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CHAPTER I

STATEMENT OF THE PROBLEM

The United States Air Force is deeply concerned

about how schedules are prepared and their effects on

mission capability (4 :1) . Although considerable research

has been done in the area of scheduling,  a satisfactory

dispatching rule that consistently maximizes aircraft

sortie effectiveness has not yet been determined. The

lack of conclusive results from scheduling research can

be seen in the fact that USAF d irectives do not prescr ibe

specific scheduling rules for unscheduled maintenance

(32). Although not directed , many schedul ing rules

are actual ly used in the main tenance con trol port ion of

the maintenance complex. Individual controllers develop

their own scheduling rules based on past experience.

These rules achieve varying degrees of effectiveness

depending on the skill of the controllers.

Several studies have shown that aircraft mainte-

nance operations are conducive to the application of

sound scheduling rules:

(maintenance]  is a dynamic environmen t
consistin of multiple independent jobs requiring
accomp 1ishr~ent while subject to multiple con-
straints——the most unpredictable being unscheduled1



maintenance requirements. Jobs occur in a random
fashion necessitating the dispatch of finite resources
by some priority procedures [15:1].

The overall objective of maintenance scheduling is not

merely meeting the scheduled takeoff times , but it is

also to reduce the total time that aircraft are out-of-

commission for maintenance. A secondary objective is

to free resources as soon as possible so that they will

be available to work on any new job that might be gener-

ated (22:45). By reducing out-of-commission time through

effective scheduling , the sortie effectiveness of an

organization will increase.

The problem is that a specific scheduling rule

which consistently maximizes sortie effectiveness for

each aircraft weapons system has not been identified .

Definition of Terms

Scheduling Heuristics. Scheduling heuristics are

intuitive ~‘~~~ s of th~ ”~h which “are analogous to priority

rules and dispatching rules but in general lack the ana-

lytical support to make them acceptable in the scientific

world [3:7].” Generally, rules of thumb yield good

results but do not guarantee optimal solutions .

Scheduling. Scheduling is the determination of

when or in what order individual tasks of a previously

selected set of jobs are to be performed . It involves

2 
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allocating available resources to specific jobs at definite

points in time or in a definite sequence (23:3).

Sequencing. Sequencing is the assignment of a

set of directions to a given job for the purpose of

processing that job from start to finish. It is con-

cerned primarily with the ordering of an operation on

a single machine (29:320).

Dispatching. Dispatching is the assignment of

an order in which a number of jobs , all to be processed

on one machine , will be processed on that machine

(29:320).

Unscheduled Maintenance. Unscheduled inainte—

nance is maintenance required to be performed on an

aircraft due to the unexpected failure of one or more
V 

aircraft components (2:3).

Sortie. A sortie is a single aircraft flight

that starts with a takeoff and ends with a landing

(2:2).

Mission. A mission is the act of flying one or

more aircraft to achieve the desired goals of aircrew

training , proficiency , and evaluation , or the accomplish-

ment of military operations. A mission can consist of

one or more sorties (2:2).

V - -V .  ~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~ V. ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
-
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Sortie Effectiveness. Sortie effectiveness

is a measure of how well a particular organization

achieves its established goals. It is the ratio of the

number of sorties flown to the number of sorties required ,

as reflected in the weekly flying schedule (2:2).

The Logistics Composite Model (L-COM). The

Logistics Composite Model (L-COM) is a fully developed ,

validated computer simulation model designed for ana-

lyzing aircraft flying programs and support resources.

It has been shown that L-COM approximates reality

in an operational F—4E environment (15:18).

Justification

AFR 1—1 , A e r o o ’a oe ; oct~’ine , states that the

United States Air Force exists as an instrument of national

power and will be used to support the achievement of

national objectives. The capability of Air Force combat

units to accomplish their assigned role is dependent

upon the quality of assigned aircrews. A significant

portion of the training an aircrew receives is accomp-

lished in airborne missions with aircraft. Therefore ,

the sortie effectiveness of an Air Force flying unit and

hence , the contribution this unit makes in accomplishing

its assigned role in support of national objectives ,

correlates directly with the quality and quantity of

aircraft provided by a maintenance organization (2:6).

4
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The resources provided to meet the Air Force ’s

mission are continuously decreasing. Although defense

budgets are larger in terms of current dollars , purchas-

ing power in real terms has drastically diminished .

Therefore , Air Force managers are continually striving

to reduce costs. One approach to the reduction of costs

is to allocate Air Force maintenance resources more

effectively. Dr. Morton B. Berman stated that “improving

the scheduling process relates directly to improving the

allocation of scarce resources [1:1]. ” In other words ,

if a scheduling rule  or rules could be shown to sus tain

improved sortie effectiveness, the benefit to the Air

Force would be significant. Three possible benefits are :

a unit could accomplish increased n umbers of sorties with

the same number of aircraft , the same number of sorties

could be flown with fewer aircraft , or manpower and other

resources could be reduced while maintaining the existing

flying requirements.

The importance of sound scheduling is established

in AFM 66—1 , ~~~~~~~~~~~~~ ~~~~~~~~~~~~~

Maintenance . . . is responsible for insuring
that Air Force material is serviceable , safely oper-
able , and properly configured to meet mission
requirements. This is accomplished by performing
maintenance which includes , but is not limited to ,
‘inspection , repair , overhaul,modifjcation , preser-
vation , testing, and condition or performance analysis
with maximum efforts expended toward accomplishing
these tasks on a preplanned scheduled basis [32:1—1].

5
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An important part of the planning responsibility is

scheduling people and equipment to perform tasks at

specific times (32:A3—2). A disparity arises in that those

responsible for scheduling are not provided with the appro-

priate scheduling rules which would make their task

more effective (32).

The Air Force has continued to demonstrate high

interest in developing priority dispatching rules

to be used in the aircraft maintenance environment.

In 196 8, the STALOG (Study of the Automation of the Logis-

tics System at Base Level) program established require-

ments for developing scheduling rules to be included in

the maintenance portion of the system .

Scheduling rules must be developed for utiliza-
tion by the STALOG computer in order to achieve a
dynamic scheduling capability within STALOG and
thereby claim the full range of benefits predicted
under the STALOG concept of operation [34 .xxi—8 1 .

Much of the research into the effect of military

scheduling has been performed by the Air Force through the

RAN D Corporation. RAND ’ s research has dealt with using

computer simulation to represent the scheduling process

and predict the outcome of particular aircraft and main-

tenance schedules (7; 14; 18; 19; 20). Their works added

to the body of knowledge by investigating the effects of

specific scheduling rules on the environment. As Glad and

Pierce point out , the RAN D research “suggests a need to

develop a rule or combination of rules that will operate6
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in a dynamic , complex assembly environment [15:3).” A

~~~~~~ aircraft maintenance organization may be viewed

as a dynamic , complex assembly shop whose output is depen-

dent upon the effectiveness of scheduling.

A simple way of demonstrating the value of using

scheduling rules to increase sortie effectiveness is to

cite an example from Boyett (3:2-4). In this scenario

there are two aircraft , tail numbers one and two , each

out of commission for different malfunctions. Each dis-

crepancy requ ires approximately one manhour for repair.

The discrepancies may be cleared by one man in one hour or

two men in one-half hour . Two men are available from

0100 to 0200. Maintenance control must decide how to

allocate these specialists to the two aircraft. One

way is to assign one specialist to each aircraft with

the result that both aircraft are repaired by 0200.

In this example , both aircraft are in-commission zero

percent of the time from 0100 to 0200 , but the special-

ists are utilized 100 percent of this time.

Another allocation method would be to assign both

mechanics to tail number one and then to tail number

two . Under this method the specialists are utilized

100 percent of the time ; however , there is a significant

change in aircraft in—commmission rates. One aircraft is

back in commission after the first half hour resultina

in ~ n in—commission rate of 25 percent (4:2-4).

7
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This simplistic example demonstrates how sched-

uling rules can be used to affect the mission effective—

nass of an organization. Although this is contrary to

the “almost universal belief that one cannot increase

response capability without either increasing resource

quantities or increasing utilization of existing

resources . . . [4:2], ” this example did so without

changing anything but the scheduling rule.

The research of Boyett and RAND emphasize the

need to test, using simulation , selected scheduling

heuristics to determine those that would consistently

produce the best resu l t s .  If it can be shown that one

rule consistently maximizes aircraft sortie effective-

ness for each a i rcraf t type , the Air Force could bene-

fit through increased savings. Indeed , the Air Force

Logistics Management Center has determined that  a

significant need exists in this area and has sponsored

several research studies in an attempt to determine if

such a set of rules exists (30).

Del imitat ions

The delimitations of this research are as fol-

lows :

1. The L-COM was the sole simulation model

employed.

2. C-130E and A-7D data had not been validated

by MAC or TAC as had the F-4E data. No attempt was

8
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made to phys ica l ly  val idate  the a i rcraf t inpu t data

obtained. However , responsible people in Headquarters

Military Airlift Command (for C-130E data) and Head-

quarters Tactical Air Command (for A-7D data) indicated

that the constrained data obtained represented a real-

istic operational environment (27; 38)

3. The number -and leng th of s imula tion runs

were computer dependent .

4. Actual field validation of the selected

heuristic(s) was not accomolished.

5. The structure of the simulation model

limited the types of heuristics which could be used in

this study .

Objec tives

There are two obiectives of this research. They

are :

1. To compare selected scheduling rules using

F—4E , A—7D , and C—l3O E aircraft data to identify a rule

that consistently maximizes sortie effectiveness for

each aircraft type .

2. To determine if one rule consistently max-

imizes sortie effectiveness for all three aircraft. 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ . .
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Research Hypothesis

There is a separate scheduling rule which consis-

tently maximizes sortie effectiveness for F—4E , A—7D , and

C—l3OE flying squadrons and this rule is the same for all

three weapon systems .

10 
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CHAPTER II

BACKGROUN D

The f ie ld  of scheduling provides varied and

interesting problems . When more than one man or one

machine have come together , decisions have had to be

made concerning the utilization of resources. Require-

ment dates , process dura t ion , ari d the a v a i l a b i l i t y  of

resources are but a few of the fac tors  tha t mus t be

co nsidered before  a rr iv i~i g at a decision . Because

of its broad applicability , work in the f i e ld  of

scheduling ca n be found in a var ie ty of d i f f e r e n t

discipl ines .

Earl y Research

Research has bee n conducted on scheduling theory

for many years. This research has centered about inves-

t igating specific rules under specific conditions with

an ul timate aim of ident i f ying the one ~~~~ rule that

will work in all situa tions. Hcwever , this  approach

resultod in a somewhat fragment~~ and d ivergent  body

of knowledge on schedul inc the-iry.

I l
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As early as 1957 , J. R. Jackson tried to develop

a scheduling rule  which would max imi7e  the  number of

jobs completed on time in an actual  shop ~~~-ironmen t.

However , the results  of this  study have limited applica-

tion because only one decision rule was tested . This

rule was a combination of the shortest processing time

(SPT) and due date (DDATE) rules (17:287—295). In 1958 ,

A. J. Rowe studied the use of various decision rules at

General Electric Company with a simulation model.

This was one of the first studies to apply various sched-

uling rules in an actual large—scale shop environment

(26:154). He found that the choice of a scheduling

rule depended on the spec if ic object ive of the scheduling

problem (minimize job lateness , minimize costs , or

maximize  labor uti l i zatio n ) .  It wasn ’t un til 1964 , how-

ever , tha t the Uni ted States Ai r Force began to explore

the impact of applying scheduling rules in a mainte-

nance env ironmen t ( 7 ) .

From 1957 to 1966 many individual studies were

accomplished but no effort was made to correlate and

compare their results. However , in 1967 Conway , Maxwell ,

and Mi l ler  tried to organ ize the current  body of knowled ge

on scheduling theory . Their text , ~~~- - r ~ o - ’ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~

(9) , incorporated the resul ts of research from such

sources as The R A - D  Corpora tion , Wes tern Elec tr ic Company ,

The O f f i c e  of Naval Research , The National Science

12



Foundation , General Elec tric Company , Cornell University ,

Management Science Group, as well as a hos t of ind ividual

contributors. This work serves as a fundamental refer—

ence in the field of scheduling theory. It studied the

various shop environments investigated and summarized

the  methods used to solve job shop problems (15 :9) .

Research in the area of scheduling continued

at a rap idly increasing rate using more and more comp lex

me thods to study scheduling heuristics and techni 9ues.

A thorough and detailed literature review of many of

these stud ies can be found in a research e f f o r t by

John P.  Randle ( 2 5 ) .  He fou nd tha t even though research

techniques were becoming more sophisticated and the

proposed schedul in~ heur i s t i cs  mor e complex , “ .

simple rules could perform as well as, if not better

than , the more complex rules [ 2 3 : 5 9 — 6 0 ] . ”

Job Shcp Env i ronmen t

Most  of the research to da te has been directed

toward appl y ing schedu l ing  rules  to a commercial job

shop environment. A problem arises in comparing these

research results because the job shop environment can

vary with art almost infinite set of characteristics.

For instance , repair shops encompass a wid e variety o~

items and repair characteristics rariginc frcm very

s~ mnlo one—source , one—task repa ir , to very complex

13
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items that require a large number of repair actions in

various shops (23:2). A wide mix of manpower and other

resources is also possible. In order to accurately

compare research results and to perform research on

scheduling rules , as much information as possible is

needed on the job environment and on the assumptions

made about resources .

C. C. New described four fundame~. tal conditions

necessary to evaluate and test scheduling heuristics in

a commercial job shop environment.

1. .-~~ ‘ur ~~~:~ 
~~~~V r~~;~~~~c c~ 2: :~~~ ~~~~~~~ The

exact steps required to repair each item must be listed

in detail .

2. . ‘ ‘~~~c~~ i cf r~~;-~o~: 
‘ : ‘-

~~~~~. The time

required for each step in the repair cycle must be known

V within ±20 percent.

3~ ‘ : -~~~~~
- 

~~ -‘~~s. Most rules do no t. take advan-

tage of grouping items , so set-up times are included

with each item to be repaired . These job preparation

times must be accurately estimated.

4. ?:~e ~~~~~~ Due dates must be realistically

related to the repair times required ; otherwise , it

would be pointless to attempt to apply schedul ing

heuristics (24:40)

8y address ing these condit ions , the ac tual envi ronmen t

c’an be more clearly def ined . The applicability or

14
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va l id i ty of any schedul ing research resul t s  depends

on how closely the model used represents the actual

system being studied .

Randle points out that the aircraft maintenance

scheduling problem differs from most commercial sched-

uling problems in environmental structure , and therefore ,

in the application of scheduling rules (25:53-7). For

this reason , a short discussion of the aircraft mainte-

nance scheduling environment is in order.

The objectives of aircraft maintenance scheduling

are similar to commercial scheduling problems , i.e.,

maximize the number of jobs accomplished and minimize

the number of late jobs. Specifically, the aircraft

maintenance objectives are :

1. To minimize the number of a i r c r a f t  awa iting

servicing

2. To minimize the time an aircraft waits for

and is being serviced

3. To maximize the number of on-time takeoffs

4. To maximize the number of jobs completed on

time by the maintenance facility .

Even though the objectives of aircraft

maintenance are similar to those of a commercial job

shop, the structur e of the two environments differs some-

what. In the commercial environment , the work product is

usually routed to a shop or series of shops and repaired

15
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there. In contrast , the aircraft maintenance environ—

ment is more complex . The work product may consist of

servicing an aircraft , repairing an item on the aircraft ,

or repairing an item in a shop. The workers may, there-

fore , be required to work on the flightline , in the

shop, or a combination of both of these. This complex

environment greatly increases the difficulty of applying

scheduling heuristics to the aircraft maintenance envi-

ronment (25:53—55).

Scheduling Rules

Scheduling rules may be c lass i f ied based on

their response to changes in the environment. A rule

is classified as dynamic if it permits changes in job

priorities. A static rule is a rule which assigns a

priority to a job and this priority never changes.

The main reason for  evaluat ing how rules respond to the

environment is that dynamic rules , which incorporate the

current state of the system , are more efficient than

static rules , which are based on historical events (4:10).

Li tera l ly hundreds of different scheduling

rules can be derived from the body of knowledge that

has developed on scheduling theory . Different rules

were ’ developed to try to achieve maximum results in a

given environment. Some of these rules are extremely

complex while others are relatively simple. The more

16 
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complex rules continually reevaluate the status of the

job in process. For instance , the “maximum number of

remaining operations on product rule (MAXNRD-SPT) ” is

a complex rule which assigns a priority by evaluating :

the smallest difference between the maxi-
mum number of remaining operations over the jobs
in its product and the number of remaining operations
on the specific job in queue ; priority is reevalu-
ated each time a job is to be selected from queue .
Shortest processing time is used as a tie—breaker
[20:9].

A simpler rule would be “shortest processing time ”

(SPT) in which the job with the shortest processing

time is repaired first (23:12).

The large number of rules available makes it

difficult to accurately select a rule that might

maximize production for a given constrained environ-

ment. The difficult task of selecting an appropriate

rule is made easier if only the “simple ” rules are con-

sidered . As previously stated , “ . . . simple rules
would perform as well as , if not better than , the more

complex rules [25:59-60]. ” Indeed , there seems to

be a consensus of opinion , with only slight variation ,

among Mirth (22:7)- , Randle (25:12), Davis (22:8), El vers

(12:63—4), and Boyett (4:18—19) that the following

rules are popular and consistently provide good sched-

ules for a general job environment :

17
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First Come, First Served. Jobs are processed

in the order of their arrival at the shop.

Longest Job First. Jobs are processed starting

with the job requiring the longest processing time first.

Shortest Job First. Jobs are processed starting

with the job requiring the least processing time first.

Soonest Due Date Project First. Choose the job

with the earliest due date for processing first.

Minimum Job Slack First. Process the job with

the least current slack time first. (Slack time is the

amount of time remaining before the job must be started

if i t is to be completed on t ime) .

Minimum Project Slack First. Process the pro-

ject (a set of jobs) with the least current slack time

f i r s t .

Simulat ion

There are two primary means for testing selected

scheduling heuristics. The earliest method was to con-

struct an algorithm and solve the model manually through

recognized mathematical methods. This method was highly

satisfactory in a small job shop environment. However ,

to evaluate the many interacting variables that can be

present in a complex environment such as aircraft main-

18
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tenance , a vehicle was needed that could efficiently deal

with the data. Computer simulation provides the means to

manipulate large data networks efficiently.

The use of simulation models to represent the job

shop environment has been the subject of much debate.

Simulations can be very expensive and difficult to con-

struct. Another reason for the lack of simulation stud-

ies on scheduling and sequencing problems has been the

requirement for a computer with substantial core size and

available time (25:24). Conway offers an additional

reason:

I believe that , in general , simulation models
take longer to cons truct , require much more computer
time to execute , and yield much less informa tion
than their authors expected [8:1] .

Perhaps , because of these reasons, comparatively few

simulation studies of scheduling and sequencing prob-

lerns have been published in comparison to studies us ing

analytical techniques.

Early simulation studies developed from actual

shop situations were accomplished by Bulkin, Colley , and

S t e i n h o f f  for  the Hug hes Aircra f t Company and by

A . J. Rowe for the General Electric Company. A general

s imu la tion study was later developed by Ginsberg and King

( - :  26; 14). Only the Hughes and General Electric studies

were concerri~ d with analyzing the effects of specific

de c :si~~n rules on various objective functions . As the

19
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advantages of using computers to manipulate large com-

plex data packages became more apparent , the use of

simulation models increased.

The RAND Corporation became a leader in using

simulation models to repr~’sent the maintenance and oper-

ational environment. Their research report on the Base-

Operations—Maintenance—Simulator (BOMS) indicated there

were two criteria for selecting computer simulation in

lieu of mathematical methods .

1. A large number of relevant factors which
interact with each other in a complex manner .

2. A number of elements in the system whose
behav ior is stochas tic , (i.e., random , v a r y i n g  wi th
time in some unfixed manner) [14:11].

The operation of an Air Force base meets these

criteria. It involves many complex and interrelated

variables , many of which are often unpredictable. These

jobs occur in a highly random fashion. A major advantage

of computerized simulation is that it permits the user to

visualize how this dynamic , complex operational environ-

ment reacts under actual or hypothetical situations with-

out disturbing the operation of the base itself (13:1). A

shortcoming of BOMS and other early simulation models ,

however , was that they were basically laboratory models

and ,never validated to see if they duplicated the actual

environment (2:14).

Glad and Pierce point  out tha t  “ the a b i l i t y  of

simulation models to accurately dvplicate the real life

20
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environment has long been suspect and reflects on the

acceptance and val idity of research results 115:18].”

Hence :

If the simulation model is in complete agreement
with the actual shop parameters , then the simulated
and actual shop activity would be identical; however ,
due to the many assumptions built into the simulation
model this seldom occurs. Hence one is faced with the
question of validity , or the degree to which the
assumptions made in the simulation represent the situ-
ation in the re~ 1 shop [10:28].

Hershauer and Ebert suggest the use of a -

i-.~:ei simulation model is the beg inning step in develop-

ing “a method for finding a sequencing rule that performs

well in any specific job shop situation [16:833]. ” It is

imperative that the simulation model utilized for evalu-

ating the selected heuristics be able to represent the

environment being tested. One such model , the Logis tics

Composi te Model , is fully developed and validated and is

in existence at Headquarters Air Force Logistics Com-

mand (AFLC).

The Logist ics Compos ite Model

The Logistics Composite Model (L-COM) was devel-

oped as a jo in t e f f o r t  between the RAND Corpora tion and

AFLC to be used by Tac tical Air Command (TAC ) to forecast

required maintenance manning levels to support given fly-

ing procrarns . “L-COM was selected because of its flexi-

bility in that it can portray various maintenance environ-

ments through pre—de termined flyinc schedules and

21 
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resources [35:1].” Most sign if ican tly , howeve r , is tha t

L-COM has been validated in an operational TAC F-4E

environment and it duplicates , to a large extent, the

operation of an actual F-4E flying unit.

The L—COM model is composed of three individual

programs which interact directly without assistance from

the user. The model consists of a preprocessor , a main

simulation program , and a post—processor . The model

functions by scheduling exogenous events (the fly ing

scenario) against a support environment descr ibed in

terms of task networks. A task is defined as a require-

ment for resources , whether they be par ts , equipment ,

men , faci l ities , or time . The task structure of the fly-

ing unit is determined by the user and input into the

model in the form of networks which describe every task

required to accomplish a componen t repai r . The ~reproces-

sor translates user—provided data (task networks , relia-

bi l i ty  fac tors , resource levels , e t c .)  in to fo rmats

required by the main program. It also generates sortie

requirements specif ied by the user (the f l y ing scenario).

As g leaned from Glad and Pierce , the simulation

program ,

processes the structural image of the wing and
proceeds to operate on specif ic  parame n ters necessary
to dupl ica te occurrences that  are act ua l l y presen t
in a real maintenance environment [15:19).

The model considers the flying schedule and a predeter—
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mined priority system which is utilized to provide

resources necessary to repair the inoperative component.

“Failure clocks ,” driven by a random number generator ,

simulate the failure of inoperative parts. The dynamic

environment of aircraft maintenance is simulated by the

internal logic of the main program. Operationally ready

aircraft are generated from the repair actions . The sim-

ulation program produces a performance repor t wh ich can

be analyzed by the user to determine sortie effective-

ness , resources consumed , required manpower , etc.

The post—processor uses the data produced by the

simulation program to provide two kinds of output prod-

ucts showing simulation results as a function of simu—

lation time . These are the operational summary statis-

tics and repair data , both :n - -~raphica1 form (31 :5—l——3).

L-COM was d~ si~~neJ to be ~nherent1v f1ex~ ble ,

leaving the degree of ietoil ~n to the user . As a resul t ,

L-COM has been used e:.:tensiveiy for researching Air Force

problems . For example , Boyd and Toy c-V~aluated the use of

L-COM to measure the effectiveness of computerized air-

craft flying schedules at USAF wing level (2:1). Yates

and F r i t z  adapted the Logist ics Compos ite Model for  use

in evaluating the manpower requirements in support of the

DC—l3OH aircraft (37).

An early u~ e of L-COM to ov~iluate the effects of

-:flfferent scheduling heuristics was done by Curtis E.

23
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Neumann of AFLC. The Workload and Repair Activity Process

Simulator (WRAPS ) was desi gned to s imulate  the flow of

events and use of resources to repair component items in

a depot—level repair shop. The WRAPS model was used “in

simulat ion studies of priority decis ion rules applied

to the repair shop environment [23:i]. ’ The model used as

its basis the Logistics Composite Model. To adapt L-COM

to a depot environment, the simulation driving mechanism

was completely redefined from a flying schedule to a work-

load schedule. “Only minor changes to the network pro-

cessor logic of L—COM were necessary [23:5). ”

AFLC was attempting to determine :

the effect of priority assignment proce-
dures on the performance of a shop that is pre-loaded
with a quantity of work to be produced during a
fixed production period {23:ii].

Scheduling heuristics were tested against the shop

environment to gain information on the important con-

siderations to use in selec ting approp r iate rules f or a

shop scheduling system (i.e., given cer tain des ired shop

parame ters , which rule best attains these goals). The

rules tested in the WRAPS model were primarily the

so—called “simp le ” rules such as shortest  processing

time ( SPT )  , longest  processing time (LPT )  , a combinat ion

of SPT/LPT , LPT/ SPT , and SPT and LPT w ith precede nce

(23:19). Although no single scheduling rule was always

bes t , the results of the WRAPS research provide a foun-

dat ion for  f u r ther eva l ua tion of heur is tics.

24
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The results show the shop operating performance
can be affected by establishing a consistent policy
of assigning priorities. Priority assignments
affect the kinds and amounts of work that can be
completed as well as the average flow time of items
in the shop [23:36 ,37].

The most recen t use of the L-CO~1 to evaluate

the e f f e c ts of heuris t ics  on sort ie e f f e c t iveness wa s

done by Glad and Pierce (15). Using F-4E data supplied

by TAC , they tes ted f ive  decision rules aga inst a

dynamic maintenance  environmen t. The objec tive of their

research was “to identify a scheduling rule or combina-

tion of rules that consistently maximize sortie effec—

tiveness for a TAC F—4E squadron [15:421 . ’ The rules

evaluated by Glad and Pierce included the modified first

come f irs t served (MFCFS ) , first come first served (FCFS)

shortest mean processing time (S-TT~ , longest mean pro-

cess ing time (LMPT) , and estimated time of completion

(ETOC) (15:43). The ETOC heuristic ranked hi ghest in

F maximizing sortie effectiveness. Glad axd  Pierce also

showed that chang ing scheduling heuristics does influ-

ence performance. Spinner emphasizes the importance of

th i s  type of research .  ~e suggests :

It would be advantageous if one ultimate solu-
tion could be adaptable to any industrial setting for
the sequencing problems , however , to date only
optimal or near optima l solutions for particular
settings have been developed [2 9:319].

Assumi ng the task ne tworks , resources , and flying scenar~ cs

are defined , priority scheduling rules could be tested
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against various weapon systems . Using the Logistics

Composi te Model , it may be possible to identify a sched-

uling rule that maximizes aircraft sortie effectiveness

for a given aircraft.
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CHAPTER I I I

EXPERIMENTAL DESIGN

In~~it Data

The data for this research was obtained from sev-

eral sources. The TAC F-4E simulation studies were

obta ined from Ma j o r  Glad , Headquar ters Air Force Log is-

tics Command. The C— 130 input data was obtained from

Headquarters Military Airlift Command (MAC ) . Data for

the A—7D was obtained from the Air Force Maintenance and

Supply Yar.aoement Encineering Team (AFMSMET) at ~r~ gh r-

Patterson Air Forc e Base , Ohio and from Headauarters

Tactical Air Command (TAC) . These different data ra~-

ages were contained on magnetic tape. The input data

was loaded into the model to simulate C-130E and A-7D

operational environments.

The data pack age and f ly inz scenario are the two

basic forms of input required by L-COM to simulate the

operation of a flying unit. The flying scenario pro-

v ides spec if ic f l y ing requ iremen ts in terms of number

of mi ssions , takeo f f  times , mission size , and length.

The flying scenario also includes the maintenance actions

that occur prior to each sortie (pref1i~ ht , wearons load ,

etc.) as well as the maximum takeoff time prior to

sortie cancellation. Just as in real life, where
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operational requirements influence maintenance , the flyinc

scenario is the driving force of the L—COM model.

The second element of input data integral to

the model is the data package. This data , which forms

a task network , describes the relationship between sys-

tems and subsystems , the probabil ity of occurrence of

mal func t ions , the flow of maintenance and supply activi-

ties , the type and length of tasks , and the general rules

required to s imula te the maintenance environment.

Because of the integral relat ionship of task networks

to the model , a fu r the r  description is provided (31)

(see F igure  1 ) .

INSPECT 0

PRE — CALL WEAPONS

p FLIGHT ®SECTICN Ig 
FUEL LOAD 

D

POST CAL L

®
TOW Q SORTIE p FLIGHT 

Q~ ECT 1-~ I Q
Fig 1. Simplified Task Network

Task networks are basic to the realistic opera-

tiorA of the model. They are composed of tasks defined

as requ iremen ts for  men , parts , or eq u ipmen t tha t have a

defined relationship with other tasks in terms of series ,

para l le l , or successor tasks  (15: 2 2 )  . A “network” s ta r t s

29
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with a “node ” and then progresses through subsequent

nodes becoming more detailed . A “task” name is inserted

be tween nodes , specifying what type of action occurs .

In Figure 1, the sortie is the series successor

to the tow task. The inspect task is the series successor

to the fuel task and the weapons load is a parallel task

to the inspect task. The description of this network

or task is f l ex ib l e  in that  it can be described by the

user to any degree of s impl ic i ty  or complex i ty  desired .

An add itional feature  perm its the ne twork to be desi cned

in sections, thereby reducing the complexity and size of

the network input data. Once sections are defined they

can be called from several locations within the network.

This is por tray ed by the task “Cal l  Section I ” which migh t

be a :~aintenance action or actions possible in both pre-

V and post—sortie periods of time .

Since f a i l u r e  in mos t equi pmen t tends to be a

random process , L—COM simulates the malfunction of items

by probabilistic occurrence through the use of “failure

clocks. ” Failure clocks are decremented based on flying

time , number of sorties , or other user prescribed inter-

vals. When a clock has been decrernented to zero , a

fa ilure  is simula ted and a requiremen t for  reso urces is

genera ted. The time dura tion of tasks is con trol led by

~ef ini!-V g the ty’oe of fa~ lurc distribution , avera ge repai r
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time and variance, and required number of peop le by Air

Force Special ty Code . The network permits a series of

tasks to generate requirements for new tasks .

During the simulat ion , L-COM uses the flying

scenario and data package to control the processing of

each aircraft through scheduled sorties and through any

required maintenance (31:4.1). The model attempts to

per form all sort ies , but , as in real l i f e , some cannot

be accomplished due to the unavailability of aircraft.

The lack of sufficient aircraft would be due to malfunc-

tions that cannot be repaired prior to sortie takeoff

time. After a sortie is completed , the aircraft under-

goes post—sortie inspection and maintenance. When parts

or specialists are not available , the required actions

become “constrained” and wil l  not be accomplished unt i l

V 
the needed resources are available. The time the aircraft

is out—of—commission for parts and personnel is reflected

in the model’ s performance s ta t i s t ics  as Not Opera tionally

Ready Suppl y (NORS ) and Not Opera tionally Ready Mainte-

nance (NORM) data. While there are many fac tors  required

for L—COM simulation runs , it is L-COM ’s ab ili ty to process

these complex factors that makes the model so dynamic

and provides the abi l ity to closely dupl ica te the real

world (35:4—7).
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In using L-COM to investigate system behavior ,

the user must address validation . The L-COM model itself

was i n i t i a l l y  validated in the PACER SORT f i e ld  test

(31:1-2). Continued use of the model by various major

commands has strengthened the initial validation . The

input data obtained for this research is currently being

used to forecast  manning levels and parts requirements

for f l y i n g  operations.  Although this data  has not been

field tested , as had the F—4E data , the fact that the

model continually produces accurate manning figures for

operational units increases confidence in the results .

Rule Changes

In order to test the impact of different rules

on mission e f f ec tiveness , it was necessary to chan ce

L— COM ’s method of sett ing prior ities to sequence tasks

awaiting work. This was accomplished by insert irV g dif-

ferent scheduling rules into the model. The scheduling

heuristics chosen were : mod i f i ed  f i rst come f i r s t served

(MFCFS ) , shortest mean processing time (SMPT) , longest

mean processing time (LMPT) , f i r s t come f irst served

(FCFS), and estimated time of completion (ETOC). These

rules were chosen for several reasons . As stated in V

Chapter II , they were chosen because they are simple , in

both concept and application , and yet perform as well as ,

i f not be tter than , the more complex rules. It was also
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shown that there is a general consensus that these rules

perform most e f f ec t i ve ly .

In addition to the reasons already discussed ,

there are others which more directly j u s t i f y  the selec-

tion of these rules for this study . These rules were

used by Glad and Pierce (15) to establish the fact that

changing a heuristic has a direct impact on sortie effec-

tiveness. They also found that some of these rules con-

sistently produced a higher sortie effectiveness rate.

Since the purpose of this study is to see if these rules

have the same impact on other a i r c ra f t  as they did on the

F—4E , it will be necessary to use these same five heur-

istics. Otherwise , a valid comparison would no t be

possible.

These rules also make the best use of parame ters

existing within L-COM . They are all based on the same

factors which L-COM uses to establish its own internal

pr ior i t ies, i . e . ,  processing time , lapsed waiting time ,

and priority ranking. For this reason , these rules were

easily adapted to the model. The model’s internal prior-

ity system proved to be a limitation in this study , as

well as in the study by Glad and Pierce (15), in that

rules which required the establishment of due dates

could not be used. Establishing due dates is not pos-

sible in L-COM because the model does not account for

all tasks required to return the parent job to a service—
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able status. This same limitation prevents the testing

of a First Arrived First Served rule and also the Fewest

Remaining Tasks to Go rule. A brief description of

the heuristics used in this study follows :

1. Modified First Come First Served (MFCFS).

This scheduling rule is the heuristic utilized by the

validated L-COM model. Each possible task is given a

task priority ranking in the task network portion of

the input data . This ranking is based on the relative

importance of the task in relation to repairing an air-

craft . A task maintains this assigned priority through-

out the simulation. However , when the MFCFS rule is

u t i l i z ed, each task ’ s p r io r i ty  ranking  is increased

by a time factor  as it sits in the awai t ing  work set .

This procedure prevents  a task from remaining in the

set permanently while  h igher  incominc prior i ty tasks

are processed. Since p r io r i ty t ies are poss ible as a

result of this procedure , the shortest  processing time

is used as a tie breaker to help decide which task should

be placed into work . The MFCFS heuristic departs from

the traditiona l concept of a FCFS rule where the awaiting

work set is totally ordered by the time a task began

awai ting work.

2. Shortest Mean Processing Time (SMPT) . The

t a sks  compet ing  for  resources are given an initial prior-

ity based -on mean task processing time . This priority is
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used to order the task in the awaiting work set. Ties

are broken by using the task priority ranking . This

action has the effect of considering all tasks as equally

important and working only those with the shortest pro-

cessing time. The only time the importance of the job is

considered is when ties exist , and then the job having

the higher priority will be worked first.

3. Longest Mean Processing Time (LMPT). This

heuristic is the opposite of SMPT. Tasks are ordered by

processing time with ties being broken by the task prior-

ity ranking.  The tasks with the lon gest processing time

are worked first.

4. First Come, First Served (FCFS) . The tasks

en ter ing the system are given a pr iori ty equa l to their

arrival time in days elapsed since the start of the sim-

ulation run . The awaiting work set is totally ordered by

the arrival time of a task in the system . Task prior-

ities are increased in the awaiting work set based on the

length of time the task is in the set.

5. Estimated Time of Completion. This heuristic

combines the features of FCFS with those of SMPT. Tasks

which are entered into the awaiting work set are ordered

according to the time they entered the system plus their

mean processing time . This combination of attributes

results in a computation of the estimated time of com-

pletion for the task. The awaiting work set is totally

34 

--— -~~~~~ —- —~~~~~~ —- V.
~~~~~

V- -
~~~

V
~~~~~~—- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~



ordered by this estimated time of completion with the

task priority ranking used to break ties. The use of

the task pr ior i ty  ranking to break ties ass umes , as it

did in the other four heuristics , that tasks identified

by the user as having a higher relative importance will

be worked first (15:29—32). Table 21 (see Appendix)2 lists

the equations used to obtain priorities with each heur-

istic.

As previously stated , the L—COM model uses the

MFCFS heuristic. Therefore , to change this rule and

run a simulation utilizing a different rule , it was

necessary to make several changes to the L-COM compu-

ter program . Table 3 shows the program chan ges tha t

must be made to change the scheduling rule used by

the model .

The program for L-COM is maintained in object

form in a file called LCOMKSTR. However , in order to

make a simulation ru n , LCOMCSTR is the program used.

LCOMCSTR “marries ” the input data with the model pro-

gram (LCOM~(STR) and the rule change , simula tes the

condi tions requested , and produces the required output.

The rule changes are made using a short alter program

which calls LCOMKSTR , makes the rule change , and writes

to LCONCSTP~. This process is depicted in Figure 2 .

~Tab 1e 1 appears on p. 48.

2Tables 2-22 appear in the Appendix .
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Fig. 2. L-COM Program Flow
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Simu lat ion Runs

The C-l3OE data was received as a complete

age from MAC . However , the A-7D data had to be obtained

from two sources. The A—7D data base and flying scenar:~

were received from the AFMSMET. The appropriately con-

strained parts and manpower files had to be obtained from

TAC . These C—130E and A—7D files were constrained to

accurately represent an actual flying squadron .

A pilot study was init iated using sample F-4

input data to evaluate the operation of the L-COM model.

Firs t the da ta base and f l y ing scenar io were loaded to

test the abi l ity of the preprocessor (input program) to

produce an initialization tape and an exogenous events

tape . These two tapes were produced al lowing the sample

V da ta to be run aga ins t  the main simula tion program. The

results of th is pilot study replicated the earl ier sample

runs of Majors Glad and Pierce (15:33). The sample problem

was also used to determine the ability of the L-CO~ model

to replicate per formance da ta over iden tical runs .  The

pilot runs did indeed produce identical results when

opera ting wi th identical  inpu t data .

In order to process the inp ut da ta a change

needed to b~ made to the model .  As discussed in Ch apter I I ,

the prepr cessor portion of L—CCM translates user pro-

v ided da u~ into formats required by the main simulation

p r o q r a V . V’~~~key func tion of the preprocessor is to
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establish the dimensions of the variables used in the

simulation . The preprocessor program used for this study ,

as well as the F-4E study by Major Glad and Major Pierce ,

was obtained from Mr. William F. Drake III , AFMSMET (11)

There are numerous permanent files which the preprocessor

program accesses during execution. The dimensions of

these files were adequate with the exception of the

INPTINIT file . Because of the large size of the C-130E

network , the array dimensions of th i s  f i l e  had to be

expanded to accommodate the input data. The changes

listed in Table 4 were made to this file and stored

on computer file space under the label INPTINI.

The processed C-130E data was loaded into L-COM

and all resources (manpower , parts , etc.) made uncon-

strained . This was accomplished by multiplying each

resource f ac to r  by ten. The unconstrained run provided

a check for problems in the data base which could create

a r t i f i cia l cons tra in ts dur ing the f i n a l  “cons trained ”

runs (3l:4-~~7). During the unconstrained runs , two prob-

lems were encoun tered . The first problem was indicated

by Error Message 13, “Trace of Calls in Reverse Order ,”

which appeared in the performance summary. Investiga-

t ion  revealed tha t  some network values used in defining

a distribution were not recognized by the AFLC version of

L-COM . The values were redefined by adding the changes

on lines 110 through 170 of Table 3. The second problem
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was encountered after approximate ly eight-five days of

simulation . Because of the size of the C-130E network ,

the array for the tasks to be expedited was inadequate .

The size of this ar ray was increased by adding lines 180

through .230 as shown in Table 3.

The processed A-7D data was also loaded into L-COM

and all resources made unconstrained. These trial runs

were successful and no problems were enco untered. Both

the C—l3OE and A-7D unconstrained studies were conducted

us ing the model ’s existing random seed of eighty-five (a

starting value for the L-COM random number generator).

After successful unconstrained runs , the con-

strained data for both aircraft was then entered into

simulation . Tables 5 and - 6 list the manpower and spare

par ts au thor iza t ions  used in Gla d and P ierce ’ s F-4E simu-

la t ion s tudies.  Tables 12 and 13 list the man power an d

spare parts authorizations used in the A--7D study . Tab-

les 19 and 20 list the manpower and spare parts authoriza-

tions used in the C—l3OE study . In Glad and Pierce ’ s

study the equipment authorizations were constrained for

two Aerospace Ground Equipment un its , des ignated as AM100

and .MC12O , at f i ve  and three uni ts each , respectively .

Equipment authorizations for the A-7D and C— 130E were

kept unconstrained . Since the objective of this

research was to determine the level of sortie effec-

ttveness based on the introduction of a given heuristic ,
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L ilv the heuristic and the random number generator seed

were changed. All other parameters (manpower , parts ,

leng th of ru n) were held cons tan t for  each constrained

run . The length of s imula t ion  runs fo r  each a ircr af t

was calculated to conform wi th the work of Glad and

Pierce and provide model stability (15:24).

The length of the simulation runs for each air-

craft varied deDending on the time it takes the model to

reach a steady state. The Droblern is that the initial

results of a simulation are biased by the set of values

used to “start” the system. Successive results are less

de~ endent on the initial starting conditions so that

eventually results are independent of the initial condi-

tions .  Most au thors agree tha t the in f l u ence of the

“ warm-up ” period must be minimized prior to analyzing

the resul ts  of a simula t ion . Shannon discussed three

ways to accomplish this .

1. Use long enough com pu te r  runs  so that the
data from the transient period is insignificant
relative to the data from the steady state condi-
t ion .

2. Throw out or exclude some aporopriate cart
of the initial period of the run.

3. Choose initial starting conditions which
are mure tvnical of the steady state condition and
thus reduce the transient period (28:296].

w a rm -u p  perirv~ b :as for this research was mini-

mized by usinc t’- second method . The length of the warm-

up period for each aircraft had previously been deter-

mined by the personnel from which the input data was

- — V  — -  
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obtained. ~t~C personnel determined that the ~arm-ur

period for the C-l3OE simulation was sixty days . However ,

AF~-~SMET personnel indicated that only thirty days were

required for the A-7D simulation to reach steady state.

The length of simula tion runs fo r this resear ch was

adjusted to include this appropriate warm-up time and

permit analysis of sixty days of steady—state time .

Therefore , each C—l 3OE simulation was executed for 120

days and the A -7 D fo r  90 days.

Each heuristic was tested against the four

random seeds used by Glad and Pierce S seeds 13, 15 , 85 ,

and 93. A total of twenty simulation runs was obtained

for the A-7D. Because the C—l3OE input ~ackaoe was so

large , a complete series of twenty runs was not obtained

for this aircraft. Reasons for this will be discussed later.

Results of each run were cbtained through

norma l use of the simulation model’ s outmut functions .

The sortie effectiveness measure used to evaluate the

effect of each heuristic is provided in the summary

statistics of the output. The ANOVI statistical tech-

nicue was used to determine the degree of influence of

ea ch heur istic on the sor tie e f f e c tiveness r ates.
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CHAPTER IV

ANALY SIS AND RESULT S OF SIMULAT ION

Operational resul ts for each simulat ion run were

provided in the performance summary report. This report

l is ted the sorties requested, sorties accomplished , and

sortie e f f e c tiveness (ra tio of sort ies accomplished to

sorties requested expressed as a percentage) for  each

run . The sortie e f f ec t iveness  rate is the performance

measu re used to evalua te  the e f f e ct of each rule . This

da ta is listed in Tables 7 , 14 , and 21 for the F—4E ,

A-7D , and C—l3OE aircraft , respectively. As shown in

these tables , the simula t ion runs produced dif f e r ences

in sortie effectiveness rates as a result of changing

schedul ing rules and random number seeds. For exa mp le ,

in Table 7 , the MFCFS rule produced a sortie effective-

ness rate of 90.35 with seed 13 and 88.11 with seed 15.

To de term ine if the d i f f e r e n c e s  in sor tie e f f e c tiveness

rates were due to chance fluctuations or were in fact

significantl y different , a statistical test using the

ANOVA (Analys is of Var iance)  tech nique was used.

The ANOVA procedure is a sta tistical techn ique

that assesses the effects of one or two inde~ er-.dcnt

.ar~ ables  (ru l e s , seeds) upon a dependent va r i ab le  (sor tie
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effectiveness). It permits the comparison of three or

more means simultaneously without degradation of the over-

all confidence of the test.

Analysis of F-4E Data

The F-4E data was extracted from the simulation

studies conducted by Major Glad and Major Pierce (15).

Each run simulated an F-4E operational environment for

eighty days. This included a warm-up period of twenty

days and sixty days of steady-state operation . Each of

the f ive heuristics were tested against four  random

seeds; seeds 13 , 15, 85 , and 93. A total of twenty runs

was obtained.

A two-factor ANOVA test was performed to deter-

mine  if the difference in sortie effectiveness was due

to the e f f e c t of the rule  changes , the seed changes , or

both . Table 8 was constructed showing the ANOVA calcu-

lations. Two P ratios were computed in the table. The

first P—s tatistic (P) was used to test for significant

differences between the means of the rules. The second

P was used to test for  sig n i f i c a n t  d i f f e r e n c e s  between

the means of the seeds. A critical value for P (i’ )

was then selected for an alpha level of .05 or a 5 per-

cent level of significance. The P and the P were then

com pared us ing the fo l lowing  decis ion ru le : If P~~~P ,

reject the null hypothesis , H0
. The null hypothesis
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c o ul d  not be re jec ted  for  the seeds where the P was

less than the P .  This indicates that the differences

in the means for the seeds are due to chance fluctu-

ation and are not sta t i s t ica l ly signif ican t . This

result can be anticipated , as changing the random seed

should not change the scheduling philosophy within the

model but should only change the random d i s t r ibu t ion  of

fa ilures .

The null hypothesis could be rejected for the

rule means since the P was greater than the ~~~~~~. This

indica tes that there are s igni f icant d i f f e rences  be tween

rule means . The two—factor ANOVA was collapsed to a one-

factor ANOVA to decrease the strength of the test on the

rules and determine if the d i f f e r ences  of the means would

still be statistically significant. Table 9 displays

the one-factor  ANOVA ca lcu la t ions .  Again , the P was

greater than the P~~, indicating there was a statistical

difference between at least two rules.

To determine if more than one pair  of rules was

significantly different and which pairs these were , the

H. Scheffé Simple Pairwise Difference of Means tech-

nique was used (36:225). Tables 10 and 11 show that

there is a statistical difference only between ETOC and

MFCFS, and SMPT and MFCFS. However , rio one rule was

statistically better than - -ri of the other rules. The

rules can be rank ordered with ETOC produc ing the h ig hest

44

V ~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
- -

~~~~~~~~~



_ _ _  - - V._ V. V V 
V V V

sor tie e f f e ctiveness rate followed by SMPT , FCFS , LMPT ,

and MFCFS respectively .

Analysis of A-7D Data

For the A—7D , each simulation was run for  a

period of n inety  days .  This included t h i r t y  days warm-up

time and sixty days of steady—state operation. The

f ive  heuristics were tested against  the same random

seeds used in the F-4E study . A total of twenty runs

was obtained .

The two-factor ANOVA technique was applied to the

sortie effectiveness data as shown in Table 15. The

results of th is test again indica te that  a change in the

random number seed does not significantly affect the

sortie effectiveness rate but a change in the rule does.

The two-factor ANOVA was then collapsed to a one-factor

- 

V ANOVA (Table 16) .  This test indicated there was still

a sta tis t ical ly s i g n i f i c a n t  d i f f e r ence be tween at least

one pair of means.  The H.  Sc h e f fé  technique was appl ied

to the da ta to determine which rules d i f f e r e d .  The

re su l t s  are displayed in Tables 17 and 18. In th i s  case ,

MFCFS was sign if i c a n t ly different from c Z  of the other

rules. However there was no signi f ican t d i f f e r e n c e  among

ETOC, SMPT, FCFS , and LVMPT. The rules can be rank

ordered with MFCFS producing the hi ghest mean sortie

e f f e ctiveness rate f~~11owed by ETOC , LMPT , SMPT , and

FCFS respectively.
45
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Analysis of C—l3OE Data

For the C-l3OE , each simula tion was run for a

period of 120 days. This included sixty days warm-up

time and sixty days of steady-state operation . The five

heuristics were tested against the same random seeds used

in the F—4E and A-7D studies. However , a to ta l  of only

sixteen runs was obtained .

The size of the C-l3OE package created several

problems and limited the final number of runs obtained .

One problem was the amoun t of compu ter memory required

to conduct the simulation. The C-130E package requires

over 160 ,000 w’~rds of memory as compared with 125 ,000

words for the A-7D and 115 ,000 words for the F-4E. The

useable memory of the computer utilized in this study was

limited to 188,000 words. Another problem was the amount

of computer processor time required to execute the simu-

lation . Each C-130E run required 4-1/2 to 5-1/2 hours

to execute. This combination of memory size and exces-

sive processor time restricted C-l3OE simulation runs to

the weekend. Overnight turn—around of runs was not

possible as it was in the case of the A—7D and F-4E. The

time required to acquire the data package , load the

data into the model , rectify problems encountered , and

ob tain twenty pure runs  exceeded the time ava i lab le  for

this study .
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The two-factor ANOVA requires a full matrix

of values. Since only sixteen runs were obtained for

the C-l3OE , there were missing values in the ANOVA

table. This mean t that the tes t of signi f i cance  of the

rules in the presence of the seeds could not be con-

ducted. As ant ic ipated , the F-4E and A-7D data con-

f i rmed that chang ing random seeds did not s ign i f i cantly

affect the sortie effectiveness rates. It could

therefore  be inferred that changing seeds would also

not significantly affect the C—130E sortie effective-

ness rates. Hence , a test of the effect of the rules

on the sortie effectiveness rates would be adequate.

The one-factor ANOVA technique was the appropriate sta-

tist ical  test to use in this case . The one—factor ANOVA

calcula t ions  ar e shown in Table 2 2 . In this case , the

null hypothesis could not be rejected. Changing the

scheduling rule did not significantly affect the sortie

effectiveness rates. Even though there was no statis-

tical d if fe rence  between means , the rules could be rank

ordered f rc m highes t to lowes t in the fol lowing manner :

MFCFS , FCFS , ETOC , SMPT , and LMPT.

A Comparison of Scheduling Rules

Table 1 summarizes the relative ranking of the

rules by weapon system . This table lists the ranking

of each rule from one to five , with one representing the
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TABLE 1

A COMPARISON OF RULE S AMONG WEAPON S SYSTEMS

Rules F-4E A—7D C-l3OE

Mcdified First Come First Served 5 1 1

First Come First Served 3 5 2

Shortest Mean Processing Time 2 4 4

Longest Mean Process ing Time 4 3 5

Estimated Time of Completion 1 2 3

highest effectiveness rate. For the A-7D and C-l3OE

studies , the MFCFS rule produced the highest sortie

effectiveness rate . This differs from the F—4E study

in which the ETOC rule produced the best rate . Although

ETOC was not the best performer for the A-7D and C-l3OE

studies , it did rank relatively well at two and three ,

respectively. The SMPT rule , which also ranked relatively

high in the F-4E study , only ranked fourth for both the

A—7D and C-130E aircraft.

It should be noted that in the A-7D study, the

difference in sortie effectiveness means of the second

through fifth ranked rules was only .64 percent. This

could be in terpreted to mean tha t one of these ru les

is just as effective as another. It is important to

note , however , that MFCFS is sign i f i can tly be t t e r  th an
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any of these four rules. The d i ff e r e n c e  between MFCFS

and ETOC , the second ranked rule , is 4.86 percent. In

other words , if 250 sorties were requested , twelve

addit ional sorties would be generated by using the MFCF S
V 

rule  in lieu of the ETOC rule.  The f ina l  chapter wil l

address the conclusions drawn from the study and poss ible

research extensions.
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CHAPTE R. V

CONCLU SIONS AND FUTURE RESEARCH

Conclusions

The objective of this research was two-fold.

Firs t, selected scheduling rules were compared using

F—4E, A-7D and C—l3OE data to identify a scheduling rule

that  consistent ly  maximizes  sort ie e f f e c tiveness fo r

each individual aircraft type . The second objective

was to determine if one rule maximizes sortie effec-

tiveness regardless of the aircraft type .

One rule was found to maximize sortie effective-

ness for the A-7D. The MFCFS rule produced significantly

bet t~ r results than any other rule tested . In contrast ,

no rule was found to be significantly better than any

other rule for the C-l3OE. This parallels the findings

for the F-4E in which no rule was found which would con-

sistently maximize sortie effectiveness.

No rule was found to maximize sortie effective-

ness for  c~~ three aircraft. An c :-.‘~~~rf hypothesis

was that since ETOC produced the best results for the

F-4E , it would also produce the highest sortie effective-

ness for the A-7D and C-l3OE. This was not the case ,

however. While ETOC ranked first for the F-4E , it
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ranked second for the A-7D and third for the C-l3OE.

:t should be noted that even though ETOC ranked second

for the A-7D , there was only a .64 percent  d i f f e r e n c e

between it and the fifth ranked rule.

Although no one rule ranked best for all three

a i rc ra f t, the MFCFS rule did rank number one in the A-7D

and C-l3OE studies. This was quite interesting since

this rule ranked list in the F-4E study. In an attempt

to explain this disparity , the characteri stics of the

three aircraft packages were examined . Although no

concl usive reas on wa s found which wo u ld exp lain the dif-

ference , the riu rher of aircraft in each cackace might

be considered. The C-l3OE and the A-TD aircraft pack-

ages were relatively large at thirty—two and forty-eicht

ai rcraf t  each ; whereas , the F-4E package was much sma l-

ler wi th onl y eighteen aircraft authorized . Although

this observation was considered noteworthy, no at tem~ t

was made to suppor t th is hypothesis in this study .

The disparity in the performance of the :-IFCFS

rule for the three aircraft warranted a more in—depth

examina tion of the rule  i t s e l f .  When th is r u le is

utilized , tasks are ordered on a FCFS basis within

pr iority groupings. In case of a tie (a result of the

combination of priority and arrival time ) , the task

with the shortest proressinc time is worhed first. The

ch aracteristics of this rule parallel the decision yrocess
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used by many aircraft maintenance controllers. As the

con troller is notif ied of a job , he must first ascer-

tain the priority of the task. Within each priority

grouping , the controller  considers the order of a r r ival

and the processing time in determining wh ich task should

be worked nex t .

It is also in teres t ing to note tha t the MFCFS

rule is inherent in the Logistics Composite Model. The

fac t that this rule closely parallels the decision pro-

cess in an actual ma intenance environment increases

confidence in the validity of the model.

Fu ture Research

The Logistics Composite Model has unlimited

potent ia l  fo r fu ture research in the aircra f t ma intenance

environment . This  is especial ly true with the intro-

duction of L—COM II (written in Simscript 2.5) which is

an even more dynamic and comprehensive model. Even with

L-COM II, however , the user  mus t remain aware of one

cons t r a int . Da ta packages the size of the C-130 are

hi ghly compu ter dependent .  The requirement for  large

memory size and long periods of processing time severely

limits timely turn-around of results. These variables

should be seriously considered before initiating future

research studies which require large data networks.
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Given th i s  caveat , L—COM is still a valuable tool for use

in fu ture research.

This research and the research of Majors Gl ad

and Pierce evaluated the performance of only f ive

heuristics. Many additional heuristics could be applied

to the F—4E , A—7D , and C—l3OE to determine if a different

rule  performs be tter tha n the f i v e  ru les tested in th i s

study .

Alternatively, the p e r f o rmance of d if f e r e nt

aircraft could be examined using the MFCFS , FCFS , SMPT ,

LMPT, and ETOC heuristics used ix this study. Perhans

by conducting continued research using these same

sched u l in g ru les , si gnificant trends will become evident

and a set of schedul ing rules  dev~~lcoed which can be used

to increase sortie effectiveness as conditions warrant .

Another possible area of research would be to

determ ine if the number of a ircra f t u t i l i z e d  in the

flying scenario has an impact on the relative ranking

of the schedul ing  ru les .  Th is could be accomplished b~
using one weapon system and making simulations with the

f i ve  heur ist ics and a small  autho riza tion of a i r c ra f t

and then performing the same stud y us in g a la rge air c r a f t

authorization.

The resources pr ov ided to meet the Air  Force ’ s

mission are con ti n u a l l y  decreasing. To effectively

control these l~ m~ ted resources , Air Force managers must

53



--V -- V. ~~~~~~~~~~~ V~~~~~~~ - . - V. -

cons tan tly striv e to improve methods of accomp l ishing

the ir mission.  E f f e c t i v e  schedul ing provi des an impor tan t

means to that end. For this reason , cont inued research in

the area of scheduling is warranted.
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TAB LE 2

PRIORITIES FOR. EACH HEURISTIC

Heuris t ic  Equat ion *

MFCFS Priority = TPRI

SMPT = l0~ 
x Mean Process ing Time + TPPVI

LMPT = 10~ 
1 1 

V V + TPRI
~Mean Processing Time)

FCFS = 10~ x Time

ETOC = lO L x (Time of Arrival

+ Mean Processing Time) ± TPRI

*TpRI is the Task Priority Rating.
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TABLE 4

INI TIALIZ ATION PROGRAM CHANGES
(INPTINI FILE)

Line No. Array Variable Old Dimension Xew Dimension

40 NCT RL 5 ,300 7,700

45 NNODE 3 ,500 4,100

51 NTASK 3 ,800 4,300

60 NRES 600 500

69 NFAIL 500 400

74 N E I T  550 100
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TABL E 6

F-4E SPARE PARTS AUTHORIZATIONS (CONSTRAINTS)
USED IN THE SIMULATIONS

Resource Resource
Identification Authorized Identification Authorized

Number Quantity -

- Number Quan tity

111AA 1 -
~ l425B 1

111HM 1 14310 1
111KC 1 l4 31B 2
111K H 1 

~I 
l43 lJ  7

111KJ 4 l432F 4

ll lKL 2 l 4 4 2 C  2
111KQ 4 1442w 2
1111<5 3 1455C 2
111KT 5 l4 5 5E 2
1132C 5 14610 1

12 31H 3 2371A 1
12 33K 1 237 30 2
1236K 2 2381A 2
1325.; 1 ‘ I  238lM 2
1325D 11 2392A 5

V 

1333C 25 
- , 

41111-1 2
1333A 1 41126 2
1334B 4 -

~ 4l12M 3
13 34C 2 4 1l3A 2
l342E  3 4 114G 2

l343B 2 41l4J 3
1344A 1 4114K 2
l 3 4 4 C  4 4 l 5 3 F  2
1344K 6 4153G 1
1344L 7 42330 1

1344M 8 4261 0 3
1352A 42630 6
1411A 3 -

- 

4511B 8
l 4 ll F 2 4511A 2
14223 4511K 8
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TABLE 6--Continued

Resource Resource
Iden t i f i cation Author ized Ident ifica t ion  Authorized

Number Quantity Number Quantity

V 451 3A 1 71H2Q 3
45130 3 71H 2U 4
4521A 2 71H3L 3
462 3A 2 7 1H3 U 3
56233 1 

-~ 71H4A 2

4 642D 2 71H4L 3
4644C 4 - 7 1H4R 3
471AA 4 71H50 1
47 2lC 7 71H5 A 2
47210 3 711-160 2

511AA 2 71L30 2
511AB 4 71LCO 1
511AD 2 7 1LD O 1
511AE 3 -~ 7I L EO
SliM’ 3 :1 71L50 4

Sh AG 6 7I LOA 3
5111J 2 71MAO 3
512.J\ 5 - 71ME O 2
S 12CL 2 71MH O 2
512CM 2 71NAO 3

513B0 4 - I 723A0 1
513E0 3 72330 2
513H0 5 73130 2
5 13M B 5 - 73 1C0 2
52l 1A 2 731D 0 1

52230 1 731E0 2
522E0 1 730ED 2
52240 6 -< 631F0 3
5 2 2 7 0  8 1 73 1G0 5
71320 8 731 1W 5

71B2 A 4 7 31J0 5
71B2E 3 731L0 4
71Mb 2 731M0 2
7~ H20 1 731N0 5
71~~2A 3 73~~10 3

- —
~~~~~~~~~~~~

— - - - —
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~~~~
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Table 6--Continued

Reso urce Resource
Identification Authorized Identificaticn Authorized

Number Quantity 
-
~ Number Quan t i ty

73520 2 743T0 1
73530 1 74BU0 1
743A0 2 -~ 74B U 3 1
74330 2 74BUC 1
74BC0 1 

-~ 74BUF 1

74BCA 1 - 74BUL 1
74BCC 1 74 3UM 1
74600 1 743UN 2
743DD 1 74BUR 1
74BE 0 3 74BU S 1

743F0 3 748V0 1
74BG0 1 

-~ 743VE 3
743H0 4 743vG 3
74 8J0 2 74 BVR 4
7431<0 1 743VS 1

74 3L0 2 7437 0 1
743M0 2 74810 1
74BN0 1 74820 1
74BP0 1 78440 3
743P3 3 75B10 1

743PM 2 : 75B40 1
74 3Q0 - 1 - 77J10 2
743QA 1 77J2A 1
74 3R0 2 77J2B 1
743S0 1 9612B 1
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TABLE 10

F- 4E CALCULATION OF DIFFERENCE OF ~1EAN S FOR SCHEFFE’S
SIMULTANEOUS CONFIDENCE INTERVALS

1~~~2~ 
= 

~ 
[F
.05 ,r_ 1 ,r(n_1) l (MSE)~~~~ (2)

~1
u 2 = 

~~ 1 ” 2~ 
± 2.81988 = —2.240 ± 2.81988

= 
1
x
3
) 2 . 8 1 9 8 8  = — 3 . 0 1 0  ± 2.81988

= 
1
x
4
) ± 2.81988 = —1.625 ± 2.81988

= (x
1
—x

5
) ± 2.81988 = —3.42 2.81988

~2~~~3 
= 2 <3~ 

± 2.81988 = — .770 2.81988

= 
2~~~4~ 

± 2.81988 = .615 2 . 8 1988

= .2 x
5
) ± 2•81988 = —1.180 2.81988

= (x~~—x~~) ± 2.81988 = 1.385 2.81988

1
3 

U
5 

= (x
3
—x

5
) ± 2.81988 = — .410 ± 2.81988

= (x
4-~~5) ± 2.81988 = -1.795 ± 21.- 81988

NOTE: = Samp le mean of MFCFS

= Samp le mean cf FCFS

= Samp le mean of SMPT

= Samp le mean of L~-1PT

= Samp le mean of ETOC
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TABLE 11

F-4E SINGLE PAIRWISE DIFFERENCE OF
ROW MEANS

X
3 

.\
4

0 -2.240 _3.010* -1.625 _3.t :C*

2.240 0 — .77 .615 —1.180

X
3 

3.010* .770 0 1.385 — . 410

1 . 6 2 5  — .615 —1 .385 0 —1 .795

3.420* 1.180 .410 1.795 0
C

*:ndic3tes significant difference at ~= .05.
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TAF LE 13

A—7D SPARE PAICVT S AL: C R : : x r ; - N,-: ( c c N ~~TREIC - :Ts)
USED IN T~~ 

CI\C~~LA~~~- ”~~

Resource ResO~ ’.ce
Identification Author~ ze~! 

~~~~~~~~~~~~~~~~~~~~~~~~~~~ Authorized
Number Quant~~C- .- ::- :~ b€- r Quantity

11AE Y 3 ~ 4 IN C 3
11AA S 2 40-F B
11ABO 2 14CEJ 6
11BJB 3 ~~ 3
I2AB0 9 2000 8

12BAO 16 231UP 6
13ACB 46 2310N 2
13ABA 3 231TC~ 8
13BAB 3 23lTL 8
13BBB 7 231W~C 2

13cAA 6 -i 231TA 2
1JEAA 3 2310A 2
13EBJ 3 -t 232FA 3
13ECA 2 23200 8
13FA9 8 1 233BC 1

13:AB 3 - 233CC 3
13FBB 2 233DC 6
14AA A 3 233AB 1
14BCR 9 

- 

233CB 6
1433C 6 - - 233:B 3

14BCP 3 2 3 3 A A  8
14BCF 3 -~ 41AA 9 7
14BCD 2 41AAC 6
14BCL 10 1 41AAL 3
14DCA 3 41ACR 7

14ECA 2 4 1ABA 6
14EDA 6 41ACA 6
14FBA 2 1 4 1EAF 6
14GEB 2 4IEAB 6
I4GEN-i 7 ‘ 42AAA B

‘ I V
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TABLE 13--Continued

Resource Resource
I d e n t if i c a t i o n  Author i zed  Identification Authorized

Number Quantity Number Qua nti ty

42BA9 8 1 51AE C 1
42 BAF 3 51AAB 8
42BCC 3 - - 51ADB 9
42BCA 16 51AE B 6
42CAA 7 51AAA 6

44AAA 8 51ABA 1
44AEA 10 I S1ADA 8
44 AHO 7 1 51BAC 3
44AG0 6 51BAB 8
44BCC 6 :~ 57AAA 6

44BCK 19 57BAG 6
45AAE 8 57BAF 6
45AA D 3 57BAB 1
4SAAB 1 ; i 57B35 3
45?.Ax 1 

-~ 57BCB 3

45ABA 8 57BCJ 3
45BAF 3 57CAO 3
45BAC 16 -- 57C3O 6
45BAB 3 57CCO 6
45BAM 9 62AA 0 11

45B8A 11 - 62AD0 1
45CAF 6 6’),’- ’-2 16
45CA.E 6 63A-N C 7
45CAL 3 63A ~io 6
45CAVA 6 63BAC 11

45CBA 6 63BCO 9
4 6BBB 7 

-
- 64AA O 11

4 6EB0 3 I 64ACO 9
46FAH 3 65AAO 18
46F3L 6 65AB O 17

47~~ G 18 71~~~A 6
47AAA 7 1 71ABO 11
47AB A 3 

~I 71ACO 10
47BAA 8 71AFO 8
51AE D 7 

-~ 7IADC- 6
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TABLE 13—-Con tinued

Resource I Resource
Ide nt if ication Au thor ized - Ident if i ca t i on  Author ized

Number Quantity 
I 

Number Quantit’.’

71BAO 26 73BBO 8
71BCO 1 73CA0 8
71CAO 6 73DAO 8
71CFO 6 1 73D3O 3
72AAO 16 73DC0 6

72AB O 10 1 7 3EAO 8
72AE0 11 I 73E30 8
72AHO 3 - 73FDE 3
7 3AJA 6 7 3FFC 13
73AAO 8 73FFA 1

73ABO 8 73FAO 8
73AC0 8 73FC0 1
73ADO 3 II 73FDO 8
73AE O 13 - 73GAO 8
73A1O B 73GBO 3

73AJO 8 -i 75AC0 B
73A1<O 6 91AFC 7
73AL0 3
73AM O 3 I
73BA0 8
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TABLE 17

A-7D CALCULATION OF DIFFERENCE OF >1C~ NS FOR SCIJEFFE ’ s
SIMULTANEOUS CONFIDENCE INT~~ VALS

• 
(C
1
-~~1) = 

1 x2
) ± 

~~
[F.05 ,r_l ,C,(n_ 1 ) ] (MSE)~~~~ (2)

= 
~~1

’
~
<2~ 

3.3218 = 5.5000 ± 3.3218

± 3.3218 = 5 .2 6 0 0  3.3218

= (x
1

x
4
) 3.3218 = 4.8730 ± 3.3218

= 3.3218 = 4.8600 ± 3.3218

± 3.3218 = —0.2400 3.3218

= (x —x , ) ± 3•3218 = —0.6300 3.32182 4  2 -

= 
~~2

’5~ 
3.3218 = —0.6400 3.3218

~V 3 ~~~~~~~~
4 

= (x
3
—x 4 ) ± 3.3218 —0.3900 ± 3.3218

= (x ~~—x 5 ) 3.3218 = —0 .4000 ± 3.3218

~~~~~~~~~~~~~ 

= (
~~~-~~~

) ± 3.3218 = -0.0100 ± 3.3218

NOT : = SarCC~~1e mean of MFCFS

= Sample mean of FCFS

= Sample mean of S~ PT

= Sample mean of LMPT

= Sample mean of ETOC
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TABLE 18

A-7D SINGLE PAIRWISE DIFFERENCE OF
ROW MEANS

X2 X
3 

X
4

0 5.500* 5.260* 4.870* 4.860*

x2 —5 .50O~ 0 — .2 4 0 — .603 — • 640

_5.260* .240 0 — .390 — .400

_4 870* .630 .390 0 — .010

X
5 

_4.860* .6~~0 .400 .010 0

*Indicates significant difference at C= .05.
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TABLE 19

C-130E MANPOWER AUTHORIZATIONS (CONSTRAINTS)
USED IN THE SIMULATIONS

Air Force Sh i f t  Au thorizat ions
Specialty Code (Three E ijht-Hcur Shifts)

325X0 3 3 4
325X1 5 5 6
328X0 6 5 7

32 8X 1 9 11 11
328X4 2 2 2
42lXl 8 8 10

421x2 9 8 9
422X1 4 6 6
423X0 8 9 9

4 2 4 X 0  8 9 9
43lX1 C 5 4 6
431X1D 2 2 0

43 1X1F 32 25 45
43 1X 1P 5 15 0
432ND 15 13 15

53 X0 0 2 0
532X0 0 1 0
534X0 7 8 7
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TABLE 20

C-130E SPARE PARTS AUTHORIZATIONS (CONSTRAINTS)
USED IN THE SIMULATION

Resource I Reso urce
Identification Authorized - I Identification Authorized

Number Quantit - Number Quantity

11RAC 2 1 11541 6
11RAD 2 - 1154 3 3
11RAE 1 1154 8 4
11RAF 2 1l54E 2
11RA G 1 1154G 3

11231 2 1154K 4
112 34 3 1162E 2
1124 0 1 1l 63E 1
11241 1 12211 3
11244 2 122 14 3

1124 E 1 l221G 3
11271 3 122 1Y 4
11280 1 12313 4
11281 6 l23lP 3
11283 2 1231S 4

11291-1 6 123lT 2
11311 4 I 1241 4 1
1132 0 2 - 12 511 3
11321 1 - 12518 1
11330 5 125lC 1

11331 2 1251H 3
11417 2 12615 3
1142W 2 12616 6
114 35 3 12618 5
114 38 1 12 613 3

11517 3 13111 5
1151>1 1 131.1A 4
1151P 1 I l~~i13 6

C llSlv 4 - l3llM 1
1152 4 2 1311V 3

11525 - 1 1 13121 1
1152E 3 13211 2
1152K 2 13 18 2
11 536 2 C 132 1~”. 1
11540 1 1321F 1
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TABLE 20 - -Con t inued

Resource I Resource
Iden tifica t ion Author ized ~ Identification Authorized

Number Quantity Number Quantity

13221 2 14423 4
13413 1 1 22BAL 5
13414 3 - 22C~ A 15
1342A 4 22EAP 2
l342C 9 - I 22E3A 2

1342 D 2 22 E 3C 7
l342E 5 22E3D 7
1342F 2 22E3L 3
13434 3 22F~ A 1
1343A 3 

-~ 22FA0 7

1343C 2 22FA~ 3
1343F 6 ~I 2 F?,L 4
1343G 3 -l 22F~J-1 1
13521 3 I i 2 2 G A A  27
13522 4 - 22G~ A 5

13711 15 2 c0E 13
13712 I 22CCA 11
13715 g -‘ ~~CDA 3

• 1371C I 2 G53 6
13721 44 22120 6

13722 13 22135 5
14131 2 I 22141 2
1413K 3 22144 8
1422B 3 22 14B 2
1423J 3 : 22330 7

1424E 5 22514 2
14315 4 12516 4
1431A 4 - 22518 3
14338 3 22513 5
1433J 4 2251E E

14412 2 2251F 4
1441H 2 22532
i- ~.4lS 1 225 A
1441T S
14427 2 :26E3
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TABLE 20--Continued

Resource Resource
Identification Authorized Identification Authorized

Number Quantity Number Quantity

2*BAL 1 3251tJ 6
2*BAR 1 3251V 5
2*EBC 4 3251W 5
2*EBD 2 3252E 9
2*136 4 3252N 23

2*141 1 32523 5
2*320 2 32525 11
2*333 2 3253C 12
2*41A 6 3253G 11
2*432 1 32530 6

2*446 2 32536 3
2*514 5 32538 5
2*51B 4 32561 4
2*66H 6 41110 9
2*681 1 41121 7

2*683 37 41125 6
2*691 5 41142 8
24100 4 41212 11
24111 4 41213 6
24121 2 41221 7

24132 2 41223 7
2413F 1 41224 3
24142 2 41251 4
2414E 4 41252 4
2414K 4 41311 11

24151 3 41321 10
24158 3 41322 3
24164 5 41415 10
24210 1 41421 4
24216 5 41422 10

2421M 5 41424 7
32511 13 41428 5
3251R 7 41532 5
3251S 4 41533 4
3251T 12 41912 2
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TABLE 20--Continued

Resource Resource
Identification Authorized Identification Authorized

Number Quantity Number Quantity

• 41914 2 46625 3
4213A 12 46628 2
42155 1 47215 5
42210 1 47322 10
42212 3 47326 7

42213 2 4732F 6
4221C 4 4911E 3
42225 3 I 4911G 2
4222B 4 49128 9
4227C 3 49212 3

42324 5 49415 4
42624 4 49416 4
44125 5 49521 4
44130 6 51DDA 5
44291 3 51DDB 6

44310 7 51DDD 2
452AC 2 51111 6
452AJ 1 51113 7
453AA 7 5111B 4
453AF 9 51145 9

453AG 5 5114E 5
453AJ 1 5114F 3
454AA 4 5114J 6
456AB 5 5114K 5
456BB 5 51154 6

456CB 4 51821 9
46211 3 51822 17
46213 3 51823 13
46215 4 51824 3
46234 3 51825 16

46314 5 51826 32
46611 7 5182C 3
46613 14 5182D 3
46614 9 5182E 2
46621 6 51911 4
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TABLE 20--Continued

Resource Resource
Identification Authorized Identification Authorized

Number Quantity Number Quantity

52111 16 64211 2
52112 16 64212 6
52113 17 64213 7
52115 7 64217 7
52116 3 64218 2

52117 9 6421C 6
52118 9 6421D 5
5211R 7 65BAA 4
5211S 11 65BB0 4
52211 11 65EAA 2

52213 13 66171 13
52214 6 66172 11
52215 21 66173 18
52216 17 66174 8
5221B 7 66175 10

52311 17 66180 11
52312 7 66181 13
52320 7 66182 14
52410 8 71112 4
61214 12 71115 12

612AE 5 71116 4
62133 7 7111A 5
62134 6 71221 2
63112 4 7131C 5
63114 10 7131D 17

63117 3 7131E 4
6311A 6 7131J 3
63121 8 7131M 1
63123 2 71412 4
63125 2 71416 4

63131 6 71417 13
63141 5 71716 4
63151 6 71721 1
6315A 2 I 72118 2
6351D 4 7211F 3
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TABLE 20--Continued

Resource Resource
Identification Authorized Identification Authorized

Number Quantity Number Quantity

72131 2 72RR0 7
72132 3 72771 2
72133 2 72773 6
72134 2 72774 4
72141 1 72778 3

7215A 3 7277F 2
72752 3 7277G 2
72753 4 7277R 2
72755 3 72781 5
72761 3 72782 2

72764 2 72785 3
72767 1 72787 2
72768 1 7278M 2
72LAE 1 *ENG* 13
72LAG 3 FCF 1 200

72LAL 3 PHASE 200
72LBA 9 *PROP 6
72LCA 4
72LD0 4 ___________________________
72MB0 1

72MD0 1
72ME0 1
72MK0 1
72ML0 3
72MS0 1

72NAB 3
72NB0 10
72NC0 5
72RAA 5
72RB0 4

72RC0 7
72RF0 10
72RG0 20
72RX0 9
72RQ0 21
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