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FOREWORD

The ARIES model was developed by Calspan Corporation (formerly
Comell Aeronautical Laboratory, Inc.) as one task of its System Engineering
Technical Assistance (SETA) contract with the AGM-86A Program Office (RW 86)
of the Aeronautical Systems Division (ASD) of the Air Force Systems Command
(AFSC). The model was defined during the period February 1972 to June 1972
under Contract No. F33657-72-C-0228. Portions of the model were programmed
on the IBM 370/165 computer, located at Calspan, Buffalo, New York, during
the period July 1972 to September 1972 under Contract No. F33657-72-C-1013.
The final testing and checkout of the model computer program were accomplished
on the CDC 6600 computer at ASD, Wright-Patterson AFB, Chio.

This report contains a general discussion of the scope and practical
applications of the model from the Integrated Logistics Support (ILS)
manager's point of view, a rigorous technical discussion of the model for
operations researchers, and a description of the model computer program and its
applications.

Lt. Col. L. Davila-Aponte and Mr. John Burchett of the ILS Division
of the AGM-86A Program Office were the USAF monitors during the development
of the model.

Messrs. E. Pringle and T. Wojcinski and Dr. W. Fryer contributed to
the model computer program development at Calspan's Buffalo, New York,
Advanced Technology Center, and Dr. Sol Kaufman of Calspan's Operations
Research Department at the Center provided technical assistance in the review
and development of the analytic structure of the model.
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ABSTRACT

ARIES is a computerized mathematical model which assists ILS
i managers in their planning. It enables them to optimize recoverable item
component reliabilities, maintenance capabilities, and maintenance strategies --
‘ as well as initial stockage levels for the multi-echelon base-depot supply
system -- while taking into account the corresponding impact upon system avail-
ability and life cycle cost for unscheduled uintenan‘fﬁ/

e ——

kdltem demand is assumed Poisson. There are four alternative main-
rategy choice is a variable in the

tenance strategies for an item, and the
problem. Rather than considering only item's unit cost, the model computes
the item's 10-year life cycle cost fop’unscheduled maintenance. The sum of
ases is minimized, subject to a life

uled maintenance. The item expected backorder

item expected backorders across al
cycle cost constraint for uns
versus cost function can e large regions of non-convexity. The resource
expenditure algorithm-for the model incorporates allocations from these non-
convex regims,u'iirovide solutions near a constraint. The maximum region of
uncertain}yfdr the minimized expected backorder sum is defined, and this

proviq a basis for judging the quality of the resuit.

ARIES evaluates the minimized expected backorder solution to deter-
mine the expected number 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 parameter is a necessary input to the MSCAM model to perform
refined reliability/maintainability trade-offs on the individual items. The
manpower and item stockage level requirements for the individual bases and
depot are determined by the ARIES solution.
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Section I
INTRODUCTION

A weapon system designed to perform near the state-of-the-art in a
performance sense (e.g., in range, speed, accuracy) is a dubious asset if it
is nearly always down because of: (1) equipment failure, (2) a low probability
of repair within an acceptable time interval, or (3) a high probability of a
shortage of the replacement spare parts. Consequently, '"availability'' becomes
an important measure of total system effectiveness. Availability is the
resultant interaction of the quantitative aspects of system component reliabil-
ities, maintainability capabilities, and supply support effectiveness.

Additionally, it is a design goal to achieve an acceptable level of
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
the sum of acquisition, operation, and maintenance costs. This report
discusses a mathematical model that assists the PO in the decision-making
process by deriving system component reliabilities, maintenance strategies,
and deployment stockage levels while taking into account the corresponding
impact upon system availability and life cycle costs for unscheduled main-
tenance.

The technical discussion of the ARIES model (Section IV) was developed
and written in a style suitable for submittal to a professional journal for
review and potential publication. The journal requires that papers be double-
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, Section IV is essentially an unaltered
version of the ''journal-style" paper. The double-spacing offers the reader
additional freedom to make notes and comments within the text of the dis-
cassion.
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The remaining sections of the report were prepared using the con-
ventional reduced line spacing but in a format that is consistent with Section
IV to assist in the ease of reader comprehension. The General Discussion in
Section III has been developed with the objective of minimizing the amount of
technical details while still providing the reader with a sufficient overview
of the model.
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Section I
SUMMARY

This report presents a technical discussion of a computerized mathe-
matical model developed by Calspan Corporation to assist the AGM-86A Program
Office in evaluating and in reducing the logistics costs of the SCAD weapon
system. The model is applicable to other weapon systems that have a logistics
system which is similar to the SCAD base-depot concept.

The ARIES model is used to derive the optimum weapon system logistics
configuration for unscheduled maintenance for recoverable items (Shop Replace-
able Units, SRUs) as a function of system availability and 10-year life cycle
costs.

The features of the model that assist the ILS manager in identifying
and reducing weapon system life cycle costs for logistics are:

Consideration of four altermnative maintenance strategies;

Calculation of life cycle costs (unscheduled maintenance);

Creation of a permanent data base;

Permitting of analyses at various cost constraints without

recalculating the data base;

Use of simple Poisson distribution for demand;

Provision of a resource allocation algorithm that derives

solutions which are within 1 percent accuracy for most

realistic problems;

Relation to operational measures of effectiveness;

® Provision of continuity with the individual SRU reliability/
maintainability trade-off data and model;

e Computation of base and depot unscheduled maintenance
manpower requirements; and

e Provision of useful base summary and item-depot summary output.
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Section Il
GENERAL DISCUSSION

This section presents a general discussion of the requirement for
and the practical application of the ARIES model from the ILS manager's point

of view. The mathematical details of the ARIES model are discussed in Section

IV. ¢

ILS MODELING OBJECTIVES

The military services have been under increasing pressure in recent
years to estimate and reduce the cost of developing, deploying, 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 priori-
ties tends to prevail: (1) cost, (2) performance, and (3) schedule.

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
deployed system. In 1964, the Department of Defense issued Directive 4100.35
describing the Integrated Logistics Support (ILS) concept. Since then, the
Services have been required to consider, estimate, and evaluate the life cycle
costs (LCC) implied by the design alternatives encountered throughout the
acquisition process. By providing improved methods for making trade-off
evaluations early in the weapon systems design phase, attention can be focused

upon reducing life cycle costs before significant funds are committed to a
design or concept.

It has been the objective of the Calspan technical support effort for
the ILS function of the SCAD program to review previously developed ILS
models, to modify/develop appropriate ILS models for SCAD, and to assist in
the implementation of the models. The MSCAM model (originally developed at the
RAND Corporation and subsequently modified by Calspan) has been made availasble
to the SCAD PO to evaluate the reliability/maintainability characteristics of
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individual SRUs (Shop Replaceable lhits). and how these characteristics affect
the life cycle cost, stockage levels, and alternative maintenance strategies.
The ARIES model has been developed by Calspan for the SCAD PO to evaluate the
aggregate effect upon system availability and life cycle costs for all SCAD
SRUs .

LIMITATIONS WITH PREVIOUSLY DEVELOPED ILS MODELS

A review has been made, and is continuing to be made, of previously
developed 1LS models that have been suggested for application to the SCAD
program by organizations other than Calspan. The following paragraphs
summarize the principal limitations of some of the previous ILS models and
emphasize the need that existed for a new model which could improve the SCAD
ILS modeling applications to reduce life cycle costs.

ORLA (Optimum Repair Level Analyeis) Model

ORLA does not employ a stockage level computation procedure that
permits the planner to estimate the stockage cost required to meet a specified
level of system performance. Additionally, the effectiveness of computed
stockage levels is not made explicit. Thus, the costs computed for alternative
repair strategies do not necessarily correspond to the same levels of system
performance. The ORLA model does not include an alternative maintenance
strategy for base-depot repairs.

AFLC Drone-LSC (Life Support Coet) Model

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
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
strategies.

ir'me terms ""SRU" and "item" are used interchangeably throughout this report.
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METRIC (Multi-Echelon Technique for Recoverable Item Control) Model

The METRIC model, developed at the RAND Corporation, provided the
original concept for evaluating all recoverable items in a weapon system on
an aggregated basis while minimizing the sum of total expected backorders
across all bases. However, METRIC has the following limitations: (1) life
cycle costs are not considered, (2) alternative maintenance strategies that
could vary with the level of LCC expenditure are not considered, (3) great
emphasis is placed upon describing the demand distribution (i.e., Bayesian
estimation procedures for the compound Poisson distribution, which entail cal-
culations that are of questionable marginal value considering the likely accu-
racy 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 depct), 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

ARIES is a computerized mathematical model used to derive the optimum
total weapon system 10-year life cycle cost for unscheduled maintenance as a
function of system availability. The operational measure of system availabil-
ity is the expected number of NORS (Not Operationally Ready - Supply) missiles
for the case when complete cannibalization of parts is assumed and for the case
when cannibalization is not permitted. ARIES is applicable to any weapon
system that utilizes the base-depot maintenance concept.

Within ARIES, the measure of effectiveness ''the sum of expected item
backorders across all bases" is minimized in the optimization process. A
demand for an item that cannot be satisfied from base supply is a backorder
or due-out. The expected backorder measurement takes into account the duration
of an unsatisfied demand as well as the fact that it occurred. The process
of minimizing the sum of expected backorders provides a close approximation
to the process of minimizing the operationally oriented NORS measure of
effectiveness (no-cannibalization case).
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The input data to ARIES include: all the individual SRU data, which
are essentially the same data processed individually with the Calspan version
of the MSCAM model; data describing the number of bases and depots in the
problem and the number of missiles at each base; and data defining the con-
straint for total system LCC (unscheduled maintenance).

The ARIES model processes the individual SRU data independently to
derive the optimum stockage levels, maintenance stntegy.' and expected back-
order sum across all bases as a function of the LCC (unscheduled maintenance)
for the item. The resultant data from the individual SRU calculatinns are
stored on a permanent disc file for later processing in the model. The
permanent file eliminates redundant SRU computations and provides a data bank
for future analyses.

Using a resource allocation algorithm, ARIES computes the optimum
logistics configuration for each SRU that will provide the greatest amount
of system availability relative to an input value for total LCC (unscheduled
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 model with the proper execution option, useful summary data
may be computed for each base and also at the depot(s).

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
be merged with the costs for other phases of the system to influence the total
LCC to be optimized. To illustrate, there is a point beyond which increasing
the system acquisition cost of an SRU to improve reliability and maintainabil-
ity characteristics will not be offset by a corresponding decrease in the
unscheduled maintenance cost. '

- :
There sre four alternative maintensnce strategies: base-depot repair,
depot-only repair, base-only repair, and discard upon fai lure.
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While 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., a8 computer system network or a telecommuni-

cations system).

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

An 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 allocation problem 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-cannibalization cases,
decreases as the expenditure for LCC (unscheduled maintenance) increases. The
dashed line in the figure represents the expected backorder curve until it
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.

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
availability 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 missile). 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 Analysis of System Avsilsbility vs LCC for Unecheduled Maintenance

USE OF THE ITEM EXPECTED BACKORDER VALUES

The planner has in effect selected a LCC (unscheduled maintenance)
constraint point after he has performed the analyses discussed above. Corre-
sponding to the cost constraint point, there is a solution that defines the
expected backorder value for each SRU. The SRU expected backorder value is a
necessary input to the MSCAM model to perform refined reliability/maintainability
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trade-off analyses on each individual item. The expected backorder values for
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 SRU. The total
base manpower requirement and the total depot manpower requirement are also

summarized.

COMMON AGE (AEROSPACE GROUND EQUIPMENT)

A limitation with both MSCAM and ARIES is that items are treated
independently; hence, the models do not have explicit logic to take into
account the fact that several items may use common 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 expenses - 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 ome item - It may be appro-
priate to attribute the entire AGE expense to only one item
from among several that potentially could use the same
common AGE. This situation may be justifiable if one :tem
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 accommodating the common AGE expenses.

10
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TYPES OF TRADE-OFFS THAT CAN BE MADE

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

Reliability

o Failure rates

e Operating hours per base per month
Maintainability

e Base and depot AGE

o Base and depot repair capability:

(1) Man-hours per repair
(2) Repair parts cost per repair
(3) Repair turnaround time

Availability
e System deployment concept

e Expected item backorders across all bases

e Expected NORS vehicles
Item Characteristice

e End-item cost

® NRTS (Not Repairable This Station) and condemnation rates.

11
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Section IV
TECHNICAL DISCUSSION

ARIES is a mathematical model for the multi-echelon base-
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 only an item's unit cost, the
model computes the item's 10-year life cycle cost for unsched-
uled maintenance. The sum of item expected backorders across

all bases is minimized subject to a 1ife cycle cost constraint

for unscheduled maintenance. The item expected backorder versus

cost function can have large regions of non-convexity. The
resource expenditure algorithm for the model incorporates
allocations from these non-convex regions to provide solu-
tions near a constraint. The maximum region of uncertainty
for the minimized expected backorder sum is defined and this
provides a basis for judging the quality of the result.
ARIES evaluates the minimized expected backorder solution to
determine the expected number of NORS vehicles for both the
case where complete cannibalization of parts 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 solution.

‘
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THIS PAPER discusses a new logistics model, ARIES, that combines and
extends the features of two previously-developed models to achieve a more
general analytic treatment for the multi-item, multi-echelon supply system
for recoverable parts. The METRIC model o] analyzed aggregate recoverable
item problems while considering only an item's unit cost and parameters that
defined a single maintenance strategy for the item for all ranges of resource
allocations. The MSCAM (Manpower, System support Cost Analysis Model) mode1(:1d
has as its objective the analysis of an individual recoverable item for each
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.

The military services have been under increasing 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
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
priorities tends to prevail: (1) cost, (2) performance, and (3) schedule.

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-
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 the life cycle costs
(LCC) implied by the design alternatives encountered throughout the acquisi-
tion process. By providing improved methods for making trade-off evaluations

13
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early in the weapon systems design phase, attention can be focused upon
reducing life cycle costs before significant funds are committed to a

design or concept.

Within the SCAD (Subsonic Cruise Armed Decoy for the B-52 aircraft)
program, the MSCAM 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
MSCAM 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 relate to an operational 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
be merged with the costs for other phases of the system to influence the total

LCC to be optimized. To illustrate, there is a point beyond which increasing

_ ~ h‘

J
|

the system acquisition cost of an SRU to improve reliability and maintainability l

characteristics will not be offset by a corresponding decrease in the unscheduled

maintenance cost.

While ARIES was developed for use in analyzing the logistics of a

weapon system, the model would be 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 telecommumi-

cations system.
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MODEL OBJECTIVES

ARIES is a computerized mathematical model to assist the ILS manager
in the decision-making process for optimizing system component reliabili-
ties, maintenance strategies, and deployment stockage levels while taking
into account the corresponding impact upon system availability and LCC for
unscheduled maintenance. For brevity, the term LCC shall refer to life cycle
cost for unscheduled maintenance for the remainder of the paper. Subject to
a given cost constraint, ARIES minimizes the expected sum of item backorders
across all bases. The operational measure of effectiveness to which availa-
bility is best related to by operational personnel is the expected number of
NORS (Not Operationally Ready - Supply) vehicles. The solution for the expect-
ed backorder result can be evaluated to determine the corresponding expected
number of NORS vehicles. By the systematic evaluation 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
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
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 item data when the same basic system is under

study and only a few parameters are being changed.
MODEL ASSUMPTIONS

The mathematical assumptions describing the structure of the model are
given below. Since many of the assumptions are the same as those previously
described for METRIC(8], only a brief mention of them will be made here to de-
fine the problem.

15
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Item Demand Is Poisson

The probability distribution characterizing item demand arrivals is
assumed to be Poisson. Considering the typical accuracy of item failure
data that is available, particularly 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-Echelon 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.
Four Altermative Maintenance Strategies

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, (D); repair at the base only, (B); and

no repair-discard upon failure, (NR).

When a demand occurs at the base, it will be repaired there with proba-
bility 1-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 compute an item's expected
backorder sum, it is necessary to estimate the average depot resupply time.
The depot resupply time is the sum of the average delay for depot repair and

the round trip base-depot-base order and shipping time. For the B and NR
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strategies, the "depot repair time" is equal to the average factory re-

order time for the item.
(e-1,8) Policy at Base

The one-for-one replacement inventory policy, (s-1,s), is assumed at

the bases.
Condemnations

For the B and NR maintenance strategies the condemnation rates are r
and 1.0, respectively, and, hence, base condemnations and subsequent depot
replacements are treated by the (s-1,s) policy. The condemation rate at
the depot for the BD and D strategies is an input parameter that is usually
under 5 percent. The model considers the effect of condemnations for the

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

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

No Lateral Resupply

Simplifying the problem is the assumption that there is no lateral
resupply among the bases. During the planning phase, it is not Air Force

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

Item Demand Is Stationmary During the Life Cycle Period

While this assumption may be more difficult to accommodate 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
cycle period is relatively constant.

Reeupply Time Ie Independent of Demand

The time to resupply an item at the base or depot is independent

of the demand occurring (infinite channel queueing wodel).

17
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Base-To-Depot Item Demand Can Be Pooled

The net effect of the demand from all the bases to the depot can be
pooled to form a resultant new Poisson distribution. The depot demand rate

is the sum of the individual base-to-depot demand rates.
Equal Base and Item Esgentialities

ARIES is presently structured to treat each base and each item with

the same importance. Any item can cause a NORS.
Minimum of One Unit of Stock Per Item

The model assumes the system has a minimum of at least one unit of
stock per item in inventory. This assumption facilitates computing the
minimum LCC for the system and the corresponding expected NORS. Logistics
planners indicate that operational managers would require there be at least

one unit per item in inventory.
Minimiazing the Sum of Base Expected Backorders

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
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 provides
an excellent approximation to the process of minimizing expected NORS

for the case when there is no cannibalization.
INPUT DATA

The input data to the model can be categorized into data that is
common to all items, individual item data, and peculiar problem data. The

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

18
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necessary to compute the non-recurring and recurring costs that go into

the LCC computations.
Data Common To All Items

Total operating hours for all vehicles at each base per month.
Base-depot distancee and order and shipping times.

Base and depot manhour cost rates.

Packaging and shipping rate costs.

Ten-year uniform series present worth factor. This factor is neces-
sary for combining the annual recurring cost with the non-recurring cost

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

Item Data

Failure rate. The equipment "on" and "off" time failure rates are
reduced to one number that when multiplied by the total vehicle operating
hours and the number of item units per vehicle yields the expected item

demand per base per month.

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

AGE installation and set-up coet.

Annual operating and maintenance cost per AGE.

Average number of hours that depot AGE ie used per repair.

Item unit coet, shipping weight, NRTS rate, and condemmation rate.

Base and depot average repair time manhours.

Base and depot average repair turmaround timee.

Base and depot repair parts cost per repair. This is the cost of
consumable parts per repair.

Average base manhours to deteot, to remove, and to replace a failed item.

19
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Proportion of repaire performed by each of the base labor skill categories.

Number of pagee of technical data.

Procurement lead time.
Number of unite of the item used per vehicle.

Problem Data

Lagrange multipliers.
LCC and sum of expected backorder oomstraints.

Number of vehicles at each base.

A discussion of the calculations that go into computing the LCC is
found in reference 5. Briefly, the non-recurring and recurring costs are a
summation of the costs for stockage, AGE, transportation, and repair (labor
and materials). The ARIES model has provision to accommodate a fraction of
the BD and B maintenance strategy base repair and AGE costs for the D and
NR 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

or discarded.

ANALYTIC STRUCTURE OF ARIES

'.b
The model has three principal logical steps. The first step performs

a sub-optimization to derive the individual 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.

Mathematical Problem Definition

ARIES solves either of two single-constraint problems that require

20
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non-negative integer solutions. Define 3(’10"1j"1) to be the expected
backorders for item i at base j when the depot and base have been stocked
with initial spares of S50 and ’ij’ respectively, and the maintenance strategy
is m,, (i=1,2,...,I). Also, define LCC (’10' $i10 cve 0 Sige 'i) to be the
LCC for item i when the spare units are allocated $i0° %41° "’ Sig to the
depot and bases 1, 2, ..., J, respectively and the maintenance strategy is

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

Having indicated the dependence of expected backorders and LCC on the

SRR A B R

simplify the notation by suppressing the latter variables, i.e., 81 3 for
B(sio. sij’ '1) and l.(:(:i for LCC(sio. S{10 S42° *ce0 Syp0 .i)‘ The two
optimization problems are the following: Find the allocation {sij; l1<i<1,

T e O DR

0¢j< J} and maintenance strategy {mj; 1 <i<I} which

minimizes Z Bﬁ (1)
i,

subject to Z I.CCi <C,
i

where C is a constraint for the system LCC. Alternatively, find {sij] and
[-:l] which
mininizes ), LCC, )
i

subject to z B.. < B,
0

where B is a constraint for the total system sum of expected backorders
at the bases and Bij and u:(:1 are defined as in problem (1). Discussion will

center about problem (1) since it is generally the one of principal interest.
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It has been shownle] that problems (1) and (2) can be reformulated
into the form of equation (3) when the item expected backorder-LCC func-
tions are convex. In the case of ARIES, we are using the item LCC instead
of the item unit cost, but this in no way affects the validity of equation
(3). Thus, find (sij} and (m,} which minimizes

where A > 0 is an unknown Lagrange multiplier. Since F can be treated
as a separable cell integer programming problem, one can take advantage

of restricting attention to one item at a time: minimize
P, = ) 8.+ ACC, (1s=1,2,....1). 4
i 3 ij i

Summing the F,, F =) F,. The multi-echelon theory that derives the basic
expression for aij is presented in [g]. A theorem, useful for computational
purposes, on the recursive expression for an item expected backorder

sum is given in the appendix.
Item Expected Backorder-LCC Function

To facilitate solving equation (4), it is first necessary to calculate
for each item and for each of the four maintenance strategies the set of
allocations which are undominated - in the sense that each point ( Z Bij’
Lcci) of that set in the expected backorder—LCC plane is either belo{v or to
the left of every other allocation point. This set is called the item expected
backorder--LCC function (pure maintenance strategy). Figure 1 illustrates
how the four pure maintenance strategy expected backorder versus LCC
discrete functions could look for an item. The functions are monotonically
decreasing and, in this example, they alternately dominate each other at

different regions over the range of LCC.
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Fig. 1. Sum of Expected Backorders vs LCC for Each of Four Alternative Maintenance
Strategies for Item (i)
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The model collapses the four functions into one suboptimal expected
backorder sum-LCC function for item i; call it (¢ in} where 7, represents
the expected backorder-LCC pair ( 2 B1 §* LOCi) at the nth point in the

undominated set in the direction of increasing LCC. The circled points

in Figure 1 illustrate the undominated set in the example. Within the
computer program for the model, a large savings in computation is realized
by testing whether a previously-calculated strategy dominates the one
under current processing. ARIES conput;s the strategies in the order of
BD, D, B and NR and this is generally the order of decreasing selection

frequency.
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Convexification of the Item Expected Backorder-LCC Function

Unfortunately, it turns 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,
(2) a change in maintenance strategy, or (3) a disportionate reduction in

expected backorders because of unequal base demand rates.

The item expected backorder-LCC function {;in} is modified to form
a new function {c;p} that includes only those of the originally defined
points that are on the lower left boundary of the convex hull of {cin}.
The new consecutive sequence of points of increasing LCC are indexed by

the subscript p.
Iteration To a Problem Constraint

In the second principal logical step there are three stages in the process
of minimization under a problem constraint. For a given Lagrange multiplier A
and the convex functions {C{P}. (i = 1,2...,I), equations (3) and (4) may be
solved, i.e., minimize the F, and, thus, F. This solution is representable
by the I-tuple of integers (pl. Pys coes pl) identifying the selected points
from each item expected backorder-LCC function, i.e., ( ( Z sij)pi' (Lcci) pi).
If equations (3) and (4) are solved for a given set of Ak’ (k = 1,2,...,K), then
a test can be made to determine between which two A 8 problem constraint is

met; call the two bounding Lagrange multipliers An-l and An.

24 .

— — —

[

[k |




o

The model employs incremental marginal allocation with the functions
{Cip} starting from the point in resource expenditure defined by the solu-

tion at Xn_ The marginal allocation procedure iteratively selects and

1.
allocates to the item i for which the quantity ‘i’ as given by equation

(5),is a maximum and stops when a constraint would be first violated.

Whenever an allocation is made, q = P; is increased by one. The solu-
tion generated by the marginal allocation with 01 is an optimal allo-
cation of resources for its corresponding expenditure (or expected back-
order sum); however, the solution is not, in general, optimal for the
problem constraint.

Starting with the solution determined by marginal allocation with N
from equation (5), a heuristic marginal allocation algorithm is next
applied, but now using all points from the original functions {cin} . The
procedure iteratively selects and allocates to the item i for which the
quantity ei, as given by equation (6), is a maximum until there is no

remaining item allocation left that will not violate a constraint.

o, = [( ; By« { 2,: 8350}/ [(LCC), - (LCC;), ], where ten,. (6)

Whenever an allocation is made, ten, is increased by one. The I-tuple of
integers (“i’"Z"”'"I) identifies the solution at any point in the final
allocation process.

The final marginal allocation precedure does not guarantee that the exact
optimal solution will be found since allocations may be made from non-convex
regions of the {‘in} functions. The maximum region of uncertainty for the mini-
mized expected backorder sum can be defined, and this provides a basis for
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evaluating the quality of a resulting solution. Using the (cip} functions and
a sufficiently large set of Ak’ 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) No solution corresponding to either the convexified functions {c;p}
or the original item functions {cin} can occur below the connecting

convex polygonal line.

f O - LAGRANGIAN SOLUTIONS
0 - HEURISTIC MARGINAL ALLOCATION SOLUTIONS

£ - MAXIMUM AREA OF UNCERTAINTY FOR
OPTIMAL SOLUTIONS FOR ORIGINAL .
ITEM FUNCTIONS, (5, }

~ MAXINUM AREA OF UNCERTAINTY FOR
AN L SOLUTION TO A PROBLEM
COST CONSTRAINT.

N - e e ==

cost
CONSTRAINT
— e
X oo,

Fig. 2. Maximum Areas of Uncertainty for Optimal Solutions Using the Original Item
Expected Backorder — LCC Functions

Property (i) follows from the fact that when the Lagrange multiplier

formulation is applied incrementally (iterative marginal allocation) to a

26

' ! i

— ad

[

(R~




IS

&
i
§

set of convex functions the resultant solutions constitute a new function
that is also convex, i.e., the function and slope will be monotonically
decreasing and increasing, respectively. Property (ii) is true for the
(c{p} functions by the very nature of Lagrangian analysis providing an un-
dominated sequence of solutions. Property (ii) is true for the {ci“} func-
tions since allocations from non-convex regions must lie above and to the
right of the tangent lower bounding hyperplanes (convex polygonal line in

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

(Z Bi" Z LCCi) space.[zl
i,j 90T

By connecting the Lagrangian and the final heuristic marginal alloca-
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
region of maximum uncertainty for optimal solutions when considering the
original item expected backorder-LCC functions {cin}. The maximum region
for uncertainty for the solution corresponding to a cost constraint is
illustrated in Figure 2 by the cross-hatched area. The difference between
the solution that is obtained and the theoretical minimum possible expected

backorder sum is denoted by A8 in the Figure.
Expected NORS Evaluation

The third principal logical step in the model takes the item stockage
levels corresponding to a problem constraint n;nilizod expected backorder
sum solution and computes the expected number of NORS vehicles for both the
case when complete cannibalization is assumed and the case where there is

no cannibalization. The sum of expected NORS 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, define wj by the following expression:

e max(Bij/ui), @)
l<icl
where ug is the number of units of item i used per vehicle. The item
in shortest supply at base j is defined as that i which maximizes the
expression in equation (7). Summing wj over all the bases yields the ex-

pected NORS for the cannibalization case
F.(NORS)c = ; \l'j. (8)

Contrary to Sherbrooke's tentative conclusion[9], the process of minimizing
the sum of expected backorders provides only a fair approximation to the
process of minimizing E(NORS) c* Attacking the minimization of E(NORS)C more
directly with a final allocation algorithm that identifies the next expendi-
ture by selecting the item that has a maximum for the quantity z B ij /ui , one
tends to generate cost constraint solutions that have a significarjltly 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). Miller[‘] has shown that the E(NORS)C
cost function is convex when restricting the solution to {ci'.p} and that any
one of several non-linear programming techniques could be applied to find the
optimum. The example discussed in a later section illustrates the extent of
the B(NORS)C 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 NORS for the case where no canni-

balization is assumed, E(NORS)M, it was considered sufficient and practical
28
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to use the algorithm that employes Z Bij/ui in the model as an approxi-

mation for the minimum value of E(NORS)C.

Underlying the Air Force reliance on E(NORS)nc is the concept that can-
nibalization should only be used as a fall-back technique in the event that
actual item demand and/or resupply times are higher than previously anti-

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

Let P

1 Pr (the first unit selected for item i on a random vehicle
at base j is backordered),
P, = Pr (the second unit selected for item i on a random vehicle

at base j is backordered|first unit is not backordered),

th

P. = Pr (the uy unit for item i on a random vehicle at base j

is backorderedlthe previous ui-l units are not backordered),

#nd
vj = the number of vehicles at base j, then
P, = Bi'j/vjui, P, = B'i'j/(vjui-l), cees Py, = Bij(ui)/[ui(vj-l)d], (9)

where 4;‘1) is the expected backorders for item i at base j when the demand rate

Aij is decreased by the fact-- (vjui-hl)/vjui. Assuming independence of item

unit demand, the probabilit, it a vehicle is not NORS due to item i at base
Aij’
k-u:l (10)
A, = 1T (1-P,). 10
ij k=1 k

Since it would require extensive computations to calculate Pz. Ps. N s P“i’
and the decrease in the numerator will be approximately equal to the decrease

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

Assuming item demand independence, the probability
29
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a vehicle is not NORS at base j is 7nr Ai. where,
i
u,
LETE Tfu-eij/vjui) i (11)
i i
Hence, the expected total number of NORS vehicles across all bases is
given by equation (12).

E(NORS)__ = L v, ?TAiJ.) (12)
j i

The E(NORS)nc 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)nC. This fact can be shown by examining

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

all u, = 1, then

B. . B2j ‘ BI
E(NORS) _ = ZJZ v;[1-01- ;;J-) L —J-J]

=i7:jai Z. PNERLY Z LA

B
i<k ,- jeken 137KI Bej

I1-1
PR z —(%%T_ Wsij (13)
S

Since all Bij < Vj’ E(NORS)nc is equal to the sum of expected backorders minus

the sum of terms involving increasing orders of Bij/vj up to the order
I-1 in the last term. The effect of having some u.>1 is to increase the

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

E(NORS) _ # E:j By (14)
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If the item demand rates remain unchanged but the number of vehicles vj

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

expected backorder sum and E(NORS)nc.

EXAMPLE

Consider a problem with 16 items, 17 bases, one depot, all u; = 1,
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
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
are summarized in Tables I and II. The first cost constraint dictates the
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
the point where there is very little improvement left that can be made in

system availability. There are three alternative allocation algorithms

presented in Table I and they are defined below:

Algorithm 1 - Using only the points on the convexified item functions,
{Cip} , marginal allocation, i.e., equation (5), is employed until

a constraint would be first violated.

Algorithm 2 -Starting from the algorithm 1 solution and using the
item functions {c{p} , repeated marginal allocations are made
until there remains no item allocation that would not violate a

constraint.

Algorithm 3 -Starting from the algorithm 1 solution and using the

original item functions {cin}. repeated marginal allocations are
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TABLE I

COMPARISON OF ALLOCATION ALGORITHMS FOR MINIMIZING
THE SUM OF EXPECTED BACKORDERS

CosT SUM OF MAXIMUM PERCENT POSSIBLE E(NORS) .
CONSTRAINT EXPECTED BACKORDERS REDUCTION FOR SOLUTION
$M 1 2 3 1 2 3 1 2 3
3.5 1626 |16268 |1628 023 0.23 023 1498 | 1498 1498
o4 1121|1116 |16 0.62 0.12 0.06 108.0 | 1065 (1064
96 903 | 8.1 | 865 5.63 0.76 0.06 863 | %25 | 819
] 67.0 | 68.7 | 688 0.65 0.12 0.07 648 | 644 | 644
L 427 | 426 | 426 0.27 0.08 0.08 419 | .18 | 418
100 29 | 79 | 277 4.30 0.76 0.19 284 | 275 | 273
102 1727 | 178 | 176 0.80 0.14 0.07 175 | 174 | 174
104 117 | 110 | 108 8.37 138 024 116 | 109 | 108
108 80| 662| 662 290 0.27 0.20 678 661| 6.60
108 347| 347 3@ 0.07 0.02 0.02 347| 348| 348
110 240 220] 210 14456 4.88 0.26 239 219| 210
TABLE I

COMPARISON OF ALLOCATION ALGORITHMS FOR MINIMIZING
THE SUM OF EXPECTED NORS WHEN CANNIBALIZING

COosT E(NORS), TOTAL NUMBER OF 4 LCC UNDER
CONSTRAINT UNITS OF STOCK CONSTRAINT, $
M 1 2 3 4 ] 1 2 3 1 2 3
038 33 1333 {333 |83 (333 16 1 ] 790 70 | 790
| ] 202 (202 (202 |168 | 158 74 n” n 21863 | 1263 4
] 166 (166 [14.7 | 1.7 |17 123 1“7 13% | 223,038 469 | 2,118
L] 119 |19 119 |12 |10 m 179 182 28801 | 1502 | e84
L 892 | 812 | 812 | 812 | 8851 282 | 283 283 13,442 642 | 642
100 781 | 781 | 678 | 8.28 | 6.12 3% | ™ 324 165,532 | 4,233 | 2,46
102 437 | 417 | 497 | 34 | 204 3 | 378 | I 33,362 | 2,008 110
104 214 | 214 | 294 | 190 | 198 427 | 450 | 436 | 367,007 | 4088 | 967
108 200 | 200 | 192 | 158 | 1.8 488 | 408 | 404 97494 | 1,760 | 1,474
108 060 | 060 | 000 | 000 | O.08 674 | 678 | 676 2877 497 | W7
110 088 | 086 | 080 | 041 | 043 620 | oo 633 | B16,841 678 | 440
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made until there remains no item allocation that would not

violate a constraint.

Algorithm 1 corresponds to the best Lagrange multiplier solution that
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
examining how much is gained by using the non-convex regions of the item
functions {cin} in the solution. The columns in Table I for 'Maximum Percent
Possible Reduction for Solution' are related to AB that is illustrated in
Figure 2. For this example, the maximum percent possible reduction in expected
backorder sum for algorithms 1, 2, and 3 were less than 15, 5, and 0.25 per-
cent, respectively. For a different problem (that is not presented in this
paper) that had many items with u;, > 1 , the corresponding results were 25,
5, and 1 percent for the three algorithms. Based upon these two representa-
tive problems, it would appear that ome ocould ezpect the application of
algorithm 3 to yield solutions within 1 percent acouracy in most realistic
situations. In general, logistics systems will have more than 16 SRU's and
this would further reduce the likelihood of a significant impact on the

solution arising from the non-convexities in the individual item functions
(Cin}’
In addition to algorithms 1, 2, and 3, Table II has algorithms 4 and

5 to compare the E(NORS) e values to the approach when allocations are se-

lected on the basis of the item that has a maximum for the quantity Z Bij/"i'
J

Algorithm 4 -Starting at the given input Lagrange multiplier which is an
upper bound on the constraint, Ag.1» 8nd using the item functions {cm}.
the next allocation is selected by taking the item that has a maxi-
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mum for the quantity ?; Bij/ui and continuing this process until

there is no item allocation remaining that will not violate a constraint.

Algorithm § - The same procedure as algorithm 4 except that the starting

point is Ak' where k = max(m-2, 1).

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

sum of expected backorders does not necessarily minimize E(NORS)C. At
various constraint points algorithms 4 and/or S have a value for E(NORS)c
significantly lower (up to 31 percent) than algorithm 3. For the problem
that is not presented in this paper that has many u, > 1, the results are
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-

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
coincides with the E(NORS)nc curve. Thus, for LCC expenditures beyond
$98 M, the value for E(NORS)nc could be approximated by the expected back-
order sum with very little error, i.e., the application of equation (14).
The bottom (g) curve in Figure 3 represents an approximation to the min-
imum value for E(NORS)c and is selected as the minimum value between the

solutions for algorithms 4 and 5.
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Notice that the g-curve is not convex; this is due to either the solu-
tion being obtained from the non-convex functions {;i'p) or the heuristic

nature of algorithms 4 and 5, or both.

If one addresses the difficult problem of rigorously defining and
solving the problem of considering '"some" cannibalization, he soon finds
it mathematically intractable. 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 interpolation between E(NORS)“c and E(NORS)C; thus,
l‘:(NORS)'x = xE[NORS)c + (l-x)E(NOl?‘S)“c . (15)

Curves ¢, 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 instructed to consolidate

the backorders from x proportion of the NORS vehicles onto the remaining 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
partial cannibalization problem provides planning factors of sufficient accuracy

for wmany applications.

MODEL USAGE

The princi'ml logistics planning tool that evolves out of the use of
the model is the expected NORS versus LCC functions depicted in an illustra-
tion like Figure 3. In using the figure, the analyst wants to select a design
point on the curve that at least meets the weapon system's specification for
logistics availability and also takes into consideration the marginal return
from additional logistics investment, i.e., the marginal expenditure for
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Z LCC; to reduce the expected NORS by one does not exceed the life cycle

i
cost to procure an additional vehicle.

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

at a cost constraint of $106M.

A limitation with both ARIES and MSCAM is that items are treated independent-
ly and, hence, the models do not have explicit logic to take into account the
fact that several items may use common AGE. Three approaches are identified

below to assist in remedying this situation.

Grouping iteme - 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

the model as if they were one item.

Prorating AGE expenses -It may be possible to estimate the proportion-
ate 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 ome item -It may be appropriate to
. attribute the entire AGE expense to only one item from among several
that potentially could use the same common AGE. This situation may
be justifiable if one item has been planned for AGE-assisted repair

in any eventuality.
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It may be necessary to iterate through the solution several times to

arrive at the proper procedure for accommodating the common AGE expenses.

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

analyses according to the following categorization:
Reliability
e Failure rates

e Operating hours per base per month
Maintainability
e Base and depot AGE
e Base and depot repair capability
1. Manhours per repair
2. ; Repair parts cost per repair
3.j Repair turnaround time
Availalility
o System deployment concept ?
e Expected item backorders across all bases
o Expected NORS vehicles

Item Characterietiocs

e End-item cost

® NRTS and condemnation rates

The model has an option to compute the unscheduled maintenance manpower

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




depot manpower requirements and depot AGE utilization rates are calculated

SRR TR R IR S o

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

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

The computer program for ARIES is written in FORTRAN IV for both the
CDC 6600 and the IBM 370/165 computers. The program has three basic execu-
tion sections that correspond to the three previously-discussed logical
steps. The first execution section processes the item data to generate the

individual item functions (g in} . The common item data, the item data,

¢
v’n’
%
!
§
§
§
;
:

and the {cin} functions are stored on a permanent disc file for later usage.
The program has a data management capability to add, subtract, or modify

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

The second execution section solves the resource allocation problem
subject to a single constraint by first testing to see between which two
input Lagrange multiplier constants the solution would lie. The combination
Lagrange multiplier and final marginal allocation algorithm reduces the
number of calculatims over that of simply using marginal allocation the
entire way for each constraint. The third execution section solves for
the eicpected NORS and has the option to summarize the solution for each base
in the system. A more detailed discussion about the ARIES computer program

is contained in reference 11.
CONCLUSION

The ILS effort can be assisted in its function to identify and reduce
the logistics life cycle cost for a weapon system by employing an aggregate
item model such as described in this paper. The model provides a general

analytic treatment for optimizing the multi-echelon logistics system for
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unscheduled maintenance by incorporating the following features:

Treats four alternative maintenance strategies for an item

as a variable in the problem;

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;

Creates a permanent data base that permits analyses at various

cost constraints without having to recalculate the entire data base;
Relates to an operational measure of effectiveness for availability-
expected NORS;

Provides continuity with the individual SRU reliability/maintaina-
bility trade-off data and model;

Computes base and depot manpower requirements; and

Provides useful resource allocation and performance data for each

base and by item.
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APPENDIX
A convenient recursive computational technique to reduce calculations,
and to prevent underflow problems in the computer program when either the
item demand (AT) or the spare stock (s) is large, for the expected back-
order function is given by the following theorem:

THEOREM. Let & be the spare stock for an item where demands are described
by the Poisson distribution with mean arrival rate ) and the resupply (repair)
time is drawm from an arbibrary dietribution ¥(t) with mean T, then the
expression for the recursive relationship for the expected mumber of back-
ordere is

B(s+l) = B(s)-a(s)+v(s),
where (16)

B(0) = AT, a(0) = 1, v(0) = &7,

a(s) = a(s-1)-y(s-1), and

Y(s) = v(s-1)AT/s.
Proof. Sherbrooke[8] has . shown that g (s) can be described by the expres-
sion given by equation (17)

k=

B(s) = Y (k-s)p(k[AT) ,
k=s+1 an

where p(k|AT) is the compound Poisson probability function for demands occur-
ring during a mean resupply interval, T. Using the notation p(k) for p(k|AT)

=-AT

and noting that for the simple Poisson p(k) = (A‘l‘)ko /k!, then the expansion

of equation (17) yields




k=w k=s

subgwnm- gwhmn-sz pM+52 IM)U&

k=s. k=s
«AT- ) kp(k) -s+s)  p(k
k=0 k=0
k=s-1
=AT -5+ ) (s-k)p(k)

k=0
k=s-1
s esee e ¥ (s:k) O ¥ /K

k=0

Thus, 8(0)=AT and 8(1)-AT-10¢-AT-8(0)-0(0)+y(0),where «(0)=1 and y(O)te-AT.

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

for s

B(s+1)=AT-(s+1)+e T 2:*"(s+1-k)(xr)k/kz (19)
k=0
AT-see T ¥ K571 (5x) on¥/ki-11-e Z"’s'l(mk/k:]
“ke0 k=0
ATomS)st.

Define a(s)=a(s-1)-v(s-1) and Y(s)=Y(s-1) AT/s, then

B(s+1)=B(s)-a(s)+Y(s)
The terms a(s) and Y(s) are readily updated as the value of s is incre-
mented by one. At each value of s, the quantity Y(s-1)AT/s is tested against

the minimum permissible positive number for the computer,e. A value below
e would cause "underflow"; thus, in the computer program

y(s)= éY(s -1)T/s if v(s)AT/s>e;

nﬁ_f‘d 0 o oy N i
SN 5 o;? g otherwise.

¢ G o

Sotting y(s) to zero when underflow would have occurred does not affect the

value of B(s+1) for lost realistic situations since € <10 =75 in typical

v

scientific computer systems.

42

o e b ] el e b b

d




3
=
g

ACKNOWLEDGEMENT

ARIES was developed under USAF Contract F33657-72-C-1013 for the

AGM-86A Program Office, AFSC, Aeronautical Systems Division,

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

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

significant improvement in the approach and presentation.

3.

REFERENCES

Brooks, R.B., Gillen, C.A., and Lu, J.Y., "Alternative Measures of
Supply Performance: Fills, Backorders, Operational Rate, and NORS",
RM-6094-PR, The RAND Corporation, August, 1969.

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.

Feeney, G.J., and C.C.Sherbrooke, '"The (s-1,s) Inventory Policy Under
Compound Poisson Demand,'" Management Sci., Vol. 12, No. 5, January,
1966, pp. 391-411; also published by the RAND Corporation, RM-4176-
1-PR, March, 1966.

Fox, B.L., "Discrete Optimization Via Marginal Analysis', Management
Set., Series A 13, pp. 210-216, November 1966.

Kaplan, R.J., Lu, J.Y., and Paulson, R.M., "SCAM: A System support Cost
Analysis Model", RM-6049-PR, The RAND Corporation, November, 1969.

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

Criterion," Opns. Res., Vol. 19, No. 6, October 1971, pp. 1467-76.

43

§
%
»
¢




PR—

e ————— ra—

10.

11.

12.

Rose, M., 'The (S5-1,S) Imventory Model with Arbitrary Back-Ordered
Demand and Constant Times', Opne. Res.,Vol. 20, No. 5, September-

October 1972, pp. 1020-32,

Sherbrooke, C.C., "METRIC: A Multi-Echelon Technique for Recoverable
Item Control', RM-5078-PR, November 1966; also Opns. Res., Vol. 16,

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

» ""An Evaluator for the Number of Operationally Ready

Aircraft in A Multilevel Supply System", Opne. Res., Vol. 19, No. 3,

May - June 1971, pp. 618 - 35,

Simon, R.M., '"Stationary Properties of a Two-echelon Inventory Model
for Low Demand Items', Opns. Res., Vol. 19, No. 3, May - June 1971,
PpP. 761-73,

Vanarsdall, D.P., '"Discussion of the ARIES (Aggregate Recoverable Item
Evaluation System) Model and Computer Program', Report TA-5175-Q-18,
Calspan Corporation, June, 1973.

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,

1969. E
p
44
% T Y
o o S & N
e SRR




-

Section ¥
COMPUTER PROGRAM

This section presents a technical discussion of the computer program
for the ARIES model. The topics discussed include: program logic organization,
input data requirements, output displays, typical program usage, definition
of variables, and computation techniques. The discussion centers around the
version of the program that runs on the CDC 6600 computer at ASD. There is
another, similar version of the ARIES program that is programmed for the IBM
370/165 computer.

PROGRAM LOGIC ORGANIZATION

ARIES is a large optimization system that is composed of submodels
for performing specific computations. Therefore, to describe the analysis
structure of the system, reference is made to Figure 4, which is an overview
flow diagram of the system., The following discussion describes the input,

>

:
17
i
e

logic, and output for each module.
Module 1 - MSCAM2

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 (BO) and the
corresponding life cycle costs, LCCi. The input data to Module 1 are essen-
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 u:ct increases. The corresponding initial base-
depot stockage levels are also determined as a result of the computation in
Module 1.

i
' Module 2 - Optimum Item BO-LCC Funotionm |
|

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 BO-LCC functions to one optimum function for the item, {Q.}. The
' ‘48
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resultant function defines the minimum cost (also, the maintenance strategy
and the base-depot stock levels) corresponding to a given value for the item

expected backorder sum,

After the {(M} function is computed, the ratio 6, from equation (6)
is calculated for each (BO, LCCi) data point beyond the first, For those
points that are not on the lower boundary of the convex hull, the value of 6,
is multiplied by -1 to convey a non-convexity signal and the 6, value within
one computer word., Using only those points on the lower convex hull boundary,
the values of ¢, are computed using equation (S). The parameters &; and &;
are used in Module 3 with the Lagrange multiplier and marginal allocation
techniques. The output from Module 2 and the item input data are stored on
random access disc for later usage,

Module 3 - Determination of the Region Where a Constraint is Met

Utilizing the principle of Lagrange multipliers, the smallest ¢‘ for
item i that is equal to or greater than specified Lagrange multipliers A, ,
(k=1,2,...,15) is noted ¢‘; 4 and stored (with the corresponding 87, and
ic¢;,) for subsequent use in determining the total system expected backorders
and LCC. For each A, , the total system expected backorder sum and LCC are
computed by equations (20) and (21), respectively.

Total system = :
expected backorders ‘Z 80« (20)
Total systea ?

Lce = %:' LCC,y (21)

Module 3 tests to determine between which two A, a constraint is met
for either total LCC or total expected backorders, or both; call the two
bounding Lagrange multipliers A, , and A, . Module 3 prints out the total
LCC and the total system expected backorders for each A; .
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Module 4 - Compute Solution at Conmetraint

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:

Initialize the sum of system backorders and total cost
by summing the individual item backorders and cost at A’
where p = mex(/,m-7), and 4, is where a constraint is
met in Module 3.*

Using marginal allocation, select the item which has the
largest ratio of marginal decrease in expected backorders
divided by the marginal increase in LCC to obtain an expected
backorder reduction (i.e., ¢; from equation (5)).

Test to see if a constraint would be violated: if yes,
go to step (5); otherwise, go to step (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 ¢ , go to step (2); otherwise,
go to step (5).

Using marginal allocation, select the item which has
the largest 6, value (i.e., from equation (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 variations of the marginal allocation

technique.

(Refer to Section IV for the definitions and to Card Group IX

(Table IV) for the input data format.)
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The benefit of using the Lagrange multiplier technique in conjunction
with marginal allocation is that a large reduction can be made in the number
of calculations while a solution can be approached that is very close to
optimal for the constraint.

Module 5§ - Calculate Base and Item-Depot Summaries

The solution computed in Module 4 defines the item maintenance
strategies {n‘-;fsisl}and the base and depot stock levels {s‘-J- ; for all ¢ and
J } . Using the item input data and the item problem solution data, modified
versions of MSCAM-type submodels are employed to compute useful summary data
for each base and also at the depot. Tables VI and VII (which appear later
in this section) illustrate how the output data would be arranged for the base
and item-depot summaries, respectively. The expected number of NORS 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 subroutines. Figure 5 shows how the sub-
routines interface. Table III summarizes the function of each subroutine and
gives its location in the program--i.e., overlay, overview logic module, and
program execution section (discussed in the next subsection below).

Program Execution Sections and Disc Data Filee

A convenient way to visualize the ARIES computer program is to
consider the program as consisting of three execution sections, The first
section processes the item data to generate the individual expected backorder-

LCC functions, {§;,] . Section I corresponds to principal subroutines STOCK
and CAL. The item data are stored on disc file 8 and can be treated as a

permanent data file.
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TABLE II
FUNCTIONAL DESCRIPTION OF ARIES SUBROUTINES

ST

OVERVIEW
LOGIC MODULE

1.8

1,8

PROGRAM
EXECUTION
SECTION

Lm
Lm

BRIEF DESCRIPTION OF FUNCTION

OVERLAY SUBROUTINE
(ACSN, 0, 0) ARIES 1 Lom Mein program control

Compute expected beckorders across
ol beses

Compute fraction of depot repeir
time delay

(ACSN, 1, 0)

%

CAL

LB

CAL

NN - o

o pd Pt bt P o

Compute NR strategy LCC
Comgute optimum item function (. ]
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Execution Section II corresponds to subroutine SETA in the program.
SETA reads file 8 twice. SETA generates two temporary disc files for inter-
mediate calculations, File 9 is used to store the data from 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 NORS, BOB, and SPOT.
NORS reads file 9 once. NORS generates temporary file 11, File 11 is used
to construct the output tables.

INPUT DATA

Table 1V defines the ARIES input data requirements. The first data
card defines the value of EXMODE and, hence, which sections of the program are
to be executed.

EXMODE SECTIONS EXECUTED
1 all
2 I only
3 Iand II
4 II and III
S 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
8, set IOMODE to 0; when there is an existing file 8, set IOMODE to 1. If
EXMODE equals 4, 5, or 6, a pre-existing file 8 is assumed.

EXMODE=6 differs from 4 by the fact that, with 6, the program assumes

that a constraint problem has been solved prior to the case with EXMODE=6 (i.e.,

during the same computer run), with the same Lagrange multipliers, the same
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TABLE IV
INPUT DATA FORMAT FOR THE ARIES MODEL

Card grougs | through V are data thet is common %o all items.

Card Group [ (1 card):  Fosmat (615, 26104, 4, 16

Column Formst Varistle Briet Explanation
& -8 18 EXMODE Execution option:
1 - execute entire program
7 2 - enscute STOCK-CAL, do not execute SETA-NORS
% 3 - exscute STOCK-CAL-SETA, do not exesuts NORS
4 - execute SETA-NORS, do not exesute STOCK-CAL
;g 6 - enecute SETA only
= 6 - execute SETA-NORS and only after & constraint
% problem thet used EXMODE = 3, 4, or §
X 610 ] NITEMS Number of items; < 800
3 uz'mou-umnm«m-um
1-18 3 NBASE Number of beses; $17
12 13 NOPTS Number of depots; £6
n-» . NINP Input devies number; number of devies from which
ses PROG, OST, DIST, XX, CODEA, snd CODES
oz 9 be rend
%% €08 (1] A owior < lost Muitiphier volus; the
minimwm @) for an itom
2445 €108 €rs2 Shinimn: sekerder velue thet will e computed for aach
iaeen beciecder—esst function
48-80 (13 10MO0E Disk input cption:

1 - File 8 is %0 be modified by the eurrent
run enssuting Sestion |
0 - There is ve pre-existing file 8 %o be madified
M EXMODE is 4, 6, or 6, skip t0 Cord Group IX.

Card Group Il (3 cerds): Fermat (18AS)

Calumn Formet Variesie Brie! Exglanstien

3-72 1844 FMTY Fermat for writing XX(1) - XX(4), PWF

-7 1844 FMT2 Fermat for reading XX(B) - XX{31)

1-72 1844 FMT3 Format for reading XX(1) 0 XX(4), PBAC, FRF, PWF

Card Grwsp lll (1 or 2 cards for each base):  Fermet (7F10.3)

Calwmn Format A Orief Explonstion
1-10 F10.3 PROG(I) Total vehisle oporating hours per menth par beee
12 F10.3 osTi, J) Order ond shigping time sscosisted with bese |
and dopot J
n-2 F10.3 DIST(I, J) Distanes from hase | 0 dopot J
31-40 F10.3 osTi, 3 foms &6 sbhove
49-89 F10.3 DIST(I, 9 Bems 20 shave
€1-80 ¢10.3 osT(, J) Bame as shocve
- F10.3 DIST(1, J) Bemeo &5 olesve
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TABLE I¥ (Cont.)
INPUT DATA FORMAT FOR THE ARIES MODEL

Card Group 1l (Cont.)

Second Cord (it coquired):

Cabsmn Formet Varisble Brief Explonation
1-10 F10.3 osT(, J) Same a3 sbove

1-20 F10.3 DIST(!, J) Same a3 sbove

- F10.3 osT, ) Seme 83 above

3N-0 F10.3 DIST(L, &) Seme 23 above

Card Group IV (2 cends): Format FMT3

Foremas Verisbie Brief Explanstion

FMT3 PBAC(I) For depot only and no repsir strategies, the fraction
:!‘i’mmtmummdlummi

FMT3 FRF Failure rate factor to multiple the input failure
rate XX(21)

FMT3 PWF 10-Yeor uniform series present worth factor

Card Growup V (I card): FMT3

Variable Orief Explanation
xX(1) Sase repair cost, $ per men- hour
xx(2 Depot repair cost, § por man - howr
o {+ Shipping cost, $/ton/mile

o (7)) Packaging cost, $/shipment

Card Grougs Vi through Vil are repested for esch item.

Card Group VI (Usually 5 cards): Fermet FMT2

Verisble Brief Explanstion
XX(8) 0 XX(7) toom 1D
%X Factor denoting the number of times the base
repair man-hours exceed the base men-hours
0 detect/remove/replece an item (i.e., exesed XX(19)
xX(9 Depot index corresponding 1o J in Cord Group 111
XX(10) MNumber of snd-item units per vahicle
AX(11) AGE instalietion and set-up cost, §
AX(ID) Humber of peges of technicsl dete
%X(13) Ansunt opersting end melntenence sont por AGE, §
xXX(14) Cont 0f an end~item, &
XX(18) End-item shipping weight, &
54
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TABLE IV (Cont.)
INPUT DATA FORMAT FOR THE ARIES MODEL

Cand Group VI (Cont.)

xx(16) Expected NRTS rate; < 1.0

xX(17) Candemnation rate; < 1.0

XX(18) Average bese repair turnaround tims, deys

Xx(19) Men-hours per job to detect/remove/replace at base
X%(20) Man-hours per job to repeir at depat

xx(21) Failures per 100 effective operating howrs

xXx(22) Weight of base AGE, Ib/unit

xx(23) Cost of depot AGE, S/unit

XX(24) Procurement lead time, days

XX(285) Base repsir perts cost, $/repeir

Xxx(28) Depot repeir parts cost, $/repeir

xX(27) Number of base manpower skills; £ 9

xXX(28) Base AGE cost, $/unit

XX(29) Average depat repsir turnaround tims, deys
XX(30) Average hours/repeir depot AGE is required
xX(31) Equipment type index | corresponding to PBAC(I)

RN

Card Group Vil (1 card): Formet (9(1X, 13, A2)

Column Formet Verisble M

8 3, A2 Code A(1), Code B(1)  Base menpower skill codes
12 13, A2 Code A(2), Code B(2)  Base manpower skill codes
1418 13, A2 Code A(3), Code B(3)  Bsse menpower skill codes
20-24 13, A2 Code A(4), Code B(4)  Bass menpower skill codes
2%-30 12 A2 Code A(S), Code BIS)  Base menpowsr skill codes

38-42 13, A2 Code A(7), Code B(7)  Base menpower skill codes
24-48 13, A2 Code A(S), Code B(8)  Base menpower skill codes
50-84 13 A2 Code Al9), Cods B(9)  Base menpower skill codes

Card Group VIll (1 card): Foswat (9F8.2)

Oulumn Vevistle Sriet Explenstion
-8 PNTSKL(Y) Mdhmmrh-m
okill {o.g.. inputs very betwesn O and 1)

L.
2
10 2 PUTSKL(2)
11-18 rs.2
-2 .2 PNTSKLI4)
2 PNTEKLIS)
re2 PuTEKLIS)
82
"2
(8]

PHTRKLIS)

n-n
»-9

E ' 2% 13, A2 Code A(S), Cods 8(8)  Base menpower skill codes
L MDA
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TABLE IV (Cont.)
INPUT DATA FORMAT FOR THE ARIES MODEL

CGard Group IX (2 cards): Format (2E18.7, 416/2014

Column Format Vasishie Brief Explenation
118 G187 OMAX Cost constraint

162 G187 €rs Beckorder constraint

n-» 5 e

Maximum number of data points per item
on file 8; < 300

38-40 s DLETNO Number of items residing on file 8 that are
to be deleted from the current execution
of SETA; £10

41-48 15 10PT Allocation algorithm; IOPT=1,2, 3,4, 0r 5. See
Section IV for definitions. Generally, IOPT =3
is used.

46-50 () 12 For 1Z=10PT, base summaries are printed out ;

For IZAIOPT, base summary printout is suppressed

Second cerd:

Column Format Varisbie Brief Explonation

1-4 " NVl Number of vehicles at base 1

6-8 1} NV Number of vehicles at base 2

12 4 NV(1) Number of vehicles at base 3

-8 4 NVHI) Number of vehicles st base 17

Card Group X (3 cerds): Format (8G16.7)

Column Format Varisdde Brief Explanstion

1-18 G18.7 LW1) Lagrangs multiplier values in strictly monotonically
decressing order :

16-30 G18.7 LW2)

3-46 G18.7 #

48-80 G18.7 .

-7 G18.7 .

# OLETNO is zero, deck is complete and, thus, Card Group X! is skipped

Card Group XI (1 card for each item deletedj:  Format (3A4)

Codumn Format Vartakle Brief Explonation
1-12 3a4 (DELET O, J), 1tem -1D of item residing on file 8 to be deleted from
1=1,3) current execution of SETA end NORS

End of DATA DECK

i
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number of vehicles per base, and the same items that are going to be used for
the current constraint problem,

For the CDC 6600 computer, the control card '"CATALOG, TAPE8, ARIES,
CY = RP = 999," is used to retain the original generation of a file 8, The
control card "EXTEND, TAPES." is used to extend a pre-existing file 8 with
modified item data or additional item data and to retain it permanently.

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
records of file 8 that are to be deleted; the item-IDs of the items to be
deleted are placed in array DELET (Card Group XI). A maximum of ten items
from file 8 may be deleted on a given computer run.

Unlike the modifications which result from extending file 8, use of
DLETNO and DELET does not cause a 'physical" change in file 8 (i.e., there
are no records actually removed from the file). The actual effect is that
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
executions of SETA,

TYPICAL PROGRAM USAGE

ARIES is written in extended FORTRAN IV language. The program uses
1068K cencral memory words and takes approximately 18 seconds to compile.
The central processor time to generate the item expected backorder-LCC functions
for the example problem discussed in Section IV is approximately 90 seconds.
It takes 0,062 seconds of c.p. time to execute Sections II and III of the
program for a constraint in the example problem; the I/0 time is approximately
31 seconds. The I/0 time is relatively high, since the CDC algorithm for disc
I/0 time incorporates a large fixed time for each instance in which the disc
is called in addition to the variable time relatin; to the number of words
transferred.
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A typical way to use ARIES would be to generate file 8 with EXMODE=1,
a low backorder constraint, and a cost constraint that would likely fall within
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 EXMODE=4 for the first constraint
and EXMODE=6 thereafter, submit another run with sets of data for total cost
constraints 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.

The item input data cards (Card Groups V through VIII) are same as
those for the Calspan version of the MSCAM 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
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-

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.

In each table, the term "Not Operationally Ready - Supply" (NORS) is
listed., For the base summary output table, the expected number of NORS
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
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TABLEY

DEFINITIONS OF SOME OF THE VARIABLES APPEARING IN ARIES

FORTRAN NAME

EXMODE
NITEMS

NBASE

NDPTS

NINP

EPSY

EPS2

IOMODE
PROG(1)

osT(1, J)
DIST(I, J)
BRCST, XX(1)
DRCST, XX(2)
SHPCST, XX(3)
PAKCST, XX(4)
SETCST, XX(11)
DATCST, XX(12)
OPCST, XX(13)

ENDCST, XX(14)
ENDWT, XX(15)
EXNRTS, XX(16)
CNDMX, XX(17)
BRTIME, XX(18)
BMANHR, XX(19)
DMANHR, XX(20)
FAILRT, XX(21)
BAGEWT, XX(22)
DAGCST, XX(23)
DLDTME, XX(24)
BPTCST, XX(25)
DPTCST, XX(26)
NSKIL, XX(27)

BAGCST, XX(28)
DRTIME, XX(29)
DAGEHR, XX(30)
NITS

DEFINITION

Execution option parameter
Number of items

Number of bases

Number of depots

input device number

Control to stop calculations in STOCK
Control to stop calculations in STOCK
Disk input option parameter

Total base opersting hours per month
Order and shipping time
Distance from bsse | to depot J

Base repair cost, $ per men-hour
Depot repeir cost, $ per man-hour
Shipping cost/ton/mile, $

Packaging cost/shipment, $
Installation and AGE setup cost
Number of pages of technical data

Annual operating and meintenance cost
per unit AGE

Cost of end-item
Shipping weight of end-item
Expected NRTS rate
Condemnation rate

Average bese repair time, days
Man-hours per job to fix at base
Man-hours per job to fix at depot
Failures per 100 effective operating hours
Weight of base-AGE

Cost of depot-AGE
Procurement lead time
Repair parts cost st base

Repeir parts cost st depot

Number of different skilis to repair this
item at base

Cost of base-AGE
Average repair time at depot
Average iw/repair Depot AGE is required

Number of items to be processed by
SETA-NORS

index no. for ARCAL do loop

EXECUTION SECTION

o
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TABLE Y (cont.)
r : DEFINITIONS OF SOME OF THE VARIABLES APPEARING IN ARIES
FORTRAN NAME DEFINITION EXECUTION SECTION
CODEA(1), CODEBI(I) Labor skill codes symbols Lm
PNTSKL Percentage repair per labor skill LI
: DEMLT Average demend during lead time LI
* ; BOF(J), J=1,2 Backorders at random point in time; BOF(1) is back-
: orders with one less unit of stock than BOF(2) LI
BODW) Average delay at depot given depot stock (J-1) [ I
MP Upper limit for item total stock oll
M MP-1 1
DIST(I, J) Distance (miles) betwesn depot J and base | I
GS(J, 1) Sum of bese level stock forcase J= 1, ..., 4 1
GS(J, 2) Depot stock level for case J= 1, ..., 4 I
80 Backorder array as raturned by STOCK I
¥ c Cost arvay as returned by STOCK I
BNJ Backorder array as returned by CAL Lo
s DNJ Cost array as returned by CAL L
i BNJSTR Backorder array pessed from SETA to NORS o m
§ DNJSTR Cost array passed from SETA to NORS o m
b i BKOR Beckorder array ss returned from BOB m
88{l) Backorder array at bese ) as returned from SPOT m
KNS Meintenance strategy array L
PHI @ array LI
NDX Index counter for file 8 L
REC Index counter for file 8 record number Lo
1 22 Current value of minimum cost that satisfies
3 9‘ ""’2 I
T Diagonsl array of backorders from the base-depot
allocation matrix 1
NB(I, L) Number of units of stock at base | for L-1
total units of stock I
| : TABLE Array with ID-names of the items on file 8 LI
BT(K) Total expected backorders at Lagrangs
, multiplier K I
v LCC(K) Total LCC at Lagrange mulitiplier K b §
i X8T Total expected backorders at constraint point 1 4
’ xLce Total LCC st constraint point n
; KHK) Index counter denoting the position on file 8
where a Lagrange multiplier point is met
for the item under current celoulation n
ENORS Expected NORS assuming cannibelization m
EN Expected NORS assuming no cannibelization m
XMNYR(K) Number of man-yesrs for labor sidil K LIx
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TABLE Y1
SAMPLE OUTPUT FORMAT FOR THE ARIES BASE SUMMARY DATA
SUMMARY FOR BASE
STOCK LEVEL | STRATEGY BACKORDER
SKILL A 1.066
SKILLB 0.087
SKILLC 2114
SKILLD
SKILL E

2 SUM ] 8 0.7¢4 0.764 4.672
SKILLA 2.672
SKILLB 2.000

® °

®

[ ] [ )
500 SUM 9 BD 0.564 0.282 2641
SKILL A 25641
TOTAL 2188 8.573 0.764%* 28.458

* Not Operationelly Reedy-Suppiy
** Maximum item NORS value; corresponds to the complete cannibelization case

i AL RN :
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missile. The number of NORS missiles for each base is equal to the maximum
value for an "item NORS" when parts are consolidated through the practice of
cannibalization. NORS missiles will be constrained by the item in shortest
supply. The expected NORS index for each item listed in the item-depot
summary 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
the bottom of the table is the sum of the maximum expected NORS values from
all bases (the sum of the "total" NORS from the base summaries).

el R i B el Tl s iy

The value for expected NORS missiles assuming no cannibalization is
also computed and printed out separately.

o T — " "
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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 provides a useful indication of how the item stockage levels
are distributed over the range of system expenditure levels,

A table is printed 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 derive the
total expected NORS versus total LCC function.

‘ COMPUTATION TECHNIQUES

This subsection discusses some of the special computation techniques
‘ that are employed in the ARIES program,

Subroutines STOCK and SPO

|
For each item, the BO-LCC function must be computed for each of the
l four alternative maintenance strategiss. SPO computes the diagonal of a
utrix,(a."), where each element a4y is an optimal allocation of k units of
l stock among all the bases and o units of stock at the depot. The oy allocation
|
l

is performed by iteratively selecting the next unit of stock for a base that

T R
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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) for
the base-depot stockage level combination that will provide the minimum ex-
pected backorder sum, The program terminates the calculations for an item
maintenance strategy when any of the following conditions are satisfied:

(1) The strategy under current calculation is the first
one for the item (i.e., base-depot), and the expected
backorder value is =€, and #. s €, , where €, and €, are

input parameters; or
(2) The total number of units of stock > 300; or

(3) The strategy under calculation is not the first one
(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 6, and €; ) which is lower than
the current value for LCC for the strategy under
computation. Stated analytically, there is a point
beyond which the strategy is dominated by at least
one other strategy.

Subroutines PDIST and PD2

An efficient recursive computational technique is used in PDIST and
PD2 to compute the expected backorder values, This procedure is discussed
in the appendix of Section 1IV.

Subroutine HULL

The basic procedure employed to derive the convexified item expected

backorder-LCC function, {{f;}. involves the iterative testing (starting from the

leftmost point) to see where the next point to the right lies that has the
minimum slope between it and the last point found on the convex hull. If the
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point found is not adjacent, then a concave region exists; this region is
identified in the program by multiplying the O‘ in this region by -1,

PROGRAM CHECKOUT

The ARIES computer program was checked out with two extensive test
cases. The first test case is the example problem discussed in Section 1V,
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., «; >7 for some ¢). The input data and sample output
displays for this test case are presented in Supplement B,
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Supplement A
EXAMPLE PROBLEM INPUT AND OUTPUT DATA

This supplement presents the input data and sample output displays
for the example problem discussed in Section IV.

INPUT DATA

The input data for the example problem are summarized below.

Card Group I
EXMODE=1 NDPTS=1 EPS2=2.5x10" 2
NITEMS=16 NINP=S IOMODE=0
NBASE=17 EPS1=5x10-8
Card Group II
(6F10.2)
(3A4/(6F10.0)
(7F10.2)
Card Group III
3 PROG (I 0ST(1,1) DIST(I,1)
1 490. 25, 850.
2 490, 25, 900.
3 490. 25, 850.
4 490, 25, 700,
5 252, 25, 1500.
6 252, 25, 1100.
7 252, 25, 250,
8 252, 25, 250,
9 490, 25, 800,
10 490. 25, 700,
11 252, 25, 1200,
12 252, 28, 750,
13 490. 25, 1200,
14 490. 25, 600.
15 252, 25, 400,
16 252. 25, 900.
17 252, 28. 1200.

‘ i § l .l ‘ u h-‘
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Card Group IV

1 i 2 2 4
PBAC(I) 0.90 095  0.10  0.20  0.05

o

FRF=3, ; PWF = 10.
Card Group V

I 1

XX(I) 11, 22. 0.5 200.

(L]
&

Card Group VI

2t Ko e it vt e S PG
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‘ See Table VIII
Card Groupe VII and VIII

100AA for
1.0

each item

Card Group IX

| DMAX=93.5x10%, 94x10%,..., 110x10%; DMAX is varied for each new
constraint problem.

( EPS = 1.0, MP = 300; DLETNO = 0; IOPT = 3; IZ = 0

| IoW(@m I N 1 N I N
1 70 6 36 10 70 14 70
2 70 7 36 11 36 15 36
3 70 8 36 12 3 16 36
4 70 9 70 13 70 17 36

‘ 5 36 ,
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Card Group X
1 LM(1) 3 LM(I) " LM(I)
1 9.16227766x10-1 6 6.309573445x10-6 11 1,995262315x10-6
2 1.99526231x10-5 7 5.011872336x10™° 12 1.584893192x10-6
3 1.258925412x10-5 8 3.981071706x10-6 13 1.0x10~6
4 1,x10-5 9 3.16227x10-6 14 6.630957x10-7
S 7.943282347x10°° 10 2.51186x10-6 15 3.162278x10~7
Card Group XI

Not needed for this problem.

SAMPLE OUTPUT DISPLAYS

Table IX, X, and XI show sample printout displays for the example
problem. Table IX shows the total system sum of expected backorders and LCC

corresponding to the 15 Lagrange multipliers.

TABLE IX

TOTAL SYSTEM SUM OF EXPECTED BACKORDERS AND LCC

DONCOVMFaNPLR

e
o

-
“n

">
we

FOR THE EXAMPLE PROBLEM

LAM3DA L K)
«8162278E40)
¢1995252F =G4
¢1258925E=04
«1000009E=34
«7963282E<05
+6309573E=35
+5011872€-05
«3981072E-05
«3162278E-35
<2511 8A6E =05
¢1998262F <05
«1584893E-0%
«1300000E=05
+6309873€-16
«3162278E-06

3T LY
e1526232E¢72
«AL71959E¢)2
«5761954E¢)2
«4319078E¢)2
«433U299E¢I2
+25188uCE®)2
e 23457ILERD2
«1532369€¢02
«1338547€E¢+)2
«10742037€¢92
«AJ7018AE¢)1
5136326021
¢3499816€¢01
«2769053E¢01
o875L26AE¢00

L32(K)
9369321 E+048
951 737%E+08
«9655153E+08
«9733555E+N04
«982C223E+2
+10035G1E+09
«1706L97E¢(9
«1025262€E+09
«1030%77E+09
+106C251E+09
«103256)E+09
«1068334E+09
«1079692E€+09
«1088624c+99
«1129715€+09




Table X is a tabulation of the KJ variable for each item for each
of the 15 Lagrange multipliers. KJ is an index counter corresponding to ;
for item i in Equation (6). Thus, KJ reflects the sequence number for the
original item functions {'§£n} that represent the item solution at each
Lagrange multiplier value. The value of KJ 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
strategy changes as the item resource expenditure level is increased.

Table XI shows the item and depot(s) summary printout for a LCC
constraint of $98 M,
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Supplement B

TEST CASE WITH SOME SRUs THAT REQUIRE MORE THAN
ONE UNIT PER VEHICLE

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.

1 Card Group I
. EXMODE=1 NDPTS=3 ESP2=0.025
i NITEMS=15 NINP=1 IMODE=0
g NBASE=17 ESP1=5x10-6
Card Group II
(5F10.2)
(3A4/F12.0, 2F4.0, 6F10.2/7F10.2/8F10.2)
(7F10.2)

Card Group III

f _1 PROG(I) OST(I,1) DIST(I,1) 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
5 160 25 1500 30 700 20 800
B 160 25 1100 30 600 20 900
? 160 25 250 30 2000 20 700
. 160 25 250 30 1000 20 800
. K i 25 800 30 1500 20 900 '
e i 23 750 30 600 20 700
" - 25 1200 30 800 20 1200
1 .- p: 3 750 30 700 20 1000
: . e s 1200 30 1000 20 800
El .- n OO n 500 20 700
# - - eon w, 1000 20 900
- - - - w 1200 20 $00
- - e o °0C 20 1100
-
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Card Group IV

. § 1
PBAC(I) 0.95 0.5 0.

LY
»
|

0.8 0.1

FRF=2, ; PWF=10.

Card Group V

I 1 2 53

XX(I) 9. 22. 5 100,

|>

Card Group VI

See Table XII

Card Groups VII and VIII

100AA
1.0

for each item

Card Group IX

DMAX-?l.x106,..., 89x106; DMAX is varied for each new
constraint problem.

EPS = 1.0; MP = 300; DLETNO = 0; IOPT = 3; IZ = 0;
NV(I) = 60 for I = 1, 2,..., 17

Card Group X
1 LM(T) 1 LM(1) s LM(T)
1 9.16227766x10-1 6 6.309573445x10-6 11 1.995262315x10°6
2 1.99526231x10~5 7 5.011872336x10"6 12 1.584893192x10-6
3 1.258925412x10"5 8 3.981071706x10°6 13 1,0x10-6
4 1.x10°5 9 3.16227x107° 14 6.630957x10"7
5 7.943282347x10-6 10 2.51186x10~6 15 3.162278x10°7
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Card Group XI

Not needed for this problem.

ANALYSIS RESULTS SUMMARY

The analysis results from solving a range of LCC constraints problems
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
example problem. However, if one examines the E(NORS)c 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
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
by the fact that allocations are being made from the non-convex regions of the
item functions, {§;,} . Despite an occasional small reversal, if one applies
a 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 B(NORS)C.

SAMPLE OUTPUT DISPLAYS

Tables 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 multipliers.

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 Supplement A, Table XVII shows the item and depot(s) summary printout for
a LCC constraint of § 89 M,
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TABLE XIII

COMPARISON OF ALLOCATION ALGORITHMS FOR MINIMIZING THE SUM OF
EXPECTED BACKORDERS FOR THE TEST CASE WITH SOME u; > 1

COSsT SUM OF MAXIMUM PERCENT POSSIBLE E(NORS)
CONSTRAINT EXPECTED BACKORDERS REDUCTION FOR SOLUTION
$, M 1 2 3 1 2 3 1 2 3
— :
70.964 2409 |240.9 |240.9 00625 | 00626 | 00826 | 2265 |2285 ,.m.J
n, 107.3 {1069 |108.9 04326 | 00667 | 0.0867 | 104.2 | 1038 | 103.8
72. 768 | 76.1 | 76.1 0.9622 | 0.0367 | 0.0887 752 | 7468 | 746
73. 636 | 623 | 622 23776 | 0.1813 | 0.1088 625 | €12 | 61.2
74. 632 | 624 | 624 16653 | 0.1566 | 0.1660 524 | 517 | 517
76. 376 | 372 | 371 1.0400 | 0.1607 | 0.0221 372 | 369 | 383
78. 266 | 261 | 26.1 21898 | 0.1623 | 0.2271 254 | 249 | 249
80. 174 [ 163 | 163 53138 | 05541 | 0.5389 170 | 162 | 162
82. 10.2 | 10.1 | 10.1 12068 | 0.1706 | 0.1706 102 | 10.9 [ 10.1
84. 860 | 7.22| 697 24.5728 | 4.7079 | 1.0027 868| 721| 696
88. 507 | 471 4859 11.1557 | 3.1542 | 0.6919 508| 470| 459
89. 217 | 204| 203 77146 | 14832 | 0.7391 217] 204) 203
TABLE XIV

COMPARISON OF ALLOCATION ALGORITHMS FOR MINIMIZING THE SUM OF
EXPECTED NORS WHEN CANNIBALIZING FOR THE
TEST CASE WITH SOME u; > 1

cosT E(NORS), TOTAL NUMBER OF A LCC UNDER
CONSTRAINT UNITS OF STOCK CONSTRAINT, §

$M 1 2 3 4 ] 1 2 3 1 2 3
70.964 539 [639 |639 |s39 [sase 16 | 15 | 15 | 360240 | 360240 | 300240
n. 149 | 148 [148 |06 [108 | 177 | 178 | 178 | sa8s 58 65
2. 105 | 105 (108 (100 | 934 | 281 | 284 | 284 | 44770 770 70
7. 992 9902 | 082 | 804 | 868 | 311 | 319 | 319 | 142418 516 39
7. 9.08 | 9.08 | 0.08 | 706 | 7.10 | 306 | 343 | 344 | 108407 | 1507 | 1873
7. 9.08 | 008 | 008 | 625 | 622 | 383 | %1 | 387 | ©5406 | 4803 | 1,377
. 804 | 804 | 804 | 706 | 688 | 457 | 473 | 471 | 122,788 | 1378 543
L 240 | 232 | 231 | 281 | 297 | a8 | 618 | 60z | 208,182 300 | 18
2. 207 | 207 | 207 | 205 | 202 | 675 | 684 | 684 | 0208 | 1308 | 1385
. 207 | 207 | 1.77 | 108 | 1.34 | 602 | 633 | 614 [1,008088 | 1648 | 1816
™. 183 | 163 | 156 | 1.13 | 085 | 646 | 686 | ees | 628280 | 1500 | 1,083
». 020 020 | 020 | 031 | 033 | 710 | 748 | 728 | 242708 900 | 00|
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TABLE XY

TEST CASE WITH SOME u; >1

L CC(K)
e7059376E¢18
o7175L33E¢28
o7272958E+98
o7361050E+98
oTL49591E+0 8
o7657591E+) 8
«7760575E+) 8
+80 18220E+9 8
80 L6705E+D 8
81 72781E+)8
81 89371E¢78
e8290134E+08
086 98272E¢+) 8
8945631£¢08
¢9066321E+98

LAMBDA(K) BT (K)
091522782400 +2009246E*03
«1935262E-06 . 8026935Ev02
°1258925E-06  ,6512454E¢02
«1000000E-0¢ .5581871E¢02
e79432825=05 . 4825516E¢02
*6309573E-05 . 3302227E+02
*5011872E-05 . 25 84659Er 02
©3931072E-05 . 1546232E¢02
03152278205 o 16 41885E¢02
025110886E~05 . 1063240Er02
01935262505 .1029115Er 02
e1558893E-05 . 8595054E¢01
«10000005-05 . 5549581E¢01
«6309573E~06 «1720900E+01
e 3152278E~06  +1226176Ev 01
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