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H
FOREWORDr 

•

The ARIES mode l was developed by Calspan Corporation (formerly

Coroell Aerona utical Laborator y , Inc. ) as one task of its System Engineering

Technical Assistance (SETA) contract with the AQI-86A Program Offi ce (RW 86)

of the Aeronautical Systems Division (ASD) of the Air Force Systems Command I
(AFSC) . The mode l was defined during the period February 1972 to J~zie 1972

i.i~der Contra ct No. F33657-72-C -0228. Portions of the mode l were progr ed J
on the 1814 370/ 165 computer , located at Calspan , Buffalo , New York , during

the period Ju ly 1972 to Septeaber 1972 under Contract No. F33657 -72-C- l013.

The final testing and checkou t of the model computer program were accomplished

on the CX 6600 computer at ASD, Wri ght-Patterson AFO , Ohio .

This report contains a general discussion of the scope and practical

application s of the model from the Integrated Logistics Support (ILS) ]
manager ’s point of view, a rigorous techn ical discussion of the mode l for

operations resear chers , and a descript ion of the model computer progra m and its

applicati ons.

Lt. Cal. L. Davila -Aponte and Mr. John Burc hett of the U.S Division I
of the AQI- 86A Program Office were the USAF monitors durin g the developmen t

of the model. I
Messrs . E. Pringle and T. Wo3 cinski and Dr. W . Fryer contributed to

the model computer program development at Calspan ’s Buffalo , New York , I
Advanced Technolo gy Center , and Dr. Sol Kaufm an of Calspan ’s Operation s

Research Department at the Center prov ided technical assistance in the revi ew 1
and development of the analytic struct ure of the model. 
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It
I ABSTRACT

ARIES is a computerized mathematical model which assists 115
managers in their planning. It enables them to optimize recoverable item

component reliabilities, maintenance capabilities, and maintenance strategies --
g as well as initial stockage levels for the mul,ti-eche lon base-depot supply

system -- while taking into account the corresponding impact upon system avail-

i 
ability and life cycle cost for unscheduled mai

~~~~~
ce>,

Item demand is ass*~~ d Poisson. There are four alternative main-
tenance strategies for an item, and the ~trategy choice is a variable in the
problem. Rather than considering only ~~ item’s unit cost , the model computes
the item’s 10-year life cycle cost foy’unscheduled maintenance . The sum of
item expected b ackorders across al).4ases is minimized , sthject to a life
cycle cost constraint for unsc~áuled maintenance. The item expected backorder
versus cost function can J~a~~

’
large regions of non-convexity. The resource

expenditure algorith~ -f~~ the model incorporates allocations from these non-
convex regions ~e provide solutions near a constraint . The maximum region of
uncert aint)vfor the minimized expe cted backorder sum is defined, and this
provi~,$1e~ a basis for j udging the quality of the result .

ARIES evaluates the minimized expected backorder solut ion to deter-
mine the expected ni~~ er of NORS vehicles for both the case where complete
cannibalization of parts is assumed and the case where there is no cannibali-
zation. The ARIES solution defines the expected backorder value for each
item ; this pa rma ster is a necessar y input to the MSCAM model to perform
refined reliabi lity/aai nta inab ility tr ade-offs on the individua l items . The

I manpower and item stock ag. leve l requirements for the indivi dua l bases and
depot are determined by the ARIES solution.

z~
, I

~: I

I 
1)di 

— — ~~



i
~• 

• 
. 

Fp1

I
‘

I

• 

• I
I~
1 !
I

t

~1(This page intentiona lly left blank)

_ _  _________ 

iv



I i iI,.
’I TABLE OF CONTENTS

I
Section Title

I I I NTRODI.JCT ION . . . . . . . .  1

II sI.BB4ARY • • 3

I III GENERAL DISCUSSION 4

ILS MODELING OBJECTIVES   4

I LIMITATIONS WITh PREVIOUSLY DEVELOPED u S  MODELS S
ORLA (Optimum Repa ir Level Analysis) Mode l 5

I APLC Drone-LSC (Life Support Cost) Model 5
I METRIC (*ilti-Echelon Technique for Recoverable Item

Control) Model • 6

I GENERAL DESCRI PTION OF ARIES . .  6

USE OF ThE EXPECTED NORS vs LCC (UNSCHEDULED MAINTENANCE)
CURVE . . . . . . . . . • . . . 8

USE OF ThE ITEM EXPECTED BACKORDER VAUJES 9

t4ANPOWER REI~JIR~ 4ENTS . . . . .  10

COt44ON AGE (AEROSPACE GRO1JND E~JIP?1ENT) 10

TYPES OF TRADE-OPFS ThAT CAN BE NADE . . .  11

IV TECHNICAL DISC U S S I O N . . . . . . . . . . . . . . . • 12

MODEL OBJECTIVES • • • • • , • •   15

MODEL ASSLR4PTIONS  15

Item Deaand is Poisson . . .. • . •  16

tiBj ltieEchelon Repair . . • . . . . •  . . . . . . . .   16

• Four Alternative Mainte nance Strate gies . . • . . . . .   16

• •~ (s—l ,s) Policy at Base . • • . • • .  . . . . . . . .   17

Cond.amiations . . . • . . • . . . • .  . . . . . . . .   17

No Lateral Resupply . . . . . . . . .  . . . . . . . .   17

I It em Demand ii Stationar y During the Life Cycle Period   17

Ruuppiy Ti*.ia Ifldspsfldsfltof DeSafld 17

Base— to—Depot Item Demand Can B. Pool.d   18

V 

I
I

- - - _ _ _ _ _ _ _



/

I
TABLE OP CONTENTS (Cent.)

Section Title • ~~~ J
IV (Cont.) Equal Base and Item Essentialities . . . . 18

Minimum of One Unit of Stock Per ltem 18
Minimizing the Sum of Base Expected Backorders  .  .  • 18

INPITI’ DATA . • • . . .   . •  19
Data Coemon to Al l Items . . . . • .  • •  19
Item Data • . . . . .  19

Problem Data •  20

ANALYTIC STRUCI1JR E OF AR I ES 20
Mathe matical Problem Definition . • . . . . . • . . . . .  • 20
Ite. Expect .d Backord er-LCC Function • • •  . . . . . . . .  22
Convexification of the It em Expected Backorde r-LCC
Function . . . . . • • . • 24
Iteratio n T o a P r o b lem Constraint • . • . . • . . . . . . . 24
Exp.cted NORS Evaluation •  .  .  .  27

EXAI LE . • . . . . . . . . • • .  . • • • • 31
MODEL USAGE • • • . • . . . . • .  •   36

~~NCLUSION • • • . . • . • • • .  • • •  .  .  • . . • • 39
APP~ IDIX . . • • . • . • • . • .  . •  41 1
ACIOIOWLEDG~~~NT . • • . • • . • • 43
REFERENCES . • • . . . . • •  .  .  •  .  •  . . •  • 43 ‘ ]

V ~~,1PUTER PROGRAM . • . . . . .  .  . • .  .  . • . . •   45
PROGRAM LOGIC ORGANIZATION . • •  .  . • .  • • . . .  • 45

Nodule 1 — ~~CN42 . . . • .  •  .  . • .  .  . • .  • 45
Module 2 - Opti~~~ Item BO-LCC Function  . • .  . • .   45
Nodule 3 - Determination of the Region Where a

Constraint is Met . • • • . . . . . . • . . . . 47
Modu le4-Comput. Solution at Constraint . . . • . • • . .  48 ]
Noduls 5 - Calculat e Base and Item-Depot S~~~ari.s . . • • 49

vi

-~ 
•
~ - - -

, 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ •~~•• - • -~ —

T .~ T~~~~~TETT T~~~ ~~~



I

: I TABLE OF CONTENTS (Cent.)

I 
_ _  _ _Section Title

I V (Cont.) Subroutine Structure  49
Program Execution Sections and Disc Data Files 49

INPU T DATA . . • . • 52

TYP ICAL PROG RAM USAGE . . . . • 57

I DEFINIT ION OF VARIABLES 58
1 oirr~u~ DISPLAYS . . . . . • • • 58

i COMPUTATION TEQ1NIQUES 63

I Subroutines STOCK and SPO 63
Subroutines PDlST and PD2 64
Subroutine HULL • 64

PROGRAM CHECKOu T . • . . • . • . . . • . • . • . . . • . .  65

Supplement A EXAMPLE PROBLEM INPUT AND OUTPUT DATA 66

Supplement B TEST CASE WITh SOME SRUs ThAT RE(~JIRE MORE ThAN ONE
UNIT PER VEHICLE . . . . . . . 73

I
I

I’
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

I 
1
’ ’

— — —••• 
•t~~~

__ 
-•-— 

•— - ——-— — ••
~

— ••- •• I —

- -



I?

jr 
1

• LIST OF ILLUSTRATIONS

Figure Title • 1
0 ARIES Analysis of System Availability vs LCC for

Unscheduled Maintenance .. 9

1 Sum of Expected Backorders vs LCC for Each of Four
Alternative Maintenance Strategies for Item (i) . . • . . . . . 23 J

2 Maximum Areas of Uncertainty for Optimal Solutions Using the
Original Item Expected Backorder - LCC Functions  26 1

3 Expected Backorders and Expected NOES vs LCC for the
Exa~~1e Problem . . . . . . . • . . . . . . . . . . • . .• . .  35

4 ARlES Computer Program Overview Flow Diagraa . . .  46

5 Macro Flowchart of the ARIES Coeputer Program Subroutines . • . SO

I
I
]

I
I

Viii . 1 1

____- - - ~~-~~~~• ~~~~~~~~~~~~ ~ -~•-r~~ 
—-- ____  -.

—I— —• — — —

~~ —. —



ft 
--________________

I

• LIST OF TABLES

I Table Title

I Comparison of Allocation Algorithms for Mini mizing theI Sum of Expected Backorders . . . . .  32

II Comparison of Allocation Algorithms for Minimizing the

I Sum of Expected NORS When Cannibalizing 32

III Functional Descript ion of ARIES Subroutines 51

IV Input Data Format for the ARIES Model 53

I V Definitions of Some of the Variables Appearin g in AR IES . . . . 59

VI Sample Output Format for the ARIES Base Summary Data 61

VII Sample Output Format for the ARIES Item-Depot Summary Dat a 
• 
. . 62

VIII Example Problem Inp ut Data for the XX-Ar ray (Card Group VI) . . 68

IX Total System Sum of Expected Backorders and LCC for the
Example Problem 69

X Sample Printout • of the KJ-Array for the Example Problem . . . . 71

XI Item and Depot (s) Summary Printout Display for the Example0 Problem 72

XII Test Cas e (With Some Uj > 1) Input Data for the XX-Ar ray
(Card Group VI) 75

• XIII Comparison of Allocation Algorithms for Minimizing the Sum
of Expected Backorders for the Test Case With Some Uj

) 1 .   77

I XIV Comparison of Allocation Algorithms for Minimizing the Sum
of Expected NORS When Cannibalizing for the Test Case With

I Some Uj 
) 1 • 

XV Total System Sum of Expected Backorders and LCC for the
Test Case with Soae u~> l   78

• XVI Sample Printout of the KJ-Array for the Test Case with
Some u1 > 1 • . . . . . • 79

XVII Item and Depot (s) Summary Printo ut Display for the Test Case
With Some Ui > 1 . . . . . . 80

ix

I I 
_ _ _~~~~ - o’~~~~M~~~ ~~~~~~~~~~~~~~ _— - • -~ - - •~0

~~~~~~~~~~~~~~~~~~~~~ ~~~ • ~~~



I
I
I INTRODUCTION

I
A weapon system designed to perform near the state-of-the-art in a

I performance sense (e.g. ,  in range , speed , accuracy ) is a dub ious asset if it
is nearly always down because of: (1) equipment failure, (2) a low probability
of repair within an acceptab le time interval , or (3) a high probability of a
shortage of the replacement spare parts . Consequently , “availability ” becomes

I an important measure of total system effectiveness. Availability is the
resultant interaction of the quantitative aspects of system component reliabil-
ities , maintainability capabilities , and supp ly support effectiveness .

Additional ly , it is a design goal to achieve an acceptable level of

I system availability subject to minimizing the total life cycle cost for the
weapon system. The total life cycle cost for an item , segment , or system is

I the sum of acquisition, operation, and maintenance costs . This report
I discusses a mathematical mode l that assists the P0 in the decision-making

process by deriving system comp onent reliabilities , maintenance strategies ,

I and deployment stockage leve ls while taking into account the corresponding
impact upon system availability and life cycle costs for unscheduled main-

I
The technical discussion of the ARIES mode l (Section IV) was developed

and written in a sty le suitable for submittal to a professional journal for

review and potential publication. The journal requires that papers be double-

I spaced , reference rather repeat previous work , etc. ; therefore , to save the
time and costs associated with re-doing the technical discussion of the model
in the typical Calspan report format, Sect ion IV is essentially an unaltered
version of the “journal-style ” paper. The double-spacing offers the reader

I additional freedom to make notes and comments within the text of the dis-
c~ass ion .

I
I
I
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1

The remaining sections of the report were prepared using the con- ]
ventional reduced line spacing but in a fo rmat that is consistent with Section
IV to assist in the ease of reader comprehension . The General Discussion in 1

• Section III  has been developed with the object ive of minimizing the amount of
• technical details whi le sti l l  providing the reader with a sufficient overview

of the model.

• 1
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; I
SUMMARY

I
I This report presents a technical discussion of a ccmputerized mathe-

mat ical model developed by Caispan Corporation to assist the AGM-86A Program

~ I Office in evaluating and in reducing the logistics costs of the SCAD weapon

t system. The model is applicab le to other weapon systems that have a logistics

I 
system which is similar to the SCAD base-depot concept .

The ARIES model is used to derive the optimum weapon system logistics

1 1 configuration for unscheduled maintenance for recoverable items (Shop Replace-

f I able Units, SRIJs) as a function of system availability and 10-year life cycle
costs.

The features of the model that assist the ILS manager in identifying

I I and reducing weapon system life cycle costs for logistics are:0 . Consideration of four alternative maintenance strategies ;
. Calculation of life cycle costs (unscheduled maintenance) ;
e Creation of a permanent data base;

I I e Permitting of analyses at various cost constraints without

recalculating the data base;

• I • Use of simple Poisson distribution for demand;

• Provision of a resource allocation algorithm that derives
solutions which are within 1 percent accura cy for most

I realistic problems;
e Relation to operational measures of effectiveness;

~ I • Provision of continuity with the individual SRU reliability/

maintainability trade-off dat a and model;

~~
;. I e Comput ation of base and depot unschedule d maintenance

manpower requirements; and
1k~ e Provision of useful base s~~~ary and item-depot st ary output .

1 3
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GENERAL DISCUSSION I
This sect ion presents a general discussion of the requirement for

and the practic al application of the ARIES mode l from the ILS manager ’s point -

of view. The mathematical detai ls of the ARIES model are discussed in Section
IV.

ILS MODELING OBJECTIVES

The military servi ces have been under increasing pressure in recent I
years to estimate and reduce the cost of deve loping, dep loying , and operating
new sophisticated weapon systems . The “cost growth ” phenomenon of past ]

• weapon systems has brought about enough attention that , once the requirements
have been established for a new weapon system, the following order of pri ori-
ties tends to prevail: (1) cost, (2) performance , and (3) schedule .

The logistic support costs for a weapon system accoun t for a signifi-
• cant port ion of the total weapon system cost over the life cycle of the

deployed system. In 1964 , the Department of Defense issued Di re ctive 4100.35 1describing the Int egrated Logistics Support (IL S) con cept. Since then , the
Servi ces have been required to consider , estimat e, and evaluate the life cycle
costs (LCC) implied by the design alternatives encountered throughout the
acquisition process. By providing improved metho ds for making trade-off
evaluations ear ly in the weap on systems design phase, attention can be focused
upon reducing life cycle costs before significan t funds are comitted to a
design or concept.

It has been the objective of the Caisp an technical support effort for
0 the ILS function of the SCAD program to review previously developed ILS

models , to modi fy /develop appropriate ILS models for SCAD, and to assist in
the implementation of the models . The P~ CPJ4 model (originally developed at the
RAND Corporation and subsequently modi fied by Caispan ) has been made available
to the SCAD P0 to evaluate the reliability/.aintain ability characteristics of ]

1
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I individual SRUs (Shop Replaceab le ~Mits) * and how these characteristics affe ct
the life cycle cost , stock age levels , and alternative maintenance strategies.
The ARIES model has been developed by Ca lspan for the SCAD P0 to evaluate the

I aggregate effect upon system availability and life cycle costs for all SCAD

I
I 

LIMITATIONS WITH PREVIOUSLY DEVELOPED 11$ MODELS

A review has been made, and is cont inuing to be made , of previously

I 
developed 1LS models that have been suggested for application to the SCM)

• program by organizations other than Calapan . The following paragraphs
00 stwrize the principal limitations of some of the previous ILS models and

I emphasize the need that existed for a new model which could improve the SCM)

ILS modeling applications to reduce life cycle costs .

0RL4 (Optimum Rapai.a ’ Level AnaZy eia) M~~d.l

~ I ORLA does not emp loy a stockage level computation procedure tha t
permits the planner to estimate the stockage cost required to meet a speci fied

I leve l of system perfo rmance. Additio nally , the effectiveness of computed

I stock age levels is not made explicit. Thus , the costs computed for alternative
repair strateg ies do not necessari ly correspond to the same levels of system

I perfor mance. The ORLA mode l does not include an alternative maintenance
0 strategy for base-depot repairs.

j  A.PLC Drone-MC (L i fe  Szçport Coet) Model

~ I The LSC model assumes that the initial stockage level is equal to
the peak demand month . This assumption is arbitrary and does not apply to

I SCAD, for there is no peak demand month as there is potentially in an aircraft
weapon system. The model does not consider and compute optimum maintenance

I strategies.

Hi
The terms “SPU” and “item ” are used tnt. rdi uigeably throu&tout this repo rt .

0 
5
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• 1
?~ 1’RTC (Mslti-A~oheio~z Te&mique for Ruooverable Item Control) Mode l -

0 The tIETRIC mode l , deve loped at the RAN D Corporation , provided the 0

• original concept for evaluating all recoverable items in a weapon system on -

an aggregated basis whi le minimizing the sun of total expected backorders
across all bases . Howeve r , METRIC has the following limit ations : (1) life 0

cycle ~osts are not conside red , (2) alternative mainten ance strategies that
could vary with the level of LCC expenditure are not conside re d , (3) great
emphasis is place d upon describing the demand distribution ( i . e . ,  Bayesian J
estimation procedures for the compound Poisson distribution , which entail cal-
culations that are of questionable marginal value considering the likely accu- Jracy of the total set of input parameters) , (4) the item condemnation rates
are assumed to be zero (i.e., every item is assumed to be repairable at either
the base or depot), and (5) the output data are not as readily usable and com-
plete as is desirable for the SCAD systems analysis. -

GENERAL DESCRIPTION OF ARIES 
00

ARIES is a computerized mathematical model used to deri ve the optimum j
total weapon system 10-year life cycle cost for unscheduled maintenance as a

0 

fun ction of system availability. The operational measure of system availabil- ]
ity is the expected number of NO RS (Not Operat ionally Ready - Supply) missiles

for the case when complete cannibalization of parts is assumed and for the case I• when cannibalization is not permitted. ARIES is applicable to any weapon
• system that utilizes the base—depot maintenance concept . 1

Within ARIES , the measure of effectiveness “the sum of expected item
backorders across all bases” is minimized in the optimization process. A I
demand for an item that cannot be satisfied from base supply is a backorde r
or due-out . The expected backorder measurement takes into account the duration Iof an uns atisfied demand as well as the fact that it occurred. The process
of minimizing the sum of expected backorder s provides a close approximation 0

to the process of minimizing the operationally ori ented NORS measure of
effectiveness (no-cannibalization case) . -

6 1
• ii
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I

The input data to ARIES include : .11 the individual SRIJ data , which

are essential ly the same dat a processed individually with the Calapan version
of the NSCN4 model; data des crib ing the nt~~er of bases and depots in the

I problem and the nuaber of missiles at each base ; and data defining the con-
straint for total system LCC (unscheduled maintenance).

The ARI ES mode l processes the individual SRU dat a independent ly to
*

derive the optiu stockage levels, maintenance strategy, and expected back-

I order sum acros s all bases as a function of the LCC (unscheduled maintenance)

for the item. The resultant data from the individual SRU calculations are

I stored on a permanen t disc fi le for later processing in the model. The
permanent file eliminates redundant SRU comput ations and provides a data ban k

I for future anal yses .

Using a resour ce allocation algorithm ARI ES computes the optiu

I logistics confi guration for each SRU that will provi de the greatest ount

of system availabilit y relative to an input value for total LCC (unscheduled

I maintenance) . The solution at the cost constraint defines the optimum main-
tenance strategy, stockage levels , and expected backorder value for each SRU .

By supplying the odel with the proper execution option , useful su ary data
1 may be computed for each base and also at the depot (a) .

I Since the LCC for logisti cs is only one part of the total LCC for a
weapon system , the results from an analysis unscheduled maintenance should
be merged with the costs for other phases of the system to influence the total
LCC to be cpti miz.d. To illust rate , there is a point beyond whi ch increas ing

• the system acquisition cost of an SRU to improve re liability and aainta inabi l-
I ity characteristics will not be offset by a corresponding d.cr,ase in the

unscheduled maintenance cost.

1 
_____________

*Th.rs as. four alt.zn ative maintenance strst.gi.s: bas.-dspot repair,

I depot-only repair , base-onl y repai r , and discard upon fai lure.

7
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(- 
- Wh i le ARIES was developed for use in analyzing the logistics of a

weapon system, the model is also applicable to other non-defense logistics
• :-~ 

systems that have a similar base-depot maintenance concept involving high-cost ,
low-demand recoverable parts (e.g., a computer system network or a telecomeuni-

cations system).

USE OF ThE EXPECTED NORS VS LCC (UNSCHEDULED MAINTENANCE ) CURVE

Airi important curve may be constructed that shows the relationship
between optimum system availability (logistics) and LCC (unscheduled maintenance).
The curve is derived by solving the logistics al location probl em with ARIES for
a range of cost constraints that cover the region of feasible solutions. Figure

0 illustrates the principal curves that were constructed from the analysis of
the example problem, which is discussed in more detail in Section IV and
Supplement A. The curves of Figure 0 show how the expected number of NORS
missiles, for both the complete-cannibalization and no-cannibalizat ion cases , 1
decreases as the expenditure for LCC (unscheduled maintenance ) increases. The 

-
dashed line in the figure represents the expected backorder curve until it J
essentially coincides with the expected NORS curve for the no-cannibalization

case. In the Air Force logistics planning activity, reliance is placed
primarily upon the expected NORS for the case where no cannibalization is
assumed. ii

In using Figure 0, the logistician should select a design point on
the curve that at least meets the weapon system’s specification for logistics Iavailability and that also takes into consideration the marginal return from
additional logistics investment (i.e., the marginal expenditure for LCC to -

reduce the expected NORS by one does not exceed the life cycle cost to procure
an additional missi le) . If one were to consider “some” cannibalization the
curve for it would lie inside the two curves for the cases assuming no
cannibalization and complete cannibalization. 

-
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- Fig. 0. ARIES Analys is of System AvalI~~W1y vs LCC for Unschmkalsd Maintenance

I USE OF THE ITEM EXPECTED R~~ KORDER VALUES

I The planner has in effect selected a LCC (i.msch.duled maintenance)
constraint point after he has perfo rmed the analyses discussed above. Corre-

I spond ing to the cost constraint point , the r. is a solut ion that defines the
expected backorder value for each SPU. The SRU expected backorder value is a

I necessary input to the MSCAM model to perform refined relisbtlity/msinta insbi lity
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trade-off analyses on each individual item. The expected backorder values for I
the sixteen SRUs in the example problem ranged from 0.042 to 1.476 at a -

cost constraint of $106 M.

• MANPOWER REQUIREMENTS

The ARIES model has an option to compute the unscheduled maintenance -

manpower requirements at each base within each skill category for each SRU.
Also , the depot manpower requirements are computed for each 51W. The total
base manpower requirement and the total depot manpower requirement iire also J
summarized .

COMMON AGE (AEROSPACE GROUND EQUIPMENT) I
A limitation with both P4SCAH and ARIES is that items are treated

independently; hence, the models do not have explicit logic to tak e into
account the fact that several items may use co on AGE for unscheduled main- -

tenance. Three approaches are identified below to assist in remedying this

situation. -

Grouping items - It may be possible to group several items that

use the same AGE and have the same maintenance strategy and
other important characteristics and, thus, to treat these

• items in the model as if they were one item.

• Prorating AGE expe nses - It may be possible to estimate the pro-
portionate share of common AGE usage by several items. The

input data to the model would reflect the pro rata AGE expenses.

Attributing entire AGE expense to one item - it may be app ro-
priate to attribute the entire AGE expense to only one item
from among several that potentially could use the same
co on AGE . This situation may be justifiable if one ~~~~~

has been planned for AGE-assisted repair in any eventuality.

It may be necessary to iterate through the solution several times to arrive at -

the proper procedure for acco odating the co on AGE expenses .

10 1
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I

TYPES OF TRADE OFFS THAT CAN BE MADE

~~

• I Obviously, the types of trade-offs that can be made with any model
are variations of the many combinations of input variables. For the ARIES

I model, it is convenient to summarize the principal parameters for trade-off
analyses according to the following categorization:

I Reliabi lity

I e Failure rates

• Operating hours per base per month

Maintainability

• — • Base and depot AGE

• • Base and depot repair capability :

I (1) Man-hours per repair

• (2) Repair parts cost per repair

I (3) Repair turnaround time

I Availability

e System deployment concept

I • Expected item backorders across all bases

I 
c Expected NOES vehicles

Item Charactaristioc

I • End-ite m cost

• e NRTS (Not Repairable This Station) and condeianation rates.

I
I

11
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TECHNICAL DISCUSSION

ARIES is a mathematical model for the multi-echelon base- J
depot supply system for recoverable items . Item demand is

Poisson. There are four alternative maintenance strategies

for an item and the strategy choice is a variable in the prob-

lem. Rather than considering onl y an item ’s unit cost, the

model computes the item ’s 10-year life cycle cost for unsched- 1
tiled maintenance . The sum of item expected backorders across

all bases is minimized subject to a life cycle cost constraint I
for unscheduled maintenance . The item expected backorder versus 

1
cost function can have large regions of non-convexity. The

resource expenditure algorithm for the model incorporates I
allocat ions from these non-convex re gions to provide solu-

tions near a constraint. The maximum region of uncertainty I
for the minimized expected backorder sum is defined and this

provides a basis for judging the quality of the result. I
ARIES evaluates the minimized expected backorder solution to -

determine the expected number of HORS vehicles for both the -

case where complete cannibalization of part s is assumed and

the case where there is no cannibalization . The manpower

and item stockage level requirements for the individual bases

and depot are determined by the ARIES solut ion . -

12 ]i
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I ThIS PAPER discusses a new logistics mOdel, ARIES , that combines and

I 
extends the features of two previously-developed models to achieve a more

general analytic treatment for the multi-it em, multi-echelon supply system

‘ 
for recoverable parts. The !€TRIC model analyzed aggregate recoverable

item problems while considering only an item ’s unit cost and parameters that

I defined a single maintenance strategy for the item for all range s of resour ce

allocations. The ~~CAM (Manpower, System support Cost Analysis Model) model ,1

I has as its objective the analysis of an individual recoverable item for each

I 
of four alternative maintenance strategies to determine the 10-year life cycle

cost (unscheduled maintenance) and the base and depot stockage levels corres-

• ponding to a given input value for the item sum of expected backorders across

all bases .

I The military services h ave been under increas ing pressure in recent

years to estimate and reduce the cost of developing, deploying, and opera-

ting new sophisticated weapon systems. The “cost growth” phenomenon of past

I weapon systems has brought about enough attention such that , once the require-

ments have been established for a new weapon system, the following order of

I priorities tends to prevail: (1) cost , (2) performance, and (3) schedule .

I The logistic support costs for a weapon system account for a signifi-

cant portion of the total weapon system cost over the life cycle of the deploy-

I ed system. In 1964 , the Department of Defense issued Directive 4100.35 des-

cribing the Integrated Logistics Support (ILS) concept . Since then the Services

have been required to consider , estimate and evaluate th. life cycle costs

(ICC) implied by the design alternatives .ncoimtered throughout the acquisi-

tion Process. By providing t~~~ov.d methods for king trade-off evaluations

R I
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.1
early in the weapon systems design phase , attention can be focused upon - -

reducing life cycle costs before significant funds are co itted to a 1
design or concept.

Within the SCAD (Subsonic Cruise Armed Decoy for the B-52 aircraft)

program, the ?.ECAM model was modified for use to perform refined reliability/

maintainability parameter trade-offs for individual recoverable items that

are called SRUs (Shop Replaceable Units). Since a key input variable to the

P.~CAM model is the expected backorder value for each item , the requirement

existed to develop an aggregate model to derive the target value for the item

sum of expected backorders across all bases when one considers LCC and four

alternative maintenance strategies. Another feature the aggregate model re-

quired is that it relat e to an operat ional measure of effectiveness for

system availability. ]
Since the LCC for logistics is only one part of the total LCC for a

weapon system, the results from an analysis of unscheduled maintenance should I
be merged with the costs for other phases of the system to influence the total IICC to be optimized . To illustrate , there is a point beyond which increasing

the system acquisition cost of an SRU to improve reliability and maintainability 1
characteristics will not be offset by a corresponding decrease in the unscheduled

maintenance cost. I
While ARIES was developed for use in analyzing the logistics of a - I

weapon system, the model would be applicable to other non-defense logistics

systems that have a similar base-dep ot maintenance concept involving high-cost ,

low-demand recoverable parts e.g., a computer system network or a telecosmuni-

cations system.

I
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I
MODEL OBJECTIVES

I ARIES is a computerized mathematical model to assist the ILS manager

in the decision-making process for optimizing system component reliabili-

I ties, maintenance strategies, and deployment stockage levels while taking

I into account the corresponding impact upon system availability and LCC for

unscheduled maintenance. For brevity, the term ICC shall refer to lif e cycle

I cost for unscheduled maintenance for the remainder of the paper . Sub j ect to

a given cost constraint, ARIES minimizes the expected sum of item backorders

I across all bases. The operational measure of effectiveness to which availa-

I bility is best related to by operational personnel is the expected number of

NOES (Not Operationally Ready - Supply) vehicles . The solution for the expect-

I ed backorder result can be evaluated to determine the corresp onding expected

n*i~~er of NORS vehicles. By the systematic evaluat ion of a range of cost

~~ 
constraints, a useful curve may be derived to show the relationship between

• availability and LCC.

A fallout of the LCC analysis is the determination of the number of

I men required in each skill category at the bases and depot to perform un-

scheduled maintenance. ARIES is structured as a computer model that realizes

I the benefits from creating a permanent data file for individual item expect-

ed backorder-LCC functions and this facilitates future analyses by eliminating
• the need to recalculate all the i tem data wh en the same basic system is under

I study and only a few parameters are being changed.

I MODEL ASSUMPTIONS

The mathematical assumptions describing the structure of the model are

I given below . Since many of the assumptions are the same as those previously

( 

described for 1ETRICE8I , only a brief mention of them will be made here to de-

1 fine the problem.

i 
15

— 
_________ 

-‘-7 - — —



.1
I tem Demand 18 Poi~aon

The probability distribution characterizing item demand arrivals is

• assumed to be Poisson . Considering the typical accuracy of item failure

dat a that is available , part icularly during the design phase of a weapon

system , the simple Poisson distribution represents a reasonable choice for

the model (also , see reference 9 , p. 632). As a consequence of this assump-

tion, demand is a stochastic process with independent increments.

Multi -Eche ion Repair

Item demand may be satisfied at either a base or depot. Each item

has one depot. The depot need not be the same for all items. The mainten- ]
ance strategy that is selected for an item will determine where repair is

permitted . I
Pour Alternative Maintenance StrategieB

Each item will have one of the following maintenance strategies corres-

ponding to a given resource expenditure level: repair at both base and depot ,

(BD); repair at the depot only, CD); repair at the base only, (B) ; and

no repair-discard upon failure , (NR).

When a demand occurs at the base , it will be repai red there with proba- 1
bility l-r or sent to the depot for repair/replacement with probability r. 

-•

In the vernacular of logistics , r is referred to as the NRTS rate (Not

Reparable This Station). For the D and NR strategies , the value of r is

one. When applying the multi-echelon theory to comput e an item ’s expected

backorder sum, it is necessary to estimate the average depot resupply time. • 1
The depot resupply time is the sum of the average delay for depot repair and

t 

the round trip base-depot-base order and shipping time. For the B and NR .1
16 1
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1
strategies , the “depot repair t ime” is equal to the average factory re-

order time for the item.

I 
(e- 1~a) Poli cy at Baee

The one-for-one replacement inventory policy, (s-l,s), is assumed at

I the bases.

Condemnations

For the B and NR maintenance strategies the condemnation rates are r

I and 1.0 , respective ly, and , hence , base condemnations and sthsequent depot

L I 
replacements are treated by the (s-l ,s) policy. The condemnation rate at

the depot for the BD and D strategies is an input par eter that is usually

I ~mder S percent. The model considers the effect of condemnations for the

BD and D strategies only to the extent that it affects recurring stock age

I costs and ignores the small effect it would have on the depot resupply time.

~ i 
No Lateral Resupply

Simplifying the problem is the assumption that there is no lateral

I resupply among the bases. During the planning phase, it is not Air Force

I 
policy to consider the lateral exchange of stock as a- source of inventory.

Item Demand Is Stationary During the Life Cyot. P eriod

I While this ass mption may be more diffi cult to acco odate for air-

craft systems that have a widely varying use rate, it is quite appro-

priate for many missile systems , since the demand rate during the life
- 

I I cycle period is relatively constant.

Resiçp Zy Tim. Is Indep endent of Z~n,vid

I The time to res upp ly an item at the base or depot is independent

of the demand occurrin g (infinite channel queueing model) ,

I 17
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Base-To-Depot Item De~rv.znd Can Be Poo led

The net effect of the demand from all the bases to the depot can be j
pooled to form a resultant new Poisson distribution. The depot demand rater ~ 
is the sum of the individual base-to-depot demand rates.

Equal Baae and Item Eseentialities

ARIES is presently structured to treat each base and each item with
the same importance. Any item can cause a NORS .

Mz nimum of One Unit of Stock Per Item J
The model assumes the system has a minimum of at least one unit of

stock per item in inventory . This assumption facilitates computing the

minimom LCC for the system and the corresponding expected NORS . Logistics
planners indicate tha t operational managers would req uire there be at least

one unit per item in inventory . J
Minimizing the Sum of Base Expected Baokorders

A demand that can not be satisfied from base supply is a backorder

or due-out . The backorder measurement takes into account the duration of I
a demand as well as the fact that it occurred. The model minimizes the

• sum of item expected backorders across all bases. As will be discussed

later , the process of minimizing the sum of expected backorders pro vides 1 -

an excellent approximation to the process of minimizing expected NORS 
-

J for the case when there is no cannibalization.

INPUT DATA

The input data to the model can be categorized into data that is

co on to all items, individual item data, and peculiar problem data. The d

following inputs are included in ARIES. Many of the parameters are -

18 
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I
necessary to compute the non-recurring and recurring costs that go int o

I the LCC computations .

Data Comrcn To All Items

Tota l operati ng hours for all vehiole. at each baa. per month.

I Base-depot distances and order and shipp ing tims .

Base and depot n~~hour cost ra t...

I Packaging and 8hippi ng ra te costs.

I Ten-year uniform series pr esent worth factor. This factor is neces-

sary for coi~,ining the annual recurring cost with the non-recurring cost

I to determine the present value for the 10-year LCC.

— I 
Item Data

Fai lure rate . The equipment “on” and “off” time failure rates are

I reduced to one nuather that when multipli ed by the total vehicle operating

hours and the nuther of item units per vehicle yields the expected item

• demand per base per month.

I Base and depot AGE (Aerospace Ground Equipment) coat per unit.

AGE installation and set-up cost.

I Annual operating and waintenanoa cost per AGE.

i Average nwraber of hours that depot AGE is used per repair.

Item unit cost, shippi ng weight, NRTS rate, and condemnation rate.

Base and depot average repa ir tim. manhoure .

Base and depot average repair tu ’narow3d times.

I Base and depot repa ir parts cost per repa ir. This is the cost of

consumable parts per repair.

Auerag. bass n~~ihoure to d.t.ot, to remove, and to replace a failed item.

I
19
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Proportion of repair. p erformed by each of the base labor skill categories. I
Nuther of pag es of technical data. -

- 

~~
— Pro curement lead time.

Nuwber of units of the item used p.r vehicle .

Problem Data -

Lagrange irail tip iiers.

ICC and sum of expected backorder constraint.. 
J

Nun ’bar of vehicles at each base .

A discussion of the calculations that go into comput ing the LCC is

found in reference 5. Briefly, the non-recurring and recurring costs are a

sumeation of the costs for stockage, AGE, transportation, and repair (labor -
- 

- 
and materials) . The ARIES model has provision to acco odate a fraction of i
the BD and B maintenance strategy base repair and AGE costs for the D and 

1NR strategies . This feature reflects the cost at the base to detect , to

remove, and to replace failured items that are either sent to the depot I
or discarded. 

- -

ANALYTIC STRUCTURE OF ARIES

The model has three principal logical steps . The first step performs 1
a sub-optimization to derive the individua l item expected backorder-LCC -

functions . The second step employs Lagrange multiplier and marginal allo-

cation techniques to reach a solution at a problem constraint. And last ,

the third step evaluates the expected backorder solution at a constraint in

terms of its corresponding expected NORS values. 1

Mathematical Problem Definiti on

ARIES solves either of two single-constraint problems that require

I
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- I
non -negative integer solutions . Define B(s j 0.sj ,.mi) to be the expected

I 
- backorders for item i at base j when the depot and base have been stocked

I with initial spares of 
~~~ 

and 
~~~~~~ 

respectively, and the maintenance strategy

is mj Ci • l ,2 , . . . , I ) .  Also , define 
~~~~~~~ 

(so’ 5
ii ’ 

5U’ •~) to be the

p~ 
I LCC for item i when the spare units are allocated ~~~~~ ‘il’ ~~~~~ 

to the

depot and bases 1, 2, ... , J, respectively and the maintenance strategy is

m~. Having indicated the dependence of expected backorders and LCC on the

I particular selection of stock levels and maintenance strategy, let us now

simplify the notation by suppressing the latter variables , i..., for

I ~~io’ ~~~~ m~) and ICC~ for LCC(s~0. ‘il’ ‘il’ ~~~ ~~~~ m~). The two

optimization problems are the following: Find the allocation {sj j ; 1 ~ i~ I,

I O~j< J) and maintenance strategy (mj ; 1 cicI) which

I minimizes ~~ (1)
• i,j

I subject to I.cc
~~~

c,

• I where C is a constraint for th. system LCC. Alternatively, find {sjj and

I t mj) which

I minimizes ~~ LCC~ (2)
i

subject to E 
~~ 

c B,I
where B is a constraint for the total system sum of expected backorders

I at the bases and and LCC~ are defined as in problem (1). Discussion will

center about problem (1) since it is generally th. one of principal interest .

I 21
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It has been shown t
~~ that prob lems (1) and (2) can be reformulated J

into the form of equation (3) when the item expected backorder-LCC fun c-

tions are convex. In the can e of ARI ES , we are using the item LCC instead 1
of the item unit cost , but this in no way affects the validi ty of equation

(3) . Thus , find (s~~1 end (m i) which minimizes -

F • 

~~ 
. xL LCC~ , (3) .1

where X > 0 i~ an unknown Lagrange multiplier . Since F can be treated I
as a separable cel l integer progra ing problem , one can take advantage

of restricting attention to one item at a time: minimize I

F 1 a L + ).LCC~~ (i • l ,2 , . . . , I ) .  (4) 
J 

-

j
Su ing the F~, F • 

~~ 
F~ . The multi-echelon theory that derives the basic

expression for is presented in (8] . A theorem, useful for comput ational

~• purposes , on the recursive expression for an item expected back order 
]

sun is given in the appendix.

Item Expe cted Backorder-ICC Function

To facilitate solving equation (4), it is firs t necessary to calculat e I
for each item and for each of the four inten ance strate gies the set of

allocations which are undouinated - in the sense that each point ( I
.1

LCCi) of that set in the expected backorder — LCC plane is either below or to

the left of every other allocation point . This set is cal led the item expected 
-

backorder--LCC function (pure maintenance strategy). Figure 1 illustrates

how the four pure mainten ance strategy expected backorder versus LCC

discrete functions could look for an item . The function s are monotonica lly -

decreasing and , in this example , they alternately dominate each other at 
I

different regions over the range of LCC. I

22
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I
Fi~ 1. Sum of Expected Backoidsu vs LCC for Each of Four Aliarnatlvs Main~ nancs

- - 1 Strats~ss for Item (I)

I The model collapses the four functions into one suboptimal expected

backorder sum-LCC function for item i; call it {c } where ~ represent s

I the expected backorder-LCC pair ( ~~ , LCC~) at the nth point in the

i undoainated set in the direction of increasing LCC. The circled points
I in Figure 1 illustrate the undominated set in the example. Within the

I computer program for the model , a larg. savings in computation is realized

by testing whether a previously-calculated strategy dominates the one

I under current processing. ARIES computes the strategies in the order of

ED , D , B and HR and this is generally the order of decreasin g selection

frequency.
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Convextf ioation of the Item Expected Backorder-ICC Fw2ction -

Lbt fort un ate ly, it turn s out that the item expected backorder-LCC

function can have large regions of non-convexity. Three potential sources

of non-convexity arise from the allocation of an additional unit of total

stock for the item causing (1) a shift in the amount of stock at the depot, j
(2) a change in maintenance strategy , or (3) a disportionate reduction in

expected backo rders because of unequal base demand rates . I
The item expected b ackorder-LCC fun ction is modi fied to form 

]
a new functi on (cj ~~

) that includes only those of the ori ginally defined

points that are on the lower left boundary of the convex hull of 1
The new consecutive sequence of points of increasing LCC are indexed by

the sub script p. 1 
-

Iteratt~on To a Prob lem Conatraint 
]

In the second principal logi cal step there are three stages in the process

of minimization wider a problem constraint . For a given Lagr ange multiplier A

and the convex functions {C~1,
), Ci • l 2 . . . , I), equations (3) and (4) may be 

]
solved , i.e.,  minimize the F~ and, thu~~F. This solution is representable

by the 1-tuple of integers (p1, p2, ... , p1) identifying the selected points 1

from each item expected backordor-LCC function , i .e .,  C ( L B~4) (LCC1) ). -
:1 ~~~ 

pa
If equations (3) and (4) are solved for a given set of Ak, (k — i,2 , . . . , K), then -

a test can be made to determine between which two Ak a problem constraint is

met; call the two bounding Lagrange multipliers A
~_1 

and

I
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The model employs incremental marginal allocation with the functions

- { cj ~,
} starting from the point in resource expenditure defined by the solu-

~ I 
tin at Am_l b The marginal allocation procedure iteratively selects and

allocates to the item i for which the quantity 4~~, as given by equation

~ I (5) 4s a maximum and stops when a constraint would be first violated.

1 i i • 1(~~~Bj •j ) q_ ;~ - C L Bjj)q]/((LCCj)q 
- (LCCj )q_ 1]~ where q—p1. (5)

~ I 
Whenever an allocation is made , q a p1 is increased by one. The solu-

tion generated by the marginal allocation with is an optimal allo-

cation of resources for its corresponding expendi ture (or expected back-

order sum); however , the solution is not , in general , optimal for the

I problem constraint.

- I Starting with the solution dete rmined by marginal allocation with

from equation (5) , a heuristic marginal allocation algorithm is next

~ I 
applied, but now using all points from the original fun ctions ~~~~ . The

procedure iterati vely selects and allocates to the item i for whi ch the
- I quanti ty e1. as given by equation (6) , is a maximum unti l there is no

remaining item allocation left that will not violate a constraint.

01 — (( 
~~~~ 

8iJ~t-l - 
~~~~ 

Bij )t l/ ((LCCi) t - (LCC1)t_ 1], where t.n1. (6)

Whenever an allocation is made, tens is increased by one. The I-tiçle of

integers (n11n2,...,n1) identifies the solution at any point in the final
- allocation process . 

-

1 The final marginal allocation precedure does not guarante , that the exact

ii optimal solution will be found since allocations may be made fro. non-convex

regions of the functions . The .axiu region of uncertainty for the mini-

I mized expected backorder sum can be defined, and this provides a basis for

j 25
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.1
evaluating the quality of a resulting solution. Using the functions and

a sufficiently large set of A~, the entire array of 
Lagrange multiplier solu- 

-

tions may be derived. The circled points in Figure 2 represent how the solu-

tions would appear. These solutions have the following properties:

(i) Connecting adjacent solutions by straight line segments yields

a convex polygonal line ; and

(ii) Ho solution corresponding to either the convexified functions }

or the original item functions can occur below the connecting - -

convex polygonal line .

o - LAGRAN~~AN SOLUTIONS

o - HIURIS11C MARGINAl. ALLOCATION SOLUTIONS

o - MAXIMUM ARIA OF UNCIRTAINTY FOR
OPTIMAL SOLUTIONS FOR ORIGINAL - 

-

TIM FUNCTIONS. (5

£ - MA)U~~UM ARIA OF UNCIRTAINTY FOR
‘p AN OPTIMAL SOLUTION TO A PROSLIM

COST CONSTRAINT. j

I

Fig. 2. MaxImum An si of Unositinty for Opdmsl Solutions th ing the Onl~ nol Item -

Eiipectsd Backordur — LCC Functions

Property (i) follows from the fact that when the Lagran ge multiplier

formulation is applied incrementally (iterative marginal allocation) to a 1
26
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set of convex function s the resultant solutions constitut e a new function

I that is also convex , i.e. ,  the function and slope will be monotonically

i decreasing and increasing, respectively . Property (ii) is true for the

r { cj
1,

} functions by the very nature of Lagrangian analysis providing an un-

I dominated sequence of solutions . Property (ii) is true for the {r in
} func-

tions since allocations from non-convex regions must lie above and to the

I right of the tangent lower bounding hyperplanes (convex polygonal l ine in

ARIES) to the enueiop e for the entire set of all possible solutions in the

~~ LCC1) space.t21
:

1 

i~j 1.

U By connecting the Lagrangian and the final heuristic marginal alloca-

I tion solutions with horizontal and vertical lines , as shown in Figure 2 , the

area enclosed between these lines and the convex polygonal line defines the

I region of maximum uncertainty for optimal solutions when considering the

I original item expected backorder-LCC functions The maximum region

for uncertainty for the solution corresponding to a cost constraint is

I illustrated in Figure 2 by the cross-hatched area. The difference between

the solution that is obtained and the theoretical minimum possible expected

I backorder sum is denoted by LB in the Figure.

I Sxp.ot.d NORS Hvaiuation

& The third principal logical step in the model takes the item stockage
I I  a

U levels corresponding to a problem constraint minimized expected backorder

~ I 
sum solution and computes the expected nu~ er of HORS vehicles for both the

cue when complete cannibalization is assumed and the case where there is

I no cannibalization . The sum of expected HORS for the case with complete

27
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cannibalization is a function of the item in shortest supply at each of

the bases.

For each base j ,  def ine by the following expression :

~rJ — max(B~~ /u1),  (7)
1 ( 1 ( 1

where U
1 is the nusiber of units of item i used per vehicle. The item

in shortest supply at base j is defined as that i which maxi mi zes the

expression in equation (7). Sumeing over all the bases yields the ex-

pected HORS for the cannibalization case

HORS) = (8)

Contrary to Sherbrooke ‘s tentative conciusiont
~’, the process of minimizing

the sum of expected backorders provides only a fair approximation to the

process of minimizing E
~~O~~~c~ Attacking the minimization of E(NORS) C more j

directly with. a final allocation algorithm that identifies the next expendi-

ture by selecting the item that has a maximum for the quantity B. /u1, onej ii
tends to generate cost constraint solutions that have a significantly lower

value for E(NORS)~ . However, the corresponding expected backorder sum is

significantly larger than that which is obtained by the marginal allocation

algorithm, i.e., equations (5) and (6) . Mi.ller (61 has shown that the E (NORS)~
-

cost function is convex when restricting the solution to and that any

one of several non-linear programeing techniques could be applied to find the

optima. The example discussed in a later section illustrates the extent of

the E (1IOPS) differences between the two ARIES algorithms for approaching a

problem constraint • -Since in the Air Force logistics planning activity reli-

ance is placed primarily upon the expected HORS for the case where no canni-

balization is assumed, E (NORS)~ C , it was considered sufficient and practical
28
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I
I

-t  to use the algorithm that employes ~~ B~ /ui in the model as an approxi-

I mation for the minimum value of E(N O RS) C .

l Underlying the Air Force reliance on E(NORS)
~~~~~ 

is the concept that can-

nibalization should only be used as a fall-back technique in the event that

I actual item demand and/or resupply times are higher than previously anti-

ciapted. The value for E (NORS)~ C is derived as follows:

Let P1 . Pr (the first unit selected for item 1 on a random vehicle

I at base J is backordered) ,

Pt (the second unit selected for item I on a random vehicle

I at base j is backorderedf first unit is not backordered),

I
I - Pr (the uj

th unit for item i on a random vehicle at base j

I 
is backorderedithe previous u~~l units are not backordered) ,

I V
j 
• the nuther of vehicles at base ~ then

— B~~~/v~U~~1 P2 — B~~/(v~u1
_ l)~ ...~~ 

Pui Bij
(t1i)/ (uj(v

,
_l)+l], (9)

I where is the expected backorders for item i at base 3 when the demand rate

I ~
‘i3 is decreased by the 

fac1~r r  (v
3
ui
_k+l)/v

jui. ASsuming independence of item

unit demand , the prObabilit Lt a vehicle is not HORS due to item i at base j

I A15,
k u

• 
A13 — iT ~

(l_ P k). (10)

1 k.l
Since it would require extensive computations to calculate P 2, P 3 , ...,

I and the decrease in the numerator will be approximately equal to the decrease

t

in the denominator in equation (9) , the simplifying approximation is made

I that - - • •~~ - Assuming item demand independence, the probability

I 
_ _ _ _  _ _ _ _  _~ - 

~~~~~~~ 
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a vehicle is not NORS at base 3 is A
13 

where ,

~ 1Y(l_Bi3/v3
u~)

Ui (11)

Hence, the expected total nunber of NORS vehicles across all bases is

given by equation (12).

E(NORS) ; v.(l- irA . .)  (12) j
The E (NORS)~ C function is non-separable; however, the process of mini-

mizing the sum of expected backorders provides an excellent approximation

to the process of minimizing E (NORS)
~ C . This fact can be shown by examining

the expansion of equation (12) and rearranging terms . Initially, assume

all Uj  — 1 then

E (NORS)~~ 
= v .(1—(1— ~ ~~‘— s—) ... (1—

= 
~~~~~ 

- 

1-1 

~~k 
ij kj + 

~~~ i<k<L hj kj &3

~~ 
(—
~~l ~~~8~3 

(13)
j v

i i I

Since all B13 
c v5, E (NORS)~ C is equal to the sum of expected backorders minus

the sum of terms involving increasing orders of 613 1v 3 
up to the order

1-1 in the last term. The effect of having some u1>1 is to increase the
T

number of such terms. For the situation when B~~<cv3,

E (NORS)~ C ~ L 
~~~~~ 

(14)
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I

If the item demand rates remain unchanged but the number of vehicles v

is varied , an increase in V
3 
will further reduce the difference between the

expected backorder sum and E (NORS)nc •

I 
EXAMPLE

Consider a problem with 16 items, 17 bases , one depot, all U1 — 1,

I and an unequal number of vehicles at the bases. The other input values to

the model for the example are too numerous to mention here but let it be

I remarked that a representative range of item unit costs, demand rates, and

AGE costs are in the problem.

The results for the solution corresponding to eleven cost constraints

I are sunmiarized in Tables I and II. The first cost constraint dictates the

I solution for the minimum number of units of stock for the system, i.e., one

per item. The remaining constraints cover a range of LCC values down to

I the point where there is very little improvement left that can be made in

- - system availability. There are three alternative allocation algorithms

I presented in Table I and they are def ined below :

I Aigor~thm 1 - Using only the points on the convexified item functions,

(Cj
1)
} , marginal al location , i.e., equation (5), is employed until

I a constraint would be first violated .

I 
Algori thm 2 -Starting from the algorithm 1 solution and using the

item functions , repeated marginal allocations are made

I until there remains no item allocation that would not violate a

constraint .

Algorithm 3 —St arting from the algorithm 1 solution and using the

- I original item functions {c~~ } . repeated marginal allocations are

1 31 
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I
TABLE I

COMPARISON OF ALLOCATION ALGORITHMS FOR MINIMIZING
THE SUM OF EXPECTED BACKORDERS

COST SUM OF MAXIMUM PERCENT POSSIBLE E(NORS),~CONSTRAINT EXPECTED BACKONDERI REDUCTION FOR SOLUTION 
_____ ____

IN I 2 3 1 2 3 1 2 3

63.5 162.6 162.6 192.6 0.23 0.23 0.23 149.8 149 8 149.8
94 112.1 111.6 111.5 0.62 0.12 0.05 106.0 105.5 106 4
95 90.3 96.1 85.5 5.63 0.76 0.05 96.3 12.5 81.9
96 67.0 90.7 66.6 0.95 0.12 0.07 64.8 64.4 64.4
66 42.7 42.6 42.6 0.27 0.06 0.06 41.9 41.8 41.8

100 28.9 27.9 27.7 4.30 0.75 0.19 28.4 27.5 27.3
102 17.7 17.6 17.5 0.80 0.14 0.07 17.5 17.4 17.4
104 11.7 11.0 10.1 837 1.38 024 11.6 10.1 10.8
106 6.90 6.62 6.62 2.90 0.27 0.20 6.78 6.61 6.90
108 3.47 3.47 3.47 0.07 0.02 0.02 3.47 3.46 3.46
110 2.40 2.20 2.10 14.45 4.86 0.25 2.39 2.19 2.10

ii
TABLE II

COMPARISON OF AL LOCATION ALGORITHMS FOR MINIMIZING
THE SUM OF EXPECTE D NORS WHEN CANNI BALIZING

COST E(NOR$)~ TOTAL NUMBER OF A LCC UNDE R
CONSTRAINT 

_____ ____ 
UNITS OF sTOCK CONSTRAINT. $

LU  1 2 3 4  5 1 2 3 1 2 3= = = =90.1 33.3 333 33.3 33.3 33.3 16 16 16 790 790 790
N 20.2 20.2 20.2 15.8 16.8 74 77 77 21.853 1.253 46
95 16.5 16.5 14.7 11.7 11.7 128 147 135 223.028 460 2.118
N 11.1 11.9 11.9 11.2 11.0 177 179 182 28,801 1.892 994

5.12 6.12 6.12 6.12 6.61 262 263 263 13442 942 642
100 7.61 7.81 978 5.38 5.12 315 331 336 195.532 4.233 2.146
102 4.17 4.17 4.17 ~~~~ ~~~ — 37$ 379 33362 2.096 110
104 2.14 2.14 2.14 1.60 1.96 427 466 435 357,697 4 068 957
lOS 2.00 2.00 1.92 1.81 1.36 496 499 494 97,494 1,760 1,414
109 0.66 0.96 Oil 0.69 0.95 574 575 575 2,917 417 417
110 0.86 0.69 0.99 0.41 0.43 920 661 913 516,841 979 440

I
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- I made until there remains no item allocation that would not

violate a constraint.

Algorithm 1 corresponds to the best Lagrange multiplier solution that

L I could be obtained. Algorithm 3 is the basic allocation procedure for ARIES ,

i .e . ,  equations (5) and (6) . Algorithm 2 is included for the purpose of

I examining how much is gained by using the non-convex regions of the item

) functions in the solution. The colu ts in Table I for “Maximum Percent

Possible Reduction for Solution” are related to t~B that is illustrated in

- 
~ -‘ I Figure 2. For this example, the maximum percent possible reduction in expected

-

- backorder sum for algorithms 1, 2, and 3 were less th an 15, 5, and 0.25 per-

I cent , respectively. For a di fferent problem (that is not presented in this

paper) that had many items with u1 > 1 , the corresponding results were 25 ,

I 5, and 1 percent for the three algorithms . Based upon these two representa-

I tive problems, it would appear that one could expect the application of

algori thm 3 to yield solutions within 1 perc ent accura cy in most realistic

- I aituationa. In general, logistics systems will have more than 16 SRU’s and

- this would further reduce the likelihood of a significant impact on the
- I solutton arising from the non-convexities in the individual item functions

I
In addition to algorithms 1, 2, and 3 , Table II has algorithms 4 and

~~ I $ to compare the E (NORS) C values to the approach whsn allocations are sé-

~ I 
lected on the basis of the item that has a maximum for the quantity E

3

Algorithm 4 -Starting at the given input Lagrange multiplier which is an

£ I upper bound on the constraint , X~~~, and using the item functions

th . next allocation is selected by taking th. item that has a maxi-

II 33 
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mum for the quantity ~ 8~~/u~ and continuing this process until

there is no item allocation remaining that will not violate a constraint . I
Algorithm 5 - The same procedure as algorithm 4 except that the starting

point is where k — max (m- 2, 1). 
-

I
The results shown in Table II indicate that the process of minimizing the

sum of expected backorders does not necessaril y minimize E (NORS) C . At 1
various constraint points al gorithms 4 and /or 5 have a value for E(NO RS) C

significantly lower (up to 31 percent) than algorithm 3. For the problem

that is not presented in this paper that has many Ui > 1, the results are I
analogous to the example presented here . Also shown in Table II are the 

-

total number of units of stock allocated and the difference between the solu- 1
tion LCC and the problem constraint for LCC.

Figure 3 shows a plot of the example problem results. A continuous

dashed line represents the expected backorder curve until it essentially I
coincides with the E(N0RS)

~C 
curve. Thus, for LCC expenditures beyond

$98 M, the value for E(NORS)nc could be approximated by 
the expected back- I

order sum with very little error , i.e., the application of equation (14). 1
The botto (g) curve in Figure 3 represents an approximation to the m m - 

-

imum value for NORS)c and is selected as the minimum value between the I
solutions for algorithms 4 and 5. -

I
I
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~~ I
Notice that the g- curve is not convex; this is due to either the solu-

ticn being obtained from the non-convex functions {c~~} or the heuristic

nature of algorithms 4 and 5, or both.

If one addresses the difficult problem of rigorously defining and

I 
solving the problem of considering “some” cannibalization , he soon finds

it mathematically intrac table. Approaching the problem in a simplistic man-

ner , let us define “the expected NORS where there is x proportion canniba-

lization” to be a linear interpolatio n between E (NORS) C and E (NORS)~~; thus ,

E (NORS)X - XE CNORS) + (l _x)E (NORS)~~~
. (15)

Curves c , d , and e in Figure 3 show 25, 50 and 75 percent cannibalization,

respectively. The rationale supporting this approach to the problem is

that the maintenance crews at the bases would be instruct ed to consolidate

the backorders from x proportion of the HORS vehicles onto the remainin g NORS

at the bases and there is no restriction as to which items may be consolidated. ]
Omitted from the problem is the corresponding increase in resupply time and

cost arising from the consolidation activity. This first approximation to the I
partial cannibalization problem provides planning factors of sufficient accuracy

for ~~ty applications.

MODEL USAGE j
The principal logistics planning tool that evolves ont of the use of

the model is the expected HORS versus LCC funct ions depicted in an illustra-

tion like Figure 3. In using the figure, th. analyst wants to select a 4.sign

point on the curve that at least meets the weapon system ’s specification for

logistics availability and also takes into consideration the rginal Tetian

from additional logistics investment, i .e., the marginal expandituse for

36
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~ LCC~ to reduce the expected HORS by one does not exceed the life cycle
i
cost to procure an additional vehicle .

I The ARIES solution at the selected LCC constraint defines the expected

backorder sum for each item. Target values for the expected backorder sum

for each item are a necessary input to the I~ CAM model to perform refined

reliability and maintainability trade-offs on each item . The expected back- t
orders values for the sixteen items in the example ranged from 0.042 to 1.476

I at a cost constraint of $10614.

A limitation with both ARIES and 1.~ CAM is that items are treated independent-

I ly and , hence, the models do not have explicit logic to take into account the

~~~

‘ 

I fact that several items may use coamon AGE. Three approaches are identified

below to assist in remedying this situation.

I Grouping items - It may be possible to group several items together

that use the same AGE and have the same maintenance strategy and

other important characteristics and, thus, to treat these items in

I the mode l as if they were one item.

I 
Pror ating AGE exp ene.8 -It may be possible to estimate the proportion-

ate share of coamon AGE usage by several items. The input data to

the model would reflect the pro rata AGE expenses .

Attributing entire AGE eapenae to one item -It may be appropriate to

I . attribute the entire AGE expense to only one item from among several

i 
that potentially could use the same co on AGE. This situation may

I be justifiable if one item has been planned for AGE-assisted repair

I in any eventuality.

I
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It pay be necessary to iterate through the solution several times to

arrive at the prop er procedure for acco odating the comeon AGE expenses .

Obviously, the types of trade -offs that can be made with any model

are variat ions of the many cothinat ions of input variables . For the ARIES

model, it is convenient to sumearize the principal parameters for trade-off -

analyses according to the following categorization : -

Reliability j
• Failure rates

e Operating hours per base per month -

Maintainabi lity 1
e Base and depot AGE 

~1• Base and depot repair capability

1. Manhours per repair j
2. !Repair parts cost per repair

3./ Repair turnaround time I
I

• System deployment concept 
-

e Expected item backorders across all bases

• Expected HORS vehicles

Item Charao ter.Letioe

• End-item cost

e NRTS and condeanat ion rates

The model has an option to compute the unscheduled maintenance manpower

requirements for each item at each bu. within each skill category . Also , the

38 - fl
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- depot manpower requirements and depot AGE utilization rates are calculated

I for each item. Subsequently, total base and depot manpower requirements

for all items are sumearized for convenient usage by the logistics planner.

The computer program for ARIES is written in FORTRAN IV for both the

I CX 6600 and the IBM 370/165 computers. The program has three basic execu-

tion sections that correspond to the three previously-discussed logical

I steps . The first execution section processes the item data to generate the

I individual item functions {ci~
} . The comeon item data, the item data ,

and the 
~~~~ 

functions are stored on a permanent disc file for later usage.

I The program has a data management capability to add, subtract, or modify

U 
items on the permanent file to define the system currently being analyzed.

The second execution section solves the resource allocation problem

I subject to a single constraint by first testing to see between which two

input Lagrange imiltiplier constants the solution would lie. The coabination

I Lagrange multiplier and final marginal allocation algorithm reduces the

nuther of calculations over that of simply using marginal allocation the

entire way for each constraint. The third execution section solves for

I the expected NOES and has the option to suanarize the solution for each base

in the system. A more dótai led discussion about the ARIES computer program

I is contained in reference 11.

I CONCLUSION

The ILS effort can be assisted in its function to identify and reduce

I the logistics life cycle cost for a weapon system by employing an aggregate

I item model such as described in this paper. Th. model provides a general

analytic treatment for optimizing the multi-echelon logistics system for

I
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I
unscheduled maintenance by incorporating the following features: I

• Treats four alternative maintenance strategies for an item

as a variable in the problem ;

e Calculates resource expenditures in terms of the life cycle cost;

• Provides an allocation algorithm that produces solutions within

1 percent accuracy for most realistic problems ; .1

• Creates a permanent data base that permits analyses at various I
cost constraints without having to recalculate the entire data base;

• Relates to an operational measure of effectiveness for availability-

expected HORS;

• Provides continuity with the individua l SRU reliability/maintaina- I
bility trade-off data and model ; 

-

• Computes base and depot manpower requirements; and

• Provides useful resource allocation and performance data for each I
base and by item.

I
I
I

I
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- APPENDIX

I A convenient recursive computational technique to reduce calculations ,

and to prevent underf low problems in the computer program when either the

I item demand (AT) or the spare stock (s) is large, for the expected back-

I 
order function is given by the following theorem:

ThEOREM . Let a be the spar. etook for an item where demands are described

I by the Poisson distribution with man arr ival rat e A ~ id the resupply (r epair )
— 

time is drcvn f r xn  an arbitrary distribution ‘Y(t) with mean T, then the

I empre.sion for the recursive reiationAip for the expected nzather of back-

order. is

B(s+l) —

I (16)

8(0) • AT , i(0) • 1, y (O) —

ci(s) — ci(s-l) -~ (s-l) , and

y(s) • y(s-l) AT/s .

Proof. ~ terbrookeE8] has shown that B (s) can be described by the expres-

- sion given by equation (17)

k-u’
B(s) • (k-s)p(k IAT) ,

k—s+l
(17)

where p(kIAT) is the compound Poisson probability function for demands occur-

ring during a mean resuppl y interval , T. Using the notation p(k) for p(kIAT)

I and noting that for the simple Poisson p(k) • (AT)ke~~T/k!, then the expansion

of equation (17) yields

- I
41
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B(s)- kp (k ) - kp(k) - s L p(k) + s p(k) (18)

k—s k—s
A T -  ~~ k p ( k ) - s + s~~~ pCk)

k=0 k-0
k— s— l

• AT - s + L (s-k)p(k)
k-O
T k—s-l k

• AT - s + e~~ Z (s-k) (AT) /k 1
k=O

Thus, 8(0)-AT and B (l)_XT_l+e~~
T_B (0)-u(O)+Y (O) ,Where ~(0)-l and y(O)_e~~T.

Equation (19) results from expanding equation (18) with s+1 being substituted

for s

I
B( s+l)—A T- (s•l)+e ”T 

L~~
5(s+l_k) (AT) k/k ! (19)

k-O

_A T_ s+e AT 
E

k_ s_ 1 (s_k) (AT)k/k!..(l.e
_A T 

L
k_ s_ l (AT) k/kl] 

-

k— 0 kaO

+e~~
T(AT)5/s!.

Define ci(s) a(s-l)-i(s-1) and V (s)—Y(s-l) AT/s, then

B( s+l)=8(s)-a(s)+Y( s) I
The terms o(s) and r(s) are readily updated as the value of s is incre-

mented by one. At each value of s , the quantity y(s-l) AT/s is tested against 1

the minimum permissible positive number for the computer ,e. A value below

c would cause “underflow”; thus, in the computer program

y(s) .(y (s_ 1) AT/* if y(s)AT/s>c; j
-- 5 ~- ~ --:-.

(40 I. : -~ 
Otherwise.

Setting y (s) to zero when ta~dsrflow would have occurred does not affect the

value of B(s.l) for most - z,alistic situations since c c l0~~ in typical

sci.ntific computer syitUs.
42

_ _ _  
— 

_ _ _ _ _  

__________
1W ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

- 

~~~~~~~~~~~~~~~ - 
- - - — -- - 

- 
-- -



-~~~~~~
—-

~~~~ -~~~~~~~-- ----- - —----—--—-.-~~~~~------ - 

I
ACKNOWLEDGEMENT

1 ARIES was developed under USAP Contract F33657-72-C-lOl3 for the

I AGT4-86A Program Office, APSC, Aeronautical Systems Division,

Wright-Patterson AFB , Ohio. The author wishes to express gratitude to

I Sol Kaufman for his review of the model and his conaents that led to

I 
significant improvement in the approach and presentation .

REFER ENCES

I 1. Brooks, R.B., Gillen, C.A , and Lu, J.Y., “Alternative Measures of

Supply Performance: Fills, Backorders, Operational Rate, and NORS”,

I RM-6094-PR, The RAND Corporation , August , 1969 .

2. Everett , H., “Generalized Lagrange Multiplier Method for Solving

Problems of Optimal Allocation of Resources :, Opns, Res., Vol. II,

No. 3, May-June 1965, pp. 399-417.

3. Feeney, G.J., and C.C.Sherbrooke, “The (s-l,s) Inventory Policy Under

Compound Poisson Demand,” I&znagem.nt Sci.,, Vol . 12, No. 5, January ,

1966, pp. 391-411; also piIlished by the RAND Corporation, P14-4176-

1-PR, March, 1966.

4. Fox, B.L., “Discrete Optimization Via Marginal Analysis”, Management

Sci., Series A 13 , pp. 210-216, Noven’ber 1966.

S. Kaplan , R.J., Lu, J.Y., and Paulson, R.N., “SCAM: A System support Cost

Analysis Model”, P14-6049-PR, The RAND Corporation, Noveaber, 1969.

~~ 

6. Miller, B.L., “A Multi-Item Inventory Model with Joint Backorder

Criterion,” Op,,.. Re.., Vol. 19, No. 6, October 1971, pp. 1467-76.

I

43

I 
~~ 

-



I
7. Rose, 14., “The ($-l,S1 Inventory Model with Arbitrary Back-Ordered

Demand and Constant Times” , Opna . Res.,Vol. 20, No. 5, September-

October 1972, pp. 1020-32.

8. Sherbrooke , C.C. ,  “METRIC: A Multi-Echelon Technique for Recoverable

Item Control”, P14-5078-PR, November 1966; also Opna. Ree.,, Vol. 16,

No. 1, January - February 1968, pp. 122-141. 1
9. 

_ _ _ _ _ _ _ _ _ _ _ _ _
, “An Evaluator for the Number of Operationally Ready

Aircraft in A Multilevel Supply System”, Opne . Rea., Vol. 19, No. 3

May-June l97l , pp. 6 l 8 - 3 5 . 1
10. Simon, ((.14., “Stationary Properties of a Two-echelon Inventory Model

for Low Demand Items” , Opna. Ree.,, Vol. 19, No. 3, May - June 1971,

pp. 761-73.

— 11. Vanarsdal l ,, D . P ., “Discussion of the ARIES (Aggregate Recoverable Item

Evaluation System) Model and Computer Program”, Report TA-5175-Q-18, I
Calspan Corporation, June, 1973.

12. Waina, R.B., Zacks, L.H., and May, D.D., “FSCAM: A Family of Support

Cost Analysis Models”, WN-7593-PR, The RAND Corporation , November, 1
1969. 

1
I

- I

11

44 

1

_ _  

I



- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - -

I
4 1 -

I COMPUTER PROGRAM

I
This section presents a technical discussion of the computer program

I for the ARIES model. The topics discussed include : program logic organization ,

input data requirements, output displays, typical program usage, definition

I of variables, and computation techniques. The discussion centers around the

version of the program that runs on the CX 6600 computer at ASD. There is

another , similar version of the ARIES program that is programmed for the IBM

370/165 computer.

I PROGRAM LOGIC ORGAN IZATION

ARIES is a large optimization system that is composed of submodels

I for performing specific computations. Therefore, to describe the analysis

structure of the system, reference is made to Figure 4, which is an overview

I flow diagram of the system. The following discussion describes the input,
logic, and output for each module .

M o d u i e l — MS CA ! 4 2

~ 
The Calspan MSCAM model has been modified (and, hereafter, denoted

MSCAM2) to calculate for each item i, for each of the four alternative main-
tenance strategies, an appropriate range of expected backorders (10) and the
correspc

~
nding life cycle costs, LCC~. The input data to Module 1 are essen-

7 tially the same as the item input data to the MSCAM model. For each of the
four maintenance strategies, there are decreasing values for the expected
number of backorders as the LCCJ increases . Th. correspond ing initial base-

I depot stockage levels are also determined as a result of the computation in
Module 1.

- 
- - I !&‘dulu 2 - Opti~msn I tn  ~~~~~-LCC Punotion

I The inputs to Module 2 are the data points for the item BO-LCC functions

for each of the four maintenance strategies. Module 2 collapses the four
discrete B0-LCC functions to one optia function for the it.., f~j . me

_ _ _ _ _ _ _ _ _ _ _  
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IH
II

I resultant function defines the minimum cost (also, the maintenance strategy
and the base-depot stock levels) corresponding to a given value for the item

I expected backorder sum.

After the j~,,J function is computed, the ratio S~. from equation (6)

I is calculated for each (SO, LcC~) data point beyond the first. For those
points that are not on the lower boundary of the convex hull, the value of 9~

I is multiplied by -l to convey a non-convexity signal and the value within
one comput er word. Using only those points on the lower convex hull boundary,

I the values of ~~ are computed using equation (5) . The parameters 9~ and #i

are used in Module 3 with the Lagrange multiplier and marginal allocation

I techniques. The output from Module 2 and the item input data are stored on
rando. access disc for later usage.

#~ I U~dule 3 - Determination of the R gion Where a Conatraint ie Net

I Utilizing the principle of Lagrange multipliers, the smallest 4. for
item i that is equal to or greater than specified Lagrange multipliers A

* ~I (k  • l,2,...,lS) is noted and stored (with the corresponding 8O~ and

~ C~~~~~~) for subsequent use in determining the total system expected backorders

I and LCC. For each A& , the total system expected backorder sum and LCC are
computed by equations (20) and (21), respectively.

Total system 
— r 50.expected backorders f’ 4* (20)

Total system 
~ FJI~~.___ ‘r~~ ~ (21)

Module 3 tests to determine between which two Ak a constraint is met

• for either total LCC or total expected backorders, or both; call the two
I bounding Lagrange multipliers A~1,,1 and ,i ,. Nodule 3 prints out the total

[CC and th . total system- xp.ct.d backorders for each A4 .

47
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!t~dule 4 - Compute Solution at Constraint

Once the region has been defined where either a cost or backorder
constraint is met, the technique of marginal allocation is employed to reach

the solution at the constraint. The following procedure is performed:

(1) Initialize the sum of system backorders and total cost j
by st ing the individua l item backorders and cost at
where ~ - mcz( 1w-1) , and a ,,, is where a constraint is 

Jmet in Module 3 *

(2) Using marginal allocation, select the item which has the I
largest ratio of marginal decrease in expected backorders
divided by the marginal increase in [CC to obtain an expected I
backorder reduction (i.e., Ø~ 

from equation (5)).

(3) Test to see if a constraint would be violated: if yes ,
go to step (5); otherwise, go to step (4).

(4) Update the total system backorders and cost by adding
the additional unit of the item selected in step (2)
to the system . If using Ø~ , go to step (2) ; otherwise ,
go to step (5).

(5) Using marginal allocation, select the item which has
the largest 9~ value (i.e., from equation (6)). 1

(6) Repeat steps (3) through (5) until there are no more
feasible item allocations that can be added to the
system with a constraint still not violated.

*The program actually has five different variat ions of the marginal allocation -

technique. (R.fer to Section IV for the definitions and to Card Group IX
(Table IV) for the input data format.)

4$ I

I
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I
F The benefit of using the Lagrange multiplier technique in conjunction

with marginal allocation is that a large reduction can be made in the number

I of calculations while a solution can be approached that is very close to
optimal for the constraint.

?t ’dule 5 - Calculate Base and Item-Depot Szmmariea

- I The solution computed in Module 4 defines the item maintenance
strategies {m~;t~5tszJand the base and depot stock levels 

~~~ 
; for all c and

I ~ 
J .  Using the item input data and the item problem solution data, modified

versions of MSCAJ4-type submodels are employed to compute useful s’~~~ ’y data

- 

~ I for each base and also at the depot. Tablei VI and VII (which appear later
in this section) illustrat e how the output data would be arranged for the base

I and item—depot s~~~a’ies, respectively. The expected number of HORS missiles
is computed for the case when complete cannibalization is assumed and for the
case when there is no cannibalization.

Subroutine Structure
:~~~

ARIES is composed of 17 subrout ines. Figure 5 shows how the sub-

I routines interface. Table III s’~~~~’izes the function of each subrout ine and
gives its location in the progra m--i.e., overlay , overview logic module , and

I program execution section (discussed in the next subsection below) .

I Progr~z~t Execution Section and Disc L~ta Pil es

A convenient way to visualize the ARIES computer program is to

I consider the program as consisting of three execution sections. The first
section processes the it.. data to generate the individual expected backorder-

I ~~~~ • ~ S i,,) . Section I corresp onds to pr incipal subroutines StOCK

and CAL . The item data are stored cm disc file $ and can be treated as a

I permanent data file.

-
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I TABLE UI

FUNCTIONAL DESCRIPTION OF ARIES SUBROUTINES

I _________ _________ ___________ _________ _______________________

PROGRAM

I oviaviaw EXECUTION
OVERLAY $USROUTINE LOGIC MOOULE SECTION BRIEF DESCRIPTiON OP FUNCTION

I ~~~~~ O~ 0) ARIES I L U. UI ~~~iø p,o~~~~ ~~a1ro$
P01ST 1,5 L UI Cempul. ~~pscwd b.di.rdsn Sc,...

~I bSSUS
P03 1.5 LW ~~~puIs frs~ Iss~~~dspot vep.Ir

i _______ _ _ _ _ _ _ _  _________ _ _ _ _ _ _ _  

dm. duI.y

I IAcSN.1. 0) ARCAL I I hWh~ irs P11.1
1 1 ‘e.mpuis ~_~~Ina11sn

I isis duet .1k  Isiuls 1~ s
I 

. st i~~~ ,ss~~ uduss
SPO I I ~~~ i.p, * l.~~ul SI is*..id..s ~~du is.. d.~~ .s..k dt.siM.n

I _ _I COST1 I I ~~sipu1u mo *J.,j LCC
COSTS I I Cs..puwD*M.w LCC

I corn I I t -wB.e..i..vLCC

~
-: 

~ 
COST4 I I C. ,.jli MR *~ U~,r LCC
CAL 2 1 (~ mpinu ,JIoi ir iwm TusuiLa K~J

I ________ 

NULL 2 I C~~~ -W us.... iwm Ii -~sMsn

lacaN. 2.O) SNOR 3 U. UI Ps 5s a i  Is, k.11...i II s.d Ill
PITA 3.4 U ~~~~~ uN ul La~s~~ sidsijis

I ..ud $ siSUIf* psiem

I MOR$ I UI C.= =... ~~~~~ NORI — ~~s.
Ilsus-dupse :mr lu

- — I UI InitidIsi ,....auis. . Is, .iksul1.s

•I SPOT S UI =~~~ —,-~~~ ~~~~~~~ Is, a.
isi st usdu isil

_ _ _  -

I I
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I
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TI

Execut ion Section II corresponds to subroutine SETA in the program.
SETA reads file 8 twice. SETh generates two temporary disc files for inter- 1
mediate calculations. File 9 is used to store the data fro. file 8 for the
region where a constraint is met. File 10 is used to store the table of
index values that define the individual item solutions for the fifteen
Lagrange multiplier values.

Execution Section III corresponds to subroutines HORS, BOB, and SPOT.
HORS reads file 9 once. HORS generates temporary file 11. Pile 11 is used I
to construct the output tables.

INPUT DATA

Table IV defines the ARIES input data requirements. The first data I
card defines the value of EXMDDE and, hence, which sections of the program are
to be executed, I

E~GIODE SECTIONS EXECUTED
1 all I
2 I only

3 I and II J
4 Il and I ll
$ II only

6 II and III

Whenever Section I is executed, a file 8 is either created (if there
is no previous file 8) or extended with the data for new items that are under -

calculation with the current computer run. When there is no pre-existing file
I, set ICHODE to 0; when there is an existing file 8, set IO~UDE to 1. If
EX*)DE equals 4, 5, or 6, a pre-existin.g file 8 is assused. 

[J

EXMQDE.6 differs from 4 by the fact that , with 6, the program assumes - 

I
that a constraint probl.* has been solved prior to the case with EX?4)DE.6 (i.e.,
dur ing the s~~ computer rem) , with the same Lagrange multipliers , the same -J

52 
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I
I TABLE ~~ -

INPUT DATA FORMAT FOR THE ARIES MODEL

I OSd çsu~ I *1.su s  V ii. dii. hut Is ~ ir i . i  is ii ltsno.

~~d &ø~ip I (I cc,d ~: P.,not (515.2110.4,4.11

I O S u s  P~~1.5 Vsddu. Pilaf 1~~~~~~:~

I 1-I II IXMOOE Esotutis. opals.:

I 1 - sisasutu sstti,s
2 - u.s.i.a. STOCK-CAL. do not a.usuts PITA-MOOS
3 - susuts STOCK-CAL-SETA. di not suspuli MOOS

I 4 - u.s.i.a. PITA-MOOS, d. not a.c.m STOCK-CAL
I I - u s u v a . U T As.ly

S - u.s.i.a. PITA-MOOS .d safy sItu s .,otuh.1
• ,.gSSs.tMtu..d EXMOOI 3.4.~~~l

5-10 IS NITEM S Nuidur .1 Il... ; ~~SS0

~~~.. IOMOOS•I. NI TEMI ausiisr SI u s., is is sdisd
s I t S

I 11-IS 1 NSAU ttu&. -sI i.ssi~~~17

I 1145 II MOlTS Is-I. SI d.psiu~~I
11-11 IS NINP luput diii., .— ~~~~~~; .~.isr SI dcii.. frs .mdI

snt~ PROS. OPT. 01ST. XX. CODIA. — COOlS
I vatisusid

$ 2 1  511.1 IN1 A nsi~~~~ Nut Las. MJ1IjIL aslus. hi
.Isiss.Ij ~~~~~~~Itan iss

31-IS 115.5 INZ 1.*..-do ~~~s ~~ is us~~~nut Is, .sdI
I is. is~ ..duu-.s.s

J ISIS II IOMOOE DII 1
I - PINSIisis*&sILiW hS siu!a.

us. .. uu.Ilop StuissI

I S - Tis,s N~ s,s-r IItI11.Sisisa.5II.d

N IXMOOIN&Ls,t IWWDId SP..,$L

I ~~d G.us~ II (3 s.rdu): hoo t  (1PM)

I 011. ,, huos 1.NiMM. Pilaf I j

I I-fl 1PM FMTI Paros Is, IIisg XXII ) - XXIII. P01
1-fl 1PM PMTI Perot Is, ,.0m~ XXIt - XXI3II

I I-fl hAl P013 Paios I., ..m., XXII ) is XXII). PRAC. POP . IWI

~~W G.v*p III (1 w2 novb ~~ cl ~~wj - P.ros 7Phe 3)

I _____ 
Perot ~~~I~~s ____________

I-Il 111.3 P00041) T.ul ~. .s. ~~~ hours pu .s.11 ~~ is..I 11-11 P11 3 0510. JI 01d.i — i~~~~ij ala. i. Liii III ~~ s I
a.d*ps J

P11.3 05110,1) C~1u~ tua. isis I is *pst J

• 3l-~~ 111.3 011(1, JI Pisis iisis

I 41-11 P15.3 051,0.1) ~~~s si cii..
$1-IS 111.3 051(1.1)
51-31 P11.3 0511(1, 1) Piss .c duus

I 53
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1

TABLE ~~ (Cant.)
INPUT DATA FORMAT FOR THE ARIES MODEL ]

Cad G~ N~ 
III (Corn.! —

DId 51

~~~— Para.t Vsdlhls S,lsI ~~,P ’ut ~~~I’

1-Il P10.3 011(1.4) 1.. .. si cioss

11-35 110.3 OISTft. 1) los s. bovs
21-30 110.3 0511$. J ) S.... so sbo..

31-40 110.3 DISTIl. .5) los Sc lisle

~~ d Qvup IV (2 c vis): Isrot P013

Parot V.rlhl. Pilaf Enplsasdo’.

PMT3 PeACH) For dupot oaf y cud no ,cps~ u.ts .s, thu koisla.
.f isis AGE soot Insisted Is, i~ J~~~~~ii typs I;
1d7

PMfl FOP PslIws ml, Its. , a. .ultlpls ii. input Mliii’s
‘is. XX(21)

FM1’3 1511 10-Ys. ..W1 ii s.d. , point worth fails,

c a d Go ip V( Iwd~: Pull I
Pilaf —

XXII) 5,5. uspul aset. $ psi oi-hoiir
Dupsi uspsi. soot. $ psi os - hoar

XXIJI 11dpi , asia, Msu/mll.
XXII) ~~~k~~ij assi. ~ ihlpri.nt

d 0,sups VI~~....-i~ VSISa..-.~- ~Iar ..h IIo.

~~vi~~ 17 (LIwdy S w*): PiouS P012 1
VudliI. 5,1.1 Ex~ . .... .

XXII) m XX(7) h o l D
XXII) Pass. ~~~~~~ his ...u*h.. SI ilnis. 115 ~~s

nps~ on ii. ’. sissu.d thu isis 55a.
is d.S..tlois.slr SpIsss an lts Ii.... .s.ssd XXI1$)

XXII) D.pst Indsu ..i..... ..,,tla_ *4k. DId Q~ np III
XXIII) of — liii amli p. viNcI.
XXIII) AGE L_aJLtt end ast-ep asut. $
XXI1~ tI li . .SIpsIIsSIi~~~ 

_.*m
XX(131 A n d  ~,... d.., ad s..Ll suet psi AOL $
XXIII) Ciii .5 an cud-Il... $
XX(IS) lid It ni -_ us~~~. 0

ii
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‘ I
-: TAULE ~~~~~

‘ (Cant.)
INPUT DATA FORMAT FOR THE ARIES MODEl.

I Can! (JniiiP Fl (Corn.)

(Xlii) tipsated 001$ rea.; . 1.0
(*117) Csndimmutlon ml.; < 1.0

~~ 
XXIIS) Avis,. buss rupsit turnaround timu, dsys

I XX(1V) Nun-Iowa psi job to dstsotkaunovslrsplu.s st isis
(*130) Nun lewis psi job to ispuir 5* d.ent

-n 

- (((21) IslIurce psi 100 silKIly. opsce*ini Iowa

1 (*122) 51.1.11* of I.,. AGE, 0/unit
(*123) Cost of d.pot AGE, I/unit
(*131) Procuisnot laud dine, dsys
(((31) Psi. ispuir pin s cost. Mspdo
(((31) Dupot nspsir puns cost, $k.p.u,
(*127) ~~~~~ of isis msnpa.ur shiM.: tI

I (*125) Pull AGE cos$. i/unit
(((30) Av.rsp dsps~ ‘spu r turnaround Urns. dcv.
(*130) Aisraps lioun/nupsir dspot AGE ii r.qukud

I 
XX(311 Equismunt t~ps bids. I coasapondln, is PSACII)

~~d Group VII (I c..I): Perot (SIIX. 3. *2)

I 
Caliss. Fora.t V.rlthl. Pilaf Esplenislon

— 34 53. Al Cods All). Cod. $41) Pus. munpowor .1* codes
1.13 13. *3 Cods A(2). Cads 542) S.c. onposi NII pods,
14-15 3 Al Cud. AU). COd. $13) S.. ~~~~~~~~ *0 sod..

U 31-31 $3 AZ Cods All). Cud. 5(4) 5... -.— ..~~~= thiS sod..
$31 53 *3 0.0 *151. Cad. 541) Is.. rn.’potr sill ssdui

I 31$ 3 *2 Cud. A(S). code urn Is.. ~~~~~~~~~~~~~ sill sod.,

• 15-42 3 *3 Cods AU), Cud, $47) lo ~~~~~~s.t shill sods,
M-IS 3. *3 Cods A(S). Cud. 5(l) Pies shill codes

I 5541 13. *2 Cidi *0), COdS I(S) Pu.. *1 .sdis

~~ d Giwssp Viii (A notI~: PiouS (115.3)

I 0.Iwe.t Permit Vufu$Is 5,1.1 lepIunuslo.

14 ~~2 PWTIKLII) Pniud.n of job ispuin .sn-~~wa psi Isis *u*s~~skiM ls.$., lapse, vsry bst’....n S end I)

I S-li P5.2 PWT$KU2)
11-IS P0.3 NITSKL(3)
11-15 PU PNTIKUI)

1 11-31 P5.3 NI1IKLIS)
L cs.a PSITUKUSI

11-IS P1.2 PW11KL(1I

— *41 P5.3 PSTOlUP)

1 41-41 P5.3 PRTUKL*

I
I
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TABLE ~~ (Cant.)
INPUT DATA FORMAT FOR THE ARIES MODEL

C~d (kowp IX (2 ~~dsJ: Perot (2(11.7.415/2014 - I
Cet Perot Vsilsku. 01sf Expluisdon

115 015.7 OMAX Cast conssuint
11-30 0157 EP$ Pucksidi, constraint
31-35 1$ NuxImvrn nunsisi of del. points p. Itom

on fhla I; �300
31-40 55 D1.ETNO Numbir of Items rueidIn on flu, S skit in.

to be d.Ietsd from the currant .necution
0I5ETA; �.i0

41-45 Ii IOPT Allosutlon .Ip.lthm; lOll - 1, 2, 3.4. or 1. S..
Section IV for definitions. Generally, IOPT •3
Is ussil.

45-50 II 3 For 13-1011, buss sumnuriss an. printed out
For lZr~l0PT, bee. .umnury printout it sup..si.d

bssnd cad:

- 

- 
COIw~~s Perot Virobus 5,1st EspIsasilon 1
1-4 II NV(I) Numbs, of ..elilds. at kiss I
IS II NV(S) Numbsi of ~~~~~ at bess 2
5-12 II civIl) P1smbsi of valid., it be.. 3

IS-IS 14 ciVil) Plumb., of mu cu s at buss 17

Cod Group 1(3 un-si): Perot 15015.7) 1
~~~~

om Perot VulKIs 01sf Explansilon

1-15 011.7 LXII) Lapimps multiplier Oduus In stslody mc~ t~~~~y
_ _  -

15-30 015.7 LMIZ)
31-IS 011.7
4140 010.7 .

11-75 015.7

001.1100 Is a..., *51 Is wspl.ss and. thus, Card Group Xl i. .I.a,rd

Cod Group V (I ~~dfrr such item dthewu): Perot (3*4)

~~P Perot Wi~~. 01sf E~pI_n.Iu

1-13 3M (DILlY (I , .5, lot-ID st ilum reddlu, on file Ito  I. duislud fu-em
l •1, 3) ,snt :~~~.~~of TA end NOR$ j

Isdof DATA DICk

56 1
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‘ I I

I number of vehicles per base, and the same items that are going to be used for
the current constraint problem.

I
For the CX 6600 computer , the control card “CATALOG, TAPE8, ARIES ,

I CY - RP - 999.” is used to retain the original generation of a file 8. The

control card “EXTEND , TAPE8. ” is used to extend a pre-existing file 8 with

I modified item data or additional item data and to retain it permanently.

I 
The capability exists to suppress items on file 8 from the optimiza-

tion calculations in Section II and III by use of the input variables DLETNO
and DELET . The parameter DLETNO (Card Group IX) indicates the number of

I records of file 8 that are to be deleted ; the itea- IDs of the items to be
deleted are placed in array DELET (Card Group XI). A maximum of ten items

I from file 8 may be deleted on a given computer run.

I Unlike the modifications which result from extending file 8, use of
I~LF~NO and DELET does not cause a “physical” change in file 8 (i.e., there
are no records actually removed from the file) . The actua l effect is that

I records with item-IDs appearing in DELET are ignored during the current calcu-

lations in SETA; they remain in file 8 and are accessible for subsequent

I executions of SETA.

TYPICAL PROGRAM USAGE

ARIES is written in extended FORTRAN IV language. The program uses

I 1068X cen’crsl memory words and takes approximately 18 seconds to compile .
The central processor time to generate the item expect ed backorder-LCC functions

I for the example problem discussed in Section IV is approximately 90 seconds .
It takes 0.062 seconds of c p .  t ime to execute Sections II and III of the
program for a constraint in the example problem; the I/O time is approximately

31 seconds . The I/O time is relatively high, since the CX algorithm for disc

f 

I/O tim. incorporates a large fixed t ime for each instance in which the disc

I ii called in addition to the variable time re1st in~ to th. number of words
transferred.

-
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r A typical way to use ARIES would be to generate file 8 with EXJ4ODE=1,
a low backorder constraint, and a cost constraint that would likely fall within 1
the range of the data for the 15 Lagrange multiplier points. Upon examining 

-

the output, note the upper and lower limits of the total system LCC for the
range of 15 Lagrange multipliers. Using EX?’IODE~=4 for the first constraint
and EX!4~DE-6 thereafter, submit another run with sets of data for total cost - -

constraint3 spaced over the noted cost interval to derive the curve for

expected NORS (availability measurement) versus LCC. The program is written

to execute new data sets until an end-of-file card is encountered. I
The item input data cards (Card Groups V through VIII) are same as 1

those for the Caispan version of the ?4SCAM model with the exception that XX(9)
for MSCAM is the “expected sum of item backorders across all bases” instead
of the “depot index corresponding to J in Card Group III.” This high degree

of commonality facilitates continuity of operation between the two models.

DEFINITION OF VARIABLES

Since ARIES is a large program, it would be too voluminous to define

I here each FORTRAN variable. Table V presents some of the principal variable

definitions, along with their locations in the program. The input data require-
ments (Table IV) also define program variables.

OUTPUT DISPLAYS

ARIES is written to print out several formal tables and several inter- 1
mediate calculations which are helpful for checking that the results are
logical and consistent. The content of two of the formal tables is illustrated

by Tables VI and VII, which show the base and item-depot summaries, respec-
tively. - J

In each table, the term “Not Operationally Ready - Supply” (NORS) is -

listed. For the base st ary output table , the exp.cted number of NO RS
missiles attributable to a particular item is defined to be the expected back-

order value, divided by the number of units of that item which are used on a j
58 1
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I
I DEFINITIONS OF SOME OF THE VARIABLES APPEARING IN ARIES

- 
- 

FORTRAN NAME DEFINITION EXECUTION SECTION

EXMODE Execution option pursmstsr I. II
NITEMS Number of Itunis all
NBASE Number of bases all
NDPTS Numbs, of depots all

I NINP Input dsvlo. number I
EPS1 Control to stop celculatlons In STOCK I

-

- 
EPS2 Control to stop celculstlons In STOCK I

I IOMODE Disk Input option psiaI~eter I
PROG(I) Total base operatIng hours per month all

• 08TH. J) Order end ddppln~ time all

DISTH. J) Distance from bew lto dspot J all
BRCST. XX(1) Re.. repair cost. $ per men-hour I

• DRCST. XX(2) Depot rep.lr cost, $ per men-hour I

I SHPCST, XX(3) Shipping costhon/rrdl., $ I
PAKCST, XX(4) Packaging costhhipmsnt. $ I

a SETCST, XX(11) Installation and AGE setup cost I
1 DATCST. XX(12) Number of pages of technimi dstu I

OPCST. XX(13) AnnisI operating and maintenance cost
p.r unlt AGE I

~~ 
ENDCST. XX(14) Cost of end-item I
ENDWT. XX(1B) Shipping wslgiit of snd-Itsm I

a EXNRTS. XX(16) E~ip stad NRT$ rats I. in
I CNDMX. XX(17) Condsmnstion rate - I. UI

BRYIME. XX(18) Av.r.g. bess repair time, days I. UI
a MANHR. XX(19) Pdan-houn par job to fix at be.. I. UI

-

~~ I ~~~~ XX(~~) ~~n-lio~rs par job to fIx at depot I. Ill.
FAILRT, XX(Z1) Failures per 100 effective operating hours L UI

• BAGEWT. XX(22) Weight of bess-AGE I
I DAGC$T, XX(23) Cost of depot-AGE I

DLDTME. XX(25) Procur.msnt lied time I. UI

I sri csi . XX(25) Repair p.rts cost at base I
DPTC$T. XX(2S) Repair parts cost at depot I
NSKIL. XX(27) Number of dlffereøt skIlls to repair this

Itemet bese LW

I BAGC$T. XX(2S) Cost of base-AGE I
ORTIME, XX(a) Average repair time at depot I. UI

i DAGEHR. XX(3O) Average hrftspsir Depot AGE Is requIred 1, UI
I NtIS Nu.s*s,of ttems to be prueuad by

SETA-NORS U~ UI
[ ITEM India no. for ARCAL do loop - I; 59
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1 1
TABLE V (cant.)

DEFINITIONS OF SOME OF THE VARIABLES APPEARING IN ARIES

I
FORTRAN NAME DEFINITION EXECIJTION SECTION

CODEA(1). CODEBO) Labor sidli codas symb~is I. in
PNTSKL Percentage repair per labor skill I, UI
DEMLT Average demand during lead time L UI
BOF(JL, J - 1, 2 Backorders at random point hi time; BOF(1) is beck-

ordsrs with one lass unit of stock than BOF(2) I. UI
800(J) Average delay at depot given depot stock U-i) I. UI
MP Upper limit fir Item total stock all
M MP-1 I
DISTIl . J) DIstance (miles) between depot J end base I I
054.3.1) Sum of base level stock for case J 1, ...,4 I
054.3. 2) D.pot stock level for oaseJ l. ... .4 I
80 Backorder array — returned by STOCK I
C Cost arvay as returned by ll0CK I
BNJ Backorder array as returned by CAL LU
DNJ Cost arvay as returned by CAL LU
BNJSTR Backorder army pawed from $ETA to NORS U. UI
DNJSTR Cost array passed from SETA to NORS U. in
BKOR Backorder array returned frcm BOB UI

- 8843) Bsckordsr array at bee. Ia, returned from SPOT UI
KNJ htsln snwics stratagV array 1, U
PHI Ø arvay Lfl
NOX lndex oounter fsr flle $ LU
REC Index counter for file S remd numbsr I. U
U Current saks. of minimum cost that satisfiese1 ,nd•2 I
T Diagonal array of beckordsn from the base-depot

allocation metrix I
NB(l. LI Number of uflits of stock at base I for L-i

total units of stock I
TABLE Array with ID-names of the items on file S LII
81(k) Total expected bsckordsrs it LI lflgP

multiplier K U
LCC(K) Total LCC at La~ ange multiplier K U
XBT Total expected backorder. at constraint point II
XLCC Total LCC at constraint point fl
KJ(K) Index counter denoting the position on file S

where a Laprangs multiplier point Is met
for the Item under current odoulatlon U

INORS Expaclad NOR$ assuming cannibalIzatIon III
EN Expected NORS assuming no caiwiIbslI~ tlon UI
XMNYR(K) Number of man-years for labor skill K in

60 
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TABLE in

I SAMPLE OUTPUT FORMAT FOR THE ARIES BASE SUMMARY DATA

SUMMARY FOR BASE ______

I ITEM STOCK LEVEL STRATEGY BACKORDER N0R5 MANPOWER

I SUM S SD 0.863 0.327 3.267
-: SKILL A 1.066

SKILL B 0.087
SKILL C 2.114

I SKILL D

I
F • 2 SUM 5 B 0.754 0.764 4.572

I SKILL A 2.672
SKILL B 2.000

S

: : :
500 SUM S ID 0.864 0.282 2.641

SKILL A 2.541

TOTAL 2185 5.573 0.7e4~ 28.466

Not Operationally Ready4upplyI ~ Maximum hem NOR$ salve; curreeponde to the complete cannlballaatlon case

I

I 61
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~ I missile. The number of NORS missiles for each base is equal to the max.imum
value for an “item NORS” when parts are consolidated through the practice of

I cannibalizat ion. NORS missiles will be constrained by the item in shortest

— 
supply. The expected NORS index for each item listed in the item-depot

I stumary is the item expected backorder value, divided by the number of units
of the item that are used on the missile. The expected NORS value listed at

I the bottom of the table is the sum of the ~~~~~~~~ expected NORS values from

all bases (the sum of the “total” NORS from the base sip~aries).

- I The value for expected NORS missiles assuming no cannibalization is
also computed and printed out separately.

;;.~ I
A table is printed out to define the index counter value for the

BO-LCC function for the solution for each item at each Lagrange multiplier
point . This table provide s a useful indication of how the item stockage levels

~~ 

are distributed over the range of system expenditure levels.

A table is print ed out to show the total system expected backorders
and the LCC for each of the 15 Lagrange multiplier points. This table is

[ useful for determining how total cost constraints should be set to der ive the
total expected NORS versus total LCC function.

-

~ t COMPUTATION TECHNIQUES

-
. This subsection discusses some of the special computation technique s

that are employed in the ARIES program.

Subroutina. STOCK and SF0

For each item, the BO-LCC function must be computed for each of the

I four alternative maintenance strategias. SPO computes th. diagonal of a
matrix,(4Q, where each element a~, is an opt imal allocation of k units of

I stock among all the bases and~~ units of stock at the depot. The allocation
is performed by iteratively selecting the next tmit of stock for a base that

I
63 j
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1

will maximize the reduction in the sum of expected backorders at all the bases.

STOCK searches the diagonal of constant total stock (i.e., k#p - constant ) fox 1
-

• the base-depot stockage level combination that will provide the minimum ex-

pected backorder sue. The program ter minates the calculations for an item
maintenance strategy when any of the following conditions are satisfied: -

(1) The strategy under current calculation is the first I
• one for the item (i.e., base-depot), and the expected

backorder value is s 6, and ~~~. s , where E~ and €~~ are I
input parameters; or

(2) The total number of units of stock ~ 300; or

(3) The strategy under calculation is not the first one J
(i.e., it is D, B, or NR) , and there is a previously
calculated strategy that has a maximum LCC (at the

point of satisfying e, and E~ ) which is lower than
the current value for LCC for the strategy under

computation. Stated analytically, there is a point
beyond which the strateg y is dominated by at least -

one other strategy. I
Subroutine. PDIST and PD2 I

An efficient recursive computational technique is used in PDIST and

PD2 to compute the expected backorder values. This procedur e is discussed
in the appendix of Section IV. -

Subroutine HULL

The basic procedure employed to derive the convexified item expected
backorder-LCC function, f C~,J, involves the iterative testing (starting from the

leftmost point) to see where the next point to the right lies that has the
miniu slope between it and the last point found on the convex hull. If the ]

64 J
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I

• I point found is not adjacent, then a concave region exists; this region is
- 

I 
identifi ed in the program by multiplyi ng the 

~~
. in this region by -1.

PROGRAM CHECKOUT

- I The ARIES computer program was checked out with two extensive test
cases. The first test case is the example problem discussed in Section IV .

- I The input data and sample output displays for this test case are given in
Supplement A.

The second test case involved SRUs that have more than one unit

used per missile (i.e., ~~~~ for soae~~). The input data and sample output
~

- 

I displays for this test case are presented in Supplement B.

I

I
I I

- 

I
-

-

I
-
I

I I

I
i 
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EXAMPLE PROBLEM INPUT AND OUTPUT DATA j
This supplement presents the input data and sample output displays

• fox the example problem discussed in Section IV.

INPUT DATA J
The input data for the example problem are suamarized below. I

Card Group I

EXMODE 1 NDPTSS1 EPS2u’2.5x10 2

NITEM S—1 6 NINP a5 IOMODE~0
NBASE47 EPS1”SxlO 8

Card Group II I -

(6FlO.2)
(3A4/(6F 10.0)
(7F10.2)

Card Group III I
I PROG(I) OST{I,1J DIST(I,l)

1 490. 25. 850.
2 490. 25. 900.

• 3 490 . 25. 850.
4 490. 25. 700 .
S 252. 25. 1500.
6 252. 25. 1100 . -

7 252. 25. 250.
8 252. 25. 250. -

9 490. 25. 800.
10 490. 25. 700 . 1
11 252. 25. 1200 .
12 252. 25. 750 .
13 490. 25. 1200 .
14 490. 25. 600 .
15 252. 25. 400.
16 252. 25. 900.
17 252. 25. 1200 .

66 II
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I
I I

I Card Group IV

I 1 1.
PBAC(I) 0.90 0.95 0.10 0.20 0.05

I FRP*3. ; PWF — 10.

I Card Group V

I a
XX( I ) 11. 22. 0.5 200 .

Card Group VI

1 See Table VIII

• 

Card Group. VII and VIII

100AA )
) for each item

1.0 )

Card Group IX

Df4&X’93.5x106, 94xl06 ..., llOxlO6; DI4AX is varied for each new
constraint problem.

EPS .1.0,M P 3 00;DLETNO O ZOPT— 3; IZ— 0

I NVU) I NV(I) I NV(IL I NV(IJ

1 70 6 36 10 70 14 70
I 2 70 7 36 11 36 15 36
I 3 70 8 36 12 36 16 36

4 70 9 70 13 70 17 36

67
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II

I Card Group I

1. 114(I) 124(I) I 124(1)

1 9.16227766x10 ’ 6 6.309573445x10 6 11 l.995262315xl0 6

1 2 l.9952623lxl0 5 7 5.01l872336xl0 6 12
3 l.2589254l2xl0 5 8 3.98107l706x10 6 13 1.0x10 6

I 4 1.xl0 5 9 3.16227xl0 6 14 6.630957x10 7

S 7.943282347xl0 6 10 2.51186x10 6 15 3.162278x10 7

I Card Group ir

I Not needed for this prob lea.

SAMPLE OUTPUT DISPLAYS

Table IX , X , and XI show sample printout displays for the example
problem. Table IX shows the total system sue of expected backorders and LCC

- • corresponding to the 15 Lagrange multipliers . 
- 

-

•1 TABLE 11

TOTAL SYSTEM SUM OF EXPECTED BACKORDERS AND LCC
- FOR THE EXAMPLE PROBLEM

IC LAM ~0~(~ ) 3T ((I
I .6162278E+(’l •1S26232Es~~! .93~9~ 2tE +O4
2 •1995252F & ’, .~~t 7t9 c9E .32 . 9 5 17 3 7 5 E 4 0 8
3 •1238925~~~3’. • c?’,I Q~~~E e32  •966 5 1S3E + 08
4 •t00 O 0 03E ~~~ .~ 3i9u~ 8E+32 .97 355S~ +~ 4

i 5 .7943282E :— 05 •4.o t.2qq~,32 •9i~2C 223 E+ 3i
S .63O,573E*~5 .25188’.CE432 .t0~~ 5UtE4097 •5011872! 05 •23.57;~E~32 .j~3S~97Ee~ 9
$ •3 9810 72E — 05 •1932369E J2 •tO25263E~~~I 9 .31S2278~~~35 • I 33 $5q 7E ,~ 2 •j 33 o1,77 E.O q

I 10 .251 i8$6E•05 .107’.2ø7E .~ 2 .t0i~C 2S t E+ O 9
11 • 1993262F-05 .*J ?81$~~E +3l .1032 563E+ 39
12 .i5$~$93E-O~ •5114326C$21 •1o6833hE+o~
13 .1~)O~ 0O$ E•35 .3499$LUI tll .1o?959U,0q
14 •63O9573E~~ 6 .2?~ 9O32EeGt .t0seS2s~ .eg
15 .3162278E.0S .$?542~ 8€e~ 0 •1129?35E,39
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I

Table X is a tabulation of the LI variable for each item for each
of the 15 Lagrange multipliers . KJ is an index counter corresponding to 5?~ ]
for item i in Equation (6). Thus, LI reflects the sequence number for the

original item funct ions f C ~~} that represent the item solution at each 
-

Lagrange multiplier value. The value of LI is often close to representing - -

to total number of units of stock for the item that is allocated between the
bases and the depot; however, it may be different when the item maintenance I
strategy changes as the item resource expenditure level is increased.

I
Tab le XI shows the item and depot (s) suamary printout for a LCC

constraint of $98 )4. I
I
I

I
I
11

I

I
ii
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I
j  Supplement B

TEST CASE WITH SOME SRUs THAT RE QUIRE MORE THAN
ONE UNIT PER VEHICLE

I
This supplement presents the input data, solution results summary,

and sample output displays for a model test case that has some SRUs that
require more than one unit per vehicle.

INPUT DATA

The input data for this test case are summarized below.

Card Group I

EXMODE=l NDPTS~3 ESP2=0.025
NITEMS=15 NINP=1 IMODE=0
NBASE~17 ESP1.SxlO ’6

Card Group II

(SF10.2)
(3A4/Fl2.0, 2F4.0, 6FlO.2/7F10.2/8F10.2)
(7FlO.2)

Card Group III

I PROG(I) OST(I,1) DIST(I,l) OST(I,2) DIST(I,2) OST(I,3) DIST(I,3)

1 160 25 850 30 900 20 800
2 160 25 900 30 1000 20 3000
3 160 25 850 30 1000 20 450
4 160 25 700 30 800 20 700
S 160 25 1500 30 700 20 800
• 160 25 1100 30 600 20 900
P 160 25 250 30 2000 20 700
• 160 25 250 30 1000 20 800
0 100 25 000 30 1500 20 900

• 100 25 750 30 600 20 700
ii 15 1200 30 800 20 1200
9 25 710 30 700 20 1000
0 ~~~ ‘S 1 1000 20 800
4 a’. a 500 20 700

11 II 1000 20 900
m I. I — *300 20 500

00 30 1100
‘1

- 
— _ _  

‘ -

~~~~~~ H



- I
• Card Group IV

I ~~~. ~~ . 
-

PBAC(I) 0.95 0.5 0.2 0.8 0.1

PWF 1O.

Card Group V

I I ~ . I
XX( I) 9. 22. .5 100 .

Card Group VI

See Table XII I
Card Groupe VII and VIII I

100AA )s for each item
1.0 ..J

Card Group IX I
UMAX—71.z106,.,., 89xl06; DMAX is varied for each new

constraint problem.

• E P S = l . 0 ; MP = 300; D L E T N O a O ; IOPT ~~3; IZ = 0;
NyU) — 60 for I • 1, 2,..., 17 1

Card Group I ]
114(I) I 114(I) I 114(I)

1 9.l6227766xl0 1 6 6.309573445xl0 6 11 l.9952623l5x10 6 ii
2 l.9952623lxl0 5 7 5.01l872336x10 6 12 l.584893192xl0 6

3 1.258925412x10 5 8 3.981071706x10 6 13 1 .OxlO 6 j
4 l.xl0 5 9 3.l6227x10’6 14 6.630957x10 7

5 7.943282347x10-6 10 2.51186x10 6 15 3.l62278xl0 7

.74
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I
Card Group XI

Not needed for this problem.

ANALYSIS R ESULTS SUMMARY 1
The analysis results from solving a range of LCC constraints problems I

for the test case are summarized in Tables XIII and XIV. The five allocation
algorithms and column headings in Tables XIII and XIV are the same as those
previously given for the example problem discussed in Section IV. The results
for this test case are, in general, analogous to the results for the previous

4 example problem. However, if one examines the E(NORS) column in Table XIV ,
he finds (1) that the values for algorithms 4 and 5 are not monotonically
decreasing (at a constraint of $ 78 M); and (2) at two constraints ($ 80 M I
and $ 89 M), algorithm 3 has a value lower than the values of algorithms 4
and 5. This can be explained by the heuristic nature of the algorithms , and Iby the fact that allocations are being made from the non-convex regions of the
item functions, (~~ } . Despite an occasional small reversal, if one applies Ia little decision theory (either maximin or expected value), he would prefer
to use algorithms 4 and 5 instead of algorithms 1, 2, or 3 to estimate the
minimum value for E(NORS) .

SAMPLE OUTPUT DISPLAYS

Tab les XV, XVI, and XVII show sample printout displays for the test ]
case. Table XV shows the total system sum of expected backorders and LCC
corresponding to the fifteen Lagrange multiplie rs . I

Table XVI is a tabulation of the KJ variable for each item for each
of the 15 Lagrange multipliers . The definition of KJ was previously discussed -.

in Supplome@t A . Table XVII shows the item and depot(s) summary printout for
a LCC constraint of $ 89 M. I

I
76 1



I TABLE~~~~
COMPARISON OF ALLOCATION ALGOR ITHMS FOR MIN IMI Z ING TH E SUM OF

I EXPECTED BACKORDER S FOR THE TEST CASE WITH SOME u~> I

I COST SUM OF MAXIMUM PERCENT POSSIBLE LINORS)
I CONSTRAINT EXPECTED BACKORDERS REDUCTION FOR SOLUTION “C

__________ 1 2 3 1 2 3 1 . L.. 3

I 70.964 240.9 240.9 240.9 0.0525 0.0625 0.0625 226.1 226. 5 226.0
I 11. 107.~ 106.9 106.9 6.4326 0.0667 0.0117 IOU 106.0 111.0

72. 768 761 761 0.8622 0.0667 6.0667 75.2 74.9 74.9

• 12. 63.6 62.3 92.2 2.3775 0.1813 0.1066 62.5 $1.2 61.2

~ I 
74. 53.2 62.4 52.4 1.1163 0.1505 0.1110 52.4 51.7 51.7
19. 37.6 37.2 37.1 1.0490 0.1597 0.0221 37.2 36.9 36.3

• 78. 25.6 25.1 - 25.1 2.1965 0.1923 0.2271 25.4 249 24.9

1 90. 17.1 163 16.3 5.3135 0.5541 0.5316 17.0 1*2 1*2
- 62. 10.2 10.1 10.1 12068 0.1705 0.1705 10.2 10.1 10.1

94. 8.90 7.22 6.97 24.5728 
- 

4.7079 1.0027 8.56 721 1.96
1 96. 8.07 471 4.59 11.1557 3.1542 0.1019 6.06 4.70 4.69
1 86. 2.17 2.04 2.03 7.7141 1.4632 0.7391 2.17 2.64 2.03

~:
I

TABLE ~~~~
- . 

- 

COMPARISON OF ALLOCATION ALGORITHMS FOR MINIMI Z ING THE SUM OF
EXPECTED NORS WHEN CANNI BALI Z ING FOR THE

TEST CASE WITH SOME u1 > 1

I COST E(NORS)~ TOTAL NUMBER OF A LCC UNDER
I 

~~ I CON$TRAINT 
_ _ _ _ _  — _ _ _ _ _  

UNITS OF STOCK CONSTRAINT $
____ 

1 2 3 4  5 1 2 3  1 2 3

1 70.564 53.9 53.9 53.9 53.9 53.9 15 15 15 310240 360240 390,290
,~_ I 71. t4.0 4 14.1 10.0 10.0 177 178 118 5,865 MB 966

72. 10.5 10.1 10.5 10.1 9.34 251 284 284 44 770 770 770
I a 73. 9.92 9.92 9.11 1.04 8.05 311 310 310 142,415 515 MB
- I 74. 9.90 9.09 9.09 7.94 7.10 MB 343 344 106,497 1,697 1.573

76. LOS 0~~ 9.05 5.26 522 393 301 357 66,495 4511 1,377
- 75. 9.04 8.04 S~~ 7.19 6.56 467 473 471 122,786 1,375 543

~•- - I 60. 2.90 2.32 2.31 2.77 489 516 502 205,112 MB
• 16. 2.01 2.07 2.07 2.05 2.02 575 554 564 18215 1,155 1385

________ 2.07 2.01 ‘1W 1.95 1.34 112 632 614 1,016.511 1,048 1,816
. I 80. 1.13 11$ 1.96 0.95 090 IN IN 521,150 1,650 1,013

~ U IS. 0.31 0.28 0.20 0.31 0.32 710 745 721 
~~~~~ 

MB 40

1

1 
_____________ 

_______
- 

..—‘..- - *...—•- .--- — .- -



1
1

TABLE~~~ I
TOTAL SYSTEM SUM OF EXPECTE D BACKOR DERS AND LCC FOR THE

TESTCASE WITHSOME uj >1 J
IC LA IBOA (C ) BT (K) LCC( IC) JI •9132278!+0O .2’iO9246E~ O3 •?O 59376E~~e2 •19~52b2E ’~% •8026935E’02 ,71751,33E.’)8
3 •125$925E-04 .65t2di 54~EIO2 •7272O5$E#~~84 .L001100 E— O l. • 55818FI E ” 02 •7361O50 E8~~$5 •7 % 3282 E—05 •46 25514E102 •7’i 49591E ’08
6 •63S9573E—O5 •3302227E102 .7657591E+38
7 •50Lt$ 72E—05 .25 84659E#02 •77605?5E 13S
S •39S1072E O5 . i546232E ’02 •$O 1822OE ~~~8
9 .31S2276E ’05 •1~’i18e5E~O2 •8046705E+28
ii •2511056E 05 .1I6324OE~ O 2 .ei72T81Ei3S Iii •i9 li 262E -O5 •iI 29t 15E s02 •8189 37 1E+18
12 •1584893E—15 •1595054E O1 •8290134E 1O8
13 • I OI IS SI! S5 •554 95$IE. O 1 .8I. 96 ? T ’E f) 8
14 •6309573E -06 ,1?2 0908 E #O 1 •$945e3i~ I 2 e
15 .31S2275E-06 .12 24174E ’Ol •90 66 21E 98

I
I
I
I
I
]
I

78
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