days).
These test sets are used by 10 repair teams (N-10). It te.k•,;
10 days for the calibration or the repair and recalibrecion
action (y'm10 days.). The test set ha* a n-san time between failuro
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of 6 months (t'-180 days).

A tactical requirement is that 8 of the 10 repair teams must be
operable (N -8). It is possible to vary the number of service
channels jC7 and/or the number of spare teat sets (6) to satisfy
the tactical requirements.

Before using the tables, it is necessary to determine (P). Let
the mean arrival rate of a test set into the repair shop be
approximated by

7,-t'/[x(t'-X/2) 1, t>•x (111-27)

and

so that

-. 364,

-. 350.

Turn to the section of the table with (N-10) and (P-.35000).
Indicated below are the possible combinations of ( and I)to
satisfy the tactical requirement (N0 =8):

C s

3 5 or more

4 2 or more

5 1 or more

6 1 or more

It may be of interest to determine a least cost method of ac-
chleving No in the preceding example.

Let the total cost equation be

*"If yrTlx, the quantity would correspond to mean arrival rate
for callbration only.

151



&-U+ (W+S) f, (in--28)

where

a Total cost,

•- Cost of a reprir tem, e.g.. $25,0)0/year,

em Cost of a caJ ibration/rep~ir channel. e.g..
$5,000,-`yar, and

f= Cost Of a test set, e.g., $1,000/*ar.

All are wxmreseed in crst per unit tins. xt is known that >No>,
C>l, and C20.

The change in the total expected cost per change in number of
repair teams is

Lb =b.+f, (II-2•)

where the associated change in number of repair teams is symbol-
ized by tO.N0  "

Similarly, for calibration/repair channels,

Ae,=e (111-30)

and AN-

am!, for spare test equipments,

Af, -f (111-31)

and AN0  .

Starting from

- a1 *z (14'+I) r+3e-w (H +1_) £, (III-32)

* compute AN0  AN , and AN,_, , using the numbers from example 2.

* a1 =$249,000 with C-min 3.
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For a change in the number of repair teams,

3,9 P- .35 C-3 8,,O dl-.302

R- 0 P-:.35 0C3 s-0 dn-.319

=.528.

For a change in tha number of calibration/repair channels,

-N9 P-.35 C-3 s80 d3 .302

N-9 P=1 35 C-4 C-0 d4 -. 266

-_a _s -d 4  (1II-34)

=.034..

For a change in the number of spare test equipments,

Nu9 P-.35 C-3 SB0 dB=.302

N-9 P-.35 C-3 8-1 ds=.247

ANO =d5 -de (111-35)

=.055.

Forming the ratios as follows

/-A, /(b+f)=2.03xl0-5,

WO -o /e=6.8x10- 6 , nd
ANO ,/f=5.50x10-5,I

choose the ratio AN /f as representing the maximum incremental.return per unit cost°016estment. Stated in another way, if
(N-9), (C-I), and (s-0). the least costly action is to increase e by I,
in order to approach the tactical requirement of 8 out of 10
active repair crews.

The reference point of the second computation cycle is esta]lished
by the selection made by means of the first cycle, viz., increase
(s)by 1. The table below shows the result of carrying through
this analysis.
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Computation
Cycle N C s

Start 9 3 0
1 9 3 1
2 9 3 2
3 9 3 3
4 9 3 4
5 9 4 4

Stop

7.3 Aproximation Techniques to Two Levels of Maintenance

The tables are exact for one; level of maintenance. However, a
very good approximatior. to the manning problem, on two levels of
maintenance, can be made uving the tables. Alternative proce-
dures to be used are giren in succeeding paragrapho.

Typically in the United States Air Force, a weapons system, such
as an all weather fighter - interceptor, will depend upon a nun~ber
of distinct '.naincenance shops to maintain it in a state of opera-
tiorn or readiness. For the most part, these shops, along with
the particular subsystems they support, will independently con-
tribute =nreadiness to the weapons system. Furthermore, a
shop may be dependent upon a secondary shop for support, e.g.,
flight line team performs maintenance by replacement of a black
box, aid the faulty black box is repaired by a maintenance shop
tea-in. The personnel are assigned to either location, dependent
on skill capabilities.

Consider a subsyetem having a failure i-ate of .1 per hour
(=.l), and a repair rate oi 1 per hour in flight line mainten-

ance (4i=l), and a repali. rate of .5 per hour in the maintenance
shop (L2=.5). There are 25 operational aircraft, which means
that at most 25 subsystems could he operated simultaneously
(N=25).

It is desired to determine what combinatiLns of flight line main-
tenance teams and maintenance shop repair 'hannel3 will satisfy
the requirement that the mean number operable will be 18, (No0 18).

ip~roach

A general approach which is applicable to multi-echelon supIport
systems is to use a probabilistic acti-ity network to eatimato
the aervice time. This method permits accounting for travel,
time to acquire test equipment, and logistic waits. (See paragraph
9.3 for an application of this technique).
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The following thzee approximation techniques may be used, and
depending on circumstances, one will usually be a better fit
than the others to actual maintenance policy.

a. Assume the maintenLnce shops contribute independently
to down subsystems. Since the number of down units
will be the sum of the down contributions for tne
flight line teams and the maintenance shop repair
teams, any combination of D1+D%<D-N. will satisfy the
system requirement. This approach is satisfactory
when N4, .>D, +D2.

b. Based on N, determine the average *:'-t for the black
box repair cycle. Adjust, accordingly, the amount of
time the flight line team sperds to replace the black
box. This approach will, in qeneral, provide a good
estimator of system behavior, presuming thM flight
line team stays with one subsystem until restored to
operation.

c. Assume that the effect of the second level of mainten-
ance is to reduce the number of cperable subsystems which
the flight line maintenance teams will service. The
initial computation is made ignoring the flight line
maintenance teams. Adjust the mcximum number of units
the flight line teams will be required to support.
Calculate the number of units dovwn, based on this
adjustment.

Each of the approaches may be extended to include the cost op-
tiimization procedure.

It is of interest to note that although the assumptions vary
widely for the specific approaches, the results are quite sirni-
lar.

Aproach 1 (Independent Shops)

Iet:

N=25 No =18 4. =1i.0 ý2 ="5

then

P -. 1 P =2 D-dN 8=0.
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The following tables are derived:

C =Flight line teams

CI2 3 4 56
D, 6.15 3.10 2.45 2.33 2.28i

C =Maintenance shop channels

C. 4 _ -5 6 7 8

D. ~6.60 5.03___ 4.45 4.5 4.20

The combinations of DI+D2 <N-No providing feasible solutions
to meet the operational requirements are

C1 C6

4 or more 6 or more

If a cost difference exists between flight line and maintenance
repair teams, the election should be based on:

min [a=a C1 +a.C ]C D 1+_N -No, (IIX-36)

where a] and a2 are the cost of a flight line and maintenance
ropair team, respectively.

Approach 2 (Changing r-

In this approach, the Waiting time by the flight line teams to
acquire an operable blz,ý box from the maintenance shop is firs.
computed. Using tables (N=25) and (P.=,20000), the following
values can be read off for , •nd the rest ,f the entries are
derived from (n,).

C24 5 6 7 8

n.264 .201 .178 .170 .168

N 4 6.60 5.02 4.45 4.25 4.20

CS. 3.68 4.00 4.11 4.15 4.16
t 1.59 0.51 • 0.17 0.05 0.02

3.59 2.51 2.17 2.05 2.02
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The value of .i is adjusted (W,) to compensate for t

t 1 T44L,(111-37)

t'--t +t * (111-38)

ý2= fand (111-39)

The () obtained by looking in the tables under (N-25) and

%P•P=Pf), represents the total unreadiness of the flight line
teams and the maintenance shop teams.

The results are tabled below in tezis of (C)d, (Ca), (PFj, and
D=<7.

C2 4 5 6

Pe ai.7rox. approx approx

0.26 15 0.12

C_ 3 6.37 4_. 22_

4 9.85 4.18 3.04

5 7.30 3.53 2.78

6 7.00 3.29 2.70

7 5.48 3.27 2.70

Summarizing,

3 or more 5 or more

6 or more 4 or more
roah 3 (ChangN_ )

The approach of units awaiting or undergoing service (ne)in the
maintenance repair shop is calculated as in approach 1 (since
s-0,nd=d}. The units used (NI) for calculations involving the

flight line are as follows:
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NIw "0totand (I-1

No ,N -D. (111-42)

C1 4 5 6 7 8,,, 18.40 19.97 21.5 20.75 20.80

2 14.55 s6.42 16.83 16.93 16.95

3 M6.52 17.85 18.33 10.49 18.53

4 16.69 18.09 .18.68 18.72

5 16.73 18.15 18.68 18.76 ld.82

Summnarizing,

3 6 or more

4 or more 5 or more

8. Dimensional Analysis and Sensitivity Analysis

Application of any analytical routine is dependent upon main-
taining a conaistent dimensional system. The routine described
in this section assumes consistent dimensions in all parameters.
Some parameter inputs, however, axe norma ly- obtaained in dimen-
sional units which require .conversion to be consistent in the
system. Failure rates, for instance, are usuc Uy obtained in
units of failures per operationl hour, and service ratea in
terms of repairs per maintenance hour. These diaencions are
not consistent vwless tho operational schedule conforms precisely
to the maintenance schedtile. To eliminate the problem of i.nco-
sistent dimensions, failur.e and repair rates should be converted
to a time basis which has comm definition.

For instance, if operational and maintenanoe schedules are ex-
preftsed in terms of a repetitive wmek, the .mekly time basis
should be used as follows:
*Alternatively, N,'4-o ,N-D may be uued for the effective number
of working units s•n'by tU. maintenarwe repair shop; either
solution will satisfy requirements.
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Let

Il - failure rate /operational bour for ome
operational unit, and

N failure rate/operational wee failure/rate/
maintenance week,

, operational houra/week.

Let

Ssmervice rate/mkaintenace hour,

Wk" =service rate/maintenance week,

- service rate/operational week, and

where

ha* a maintenance hours pe: week.

and

If more than one maintenance location is involved, with differ-
ent woz* schedulu, a aervice rate (ji) will be c~apted for each,
contributing to different utilization factoxv.

As an exaqpla, conmidor an organization with the fnllwing

characterkstice:

"x 0.5 per operationas unit,

4 (organization) - 1.0.

),. (field shop) - 0.5,

Operartional schedule -4 houtm/day, 7 4&ayx/ww,%.

V .)Organizational maintemnwie schedul -i 9 houirz/4wy,
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Field maintenance hedule 16 hours/daj,
5 days/week.

Then

A -(28) (0.5)-4, (5)1-44)

40i (organization) -(56) (1.0)=56, (111-45)

S(field) = (80) (0. 51 40, (11146)

and

P *,.-n,'X/•,l (organization)-O.25, and (14-61-47)

P \,=),/4.% (field) - 0.35. (111-48)

8.1 Preventive Naintenance

Preventive maintenance (PM) requirements are accomodated in
either of two ways, depending uon wbeetber preventive mainten-
ance formis part of the primary wctkload ox in a secondary work-
Icad. A guideline for this deter•wdnat&icm is t% level of
priority for scheduling preventive maintenance. If it can
pre-eupt a corrective repar, it is nrimary wiorload, but if
PK is perfore only vtn operational mkoita, personnel, and
facilities are uncomraittd to corrective tasks, it is seaoc-
dary.

In most cases, PH is considered secondary workload, and it is
only necessary to detý)rine %&ieth.r sufficient unutilzed time
is availale fe- its acccplishmt.

The number of aervice chiame's available for secmdaxy worklo
ie C-C , where " is the number of chab els assigned jand C the
at+•n nt r of busy cbannels. The time availab.e for xecdary

:,)rkload is called "idi.' time" with re ect to primary wc-kloal,and in

IT'-,h, , (C-_C) (111-49)

It is required to determine whether prem ntive sainteftae
(and other swow~dary workioad) is loss tran the tima %vailable
for secwmxidry toorklo#a. The sa proced~ure is used to deter-
a Ai. thw crapcity fot other smeondary workloaW. It sms.!d be
noted that usual levels of omeratiOMN-i readimess Schievainmt
r~quir. idle time with r'sxpwct to prAmary orkloa'd. otiization
of this time for oecamdary orkloM7 is frne. T..-t is, within
the limits of :Ld'e time availability, secondary vorkload cAn
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be added at no additional cost for personnel and facilities,
and oftsD, for repair equipment For this reason, it iL often
feasible to incorporate at no cost such coaondar.y workload as
module repair, at a forward shop where this Isa not part of the
primary workload.

If insufficient idle time is available, it is necewsary to
increase the number of personnel assigned. Depending upon
the magnitude of necessary increase, this can be accomplished
by ad~a.•ig channels, by adding a channel on one shift of a
-iuxltl-shift schedule, or by increasing service channel team
size. In any case, the modification may provide opportunity to
reduce spares, while maintaining the required operational readi-
ness level. If PM is corsidered part cf the primary workload,
its utilization factor (P) is added to that for corrective
maintenance, in consist-ant dimensions, as described in pre-
ceding pararaphs on dimensional analysis.

Errors

Estimation of failure rates and servicer rates is subject to
some degree of error, particilarly when the equipmen-' haa not
been built, or even completely designed. Use of the manning
tables can detemine the significance of the ectimated para-
meter error. In many cases, errors are compensating, and in
others, otherwise a 'iificant errors are rendered innocuous by
virtue of the eftect of asymptotic relationships.

An error in failure rate (N) has the same effect as an error
in operation rate (schedule), and an error in service rate
has the same effect as an error in maintenance schedule. The
effect is a change in the value of utilization fLctor (P),
realizing that it is the ratio N/t± in which error is signifi-
cant, since P=M/t is the demand factor 6ptermining moarning
requirements. An error in estimating spill requirements for a
task can result in an error in service rate, or in pipeline
personnel.

The .ecommende& means of determining the effect of expected
error is to co-'para unreadiness values at reasona)l-e error
limits, and consider the advisability of medifyir~g manning
assignments to reduce the effect on 1mreadiness Following is
a list of error sources and effects on manning.
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Parameter

(0) Failure Rate. Affect Utilization
Operating Schedule. Factor (P).

(4) Service Rate.
Maintenance Schedule.
Skill Level Requirements.

(P) Utilization Factor. Affects Unreadiness (d),
Service Channel, and
Spares Requirements.

Skill Level Requirements Affect Pipeline Personnel.

P3•1 3 personnel turnover rates.

9. Workload Determination

The foundation for the prediction of personnel requirements lies
in the hardware and its demands for and application of manning
and skills. The initial step in establishing manning and skill
requirements is the determination of the relationship between
performance/capability requirements and the equipment' s
reliability/maintzinability characteristics, and the work cre-
ated by the relationship. This provides the basis for estab-
lishment of repair channels in terms of skill teams or work
shops. Failure rates (V's) and service rates(iL's) for the
equipment are developed by means of existing reputable relia--
bility and maintainability pred:..ction techniques.

Having esLablished tasks that will occur, it is necessary to
package these task• for assignment to repair channels. The
task responsibilities of a repair channel are called a "skill
package." The skill package is identified with a repair
channel type and with a personnel subsy,;tem. The total main-
tenance personnel system is composed of personnel subsystems,
each associated with a subsystem skill package of the aystem.
The behavior of the personnel subsystem is described by an
activity model. This activity model is described by a finite
cyclical queuing process.

9.1 Perfomnance RBqc~irer. -its

During each working shift, the system must be capable of per-
forming its prescribed function, or operation, for a specified
duration ane./or frequency.
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Weighting frequency with the duration of each occurrence gives
rise to, a total operational capability during each shift.
This requirement may take the more precise form:

a. Operati Aq tLne per unit calendar time of which the
operational unit should be capable.

b. Number of operations per unit calendar time of waich
the operational unit should be capable, and duration
of performance per operation.

In establishing operational capability, it is desirable to
differentiate between maximum,average and required performance
capability.

a. Meximum operational requirements are difficult (iZ
possible at all) to specify quarilitatively.

b. Average performance requirements are those that can
be expectea in a quiescent state in the usage the
system experiences as the result of either training
personnel or equipment exercising. Average perfor-
mance may be considerably less than performance
capability required.

It is important to note not only the relatiorships ai ong
parameters, but also the effects of parameter variation. A
change in failure rate (7X), or repair rate (ýi), for example,
can result in a change in the achieved value of operational
readiness, or personnel and spares requirements, with a con-
comitant change in system support cost. In view of these
relationships, manning is an optimization, based upon "skill
packaging" tasks. It is significant that an error in estimat-
ing the skill requirements for a task package results simply in
an error in the repair time.

9.2 Tasks Identified with S§ystem Functions

A system fu/nction may be defined as the level of equipment
deainition for which it is possible tG specify a distribution
of skills. A system funiction is identified with equipment.
Each equipment is characterized by demand rates for mainten-
anca support. Consider the following functio-n breakout of
an aircraft.

The aircraft (operational unit) is itemized in terms
of fundawnental functions, e.g.,



Fire Control Air Frame System

Propulsion System Comiunications

Armament System Navigation

Pilot System Hydraulic

Landing System Safety (e.g., fire extin-
guishers, de-icers,
ejection systems)

Determination of Tasks

The fundamental building block of the manning technique is the
task. Ideally, the task is identified with a black box in the
operational unit. The operational unit is comprised of a
fixed number of black boxes.

For the purpose of analysis, the task is defined as a black box

having the following demand ratea:

a. Occurrence demand rate measured by failure rate, and

b. Performance demand rate.

For ePth demand occurrence, there is a3sociated a duration of
periormance. This performiiance will require a number of per-
sonnel of a specific skill type and level. In the establish-
ment of performance rates, it is assumed that a rate will de-
pend on a task, and on the skill level performing the task.
Random processes are a&ss•med and mean rates are estimated., based
on exponential processes.

Each combination of occurrence rate and task performance dura-
tion may have different skills and numbers of personnel required.

In summary, the black box task concept amounts to dividing
maintenance requirements of the or rational unit into reasonable
work units or task packages. A "risonable" work unit may
conlsist of things to be done on the same occasion, but which
are not conveniently performed simultaneously by different
people. These things-to-be-done (tasks) will require the same
skill field. The work may riquire primarily high skilL, with a
few low skill elements but, typically, not the converse, since
the latter would lead to irefficient utilization of highly
skilled pt.rsonnel. The exception will arise when the workload
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leads to requirements for only one or two men in a particular
field, at a particular location. There will be borderl.ine
situaticn. 'where there is tcme question as to whether a part.-
cular group of actions should be consider:ed as one, or as
more than one task. Little tL.s should be spent in making
such decisions, since they will almost never make a signifi-
cant difference to the final result. In practice, the actions
will generally be assigned to the same tea~m, even when they
are considered to constitute several tasks.

9.3 Activity Network for a Simplified Aircraft Func4 -ion.

Consider a fire control subsystem comprised of an electronics
black box. Electronic repair is performed by removing the
black box on the flight line and replacing it with a spare,
if available. The faulty black box is repaired at the field
shop. The activity network for, removal and replacement of the
black box is constructed to depict the activities and events
of the action.

The spare or replacement black box may be obtained through
one of several routes. These routes and their characteris-
tics form the basis for the network:

"P / t"

Activity characteri.stics a:re noted on interconnecting lines

between circled numbers representing events.

The estimated values for these activities are:

Activity Estimated Values

t1=travel to maintenance shop .3 hours

t =place faulty box in repair line .2 bours

t,=take box from ready inventory .1 hours

,=await repair 1.5 hours

t =obtain box from base inventory 4.0 hours

165



t*-return to aircraft .35 hours

p,-probability of occuLrence of t .  .35
p2,uprobability of occurrence of t 4  .60

p 3 'probability of occurrence of t. .05

The expected time duration spent in acquiring the black box
is:

B bb tl+t 2 +P7,ts+P2 t 4 +pStS+t6 (111-50)

-2.6 hours.

9.4 Tradeoff of Spaes at Different Assembly Levels

Consider a squadron of 20 aircraft (M-20). The return in opera-
tional readiness from an additional spare black boy. (AR.) ij
0.0005, and the cost of the spare is $8000. Alter.tivtly, 2n
additional aircraft can be acquired, decreasing unit aircratt
readaess from 0.750 to 0.745 with no change in support facvii-
ties or personnel.

The return in capability per unit cost of the spare black

box is

r* m"R 6 /C =20XC..0005&8000+I.25X0 0-". (111-51)

For an additional aircraft, the unit return is

r~ [ (+r) R-m�b ]/C =[ 21)0.745-(20)0.750]/500,000

=1.29X30-6. (111-52)

Obviously, the rate of return in capability for the additional
airc:iaft is greater per unit cost than for the spare black
box indicating preference for an aiditional aircraft. Conver-
sely, an aircraft is less costly per wii- return in readiness.

9.5 Interpolation Techniques for Subassembly Spar,_la

Suppose, the skill package consists of

(1) repairable assamblies (modules)

(m) assemblie- requiring piece part -epair, and

(n) off line ;-reventive maintenance actions
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The contributions to the utilization factor will

p3 mZP !C\ A1± (111-54)

MPmPn( /u (111-55)

Pt UPI+ +P +P3 (111-56)

Since the repairable asopmblies make unequal contributions to
the utilization factor -nd can differ in cost, it is required
that a method be established to choose between assemblies.

The change In urreadiness between having no spare and one skill
package spare is

Ad= (do-dd) (I11-57)

Since only (P3) portion of the utilization factor is supported
by spare repairable assemblies (assuming part spare availability)
unreadiness can be affected by providing spares associated with
this aspect of the work load only.

Suppose there is only ^ne spareable assembly in the skill pacx.aue.
The effect on unreadiness as additional spares are allocated is
illustrated below.

Spp9r_ Unreadiness Change Unreadiness

1 A( d•0 -di)P 1 /Pt do-(do-d )PI/Pt (111-58)

2 L =(d -d,)P1 /Pt do -(do -32)P,/P, (111-59)

""i Ad, (d _ -d d(PI iP%) do- (do-dd)P1/P-t (I111-60)

Where the skill/hardware package is comprised of more than one
spareable assembly, the multinomial probability distribution is
l!ued for interpolation:
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If the distribution of spare assemblies is

81#82•# 8So *eSf

the maximum demznd for imares that covald be satisfied is
n=s +s+s 3 +S +**"+sz. (1I1-61)

Thera is a probability of satisfying any demand

n-l, i=o, 1, 2, °.on,

a fraction of the time. In orde.: to interpolate, it is required
to determine the probabi.ity of satisfyixg a demand for (n-i)
spares, (i=o, 1, .. ,n) ;jiven that the demand -cc-urao '.IMs, if
(ndj) is the number cf ways in which the demand for (n-i=j) spares
can result from diffezs:,rt subassembly demands3, 4,d (n,, j) is t"--
number of ways in which the ;3j, 4 bution o spares (s 1 , 0 .. , s)
can satisfy that demand, then tlh! fraction of time that the didtri-
bution of ass3mbly spares will be equivalent to thte same number of
skill package/hardware spres is

j (41I-62)

The unreadiness of the hardware or skill package as a result of a
distribution of spare asblies is as follows:

For a spare assembly oorplement

S , S 2  53, o3S'? ""t u

let a minimum (s,) be (m)

" -d (111-63)

The table below illustrates for the case of two types of assem-

blies, the unreadinosu as a function of various combinations of

assembly spares,
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AsseksblX TyXpe unreadineus

0 0d

spares 1 0 d,- (c40 -d d)P 11

2 0 do- (dO-d 2) P I

1 1 dl-(d, -dIm IPI
2 1 d1 - (d1 +d)P 2P1 1 P1

2 2 ~ d9 -(d2-ds) (3PR1 PP +3P~ P12)

11~1 12 1 11

Tables 111-3 and 17-1-4 illust~rate two specitL cases, for three
assembly ti-pe~s, and for (ri types.
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Sp"BS~~ nn.~xf - "M iSMn- TP

TJWLE 111-3

ASSNIDY TYPE WNUMflIUUS_(

000

1 0 0 do-(do-.d,1 P *

11 0 d -'Id -d~ ) P1 +P~,( 1 &)p~P.
1~ ~ %. 1 d1 -ILI-d._)(2P 1 1 P 1 2 +2P1 , P

2 0 0 lo -(do Aý) PI11

2 1. 1 d1 -_(d1 -.dv )(pa +2PI P 1+2PIRPS

+2P Ipl,1)- do d) (3P'l IP,

+3eIPI P 3 +6P1 1t iaP, 3P)

2 2 0 d0 -(d 0 -dg8 )(P 1 ,+P 1 3 )

-(d3 -d 4 1 P21 IP. P21

2 2 1 d I- (d1 -d, VP1 I+Pia
-(c - )3e P + 3P2 P

a S 11 12 1 !

+310 pa 3P2 -PPI

*Se ~ca" Tabie 1L-I-A.
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Minsky.___ t3RZA~hKB (d)

1 2 3.*. a h- oo~

S00..OQ.0 0 d-(d -d1 )p 1

I EMT

(Z 2 p p

tmi =1 t =I

17-1
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1. if the subsystem cýossists of. (ai) idea~t5~l Lo~am~is,
each With failur rate () =Ad service rXVt (.i) tht aggre-
gate tailure rate is (ni)) amd

wdhere (P) Is the utilization factor. A spare •.~ts of =u
subassembly.

2. If (W) of (n) 3 'entical subassemblies are redundant md
inactive, then aggregate failure rate ia [(n-m) \]* and

P- (n-rn) ?L/J (111-67)

A sqare consists of cne subassembly, with (m) spares al,' dy
assign•d.

3. If (a) of (n) identical subassemblies are actively reun,-
dant, the aggregate fW.lure rate is (nN), and

nVTaj4 (111-68)

A spare consizts of one subassembly, with (m) spares already
assigned.

4. If the subsystem consists of (n) subassembly types, and
(me) subassemblies of type (iM,

L4N -=aggregate 'ailure rate (I11-69)

P

The interpolation technicsue crd preceding is required
to determine the optioA so:nres mix.

Coinant on CPtizizat.1,n

The rate of change in imreadiness depends, of course, upon the
distribution of aesembly spares. T.he Ltimum mix is that pro-
viding the greatest return in readiness per unit resource
cost.. Utimization is practically accuqmlish&' by selecting
spar's increments based upon margirnl rwCurn in re;Winwss per
unit of resource cost.
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.m distribution of asewTblies for assignjmt of the first
spars is detemined fmom the rinkinq of nomalized utiliza-
tion factors (P? I)* Assig~nmnt of a second spare depends
upon the contribution of the tecond power of the appropriate
normalized utLization factor being greater than that of the
normalized utilizatioa factor of the alternate candidate for
a firn spae. (01 Ad >P Wd). Subsequent spares are assigned
similarly.
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%PPFJDIX IV

SKUL SENSITIVITY TABLES

1. INTRODUCTION

A multitude of factorz ar* directly or indirectly related to
system maa•ninZ requirements. An analysis of the significant
factors has been made and tht results appear in tables IV-1 and
IV-2. For these table, the description of each factor in-
.ludes its identity and the measurements of prim~ary concern
to manning. Bach factor is mated w:Lth its reW.'tionship to per
sonnel in a system. The measures a&-e givan below the identifi-
cation of the factor. The personnel are claxned in eit.ar
maintenance or operatior dategories. Relations given in tla
tables represent rough-cut effects of a change in the factor
as reflected in changed manning requirements.

Factors have been selected according to their potential
importance. In particular situations, any factor may loom
larger than others. The magnitude of effect of a particular
factor depends on the magnitude of its change.

Eae of estimation of the effects of a factor is closely
ralated to the basic ease of measurement of the factor itself.
Hovevea', in most cases, the uncertainty of an estimate stems
mv•re from the uncertainty of input data to the estimating
process than from errors in tba estimating process itself.
Uncertainty cf innut is inevitable. By using these factors as
guides, the degree oi uncertainty is minimized through clear
establishment of ,he type of input d&ta that is needed. Here,
the benefit lies in assuring that valuable data which are
attainable will be made available.

Factors in the tables may be clasaified both accordini• to their
association with the equipmant, and to their effects on the
manning requirements of the system. Table IV-I contains factors
relating to hardware and its applications. Table I'y-2 contains
factors relatiag to support equipment and organizatiut&. Some
factors affec.z primarily the m!n-hours of actual labor required,
while others affect primarily the efficiency with which men can
be used - the frattion of the time they are wc,±i.g productively.

-. CONDITIONS OF APPLICABILITY

The !plicability of tables IV-I and IV-2 is limited as follows:
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a. Relationships provide approp! ý.&t. approximations where-
ever new systems of oquipmun'.s can be viewed as consia-
ing of hardware similar in type to that of existing
systems or equipment. The accuracy of the estimate
will depend, in part, upon the degree of similarity.
For example, applicatton of relationships to maintenance
manning requirements on inertial navigation equipment
are appropriate, using other inertial novigatior equir-
ment as a basis for comparison, but not using stellar
navigation equipment. Note, however, that computer
subsystems in both systems might be appropriately com-
pared.

b. The co:isequences of queuing (random workload require-
ments) must be considered as modifying all effects i,
the --bies. Queuing effects are discussed in appendicee
III ani 'I.

c. Manning adjuutments should always be based upon personnel
skill s&jcialtv codes, since reductions or increases in
manning are directly related to redi :tions or increases
in speciiic skill hours of wc-k available.

3. GENE"RAL CONTENTS

In table IV-l, the Ppecif.c lactors can be categorized as follows:

1 to 6 - Character',stics appropriate to estimation of
requirements for skill and man-hours of actual
labor. Apply at all levels.

7 to 9 - As applie& to hardware, same as 1 to 6. As
applied to personnel, characteristics of the
utilization of the hardware which affect theaccomplishments possible Ly a man in a given
time.

10 to 11 - Characteristics of the system at the equipment
level which affsct the requirements .or actual
(skill) man-hours of labor.

12 to 13 - Characteristics of the organization u9ing the
equipment, which affectý tLe efficiency with
which men can be used (..e., proportion cf tim2
which men are not "idle" with respect to their
cuties aasociated with their primary AFSC).

180



14 to 15 - Characteristic@ of the uae of the equip•mnt
which affect the efficiency with which men can
be used.

For table IV-2, the factors may be categorized as*

1 Characteristics of maintenance *'•ppmnt affecting
skill and man-hours of effctt required to maintain
the operating and maintenance wuipment.

i Characteristics of organization for maintenance
which affect the efficiency with which men can
be used.

3 to 5 - Characteristics oZ organization for maintenance
and logistics which affect equlipment downtime
for re.air. Nanning often may be traded off
eith th9u2 characteristics in order to achieve
a specified operational readiness.

The factors which affect tht amount :f actual man-,o-as of
labor required can be dealt with directly. Those affecting
"idle"' time require dealing with the intarreiltions oi viour
factors winch are involved in cletzing probleme.
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APPENDIX V

DET~AILED PROCEDURE FOR

DL8*IGk/SbJPPORT ALTERNATIVE JiNALYS'-S

1. GENERAL OPERATION AND SUPPORT RELATION~SHIP TO SYSTEM VALUTI'-

R~egardless of the set of mission requirements thiat is establieh'ed
for a system and transformed into performance parameters, When
these parameter values are tranuformed into a proposed hardlware
conr04guration which mteets the value requirements of the system,
the taak remains to determine how to get the most for our opera-
tion and sudport inveatment. Wl*at is desired to maximihe fcr
thia investment is dire9cted to the specific mission~s) which the
system, is to accomplish. in general, what will be required is
achievement of oper-ational readineas.

After defining a specific design alterrative in terms .%f hardware/
soIftware, the next task is to evaluate, the effect of the applica-
tio~n upcn cost and operaticnal pertormance. Firs't, it must be
uzrderstood that the sole jpurpose of thz_ operational/support system
is to keep the system either operati-onal o_- in a state of readi-
ness. Thus, given a design alZ-ernative, the best imethod of support
miust be determined, considering the alternativcss. To achieve this
end will require evaluation of suppozt alternatives. The
evaluation of support alternatives consists of determillning
demonstrable differences in operating and maintenance personnel,
quantities of spares, support equipment, etc. The support alter-
natiVE, selected in conjunction with each design alý:e.:~native must
permiz meeting the operational roadiness requirement in the least
costly manner with that design alternative.

The significance of and neýessity for this lies in the recognition
that. design alternatives should be elaluated in terms of total
expected costs establislied under unbiasecd conditions. A gooci
liesign alternative can be made to look bad from the cost point of
'rlew, if the design of the support alternative will result in a
nigh cost suoport etructure. The analysis requjired to establiish
the leait total expqected cost bat~ed on the opei:ational environment
is amenable to incremental analysis, using total expocted cost
d~ifferences. The ý)rocedure which followsi is based on the three-
echelon United State~s Air Force suppo:t iyot~em.

The principal problemr in analysis of the support eyetem i~v
deter-mir~ing whtiŽ some-0ýinq is to be Joae, i..[ done at all.

c~ne~lthere will. be consideralble latitude in terms of de.3ign
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alternatives, but thij latitude will be constrained by already
existing support facilities, skill capabilities, and opera-
tional requiriments of the system. Given the preliminary
operational and support structure constraints, a relatively
simple elimination procedure can be employed for evaluation of
alternatives. Table V-1 illustrates the range )f alternatives
for the support of a system consisting of three levels of
assembly. For each° lev,'d of assembly, a decision must be
relative to two questions, (a) if that level of assembly falls,
shouid it be repaired?, and (b) if it is repaired, where in the
support system should it be repaired7

In establishing the answers to the questions above, it is
desirable to perform no more computations than necessary.
Table V-2 presents one s5Icl procedure. (Becatise of the possible
Aifferences associated with cost at the factory, and the
relatively infz-iquent use of factory repair, cost3 at factory
are not included in table V-2). The general rule for a de 1:ision,
when using table V-2, is simply to choose the least costly
alternative. That is, if

T, 1<0, (V-)

choose alternative (j),

r.onversely, if

choose alternative (i).

The procedure which foll.ows is based on the availability of
alternative design configurations, among which an optimum will
ex'-t. If the level of assemrbly configuratlion is fixed with
respect to detail modile design, the procedure simply determines
,where maintenance shcild be performed.

2. PROCEDURE

The Btep-by-3tep p L'ocedu-re is detailed below:

Step !, Organization-

A. Select one higner modular assemtly configcration (h).

b. Zvaluate the cost of discard. (Use tabular form 4

provided by fig--re 5, section 4.
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c. Evaluats the cost of repair of the same assembly,
considering that all loiwer levels are repaired, ea.q.,
modules. (Use same tabular form as (b) above.

d. Compare (lc) with (0b) above.

e, Make a decision based on equatiw3 V1*-I and V-2.

Step 2, Organization -

a. Select one of the possible module (ml configuratiers
that is a potential candidate for discard-at-failui-e-
maintenance (DAFt). The higher modular assembly is
repaired by replacing DAFM modules.

b. Evaluate cost of policy described above.

c. Evaluate least cost result of step 1 again; remember
thbt the things zhat are constant for step 1 (and
cancelled out) will not necessarily be constant in
the revised policy appropriate to step 2.

d. Make a decision based on equationt V-.i and V-2.

Stepe 3 and 4, Organization - These steps evaluate the same

module repair at tield and at depot. Highz.r modular assembly
repair is performed at organization level with the repaired
mcdules.

Steps 5, 6, and 7, Field - These steps evaluate the same hiqher
modul.ar as-embly and the same module confiq,':dation, but by'piss
the organizational level. Step 5 repeats the detail of step 1,

step 6 repeats the detail of step 2, etc.

Steps 8 and 9, Depot - These steps evaluate the saxe higher
rr>dullr assembly and the same module configuration, but bypass
the oiganizational and field levels. Step 0 L ej'eats thle dVta3lJ.
of step 1, and step 9 repeats the details oi siep 2.

Step 10, Depot vs. Field - This step evaluates the It-s-te coT+f
est~iate Of depot policy against the le oos cost est .e
field acquisition and suppor policy.

Step 11 ,Y, I nIimtui (F I Id , Depot ) V0 . ()r (IarI Zat 1 on I N
evaluates the least Co0t ctimate detecmined in s•ep 1< •-i
the 1e-st cost estimate of ol+:anjz.tit'+ Icwe}

Q



Result - rte result of this step-by-step procedure is the
evaluation of 4 least eit itimate of acquisition, opration,
and i-pport for one I| gher modular asu..bly and one module

juration. KAio, by using the tabular proceUe, the loca-
tion of th" leant cost level of maintenance is developed.

3. SU•ARY

By successive zVapplicaticm of the step procedure to Aifferent
module configurations within tho higher moduJlr aJutookly chosen,
(allocation of mod,1le functions), the least cost midule is choaie
foc its allocated functionx within the higher assxly. Thim a
different hic(fer modular assembly is &electc., functionally equal
to the first, but with a different allocation of functions to
module positions. The Viole process is repeated. Table V-:3
ilustrrtes the refining process towards attaining a least cosB
situation involving hiqh~r modular assembly, module, and lch:ation
of aaintenamce. The reapplication process can be carried out a
step higher, when the problem is finding a least cost alteniatz
design layout of higher modular asaly types and sizes wit.hin
equipment, etc. There is no limit t': the ideas involving size
and type of modules, higher modular assembly, equipment, eta.,
except that iuposed by practical manufacr:uriniq feasibility and
the state-of-_he-art. T"ere is also no limit tc ",he suppcrt
plans that can be devised, except the very prp-ticLai cne of •
entailed in getting the plan to work.
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APPENDIX '-"I

LOGISTIC CRIETERIA AND METHODS FOR
ESTABLISHING SPARES LEVELS

1. SUPPORT ENVIRONMENTS AND SPARING OPTIONS

The differences among design/support alternatives will lie in
cost of spares, unused spares, or in cost in extra downtime.
The method developed herein will involve determining the repair
policy that will pe..nmit achievement of desired operational readi-
ness at minimum cost.

There are four reasonable options for sparing a particular item,
where organization, field, and depot are separate (barring
contingency planning):

a. At
a, At organization, f 4eld, and depot.

b. At field 9n< depot.

c. At depo+.

d. MN:~were.

Figure V.-1 ?hcwc a typical eupply organization,.

Depot

Organization (0) 0 0 0

Figure VI-i SUPPLY OkUNIZAJCiC

A qualitiative conparison of costs ana other claracteribtics cAn
be made among options involving repair at organization. with
repairs made at field or depot. This compariton is made in
Table VI-l.
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TABLE VI-l.

QUALITATIVE COMPARISON

Usual I
Frequency Duration ofAlternative of Shortage Shortage Obsolescence 1

Organization
Spares Low Short Greatest

Field Spares All Failures Short Next
Greatest

Depot Spares All Failures Longer Less

No Spares All Failures Lcngest None

Thus, the decision on sparing will often be concerned with
where-to-spare, rather than whether-to-spare.

Table VI-2 prezents the relative investment in inventory as a
function of sýares location.

TABLE VI-2.

INVLN1ORY

r SPARES LOCA•OIt !NVL -TM'I;NT

Organizacion Greatest

Org., rze i Next Greatest

LOrg., Field, Depot Least

Consider the case for orlanz.tionul level sparin4 only; spares
would have to be provJ.1ed for every p<,)c3ible contingency, high
failure rate or low failure rate. hich usage item or low usage
item. Wienl m ltinliad Ly the umber <,.f organlzations, the cost
of maintaining this ipvbntory w)uO inr eet e yreart From the
ranking (TibJe VI-2), it sewas that the least inveatozry cost will
occur when stockinq sparfs at the depot, field, and organization.
Nowever, this b~ast cost must be. weighed againat operational

* raiine~c rr~mEat.J



Table VI-3 presents relative cost of spares as a fticticn of

spares couiplexity (level of assembly).

TABLE VI-3.

SPARES SIZE

CATEGORY RELATIVE COST

Parts Least

Modules Next Lowest

Higher Assemblies Greater

The relations in Table VI-3 hold, because of the positive
correlation between cost and size (part complexity).

The above observations suggest an iterative procedure for deter-
mining least cost spare location and category of spare. The
procedure given below fits any case. Many of the cases, how-
ever, can be discarded by inspection, and only the feasible
alternatives should be analyzed.

2. LOGISTIC CRITERIA

Severai methods are used by the Government to determine the
quantities of spares required for support of an equipment or
system. There are many facets to sparing policy, e.g., stra-
tegic reserve, location of spares, running reserve, consumables,
high-low value, and cost per item. Regardless of the methods
ujed, some observations can be mace abouL real differences in
spares costs between design or support alterna:ives:

a. Spares are based upon anticipated usage, pvotection
criteria, and cost.

b. Cost differences in sparing requi-ements will result
from the different demands of design or support
alternatives.

c. The difference in spares coot will be dependent upon
the primary criterion invoked fc~r sparing. Thare are
th-ee reasonable sparing criteriai:
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(1) Demand rate based on anticipated usage.

(2) Operational readiness (maximum return per
unit investment).

(3) Confidence, maximum return in protectionagainst outage per unit investment.

In general, there are two types of spares, consumables and
repairables. The applicability of criterion (1) is limited to
consumable parts, which permit bulk purchase, and cost-wise will
be of a different order of magnitude from the higher level of
assembly. Provisioning for repairables will be based on recycle
times, which may involve tradeoff with repair location, test
equipment (facilities, utilities), personnel, skill availability,
and transportation costs.

The applicability of criteria (2) and (3) will depend upon
particuler circumstances; the significant difference between
these criteria are illustrated in the following:

Attention is directed to the confidence method of protection
and the unreadiness criterion.

The general characteristics of the different logistic system
criteria are shown in figures V]- 2 and VI-3. In each graph, a
confidence and readiness curve i.s developed as a function of
time (mission, turnaround, service). The parameters are spa-e
(s) and expected demand (?\t). Figure VI-2 has the parameters

s=2 and 't=l,

for which the confidence level is approximately 0.92, and the
readiness is approximately 0.97. Figure V-3 has the para-
meters

s=14 and •t=iO,

for which the confidence level is approximately 0.92, and the
readiness is approximately 0.99.

For ten components spared equally at a confidence ie,-el of
approximately 0.92 (the exact values are used in the figures)
the aggregate confidence level would be 0.433 for figure VI-2
and 0.418 for figure V1-3 Plotting these probability values
on the respective illustrations for the confidence level method.
it can be 3een that the readiness lelel is much higher. The
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readiness level for figure VI-2 is 0.81 and, more dramatically,
the readiness level for figure VI-3 is 0.96.

Thus, for approximately the same confidence level for ten com-
ponents (0.4), the actual readiness of the ten equipments is 0.81
for s=2, )ýt=l. and 0.96 for s:14, \t=10.
Two relevant questions are:

a. When will the logistic system run out of spares?

The answer is:

(1) For s=2,?it=l, at a point 0.81 of the base time.

(2) For S=14,)At=10, at a point 0.96 of mission comple-
tion.

b. How lcng will the logistic system be out of spares?

The answer i'st

(1) Por s=2,?t=l, 0.19 of the time base.

(2) For s=14,?,t=10, 0.04 of the time base.

3. SPARES UNREADINESS MODELS

In general, unreadiness will be contibuted by spares at all levels
of assembly. The aggregate amount of unreadiness contributed will
depend on three basic considerations:

a. Number of spares, by type.

b. The demand for spares per unit calendar time, by type.

c. Service rate in filling a demand for a spare, by type.

The readiness numeric as developed in this report is the steady-
state readiness or -nreadiness.
Where different sources contribute unreadiness (e.g., two depen-
dent repair echelons- spare parts, spare repairable assemblies,
and test equipment), the unreadiness contributitons are additive
if they are independent (e.g. paragraph 4 of this appendix).
Care must be exercised to ensure that sources of unreadiness are
not counted twice, It is to be noted that the different sources
contibuting unreadiness may use different time bases for the pur-
poses of computation and the results remain additive. Similarly,
subsystem unreadiness contributions are additive where indepen-
denc, exists.

In section 4 of the test, a functional symbolism ia developed,
whft is a:

3 _.a•ltsupport alternative, u('•,.a)

whe re the subscripts designate respectively:

imSpecific type,
J-Level of assembl-, and
k•Loc2t ion.
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The fu.nctional u(D)) implies that the unreadiness contribution
is a function of:

u=Service time, and

X=Demand for service.

The totpl cost for" all repairable spares is:

Total Cott (Spares) = TcI sfIJk

S•k

The subtlety in the foregoing is, of course, in determining

The purpose and rationale for the functional symbolism is t'hat,
usually, an optimization proc-edure will be involved to deter-
mine the actual required number of a specific type of spares.
The type of optimization will depend upon the mechanics of the
particular sparing problem (level of assembly and location).

Situations will arise in which careful attention is required of
alternatives in terms of readiness return per unit expenditures;
e.g., additional logistic support or aeditional operating units.
A useful criterion for such tradeoffs is the concept of "Cost of
Readiness."

If (N) end items are supported over a lifetime of (L) years at
an operational readiness (1-u), the total ready time ie:

T =NL(1-u) =rotal expected readiness hours.

The imputed cost of r:.-diness is:

C 4T/T .=AS/T'=Cost per umit readiness.

in the c.se of piece parts, unreadiness was riot dir-ctly e.,aiu2 -
ated. The tacit assumptlo'i is that the quantities will 1e bulk-

... has...., and that this will not be a major source of urreadi-
ne A 'ere the foreqoing assumjtion is not v•aid, this situa-
tion can be treated with the sauie leve of detail is hiqher level
of assembly, usin4 the mo.ieIs an(i examsles developed slibsequently.

4. C(mpUTarTIaN OF SPARES UNREADINESS

.pares unreadiness at a given level of assembly (higher than the
discard level) at a given repair location is created accordin-1
to the probability that shortta- is developed for th, hiqfer
level ot assembly, coincidentally with a shortage at the 'wer
level of assembly. Sillca the net effect of the unreadiness at



the lower level of assembly is to extend the service time, it
is convenient and appropriate simply to adjust the mean service
time of the higher level of assembly.

Similarly, a shortage due to spares at a higher echelon (field
depot) for a given level of assembly is reflected in unreadi-
ness at a lower echelon (organization, field), according to t:he
probability that a shortage at the lower echelon occurs coinci-
dentally with a shortage at the higher echelon. Again, since
the result is to extend the service time of the next higher level
of assembly at the lower echelon, it is appropriate to adjust the
mean service time at the lower echelon.

Alternatively, it is appropriate simply to add the ,nreddiness
contibutions from each level of assembly. Table VI-4 illus-
trates the methodology.

Actually, unreadiness always manifests itself througn direct
contact between the service channel and the end item being
supported. Hence, a more accurate picture is protrayed by
addition of waiting time for r;airable spares ur parts to
the service time of the service channel having direct contact
wit'A the end item. Where unreadiness contributions are small,
and u<0.1, simple addition of unreadiness contributions is
reconvmended (Dua), where demand reates are based upon popula--
tion (NO), which compensates for unreadiness of the direct
support service channel. Of course

No -X=M? Rl-U) VI-a

Wlhen computing unreadiness contributions of spares demands, it
may be more convenient simply to modify the item failure rate
by

-X =(l -u) . VI-

A further complication arises when subsystems are significantly
interdependent in unrecadiness contributions. Suppose there are
(n) se-bsystems, each c.3ntributing (u 1 ) unreadiness.

u11 f (5, C, ',',LN) VI-c

If the sdbsystei4 (i) does not operate when another dubystem (j)
is in an unready state an appropriate modification is ýicessary
to the dem3nd rate of subsystem (i).

If u - unreadinass contributed at the direct support
service channol

unreadinnss contributed by sysbyjtem (j).
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u,= unreadiness contributed by subsystem (i)

¾N= failure rate of subsystem (i)

A modified demand (failure) rate is established for sub-
system (i) as a result of direct support unreadiness.

I *= (I -u) -ý VI-d

This demand rate roust be further modified as a result of
unreadiness contributed by subsystem (j)

,*= (l-.u-u: P, VI-e

or, if u<0.1
U <'0.1

then _*u(l-u )P* VI-f

This produces

U, =f1 Is& •*w, 2 1 N) VI-g

Note that N, not No is used in this case, from equation
VI-a.

For each levi 0f asserly)' for which spares are feasible
at a given location, a range of unreadiness is established as
a function of cost. This comutation is based on minimiza-
tion of unreadiness with r-_spect to a cost allocation. The
models to be used for this purpose will be found at the end
of this appendi-. This is done successively for each level
of assembly.

For a particular combination of cost allocation to level of
assembly, the acqregate cost and unreadiness is qiven by

cI-c- +U U

Consi-ering a -J.iven astlemby level, the rate of retiurn .kn un-
.reAdine-ss rkeduct-•on may te c~pt•for s- --aesive cost- al Io
c at j 1Ots.

Th.ds is shpwn s "bo•lcl ýy in 1TAble VI-_
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S5. OPTILLITY CONDITION

The condition for optimality is given by

r =r =r, i.e.,

the marginal returns for an additional cost investment is the
same for all levels of assembly. The mechanics o achieving
this r'ondition follows:

Given: (1) unreadiness goal (u), (2) or total permissible
cost, from the tabular array, determine if the imreadiness con-
dition (uo) can be satisfied with selection of one or a combina-
tion of entries froin the first, column of table VI-4, i.e.,
(cj,) and/or (cr1) and/or (c,1 ). If yes, then the range must
be exteýnded to lower cost allocation. Select the entry. (taole
VI-5) (cbl), (c.1), (cr1 ) having the maximum (r 1 ). The allo-
cation of one unit in this rou and zero in the others is selec-
ted as the first feasible solution, and has associated with it
in unreadiness (u'' and (c'), where (u'' is the sume of (u) in
the selected rcw, or level of assembly, and the (uo's) of the
other rows. For example, if (rpl) is chosen,

U'=i; I,+Uo 0 +tUC -

(c') is similarly determined.

If u'<u, an optimunm allocation thas been reached. If u'>u,
select the max-inum of (r•,) in the same row as the selected (r)
and the unused (r 's).

Tf u' "u, repeat t-he cycle. 'Whien the condition ý.s reached such
that

U•' - U,

the associated optimum• cost iq

vwhere (i) (j) (k) correspond to the "e.lec.ed n-) are-
for the three assemblyif ievels.

'Yh! conve rsions and computat ions nece.7 a ry fo. e tab t ishinq tin-
reediness at the using -ocation require the application of, at
mo3t, three loqisti-: models! these mode'ls are specical cares of
one momxei which will be shown later.
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6. MODEL I

This model may be used for ,!omputation of:

a. Lifetime Discard Spares, with the parameters

t• = L Lifetime,

't = failure rate, and

c; = item cost,

b. Repair - Remrote Repair (Field or Depot), with the
parameters

t= service time (includes pipeline time, xrepair
time),

' 1 = failure rate, and

C, - item cost,

c. Discard - Reorder Time, with the parameters

t, = re-order time,

?I, = failure rate, and

c := item cost.

d. Repair - Local, with the parameters

t = service . at s.ite,

'A =failure rate, and

cl item cost.

Lirmitations

The mael is baaed on

a. Infinite population,

b. Exponential d&mand and Gervice time, and

c. Sinale service channel.
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6.1 GENERAL METHOD OF APPLICATIOW

Consider that spares are allocated to a specific location, viz.,
organization / field, or depot.

Let

t= service time required to restore an item to
operational status (satisfy a demand),

i = item, and

Pti = probability of more than (j) demands during
period (ti).

!f ýj) spares have been allocated to item type (i), the expected
downtime, due to shortages of spares (M,-,,), will be as follows:

m1 _,=t PT/(j, +) . (VI-i)

and the unreadiness (u ) will be

u I=ME4 -/t=P 1/( ,) (VI-2)

The incremental decrease in unreadiness (Au1 ) due to adding
another spare will be:

Au=r ( /( ) i-u (VI-3)
1 +1 1 +-" 1

and the incremental decrease P-r unit cost'6 j) is

rt .1 =•Ut I/ .

whe re

C ao-st of i.

The prcbability (P,,) is computed by means of the Poisson dis-
tributic. , using patameter (\ ) (ceinand rate) and (t ) (servi,-o

tEac item is assumed to contribute independently to un-
r.adX..Inss- Table VI-6 illustrates unreadiness as a function o)t
dlniand rate. (failure rate in this case) and service tinie (supply
ti MP in this case).

2,09
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It is required that unreadiness due to lack of spares be reduc-
ed so as to be compatible with an operational readiness goal.

. Let (u) be the permissible unreadiness. It will be more conven-
ient to carry out the following steps, in some tabular form:

a. Of the (n) item types to be considered, compute (u,.)
and (Y u, )

! =1

b. Compute (Au,•) for each of (n) item types, based on t:,e
addition of one spare.

c. Compute (r, ) for each of (n) item types.

d. Chose maximum value of (r ) and compute the total
unreadiness (u) as follows-

U' =T u .- u (VI -4)
1=1

where (Au,, ) is paired with maximum value of (bi ).

e. Decision Rules;

(1) u'< u, STOP, the goal has been reached.

(2) u'> u, add another spares to this item type,
recalculate (Au ,) and (r d).

f. Repeat steps 4 and 5, always adding spares, to maximum
value of (r ), until the goal has been reached, viz., (u.>u).

The optimization procedure is shown in figure VI-4.

6.2 Spares Procurement - Example

Consider the problem of provisioning spare parts. The approach
to sparing is based on the preceding method, using either (1)
confidence, or (2) unreadiness criterion, which permits acn'eve-
ment of a fixed level of protection at minimum cost. The
optimization procedures are similar, with one very important
difference, that of the criterion.

Table VI-7 lists the results obtained in solving te problem of
maximum protection at a fixed cost. The target cost is $650.
A spares list is presented for fifty identical modules used on
an equiDment, with the protection level afforded and the cost
incurred in sparing by the confidence and unreadiness mctioxio;.

t ;i 1
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6.3 Parts vs. Modules

Let

= 0.123 part/hours, per equipment, and

LL 0.5 per hour, repair time.

and assume there are no spare modules or equipments. The
average unreadiness due to the failure and repair of the module,
assuming a perfect supply syst&xi, will be

u a= = 0.246,

axrd the aggregate unreadiness, assuring the supply system
developed in table VI-7, wIll be

U = U +U

= .24600024 (Unreadiness Method).

Following the method of Model I, if an additional electron tube
veIe addea to decrease unreadiness, the marginal return would be

At;. 2.21+1 - -= ýj- --997 10-l = (2) (10-8), and
3+1 158 157

r •Au,/c = (2) (l-eO)/3.00 = ) (0.67:1 (1.0-9)

Let the cost of a repairable module be the sum, of cost of the
parts, viz., $370.80. The re-urn in readiness for adding one
module is shown as

Au .205, and

: = (55300) (.0-")

The unreadinjas return ratio (r.) formed by comparing the
relative merits of acquiring a module versus adding a part is
82,500 to i. A second spare module provides a returni ratio
4900 to 1, a third 264 to 1, anl a fourth, 12 to 1.

6.4 Life Time Discard Sparee

Tha following exanple has been prepared to illustrata the
differernt .nterpretations of service tivm and conditions under
which spares will not be completely used. The total cost of
discard items over the lifetime of the 'ystem is determin(d by
the following model:

214
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Let

= number of spares, per item type, computed
using provisioning model,

L - life of syetem, and

Nt = total failure rate (calendar hour) per item. type.

If

U >,

the (j•c 1 ) is the total cost of the spare per iten type.

If

L-A >jl ;

= j +t Xi

add (L-t 1 ),\ spares to (j),) tte total cost (j'tc 1 ) then
becomes

j 1 c1 = [j 1 +(L-t 1 )Xt1c]. (VI-5)

Where spares are allocated only to the field or depot, down-
time will occur for each demand at the orgeadization.

The problem is as follows:

a. Determine spares of all types required at a site to
meet operational readiness.

b. Detem'ine total spares for all sites.

c. Determine additional spares by zype, if any, for depot
inventory. If spares by type, for -I! sites, exceed
requirements Aor a single depot, based on total
failures, the i.iepo¶. need n-t have spares of that type.

Table VI-8 was prepared to indicAte apare requirements as a
function of unreadinoso, failu.e rate, and sparing location.
Also shown, where applicable, are the unu!,ed spares at the end
of lLfe cycle as a result of n*etinc unreadiness conditions and
mir,:.um lifetime purchase requi reaetnts.
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where

'X = aggregate failure rate of item type per year,

u - unreadiness,

a initial spare requirements at one site,

a,,= initial spare requirements for 10 sites,

d - spare requirements if spares are located at depot,

LA, = expected lifetime usage,

,•o= net difference between on-site spares required at
10 sites by unreadiness conditions, and expected
lifetime demand (Plus equals Lused, minus indi-
cates reorder is necessary).

Ase= net difference between depot spares required by
unreadiness conditions for 10 sites, and total
lifetime demand.

j'ts= total spares requirements for 10 sites, at site
location, over lifetime of equipment.

j'tl= total spares requirements for 10 sites, at depot
location, over lifetime of equipment. Where
depot spares tor one year permit a one-each
allocation to sites with some left over, it is
anticipated that all spares would be kept at the
depot. If spares were allocated to sites, a
reduction in ureadiness due to the order time
coiIld be achieved.

M£ mLnim•mn buy based on first year supply. If spare
requirement is less than one, requirement is based
on lifetime unreadiness permisaible.

"Au = expected site unreadiness decrement resulting fzorr
depot delays, Including transportation (if spare
are centralized at depot).

Site unreadiness is determined by:

N t t/YLt} site unreadiness,

217
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where
N _a = number of depot demands,

t = transportation time per demand (.01 years),

Y - number uf sites 10. and

- equipmcint life 10 years.

7. 14ODEL 2

Model 2 is developed in appendix III.

Thui model is applicable at the replacement level of assembly,
w•hch co-tributes unreadircs directly to the end item being
support cd.

The method of application of the model is detailed in appendix
IXI. This mocdel is used to establish tradeoff conditions
among major spare assemblies, persor•nel, scheduling, and
unreadiness. Test equipmnent complements required to sustain
service rates can be determined and traded with personnel and
end Sitem unreadiness.

8. MODEL 3

When the organizational or field repair consists of replacinq
a repairable spare, sbme unreadiness may be contributed b'hi un-
availability of repairable spares, while awaiting replentti-
ment by the depot. The model used for this situ-tion is a
special case of Model 2, as described in appendix ITT, and uses
the same tables. Foz Model 3, (c) designates number ot ,sparcs.,
rather than service channel3, as in Model 2. The servi.ce
rate (u) is interpreted as 'he inverse of turnaround tim f f:
obtaining a spare from the denot. Other parameter defintions
are unchanged. except for (s) (spares in Model 2) which is not
used, sance for Model 3. (s) always equals zero,

The behavior s>f Model 3 is il1istrated in Ligure Vl-%ý.
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To deter'mine the unreadiness contribution from repairable speres
at organization or fie'd, it is only necessary to make appro-
priate parameter vaide replacements into the procedure for Model 2.

9. ERROR ANALYSIS OF UNREADINESS LEVELS

The interplay among the basic parameter inputs dictates the
accuracy of the model performance. These parameters are:

t = Item time parameter,

B = Operational rate,

C = Item cost. and

Fai lure rate.

The time parrmeter is im.ortant for corv-,'.able items (parts,
non-repaLrable assemblies at locat ion for periodic bulk order)
In cn unct ion wi ti the opera t iona I ra t:e and fai! IMe rI t. e, th1.,ese
parune:erL provide a best es timatme u. sag'e sub ec't to ccmdit <:ns
be o ).

'M ie e xpected usaq, i S
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The error associated with p* in meastired by

iAp* - (1-u) ([B"t+ti&BAN].

(u) is the unreadiness, and is estimated using (p*).
* ,

Suppose unreadiness levels (11) and (u ) are established as
minimum and maximum usable levels for I particular equipmcnt.
If item co.st is introduced, the number of spares of each type
"to achieve (u.) at minimum cost can be computed. This is
repeated for lu.), and difference in cost noted.

Error jates may be introduced to check the sensitivity of (u*)
and (u2 ) with respect to cost, additionally, the range of
(u*) and (u*) may be investigated by computing the minimum spares
cost for (uJ), (u*+Au), (+u*+24u), (...u.-Au), (u*-2Au...•.

"This sensitivity analysis provides a complete. picture of cost
variation as a 'urction of (u*) for an equipment, along with
error implicatiins in (u*) as a function of (A?), (At), and (AB).
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APPENDIX VII
PARTS SELECTION CRITERIA

L. COST ASPECTS

The-purpoj..e of thir appendix is to present the development of
cost aspects involved in selecting between alternative candi-
date parts to fulfill an objective. In this presentation of
the subject, it~ia.ascumed that part type (a) is an estab-
lished standard part'-4J) USAF Inventory. The decision making
is based on simple incrIsnental difference iii total expected
cost.

Let c -c =Ac,

where c. = cost of part alternative (a), and

ci = c~ost of part alternative (b).

The difference in costs between two candidate parts will arise
from one of these sources.

a. Difference in failure rate.

b. Difference in urlit cost.

c, Difference in fixed costs.

d. Difference in product improvement cost.

Let L =Expected life of system~ for which parts are being
evaluated.

N= failure rate! of part type (a).

N= failure rate of part type 'b).

c- = unit price of alternative (aý.

c. unit price of a:lte.-native (b), a function of
number purchased.

cc cost of failure measured by mc-inr-enance require-
ments (excluding part c-ostg-).
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N = Number of application of part types (a) and (b).

P= Cost of product improvement program for parts (b).

N = Total number of part type (a) usage.

c t= Unit cost of ith part (b) used.

I = Cost of enteicing part type (b) into inventory.

The expected total cost diffc.rence becomes

Ac= --c
a b

=NL(ý b) c- r=difference in cost of maintenance.

N (i+Lb

c c = difference in cost due to

usage.

=cost of product improvement

=cost of entrance of part type (b) in to
AF Inventory.

-Qb =qualification cost for part (b) for com-
pliance with military specifications.

The expression for Ac becomes

N(I+Lo)

zlc=NL( -\ :+ (14+1 ) L"X ca- bZ - b b-o

If £xc>O, then týe (b) is preferabie.

2. BREAKEVEN COSTS

The breakeven r:out(s) for part (b) are determined by t-ng4- t

Acm0: i.e.

a. L, - C )c+N (I+L, c. -N (1+L-b)c,6 - (Pt +1b+Q)- -0
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b. for cost per failure

c f >-(Pb +1b +Q b +N (l+L?% b c b _-N (I+Lxa )c

a b

c. for \_•(Pb+Qb+Ib) )-N(I+L)c -NLc r +Nc b
-(NLc, )Ij

3. PRODUCT IMPROVEMENT TRADEOFF

A standard method in product improvement it to test out un-
reliable parts. The net effect of this is to enhance the
operational reliability and reduce the production yield.

Let

A? = change in failure rate of party type (b)
resulting from incrementing additional
time to the jth time interval.

A3 = the incremental ;:ost un to the jth interval
in the product improvement program to ac-.
achieve (A ), and

AU = average increase in unit price in part type
(b) test-ed to the jth interval as a result
of decreased yield.

The breakeven condition justifying further reduction in
failure becomes

k

k N(c b )-Nbc f
N -~\ ~(P +:P +1 I Q ) -N (l+LN ) c + _____ __

t ~ b b -b b b £

NLC +-;U )-NLc,

4. TV cO.T OF FAILURE

The cost of a failure involves bai•ically two as-pects:

a. The manpower and equipment te<]uiredC to 'restore the
systnem to operability (dee appenxid Ill). As pointed
out elsewhere, thE support systern must be evailuated to
deteMine .if demonstrable changes are, in fact, brou•ilht
about as a result of selection between alternatives, und
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b. The cost of unreadiness. Thim aspect ig at best fraught
with many real as well as philosophic py:oblems. First
of all, there is the problem of translating the part
4ailure rate into degraded states of systnlm behavior
(Methodology exists for this purpt•se). Secondly, there
is the prob'lem of cost of unreadinEss. This problem
may be approached as follows:

Let

c = total system cost estimate, andt

R = readiness associated with system.

The,

R return in readiness per unit cost,
ct

and let

AR = cl.ange in readiness resulting from a. decrease in

failure rate from chcosing alternative b.

Then, if

ARc&Rc

the imputation is that an intrement of funds (Ac) is a justi-
fiable expenditure to qain a return (ARi in readiness. The
reduction in unreadiness (AR) referred to above is the result
of the net reduction in failure rate. To translate this into
terms of equation, a madification is required. This becomes

^e=NL(? I -\ b)cf-_Acr+N(I+LI7 )c -N(l+L b)cb-(Pb+1 +Qb)

Note - For establishing the cost of part usage, a multiplier
of (3) should be introduced to these t4rnrms (See appendix VIII).
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APPENDIX VIII

COST CONSTANTS AND RELATED INFORMATION

1. GENERAL

Accurate prediction of the lifetime costs associated with a
military system requires data from its future user, its designer,
and its future manufacturer. The costs of design, development,
and manufacture will be estimated, normally, almost entirely fro,
data which the manufacturer has concerning his own operation,
using procedures that he uses in estimatin4 bids. The costs of
operation and maintenance require data from two sources: (a) the
manufacturer, providing estimates of failure and repair rates,
skills and test equipment required, cost of spares, etc. and
(b) the Government, providing costs of human resources, handling,
and the like.

Th-.r appendix lists values which have been used in application
of the techniques described in this report. Much work remains
tu be done to develop more refined estimates of many of these
ccst element values. The listed values are the best available
to the authors, and can result in useful problem solutions.

2. PERSONNEL COSTS

2.1 General

Personnel cost is based on the following:

a. Skill level.

b. Longei ty.

c. Rations.

d. Qlarteri allowance.

e. Clothing allowance.

f. Retirement,

g. Training cost.
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2.2 Pay

Cost contributions (a) through (e) are combineid in the Standard
Basic Rate Table (AFM 177-1011 1964. These atandard rates are
listed in table III-1, by skiLl level.

2.3 Retir.ement Cost

The contribution to personnel cost !rom retirement is obtained
as follows:

P1 = probability of remaining in service until
retirement g.Lven that the man has reached
skill level Ci).

r = rate of pay at retirement.

t2I expected retirement time in years.

Sri expected retirement cost per year.

The cost of retirement for a man of skill level (i) (Sri), per
year, becomes as follows:

S i=P~t gr 1 /40

Timew to retirement is assumed to be 20 years and the time in re-
tirement 30 years (two assumptions are involved here: (1) time

,before and (2) after retirement; the assumptions tend to cancel
out the errors involved).

Values furp:

E-3 or below 01=0.00

E- 5 P=0.I0

E-7 p7=0.75

E-9 pIlO0

These values were established from data at Seymour Johnson AFB.

The base pay at retirement:

- 1r 1 -r1,344
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E-3 r, =2,03C

E- 5 r =3,444

E-7 r. =4,536

E- 9 r. =5,940

Values for S l based on pay at ret:.rement:

E-3 or below 1s3 = 0

E-5 S1 5= 252

E-7 S.7=2,531

E-9 S 9 =4,383

2.4 Training% Cost

The training costs vary significantly between skill fields,
which are dependent on hardware design. The training costs
incurred, which i.nclude basic and specialized, are charged
based on the nuna~er of replacement personnel required by the
system undex consideration. Training of personnel already
trained represents funds already spent and these should not be
charged against a potential system. Training costs shoul(: be
based on Standard Military basic Pay and Allowances Rate by
skill level.

2.5 Surmnary

Total personnel cost, by skill level, is shown in table VIII-I.
The values shown under y-ar total do not include the cost of
training. Training is shown in a separate column as a per month
training chargelsince the amount of training time varies widely
for skill fields.
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TABLE VIII-l

TOTAL COST BY SKILL LEVEL

Base Pay Training

Skill Standard at Retirement Year (Per
Level Basic Rate Retirement Cost Total Month)

E-1 2,292 1,344 0 2,292 191

E-3 2,724 2,030 0 2,724 -

E-5 4,920 3,444 252 5,172 -

E-7 6,408 4,536 2,531 8,939 -

E-9 8,040 5,940 4,383 12,423 -

3. DEPOT LABOR COST

This cost is obta~aed from the appropriate Command Worklood Group,
e.g., Fire Control Systems, Directorate of Material Management, at
4le Air Force Depot of concern. This labor cost consists of direct
and indirect cost, with the indirect cost comprising supervisicn,
overhead, and bene.fits. For WRM1A these costs are:

Direct Labor $2.54 per hour
Indirect $3.36 per hour

For SAMKP. the given total cost per labor hour is $8.0e.

4. PERSONNEL, BACKUP FACTOR

Additional personnel must be provided to fill vacancies resulting
frov. sick leave, furlou3h, etc. The backup factor used is 0.2,
meaning that manning is increased more than 20 percent by addinqt
the backup per suosystem skill level, roundinV upward.

The value for backup factor was obtained from AFM 26-1.

5. PARTS USAGE FACTOR

The parts usage factor waa obtained from an analysis of fiaiJ
failure data, viz., three parts replaced per one failure (reference
RADC TN-58-307 15 August 1958).
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6. TRANSPORTATION COST

Transportation cost by commercial air freight varies qignificantly
wilh distance and weight. There &re usually minimw- charges,
"e.g., $4.70 from i to 54 pounds. If commrcial air freight is
used for item shipment, precise quotes may be obtained fron Air
Freight Agencies. Where regular MATS in used, which will gen-
erally be the case, no charge should be incurred, since the
absence of shipspnt would not influence the service. Where
special MATS fllyhts are involved, the cost incurred sbA2i be
based on fuel comsuption only.

Where commercial rail or trucking is used, shipment may be ob-
tained, Where service vehicles are used, fuel consumption, and
svstenance per trip should be charged. Personnel vehicles are
charged only if the location .equired additional personnel and/
or vehicles to perform this service.

7. SUPPLY COSTS

The following supply cost factors are used:

I = Cost of line item entrance into the sup.ply system = $34.00

M = Cost of maintaining a line item in the supply system,
Per year = $19.00

D - Repair documentation (Debit and Credit) = $14.00

R = cost of maintaining a stock item in the Kaster
Repair Schedule (MRS), 2e a year = $29.00

Line item entrance cost (I) was obtained from AFLCR 400-20, and
AFSCR 400-4, dated 14 February L964.

Line item mainterance cost (M), repair documentation cost (D),
and the cost of maintaining a stock item in the MRS (R), were
obtained from RADC-TDR-63-140, A.!405779, March 1963.
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APPENDIX rX

VALUE MGI!..ER3ING TECHIQUE APPLICATIM(

1. JWRIXDCTION

The value engineering technique described in this report provides
the opportunity for value engineering througbout the range of
slytem concept and development. It also lends itself to appli-
cation at any required level of analysis detail. It remains the
responsibility of the Value Engineer, however, to cboose the ap-
propriate level of detail required for practical decision-making
at the existing level of system development. To provide some
insight regarding the practical application of the technique,
this appendix will examine a hypothetical syi;ter in which the
value engineering technique is applied in the proposal phase.
Although the example is hypothetical, 3t is similar to an appli-
cation actually accomplished.

2. THE SYSTEM

A ground electronics system is being proposed for aircraft
mission and traffic control. The system is comprised of Radar,
rata Processing, and Ctxwunications subsystems.

Th'-ee squadrons are planned, each including three radar sites
and a Ccamanrd and Control Center, Each radar site has a radaz,
associated data processing, an2 cmr•iunications.

Maintenance sup-ort is provided by a •-_Uadron mai• tenance van
assigned to each aquadron, and a field shop assigned to the
wing.

The foilowing maintenance policies will be applied:

a. Failure at a radar site will be locilzed to the de-
gree possible by operator persaornel, with assistznce
of the data proc-tssinq eq':ipment wmere feasibiio.

. If a spare is carried on-site, the operator personnel
will correct the failure And request a replacement
spare by radio. Tne replacement will be delivered
fro the Pquidaron maintenance van, by small ve•icle.
When th 4 -olaceumnt is deliver•d, the failed item
will be kdicrdd -', for Jitall repaAr.
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C. If a spare i1 not carried on-site, the operator per-
,sonnel will call squadron maintenance, and transmit
localizaticn data to the degree available. Squadron
maintenance personnel will proceed to site with anti-
cipated test equipment and spares requirements,

A' tev 7'n-t 4v e~

Alternatives to be :.nte,'tiqated include:

a. Surasse•:!bly discard or repair.

b. A'uto-matic fault isolation or manual isola'.ion using
specLial o general purpose equipment.

c. Assembly repair at squadron or field sbop.

d. Aeser•bly spares at siLe or squadron maintenance van.

2.2 -1_ýi I_',, zt structure

Li order to r~ce analticA r-qui:,ements, the most economic
support aitezxrative wil3 be analyzed fizst, with subassembly
repa,.r. If tiie z.ltýrnaitive is feasible, it will be compared
with the dir zd:.;i alternative.

!Ie network bel•,d illustrates tne activities of the first sup-
port alternatve,

9 8

(•4, 0 ...... 7"0- -- - .0
6 t

by 7

da~ trinpi'tedto squadron?,



d. Spare in obtained from ready inventory at squadron.

e. Squadron personnel travel to site.

f. Fdiure is furtiher isolrte ti replaceabls subassembJy,

out.

g. Failed unit is returned to squadron for field shop
pickup.

h. Failed unit is returned to field shop for repair.

i. Repair is accomplished.

J. Repaired unit is returned to ready inventory at squad-
ron.

t is the action titi Lequired to accomplish the follow-
ihg event.

In this alternative, no spares are t:-ried on-site, except those
built-in as redundant units. A •L:;.gle ripare is kept at squad-
ron maintenance for each assembly t'pe. All repair of assemblies
is acoomplished in the field i•op. Repaired units are delivered
to the squadron maintenance va• daily, using vehsicles assigned
to the wing. Pickup at squadron for field shop repair is accomr-
plished on the same trip. Since volume is small, deliveries
are combined with those for supply, mail, etc.

2.2.2 Sup-port Structuj- Analysis

Analysis is required to determine wnether this alternative is
capable of meeting the operational readUness requirement

R-O. 9

The following piocedure will be followed:

a. Analyze field shop workload, determine mean downtime
contribution (t.,-waiting time for units in excess of
spares).

b. Analyze equadror. workload,

c. Combine field sIrop an¶l squadron contribution& with site-
contribut..d unreadiness, to determine system unreadiness.
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Table IX-1 describes the radar skill/hardware package, aa allo-
cated for repair by radar akills.

Thble IX-1 Radar SkillA/ardwire

Package

RADAR SIT2 CCC

H. V. AMP R, F. SIGNAL DATA DISPLAYS DISPLAYS
POWER EXCITER AMP PROCESS COMM.

S10- 7x10-4 10- 2.7xi0-3 10" 1.3x0-3 1.3xI0-

ti 0.2 0.5 0.5 1.0 1.0 1.0 1.0

0.1 0,2 0.C 0.5 0.5 0.5 0.5

0.02 0.1 0.1 0.1 0.1 0.1 0.1

t 0.5 1.0 0.5 4.0 4.0 4.0 4,0
n 1 2 8 1 1 2 3

nx 10- !4xl0" Sxl0 2.7&X-, 4 0- 2.6x!0-3 3.9x10-3

s 0 1 1 0 0 i 2

0.0148 0.0039t

item demand rate per operational hour,

t- isolation time to level i by manual means, general/special
test equipment/automatic means.

t on-site repair time, including isolation from leve! I, re-
mox~val, replaL-rient, checkout.

n nuirl-.- of applications of itei,• in equipm-ent.

s nunfaer of spares built-in as redundant units (active}.

total demand rate of the equipment.

AS described in Appendix 111-9.5 for field shjop and squadron work.
loads, the ag'ireqate failure rate is used for actjivey redunid',t
assemblics, afnd t're zedutndant -xnits are considered a. sparea.
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Analysis is simplified by dividing the contribution of the Com-
mand and Control Canter by three and grouping with tle contribu-
tion of the radar site.

Tite demand rate of the radar skill/hardware pa.*ge is tben

X "v%*0148+0.0039/3-U.0161I,

-The remaining skill/hardware packages ar& described in Tables IX-
2 and Ix-3.

Table IX-2. Data Processing Skill/2"ardware
Package

Radar Site Command And Control
Center

DATA POWER INPUT/ CONTROL MEMORY
PROCESS. SUPPLY OUTPUT PROCESS. MODtJLE

% 2.6x10 -B4 i0-8 2.5xI0-4 5x10 -4 10-4

t 1.0 1.0 1.0 1.0 1.0

0.5 0.5 0.5 0.5 0.5

0.1 0.1 0.1 0.1 0.1

t 4A0 4.0 4.0 4.0 4.0

n 1 1 1 2 8

n, 2.t xl0 _1 10-6 2.5x!0 atI iC-3 8:110

5 0 0 0 1 4

% 000026 0.00205

The deuian4 rate of t•he datA proces.sing *killiharv .e&r* package

-O.00026+0.00205/3x0.00094

234



Table 3X-3. Comunwniations Skill/

Hardwara Package

Radar Site Coimand and Control Center

XMTR REC.EIVER DATA XMTR RECEIVER DATA

3x10-4 3.57:10-4 8xi0 3x10"4 3.5x10.4 8x10-4

ti 1.0 1.0 1.0 1.0 1.0 1.0

0.5 0.5 0.5 0.5 0.5 0.5

0.1 0.1 0.1 0.1 0.1 0.1

t 4.0 3.0 3 4.0 3.0 3.0

n 1 1 1 1 1 1

3xi0- 3.5x10- 4  3x10-4 3.5x10-4 8x10'-

0 0 0 0 0 0

0.00145 0.00145

The demand >.ate of the communications skill/hardware package is:

? =0.00145+0.00145/3=0.00193

The field s12:p unreadiness contribution is determined for two
feasible values. The values selected are

The four-hour repair time is considered feasible withtl equip-
ment mockups for isolation and checkotit, w-ereas the eigrt-
hour value is reasonable for -25e of gene- ... punpose euipment.

Table IX-4 is constructed- to depict the spectrum of field shop
maintenance con t ributions.

It i- of interest to note the --onnld-srable rnavnitudas of Lt-;e
unreadiness numeric (d) .and of waitinq timetW ) for eii.t-
hlour repair time witn a single repair chanriu.r T reason
Sis that the vor(lowL1 Snerated MN' tl 4n, one, tNarn1nphq
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Table IX-4

.ield ••op RepaIr Delay

Nt m9

Radar te-8 )m0.016 P"0.13

C-i Cmu2

s-3 ,-6 s-3 s-6

df 0.208 0.179 0.023 0.005

twot 16.2 13.2 1.5 0.3

tt-4 P-0.06
C-1 C-2

s-3 s=6 s-3 m6

0.013 0.002 0.001 <0.001

0.8 0.12 0.06

Dr.ta Processirng t.t -0.001 P<0.02

C-1

si-3

d <0.001

t~ <0.5~

4f

Xunilcations tf-8 )3 .002 P<0.02

•m3

d, <0. 001
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that a single repai r channel cannot possibly maintain a stalle
queue unless demands are reduced by a significant number of in-
operative units. With random domand and/or service rates,
this situation arrives at (NP<l). It is obvious, therefore,
that if field shop repair time is eight hours, two repnir
channels must be ausigned. A note is made at this point, to
investigate the rei.ative cost. of a repair channel vs. the
equipment mockup. Analysis is continued using the eight-hour
repair time wit, two channels, as the worse of the two options,
in the interest if decisions on the initially given alterna-
tives, with minibcm t-Inlay.

In addition t) waiting for assembly repair, the fVeld shop
utakes an unreadiness contribution through the travel delay
from the field shop to the squadron. Since this travel time
has importanco only When the squadron is out of gpares, the
problem is handled as a four-channel qu,-ue. since (N+S-4)
assemblies could be delivered on one trip. One spare is nor-
mally carried at squadron.
Since the personnel and facilities are common to all items
supported, the delay is common to all, and

N-3

"r"u" t -T IX-I

Where At - the aggregate denMnd rate from all three skill!
hardware packages.

Tf - travel delay from the field shop..

The travel time is estimated at four hours. For daily scheduled
delivery, an additional delay is introduced with a rean cf
twelve hours,

"4 4+12-16 hours

X, 0.0161+G.0o020+0.0014

TUble iX-5 shows the effect of t~avel delay, for o,-e o- 1-o
sparas.
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Table IX-5. Field Shop Travel Delay

N-3, P-O.3

C-4

s-1 s-2

dt 0.082 0.022

twdt 4.5 1.2

The workload of squadron maintenance includea the following

elements:

a. Travel to radar site-T0 .

b. Removal, rei~acement, checkout - t.

c. Return to squadron with failes item = To

Unreadiness is contributed at this leve.L by squadron perso-nel
unreadiness, spares unr3adir~ess, and travel.

Personnel unreadinesa is analyzed by use of queuing tables,
using

N -3

Where t is total tLme required fcr a tquadroin w-intenarc,* man
to service a failure.

t >'2T +t

For the radar,
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t":n l t• pix-2

- (u.5xlO- 5+1.4x1O' - .4x1O -3 .*0.8x1O-3+4'xlO-4

+10.4x1O- 3 +5.2x10-h )/.016!

-2.0 hours

Similarly, for Data Prozessing

t- 4.0 hours.

and fcr Communications

t-3.2 hours.

At this point in the proposal, all sites have -tot been assigned
but possible locations range to mean distances of 40 to 80
miles from squadron maintenance locations. In the interest of
early decision making, the wrot case is first assumed, t•,
assess its effect. Travel time is estimated at four hours.

For the radar

TN=4

t =2x4+2.0=10.0

P10.OxO.0161-0.16

Squadron repair delay is analyzed using Table IX-6,

The total unreadiness of the hardware/skill plckage is derermined
dif2erently for redundant and non-redundant eqiipments. For non-
redundant equipments, unreadineas is

cA'N t IX-3

Where (-) is the failure zate of rion-redundant equiptent anl
(t4) is expected downtip -r failure.

t 4 t • t.I~t 4 +t, T . ýt 1X-4

For simply active red-andapt eipm.intsx unzeadiness is

"tiu.i



TALH IX-6

Sq~udrcm Repair Delay
N-3, tfinio, PWI0•k

Radar -0o.016, Pu0.16

C-L C=2

s81 s-2 owl s-2

0.377 0.036 f §u 0.008

S.2.2 2.0 0.5

Commmunications W-0.0011 P=0.01

c-1

W-1 x-2 s-I s-2

0.001

w""a;' 0.5 -----

Data Procs'sing X-.002, P=0.02

Cal C-2

14 a,-2 s-i s-2

0.002 .O.001 --

1.0 <0,5

w'.
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Where

n-the number of failures necessary to di&able the
funct ioln.

and

-failure rat. of equipment for Which redundancy is
pr)vided.

For pkrtial redundancy', wbere (m) must operate of (n) units
pro,,ided for •,iatisfactory performance, unreadiness is deter-
mi;ied by the nwzber of failures required for disaL..i.ty, mul-
tiplied by tbh possible number of combinations.

•f

n-8, m-7

Tw3 failures are disabling, and unreadine~s is

n'd' 0 8 -2C'- IX-6

In Talbles IX-7, IX-8 , xnd IX-9, unreadiness is computed for the
three hardware/skill packages, for one and two spares at squad-
ron. Usinq one spare, s9te operational readiness is computed as

R-1 •-Fu, =90.6%

and, more precisely,

R- (IT (' - -90. 9%.

This satisf iea the requirex'et for operational readiness.

If the operational roadline r 3ireent %%mro nat met, the tabi:s
indicate the must effective avvnues far i•rcvemnt. The
following pFrocdure ou4d be uwe<d.

From Tbla IV,-7, IX-8, zd ,, canL b 8ose that t'>-
greatest logiatic contribw-or4 to unrr4ln;?s a• field shop
travel d(olay it,) aMd *•riadkon n (t. ). Travel
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from squadron to site is significant, alo, but is not suUcp-
tibl. to tradeoff at this level.

Zitbax factor can be significantly reduced by adding a channel
or a 4parle.

For the initial readiness oomputation, considoratiou of a
single spare was consorvative, since spare* will be supplied
at the assembly level, for 14 unique types. Referring to the
interpolation method of AppendJx 1Z-A, it ciin be seen that
detailed computation of the equival-nt sparti coplement pro-
vided by one each of 14 types would be time consuming if done
manually. A reasonable short-cut m'eass sulficient. This
method c.onsists of using the actual contributions for an ar-
bitrary nimber of most significant as.emblies in the radar,
and averaging the contributions of the remaining radar assem-
blies. In addition, only the effect of two .quivalent spares
is considured.

The expression for unrstadiness b•c'ms
k

I I
Whore d-unrtadiness

d, aunreadiness numeric '3Z .i) spares.

k- arbitrary number of I;nificant Vs.

P•1 workload contribuLion + Pt/Pt

n-iumbe.. of types averaged.

pa number of satirfied demandx -4.

p, ,averaged P•=( x T, Pit)/,In
k +1

Analyzing the radar (see Ta.ble IX-10) with the alterisked de-
mand rates selected as most significant,

k-4

nm2

?1%- 0.008

*•Fur three equi',alent spar**

k 1 2J-dI.--(d -da) [2 (TPI,) (-rl• )• O./n-)-(.-P)[ ( s

(I-P•)(I-ZTP'I+P n'/mn-3)"o I -
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TAK3 IX-10

PADk&k ANEILY W 0N CWT I =lE

Assembly ")"1'04 PI I I"l

H, V. Po, *r 0.1

Am,. bhoiter 14.0 * 0.087 0.913

R? AXP 80.0 0.495 0.418

Big P•oc. 27.0 * 0.lU 0.250

Data Com. 1.0

Displays 39.0 09242 0.008

T•otal • 161..1 0.992

P 01.-XPz t "0. 000
1 4
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d4 1 -(d,-da) [2(O.087xO.913+0.49Sx0.418

+0.168x0.250+0 242x0.OOS)

+(2:/(00) (0.008)' ]
-dl _I-{d, m) (066+1.2exlo'*

-d -0. 66 (d, -do

The contribution of the av~rag*d (P,,,'a) it obviously insigni-
ficant.

Referring back to Table IX-4, for C-2
-0.023-0.6610.023-0.005)

-0.011

t tf mO.Ol1/0O.016X0.989

-0.7

F-rOA Table IX-5

dt -0. 082-0.66(0.082-ý,.022)

-0.04'

t, 4 r-0.042/0.0l95x0.958
-2.2

Fromb Table IX-6

d, ,0.077-0.66 (0.077-0.036)

"W0.043

t I0.04'ý/0,0161ixO951

"-3.2

Table IX-1l is conatructed in the format of Tables IX-7, IX-8,
and TX-9, to asawmA thoe effect of equivalent spares computa-
tion Zor tha radar. Note that radar unreadines* is reduced
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f=r 0.062 to 0.046. Ivn tx:s is ccnser'iativt,, ujince
spars we~r only analyzed for coratribctiom tovwad two

effective spares.

2#3 mosarison of Alternativel,,s

The feasibility of alternatives difftring from the hase eye-.
ten is an&yzed simply by comparison of tke diferences. Once
the base system is established, it becomes relatively easy t~t
aisess tbe effect of a dhango' in tV srstem,

2.3.1 Discard Feasibility

Since the operational readiness requirement can be met with
repair at t'b field shop and sLica this location offers the
least cost to i-epalr, it is only necessary to compare the Cost
incurred at the field shop for assembly repair verou 3 dis-
card. Tha breakoven equation for discard is

CP p+C 1 +C*0>C
F

The inequality muct hold for discard feasibility.

C, - Cost of personnel

C,, - Cow; of piece phrte

C - Cost of test 6quipment and support

F - fxpected failures over ten years lifetime.

C4 - Mean subassembly cost.

The expected number of failures is

F - (aggregate failure rate)x(life)-2110-IxS.77x10 -17,500

The coat of piece parts per repair is assumed at $10.00.

one radar repair team and one test eeuipment repairman could
be eliAinated with Pubassombly discard, but the remaining
radar :Qm and tnose for Data Processing and Coavrnications
would 'emain nt-essary foL tic-imbly level repair and chockout.
The numuber of per.-nnal afftcted is
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1/3-7 - $8939/year*

4/F-5 - $5172/year

2/3-3 - $2724/year

including pipeline personnel.

"rhe inequality becomes

C, (2x$2724x10 years + 4x$5172xlO years + .9939x1O years)

+C PP($10 x 17,500)+Ct,> 17,500Cd

$525,000 +C 17,500C4

Baaed upon A;sembly Cost of

Assembly Cost Breakeven

$50 $350,000

$100 $1,225,000

$200 $2,975,000

The test equipmrent requireýd for an eight-hout repaii: time at
th'i field sbop is estimated to cost less than $200,000. Sinoe
%he average subassembly contains approximately thirty piece
parts at an approximate cost of ten dollarg each, the bhi. .St-
economically feasible level of discard is t,-*' piece parv.

Soveral costs &te not included in tCe ý,CIxe iallss.

a. Line item entrance ani mna&t ca -- th. As
indeJr either policy.

bý Transnor~ttion -.. tne~c.t j

c. Manuals - anticipated -o hf -& e sarx- uvanco both •i-

terniatives.

d. Cost of maintera.,le VanIS

*Appendix VIII



a. Cost of utilities this is estimated a- $10,000,
based on eight hours of operation per day.

The two critical error sources in t'Ie analysis above are
failure zate and assemb1 cost. The tendency is to under-
estimate these pavameters, tras a ey error is likely to cause
underestimation of cliscard cost.

2.3.2 Fault Isolation Tradeoff

Fault isolation is accomplished to the greatest extent by
operation personmel. Since manual isolation is capable of
meeting t;e operational readiness requirement, and cost can
only be increased by inclusion of other than general purpose
equipment, ivanual isolation, by general purpose equipment is
the selected alternative.

S.3.2 Assembly Repair Location

Assembly repair at the field stop i3 eibviously less costly
than at the squadron, for ths following reasons.

1. Low-volume tranaportation is effectively free, being
already provided for other purposes.

2. Ccntralization of repair requires only two repair
Thanneir awri test eqdipemrnt, vs. at least three (one
at each squadron) for squadron repair.

3. A spare of each type v~xiuld be neces~ary with squadron
repair, or zq! dron repair workload elements would be
3T,+tf+t, and downtime would have added factors 2T,+t,e
which would add in excess of 16 hours' dow-time, and
prevent the system from 'seeting operational readiness

2v- ýareLoc av.ion

If all svr'azes are kept at sits-s it mlgqit be possible to Olimi-
nate i 3quadron int.na{ van, at on estimat-d cost. of
-")5,000. Small voti;icic w&uld •t~ll be raeessary foc delivery
o! spares from saq,.adron to ,Rites, and for transpor'ation of
saqudror mxinten nce personnel t-o 'pair at the -ites.

No decrease In squcadro. personnel would be possible, and it
ould be necossary to ad(, appl'xoi.mately 23 spare Ass;hrAblies.
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Me breakdown equation ia

The inequality in required for feasibility of sparee at sites.

CP Cost of van - $25,000

C8 Coat of additional spares.

The cost of the average avaembzly is estmaated at $20,000.

The rpams cost becomes $560,000, obviously more costly than
squadron .pares.

2.3.5 Field Shop Repair Eqiment

The alternatives to be considered are two repair driannals with
general purpose equipamnt, and one repair channel with radar
equipmant mockups for isolation and checkout.

The cost inequality for selection of the mockups is

Cp>Ct o

C - Cost of personnel elin'..nated

C• = Net cost of mockups

As for discard feasibility

C1, "$350,J50>Ct,

Thit seems a reasonable bound, and development of mocklipa ir
proposed.

3. CONCLUS ION

The base uystam as analyzed ia capable of meeting operational
readiness requirements. The ccnoiderable cost of providing
awitomatic fault isolation ic found to be unnecessary 'to % sys-
tt.m whose major unteadiness contribution is geography.

The radar workload at the field shop justifioa wrvestment in
moru efficient equipment there for fault isolation and check-
out
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