
1, 7 AD—AO 70 206 NAVAL POSTGRADUATE SCHOOL MONTEREY CA FIG 5/1
A STUDY OF SPARE PARTS PROVISIONING. (U)
MAR 79 M TOKMAK

UNCLASSIFIED Nt.

9 ~~~~

A



I1~~~~ wa~
* NAVAL POSTGRADUAT E SCHOOL
• Montere y, California

THESIS
A STUTh~ OF SPARE PARTS

P~~VISIONING

by

?v~ bmet Tolwak
>-

March 1979

Thesis Advisor : M. B. Kline
_J

Approved for public release ; distribut ion unlimited.



SICULYv C~~AS$ PICA?I ON G~ t14S$ PAGE (Usa, *~~• g.w...d) 
___________________________________

a i a ,~~ai~~ ~~~~~~~~~ kI~~~ Aa i  ~~.1 A I
~~~~ 

RLAD EI4STRUC1!ONSi~~r~j u~i ~~~~~~~~~~~~~ I A S  IUM rAIa •gro*i COMPL.ZT1NG rokM
I. REPOPY NUNSER 3. GOVT ACCIUION NO 3 R(CIP%ENt $ ~ AYAL.OG NUM SER

4. YItL ( (aid~~~~g~~) 
/-- I~Jzaau ir.~ . coviuco

(
~ 

~~~~~ of Spare Parts isioni~~~
\ ~~ / 

r~~~~i~~~j
•. PE *PORM ~NO ORG . R EPO RT NUNSIR

7. AutMO ~~~..j S. CON TR AC T OR GRANT NUM SER(.)• c21~ ~±~±i Q~2~S. P(RPORNINØ ORGANSZAYIOM NAM E AND ADORE U IS. P*~ G AM ELEMENT PROJECT . T ASK

Naval Postgraduate School
?krnterey, California 93940

I I . CONTROLLING OFFICE NAME AND ADORE U ~~~I . . T •  — u
Naval Postgraduate School (

~ 4 . ” ~’
~bnterey , California NUNGER 0’ 1

1 4. MONITORING AGENCY NAM E S AOOREU(Il ~~Itsr.u ~~~~ Cail,.flMi 0f th.•) IS. SECU R I TY CLASS. (•~ All .Ø..t)

Unclassified

IS.. O ICLA$SIFIC A TION /DOMNGR A DIN O
SCNEO U I. E

IS. OI$1 RI UU TION StATE M ENT (.1 (Ali R.pail)

approved for public release ; distribution unlimited.

17. DISTRI SUYIO N STATEMENT (.1 IA. lSidrSUl ailai d Ill 1I..h 30. II  ~~f t~~ail ~~~~ Rue.. ’)

I S. 1Up.’I.IN(N1 A RY NO1g3

I,. 5E V SOROl (CawMu. a, a.,.. .. .ld. II ,.......y aid Sd.PlI& A, 111*5 m A.,)

it TRACT (ClRH ~~ . ai a. ’... . .l~~ St sm..~~~ ,d SdailStY b~ 3051k a i 0 r )

The position of a second user (not the producing country ) in Spare
Parts Provisioning and the utilizat ion of maintenance related provision—

• ing rnx~els are studied in this thesis.

A second user has to determine what his position is in the System
Life Cycle , h~ v stitch control he has over systeit life cycle cost , his
needs with respect to spare part provisioning and what the crucial issuss -~~~

DO ~~~~~ 
1473 EDI TI ON OF NOV $1 ~

(Page fl S/N Ø%53 : 554 .  545 5 
SECU RIT Y CLASSI F ICA T ION OF t Ills PA GE (~~~~ ~~~~ ERISPId)



- -

SS~~~~~~V *~~ INlPIG5T I~~W 0, ~ WS I N... 151.usd

~~are. In the first part of the thesis , the concepts , activities and ex-
penditures on these subjects are studied and modified frc*n a second
~~er ’s position .

• In the second part , t~~ naintenance—related provisioning models
(~~~1RIC and O1~E) are described and ccm zred. Finally , a sensitivity
analysis utilizing the CV~~ model was attatpted for a hypothetical main-

• tenance and s~ ,port organizat ion wi th supplei~ntal data. Difficulties
with the CPJS program precluded conpletion of this phase.

.) \~ 
. t  t ~~

‘7 ~ 
‘

— I
I
’ 

a

DD ForiO 1473
w~

,1 ~~‘~~ n 14—dIO1 IR CUA, ’V CI *$S*PbI5?IEM ¶ wl3~~~5S3~~~~a,

1~~~



- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~ , ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

,I~~ .

Approved for pthlic release; distri bution uilimited.

A Study of Spare Pare Provisioning

by

Mehn~t Tokn~k
Lieutenant J.G., Tt.zkish Navy

Tt~kish Naval Academ y, 1973

Subnttted in partial ful fi uxxsrtt of the
req~dxe.n~nts for the degree of

?tAST~~ OF SC~~ EE IN ~~~~~~~~~

from the

NAVAL ~~S’I~~ADU~TE SC}JJOL
Uarch 1979

Author 
_ _ _ _ _ _ _ _ _ _ _ _ _ _

Approved by: 1~ u~%~w.t 1~ Thesis Advisor

w ~~~~~~~~~~~
Second Reader

~~airn~~t, ~~par~~ nt of Ad~.nistrat1ve Science

Policy Sciences



~B~~~AC’F

The position of a second user (not the producing country ) in Spare

Part Provisioning and the utilization of maintenance related provision-

ing models are studied In this thesis.

A second user has to determine what his position is In the System

Life Cycle , ~~w stitch control he has over system life cycle cost , Iu.s

needs with respect to spare part provisioning and what the crucial issues

are. In the first part of the thesis , the concepts , activities and ex-
penditures on these subjects are studied and modified frcsn a second

user’s position.

In the second part • t~w maintenance—related provisioning models

(~~fl~IC and (P~~) are described and conpared. Finally, a sensitivity

analysis utilizing the OP~ model was attenpted for a hypothetical stain—

tenance and support organization with supplemental data. Difficulties

with the CP~E prc~ram precluded ccn~,letion of this phase
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I .  INT~)DWTI0N

In today ’s %%orld, wtiile alirost all systen~ are beccining rrore and

rrt re sophisticated , the need for spare parts is increasing and even be—

cuning operationally unbearable. The nore the systenE beccsre sophisti-

cated, the less durable and nore delicate they becux~ . Technological

break-throughs are n~king it possible to realize better our logistics

nee~~

txiring the c~ siga phase , systen~ are subject to reliability (R) and

naintainability (M ) tra~~-off analyses [Ref . 1 J .  A few systens have to

be alaost totally reliable but not ~naintainab1e (e.g. space rockets ,

m issiles, unn~nned space capsules), but nost sys tens have to depend on

rraintenance and suppo rt during their system life cycles. This is be—

c~~se:

• One can not totally eliminate operator errors that can cause a

system failure.

• Even though the system is the nost reliable system in existence,

it is never l0(~o reliable .

• Cost constraints are such that very high levels of reliability

are not affordable.

A. PURP)~E

In the light of these facts , the purposes of this thesis are ;

• To clarify some issues concerning spare parts and spare parts

provisioning.

• To e~q,1ore ccnputerized rrodels and their utilization for spare

part prov isioning.

11
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The fornsr matter is especially pertinent for the Turkish Navy . The

main purpose of this is to introduce the general concepts , decisions and

activi~ 1.es concer ning spare part provis ioning, IXiring this process , the

position of a second user ( this is a user like Turkey who rrost likely

buys systens “off-the-shelf” from foreign coun t ri es) are discussed and

concepts and activities are directed toward repair parts nodified for a

second user.

The latter matter has a nore general purpose and is applicable ~o

all users. The conputerized nodels considered in this part are mainte-

nance and supply support-related types , rather than stockage— related

(inventory) types.

B. ~PPRDACH

A progressive manner is chosen as an approach for this thesis.

~‘irst the big picture , the life cycle of a system and its parts, is

discussed. The cost consideration during the li:fe cycle of the syst em

and the position of spare part provisioning are identified for a second
r

user.

After that , classificat ion of spare parts and appropriate provision—

ing nodels for each class are identified. Since the cost of repair

( reparable) parts is a greater percentage of total spare part provision-

ing ‘ ost than are the constnab le ( non—reparable) parts [Ref . 19] ,

further discuss ions and analyses are directed toward repair parts pro-

visioning and computerized nodels for this purpose .

In the part on utilization of the trodels a sensitivity analysis on

the structure of maintenance and support organization is perfornod using

the CPUS nodel to show how a second user can utilize the nodel to

12
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optimi~~ the organi zation structure , and siim.tl taneously to determ ine

the appropriate repair and stockage policy within the organ ization for

a given system (or systens). This would ensure the best availability

for the systens at operational Sites .

C. BAQC(~~JUND

[3. S. Depa.rt nsnt of I~ fense Instruction (D~DINST ) 4140 . .42 defines

the Eli) policy for spare part provisioning [Re f . 2 1 .  (PNAVINST 4423.5

is the Navy version of the [Xl) instruct ion . This decument estab lishes

the policy for stockage criteria and determ ination of requi rements for

spare parts . The node I utilized by the U . S. Navy Ships Parts Control

Center (SPCC), the Time Weighted Average [~hnths Program ( PNAMP ) and Cost

Difference (Ct~~DIF) whi ch establishes range for 1’WAMP are based on this

policy [Ref . 181 . ‘IIVAMP is fundamentally a demand tracking nodel for

spare part stockage which is applied to a single item at a t ime at a

supply station . The nodel basically tries to ensure that the user is

ab le to find the spare part within the supply system without the system

overstocking the item. There fore , the supply system as a whole Is the

major concern In this nodel rat he r than just the operational units.

Another policy, which takes mainten an ce into consideration as well

as supply support t tota l logistics concept ) has been attracting the at-

tention of logisticians . But its early inplcn~ ntations ( MEI’RIC) by USAF

in the 1960’s has not been very successful because of practicali ty

reasons . Hc~.~~ver recen t th~~rovenents in this t ype of node I . o . g. OPUS )

are receiving increasing utilizat ion.

These are t’unda mentally logistic support models , and can al~-~t~ be

applied to a system at the operational site by taking the entire ma.inte—

nance and ~upp l~ support organ ization structure ~nd iN ~‘ip~b il lt ies into

I



considera t ion . These nodels permi t selection and allocation of spare

parts to supply stat ions and calcu lat ion of the effectiveness of the

system for a given airoun t of investment . The me..jor concern in these

ntdels is the system and the opera t iona l site rather than supply sta-

tions .

Since the prospect of using this policy and the nodels related to

it was considered encouraging , these nodels are discussed in detail in

this thesis.

14



• I I .  SPARE PARr PR)VTSI(~ ING AS A
PART OF SYS’I~3f UFE C?C~E %NI)ur~~c~c~~ ms’r

Spare part provisioning may occur at several points in the life

cycle of a weapon system. So what is the life cycle?

• A. $‘YSTF~I LflE CYCLE

P~ference 3 gives the concept of the system life cycle as;

‘A system • to be useful • must sat isty a need. However • designing a

sstem to just meed the need is not usually sufficient , With few c.xcep—

tions, the system must be able to cont inue to meet the need over a

specifi ed period of t ine in order to justify the investment in t th~~,

noney and effort . Thus , one must consider a system in a dynami c sense—

t he Li fe cycle or so cal led “cradl e— to--grave” ~ie~point . The system

l ife cycle may be said to originato in the perception of a need and

tenninate when the system is retired as obsolete .”

Speci fical ly , for a weapon system the life cycle is the period wh tch

begins with threat analysis and the need for the weapon system and en~~

with its thsposttion. The major time perio de in the lit e  cycle ~nc1ude

(I;’ig. 1)

• Planning Period

~~ Concept Formulation Phase

~~ System Pefinition Phase

• Acqui sition Period

:1 t~ s1gn and L~ veloçtm~ nt Phase.. Production and Instailat ion Phase

• Use Period

S. Operations and Support Phase

15



SYSTEM LIFE CYCLE

• ,‘~~~~~~~~~~~~~~~~~~~~~~ 
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Figu re 1. Major Time Periods of System Life Cycle [Ref. 3 1.
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S. ~ )dificat ion and Disposition Phase

1. Concept Fonmdatlon Pha se

This is the initial phase of the l ife cycle in which efforts are
directed toward analyzi ng the need ( thre at), identify ing and eva luat ing
the feasibili ty of possible ~~lutio~~ to the need, and developing the
system operational requires~ nts in sufficient detai l to form a basis for
the system definition phase [Re f. 3].

2. System L~ fini t ion Phase

I n this phase , the selected approach defined in the concept for-
e~j lat ion phase is further re fined , and its techn ical , econanic , and
f inanci al feasibi lity is investiga ted in greater detail, The output is
a set of system requir~~~nts camu11icat~J in a system specification for
the proposed follow-on engineering development (system design) effort .
System definition , therefor e , t rans lates system opera tional requ1r~~~nt s
into system design requl rements [Re f . 3 ] .

3. E~sign and C~velo~~~nt Phase:

The design phase (scv ?tizm~s called Research ~~ve lopm~~t , Test
and Evall~~tion—~J~~) enccftpasses that portion of the Acquisition Period
of the life cycle during wh ich the major system design cost and time
occurs . The requirements specificatio~~ identifi ed in the Plann ing
Period are the inputs to the engineering effort. The output is a nodel

• of a system configuration , dernistrated and evaluated to opt in~U ly meet
requlr~~~nts based on the specifications generat~~ in the system defini-
t ion phase (Ref .  31 .

4. Production and Installation Phase

The production phase is the portion of the system l i fe  cycit -’
wherein the system is authorized for mass production . During the pro-
duct Ion phase produLtion quality assurance m d  other tests under ~~rious



environmental conditions are the inportant activities . Scx1~ tlnEs statis—
tica]. sanpling plans (a s~~~le out of the n~nufactured systen~ ) are used
instead of lO(Y~ production inspection , to avoid large inspection cost .
t~si~~ 1nprovene~~s nay also be introduced during this stage, if neces-
sary , based on the quality assurance and the reliability measurements
of the produced syst~~~.

The installation phase follov~ the production phase. The system
can not be considered to be operational. ( ready for use) until installa-
t ion has been ccdlpleted and the system checked-out. The system first
exists as a caiplete usable entity only after it has been Installed with
all its required resources (prime equipment , support equipment , facili-
ties, trai~ed operating and support data) (Ref . 3] .

3. Use Period

The last period of the life cycle of a syst em is the use period .
It is consider ed in tsw phases , (as Operations and Support Phas e and

~‘bdifIcation Phase) but here it Is discussed as one period instead of
tsw phases .

The use period of the system life cycle is that long period of
time where the system can now be operated to fulf i ll  its mission require-
ments . It is during this period that the true cost-effectjvenens of
the system can be nEasw’ed [Ref. 3~.

During this period is when the user has the absolute responsi-
bili ty for the system. The system must be given logistics support , The
failures of the system have to be restored, and also it should be pre-
vea~e~j frozn fai. lui’e by ~~ing periodic tests and check-outs and other
required preventive nai.ntena~,c~ . The probl~ rs, not previously encounte~~J
with the system result in engineering change , New usage requirements for

18
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the system will give rise to n~diflcation needs for the system. In this

way, early obsolescence is minimized.

Finally , when the system no longer proves to be cost-effectively

used to meet either existing or nx dified new operational requirements ,

it is retired . The obsolescence of an old system usually generates new

system requirenents, and another system life cycle starts over again

[Ref. 31.

B. ~~~r Ot ~SI1~ RATIOI~E

The cost incurred during these time periods is referred to as “System

Life Cycle Ccst”, and it can be defined as follows:

“Life cycle cost means the atm total of the direct , indirect , recur—

ring, nonrecurring, and other related costs incurred , or estimated to be

incurred , in the desi~ m , developi~nt , production, operation, maintenance

and support of a major system over its anticipated useful life span ”

[Ref. 4) .

In the situation of Turkey , nx st of the major weapon systais are

bot~ht fran forei~ i sour ces, and a1n~st all these purcha ses involve exist-

ing systais . That means these systais have been already planned , de-

veloped, manuf actured, deployed and are in use in other countries . This

creates the situation in which the Turkish An~~d Forces have to concen-

trate on the production portion of the Acquisi tion Period and the Use

Period of the Life Cycle of a major weapon system.

Sone weapon system have been developed and manufactured ~~mestically ,

but even those systeas are an application of technologies and desi~ i

efforts of other countries . Thus , Turkey cbes not really becare involved

in ~~I’E efforts . All the major weapon systens produced in Turkey have

already been proven feasible and evaluated by other sources .

19
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Therefore , in the toll~~ing parts , only the Acquisition and Use

perio~~ are discussed.

I. Acquisition Period

In Turkey , this period includes procurenent and deploynent of the r
weapon systeas. Because of the reasons stated above , the weapon systais

which Turkey is going to buy can be considered as “off-the-shelf” itens

in a practical sense. Although off the shelf itars are conmercially

catalogusd and hence fixed price itens, in the case of major weapon sys—

tees procurement this fixed price clause is not realistic because of the

large azu unt of n~ney it would involve. Thus , this kind of item procure-

ment cost should always be subjec t to negotiations between ten~~r and a

second user , like Turkey .

In rrDst cases, the producer xvpany tends to price its product

based on what it could charge a second buyer , rather than what the cost

is for the initi al buyer (Ref. 51. This means that the caipany is look-

ing for higher profit than it gets fran the initial buyer. This happens

nrst of the time when a foreign country buys a weapon system Iran t.~A by

F~~ (Foreign Military Sales). Al though contra cting is a vast subject in

its entirety , there are sate aspectS occasiona lly ignored or forgotten .

For e,~inple , it is inportan t to have a clause in the contract tha t en-

sures that the verxbr will deliver follow-on spare part needs when they

are required in the fut ure .

The inportant thing that the user has to rea lize is that si~zning

the contract nay not include all the acquisition cost of a system. as I t

has sanetimes been assir~d in Turkey . The acquisition cost should in—

d ude the following [Ref. 31 :

• Prime equiçesnt cost ,

• Support equi~1TEfl t cost .

20
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• Initial provisioning of spare and repair parts cost ,

• Technical data and inIoxiiatjon cost ,

• Facilities cost ,

• Personnel training cost .

In the following paragraphs, these costs are examined with re-
spect to second user ’s control over them.

a. Prime F~uij~r~nt Cost

Although the buyer has alntst no control over this cost
since the vendor tends to price its product cannercia].ly to a second
buyer, it is possible to negotiate it. Besides that , if the vendor is
going to nanufacture the itais after the agreea~ nt , the item price can
be negotiated to take into account price discounts, when the nurther of
itens to be manufactured increases, What it really means is that if a
fixed set-up cost will incur for production, the effect of this cost on
each item price decreases when the atinber of itais increases .

b. Support Equipa~ent Cost

This is the cost of preventive and corrective maintenance
• equi~ ient. It depends on the na.izitena nce policy of the user, For ex-

anpie, if the user decides that corrective nnintenance is going to be
done by nnintenance statio ns instead of the opera t ional unit itself , then
the cost decreases significantly since only a few equipaents have to be
bought instead of one equipment for each operational site. Thus the
user has sare control on this cost.

c , Initial Provisioning of Spare Part Cost
This is so called “initial provisioning of spare parts” and

its cost . Generally, new systats require new spare parts , and the user
has to nake several decisions concerning these spare parts . But n~st of

• the time the user chooses the easy, such as
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• Order the spare parts as a total of 10% of pri me equipa~ nt

price for each equiçznent.

• Buy the spare parts as suggested by the vendor.

But , there is a deficiency in such a kind of initial provi—

• sioning . It doesnot result in optin al use of investment and causes

probletE sunh as

• In a short time period after the system beconEs operational ,

a spare part shortage can be rrost likely.

• In the long run , the user can wind up with a dead stock of

spare parts .

Thus the user has to nake decisions hinaelf as to what to

do concerning the quantity and , in accordance with it , the cost of the

initial provisioning. Then he has to find the best avai lable fit of

spare parts allocation anong the support organizations. On making these

decisions , the user desires to achieve the highest operational readiness

of the end-it em ( system) with the rimiey available ,

Fundamentally there are three factors to be considered during

initial provisioning.

(1) Time period : The user has to decide for how long the

initial spare and repair parts should be able to support systens before

a replenishment procurement. The major factor in this decision is pro—

cw’ai~ nt lead time (How long will it take to receive the shipment after

the purchase order is sent to the manufacturer or the vendor ). This

period is nornally 18 nonths in USA , but it may extend for an addit ional

1 to 2 years depending on the nature of the spare parts , transportation

t ime , and the manufacturer.

1 ~~~~~~~~~~~~~~~~~ ~~~~~~~~ 



But , one must not forget that the USA procures alnx)st all

of its systena ckst~stically. For another country which does its pro-

cur~~~nt f run outside, this time period may be much longer and is depen-

dent on several factors including the future political situation between

the manufacturer and user countries.

(2) Reliability: The user has to consider the failure rate

of spare parts , while deciding how many spare parts he has to buy of a

particular type . The tine period between replenishment procuraTents and

spare part ‘SIBF can give a rough idea of how much of a particular spare

part will be needed before the next replenishment .

(3) The price of the spare part : It is ixtportant to make

distinctions anong spare parts based on the ir prices . An expensive and

a relatively cheap spare part can not be treated equally during the

selection of spare parts to be procured. Expensive spare parts require

more attention than the cheaper ones since procurenent of these expensive

parts bninate the cost of initial provisioning.

d. Technical Dat a and Infornn tion Cost

ScvEtines the vendor or the manufacturer sells the mainte-

nance and operat ion manuals of the system separately. Although this cost

~.s generall y the least one aiong the other costs , a user who wants to

operate or maintain the system effectively has to buy all these documents.

e. Facilities Cost

A new system requires more than operational resources with

respect to personnel , services, and buildings during the use period.

These addit ional resources can be t ra ining, maintenance , supply support

facilities , which are not necesearily a part of the operat ional system.

This cost covers all the spending related to thi s kind of hard ware (and
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sametines software). It is usually a high cost (but non—recurring) item ,

and the user should try to reduce it as much as he can , The most commi n

practice is to modify the old facilities for new system purposes .

f.  Personnel Training Cost

The user has to have trained maintenance and operating per-

sonnel to get the expected benefit out of the new system. Even though

the latest systens are becoming more and more autcimtic the need for

personnel can not be totally eliminated. Personnel errors while operating

or maintaining the system will decrease the system performance. Thus ,

to get the most out of a new system, the user has to spend quite a bit

of money to train his personnel to operate and to maintain the system
3

effectively. Since this issue is directly related to the personnel

policy of user , he has a certain control over this cost.

2. Use Period

This period includes 4C~ to b’O~ of total life cycle cost and

almost 75%.-8(Y% of the life cycle time-span . The cost incurred in this t
period is affected by the planning of the system (Ref. 3] .  If the sys-

tem requirenents have been developed very carefully and efficiently in

the planning phases , the cost savings realized during the use period

should be many tines of that amount spent in planning.

Another factor that %w uld affect the amounts spent in the use

period is the reliability- maintainability trade—off analysis in the

planning and desi~ i phases . Sonet imnes highly reliab le but low-nninte—

nance type of systens (e.g. space craf ts ) are much more cost-effectiv e

for the user than low-reliable but highly maintainable types . Those

factors are inherent factors in the system when it is bought and a second

F user has almost no control over them. The cost of use periods which
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draw the user ’s atten t ion in general , are :

• Maintenance Cost

• Logistic Suppo rt Cost (other than spare parts )

. Replenishment Procurenent of Spare Parts Cost

. C~eration Cost

• Personnel Cost

In the follow - g paragraphs, these costs are examined with re-

spect to second user ’ s control over them.

a. ~&intenanc e Cost

Lxmring the use period , the system needs periodic preventive

and corrective maintenance actions when it fails. The cost of minte—

nan ce can be control led by plann ing these maintenance actions . A gond

pl anned preventive maintenance decreases the numter of corrective ma in—

tenan ce act ions and the cost of maintenance in the long run .

b. Logistic Support Cost

All the supply materials and activities , such is cons’anthles I
~, c leaning material , utilities , etc . )  and the personnel who ac~uinister

these itemrs constitute this cost . The user has to aike all the decisions

concerning this cost . Effect ive planning and execut ion can decrease i t .

Spare parts cost is separated f rom this item only bec~xuse the thesis is

intended to study it in depth.

c. Spare Parts Cost

This cost occurs when the “follow-on ” or “repleni shment pro—

cw~~ment ” of spares is done . Since this action would take place at cer-

tain time intervals during the Use Period and after the initial provi-

sioning the user has to minimize the deficiencies occurred during the

initial procurenent of spares . If it is necessary he has to reallocate
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UL1ijZ~~ the model to
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)

I
the spares , redetermine the types of spares to be procured, and so on,

The in~ortant point is. that the replenishment spare parts prices are

most likely to be higher than previous (initial procurement) prices and

this can require a new agreement between the user and manufacturer or

the vendor.

d. Operation Cost

The operation cost occurs only when the system is in opera-

tion. It can be controlled by the user by scheduling operat ional and

non—operational t imes of the system.

e. Personnel Cost

Every user reali zes that he has to enpioy a certain number

of personnel to keep the system in use (operators , maintenance personnel).

But even though the total personnel cost can be conputed for an opera-

tional site , it is hard to determine how much of this total is spent for

a particular sys tem.* For instance, a destroyer carri es 250 personnel ,

and they cost a certain amount of money to the Navy , but what is the

personnel cost for the air search radar? But user ’s personnel policy has

a si~~iificant effect on the total personnel cost and thus the user has an

apparent control over personnel cost as a sum but not individually to a

system.

*111 the t~ A Navy , the Ship Manning ~~c~.z~ents determine these cost
figures for each system on board .
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I
III . T(PES OF SPARE PA1~I~ 10 BE Ctt~SIDERED

It is inport an t to define spare parts and clarify what it means :

“Spare parts: Spares and repair parts , reparable and consumable ,

purchased for use in the maintenance, overhaul , and repair of equiçn~nt

such as ships , tanks , guns, aircraft , missiles , ground cannunications

and electronic syst~~s, ground support and associated test equipment .

As used in this thesis , except when distinction is necessary , it in-

cludes spare parts , repair parts , subassexrblies, conponents , and sub—

systei~~, but excludes end itai ~ such as aircraf t , ships , tanks , guns ,

and missiles” ~Ref. 6] .

Since this thesis is intended to be a maintena nce oriented study of

spare part provisioning, only the reparable and non-reparable types of

spare parts are considered and studied (Figure 2) ,

Spare parts can be classified based on several characteristics of

their ~~n or their usage . It is possible to clari fy them as high—cost

and low cost , or high-denand and low-des~.nd , or reparable and non-

reparab le (constnm. ble) and fina l l~, high—reliability and low—reliability ,

These classifications depend entirely on the user ’s assunptions and

criteria. He has to give answers to several questions . &xre questions

are as follows :

• What is the criterio n for a high—cost or a low-cost spare part ?

• What is the criterion for high—demand or low—dema nd?

• What is the criteri on for repair-discard decision?

The ans~ers to these quest ions can be different for d.if ferent users

of the same type of spare parts.
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A . ~D~1—REPARAi3L.E SPARE PART~3 - -

This term includes “pleceparts ” or “cci1pont~~ts ” . But it is app ro—

priate to call these spares “consu~~,ble parts ” , because they ar e ia’st ly

inexpensive to be used for repairs. As e.xanples, resistors , capac I tot’s ,

diodes , transistors , electron tubes , beari ngs , and scit~ type of values

and gauges. After fa.t lure, used parts can not be reused and ~~u1 it be

discarded . Nost ly they are r elati vely cheaper than reparable spar e

parts , but in scine instan ces they can be very expensive ; for ex~up1e .
radar t ran~ n itt er t ubes t Magnetron , and scit~ other micn~~tve t ub es).

Other tha n th e exceptionally expensive consuzath le parts , the rest of ’

them constitute 75—8O9~ of the total stockage of spare parts tn quantity ,

whil e they represen t only 20—25” of the tota .I investnvn t in spar e parts

[Ref .  19) ~Fig. 3 ) .  Thus a l it t l e  overpurch~u*~ of these consiinab 1~’
parts ~ould not hur t the budg et. There fore , during provisioning the

qua ntit y of lcw—cost consumible parts is decided stn~:lv  based on the ir

demand rate.

l’here are severa l spare parts provisioning dels that . are based on

the dt~ und rate . The most s tnp le one is the R1~ ~Econonttc Order Qunn t i t y ’i

model (Ref.  17] . A more ccnipl ex one that ~s ut i  I ized h SPCC ~Shtps

Parts Control Center ) of the (‘
~~ Navy is 1IVAMP ~Time Weighted A~vrngv

~kxi ths Program ) model txi’ct ined with the I1~ 1MF equat ion . These models

are explained in Appendix ( A ) ,

13. RI~~ARABLI~ SPARE PARIS

‘these parts ~vill be called “repair parts” for convenience to I s —

t inguish reparable spare parts frcin non—reparable ones . This t ype c f

spares can be in the t’orin of ~~bat_s.se’ttU1ics , subunits , pr in t ed  ci rcui t s ,
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electri c motors , pui , shafts , and so on. They can be repai red by nRin-

tenanc e personne l , using the consu~~ble (non-reparable spare ) parts.

They have an estimated failure rate as do the consuamble parts. But ,

inasevch as the repair part s are usually designed as assent lies of

other parts, their failure rates are higher t han caisui ible parts.

In contras t to wtiat is stated for consu~~ble parts earlier , repair

par ts are nbch more expensive than constma ble parts and constitute &Y~
01’ total investment and only 2(~ of whole spare parts in quantity (Ref .

191 . There fore , their total cost is several t imes that of the cons~.xn-

able parts tota l cost (Fig. 3) .

This is why the user has to give much more att ention to the select ion

of repair parts rather th an consut~b1e parts , and thi s thesis is intended

to put more enphasis on repair part s t han consuimble parts.

Since the repai r part s are defined reparable , u~ .intenance 01’ the

repai r parts has to be considered as i~~ll as supply—s upport . Tha t this

means is that when a repair part fails at an operational site , i t  is

sent to a ri~tintenance site to be repaired and reused, but when a consun-

able part fails , it is removed Iran the system or subsystem or repair

part and it is thrc~vn away since it is dead ( not reusable ) . In each

case a rep1ac~ nent has to be requested fran a support site to replace

the old one , In the case of a repair part , the lack of one spar e part

at the support site can be filled by a repaired one : for a consunith ie

part a new consur~ble part has to be req uisitioned Ira n spare parts

stock or purchased to fill the support station .

There are several repair part s provisio ning models in existence , but

only t~~ of them will be examined in this thesis , M~ IR1C and OPUS can-

puteri~~d provisioning models. OPUS is examined more profoundly than

- -  - 
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~ rRIc because it is more aiplicable in Navy type of organization s. The
n~.in objective for both programe is to minimize the cost of provisioning
while n~xiznizing the readiness of the end item (or minimizing the waiting
time for repair parts at operational and support stations).
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IV . SPECIAL CD~~I)IRATICt~S FOR SEQ~ D USEB

A second user has a disadvantage when he buys a new system. That is

becau se , in spite of the fact that the system has been planned and de-

signed considering the original ( first ) user ’s environ ment , a second user

does not necessarily have the same environment. The term environ ment

covers users ’ financial resources , logistics capabilities , and opera-

tional conditio ns tha t the system is going to perform in. So the second

user has to f i t  the system into his environment or has to ra~.ke modify

his environment to fit the system. In this respect his concern for spare

part pro visioning is going to be differen t , probably more difficul t than

the f irst user ’s.

Spare parts generally are designed by the nnnuf acturer to meet the

first user ’s econcinical and technica l criteria . Perhaps it is appro—

priat e to clarify this stat en~ nt , Tso of the most irrport ant factors for

a repair part are its price and failure rate , because these t~o factors

directly af fect the decision on quantity to be bought. To be explicit ,

while a higher fai lure rate requires more in quantity , the price and

overal l cost increase limits this . Thus a financially restricted user

often buys spare parts with lower fai lure ra te or less cost , even thou gh

thi s would increase the corrective rraintenance burden and prolong the

System &w~n time.

Besides that , the original user ra~kes saa~ classifications for spare

parts (Fig. 2 ) ,  The figure sbows hciv the classification can be done

theoretically, but in application the user has to justify the cri teria

for this classification. And these criteria can change fran one user to
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ano the r , depending upon their environment . Thus , a second user has to

reclassify spare parts for his ~~n use. But the second user does not

have the opportunity to classi fy a non-reparable part as a reparable ,

because its design usually does not make it possible to repair. Thus

such parts ar e excluded f ran discussion .

Theor etically the second user has three alternati ves in the reparable

parts arena .

A. ACtEPI’ S LEVEL OF REP AIR LOR ) ~S FI~~T USER

I f the second user ’ s financial resources , logistics , and operational

capabilities al low this , it is the best solution , because there will not

be an ext ra cost to restruc ture the spare parts or his organizat ion.

B. GO ‘10 LLJ.VES T LOR ALWWAI3L.E BY u S  IGN

Basically the idea is to classify or iginal SIL ’ s as LRU ’s and idea—

t i fy new Sir ’ s which would fit the user ’s maintenan ce and support organ!—

zation and would allow him to spend less mony.

LRU’s are fairly ccr~p lex , high cost units that are carpletely recover—

able (after repair are like new) , Having been replaced on the system

when it is defective ( i . e .  at the operat ional ~naintena nce level’ , they

are sent to the inte rmediate or to the depot level for repair. After

repair they are retur ned to the original stockage station ,

The repair of a defective 1~RU at the inter mediate or the depot level

might often be affected by the replacein~nt of a recove rable and high

cost module . This class of spares will be called SRIJ . A short age of

such a spare will mean that the repair t ime of the LRU will be longer i r
that L1~~ contains that particular SRU , and it will increase the risk of

the shortage of this type of LRU at operat iona l maintenanc e levels, Thus 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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S1~J ’ s have an inpact on the availability of the end item. A defective

SRI. is usually sent to the depot level for repair; after that it is

returned to the intermediate level or kept at the depot level (Ref. 81 .

This would seem to be the most practical solution in this kind of a

conflict resolution , but while doing this the second user may have to

make a t rade—off analysis on his logistic organization ,

1. LSA (Logistics Support Analysis)

This analysis includes both supply support and maintenance sup-

port actions. The u.~er has to make the caiparison between the two sets

of analysis results, one by using original LOR and another by using

lowar LOR . Theoretically LSA can be done in the following steps : (Fig. 4)

a. Specify Maintenance and Supply Support Concepts

They are directly related to system mission requirements and

are derived fran the system ’s mission profiles , effect iveness require-

ments, operational states , and overall logistics concept , and fran

policy statements which form theconstraints or boundaries of the support

system. They dictate the maintenance and supply support activities

allowable at the specified maintenance levels , such as, for e~vnple : no

p reventive maintenance , or only a m p  le check out and module (L1~J) replace-

ment at orgunizat ional level , allowable peraonnel rates and ntzthers , range

and depth of spares, supply replenishment intervals , and inventory con-

trol points (Ref .  3].

For exanpie , if the operational requirenents for a ship are

that “three syst~~~ will be available for mission effort at any t ime” ,

then the mintenance concept with original LOR and original LRI~’ and SRU

classification , wi 11 be designed to meet this requl renent, The concept

selected may be ‘on— line maintenance , ’ or “ren~ ve—and-replace , with

. . ~~~~~~~~~~~~~~~~~~
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off-line maintenance support ”. But with lower LDR ( assi.zning the SRU ’s

sill be replaced inst ead of LRU ’s at the operational station), the con-

cept may change to “renl e— and—di scard .” This is an extreme exaztple ,

but the user has to figure out which alternative would be econanically

optimal for his organization.

b . Specify Maintenance and Supply Support
Requirements and Task Analysis

Maintenance and supply support requirements and tasks are an

elaboration of the maintenance activities to be performed and resource

required. These are caipletely determinable fran the naantenance concepts.

Reliability (failure rate or ~Tl’BF and ran.intainability)(MrrR ,

MDT) data also influence maintenance requirements and tasks (Ref. 3] .

Maintenance requirements include such iten~ as:

• What is to be periodically inspected and serviced ,

• What spare parts are to be replaced and repaired,

• What types of test and check out equirxrent are required for

different LUR ’s,

Maintenance task descriptions dictate such iten~ as:

• Maintenance act ion to be taken at each maintenance level
(operational , inteniediate and depot).

• Personnel who perform them (operators or maintenance techni—

clans) for both preventive (scheduled ) and corrective ( unscheduled)

maintenance.

• And the frequency or time pro files for performing scheduled

maintenance on the system, for different LOR ’s.,

Similarly, supply support requiren~nts and task analysis will

inc lude (Re f . 3]
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• The determination of the replenis~inent intervals , inventor y

reorder levels at var iou~ inventory stock control points ,

• Repair/discard cr iteri a ,

• The supply systeni ( logistic pipeline ) wh ich will be used

to acquire, t ransport , store and distribute spar e parts for different

LL~~’s.

c. Speci fy Maintenance and Supply Support
Resource Requi ren~ nts

Frr~m the above ana lyses , one r’tnallv arr ives at an analysis

and enuterat ion ci’ the muir :iance and s~upp iv support resources required
for the system. se include

• Persainel requi rements including personnel ra t ings , sk~ I I
levels , and t raining requi r~nents ,

• Maintenance informut ion including ~i.in renance nanuals , ~uds ,
spare parts lists , and other technical data required for naintenance ,

• Support equx~iDent including tc~~ s , t est and handling equip—

ment ,

• Maintenance and ~~J~r iv  support ic~ li t~es such as bui ldings ,
sbops , stor age ,

• Pt~ visionin g data and allo~~nce l is ts,  These :tis~ inc~~:de

t he supplying ~f operating consi.xnabies such as fue l ,  fc~’d , and an1nuflitic~
as well as rer)alr and cons~mib le , ct’cponen t ’ parts L Re f .  3] .

In the preceding paragraphs , all asr ’ecrs of L.&\ have been in—
cluck?d . h t t  to study dif ferent LOR ’s fc’r the system and to flake an

econcinical cii~parison between them, the user has to study only the
specific ~~~~~ pert inen t to the [DR change and ~nake an incremental ccn~-
pa~rison between the (fR ’ s.
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c. (1) ‘10 LC1NER L~~l BY REDES IGN

If none of the previous al ternatives is applicable , the last chance

for the second user is to have the manuf acturer reclassify the spare

parts. Thus , this may require sane new design effort by the manufacturer

and certain ly it will result in additional cost to the user. By doing

this. the ni~nu!acturer might be able to design new LIIL”s to lower levels

of the system than that used to be. Hopef ully , thus these LRU ‘5 will be

cheaper and have lower fai lure rates than the old ones .

It’ cost saving in the resul tant redesign associated wi th provisioning

and the operat ional Ii fe of the system is more than the redesign expendi—

t ure, it is the best way to go. But in most cases , a saving will not

generally occur because the firs t user normally has per forned an analysis

of the system and chosen an optimal solution. Nevertheless , the storage

cost and labor cost difference bet~~en the firs t and second users can

make the di f ference .

D. ~~~A1R-DISG~RD DECISIONS

Decisions to repair or discard the spare part s ~‘then they fai l  or nu l—

f~~ction are major support decisions which should be considered prior to

the t ine of fai lure . This analysis should be included during LSA. since

various other support decisions affect the econctnics of the repair , discard

decision and conversely . The decision to repa ir or discard can have a

si~ iifican t iripact on operational readiness postures to sustain military

missions as a consequence, the objec tive of the analysis should be to

r~mximize military effectiveness or operational readiness without szlcrific—

ing econanic balance among major facets of logistic support
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1. Decision Points

Five major decision points can be identified in the life cycle

where the repair/discard decision might logically be considered and are

show~i as circles in Figure 5.

a. Develo~znent of Design Specifications

This is thedevelopnent of design procurement specifications

which may include specific requirements for spare parts to be designed

as a reparable or as a discard.

b. Initi al Design or Spare Selection

This is the actual design or selection of spare parts whi ch

are either capable of being repaired or specifically designed as discards .

For a second user , unless he considers a redesign of the spare parts ,

these first t~~tj  decisions have already been done.

c. Initial Source Coding ( for Provisioning)

This is designating the spare parts as a reparable or as a

non—reparable , generall y at the time of initial provisioning. ~s it is

stated in earlier chapters , the second user can make his decision , as

much as the spare part configurations allow.

d. Coding/Design Review

This is a review of the repairability code or the design

configuration any time after the spare part has been entered into the

military supply system. For example , the repair capabilities of the

user ’s maintenance units can force a repair decision to change to discard .

e. Repair Action

This is a decision to repair or discard an individual repair

part at the time it has failed or is malfunctioning, and is usually a

fun ction of how many times it has been previously repaired. ~bst repair
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parts eventually reach a po int where it i~ no longer econuntical t o

att enpt another repair .

2. The Decision Process

A ni~then~ ticai decision made l can be developed which depends on

appli cable cost el~~ents. These elements are as follows [Ret’. 7 1 :

• Design cost

• Initia l end item procurement cost

• Replacement cost

• Prevent ivo maint enance and ~perat ioiial cost

• Corrective maintenance cost

• Su~~ ly cost

• Cost o f s’pecla.l iz1?d orroctivo math t en ace , too l ~~ and t~’st
~~uipnent

• I)ac~~ent at ion cost

• Training cost

• Disposal value

~~r exan k’, a sthp li? nti t hemntic:t 1 decis ton taxio l for f t t ~~t

decision point , Develo rent of Posi~n Specit ’ ica t  tons cou ld ho:

A1 + ‘ + F~~ U~

where

A 1 — Reparable desi~~ cost

p — Spare part population

U 1 — Un it cost ot ’ reparable sp~u’e Part

- Discard design ci\st

— Anticipat ed ntuth~r I fat I ~t rc ’s ‘o’r ~~~~~~ ‘r~ I .t fo ‘vt ’ 1~ ‘ f~- discard design

— Unit cost of discard t ype ~;‘~ n’ rar t

12
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If the analysis shows that the inequality is correct then it is

appropriate to go with a discard type design , otherwise a reparable de—

sign is appropriate . Reference 7 presents the whole decision nodel ( for

each decision point) in math~natical equations.

But prior to this analysis, an. effectiva screening process should

be utilized, because in sane case, the screening process can indicate,

that there is no econcinic difference between the repair and discard

choices.

The result of this screening process would obviously be one of

the following (Ref . 73 :

• An ininediate repair or discard choice.

• Exhaustive econanic analysis prior to a decision .

• Deferring the decision to the next point in the life cycle where

• it can be done.

There are two general screening rules applicable to all decision

points :

• Assune that the spare part will be repaired until a discard

choice has been justified.

• Direct the analysis initially toward the highest level of

ass~ thly (i.e. LRTJ). Then if the decision has been made to repair this

spare part direct the analysis to next lower level ( i .e .  SR T J) .

Finally , the repair/discard decision process should consist of

four major steps [Ref . 7):

• Determine the constraints over the repair/discard decision .

• Detennine the decision prerogatives (i.e. reliability vs. unit

cost or preventive vs. corrective maintenance or level of maintenance)

which should be exercised.
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• Apply screening rules before subjecting iten~ to an exhaustive

e~~nmic analysis. 
-

• Make the repai r/discard decision (if it has not aLready been made)

by conducting an exhaustive economic analysis exercising appropriat e

rela ted decision prerogatives through integrated decision analysis to

obtain an optimun balance an~ng suppo rt econcii~y ,  military effectiveness ,
and operational readiness .

•1
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*V. PROVISIC~ ING W)DELS

Nui~ rous canputer simulation nodels have been developed for mainte—

nance and support related provisioning. Thy of than have been studied

in this thesis;

(1) The SYS’1ECU~ AB (Sweden ) OPUS procedure ; a fairly new nodel

which is becczning popular in the USA in recent years .

(2) The RAND (X)RP . (US ) METRIC nodels; which were developed during

the sixties and are well known in the “logistic ca]Iaaiity ”, —

Following a description of the general procedures to irrp lazent the

canputer nodeis and brief descriptions of the nodels, a ccz~~a.rison be-

tween than is presented to identify the advantages and disadvantages of

each and their app lications to real world situations .

A. ThE tEC ISIC ~-M(4KING P~ )CESS

In aiinost all the canputerized nodels for decision-maldng , there are

basic steps to be made by the analyst and by the decision—maker. These

steps are:

• To define and to structure the problem.

• To collect , to screen and to edit the input data.

• To utilize the caiputer .

• To evaluate the output data .

• To present conclusions and recoinnendations.

* The USA Depar~~~nt of Defense does not accept these node is for
provisioning detenninatlon by the Services ,
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These steps are not necessarily one single , straight through sequence.

Iterations must usually take place . The evaluation of the first canputer

run may show the need for nore extended cc*iputer runs , and that in turn

may necessita te the collection of nore input data .

The first step should result in a specification of what shoul d be

covered by the nodel in an actual app licat ion . This specificatio n should

state : 
-

• The types of spares to be included .

• The organ izationa l structure to be studi ed , with regard to the

maintenance andspares support of the equict~~nt.

• The assuTpt ions to be studied with regard to the deployn~nt and

the operation of the equiçii~ent.

• The extent to which input data should be tested for the effect

that the uncertainty iii their estimated values will have on the output

dat a.

• The special conditions to be obaerved when the conputer runs are

made and when the outpu t data is evaluated , with regard to the input

data , such as:

• s The deployTnent and the operation of the systes~~.

• • The structure of the maintenance and the support organizations ,

•.  The structure of the end iten~ .

The data collection and the screening of the input data are steps
which , in any application , require must of the time and the wor k. The
data have to be gathered fran different sources , including contract ors .

The data quality has an inxnedi ate inpact on the quality of the output .

~ sensitivity analysis using the nodel may help in evaluating the rela—
t ive inport ance and inpact of each type of input data.

46
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The conput er utilizat ion and the output data evaluation are usually

an Iterative process which requires further analysis.

The f inal step is usually part of a broader process of decision

trade-of fs. Cost-ef fectiveness curves or tables are studied , and con- L
clusions are made about the possibilities of making trade-of fs between

desired level of effectiveness and existing budge t constra ints. The

optimal solut ion depen ds on many and should include engineering as well

as nmnag eri al judg anent. This j  udga~~nt is based on the results from

the analysis and on considerations of the underlythg assunpt ions.

The cost of using a catp uteriz ed nodel depends on ( 1 )  the ~~rk re-

qui red to ext ra ctthe relevan t input data f ran the producer and from the

user : and on (2)  the work included in the valuation process of the input

data and (3) the anoun t of LT~’) processing t the.. F’urthernore, t he

cciTplexity of the equipmen t under consideration has a major influence

on the workload and , as a result , on the cost . Ho’.w’ver , the larger the

system the greater the benefit and the effectiveness that can be

achieved by using such nodels :Re r . S~ .

B . ThE OPUS PIU(IDURE

1. Background

The CPUS procedure was developed as a conputer-based aid for

certain classes of decision s on spare parts provisioning . The main con-

puter node l , CPUS , was initially developed by Systecon Al) in 1970 , a

consultant conpany to the Swedish Cove rnn ~ nt . as an in-house sponsored

project . The further development over the years of that nodel and other

mudels associated with it have been ck ne under con t racts to the N avy and

the Air Force Material E~ partn~ nts of the Swedish t~~fense Material A~~in—

istra tion , and the Military Electro nics Laboratory . In the Unites States ,

17
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IT~ Gilfillan has utilized the program so far , and it has been recently

installed at Northrop (both are in the L~s Angeles area), and at the

Nava l Postgraduat e Scbool.

The OPUS procedure has been used in several hundred app lications

pertaining to nore than 100 different systes~~, anx ng which are electronic

equipi~ents for aircrafts , helicopters , naval ships , and ground stations ,

as well as missiles and aircraft engines . The purposes of these app li—

cat ions have range d f ran evaluat ions of’ proposals of new equi~~~nt to

logistic support analysis of syst~ ns in the product ion stage .

2. Introduction

The core of the OPUS procedure is a f amily of conputer nodels,

the developi~ nt of which started in 1970. Since then , these nodels have

been gradually refined to meet new r uiren~nts generated by a growing

nunber of di f ferent applica t ions . The phrase ‘O~VS procedure” has been

coined to stress the fa&~t that the actual exercising of a calputer nodel

usually incurs the least part of the total cost for performing an

analysis.

A major part of the procedure cost will be incurred while pre-

paring the input data for ccziputer nodels, exercising t hem , and evaluat-

ing their output data. This cost has to be conpensated by either ac tual

savings experie nced in deciding on the level of investment necessary to

achieve a cert ain predetenmined level of readiness for the end item or

the assessed savings ( through the incr eased readiness of the end item )

for a given investit~ nt level with regard to provisioning of spares ,.

The OPUS procedure was desiRned to study SYSTE~~ ( END ITE~LS’~
with two indenture levels IRe t’. 8] :



• LINE R~PL4CEABLE UNITS ( LRU

• ~~ p REPL~CEABLE UNITS ( SRIJ )

3. Types of Probl~~~

The C~~S procedure has shown itself to be a f lexib].e and useful

ana lvsis tool with regard to the follow ing types of probl~ ns I Ref.  91:

• Cost-effectiveness evaluation of’ al ternative main tenance and

Support concepts and alternative system configurat ions .

• Initial procuren~’nt of LRIJ ’ s and SRU ’s , and their al location

within a support organization .

• Real location of given assortn~ nt of LRU ’s and SI~”s.

• ReplenishnEn t procureim?nt of Ll~ ” s and SRI• ’ s -

• Reallocation of’ a given assornnent of LRU ’s and S1~J’ s and

initia l procurement of new t ypes of LRI2’s and Sl~~’s .

4. Measures of Effectiveness

OPUS V II  offe rs the user the option of select ing one of the fol—

lowing Measures of Effectiveness ~~)E ) ,  ~ ?pending upon the specific type

of problem being studied ~Ref .  ~~ :

• Probability of success t’ui miss ion.

• System opera t ional availabi l i ty .

• :~Iean waiting t ime for a spare part .

• Risk of shortage of a spare , ~then i t is demrn nded .

5. OPUS tha.racteristics

OPUS VII has the following special characterist ics LI ~o t .  ~~

• It is capable of handling a mixture of di f ferent types of LRI’

and Sl~~, which may be parts of different kinds of’ systt”rn~, and the asso-

ciated set of rules on where these spares may be stocked and repai red

with in a given maintenan ce and support organization.

L - -~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~ - -
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• It is capable of handling a cosplex maintenance and support

organi~~tion with an arbitrary nuther of echelons , each consisting of an

arbitrary nuiber of repai r and /or stock poin ts , and with a ccnplex mix-

ture of support flo~~ .

• It is capable of’ exploring a wide range of feasible invest-

ment levels, in one single rui , and also f inding the optinu l allocat ions

of stoeJç~ of L~J ’ s and SRIJ ’s to the di f ferent stock points of the support

organi~~ tion for every such investient level.

• It allc~~ the user the option of choosing one of four differ-

ent \UE ’s, as stated above .

• Finally , it allows dif feren t types or’ syst~~~ to be treated

simul taneously .

6. Basic Assu~ptions

The basic a.ssuipt ions which have been used La the OPUS VI I node L

are as follows ~Ref . 9 1:

• The d~~inds are Pois& n distributed .

• The mean values of the turnaround t imes are known . L

• .4 failure of one type of item is statistically independ ent

of those that occur for any other type of item.

• Repair t imes are statistical ly indep endent .

• No batching of i tens before repair .

• In case the system is an electronic equip,~ nt , it is assumed

that the SRU ’s in an L$U are in series , and the LRU ’s in a system are

also in series .

7 . ON~ C~ t imization Technique

.4 central part of the optimi zation procedure used in the OPUS

node I is the use of cost-ef f’ecti veness .C-E ’~ curves . The measure c’ f



effectiveness ~)E) is considered as a function of all the individual

stock levels , given all the otherrelevant parameters which describe the

activities and the support flow of the maintenance organization . The

measure of’ cost is the total investnent in LRU ’s and SRU ’s, which are to

be distributed in the maintenance organ izat ion. Pk tht s on a C-E curve

are est ablished accord ing to the following optimization criteria:

For a given value of the tota l investment , dete rmine values on

all stock levels strh tha t the measure of effectiveness is minimi~~d or

nmxinu med IRe f , 91 .

S . Input CR ta

a . System E~ ta *

The f l L ’~~lng t ypes of end item da ta have to be sped fied

:R e f .  9 1 :

~~
) 

_______

• Numbe r o r’ different types of SRU

• For each type: replacement rates , and unit price

~~~ LRU—~ tta

• Number of di t’ ferent types of LRU

• For each t ype : rep lacement rates, and unit price

• For each t ype that is medularized into SRU ’s: iden—

t if ~cat ion of those types of SRU it contains, and

the number of units of every such type

~3’ Svst em-.tbta

• Number of different types of systen~

.4n exan~,le of system .t~ta &w i th 3 syste’crs ) is included in ~ppendi~x B.



• For each type : ident i f ica t ion of those typ es of

LRU it contains , and the nunber of units of every

such type

b. Support Organization 1).~ta

(U t~~~nd Generating Stations , I1~

They are shc~~ as IXS-l Uu’ou~~m tES-4 in Figure t . The

following types of input—data niist be specified for each t~nttnd Gener at-

ing Sta tion , rL3S ~iief .  01 :  r
• .4 reference to the nearest superior Support ~ t at ion ,

55.

• Ide ntif icat i on of the different types of sy st emu~
alloca ted to the IX~~. and the number of each . Each

system is also given a specific “ut i li .ta t ion :‘ato ’ .

as mentioned ahoy .

• Fault locat ion ire .

• Tine to repair the  system ~y rtmm ~vlng and rct~lacing

a defective LRU inclutiing subsequent chock—out t ine.

• Tine to  have a spare uni t ~e ivered f~’r~i the

superior Supp ort Station . give n :‘.o sho rt age ox~sts .

~~ Suppo rt Station. S~
They are shown as 55— 1 through 55—S i~ i Figure 3. The

f o l  c~vin~ t ypes of input—data must be speci fied for each Support Stat ion .

&S . Ref .  ~~ :

• .4 reference to one or several other Support Sta t  ions .

to which propag ated denunds are addressed.

• :~ discrete propaga ted denund l’no~al’ i I i t v  ¼tist r it~u—

t ion , deftned on those other Suppert St a t  ~ons -

- _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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• Identification of the differe nt types of LRU and /or

SRU which may be kept in stock. Each of these types

has a specific repair— factor , which is the propor-

t ion of defective units that are to be repaire d at

this station.

• Fault isolation tine for every type of L~ J and SRU ,

• Time for rerroving and replacing a defective uni t ,

including subsequent check—out t ime.

• Time to repair a LRU or SRU , if repaired at this

station.

• Time to have a spare unit delivered from the superior

Support Station , gi ven no shortage exists there.

(3) End Support Station , ESS (Depot Leve l)

It is shown as Depot in Figure 6. .~n End Support Sta-

tion is similar to a Suppo rt Station , with the exception that demand is

r x t  propagated to any other Support Station [Ref . 91 .  —

9. Related ~bdels

For large problenE that OPUS VII cannot handle in a single run ,

the system can be divided to several sub— systenE (at the LRU ’s level).

The output for each sub—system from the OPUS VII program is used as an

input to a program named OPUS VII—W , which gives the total results for

the original problem. (The output frcin OPUS VII when defined is in the

f orm of punched cards.) (Ref.  81

C , METRIC—A MULTI-ECHELON T1~CIINIQUE FOR RECOVERABLE ITEM ~ )NTRJL

1, Introduction

The TJ SAF has provided the RAND Corporation with a unique oppor-

tunity to study a logistics system in detail and to develop scsne cost—

54
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effectiveness management techniques . It seen~ that the major factors

tha t have nude it possible for the RAND Corporation to develop these

rTodels are :

• Air Force funds over a 15—year period ; and

• a broad charter fra n the Air Force to investigate problen~ that

RAND feels are inport an t [Ref. 101.

The family of n~x1els appears to be general enough to be appli-

cable to othe r military services , to contractors who are concerned with

u S , and to medium-sized ca~~anies engaged in manufacturing and distri-

bu tion.

The mudels are supply related , but in the broadest sense , they

include maintenance and operations. They address the probl em ct what

and when to buy , where to place material , and where and when to repair.

Each medel is designed to run on a cci~~uter . Thev are analytic

and nor ma tive in the sense that they can analyze alternative support

situatio~~.

The node is are based on and developed f ran the Base Stockage

Model ( BSM) developed at RAND . The 135M op t imizes budget allocation

across a group of repai rable spare parts used at one base , I t wt~s

proved that the potential dollar savings possible using the RSM were

enomous [Re f . 101 .

Several thWrtant breakthroughs by the RAND staf f enabl ed the

construction of the ardels. To mention only t~~ of t hem : J) a

practical formulation of a t~w —echelon problem where the stock levels

at the severa l bases and the supporting depot are j ointly optimized over

a roup of itenE : (2)  a Bayesian procedure that [cads to s ign ificant ly

better decisions for items wi th  low den~ind , th e majorit y of iten’s )

[Ref.  i l l .
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2. The Models

The family of integrated support nrdels developed by RAND is de-

scribed in the following table [Ref. 101 :

TABLE I . Metric Family Models

NAME Sf l R~ DESCRIP1’ION

BSM Base Stockage Model Budget allocation optimization
of repairable spa.re parts used
at one base.

SCAM Source—Coders Cost Repair/Discard and Repair
Analysis Model level decisions,

~~TRIC Multi—Echelon Technique Base—Depot supply system :
for Recoverable Item - optimizat ion of stock levels
Control — allocation of fixed stock

levels
— evaluation (C—E) of given

allocat ion of stock levels.

MINE Multi—Indenture I’IJ RS Evaluation of the e~qDected
Evaluator nuither of aircraft not

operationally ready (?~)RS)
due to supply ,

Real—Time.-MEI’RIC Canpienents ~E’IRIC in a cen-
tralized or “push” system
for recoverable item
distribution.

RPM Repair—Priorities Model Buy/Repair decisions. A
variant of RTh1 which conputes
system “need” for each item
over a planning period ,



Of this f amily of medels, ME IRIC is the best known and nest ap-

plicable for provisioning probl~~~ . It is , though , controversial in the

sense that it was the firs t medel to consider the probl em of multi—

echelon , multi—item inventory control , and had scne limitations that for

son~ years nude it useful only for a specific application ( i .e .  the USAF

support organizat ion ) [Ref . 111 . As a result , other nrdels were developed

in order to give an answer to these limitations . Still other nrdels were

developed using approximations in order to decrease the conputat ion re-

quirenents of the nrdel and ~3 to decrease the cost of computer runs with

minor decrease in the accuracy. Basically , these nrdels have the sane

features and assl.zrption s associated with METRIC, but with inproved tanthe—

nutical developmen t [Ref. 12] .

These Ui~ roved nodels are ~vDD-MErRI C (Multi—I tem , Multi-Echelon ,

Multi—Indenture Inventory System) and the Consolidated Support Model ( CSM:

A Three Echelon , ?tu i t i—It em Model for Recoverable I t ~ t~~) [Refs. 13 and 14] .

CSM was deve loped recently and has not been inp1en~ nted yet . The

ccnputer program for the rtodel is undergo ing final testing and validations

at the t2SAF [Ref. 14].

?~DD-MErRIC, on the other hand , has been inplanented by the USAF

as the method for conputin g recoverable spare stock levels for the F- l3

weapon system (Ref . 13] . ~JJD-METRIC is an extension of METRIC , which ro-

places ME’I RIC and permits the explicit consideration of a mult—indentur e

st ruc t ure . (This is , from the app lica t ion po int of view, the major differ-

ence between ME IRIC and ~DD—MEfl’RIC. Ther et’ore , in the further discuss it ’n

only the acronym METRIC is used. ) Another area in which \)3D—METRI C

differs f rom METRIC is in oneof the assunptions nede in METRIC , nan’ely

that iten~ are norm ally considered to be equall y essential , wh ile ~n

U’



~DD-METRIC , because of the introduction of indentured parts stru cture ,

the essentiality in each level of it~~~ ( LRU ’s/SRU ’s) nay be defined

differently [Re! . 131 .

3. The t~script ion of METRIC [Ref . 15]

METRIC is a nix~~l for deter ming both requir~~~nts and distribu-

t ion of recoverable iten~ in a t’~%o—echelon support organ ization (Fig. 7).

The objective of this nDdel is to determine the base and depot stock

levels which minimize total expected base level backorders for a specific

set of iten~ and bases subject to an investment constraint .

a. Types of Probl ems

• Optimization of stock levels ( depot and bases).

• Evaluation of the expected nt.mber of bacI~~rders for a

fixed/given stock at bases and depot .

• Redistribution /Allocation to bases and depot of a given

total stock , such that expected ruinber of backorders is

minimized.

These probl~~~ are inport an t to solve at different stages of the system

life cycle.

b. Measures of Effectiveness

The choices of C-E target is between

• Total cbllars of investhi~nt , or

• Expected nuab er of backorders per i tem.

An inte rm ediate target may be one that reduces both backorders and invest-

ment. This can be done by changes in the problem structure and compari-

son between the results ,

~_a~_a ~~~~~~~~~~~ ~~~ — —
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c. Characteristics and Features

The METRIC family of models allows the user the consideration

of a Base—t~ pot supply system for determination of stockage policy of

recoverable it~~~ which are characterized by high cost/low dax~nd. The

model uses past den~nd data , but conbines them with estimates of future

program requirements to anticipate buildups or phaseouts . It can also

handle , through a Bayesian procedure , initial est imated dat a with or with-

out past deta nd . Finall y, METRIC provides a device for analysis of al-

ternative support struc ~ur es, and different levels of support effective-

ness depending on the weapon system .

d. Input Parameters

Various data are required as input parameters to the model.

These axe the averag e base and depot repair tines for each item, unit

costs , certain probability distribut ion para neters , Mot—Repar able—This

Statio n ( NR’I S) rates , and average order and ship t ines. Minim~in and

nuximun stock levels can be specified . .4 ful l description of the input

data and their preparation can be found in the cbcunentation published

by RAND on the METR.IC C ~~ L’TERP~ )GRAM [Ref . 16] .

The input data is determined in thre e levels :

• By systen

• By item

• By item and base.

The carputerprogram requirements for the input data format are quite

fle,dble ( i .e .  the model is not sensitive to input data ) .

e. Basic Asstnpt ions

The following asstitptions are nude :

• The der~nd for each item is Compound Poisson distributed.

• There is no lateral resupply between bases .



• All fai led parts(System/ LRU ’ s/SRU ’s) are repaired .

• A failuxe of one type of item is statistically indep endent

of those that occur for any other typ e of item.

• Repair t ines are known and statistically independent .

• There is no batching of iters before repair is started.

• The level at which repair is performed depends only on the

cat~ lexity of the repair (and not on the workload at each

level) .

D. A (Thff ’ARI SC~ BE11VE~~ OPUS AND \OD-1ME1’RIC

Since NI~ did not have METR IC and its related cci~~uter progra ne , it

was not possible in the tine ava.i lab Ic for this research to prepare a

carplete conparison between the OPUS procedure and ~DD-METRIC, using the

sane set ~or equivalent set) of data. Fort unately , ITT G ilfi l lan is a

user of both OPUS and METRIC. Therefore , their experience is used to

suu~ari .’e the major differe nces between these two nudels from an appli-

cation po in t of view .

A ccmparison between the math eimtical nude is and their underlined

assurpt ions nay be desirable for an operations research type study . On

the other han d , it ~~~ be interest ing tc have an idea about the differ-

ences in the resul ts from each model for the sane (or equi valent ) problem.

In general , ~fl)-MEl’RIC app ears to give a solution which is about 20 to

30 percent mere “expensive” i, total investment ) t~’an the OPUS model , for

the same situat ion . The reason is that the assunption about the denand

distribution in METRI C is mere realistic although it requres more input

data.

Basically, the differences between characteristics of these two t ypes

of models are stmnarized in the f~ l lowin g table :

(4
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TABLE I I .  thara cteristi c C~ rparison between OPUS and METRIC.

SUBJEC T OPUS METRIC RE~1ARKS

1. N~x±er of Echelons Multi Tho~
1
~ ( 1)  (SM has 3

( Support Organiza- echelons
t ion )

2 . Nuit,er of Indentures ‘Pm) T~~ ‘.2) Only in (SM
( I  ten~~) and ~IJD—~~ 1’RIC

~ . E~tta Preparation Requi res Easier
mere for a

fami h a n - beginner
zat ion for
user to
contro l
the model

4. ‘)rder of Input Sensi— 3)  Flexible ‘.3) The input data
t ive ’ drive the

rogram
5. End I t em C~erat ion Included Included

lk~urs

3. Total Cost of Not Included
C~er ation (UX ’~ tnciud ed

7 . I n it ia ]i~ation of Pr eferred — —

provisioning

S. Evaluation and - - Preferred
i~edistribut ion of
fLxed stock

) . ~~ t inu 1 Solution Up to l~~) A single ‘.4~ The budget or
L~scrip t ion points on point for the oxpected

each C—E each set hackorder s are
curve ot pam — ~iven

meters t~

II
— - ‘ -— --—- - . - - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -‘



*An ixrçlen entati on cc*~parison is as follo~~ :

1. t~ ta Base Construct ion

~.JX)-METRIC data base fonmt is by far the most straightforward

and was the easiest to inplenent at the onset of the study . It became

readily obvious that this format would be cumbersa~e if larger system

were being analyzed where x~m,.nallty existed between SRU ’s.

After a short fan~ liarization of the OPUS data base structure,

it was found to be more descriptive and flexible in conpanison to the XII)-.

METRIC. For exanple , changing parameters for an SRU in the OPUS format

requires changing one record (an SO colu~u card) where to make the same

chan ge in ~PZU-MErRIC requi res changing 2 records . From this ~mll cx-

anple , it can be seen that large data base nenagenent would be sinpler

and less t ime consoming task when using OPUS.

2. Analy sis Techniques

~IJD-ME’1’RIC opt imizes one U~I. ’SRU group at a t ine for a given

Maintenance and Support (\~r S) organ ization . The M&S organizat ion nay be

changes for each LRL’/SRU group along with any or all program control

parameters. The main disadvantage of this is the non-opt imization be—

tween LRU/SRU groups and inability to sense this relationship in an over-

all system measure of effectiveness.

OPUS is a more sophisticated model offering ext reme flexibility

in M&S organization description and hardware configuration alternatives . : -

OPUS opt imizes the entire problem to any of several measures of ef i~ecti ve—

ness where ~1JD-1MEfllIC will only optimize one LRU/SRU group. The

*Inplenentation conparison was provided by ITI’ G i l f i l l an  Logistics
E~partnent . which uses both models .

-



~ --

optimization techniques used in OPUS allow for a more rapid and practical

analysis versus the “nunt er cru nchin g” techn iques used in ~tDD-METRIC.

In ~~~~~rv , both models have actuall y been used to solve provi-

sioning pr oblenE . METRIC is more theoretically sophisticated than OPUS ,

while OPtS is mare readily applied . The OPUS model seen~ to be better

suited to the logisticians needs . Logistic effects of hardward design

and deploymen t can beread ily quantified in spares investmen t for a given

avai labl 1 itv , waiting t ine . ‘CRS or risk of shortage enab ling OPUS to be

used not only as a provisioning model but also as a “design tool” .

E. REW~~~~fl)ATIC~~

I t  is easy to see that either OPUS or METRIC can provide inportant

advan tages to their users . The cost-effectiveness curves would be a great

help in defending budge t requests for spare parts provi sioning. The uti—

lizat ion of parameters such as unit cost and method of demand prediction ,

t ogether with parameters about maintenance and support organization ,

would provide better stockage decisions .

The procedure of calculating stock levels at the bases and the depots

of a joint organizat ion provides a much better policy than the usual

single iten~~, single inventory techn iques . The utilization of one

standard procedure for both requirements and distribution should help to

solve niinv of the interface prob l~~~ that exist in the logistics support

environment. By using these types of models to make decisions during

the syst em design phase , as an iterati ve p roces between the designers

and the logistics poople , they should inprove scne of the design pam —

meters in conjunction with the logistics support requirements and , by so

doing, they should inprove the total l ife cycle cost of the weapon system.

(34
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VI. UTILIZATION OF OPUS

In this part of the thesis, the OPUS model is utilized to make a

sensitivity analysis of the structure of the maintenance and support

organization. Because of the difficulty in gathering real world data

for catputer runs, hypothetical data based on realistic assunptions

have been generated. In addition , a few assuupt ions are made for the r
analysis.

• Equi~iaent systai~ are considered to be in existence (they are

already manufactured) , thus system data is 1~~own .

• The inventory deploynent policy is considered known ( whi ch system,

how many, to which tX~~) .

Thus , the purpose of the analysis is to determine the organizational

structure and repair and stockage policy for each station that would

resul t in the highest effectiveness f igure to the user , This effective—

ness figure is caiputed for systax~ at the operational site.

The main idea was to illustrate the analysis results to the reader ,

Hc~ever , some difficulties were encountered in the caiputer outputs when

the OPUS was run on the IBM 360 at the Nava l Postgraduate School, (The

program was orginally programned for the (IC canputer in Sweden~ ) Thus ,

what was done , including sate cailputer outputs (in Appendix B) ,  is pre-

sented below.

A . SYSTEM ~~TA

Three systenE are used in the analysis, All of them are considered

elect ronic conn*micat ion systen~~, are cal led SYSTEM 1, SYSTEM 2 , and
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SYS’T~~1 3 and represent a High Frequency (HF) ,  an Ul t ra High Frequency

(UHF ) ,  and a Very High Frequency (VHF ) unit respectively .

There are 37 di f ferent types of SRU ’s that constitute 20 diffe rent

types of LRU’s. Table III  sh~~s which type of SRU ’s and quanti ties of

each type are in each LRU. For exanple , LRL’ 1 has no SRU ’s, LRU 2 has

two of SRU 1, one of SRU 2 , one of SRIJ 3 and two of SRU 4 in i t .  Table

IV shown the price and the fai lure of each SRU . For exarcple , SRU 1 costs

$100 and its fai lure rate is 0.2 in a million hours .

In the sane manner , Table V sho~~ the L1~~’s constituting a system

and their quantities . For exanple , SYS~1’EM 1 consists of one of each

L1~2’ s 1 through 10. Table VI . a) shows LRU ’ s and VI (b )  shc~~ system

price and fai lure rate data , as in Table IV for SRU ’s,

~~. OPER.ITICt~AL ~~TA

There are four types of ships : t~ stroyers L D D ) .  Mine Sweepers ~~~~
Sul~marthes ~SS’~ and Fast Patrol Boats (FP) .

There are 15 of DD , 20 of ~~~~, ~O of S8 and 20 of FP , ~ach ~hip ts

considered to have t’.~o units , one operation unit ~a WS’~ and an on—board

support stat ion t, an C€~S) . For exazrple . a DL) contains a t~ strove r Mainto—

nance Unit  i, t~~~) plus a [~ stroyer Operation Unit ~ttO ’~. Although a

shi p ’s mission profile is fed to the cc*iputer as support stat ion data ,

it is included here in operational data .

L~strover Operat ion Uni t ,TO)

This uiu t has three SYSTEM 1, three SYS”1E~t 2 , and one SYSTEM 3

and their ut il  at iOfl rates are 4(~~ of mission t i~~ for each SYSTEM ~~ ,

4CP~’ of mission ti.~~ for each SYSTE~.I 2 , and ~~~ of ~~ss~on t ime for

SYSTEM 3. Mission tine for a tI)~Dr1t + DIX) ) ts ~$S hours : this means

~~~~~~~~~~ 
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1’A1U , 1~, I\ - SRU Pr i ~‘t’ ~uid 1”a i 1urt ~ Un I t~ I ’~ I a

FAll 1!IU UXI1 :
r~ ~‘r l’~ h u’~~ .’ ~ Ih

1 100 ______________________-
2 425 11. 5 H.

- 

3 ~375 
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•1 25 1 . 0
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—
~~~~ 17 . 1
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2 1 250 ~~~~~~, :1
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2$ :~ *) 7
20 100 100, 0

$7 26 . 0
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TABLE VI .  LRU and System Price m d  Failure Rate Data
________________ — 

FAILURE RATE
LRU ~ , UNIT ( Failures 10° Hours )

1 150 6.6

2 1050 46.2

3 
— 

2550 112.2

4 iaOO 6(3.0

3 1950 85.8

1800 70. 2

7 750 33.0

3(’~X) 132 .0

1875 02 . 1
b

10 1St) (3 . 3

II  73 10. 3

12 
—

~~~ 1200 203. 3

13 1300 ~12) , i ;

i t  385 13(3 .5

iS (300 22 1 .3

1(3 125 0. 3

17 U~
) 2 ) 0 . 2

iS 
— 

-ISO 231.4 
-~~~~~~~

11) 200 08,0

20 2a m ) 101 . 1

( a )

1’:\ II IRE RATF
SYSTE~I $ I N 1 T (I n i  l i ’ ~’~ 1 )  Hours )

1 l 5Ot)0 (305. 0

-10(X) 1000, 0

3 130p
(b)
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during this period of t ime this ship can not be supported by a higher

echelon support station .

2. Mine Sweeper Operation Unit (!vtSO)

This unit has one of each SYSTEM , and their utilization rates

are 100% for SYSTEMs 1 and 2 and 75% for SYSTEM 3. Mission tiiie for a

MIS (?~~1 + ~~O) is 24 hours and again it can not be supported by higher

echelon support stations during this period .

3. Sutrinrine Operation Unit ( SSO)

The unit has two SYSTEM 1 , three SYSTEM 2 and one SYSTEM 3 and

their utilization rates are 60% for each SYSTEM 1, 40% for each SYSTEM 2

and 75% for SYSTEM 3. Mission t ime for a SS is 96 hours and it can not

be supported by higher echelon during this period.

4, Fast Patrol Boat Operation Unit (F10)

This unit has one SYSTEM 1, two SYSTEM 2 and one SYSTEM 3 and

their utilization rates are 100% for SYSTEM 1, 60% for each SYSTEM 2 and

75% for SYSTEM 3. Mission t ime f or a FP ( FPM ÷ FE~O) is 36 hours and it

can not be supported by highe r echelon during this period .

c. MAn~~~~~ E AND 5TJp~Q~~ ORGANI ZATION DATA AND ANALYSIS

Three types of organizational structure are used for analysis. Be—

ginning with Type A organization (which is the basic organizational

structure with no intennediate level ) the structure was gradually expanded.

Each organizational structure is analyzed with several different repair

and stockage policies .

1, Type A Organizational Structure

Figure 8 shows the Type A organizational structure. Four types of

ships (C~S + DGS ) are supported by the depot directly . The ships have no
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maintenance capability , but they have a supply of LRU’s. II)M carries 16

different types of LRU ’s, ~~M and FPM 3 different types , and SSM 9 differ-

ent types of LRU ‘ S.

The depot has a repair facility for both LRU ’s and SRU ’s, and

its stockage policy is changed for analysis. First no stockage is

allowed; later all LRU’s and SitU’ s are allowed to be stocked.

2. Type B Organizational Structure

Figure 9 shows the Type B organizational structure. Four types

of ships (OSS + t)QS) are supported by four Intermediate Support Stations

( ISS). Each ISS represents a tendership which supports only one type of

ship (i.e. T1A supports only t’D’ s),  All tenderships (T1A, T2A , T3A , T4A)

are supported by the depot.

Ship maintenance units (OSS) have the same characteristics as

explained in organization Type A . For analysis , only ISS and depot (or

End Support Station - ESS) stockage and repair policies have been subject

to changes. In the f irst run , the following policy is tried:

o There is no stockage at the ESS but all LRU’s and SEW s are

repaired there and returned to original stockage stations.

o There is no repair at ISS’s, but all LRU ’s and SRU ’s are

stocked, and they are sent to ESS for repair~

In the second run , some repair actions are added at the ISS

level (e.g. 12 LRU ’s are allowed to be repaired at ISS’s but if they can

not be repaired at the ISS, then they are sent to ESS )

In the third run all LRU’s and SitU ’s are allc~~d to be stocked

at ISS as well as sane LRU ’s are al lowed to be repaired at ISS ’s.

3. Type C Organizational Structure

Figure 10 shows the Type C organizational structure . In this

type of organization , the ships are allowed to gt to ESS directly for
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• There is no lateral resupply between oases .
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support (the real life situation) by using ‘duu~,” tende rships in the

n~xIel (i .e. T1D, T2D, T3D , T4D), These dumniy tenders had to be used

because the nxxlel ck)es not allow a station to be supported by second

higher echelon without going through f i rst higher echelon .

In this case one type of ship is supported by two different sta-

t ions (e.g.  a ii) is supp orted by both T1A and Tm), Table VII gives

for each ship the probability of being supported by either real tender—

ship or durzr iy tende rship. For example , a 11) is supported by T1A with

0.75 probability or by T1D with 0.25 probability .

The same policies are tried for Type C as are tried for Type B

organizational structure. In the first run , spare parts are stocked at

188 ‘s and repaired at ESS, In the second run , repair of seine (e.g. 12)

LRU’s are allowed at ISS ’s , and in the last run stockage of all LRU ’ s

and SitU ’s are allowed at ESS (t~ pot ) .

4. Analysis and Example

Table VIII shows a simnary of the organizat ional structures wh ich

were to be analyzed. However , because of problenE discovered with the

OPUS computer program during the ana lysis , the ~sork could not be can-

pleted . Table IX shows the pr oblen~ discovered in each run .

Results of Run No. 3 in Table IX are presented in Appendix B.

The input data for spare parts ( LRU ’ s and SRC ’ s) ,  for syst~~~ and for

deployment , and organization structure data are presented in the first

four pages. The next page shows the repair and stockage policy ~or each

SItU and LRU at a support station . The repair policy figures are given

as exponential nunbers (0.1000 E 01 is equal to 1) , a zero means there

is no repair for the SitU or LRU at this station. For the stockage policy ,

a star (*) or ~S) means that the SRU or LRU is allowed to be stocked at

that station.
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In the r~~itining pages , ccn~ uted figures for opt imization (Cost-

Effectiveness) curves and al location tables are p resented., First the

turn around t ime for SitU and LR~J is presented followed by cci~puted d~~and

rates . The next three pages are optimization curves with explanat ions

for them written on each page. Cci~~utation of a second opt imization curve

begins Iran ci rcled points on the first curve and final allocation tables

are for circled points on the third optimization curve . The circled

point on upper left corner of each curve (near the top edge of the vert i-

cal axis) represents the first point on the table on the same page -

Similarly the last circled point on the ext rcme right of the horizontal

axis of each curve represen ts the last point on the table. The import ant

thing on the curves is that the a~~s are not always scaled the same ; the

represent arbitrary values and not dollars for inves~ nent , That is why

it is hard to determine investre nt and waiting tine (or other effective-

ness figures ) fran the curves by inspection , but the real values are given

in the table presented on the same page . The f igures in the C—E curves

( like l , 2 , 3—6 , 7 , e t c . )  show how rIuny points there are in the area which

is covered by the nunber . For example, circ led nunbe r one ( 1 ) repre—

sents one po int in this area.

The tables which follow these three curves given the allocation

of each S1~U and L.RU to the support stations and the availability for each

~~~~~ at an operation unit (IX S) ,  and other supplt~nental data . Total

nt.zTt)er for a SitU or [RU is cczTputed as follows:

lurAL = [The nunber at DU’J ~~
- 15 [The nanber at ~~ fl

+ 20 [The nurter at ~~M 1 ~ 10 {The nunber at SSl~11

+ 20 ~The nuri,er at FPMI

• I 
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One can notice that the program begins to violate stockage policy

at Point No. 16 by stocking LRU 12 at SSM. At Point No. 17 , it continues

to violat e stockage policy by stocking ~~~~~ 5 at ~~M and ~~ 1 and at Point

No . 30 ( last allocation table ) , allocation is ccznpletely out of policy ,

After results for ~flE: 0 are presented , the results for I~DE: 2

are given . Only the C—E curves arid sure allocation tables are included

for WJE : 2, Stoclcage policy is implemented as it is defined in the

stockage policy table.

5. Suiri~ ry of Difficulties Encountered with
the OPUS Cczrputer Program -:

• When problem type zero ( Initial Procur~rent) was run with \OE: 0

or ~DE: 2 and when “the nurber of [RU ’s to be stocked” for an 088 was not

defined as eithe r the n cij~~n nuaber of Ut’s or zero, the program de-

faulted and stopped .

• Then problem type zero was run with ~J3E: 0, even though an [RU ( 1

was defined “not to be stocked” in the stockage policy data for an OSS,

the program eventually stocked it at that station ,

• When there were 6 support stations in the org u~ization structure ,

the program defaulted and stopp ed when it came to print the fina l (allo— r
cation) tables.

• When the “dum~y” stations ~~re added to the organization structure ,

avai lability suddenly dropped ckwn and later began to increase while in-

vestment continued to increase.

• When problem type 10 (Rep lenishment Proc urare nt of Spares ) was

run with ~DE: 0 or WJ E : 2, sane [RU’ s were overstocked ( rrore than 1000)

at an 058 .
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Since the OPUS program has also been installed at ITr/ Gilt’lllan ,

they ~r ’re asked to repeat the same cai~uter runs. They obtained the

same results and defaults. A ft e r  a conference at which we jointly cx—

amined the results , we concluded that the OPUS conputer program needs

revision to overccn~ the probh~~ noted.
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V I I ,  CY.~t’LUSIONS

Since this thesis has considered two related subjects , the conclu-

sions are nude in two parts . The first part concerns a second user ’s

position in spare part provisioning and the second part concerns mainte—

nance related provisioning rrodels and their utilization.

A . .-~ sa’oND USER AND SPARE PARr P}~)VI SIO NING

1 . A lnx st all the producer countri es for major systen~ make major

system decisions these days based on the total System Li fe Cycle concept

and its associated Life Cycle Cost. But ra st of the “second user”

countries are not aware of these facts and are still making ccnparisons

between systci1~ by considering their acquisition costs rather than thei r

l i fe  cycle costs. The fac t is tha t the cost accrued during the use

period of a system is generally far greater than its acquisition cost .

Thus the evaluation of a system should be made based on the tota l syst em

life cycle and it s associated cost, r
2. As a part of the system l if e  cycle , spare part provisioning is

an important issue with respect to cost. With the except ion of a t’~~v

non—recurring activ ities in the syst em l i fe  cycle (e ,g .  acquisition of

the system , bui lding f acil ities for the system ) , pro visioning is a re—

curring activit y over the useful operational l i f e  of the system and

naturally its cost is recurring too , Thus the syst em ’ s requirements

w i t h respect to spare parts have to be analyzed , and the type of spare

part and requi red quant i ty  have to be carefuflv determined to make an

•-ff icie nt provisioning decision, This w~u1d keep the provisioning cos t

down each time spare part provisioning is done .
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3 . The procedure explained in paragraph (2 )  has to be considered

even nore importantly for repa ir parts because their impact on provision-

ing cost is nore significan t than for coiist~~ ble parts,

4. A second user has to determine his needs for spare parts by con-

sidering his environn~ nt (Logistics Support Capabilities , Maintenance

Policies) rathe r than to do whatever the f irst user does,

B. MAI~fl2~fl E-RE [j~T~ ) PIO VISIONIN G ~VWELS
AND ‘ThEIR UrILI ZATION

1. These nDdels have shown potential for giving nore inform ative

results f or provisioning decisions , But the assulptions nude in these

rTr)dels have to be evaluated very carefully to make them InDre applicable

to the real world.

2. The nxxiels should be anal yzed by operatio ns researchers working
for the ‘se r to provte the suitability of their mathematical formulations

and asstn~ tions in order to determine their applicability before their

Utilization.

3. The nodels should be made nore versatile and their restrict ions
should be minimized so that applications in the real world can be
expanded ,

4. The nodels ~~auld be utilized as a decision-making aid , not as

the decision itself ,

5. Properly applied , the nodels can be used as a design aid to

optimize the system by the producer as well as to optimize the support

organization and its associated policies by the user.
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APPENDIX A

A, EtIN)MIC ORDER QU~~TI’1Y (3)~) !~fl)~~ : [Ref , 17)

On—hand

~~ 
Inventory

,
~~~~~~ 

_ _ _ _  

Time

= Econanic Order Quantity

D = I~ nund Rate

r = Procur~~~nt Lead Time

T = Cycle Time

F~JP Reorder Point

A = Fixed Cost to Place an Order

C = Item L’nit Cost

I Inter est Rate = I i + 1., + 1 3
11 = Opportunity Cost

12 = Storage Cost

13 = ~~solescence and Shrinkage Cost

= Annual Cost



_ _

— 
2 (A)(D )

~~XIQ - ( I ) ( C )

= 
(A)(D ) 

+ 

( I )( C )(Q~ .~~
2

(a ) I f r < T t h e n POP (D)( t )

(b) If t > T then HOP = [r — (N)(T) ] (D)

where N = Niinber of Canpiete Cycles in r and is the largest
whole nunber

4 .

_

~
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B. TIME—WEIaITEI) AVERAGE ~DI~Tfl1’S PECGRA~~ (TWAMP ) [Ref. 18]

The determinat ion of system stock is based upon the t ime—wei~~ted

averag e nonth’ s program (‘11VN~iP) through the program t ime base (PrB), The

FIB is determined by the estimation of the value of annual d~~~nd (VA])),

If the VA)) is greater than $500 , 000 a P1’S of thr ee nonths is used. For

a VAD between $500,000 and $50 , 000 a P1’S of six raanths is used and for any

VAD less than $50 , 000 a 12 nonth P1’S is used. t~ liveries are asstun ed to

occur in rn.id-nonth; thus , the cunulative program buildup (sn ) up to and

including the last nor ,th (m) in PTB is defined as follows :

= 1K’~ 
when m 1 and

= ‘K~ 
+ Im/2 when m 2

Where : K , m are nonth indi ces

1K = nunber of specified cy~erational units of program by which

the program is incr ~~~nted dur ing nonth K in the PT’S,

TWAMP is ccziputed by:

= 
m
Fm

Given an example of the following operational unit deliveries in a

program the Th’AMP is ccnputed as follows :

$7

— .. ~~~~~~~~~~~~~~~~~ ._~~~ . _______________________ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
—

~~~~



_ 
~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~

Month 0 N D J F M A M J J A S

No. of
Month 1 2 3 4 5 6 7 8 9 1 0 11 12

‘K 1 2 2 2 2 3 4 4 4 5 0 0

an .5 2 4 6 8 10.5 14 18 22 26,5 29 29

P1’S TWAMP

3 Month (.5+2+4)/3 = 2.2

6 Month (.5+2+4+6+8+10.5)/6 = 5,2

12 Month (~ 5+2+4+6+8+lO,5+l4+l8+22+26,5+29+29)/ 12 = 1’j .]~

In order to derive the quantitative level requiresEnts for an item

the ThTAW is multiplied by the nunber of aonths for WhiCh support is

being ccnputed.

IIVAMP ~~LT (12 ~bs)

3 Months 2.2 26, 4

6 Months 5,2 62.4

12 Months 14.1 169,2

Forecast for d~~~nd during Procuremest Lead Time (~~ LT) on an item

wi th a Best Replacement Factor ( ERF ) of 1.5 would be determined as follows:

Factors Desnnd
P18 Item PCLT t imes BRF times for Year Forecast

3 Months 26. 4 1,5 4 158, 4

6 Months 62.4 1,5 2 187 , 2

12 Months 169.2 1,5 1 253, 8

-- ~~~~~~~ . ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ .~~~~~~..



C. (DST DIFFEBEICE ~DDEL (~~~DIF) (Ref. 18)

~.tSDIF = (Fo/FD ) ( C p + 2HU (R + Q )]

+ (1 — Fb/F)))(C~(D/Q) + HU(S + Q/2) + CIFD]

- (1 - F0IFD) (KCpFD + ~~~ + F~L ~~~~~~ 

~O r I I J  ~~~~~~

Where :

Fo /FD = probability of zero demand in caning two years ,
given annual frequency of denand FD

= ICP cost of procure

H = holding cost rate

U = item uni t price

R = reorder level

Q = econanic order quantity

D = forecast of annual demand

S = Safety level

C1 = cost of issue

FD = annu al frequen cy of demand

K = conversion factor to adjust p rocurement cost for
non—stocked it em~~

P = increase in item unit price due to spot buy

L = procures~nt lead time

= shortage cost

E = item essentiality

115 is based on average backor der t ime outstand ing in days
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The first part of the CTJSDIF formula is the probability of no demand

in two years multiplied by the expected cost to hold that item in inven-.

tory for two years. The next part of the formula is the probability of

demand in two years mult iplied by the holding cost for that item for one

year. The third part of the formula is the probability of demand in two

year s multiplied by the expected cost of not stocking the item and need—

ing it.

-i

4
-i
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APPENDIX B

Selected output data fr~~ the c~~,uter nit.

iNPUT OA T i

e•esS A P P~ P401X: e,oPus M3DEL ,ORGAN IZATION TYPE : A ,IMLT . PROC .,MDE TYPE: 0,******

PR081 E$ T~PE 0

t 1P4 T1 A L PPCCUR E$EN’ CF SPAR ES

CPT I M I Z A T I C N  C R I T E q I A

:EX PECTED hA lTING TIME (AU. ~UPF 0RT STA !10NS~.

IN VEST ~IE NT 1NT E~V A L

MINIMUM ~ (.0
PAXIM U’~ ~ 10000000.0

p~,_ ~~~~~
~~~~~~~~~~~~~~~ ~~Sr

~~~~
•
~~~t:& ~ 0~(&i

~~~~~~-

DATA

NW I8ER £IFFER EM’ 37

FA ILU RE APPI! 7 A I NUM QE R
SEC RAT E CATI O N END S00 0 ~~4
NO. DENCM COST E—6 FACTOR S~~AT11’~ V E)4T’)RY1 SRU 1 100.0 9.20 t.C00000 173.3 0

2 SRU 2 425.0 11.30 1.000000 173.3 0
SRU 3 375.C 8.90 1 .000000 ‘73 .3 0

~ SRU 4 25.0 4.60 !.COooco !73.0 c
5 SPU 5 900.0 39.20 1.000000 173.0 0
6 SRU 6 - 375.C 16.60 ‘..000300 173.0 0
7 S RI) 7 250.0 ~0.70 ‘ .000000 173.0 0
6 SRU a 650.0 ~0.00 t .oooooo 173.0 C
c S~U c 325.0 4.20 1.000000 173.0 0
0 S RU 10 450 .0  12.80 1.000000 173 .3 C
1 SR I ) 1’ 100.0 1’ .!) ‘ .000003 173.0 0
2 SRU t~ 130.0 5 .50  1.ooooco 173 .0
3 S~~U 13 150.0 7 .50 1.000000 173.3 0
4 SRu 14 250. 0 9.90 1.000000 173.3 0
5 SRU 15 cso.c S O . Z C  1.300003 173 .0  C
~ SR I )  16 800.0 14.70 1.000000 173.3 0
7 SRU 17 3 75 . 0  9. 20 1.300000 1 ’ 3 . 3  0
8 S RI)  l~ 250.0 11.00 1.000000 173.0 Cs SR I )  i c  500. 0 30 .43  ~ .000000 173 .0 0
0 S~ U 20 375. 0 5 7 , 5 0  ‘ . 303000  173.3  0
1 SRI) 21 200.0 71.00 1.oo o300 173.0 0
2 SPU 22 50.0 5 . 2 0  1.000000 173.3 0
3 SRI) 23 400.0 5 9 . 0 0  1.000000 173.3 C
~ SRI) 24 25 0 . 0  9 6 . 3)  1.030000 173 . 0  0

25 SRU 25 75.0 ‘4 .50 1.000000 173.0  0
26 SRI) 26 55 .0 19.13 1.300003 173.0 C
27 SRI) 27 100.0 38 .80  1.000000 173.0 0
29 SRI) 25 250.0 58.70 1.000000 ?3.) 0
29 SRI) 29 190.0 106.60 1.000000 173.0 0

— 3C S~u 3C 87.0 26.60 1.000000 ~73.3 0
31 S RI) 31 c3 .O 75.80 1.000003 p.73.0 0
32 Sp I~ 32 77.0 33.80 1.000000 173.3 0
33 SRI) 33  98.C 79. 00 l.3030C0 ‘.7 3 . 0  0
3 4 S RI )  34 20.0 17.70 1.000030 173.0 C
35 SR I) 3~ 5 5 . 0  76 .60  ‘,.000000 173 .3 0
36 SQU 36 35.0 13.80 1.000000 173.0 0
37 SRU 37 45.0 27 .10 1.000003 173.0 0
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