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EVCLUTIONARY DEVELGPMENT OF AN TwTERACTIVE
SCHEDULING SYSTEM FOR A GENERALIZED FLOWSHQOP
By
GERALD WAYNE MCDONALD
June, 1980
Chairman: Thom J. Hodgson
Major Department: Management

The applicaton of interactive computer technigues to the scheduling
of industrial produciion operaticns has long seemed to be a potential
way to break through the many problems that are encounterc} in this
area, however, mest Gtempts o apply et tocbhnimies have ond din
feilure. In this dissartation  the autiaos repocts,  wn o <o ool
ap plivation created for an aircraft overbow facility operated Ly the
U.S. Navy. The mior emphases of Inis dis-ertaticn are in  the
evolutivnary method utilized for the doevelopment of the system arnd in
the cfiorts applied during development o overceme the causes of toilure
in earlier interactive scheduling efforts.

The project involved the development of a Management Information
Syster (MIS) to underly the later developmenis asiociated with the
creation of production schedules. Subsequant to the completion of the
prawtype for the MIS, the next phase was the creation of a sct of
computer programs designed to create prohuction schedules for "uture

periods. The coijective  tunction appliod  during  the createn of




schedules involved the reducdon of standard deviations for the daily
requirements for critical manpower rcsources through the judiciol
selection of starting Jdates for the different airceaft bheing inducted for
overhaul. This study evaluated the results for a number of difterent
methods for the development of schedules.

The causes for failure of -eatlier efforts in the interactive
scheduling area are discussed in Chapter 1. Chapter 2 contains a
description of the production facilities, in general terms, for which the
project results are applicable. The methods for, and development of,
the computer programs and files are discussed in the third chapter,
while Chapter 4 contains a description of the testing and analysis
performed on the sacheduling system that was developed. Chupler 5
draws conclus.ons as to the sucerss of the system in its current
application and then sugacsts possible future extepsions for r -carch

and development in this area.
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CHAPLER |

INTRODUCTION AND LITEVATURYE REVIEW

1.1 Introduction

Interaction between man and mnchin: appears to he an obviously
effeclive technique for (i development of produciion schedules for a
generalized  flowshop. In general, there exists  a o finite  set of
production resources available for use over a schewdling herizon o
complete' a given set of production tasls, One goal is te create a

schedule which will allow the production facility to use these resources

e

n an "efficicnt” manner while, at the same time, satisfviug  the
inter-phise and completion  dates for the tasks.  This paper in to be
concerned with the satisfaction of such a gosl where the caly voriible
available for modification is the sequencing ard spacing of the <torting
times for the tasks, the vesullingr set of tack ctmrting times beir © odlod
an induction schedule.

Conceptually, the role asscoiated with the creation of such a
scledule consists of two basic operations Fhe first is the creation of
an iuitial schedule, constenined by hie starting times assigned to tnsis
which have commenced prior to the beginning of schedule development.
Second is the modification of 1 current scheduje  to account rer
unforescen chanjres.  such changos i bt jn ude, but not e cesi foted
to, dcletion of tasks arcagned future stacting dates, addition of newly
assigmned tasks, modification of the requirements for tasks curronily in
production, changes in the availability of vesources, changes in task

completion  prioritics, inter-phasc  time:n, o1 completion  dates,

advancement of the scheduling horizon as time passes, installation and

PO
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introduction of new processing eyuipment, development of new product
lines, etc.

In the application of in' ' ‘ivc computer techniques to these
scheduling operations, one can envision taking advantage of the most
effective talents of both man and machine, using each in the scheduling

role for which they are best suited.

1.1.1 Description of a Completely Generalized Flowshop

When one uses the term flowshop the model typically visualized is
that of Figure 1.1, where all of the tasks must pass through the same
phases, in the same order, and tasks do not pass one another during
processing.

A more generalized flowshop model is that shown in Figure 1.2.
In this model a task may bypass onc or more of the phas s; i.e.
require zero time and zero resources in a given phase, if you will.

A more complex flowshop model is that depicted in Figure 1.3, a
completely generalized flowshop. Here one sces that it is also possible
for a given task to be ‘in more than one phase at a time, and as indi-
cated by the upper, exterior path, tasks may pass during their
processing. It is this more complex model with which this paper will
deal; a mode]l which may be associated with an industry involved in the
construction of large, complex products in response to orders with
specified compietion dates. Examples of such industries might include
those involved in the original construction, or the later overhaul, of
products such as aircraft, ships, railroad cngines, ctc.

During each phase the tasks may call upon available resources

such as floor space, c'ccirical power, capital equipment, spare parts,
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manhours from one or more sclected scts of workers, ete. In addition,
these resources may be required in more than one phase by a given
task.

A feasible schedule for such a system is a sequence of starting
times for the given tasks which allows their completion on schedule
while, at the same timc, it never rcquires more of any resource at a
given time than is available at that time. It should be noted that there
is no guarantee that a feasible schedule exists for a fixed set of tasks,
completion dates, resource constraints, and planning horizon.
Determination of feasibility is one small aspect of the first operation in
the development of a schedule. When no feasible schedule exists, a
computer and a human could work in consonance deciding which of the
tasks are to be deleted, or which, and by how much, resource
constraints might be relaxed. It is in this simple context that one can

begin to evolve an interactive production scheduling system.,

1.1.2 Underlying Data Base Rcquirements

Unstated, or often glossed-over at best, in many of the articles
published on the subject of production scheduling is the fact that =~
complex data base system must be available on the computer before one
can begin to create a computerized system for the development of
production schedules. Associated with that data base must be a
capability to predict resource requirements per unit of time given an
induction schedule.

In the case where past schedule development has been
accomplished by a human, aided by no more than a desk calculator and

a sixth sense, it is highly likely that numerous simplifying assumptions
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have been applied in order to make the nroblem of schedule development
more tractable. Such assumptions may include: reduction of the
number of different constraints, selection of a larger time unit for the
measurcment of resource availability and requirements, and restriction
of the tasks allowed in order to provide sufficient slack in the schedule
to preclude disastrous effects from unforeseen circumstances.

when the time comes to automate the scheduling operations there is
often a tendency to retain many of the tractibility assumptions.
Following such a direction may well lead to the development of a
management information system (MIS) that will fail when it is ultimately
asked the following two questions:

(a) What are the requirements for resource X given the current
schedule, and

(b)Y what will be the impact on resource X requirements (f the
schedule is changed to ...... ?

Hence, during the creation of the MIS to underly a production
scheduling . /stem one must evaluate every assumption and retain as few
as practicable in order to provide as flexible an M{S as possible, and to
retain the user's confidence in the final system. This subject will be

discussed in dctail later.

1.2 Related Literature

Victor Godin, writing in an article surveying the state of the art
in interactive scheduling ([8], dates the beqginning of interactive
scheduling efforts with the publication in 1960 of a baper by J.C.R.
Licklider entitled "Man-Computer Symbiosis" [20). The statement by

Godin that "The age of interactive man-computer problem-solving

systems commenced with Licklider's paper . . " could possibly be




considered as having overlooked earlier man-machine problem-solving

efforts. For example, the mechanical. Mark I aiming system for the

large shipboard guns of World War Il was the marvel of its day.

Following Licklider's paper, and cxpansions thereon by others,
interactive systems have become widely uscd in many areas, but little

has been done in their application to the problem of scheduling, and in

particular in the area of flowshop scheduling. In fact, the professional

journals are nearly devoid of papers on this particular subject. A near

majority of the related work applies to job shop or project scheduling

applications.

The earliest historical record of interactive scheduling was the

work of Ferguson and Jones [7] associated with a six machine job shop.

(In a job shop the phase sequence may vary from task to task.) Their

objective at the time wus " the cnrichment of (the) participants'

understanding of the scheduling proce.s and the man-computer program
interaction possibilities."
From 1966 thru 1367 the Stanford Research Institute worked on an
interactive job shop scheduling system for N.V. Phillips, a large firm in

the Netherlands. This system made extensive use of graphical displays

of job shop status and performance, and may have been the most

expensive and powerful interactive scheduling system ever developed.

Little information is available to the public at this time on the

SRI-Phillips system. Work on the project was discontinued in 1971 duc

to prohibitive granhic display costs. Some discussion of this system is

available in [15}, [26], and [27]).

The first operational. interactive scheduling system in the U.S.

was developed by Godin and Jones during 1969 for use by the Western



Electric Corporation in their North Andover, Massachusctts motor

winding plant. Thce system uhnlized an IBM 360/65 computer without
time-sharing facilities. ‘The system console was used about one hour
per day as the man-machine interface to provide interaction.  After
running less than a vear the system wa iscontinued, ostensibly due
to the awkward interface [9] [10].

Others also worked during the sixtics on various facits and
aspects of interactive, job shop scheduling problems. Some of the
aspects studied include: comparison of the number of schedules
considered by a man-machine team versus the number considered by a
human team [19], efficicncy of interactive versus batch scheduling
[14]. different hardwares for input, output, and display [1], simulation
modeling taking advantage of a deterministic 'look ahead' [26], and
human monitoring of the compulers progress during a heuristic
development of a schedule [17] [18]. ‘Thin st system, doveloped oy
Holloway and Nelson, is noteworthly beean - it allowed the inachine (o
churn through vast numbers of computations and then call on the
human partner when 1o needed help.

In the early ceventies a number of pecple worked on interactive
scheduling problems.  Notable among then wius the work of Connor in
developing a system called PROSPAC, <hart foo Proauction Schedniing,
Planning and Contrel. Connor has since developed a commerciil vernion
of this job shop scheduling system called PRODUCE, which reportedly
has few customers |1},

Another noteworthy cffort was that of Weist in developing a

"Scheduling Program for Allocation of Resourees," SPAR for short [28].
g

This work was done in connection with the interactive scheduling of a




project, rather than in the job shc, arena of the sch~duling systems
discussed above.

Others working on the optimization of project scheduling during
the early seventies include: Davis and Heidorn [6], Pritsker, Waters
and Wolfe [25], and Herreolen [16].

The majerity of intercctive efforts, if not all, have fallen into
these two classes, job shop and project. Lxcept for the work on
network ccheduling of projects, most of the scheduling attempts have
been on small or medium-sized systems; or else they have been done in
computer batch processing mode. Many of the batch-mode solutions

have involved Zero-One linear programming techniques [24] [25].

1.3 shortcomings of Earlier Systems

In spite of the activities described above, the future capabilities
envisioned by Licklider and his successors have not come to frui.ion.
In his survey article {81, Godin suggested eight hypotheses for this
failure. Evalutation of these reasons provides numerous ideas
reg:rding potential arcas for research in the development of on-line,
interactive scheduling systems for job and flowshop systems. The
following is a condensed and paraphrased list of Godin's hypotheses:

(a) The excessive assumptions underlying past systems have often
rendered their results unacceptable.

(b) A lack of flexibility and sophistication has made past systems
difficult to wmodify and adapt to rapidly changing
environments.

(c) Interactive computer systems have not been readily available
to many schedulers,

(d) Many Operations Manaqers have been unfamiliar with computer
based systems and reluctant to usec them

Uy b~ g




(¢) Computer hardware, software, oand  graphics to  support
interactive scheduling have hoen prohibitively expensive.

(f) Interactive scheduling systems have been  commercially
unattractive due to:

(1) Custom design of individunl systems,

(2) Cost of training potential users,

(3) Difficult evaluation of cost savings attributable to
improved schedules, and

(4) Difficulty in convincing potential purchasers within
a firm of the attractiveness of the system.

(g) Implications of bad schedules often go unrecognized because
schedulers have built in slack to protect from the disaster of
a failed schedule.

(h) Political pressures within a firm often override important
scheduling decisions and criteria, sometimes unknowingly.

The concepts contained in this list have provided a wvaluable
foundation for the development of the interactive scheduling system
described in subsequent chapters. At almost every corner wherec a
decision had to be made, reference to these hypotheses provided sound
guidelines and direction.

Certain  recent changes in education, technology, and computer

o

costs have helped to overcome the negative impact of some of the
difficulites hypothesized above. For example:

(a) Computer hardware and interactive systems have been greatly
improved and their costs have been markedly reduecsd. In
particular the advent of mini and micro-processors has placed
interactive systems in  the hands of a large number of
prospective users.

(b) Concurrent with this hands-on experiecnce has leen an
increase in the computer education of potential users with a
corresponding reduction in their reluctance to use computer
based systcus.

(c) Great strides nave bheen made in tte handling of data bases
for unstructured decision preblems such as scheduling.  One
example of this is the Doecisien Support System (SDS) fostered
by both the Sloan and Wharton Schools of Management [2].

(d) The evolution c¢f interactive schednhing systems has procecded
onward, albeit slowly. FFor cxampl:s one can look to the
SPAR system of Weist, and more vecently to the concepts
outlined Ly 'er- 'f Carlson in hin 1077 master's thesis [3).

4 .
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1.4 Overview of the Dissertation

The following chapters describe the evolutionary  design,
development, and imnlementation of an intcractive computer scheduling
system for a completely generalized flowshop facility, namely a
large-scale, aircraft overhaul plant operated by the U.S. Navy.
Following a description of the overhaul plant and the products,
including their associated resource requirements. and the constraints
thereon, is a discussion of the development of a managemcnt information
system to underly the later design and d:velopment of interactive
scheduling programs. Subscquent chapters will describe the mcthods
and computer programs used to develop initial prcposed schedules
interactively aund then to make improvements on one or more of those
schedules with a view toward leveling the requirements per unit of time
of certain individual, or combinations of individual, critical resources.
Finally, there is a description of the hearistics used to search for
improved schedules.

Emphasis throughout the following chapters is placed on describing
the evolutionary development of this system in an environment that
provided two-way feedback between users and the developer and swift
implementation of that feedback into emerging versions of the system.
Additional highlights will call attention to the details, associated with
the hypotheses concerning failure enumerated in section 1.3 above,
which were considered wmanadatery to ecunsure a reasonable chance of

success for thes: efforts.




CHAPTLR 2

DeESCRITTT N O THE PROBUCT SYSTEM

2.1 Description of Product Types

2.1.1. Standard Products

The naval aircraft rework facility for which this interactive
scheduling system has been developed performs both major overhauls
and repairs on aircraft and aircraft components. In order to allow for
the complete development and implementation of a scheduling system in
the time frame allowed by a dissertaticn, the system developed was
limited to that of creating and improving only schedules for the
ove-/haul and repair of aircraft. Howcever, one criteria for the system
developed was that it be easily adaptable to scheduling overhauls of
aircrdft engines in the near futurve.

Considering only aircraft overhauis, the number of ditferent
"standard” products in the system at ony time averages about ten.
Approximately eight other product types are required sufficiently often
to encourage their inclusion in the scheduling programs 5 standerd
products. By the term standard in this instance one refers to a type
of aircraft overhaul ihat can be accomplished in the normally alloted
time frame for that typc, and can be completed within a set of manhour
requirement standards, from cach of the variouz production shops, that
have been historically developed for that type of aircraft overhaul.

Immediately upon induction into the c¢verhaul program, each

aircraft goes through a phase involving estimation and evaluation by an

11




fnspection and planning team to develop an initial determination as to
the capability of completing 'hat particular aircraft as a standard
product. In addition, c¢ach aircraft gocs through a more thorough
inspection after the paint has been removed to again determine whether
it is a "standard" product. For scheduling purposes in this system,
any product that passes both inspections as a standard type can be
considered to have an overhaul that is delerministic with respect to time
and resource requirements. Any aircraft that is determined to be
nonstandard as a result of these inspections is then assigred a revised
overhaul! program. A new, deterministic set of manhour and time
requirement standards is immediately developed and assigned to these
"nonstandard" types.

Based upon historical data on the number of standard and
nonstandard types of overhauls for aircraft, the decision was .ade to
develop a system that allowed for a total of thirty-two separate product
types. This number is ulso sufficiently large to allow adaptation of the
system to engires at this facility, albeit both aircraft and engines will
require separate and distinct systems due to the disparate nature of
these product groups.

The standard aircraft types arc also grouped into what have been
designated "macro" groups. Al of the standard aircraft within ecach
group reguire the same production ~hases, in the same sequence, and
all require ‘the same amount of time in the respective phases. From a
scheduling point of view, the only difference between types within a
macro group is the manhour requirement standards from each of the

various production shops.




During tae overhaul, cach of the varions types of aireraft requires

from twelve to fourteen cparace in-process phases.  Over all of the

different product types a town of seventeen diztiet in-process phuases

were identified.  In order to allow for adapration of the scheduling

system to other product groups, the Jdocision was made to allow for up

to twenty-four separite product phinaes.

The chacrcteristics deseribed for the schedaiing system up to this

point are the ouly onces that have remained unchanged since the

beginning of this intceractive  scheduling  project. The number of
£ proj

standard products Las clbanged, but the lint of characteristics by which

onie  van  distinenisin one  product tvne {rom  another has remained
[l A

constant.  Under the cotegory of awer sttt overhaul preducts one can

¢ mmariyze their characteristios as follows

{a) Fach itvpc of aiveraft s into o distinet MACRO geoup. All
types within that geonp have deteoministe s faentiond:

(1Y In-provess phace soqueaeoys, ' g

(23 In-process phase durati ns, andd ‘

(3 In-process phase spiace regiivements or the same | A

assonbiy lines. ;

(L) FEach type of aireraft has its cwo unique set of aanhour
requiren nts trom cach of the variens production sheps.

Any  oarticular  aireraft mav he  deiermined  to heooa !4
nonstandard  product  type. At the time of  such 2 i ]
determination,  that aireraft wiill be asigned a4 new set of '

in-process phose derattons and a0 new set of  manhour
requirements.  The sequence in which the in-procc.s phases i
are performed will vemin unchangied, 1

Figure 2.1 depictas o iypical fn-proo nhace sequence Tlow. GOne

major aspect of this diagn dn the Tocot thet wo or more phase. may

overkip in time. Therefore, thia vesi-werld system i much moere

general than the ooamally aecepted tinwehop mooel,

One facet of he pooddin ot 0 menocioed with this system the! s

especially notevort® s the Cct thar the i process phase lenglite. are
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entirel deterministic. ‘This means that the scheduler is only concerned

with starting times {or the initial phase.  This facet simplifies the

problem, but at the same time restricts the numher of degrees of

freedom available in schedule development,

2.1.2 Nonstandard Products
As indicated above, standord products can be designated  as

nonstandard at certain points during their overhaul,  in addition, some

products can be determined to be nonstindovd prior to their inductio:
into the system. For cxample, in some cases noaircraft may have been
subjected to minor damac¢, - shortly before i3 schedualed induction for

routine ovverhaul. Such an aircraft could be declired nonstandard and
a new set of phase du 2tions and manhour requirements assigned.
Anothc: exemple, even more common, is the instarce where a particular
aircraft is scheduled to undergo major modifications in order to equip it
jor an entirely new type of mission; t.e., a potrol aircraft may be
changed from an émisubmarine type to one more suited to hurricane

surveillance.  Again such a tvpe is said to be a nonstandard. The

single characteristic comnmien to all nonstand rd overhauls is that they

are unigque o themselves with prespeclt 1o resource requirements and

phase durations.

The scheduter i uncblie o eifect any chonges in the indaction

dates for aircratt that become non<landoerd after the start of their

It is, however, necossary that hew impact on resource

overhaul.

requirements be taken into account in the development of schodules that

affect the pceriod during which such nonstandard aircraft ave in the

repair/overhaul system.
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The scheduler may '+ able to oueleet the desired starting date for
nonstandard types that are so declared lefore their induction. On the
other hand, the starting date for such n unique type is often
predetermined by the date it is to be made available for modification, or
it is dependent on the date it must he made available for use on the
new mission. This leads to the requirement that the interactive
scheduling system must include the capabilitics to preschedule certain
product starting times before inserting any wvariable starting time
products into the schedule being developed, and then to hold those
prescheduled starting times fixed during any subsequent heuristic

improvements to the schedule.

2.2 Generalization of Product Types

Recalling the second and the :ixth of Godin's hypotheses for thea
cause of failures, it is apparent that any interact ve scheduling wyst n
designed to be adaptable to a wide variety of product lines m.st be
flexible cnough to both allow for rapid changes in the product linc for
the system to which it has been applied, and to climinate the necd for
custom design when it is adapted to a different production system. At
the same time it must be sophisticated enough to allow an easy method
for th. user, with a minima! amount of training on the scheduling
system, to create new standard and nonstandard product types within
the data base. This latter {cature is also applicable to the user
training-cost aspect of the sixth hypothesis. The management
information system described in subsequent chapters was designed with
these characteristics in mind, especially with respect to freedom in the

definition of product types and their resource requirements.  The

method chos. a to .ccomplic’ ~ will be ddiscusned in o detail at a later




point. In gencral, however, it vwas achicved through definition of the
data for standard product types in a disk- tored, card~image file that
is formatted in such a wayv that it is easily read and changed by a user
from a computer terminal, who nced nal understand the program that
reads that file and uses it to create a structured data base.

Nonstandard  products are added to the data base through an
inteructive program that prompts the uvser by asking all of the
questions necessary o allow creation within the structvred files of the
information rcquired to schedule such products and to determine their
impacl on resources.

Deletion of stundard types that are no longer applicable is donc by
temoving them from ihe card-image file.  Deletion of nonstandard types
is don - by dicinteractive progran.

The aethods chesen for definition of product types will allow @ pid
and oy wdonuen of vhe ocheduling systom o ether product lines wit?
the oy reguirement banyg the areation of o card=image file to delme
the standard preducts.  »ince the format of that file is fixed, only the
virichle data associcted with products must be inseried.

2.0 Uescription of Resources
2.3.1 Production Shops

The manhour requirements for this facility ave defined in manhours
per type of aircraft from each of the preduction shops. Therefore a
production shop may be considered as a resource.

At the production facility for which this interactive system has

been developed, each of the more than one hundeod production shops
[
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may be associated with at most two of the different in-process phases,
The association of each shop with pacticular phases remains constant
across all product types. In addition, whon there are two phases, then
the two phases mav Le¢ cquivalenced to /ich other as being the same
phase. This allows the computer program: in the interactive system to
relate each shop with a particular in-process phase and thereby to
allocate the manhours from that shop for cach tyvpe of product across
those production shifts during which that product type is in the

associated in-process phase.

2.3.1.1 Generalization of Production Shops

The fact that the production shop resourvees are, in this case,
related to shops is an implication that exists only i the card-imuage file
mentioned above. Requirements may be concidered as applicable to any
resource that is utilived for anv product types that need be associated
with one or more distinct time periods during the processing of that
product.

Further generalization of the computer system to other production
facilities is easily attaincd. For example, if a production shop, or its
surrogate in a diffcrent plant, can nat be associated with 2 unigue
in-process phase across all product tyvpes, then on~a has only to create
either fictious in-process phases, or fictious production shops or both.
These¢ fictious elements are then included in the data base description
of the flow sequences for product types, and the resource requirements

are then uallocated acro.s the real and fictious elements according to

their actual distribution hetween them.
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2.3.2 Trade Skills as a Resource

For this aircraft vework facility manarement considered that ecach
trade skill represented a resource and that some of these ftrades were
critical.  The system developed inclndes o capability to evaluate the
impact per unit of time of a given schedule apon resource requirements
in two [ashions, namely upon cach of the approximately fifty different
trades represented on the payrall, and upon the sanre than one hundred
productinn shops in the organization.

The resource: rvepresented by trade okills could not be related
directly to a single in-process phascs, or to a single surrogate. In
addition, data were not availuble to celate the number of manhours
required from any trade skill to proces: cach of the differcnt prodluct
types. In other words. management was asking for the computer
system being devoloped to measure an attribnte of the production
system which had not been measured in the poet

The solution was to develnp duta that allocated the manhour
requirements from production shops to the trade skills assigned to those
shops in a ratio representii g the actual requirements within each shop.
The allocation within ciach of the shops is assumed constant across all
products, not because it is requircd by the scheduling system but
hecause this is the only dativ allocation available (o management

‘This allocation of the hours from cach production ~hop to its
particular set of trade skills is also accemplished by data described
within the card-image file. This allows it to be rasily modifi-4 in the

future as improved historical duata on the allocatisns hecome aviitable.
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2.3.3 Generalization of Rescurces

Inclusion of the capability to handle trade skills as a resource
greatly increascd the flexibility of the schednling system to handle the
requirements of other facllities when adapted thereto. The result is
that, by simple changes to the card-imoge file, one can represent
extremely complex relationships between vesource requirements which
might otherwise have to Le assumed nway. It should be noted that this
feature has very rpositive implications with respect to Godin's first
hypothesis on assumptions causing failure.

Each of the rcsources constraining the development of schedules
that have been described to this point is related solely to manhours.
That relationship, however, is strictly an implication of the user and
has no bearing on the data structure developed and usced by the
interactive scheduling svstem. In reality, the system could be used to
represent any resource that can be related to usage per unit of time
during the processing of a product. For example, the resources
considered by the system might, at the some time, represent such
diverse inputs as inventoly items, space for work, or delay between

work functions, electrical power, tools, ¢le.

2.4 Constraints

The consideration of constraints within this development is an
extension of the direction that was started by Per-Olof Carlson [3].
His approach was to model the scheduling problem as a Zero-One
Integer Program whetrein the objective was ‘o minimize the maxuaum

violation of the vonsteamts. The model thus Jdeveloped was then selved

by implicit enumeration e hnigques applicd 1o the decision tree that

e

e T R T T )



could be associated with the Zero-One Propram. The effective result of
this apprecach is 1o relax all the constraints while at the same time
assoviating a cost with the excessive  utilization of the resources
represcnted.

The main feature that precludes the application of Carlson's method
to the problem at hand is the vastly Lirger size of this scheduling
problem compared to that on which Carlson was working. Both
rroblems can be solved by implicit enumeration; however, the computer
execution time necessary to optimally solve the flowshop scheduling
problem is prohibitive, as should be expected for any large, np-hard
problem.

concept of censtraint  relaxation was retained in this
application, as was the objective of developing a schedule that minimizes
some measure of the deviation from the mean requirements for critical
resources considered singly or in combination.. In action, the systen
allows the user to assign criticality to certzin resources, and then to
have the computer hcuristically develop a scheduls in an attempt o
level the requirements per unit of time of those vesources.

Additional constraints to the system do exist, and they can e

handled in a separate manner. For example, one of the product types

requires ~ight shifts (four work days) to paint and there is room to

paint only one at a time. In cffect this is a bottleneck problem that
can be handled by setting a minimum time between starting any two of
these products. The deterministic aspect of in-process durations allows
this solution procedure to be applied. The end result of constraints of
this type is a reduction in the number of feasible schedules that must

be considered during heuristic develbopment of an  initial proposed




schedule, improvement of a propesed schedvle or making changes to an
active schedule.

The data necessary to solve the bottleneck aspects of this problem
are also contained in " ¢ card-image file and are therefore easily
changcd, either to adapt to changes in the cenvironment of a current
application or in the employment of thce computer programs for an
entirely new facility.

One noteworthy feature of this application is that jt taxes
advantage of the possibility of combining two or more such conutraints

into one and thereby reduce program execution times.

2.5 Miscellancous Aspects of the Product System

2.5.1 Variable 'Time Units

The aircraft facihity involved in this otudy utilizes five dit -rent
time untts for varmus functions involved in scheduling.  Two of these
units, shifts and days, are associated with the allocation of resource
requirements, and the other three are associated with both the
development of schedules and the publication of future workloads to
each of the production shops involved. The latter three units are the
work-month, work-quarter, and the work-vear. .The length of these
three vary from every time peried they meiasure to the next such time
period.

The relationship between shifts and davs (number of shifts per
day) is inciuded in the cavd-image file.  This allows the system of

programs to be exported to other facilitics that work a different number

of shLift, per day. For nore complete gencralization it also allows the




assignment of other time-unit relation<hips.  or example, the case

where in-process phase lengths ave to b measured in hours while
resource availability or rvequirements  are given in diys. T'he only
dmitation on this relationship in the current connuter provrams is a
function of program data size to it in core mewnry. At the current
time the number of days has bLicen limitod G0 cixty-six, the apper limit
on the number of work-diavs nor work-quarter .

The relationships between sortR-eenth, work-quarter.,  and
work-year are measured in days, and nre input intoe the programs by
the user in response to agppropriate interactive queries. By his
response to these queries, the user may select the desired lengths for
scheduling hcrizons, data extraction and compilation, and displays of

the resource requirements for sclected reseurces.

2.5.2 Future Product Quantity Requircments

As is the cnse with a majerity of  pradaction facilities,  the
scheduler has access to forecasts of the number of cach type ¢f product
that will requive processing during scme future time frame. In this
svstem, the data are in the form of "number of cach type per quarier®
over a two yvear {uture hevivon. Althouph these data are hirhly subject
to change, tiey are uscd o develop forecasts for {uture resource
requirements. In this particular application the data are now bheoing
utilized to provide the personnel section of the plant with a forecast of
future hiring and training requirements by trade skill. Historical data
on atirition rates for cach of the trade skills were available prior to

development of the scheduling system dita hase, but were unusable for

the prediction of hiring and training requirements because there had




been no method of preducting the number of workors needed within each

trade skill in order to meet a future prodvct demand. Data spin-offs of
this type are particularly useful in convineing potential purchasers of

the attractiveness of the scheduling system. one a pect of Godin's sixth

hypothesis.,




CHAPTER 3

DEVELOPMENT OF cOMPU VER PROGRAMS
AND FULES SYSTEM
3.1 Backhground and Chrenology

The developer of this systen: recosnized at the onset that any one
of muny aspects of the syetem and its devalopment could Jead to fuitlure
of the entire system. Gadin's article [8]. published some six months
later, lent structure to this obsecrvation. One example is that, in the
very beginning, it was readily apparvent that the potential users were
unfamilinr with the use of computer-based systems for purpnoes other
than budgeting, and that they had no way io evaluate the impact of the
scitr dules they created.

The lack of familiarity of the schednlers with eemputer-basad
systems moeant  that  thicee facters  woeuld  greatly  impact o ihe
developient  of  the system: (1) the o ohedulers could  net readiiy
envision cither the possibe application - that covld be developed, o the
uscfulness of such applicntions cheuld inhey he developed, (2y they
could not explicitly Jdescribe the kinds of appheations that they Jdosired
in terms which were sufficy atly definitive to provide the developer with
a sound basis for design of the Jinal produc:, and (3) the developer
could not ecavision the applications necded, nor desaribe many of the
applicaticns he cnvisiened, in terms that were oafficiently meaningful to
the futurc users to allow them to evaluate and comment on applications.

The problem facing management wn this instance was the rapid

swing in the daily manhour requirements for the critical trade skills.

these swings occurred as the result of the product induction schedules




currently being created by hand. A major fucet of the prohlem was the
fact that there was no means by which one couid predict the day-to-day
requircments that would accrue as the result of a given schedule. In
other words, the implications of a bad schedule could not be readily
evaluated, nor could the effects of changes to an already created
schedule be analyzed.

Recognition of the factors of unfamiliarity on the one hand, and
inability to evaluate on the other, led to two major decisions prior to
the beginning of computer programming efforts. The first of these was
to conduct the entire devclopment of the system in a two-way feedback
environment of develop-try-modify. The second was to Dbegin
development with the creation of a management information system (MIS)
for use in the evaluation of manhcur requirements for a given schedule.
The MIS was also a necessary foundation for the later portion of the
computer system, which was to be used to develop schedules that would
reduce the swings in manhour requirements.

The basic concepts of the twe-way feedback environment are
depicted in Figure 3.1. The concept lying at the heart of the system
is one of passing ideas and recommendations in two directions, and to
develop the system creatively as a vesult of the increasing
comprehension on both sides; an increase growing out of an almost
constant interchange of ideas between user and devcloper.

In the development of any computer-based system, the first step is
to ascertain what features and capabilities the user desires in the
system through a series of conferences in which ideas are exchanged
between the user and the developer. This stage is depicted in Figur.

3.1 by the square box in the JOINT EFFORTS column which is labeled

"Initial Ideas for Segment N," with N equal to 1. This stage is common
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to all methods of computer system develepment, however, the normal
practice is for the developer and the user to create a set of system
specifications for the entire system at  the conclusion of such
conferences.  Then the normal practice is [or the developer to create
the system in its catirecty based upon those specifications; creation in
isolation so to speak.

In this instance that was not done. Instead, the developer left
these conferences with some, often vague, idea of what the user really
wanted, recognizing that the user had no grasp of what the system
would be capable of accomplishing in the end. This lack of
comprehension was dJdue, in great measurce, to the user's lack of
familiarity with computers. At the same time, the developer also lacked
familiarity with the problems, needs, and requirements of the user.

In a two-way feedback environment, the developer leaves the
initinl idecas conference und procecds to the upper square block in the
DEVELOFER EFFORTS column of Figure 3.1. He "Develops a Prototype
for Segment N." This prototype is not intended to be the final product
for that segment, therefore it can be very simplistic in its design and
features.  The role of the prototype is to stimulate the interchange of
idess in order to e..hance future versions of the system,

The user then comes back into the development, performing the
"Operate, Evaluate, and Become Familiar with Available Segments" task
depicted in the upper rectangular box in the USER EFFORTS column of
Figure 3.1. This represents the entry point into the 'two-way
Feedback Loop' for the intial prototype for each segment that is

developed.
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A short period of time after the entrance of a segment into this
feedback loop, the user and developer again confer on the entire
system, this time with a view toward the development of specific
changes to all of the then available segment prototypes. This
conference is represented by the DO loop depicted within the
rectangular box at the bottom of the JOINT EFtrORTS column of Figure
3.1. It is important to note that ALL of the then available segments
are discussed at this point  The development of a feature within one
segment  commonly points to enhancements that may nced to be
incorporated within other segments, including segments that are
considered to be finished and those which are in the initial prototype
development stage.

Following these modification conferences, the developer then
proceeds to modify and enhance all of the segments for which new ideas
have been developed. This is depicted as the third box in the
"two-way Feedback Lcop,' located at the bottom of the DEVELOPER
EFFORTS column of Figure 3.1

Those segments for which no new ideas are developed then move to
the bottom box in the USER EFFORTS column. Note that the box is not
labeicd "Finished Segrients K." Instead, it is labeled "Utilize Scgments
K," implying that the segments for which no new ideas are currently
being incorporated may well be modified and returned to the 'Feedback
Loop' at some future point in time.

Fach  major segment of the finar  system described in this
dissertation invariably went through « number of iterations around the
'Feedback Loop' betore becoming semi-fixed in its  features and

capabilities.
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A necessury feature o Lo feedback doop is rapidity. It is worth
noting that a concerted <ttt ' s made to comj.lete modifications and
enhancements in a very short time, ncormally less than two weeks and
often in two or threo dave, in order to have the modified system into
the hands of the user o quickly a3 poraible.  This was accomplished in
order to maintain a high interest and confidence in the development
efforts.

It is obvious that the development of a major, computer-based
system in such a rapid, two-way feedback c¢nvironment is time
consuming. Ilowever. it has a far greater chance of overcoming, if not
avoiding altogether, the causes of faibhne for comnleted systems,
particularly those {ailures related to excessive assumptions, lack of
flexihility, and the unfamiliarity of the user with comj iter based
systens:..

Not as obvious to the reader, but casy to comprchend, s the
interest in, and the concern for, the final success of the intersctive
system exhibited Ly the user during the creation of the system in such
a feedback environment; cven to the extent that it may well ensure the
final acceptance and the ultimate success of the svistem hefore its
completion.  User invelvement in the actual development is the key to
this feature.

Another facet of user involvement during the evoluticn of the
system is the reduced ameunt of user training that is required upon the
completion and final e dlation of the system. This comes about both
because of his opcration and eviluatin of the prototype models, and
because of the fact that many of the features incorporated are those for

which he himself has develop o d wdeas and requirements.




Another aspect in this  particular instance is important to the
development methods  bLeint used.  The actanl program  writing  and
debugging was done on the user's computer syston. This caused some
conflicls between user and developer because of egradation problens
with the data base during debugpring operations, The solution was
simple. Two separate computer operating arcas were developed in the
interactive control svstem. The one used by the developer contained

all segments in their current state of development. The other containd i

those segments of the system being utilized, operated, and evaluated by

the user. Destruction of the data base in the developer's area left the

user's intact and facilitated recreation of the developer's data base.

Table 3.1 contains & non-exhaustive chronology of the interactive,
computer-based system desceribed herein. A brief review of that
chronclopy will provide the reader with some indight into the dynuwmics
of developing a  compuicr-based system in this  envircnmue ot In
particular, one should note the largze number of enhancements that were
not ervisioned Ly either the uscr oo the Jdevelepur at the boginping

bul were concuived, developed, and added at a later time. The reader

may find 1 convoaient 10 refer back o Tabhle 3.1 during the

discussisns which follow in this chapter.

3.2 Management Informvtion Systn

This section will contain a bricf description of the two management
information systems that have boeen developed during the evolutien of
this sy:tem. The first of these MIS was a small-scale prototype based

upon the original user assumptions tiat only one trade skill was
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assigned to each of the production shops, and that there were only

nineteen trade skills in  all within the entire production system;
assumptions that had been the basis for production scheduling for the
past few years. The second MIS resulted when the user indicated a
desire to change 1o the more realistic conditions where more than one
type of trade skill is assigned to a given production shop (actual
analysis indicated a maximum of eight diffcrent skills in any of the
shops) and the fact that forty-nine different trade skills could be
identified within the facility, rather than t(he nineteen used in

hand-scheduling operations.

3.2.1 Initial Management Information Systcm

The management information system whose structure is shown in
Figure 3.2 was developed using the initial data and the parameters that
were provided at the beginning of development of the system. Table

3.2 contains a listing of the original parameters.

3.2.1.1 Manhour Prediction Program

The program named PSKILIL shown at the bottom of Figure 3.2 was
the initial user program for predicting the daily manhour requirements
for cach of the nineteen different trade skills assumed to be involved in
production. The predictions calculated by this program were based
upon the schedule of aircraft inductions contained in the file named
SCHEDULE Data shown on the lower left side of Figure 3.2.

Trke PSKILL program contained the following features available for

selection by the user:

i




36

WILSAS NOILVIGMOANI INIWIDVNVIW TRTIITUI 24l JO 8Jn3dNJ3§

weJfody
T1INSd

1

e1e]

t G3HOS

3
b

us
-

e3el ®185
1INS LS
LT,
TAS
23eq eleg ele¢

KOT1943d0 SENCHNYW d3in1ce

we H04y4

LR

A
eleg e3eq
GO LIVyoIV

weHody
FIN03HIS

e3eQ
3NA3HIS

2°¢ auandrg

weJ5odg
UC139IPadg Jnoyuey

sayty ejeq
UDT391Padgd

tebouy
uo1jeady ese(

58714 ©I%] 215Rg
{(Pa4n3onaLg)

2ieq Jiseg uf
paay 03 swebouy

3114 dbew-pse)
ejeq (mey) dtseg




37
Table 3.2
(INITIAL)
PRODUCTION SYSTEM PARAMETERS

Product Descriptions Quantity
Standard Product Types 18
Nonstandard Products None
Production Phases 16
Resources Considered
Production Shops 114
Trade Skills Involved 19
Trade Skills per Shop 1
Standards
(Manhours per shop for each product type)
Manhours Current Quarter

{ (Change quarterly)

Schedule-Lengths

Scheduling Horizon 65 Days
(For creating schedules)

Length in System Data Base 1 Year

3
]

i
'
|
|
H
|
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(a) CRT Display of a histogram representing the daily manhour
requirements for a sixty-five day period. The beginning date
of the period and the trade skill could be selected
interactively by the user.

(b) The schedule of inductions upon which the daily predictions
were based could be modified interactively.

(c) A hard copy of the histograms and the current schedule
being considered could be created for print out upon
termination of the program.

(d) A GANTT Chart could be created for print out based upon
the current schedule being considered. This feature was
added during the final days that this version of the MIS was
in use.

3.2.2.1 Modification of Basic Data

During the early evaluations of the initial system it became
apparent that two additional features had to be added; a capability to
incorporate nonstandard products for temporary inclusion in the data
base, and the ability to modify the basic data to account for permanent
changes in the production system. The latter of these includes the
quarterly modification of the workload standards for the standard
products.

The modification of the data base to account for permanent changes
was initially done at the Basic Data (Card-lmage) file level by replacing
the actual cards with new cards containing the modified data. This
procedure was | soonn abandoned and replaced by editing of the
card-imnage files stored on the disk. This editing was done using the
inteructive edit mode available in the computer system executive
software. Three different interactive programs were written in an
attempt to facilitate the making of such permanent modifications. All
three failed, however, before actually being incorporated in the MIS.

Each of these fuailures resulted from the program lacking sufficient
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sophistication to allow for all, feasible changes that could possibly occur
in the future. The result of each failure was that any changes
required had to be made in the interactive file edit mode. These
efforts were made more difficult by virtue of the fact that the original
card-image records had been formatted in a fashion that was amenable
to being read by a machine, but not to being read by a human. The
subsequent change to the format of these files, described laicr,
represents a major step in overcoming Godin's hypothesis on failure due

to inflexibility.

3.2 Revised Production System Parameters

At approximately the same time as the publication of Godin's article
[8], a new set of data was provided by the Naval Aircraft Rework
Facility. The new data were far more extensive than the original in the
allocation of production shop manhours to trade skills. Unknown to the
developer at the time, the original data represented trade skill
allocations that had been greatly simplified in order to make the hand
calculations more tractable. In fact, since no calculation of trade skill,
daily manhours had been done, the assumption of only one trade skill in
any given production shop had been satisfactory. However, the new
data showed that the number of dificrent trade skills assigned to a
single shop varied from onc to eight depending on the shop, and that
number could become larger in the future. In addition, the number of
trade skills was not nineteen, as originaliy stated, but was more than
forty, a number which could also grow during the future.

Immediately prior to these data coming to light, the organization of

the production shops had changed and their number had grown from

5

PV X T
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the original one hundred fourteen to one hundred sixteen. In addition,
the user decided that the non-production shops should also be included
due to the fact that they contributed, what are called, non-direct labor
manhours. The net result was a growth to a total of one hundred
twenty five shops.

These changes were indicative of the flexibility requirements for
the management information system. In the light of these changes to
the production system parameters the decision was made to scrap the,
then running, management information system and to start over with a
new design for the Basic (Raw) Data Files., The goal for the new
design was to increase the flexibility of the system to incorporate the
numerous changes it would undergo in the fuutre, and to make the
incorporation of those changes by the user a much easier matter. The
basic system structure depicted in Figure 3.2 was retained as a starting
point. The (Structured) Basic Data Files were extended to include the
additional records dictated by the increased number of trade skills and
production shops. Table 3.3 is a compilation of the parameters for the

production system.

3.2.4 Revised Management Information System

Figure 3.3 depicts the structure of the complete, revised
management information system. The growth in the number of elements
between Figures 3.2 and 3.3 has resulted primarily from the
incorporation of additional features rcquested by the user. The
movement from the simple beginnings envisioned by both the user and

the developer to the more complex MIS represents, in large magnitude,

the increased familiarity of opcration managers with the use of




Table 3.3

(RLEVISLED)
PRODUCTION SYSTEM PARAMYETERS

Product-Descriptions Initial Revised MIS Limit
Standard Product Types 18 17 Note 1
Nonstandard Products None Variable Note 1
Production Phases 16 17 24

Resources Considered

Production Shops 114 125 128

Trade Skills Involved 19 49 60

Trade Skills per Shop 1 1 to 7 10

Standards

(Manhours per shop for each preduct type)

Manhourg Current Past and Past and
(Change Quarter Current Current

quarterly) Quarters Quarters

Schedule Lengths

Scheduling Horizon 65 Days Up to 66 Days Up to 66 Days
1ime in System Base 1 Year 2 Years and 2 years and
80 Days 80 Days

Note 1. Up to 32 total standard and nonstandard products.

P
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computer-based information systems, to wit, an overcoming of Godin's

fourth hypothesis for failurc.

3.2.4.1 Basic Data Segment

The Basic Data segment of the revised management information
system is depicted in Figure 3.4. The structure for this segment is
identical to the corresponding segment for the earlier version of the
MIS except that the internal structure of the two Basic (Raw) Data
files, AIRCRAFT and WORKLOAD, is considerably changed.

In both versions these two files arc read by the computer, and
changes of these two are accomplished hy editing the card images of the
files which are stored on the external memory disk system of the
computer. In the first version the format of the files was designed
entirely with the computer's accessing of them in mind. The revised
version consists of files which were designed to be read by the user
during the incorporation of changes in the data. As a result, the
program named READIN had !o be greatly medified to account for the
large quantity of explanatory data in the files; data which are ignored
by the computer, but are included to facilitate comprchension of the
files by the person making changes. In the vernacular of computer
professionals, one could say the original files contained "packed data,"
whereas the current version contains "documented, unpacked data.™

As in the earlier MIS version, the structurced files of hasic data
originially contained only the data applicable to the current quirter. A
joint decision of the user and the developer had then considered this
"lack of history" acceptable and all predictions were made based on the
workload standards for the current quarter, whereas in rcality the

scheduled aircraft could possibly come under the standards for different

A
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quarters.  To correctly caleulate these values one would have to use
the standards for cach product that were applicable at the time its
overhaul first began.

Subsequent to the application depicted by the PSHOPS Program
element (lower left corner of Figure 3.3), it was jointly decided that
the data files labeled MANHOURS, and OPERATION, SHOP, TRADESEG,
and SKILL must be expanded to include the standards for two periods,
current and previous quarters. The errors between the computed
values wusing only one quarter's standards and the real totals
demonstrated error rates of ifrom 2 to 5 percent of the total manhours
required for a given quarter's production. Calculation of the same
values by the computer system using the correct quarter's standards
for each product reduced the difference between hand and MIS
calculated totals to less tivan one-half of one percent.

All of the data files depicted in Figure 3.3 are order dependent.
In «otihcrr words, the scquence of the records within the files is
dependent on the particular elements which those records represent.
For example, suppose a new production shop is incorporated into the
data for the current quarter. Then in spite of the fact that the new
shop did not exist last quarter, a record containing all zeroes must be
created and incorporated into the data for last quarter. From this
simple example it is readily apparent that the program named READIN
had to be extensively modified to allow it to compare the new quarter's
data being read in against the previous quarter's data, and, when a
significant change occurs, make corrections to the previous data to
maintain integrity of the order for the records. Such corrections must

be made not only to the structured, basic data files, but also to the
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Manhour Requirements Files depicted in the fifth row of Figure 3.3, and

to the WORKERS and LLOADS Data Files in the seventh row.

3.2.4.2 Manhour Prediction Programs Segment

The bottom line of e¢lements in Figures 3.3 and 3.5 consists of user
programs dedicated to the prediction of daily manhour requirements
from a variety of viewpoints. In addition, these programs also are
capable of providing hard copy outputs of other aspects of manhour

requirements.

3.2.4.2.1 PSKILL Program

The PSKILL Program is the first of the three manhour prediction
programs, both from the point of sequence in being developed and in
importance to the system. However, it may well turn out that the other
two programs see more actual use in practice; primarily because they
produce enhanced wversions of predictions that had heen previously
calculated by hand.

To begin with, the PSKILL program is mainly designed to provide
both CRT display and hard-copy print out of the daily manhour
requirements for any trade skill selected by the user, or the summation
of all trade skills combined, over a timc frame whose beginning and
ending dates are also selected by the user.

The following is a list of options available to the user during
exccution of the PSKILL Program:

(a) At the beginning of execution:
(1) Range of Production Shops:

a. The entire range of data produced by SKILL
Program, or

b. The selected segment of shops data produced
by the SEGMENT Program,
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(b)

(c)

(d)

(e)

()

(2) Initial Schedule:

a. The actual schedule stored in the SCHEDULE
Data file, cr

b. An experimental schedule produced by the
schedule development programs to be discussed
later, or by other means.

At any point during the execution; i.e. may be changed
during execution:

(1) New beginning and ending dates,

(2) Switch to other schedule type, and

(3 Smoothing of data using three-day running average.
Alterations to the induction schedule:

(1) Additional products may be added, and

(2) Scheduled products may be dropped.

Gantt Charts:

(1) User may select to have Gantt charts printed out
fur any of the macro product groups, or for all
products in the current version of the induction
schedule.

(2) The first day represented in the charts output is
the first day of the time frame selected in (b) (1)
above. The time frame for the Gantt C—-arts is one
hundred thirty two work days.

Schedule:

(1) CRT display of «current schedule for any one
product type over the selected time frame, or for
all product types over the ..ame period.

(2) Hard-copy printout ol the schedule(s) displayed on
the CRT.

(3) Hard-copy of the current version of the schedule
printed in day order by months, a format used by
the schedulers during the past.

Daily Manhour Requirements

(1) CRT Display of HISTOGRAM. (See figure 3.6.)

ik
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a. Onc¢ of the up to sixty trade skills
considered by itself, or

b. Cumulation of all the trade skills
comhined.

(2) Hard-copy print out of the histograms
displayed on the CRT, plus a tabulation of the
daily requircements for:

a. One of the up to sixty trade sKkills
(see figure 3.7), or

b. Cumulation of all sixty trade skills.
When "all skills" and "hard copy"
both are sclected, the user is also
provided with the tabulated values of
the daily manhour requirements for
cach of the individual skills, given
in man days. (See Figure 3.8) .

3.2.4.2.2 PSHOPS Program

The functions of the PSHOPS Program are similar to some of those
of the PSKILL Program, except these applv to production shops rather
than to trade skills. PSHODPS has the capability of providing both CRT
and hard copy histogram displays: in this instance the data are
availavle for any seclected individual shop and for the accumulation of all
shops. As in PSKILL, when the user requests a hard-copy of the
histogram being vicewed on the CRT he may also request n tabulation of
manpower requirements for the selected shop.  In addition, when the
histogram represents the cumulation of all trade skills the user may
request a hard-copy of a table of manpower requirements for each shop
for cach day. The format for this table is similar to that shown in
Figure 3.8 for all skills.

A featur_e new to PSHOPS is a hard-copy print out that results
when the user asks for a "Report." Figpure 3.9 is an extract of such a

report.  The information provided is in the form of two columns. The
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first column contains the shop numbers, and the second the number of
manhours required {rom the¢ corresponding shop during the entire
period of the time frame selected. It should be noted that Branch and

Division subtotals are also provided.

3.2.1.2.3 WORKERS Data File and LOADS Data File and Program

Unlike the PSKILL Program, whose concept was initiated by the
developer, the LOADS Program was originaled centirely by the user.
LOADS began as a program that could take two vectors of data
representing manhour requirements for cach of the production shops,
one vector of "Direct labor hours" and another of "Indirect labor
hours.," over some time period implicd by the user, and spread those
hour: over the different trade skills assipned to each of the shops.
The result is a hard copy print out cf « listing of the shopi, one per
line, with the remainder of each Hone centaining the name of cach trade
skill assigned to that shop, and both the number of manhours required
by that skill during the period and the average number of workers
required to support those hours on an eight hour per cmployee-day
basis. Figure 3.10 is an example of the report generate:d.

A separate report is generated for each of the direct and indirect
labor hour vectors, and one is crcated for the sum of those two vectors
which represents the total manhours required.

Each of the separate reports gencrated by PLOADS also includes a
segment in the form of Figure 3.11. This portion of the report lists
the trade skill names, the total hours required for each of the trades,
the average number of workers requured in each trade, the number of

such  workers currently  available,  the difference  between  number
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availabic and the number reguired, and data concerning the attrition
predicted for those workers between the cuirent time and the tlime
frame on which the report is bas.d,

This program has grown considerably from its original conception
to one that is far more powerful. The users were becoming hooked on
the application of computer-based systems to their dajly tasks. The
users first decided that the hours represented by the requirements
vectors would represent periods of different lengths, in particular both
quarters and months. The number of records to be stored was
increased to three per quarter {or twelve quarters, one per month for
twelve months, and then three per year for three years, with the
system summing the quarterly records together to create those for a
given year.

The next major enhancement was the creation of monthly and
quarterly records by ihe PSHOPS program, and storing those recoras
in the file accessed by the PLOADS program, thercby allowing the
creation of a trade skill spread report by shops for the hours
generuted us a result of the current induction schedule. It is casy to
envision that ultimately ail of the records utilized by the PLOADS
program will be generated as a result of induction schedules for

aircraft, engines, cto.

3.3 Schedule Develrpment System

Prior to proceeding with a description of the portion of this
project which develops schedules for the user, it is worthwhile to take
a more in-depth luok into the complexity of the problem.

l1. the discussion of the concept of a flowshop in Chapter 1 one

important factor was mentionced only in passing.  That factor is the
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one where in the usual definition of a [lowshop one considers that only
one task can be in a given phase at any onc time; i.c. only one
machine of each type exists, and that there is no passing of jobs; i.e.
the order in which jobs finish is the same as that in which they start.

The majority of the research into the flowshop scheduling problem
has been done for systems that incorporate such no-passing limitations,
and in particular with a view toward the objective of 'minimizing
makespan,' where makespan is defined as the time when all of the
scheduled tasks are completed. For example, in 1967 Gupta described
flowshop scheduling as follows:

"Given n jobs to be processed on M machines, the process time of
., (i=1,2, ..., n; j=1,2, ..., M), the

]
problem is to find that ordering of jobs which minimizes total process

job i on machine j, defined as ti

time or make-span" [11}.

In that, and subsequent papers, Gupta described a "Lexicographic
Search" for solution of the problems which could be fit to such a
narrowly defined mold [12] [13].

In a July, 1977, article, Danncnbring published "An Evaluation of
Flowshop Sequencing Heuristics" [5] wherein he discusses the concepts
underlying eleven different flowshop scheduling heuristics. The
evaluations contained therein were limited to minimizing the maximum
makespan as an objective. His study, however, does attempt to expand
the problem size beyond the thrce or four jobs and three or four
machines considered in the majority of other papcrs. Still though, he
does not discuss the problem of a generalized flowshop, nor one where

there is a continuum of input tasks over time.




Further research into literature on the subject shows the similarity
of other efforts with respect to the obj - tive of minimizing makespan,
sometimes referred to as Johnson's criterion.  Gupta [11] and Manne
[21] have written on the relationship of this objective to that of an
economist desiring to rceduce costs in terms of dollars. The claim is
that there is an excellent correlation between minimum makespan and
minimum dollar costs. Most of the heuristics described in the
literature, for the makespan objective, arc not applicable to the problem
of leveling the resource requirements for a production system,
particularly one where the input of tasks continues over time. Gupta's
article [11] divides the theoretical developments in f{lowshop scheduling
under the no-passing, minimize makespan assumptions into the following
three categories:

(a) Combinatorial anualysis,

(b) Branch-and-Bound procedures, and

(¢) Lexicographic Search

The first of these appears to have little application to large-scale
problems such as this paper discusses. Branch-and-bound techniques
also are not applicable because rvesource Ileveling requires one to
complete an entire schedule to the bottom of the tree in order to
determine the leveling measure for rescurce reqguirements por unit of
time. Lexicographic scarch is precluded for the same reason as branch
and bound. Most of the heuristics in the Dannenbring article [5) fail
for similar reasons, hcwever, he discusses a set of  heuristics,
suggested by Page ([22] [23], related te computer sorting. which

appeared to have meril in application to a generalized flowshop;, namcly

the individual and group exchanging hcuristics. Derivations of these
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mcthods have been applied in this instance, and are discussed in later
] sections.

One important facet of the complexity of finding a computer
solution method for the production scheduling problem is not widely
discussed in the literature, if at all. This is the determination by a

system developer of the criteria by which the user will judge the

acceptability of schedules produced by the machine. During the early
stages of plant level research, the developer spent numerous hours with

the individuals who have been creating the schedules over the past few

vears. In spite of these eiforts, the first schedules produced by the
computer were totally unacceptable to the user, either because some
criteria_had been overlooked or misunderstood by the developer, or else
not provided by the user. The latter possibility could possibly result
from a perceived or subliminal apprehension of the machine as a threat
to the schedulers themselves,

One example of such an occurrence might be enlightening to the
reader.  The initial schedules developed by the computer contained
subsets that consisted of consecutive inductions of sim‘lar product types
(products from the same macro group). The schedulers claimed that
such a schedule would cause excessive swings in the work loads for
certain segments of the production system. Whether or not this was in
fact true was immaterial to the discussion. What such schedules did do
in reality was to violate a premise that the schedulers had been using
in the past. At that stage in the development it was best to accept
their reservations as reasonable and to procced with the incorporation
of limitations into the computer programs which would prevent such

sequential scheduling strir.j., or at lecast to suppress them in the

j
!
i
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initial stages of schedule creation and to allow their entry only when
such scheduling "anomolies" would in facl create an improvement in the
schedule's measurement of effectiveness. The element labeled UNIFORM
Program in the lower right hand corner of Figure 3.12 includes such
perceived constraints into the computer system.

Throughout the latter stages of the evolutionary development of

the management information system, the design and creation of the

Schedule Development System portion of this project was taking place.
Figure 3.12 shows the entire, elemental structure of this System. It
should be noted that five of the elements depicted are those that link
the two systems. The POINTER Data file contains the constints that
are germane to both systems. In addition, this file is used to hold a
vector (record) that is primarily used in the creation of new schedules
for future periods. The SHOP and SKILL Data files are used as the
source of information on the utilization of critical resources by products
that are scheduled for overhaul. The SCHEDULE Data file contains the
current '"real" schedule for a two year and cighty day period. When a

satisfactory new schedule has been developed, it is made into the "real®

schedule by copying the new schedule into the SCHEDULE Data file.

3.3.1 Criticality of Resources

The first major problem in the creation of production schedules for
this generalized flowshop was that of determining the user's objective.
In this instance the stated objective at the beginning of dévelopment
was one of "leveling out the daily manhour requircments for the critical

trade skills." It is obvious that an objective stated thusly is one which

involves multiple optimizing criteria. The execution time requirements
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for any of the known approaches 1o multiple criteria are far oo
excessive for direct application to an interactive system, especially
when the system is blanned for installation on a small computer. The
direction taken in this case was through the creation of surrogates for
the criteria, through selection of certain trade skills as critical, and
then to develop and improve schedules based upon these surrogates.
An alternate approach through the leveling of manhour requirements for
groups of production shops, through cumulation of their hours, was
considered and programmed into the system.

Two programs, PRIORITY and SKILLGRP shown on the right side
of Figure 3.12, are used to select the five trade skills which are
designated as critical and to create a file containing the manhour
requirements vectors for those five skills. The program named
SHOPGRP performs both of these tasks for the shop groups mentioned

above.

3.3.2 Creation of Initial Proposed Schedules

The SCHEDULE Program is utilized to input all of the specifications
necessary for the creation of an induction schedule for some future
period. Such data includes:

(a) Beginning and ending dates for the period,

(b) Number of products of each type to be scheduled during the
period,

(c) Prescheduling of any products whose induction dates are
fixed for some reason,

(d) Selection of the desired resource group for leveling,

(e) Verification of the correctness of the resource priority
sequence, and

“d




(f) Review of the status of nonstandard products already
scheduled during the selected scheduling horizon.

After accepting the input of such data the SCHEDULE Program
must create the following records for inclusion in the DEVELOP Data
file:

(a) Prescheduled schedule, and

(b) Daily requirements records for the selected resources for two
periods:

(1) Selected scheduling period, resulting from runout of
products in process prior to the period, and

(2) Quarter subsequent to the scheduling period, based
upon some prediction of the products that will be
inducted in the future.

The next phase in the creation of a set of proposed initial
schedules, one of which will be sclected as a starting point for the
creation of a final schedule, is the execution of the UNIFORM Program.
This program is an automation of the methods whereby schedules had
been created by hand in the past. Two sound reasons for the creation
of such a program exist. [First and foremost it is a confidence builder.
When the computer can create a schedule which, although not identical,
is humanly indistinguishable from one created by hand for the same
period, it is difficult for the user to say that the system is
unacceptable for creating schedules. Second, a developer may safely
assume that the people who have been creating schedules for some time
have learned a great deal about the system being scheduled and the
requirements of such schedules. When the developer can automate such
a system, it is highly likely that he or she has created a sound
understanding of the system and thereby increased the likelihood of

Success.

It took three iterations of the feedback loop for the program

UNIFORM to satisfy the criteria in the preceeding paragraph. In




addition, the results from this program have provided excellent

schedules for use as a starting point . the creation of final schedules.
This fact will be borne out in the subscquent chapter which compares
the resuits of hand-made and computer-created schedules.

The programs named HURESTIC (sic) and ACTIVE each create a
set of nine or ten schedules that are available for selection as the one
used as a starting point. HURESTIC creates nine schedules based upon
a "maximize the minimum day/ maximum day ratio" for one of the five
critical resources (skills or shops), or a summation of the first n most
critical resources for n=2,3,4,5, where the summation is a vector
summation of the daily requirements. The creation of a tenth schedule
by the HURESTIC Program is optional for the user. Should the user
choose, he or she may interact in the creation of a schedule that is
based upon leveling of the cumulation of the five critical resources.
Figure 3.13 shows the CRT display created by the system for use in
developing such a schedule. The contents of this display include the
manhour requirements of a partial schedule for the current scheduling
horizon and the runout from the precceding period shown as capital
O's, the predicted requirements for the subsequent qrarter shown as
capital F's, and the profile of the recquirements for the type to be
added to the schedule shown as capital A's. Other scheduling data are
shown in the top two lines, and the third line displays the elements
currently in the schedule. The bottom line displays the options
available to the user. These include:

(a) Schedule the type shown in the first line on the day indicated

by the + in the third line, or

(L) Move the current type to the left or right by the desired
number of days, or

(c) Change to a different type of product and then return to

(a).

e
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The creation of a schedule in this fashion is fairly time consuming,

and it is not anticipated that this imethod will be widely used in the
future. However, this segment of the program is another valuable too}l
in the creation of confidence in the user; this time by allowing him to
see a visual representation of the kinds of effects the addition,
deletion, or moving of a single product induction date may have on the
schedule. This increases the user's understanding of the system,
thereby increasing his or her confidence and appreciation for the
complexity of the leveling problem.

The ACTIVE Program creates the first nine schedules of the
HURESTIC Program; however, it creates all nine of them in the same
fashion as .the optional active segment of the HURESTIC Program.
ACTIVE was developed in an attempt to improve on the schedules
created by hueristic methods. In some instances there was an
improvement, but the time required on the userfs part i{s excessive and
this program will undoubtedly disappear from the final version. Its
retention at this point is primarily one of increasing the user's
understanding of the large number of schedules which are considered
and discarded by the computer during the creation of the initial

proposed schedules.

3.3.2 Creation of the Final Schedule

The program segment shown in Figure 3.12 which bears the name
ONEWAY is used to select the desired starting schedule from those
created by UNIFORM and HURESTIC, and then to run an exhaustive

series of one-way interchanges of the clements in that schedule in an

uttempt to make improvements thereon. The ONFEWAY program starts
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out by allowing the user to choose the desired starting-point schedule.
It then allows the choice of remaining interactive, or switching to a
passive mode, whereby the system is allowed to continue its search
through the one-way interchanges in an uninterrupted fashion. The
user is then provided with the following Ilist of choices for the
optimizing criteria by which alternative schedules are to be compared
during the search:
(a) Unweighted

(1) Maximize the sum of minimum days, or

(2) Maximize the sum of minimum/average ratios, or

(3) Maximize the sum of minimum/maximum ratios, or

(4) Minimize the sum of standard deviations, or

(5) Maximize the sum of average/standard devation
ratios, or

(b) Weighted (by trade skill priority):
(6) Maximize the sum of minimum days, or
(7) Maximize the suin of minimum/average ratios, or
(8) Maximize the sum of minimum/maximum ratios, or
(9) Minimize the sum of standard deviations, or

(10) Maximize the sum of average/standard deviation
ratios.

It should be noted at this point that the schedule evaluations are
based upon the predicted daily manhour requirements that would accrue
to each of the five most critical trade-skills. In addition, the number
of days considered in the comparison hetween schedules is set at the
number in the quarter being scheduled plus sixty-six; the extra days
being added to reduce edge effects that could result from using too

short of a period.
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The final choice provided to the user prior to the commencement of
the scarch is that of the initial schednle, selected from the eleven

created by the UNIFORM and HURESTIC programs.

:
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CHAPTER 1

TESTING AND ANALYSIS OF 'U'HE SCHEDULING SYSTEM

4.1 Abandoned Aspects of the System

The reader can well imagine that many of the ideas generated for
inclusion in this system have turned out to be less than desired, if not
less than useful. Still their inclusion in this paper is valuable as a
possible guideline to others who may someday attempt to solve other
problems with similar facets.
The major program segment that has been abandoned is that one
known as ACTIVE. In fact, it was an idea generated solely by the
devcloper and was never evaluated by the user. The program turned
out to be more time consuming in execution than could be justified by
the results. The schedules proposed as a result of its execution were
seldom better than those created by ecither the UNIFORM or the
HURESTIC programs. In spite of this system's demise, it did serve a
useful function. It provided a basis for the segment of the HURESTIC
program which is used to create a single proposed schedule in an active
fashion, and this segment has served to further educate the user on
the complexity of creating a schedule whose objective is to level the
daily manhour requircments. In fact, the educational value of the
active segment of HURESTIC may well be that segment's only saving
grace.
Ancther portion of the system which, although not abandoned, has i
fallen into disuse i« the consideration of production shop groupings as a E
haosin tor the creation of induction schedules. This desuvetude is partly

'
4

« of the lack of time to tully evaluate its merits in an exploratory

sivalving the user.




4.2 Measurements of Effectiveness

The development, :nd acceptance by the user, of criteria by which
schedule creation methods may be compared for effectiveness has been a
difficult task. The reader may recall that the user's stated objective
was "level the daily manhour reauirements for critical trade skills."
This led the developer to ask: "Given two different schedules for the
same period of time how would you determine which was the best?" The
user's response was: "Given that both werc feasible and acceptable (?)
then the one that did the best job of leveling the requirements for the
cirtical trade skills." And so on, ad infinitum; a classic example of the
difficulty of communications between uscr and developer.

One should note at this point that there are two separate aad
distinct facets to the problem of effectiveness measurement. The first
is the measurement whereby the computer, during a series of one-way
interchang=s, chooses between two different schedules for the same
period of time in order to find the one which does the best job of
"leveling the critical trade skill requirements." The other is that
whereby the user and developer can agree on two items:

(a) The computer does, or does not, produce better schedules

than those that have been created by hand, and

(b) Given an affirmative agreement to the first item, which of the

choices from the list of ten alterratives at the end of the last
chapter is the best for use in creation of schedunles during
the one-way interchange operation.

In the case of the first item, the following is an example of the
;-roblem of agreement on the capability of the computer to create better
schedules. From the developer's point of view the prohlem s
conceptually fairly simple. One can perform a Student's t-Score test on

the pairwise difference in standard deviations for the trade skills that
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occurs between the hand-created schedules for the two years in the
data base versus the schedules created for the same periods by the
one-way interchange algorithm. For the users in this instance, and
probably generally true in most instances, Student's t-Scores are rather
nebulous and do have any direct, discernible relationship to the kinds
4of problems they face in the every-day facets of their production
scheduling roles. The user's choice for a measurement tool would have
manhours or dollars as a unit.

Further discussions on this subject are included later in this

chapter.

4.3 Acceptability of the UNIFORM Schedule

Before proceeding into the tangled thicket of comparing the
methods for the creation of schedules with respect to their overall

ability to level the daily manhour requirements, it is worthwhile to take

a short excursion into another facet of gaining acceptance for the entire
schedule development system; in this instance demonstrating the
acceptability of at least one of the starting-point schedule choices to
the system user.

As stated in Chapter 3, the UNIFORM program creates a proposed

induction schedule through automation of the same methods and criteria

which have been used for the hand creation of schedules during past
years. After three iterations of this program through the_two-way
feedbick loop, it appeared that the program, to all intents and
purposes, was able to successfully imitate the hand-created schedules.
The developer's hypothesis hecame that the user could not distinguish

between the two schedule sources, UNIFOWM or hand, in spite of the

b e s s o A B




fact that the two schedules were con:iderably different for each of the
quarters. An experiment was designed to test this hypothesis.

The experiment consisted of creating schedules for the six coming
quarters. Current and previous schedules were not considered due to
familiarity that the wuser might have with any idiosyncracies they
contain. The user, hand-created schedules were also printed by the
computer for the same six quarters. Both the hand and UNIFORM
created schedules were printed in the same fashion in order to remove
external clues as to their origin. Supervicory personnel were then
given the two schedules for the same quarter and asked to identify the
one created by hand. Five user personnel who work with the induction

schedules on a daily basis were tested. FEach was given the paired

schedules in a different order foi' the six quarters. In addition some
of the user personnel, in particular those who would be most familiar
with the schedules, were given the paired schedules for all six quarters
a sccond time, this time in an alternate order by quarters. The results T

were as follows:

n = 42 paired quarters

1]

X = 20 incorrect choices (chose UNIFORM as hand-created)
HO: Py~ .9, (Po = hypothesiced probability that user would

err in selection)

Ha: P, #.5 ) ‘
Test statistic: - p - IZ_.__ _ 20/42 - .5 T
p(1-p)/n '\/(20/42)<22/42)/42
= «0.309

Rejection region: 2 > 1.96




Conclusions:
Cannot reject HO
95% Confidence interval for p = ( 0.349, 0.651 )

In simple terms for the user, these data were "statistically
significant evidence that the UNIFORM schedules were indistinguishable
from the hand-created schedules when compared with respect to general
appearance on a one-for-one basis." The result, added confidence on

the part of the user that the system could in fact create acceptable

schedules.

The program execution sequence during the development of a
schedule is SCHEDULE, UNIFORM, HURESTIC, ONEWAY. There are
three choices which must be made by the user during this sequence.
At the beginning of the HURESTIC program the user must choose
whether or not to create a proposed starting schedule actively; i.e. the
tenth possible schedule created by HURLSTIC. Then at the beginning
of ONEWAY the user must first select the schedule to be used as a
starting point and then select the optimization criteria from the list of
ten choices described at the end of Chapter 3.

The choice of whether or not to create a schedule actively will be
a personal choice on the part of the user. It is anticipated that this
choice will generally be one of opting not to create such a schedule.
In fact, as will be shown later, it is likely that the entire HURESTiC
program will fall into disuse bccause it generally has not created

schedule choices that are significantly better than the one created by
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the UNIFORM program, especially when one considers the computer
execution time required by the HURESTIC program.

The user is aided in his selection of the starting point schedule by
the data provided by the computer at the end of the HURESTIC
program, data that rank the ten or cleven proposed schedules in three
ways. Figure 4.1 shows an example of the data on the ranking of the
schedules based upon the minimum and maximum daily requirements,
after being three-day running averaged, tor the five critical trade
skills. Figure 4.2 is an example of data for ranking the schedules
based upon an unweighted quotient of mean divided by the standard
deviation; a value rcferred to hereinafter as the "Mean Deviation."
Figure 4.3 is an example for ranking the schedules based upon a
weighted mean deviation for the five trade skills. In this instance the
weights are 10 minus the trade skill priority, where the most critical of
the five trade skills has a priority of 1 and the least critical of the five
has a priority of 5.

The basic criteria by which these three rankings are created
consists of either the minimum/maximum ratios or the mean deviations.
The first of these is a surrogate for a three-standard-deviation
measurement. The problem is not one of simply selecting a schedule
based upon eithoer a minimum-maximuin ratio or mean deviation ranking.
Combinatorially, the number of choices for ranking expands as a result

of compounding factors such as:

(a) Which trade skill, or combination of trade skills, should be
used in the ranking, and

(b) Should the rankings be weighted, and
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(c) If the rankings are weighted, should the weights be
determined by:

(1) Order of trade skiu criticality, or
(2) DMean values for daily requirements, or
(3) Some other weighting scheme?

The choices in the system as developed were:

(a) Combine all trade skills in the rankings, then

(b) Present an unwcighted ranking for min/max ratios, and one
for mean deviations, and

(c) Present a weighted ranking based on the order of trade skill
criticality for the mean deviations.

4.4.1 Effectiveness of the UNIFORM Schedule

The next consideration of interest deals with the measure of

effectiveness of the UNIFORM program schedules with respect to

leveling the manhour requirements for critical trade skills. These
measures can be compared in three ways:
(a) With respect to the other ninc or ten schedules, created by
the HURESTIC program, which are proposed as possible
starting schedules,

(b) With respect to the hand created schedules, and

(c) With respect to the schedules that result after cxecution of
the ONEWAY interchange program.

4.4.2 UNIFORM Versus HURESTIC Schedules

In geaeral, the UNIFORM schedules created were better than the
best of the nine or ten HURESTIC schedules. Since there are two full

years in the schedule base, the opportunity to test schedules based

upon real product-mix requirements was limited to eight one-quarter

attempts. In six of those eight attempts the UNIFORM schedule was

superior to all of the HURESTIC schedules by all the minimum-maximum




80

and mean deviation measurement rankings. For the other two quarters,
the UNIFORM schedules ran%ed 2 and 4 in the mean deviation
measurements, and 2 and 3 in the minimum-maximum measure. It is
worth noting that these measures do not reflect the impact of the
proposed schedules on skills other than the five designated as critical,
nor do they reflect their impact on the daily manhour requirements for
individual production shops. No t-score tests of UNIFORM versus
HURESTIC schedules were made.

A comparison of the effectiveness of the UNIFORM versus the
hand-created schedules and the UNIFORM versus those created by the
ONEWAY program will follow a discussion of the statistical tests utilized

in such comparisons.

4.5 Comparison of Schedule Creation Mcthods

The major divergence between the comparison of two alternative
schedules during the creation of schedules, and the difference bLetween
the methods for creating schedules is tied up in the fact that the
methods utilized during creation must be rcpeated con-tinuously during
such creation, while thos¢ used to compare creation methods are
required only during an overall evaluation of the soundness of the
system. The methods utilized during creation must be simple and rapid
in execution, while those utilized to compare methods can be more
sophisticated and involve a far greater number of computations. For
example, it is all well and good to make use of Student's t-Scores to
compare methods, while their use to compare alternative schedules

during interchange would create execution times that would be far too
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excessive. In a similar vein, one might use three or four different
criterin to compare methods, but any similar attempt to determine
whether or not an interchange should be made could lead to an
ambiguity whose solution set would not be well defined and, therefore,
extremely difficult to program. These factors explain the vast
divergence between the methods for ranking the ten or eleven schedules
that are proposed as possible starting points, or those underlying the
list of ten optimization criteria choices provided to the user at the
beginning. of execution of the ONEWAY interchange program, and the
methods described below for the comparison of schedule creation

methods.

4.5.1 Criteria for Comparison of Schedule Crecation Mcthods

All comparisons of schedule creation methods reported below have

been accomplished through utilization of Student's t-Scores based upon

"one-tailed tests at an a level of less than 0.025. In each such test the

evaluation consisted of a statistical analysis of the pairwise differencc in
manhour requirements between two schedules created by different
methods. Three different tests were performed for each pairwise
analysis: all trade skills, critical trade skills only, and all production
shops.

Since the product mix for this aircraft overhaul system varies
widely from quarter to quarter, and the creation of future schedules is
done on a quarterly basis, the statistics evaluated consisted of pairwise
differences between the schedules created by two different methods for

the eight one-quarter time periods in the two year schedule. For

example, an individual pairwise difference used as one sample in a

i A an




t-test might consist of the difference in standard deviations of the
manhour requirements for the aircraft mechanic trade skill during the
first quarter of fiscal year eighty-one when one standard deviation
value results for the schedule created by hand, and the other value
results for a schedule created by a series of one-way interchanges that

attempt to minimize the sum of standard deviations for all five critical i

trade skills over that quarter.

For all of the t-tests described later, the test hypotheses were of

the form:
Ho : Xa - X0_<_ 0, versus
Ha : Xa - Xo > 0, where

X . : Statistic of interest for schedule created by
method a, and

Xo : Corresponding statistic of interest for schedule created by
method o.

Test statistic : t = n(D/s when

D)
D : Average pairwise difference,
Sp* Standard deviation of differences,
n : Number of differences in test.
Rejection region : t lt.(}227,n-1 = 2.0, for n > 30
The statistics of interest covered by these tests included:
(a) Statistics not normalized:

(1) Standard Deviation (Std Dev), and

(2) Maximum one-day recquirement minus minimum
one-day requirement (Max-Min).

(b) Statistics normalized through division by the mean:

(1) Mean Deviation (Mean Dev), an inverse of the
coefficient of variation, and

(2) Maximum minus minimum difference divided by the
mean (Dif/Mean).




Paired difference t-Scores for these four statistics were calculated
for the critical trade skills con.idered alone, for all of the trade skills
whose mean daily manhour requirement exceeded 1.0 hour, and for all
of the production shops whose mean daly wanhour requirement

exceeded 1.0 hour.

4.5.2 Statistica' Comparison of Schedule Creation Methods

The sections which immediately follow will discuss tne results of a
series of comparisons made to determine the "best' method for the
creation of aircraft ‘nduction schedules for this overhaul facility. The

conclusions based upon these results will be presented in the next

chapter.

4.5.2.1 UNII'ORM Versus Hand-Created Schedules

In general, the UNIFTORM schedules are superior to those created
by hand with respect to all of the trade skills and to all of the
production shops; however, they are not significantly better when one
considers only the five critical trade skills. Tahie 4.1 shows the
t-scores resulting from twejve pairwise difference tests for the two
methods.

In view of the fact that the rules for constructing schedules by
hand and by the UNIFORM program are supposed to be the same, and
the inability of user personnel to distinguish between schedules created
by the two methods, the improvement in leveling of the daily manhour
requirements for all trade skills and for the production shops was
unexpected. The hypothesis for this result, unsupported by evidence,

is that even though the schedule creation rules are the same, the
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Table 4.1

TABLE OF t-SCORES 'OR COMPARISON OF
UNIFORM VERSUS HAND-CREATED SCHEDULES

Statistics Compared Pairwise
Not Normalized Normalized

Entities Compared Std Dev Max-Min Mean Dev Dif/Mean
Critical Trade Skills 0.596 1.166 0.042 1.509

n =40
All Trade Skills 1.528 2.902 1.694 0.966

n = 256 3
All Production Shops 1.529 2.466 4.544 2.085

n = 557

Notes 1. Underlined scores indicated statistics which are
significantly improved hy the UNIFORM schedule.

2. Trade skills and production shops with a mean daily
requirement of 1.0 hour or less have been omitted
from tests.
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computer is more strict in their application. The logical extension of
this line of thought is that. the rules have a sound basis for their
existence; i.e. years of experience have provided a sound method for
hand-creation of schedules, but human failings degradate their results,

4.5.2.2 Comparison of Schedules Created by Various ONEWAY
Alternative Schedule Selection Criteria

Four of the ten different alternate schedule selection criteria listed
at the end of the last chapter have been tested by creation of the
quarterly schedules for the entire two year period. One of those fcur
involved weighting based upon the critical trade skill priority; the

other three did not involve weighting.

4.5.2.2.1 ONEWAY Interchanges Using Weighted Mean Deviations

The first ONEWAY schedule selection criterion tested was choice
number ten, maximize the sum of average/standard deviation .atios
(mean deviations) for the critical trade skills, weighting the mean
deviations by a value equal to ten minus the trade skill priority. The
large t-Score value achieved by the UNIFORM versus hand-created
schedules, when compared by their mean deviations, was the basis for
choosing the mean deviation selection alternative for the first testing of
ONEWAY. (In Table 4.1 the values for mean deviations for all trade
skills and all production shops are 1.69% and 4.544 respectively.)

The first testing of ONEWAY, for wecighted mean deviations, pro-
duced outstanding results with respect to the levelling of the daily

manhour requirements for the critical trade skills, both with respcct to

the hand-created and the UNIFORM schedules. The results for




Table 4.2

TABLE OF t-SCORES FOR COMPARISON OF
SCHEDULES CREATED BY HAND
AND BY THE UNIFORM AND ONFEWAY PROGRAMS

Statistics Compared Pairwise

Not Normalized Normalized

Compared Std Dev Max-Min Mean Dev Dif/Mean
ONEWAY Weighted Mean
Deviation Schedule Vs
UNIFORM Schedule
Critical Skills
All skills
All Shops
ONEWAY Weighted Mean
Deviation Schedule Vs
Hand-Created Schedule
Critical Skills 3.861 5.561
All Skills 2.782 4.392
All Shops 0.742 1.843

UNIFORM Schedules Vs
Hand-Created Schedules (Repeated from Table 4.1)

Critical Skills 0.596 1.166 0.042 .509
All skills 1.523 2.902 1.694 0.966
All Shops 1.529 2.466 4.544 2.085
Notes . Underlined scores indicate schedule statistics which

are significantly improved for the first named schedule
over the second named schedule.

The number of pairwise compariéons in each test is
greater than 39.
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levelling with respect to all trade skills and all production éhops were
mixed. Table 4.2 contains the t-Scores for comparison of these three '

sets of quarterly schedules.

4.5.2.2.2 ONEWAY Interchanges Using Unweighted Mean Deviations

e . el

A study of the myriad data produced by the computer program
that compares the various schedules gave rise to questioning of the
validity for utilization of a set of weights for the critical trade skills
during the selection of alternate schedules in the ONEWAY program. In
particular, a hypothesis was generated that the poor showing in the
levelling of all shops and all skills might be the result of excessive
biasing by the weighted values of the two highest priority, critical
skills toward the assembly and disasscmbly operations in the facility,
and away from other operations that involve a greater proportion of the
shops and trade skills. This led to the choice of unweighted mean
deviations, the f{ifth alternative criterion for ONEWAY schedule
" selection, as the second method to be tested.

The results of the second testing of ONEWAY schedules did not go

exactly as hypothesized. As shown in Table 4.3, three significant

changes occurred with respect to the ONEWAY schedules created earlier
by the weighted mean deviation alternative. Two positive improvements
occurred with respect to the levelling of the mean deviations for the
critical skills and for all of the skills, but there was a significant
decrease in the levelling of the mean deviations for all of the production
shops. When compared with the UNIFORM schedules, the new ONEWAY
schedules, created by tlie unweighted mean deviation alternative, were
slightly, but not significently, better than the ONEWAY schedules

created earlier by the weighted mean deviation alternative.

B



Table 4.3

TABLE OF t-SCORES FOR COMPARISON OF
SCHEDULES CREATED BY UNIFORM AND
ONEWAY PROGRAMS

Statistics Compared Pairwise

Not Normalized Normalized
(.
Entities Compared Std Dev Max-Min Mean Dev Dif/Mean
Critical Skills 0.511 0.988 2.070 1.858
All Skills 0.679 -0.132 2.177 -0.382
All Shops -1.528 0.023 -2.434 0.639
ONEWAY Unweighted Mean
Deviation Schedule Vs
UNIFGRM Schedule
Critical Skills 4.296 3.885 6.324 5.477
All Skills 1.907 0.302 4.124 -1.644
All Shops 0.27 -1.674 -2.314 -4.252
ONEWAY Weighted Mean .
Deviation Schedule Vs
, UNIFORM Schedule (Repeated from Table 4.2)
* Critical Skills 4.356 3.327 5.728 3.706
' All skills 1.801 0.425 3.194 -1.882
All Shops -0.512 -1.810 -3.431 -4.648 ;
Note 1. Underlined scores indicate first schedule named };

is significantly better than the second schedule named.

2. The number of pairwise comparisons in each test is
greater than 39.
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4.5.2.2.3 ONEWAY Interchanges Using Unweighted Minimum
Divided by Maximum Ratios of Daily Requirements

The next type of ONEWAY alternative schedule selection criterion
to be tested was the one utilizing the minimum divided by maximum
daily manhour requirement ratios. The result was an improvement in
the levelling of all trade skill's and all production shops' manhour
requirements, but at the expense of a degradation of the levelling of
the daily requirements for the critical trade skills. Table 4.4 compares
the results for the three different types of ONEWAY schedule selection

alternatives tested to this point.

4.5.2.2.4 ONEWAY Interchanges Using the Minimumn

Sum of Unweighted Standard Deviations

The last type of ONEWAY alternative schedule selection tested was
the fourth alternative among the unwecighted ones, namely the
minimization of the sum of unweighted standard deviations for the five
critical trade skills. Compared to the previous creation methods
evaluated, this choice of methods ranked very low by all statistical
measures; so low in fact that the comparative results have not been

included herein.

4.6 Overtime Hours as a Measure of Effectiveness

While the use of t-Scores as a measure of effectiveness is
academically sound, it does not provide a measure that is readily
understandable to the typical user of an interactive scheduling system.
As mentioned earlier, the wuser is interested in a measure which

somehow may be easily related to the "bottom line"; how does it affect

T




Table 4.4

TABLE OF t-SCORES FOR COMPARISON OF
SCHEDULES CREATED BY ONEWAY PROGRAM ALTERNATIVES

Statistics Compared Pairwise

Not Normalized Normalized

Entities Compared Std Dev Max-Min Mean Dev Dif/Mean

ONEWAY Unweighted Min/Max
Ratio Schedules Versus
ONEWAY Unweighted Mean
Deviation Schedule

Critical Skills -2.507 -1.252 -4.663 -1.492
All skills -0.814 0.864 -1.949 2.059
All Shops -0.937 0.500 1.823 2.819

ONEWAY Unweighted Min/Max
Ration Schedules Versus
ONEWAY Weighted Mean
Deviation Schedule

Critical Skills -2.347 -0.577 -3.681 0.048
All Skills ~0.423 0.906 -0.714 2.161
All Shops 0.171 0.561 3.227 2.616

ONEWAY Unweighted Mean
Deviation Schedules Vs
ONEWAY Weighted Mean

Deviation Schedules (Repeated from Table 4.3)
Critical Skills 0.511 0.988 2.070 1.858
All Skills 0.679 -0.132 2.1717 -0.382
All Shops -1.528 0.023 -2.434 0.639
Notes 1.  Underlined scores indicate first schedule named is

significantly better than the second schedule named.

2. The number of pairwise comparisons in each test is
greater than 39.




the profit or loss for the firm. Any measure that provides such a

relationship must contain dollars as a unit, or else be one that may be
easily coverted to dollars.

In the original statement of the problem by the user(s), concern
was expressed over the excess number of manhours that were being
generated by the then-current work loads for certain trade sKkills.
This interest in reduction of overlime eventually gave rise to the
following measure of effectiveness applied for the user's sake.

The first step in the calculation of overtime hours, that arise from
any given induction schedule, is the development of a sound basis for
determining the wvalue for each trade skill beyond which any daily
manhour requirement for that trade skill leads to overtime. At first
glance one might assume that the current number of employees in each
trade skill could be used to calculate the regular-time versus overtime
cutoff-point for each trade skill. Such 1 method may often be rejected
out-of-hand, on the basis of the fact that some of the skills may well
be inordinately over or under-manned at the current point in time for a
various number of reasons. In this instance the current-number-of
employee basis has to be rejected because the aircraft overhaul
workload is only one of the components making up the entire workload
for all employees of the facility. Therefore, a pseudo-current
manpower level had to be developed for use as a basis in determining
the regular-overtime cutoff-point, and this pseudo level has to be one
that is considered as acceptable by the user. |

Given a schedule for the two years, created by any of the methods
described earlier, one can easily detcrmine the average daily workload

for cach of the individual trade skills which must be available in order
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to complete the number of products required over the two years. The
user has agreed that this figure is acceptable as a fixed regular-time,
manhour availability for each trade skill.

With such a fixed value for each trade skill in hand, the problem
of overtime calculation for a schedule created by a given method is
simply one of summing the two years excess daily manhours over the
cutoff value for each trade skill, and then combining the accumulations
for each of the trade skills into sums representing the critical trade
skills for one measure, and for all trade skills as another.

These critical and all trade skill sums were calculated for all five
schedules compared earlier by the paired difference t-scores. Table
4.5 shows the summations and the rankings for all five schedules. Of
interest is the fact that the rankings of the schedules would be the
same for both the critical and all skills values, and the fact that the .'
rankings correspond very well with a ranking developed as a result of
the earlier t-Score testing.

When shown the results comparing the hand-created schedule with
the ONEWAY, weighted mean deviation schedule the wusers. voiced a
slight objection to simple comparison of the raw daily predictions,
claiming that some smoothing of the workloads occurs as a result of
shop supervisor actions on a daily basis. After some discussion
between developer and user, it was agreed that the most discretion that
could be exercised by the supervisors was to move a portion of their
workload up to one day ecither way. Any further shifting of workload
by an individual supervisor is impractical because of the impact it would
have on earlier, or subsequent, operations within the current phase, or 4

on subsequent phases. Any longer-duration, coordinated shifting by a

T SR
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Table 4.5

OVERTIME HOURS REQUIRED
BY EACH OF THE
SCHEDULES CREATED BY DIFFERENT METHODS

TRADE_SKILLS

==yup——————teerer

RANKING METHOD ALL CRITICAL

1 ONEWAY, WEIGHTED MEAN 107,259 50,548
DEVIATIONS

2 ONEWAY, UNWEIGHTED MLAN 107,963 51,359
DEVIATIONS

3 ONEWAY, UNWEIGHTED 109,894 54,382

MIN/MAX RATIOS
4 UNIFORM 112,551 60, 169
5 HAND-CREATED 116,305 62,390




Agreement on the "one day, either way" shifting capability allowed

application of a three-day running average as a smoothing function for
the predicted daily manhour requircments associated with any of the
schedules created. After smoothing in such a fashion, the data can
then be reevaluated to calculate the two-year overtime requirements for
both the critical skills and for all of the trade skills.

Table 4.5 shows that the ONEWAY schedule creation alternative
involving the weighted mean deviations ranked highest in savings when
the raw (unsmoothed) schedule data were compared against the
hand-created schedule data. Table 4.6 shows the resulting savings of
this ONEWAY schedule over the hand-created schedule.

The ratio of smoothed to unsmoothed overtime hours is
approximately .85 for all four cases (two different schedules, and two
skill measures). The range of these four ratios is very narrow, .838
to .862, and the average of the four is .8505. Hence, one can say
ti..t, for this system, the reduction in overtime from the raw data
predictions to the smoothed data predictions will be about fifteen
percent.

Also of interest in this comparison is the relation of overtime hours
saved to dollars saved. Table 4.7 contains an extract from a current
(as of April 1, 1980) pay table for employees of this facility. The vast
majority of the production workers in this facility fall into wage grades
8 through 10, and there are five time-in-grade steps for each grade.
The average hourly wage for the thirty levels and grades in this
extract is $9.42. When multiplied by a time-and-one-half overtime

figure, this works out to a cost of $14.1? per average hour of

overtime. Reduction in the all ;kills overtime represented by the best




Table 4.6

COMPARISON OF SCHEDULTLS
BASED UPON OVERTIME HOURS REQUIRED
(Smoothed Predictions)

OVERTIME HOURS REQUIRED

95

HAND-CREATED ONEWAY
SCHEDULE SCHEDULE
PREDICTED
REQUIKEMENTS
(RAW)
ALL SKILLS 116,305 107,259
CRITICAL SKILLS 62,390 50,548
PREDICTED
REQUIREMENTS
(SMOQOTHED)
ALL SKILLS 98,168 89,909

CRITICAIL SKILLS 53,539 13,548

NET
SAVINGS

5,049
11,842

8,259

9,955




Table 4.7
HOURLY WAGE RATES FOR PRODUCTION FMPLOYEES

WG RATES

CGRADPS 1 2 3 1 3
3 7.72 8.04 8.36 8.68 9.00
9 3.28 8.63 8.98 9.32 9.67
10 8.84 9.21 9.53 9.95 10.32

WL RATES

GRADES 1 2 3 4 5 i
8 8.49 8.84 9.19 9.55 9.90
9 9.10 9.48 9.86 10.24 10.62

10 9.72 10.13 10.54 10.94 11.35 4

1
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of the ONEWAY schedules versus the hand-created schedule is estimated
at 8,259. Multiplying this hours figure by the $14.13 per hour cost
would indicate a puscudo-savings of approximately $117,000 over the

two-year period under consideration.

4.7 Execution Times for the ONEWAY Program

Before concluding this chapter on testing and analysis, there may
be some value in looking at the differences in the computer execution
times between the various alternatives of the ONEWAY program. Table
4.8 contains statistical data on the four different alternatives tested.
Table 4.9 contains statistical data on pairwvise comparison of three of
these four alternatives.

Certain results from these two tables are worth noting at this
point. First, consider the long durations for the maximum length runs
of alternntives four and five. The average execution times for these
two alternatives are both approximately thirty minutes, 33:45.9 and
28:56.8 respectively, but both required more than one hour of CPU time
during the longest runs experienced. Alternative four did not achieve
viable results in the levelling manhours objective so it can be
discounted. Alternative five levelling results compared favorably with
the results of alternative ten.

Second, these runs werc made on a time-sharing system which, at
the time, was not being utilized by any other user. This means that
the computer's executive system overhead requirements for CPU time
was at a minimum. Therefore the actual time from the start of

execution to the termination of execution was also at a minimum.
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f Table 4.8

EXECUTION TIMES FOR THE
VARIOUS ONEWAY ALTERNATIVES

ONEWAY CPU_EXECUTION TIMES (MIN:SECS)

ALTERNATIVE AVERAGE STD DEV MINIMUM MAXIMUM
UNWEIGHTED .
3, MIN/MAX RATIO 5:06.8 6:43.3 1:35.4 13:54.7
4, STANDARD DEV 33:54.9 27:52.2 12:24.4 82:54.3 |
5, MEAN DEVIATION 28:56.8 20:14.8 9:03.6 71:14.5

t WEIGHTED
10,MEAN DEVIATION 23,17.8 9:01.5 8:45.9 34:42.2
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ALTERNATIVES
COMPARED

3 VERSUS 5
3 VERSUS 10
5 VERSUS 10
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Table 4.8

STATISTICAL COMPARISON OF THE
EXECUTION TIMES 'OR THY VIABLE
ONEWAY ALTLERNATIVLS

PAIRWISE DIFFERENCES FOR QUARTERS

AVERAGE  STANDARD

DIF DEVIATION  t-SCORE ~ CONCLUSION
26:19.7 22:57.3 3.24 3¢5
19:16.7 7:20.3 7.01 3 <10

5:38.9 13:52.8 -1.15 NOT SIGNIF
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Should the ONEWAY program be executed during the normal daytime
user periods, one would have to expect exccution duration times (not
CirU times) to be far tno excessive. It was this result that precluded
another program segment, or an addition to ONEWAY, which would have
allowed two-way interchanges in an attempt to gain further improvement
of the schedules.

Third, although the fifth and tenth alternatives did not show
themselves to be statistically different in execution time when compared
by a pairwise difference test, intuitively one would consider the
diffeience in the range of execution times for these two alternative to
be significant. For example, the ranges shown by the minimum and
maximum valies of Table 4.8 are 9:04 to 71:15 and 8:46 to 34:52
respectively. For this reason alone one is inclined to lean rather
heavily toward the use of the tenth alternitive instead of the fifth, a
conclusion supported in part by the difference in predicted overtime
hours shown in Table 4.5

The reader may wonder whether or not the execution times for the
oneway :nterchange seurch might not be reduced by application of an
early stopping criterion. For example, one might stop the search for
better <chedules when the improvement from one schedule to the next is
less than some small epsilon value. Tigure 4.4 is a graphic example of
the reason this concept will not work. This histogram shows the
improvement of the objective value called devsum during a search.
Note that there are numerous points where the histogram is level for a
number of consecutive improvements, indicating that there is very little

change from schedule to schedule. Had some early stopping criterion
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been applied, the search might have stopped at onc of these points,

thereby foregoing the large improvements that occurred near the end of

the search.,
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CHAPTIER &

SUMMARY OF RESUL'TS, CONCLUSIONS,
AND RECOMMENDATIONS PO FURTHIR STUDY

5.1 Restatement of the Research Objectives

At this point the reader may be feeling that this research effort
has paralleled the voyage of Columbus in that, like Columbus, ihe
developer started oul not knowing where he was going, enroute did not
know where he had been, on arriving did not know where he was, and
dia it all on government money. Therefore, before beginning a
summaccy of the results it mighi be meaningful to clearly restate the
objectives, so that the results can be stated within the framework of
those objectives.

The study was meant to be applicatory in nature and, as such, it
nas  altempted o investigate some  vather parrow-based  questions.
Initially the goal of the rescarch and development was primarily one of
creating an interactive, production scheduling system for a completely
geneiclized flowshop. This system was to reduce the swings in the
daily manhour requirements for certain criticel trade skills. The early
phases of that development led to the conclusion that the methods
normally utilized in such an effort would lead to failure. Specifically,
it was assumed that any attempt to set fixed specifications fo.- the
system at an early point in its development would doem that system to a
quick de.sise. This factor broadened the goal of the research to one of
also creating a method for system development which would greatly

improve the chances that that system would be successful as an
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application. In the end, any application svstem being developed is
ultimately judged us a success or failure by the potential nser and not
by the developer, the measure of success being whether or not the
final product is adopted for future use within (he facility for whom it
was developed.

The two-way feedback loop came into use as a development tool
very early in this project. Since neither the developer nor the user
was constrained by any set of specifications, both weve free 1o consider
and w develop ideas for inclusion in the system that could not have
been envisioned at the starting point.

A number of other aspects of development were conceived during
the initial phase. For example, the dccision was made at the cutset to
make use oi whatever computer system capabilities were then available,
thercby precluding future requirements for more sophisticated graphic
displays or inputs. A sccond example is that of the limited numbor of
assumptions built into the system. In fact, enly one major assumption
is included, that assumption being that the mashours required from a
certain production shop during a particular phase on a given aircraft
are assumed to be uniformly distributed over the shifts worked in
completing that phase.  This assumption had been in use for vears
within the scheduling division of the facility. A third example is the
system's flexibility to changes in the dite base underlying it; for
example. the manhour standards change on a quarterly hasis. A
fourth, and very important facet, was the requirement for a complete
management information system to procecd the creation of a production

scheduling system.
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After these [accts and others had been conceived and developed to

their initial point, the article by Godin [3] was published. ‘The
hypotheses  therein on the reasens for failure of other intcractive
systems lent structure and new impetus to the cfforts to ensurc success
of this development. From that point on cvery step in the development
was usubjected to analysis based upon the failure hypotheses, and
modified if necessary to overcome any shorlcomings. In a sensc, the
goal for the study was broadened to include overcoming the common

rcasons for failure.

I3,
[

Summary of the Results

Given  the broad goul of cereating o successful  interactive,

producticn scheduling system, and thereby developing a method for

such @ creation, let us now look at the results,

5.2.1 I_\_la_n:__égr_n_np“t; Intormation System Rewnlts

The management information systom was developed first, initisliy
based upon only nincteen trade skiils and then breadened to include up
to sixty skills, with morve than one skill assigeed to a production shop.
The syuteln has uwiudergone a tremendons number of changes since its
inception, the complete list being only hinted ar by the coutents of the
chrondlogy of developments contain:d in Table 3.1. The MIS suli
contains the uniform distribution of manhonrs as the only underlying
assumption. Its fleaibility to change is demonstrated by the fact that

the standaid  products Lave been  changed, the organization of

production shops has changed, the trade “Kills assigned to shops have

changed, and the manhour standards have changed on a quarterly




basis. Sophistication of the MIS i< demonstrated by the fact that the

list of options for the PSKILL program centained in section 3.2.4.2.1 is
enly a partial statement of the entire range of system capabilities.

Results for the MIS from the trer's poin! of view are outstanding.
The systom is utilized on a daily basis within the facility for which it
was developed and, at the time of this writing, is being installed at a
second, navy, overhaul facility, located at Pensacola, Florida. The
implications of adversc product mixes for futur: periods ore currently
being analyzed and are providing a sound basis for the overcoming of
bugetary and manpower level problems. Near future ennancements are
currently being developed by the user for expanding the capabilities of
the system to perform many of the other routine tasks within the
producticn planning department. FProbably the best indicator of the
success of this portion of the system is that the developer receives
after hours phone calls from the user, reguesting for prierity aciion on
developing enliancements for which the user has created an urgent
need; enhancements that provide data ncver before uvailable but which
are now almost mandatory in the perforimance of the production planning
role.

As an aside, preliminary actions are now underway to begin the
developmenit of a more sophisticated system from the ground up. The
new system, if developed, is to contain a further expansion of
capabilities and features and, morc importontly, it is to be compatible
with, and adopted by, all six of the navy's aircraft overhaul facilities

as a standard production MIS.




5.2.2 Scheduling Svstem Results

Once the prototype for the MIS was completed, the development of
the production scheduling system could begin. The delay in starting
the scheduling portion of the system precluded its full evaluation by
the user prior to the time of this writing. ‘Therefore, the judgments of
the user are not yet in, and any cvaluation of the results must bLe
limited to an analysis of the data presented in the last chapter. From
that viewpoint, a summary of the results can be stated simply.
Computer-c‘reated programs have been deemed as acceptable by the user
with certainty at the UNIFORM program level, and with a high
probability at the ONEWAY program level. The improvement in the
levelling of daily manhour requirements for certain critical trade skills
is attested to by both the high t-Scores attained in the paired
differ:nce tests and the manhour savings calculated in the overtime
tests. In particular, one should refer to the t-Scores for all-skills and
the critical skills contained in center portion of Table 4.2. There on.
sees the results for the Weighted Mean Deviation schedule of ONEWAY
versus the hand-created schedule; with the paired difference t-Scores
for critical skills all greater than 3.8. The overtime comparisons for
the same two schedules are in Table 4 6. They show a reduction of

critical skill overtime of almost 10,000 hours over the two years.

5.3 Conclusions and Recominendations for Further Research
Before stating the conclusions at which the developer arrived
during this rcsearch it might bLe advisable to warn anyone who would

attempt to apply this type of two-way feedback environment to the

solution of an application problem in the future.  This warning deals
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with the backgrourd of the individual so embarking. In order to
achieve the type of commuaications feedbick and the rapidity of
turn-around described earlicr the developer must have the following:

(a) A very strong background in computer programming, beyond
that which would normally be possessed by a graduate
student with an undergraduate degree in computer sciconce,
and

(b) Some deqgree of experience in dciling with workers in an
industrial management setting, cither through experience
working in that {field, or preferrably a consulting
background.

In other words, the development of an application of this type is not
recommended for the typical doctcral student who has spent the entire
portion of his or her adult life in a student cnvironment. With that
admonition it is now time to turn to the conclusions.

The first and most important conclusion of the developer at this
point of the research is that the two-way fecdback method of system
development is both a necessity and practical. It is certain that the
reader is asking himself "How does one ever rcach a completion point in
the devclopment of an interactive system by such a method?"  The
answer 1o that question must necessarily be: "A truly usefu]l syctem
should be dynamic enough to reflert the changes in the environment in
which it is to be utlized; therefore, it may never be completely
developed in the true sense of the word completed." On the other
hand, there must be some limit set for the developer to use as a
guideline for the ultimate objective of his efforts, and there is always
the problem of contractural agreement for payment purposes. This
problem may well be an area for future research by a developer and a
lawyer working joinily. At any rate, the author in this instance has no
ready answer other than the possibility that the work be done under an

open, cost-plus contract.
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The second conclusicn is that the swing in the requirenents per
unit «f time for critical resources miy he veduced without an excessive
degradation in the requirements for other less critical resources, albeit
not Lo the extent that the author hoped for in this instanca. This aren
is wide open for future research.

The third conclusion is that there needs to be a great amount of
research done in the area of scheduling completely generalized
flowshops, and less done on the fictious threce-job, three-machine type
of problems with which many researchers have been content to concern
themsclves in the past. In particular, there is a need to expand the
problem to one whereby the items currently in production are included
when onc is considering the solution of a scheduling problem for a set
of unstarted tasks; i.e. the ongoing flowshop of real life situations.

Future research is also needed on the objective functions for
generalized  flowshops, particnlarly  with  respect  to reducing  the
dispersion in  the requirements per unit of time for ithe reonurces
needed to complete a given jproduction schedule. The high costs
associated with idle-time for workers and the carrying of inventory are
ones that are faced on a daily basis by nanagers and they are reliccted
in current reports of reduction in productivity rates by industrial

nations.
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e A-7.5DLM 4.0 D A-7A/SDM
3 P-3/0LH 30 FoP-3A/TULN
4. C-1u5-2 4.0 S C-lA/SDM
S S-2/FCRN 10 F  S+«2/F0ORN
NUMBER OF TMS DEGCRIPTIONS IN SYSTEM
™ S ™s LENGTH
[] MNAME DAYS MACRO DAVALU S
1 A-7A/MT 21.0 1.0 20
2 A-7B/MT el O t. 0 20
3 A-7C/nMT 21.0 1.0 2.0
a A-JE/MT 21.0 1 O J 0
S TA-7C/nT 21.0 1 0 2 ¢
& A-7A/SDM 31.0 e 0 4 0
?  A-7D/SDNM 31 © P o] 4.0
g A-7C/8DM 31.0 20 40
9. A-TE/SDM 31 0 2 0 4 0
10 P-2A/[LM 20 30 50
11 P-3D/CLA < 0 30 3.0
12 P-3C/DLM 9. 0 3 0 5 0
13 C-1A/DLN a5 o 4 0 4 0O
t4 5-CDsOLM 3% 0 40 4.0
15 S-CE/DLM 35. 0 4 0 4 0
16 ES-2D/DL 3% 0 4 C 4.0
17 S-2/7FCRN £2 © 5 0 40
NUMBER OF CRERATION NAMIS IN THE GYST
» OPERATION MNAME
1. DEARNM
2 E AMNDE
3. PRESERVE/AERATE
4 DISASSENSLY
S. COMPCMENT REWCKK
&, STRIP/CAR TREAT
7 FOST/SIRP DISAGY
B PRIMI/SEAL ACFT
9 ALGSUMPLY (METAL)Y
10 ARTIHMILY (DT R)Y
11 CLEAN AND PAINT
S WILIMT N DALANCE
13 CAnND A FLT CHECK
14 RF] PAINT TULCHLP
195 RF1 FINAL CHECK
16, LUS ROONM
17. SERVICE

BT
L A FATS

ATHU

bl Data File (Veement 1)
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ALLOWED IS 24.0)




NUMGER OF TRADE SAILLS CURRENTLY IM GYUTEM 45 0 (MAYIMUM ALLOWED IS 60 O)
GRILL SKiLL (SHILL ADOREVIATION HASG MAXIMUM OF O CMARACTERS)
NUMDER  ADUVN SKILL NAMD

1 A/C FLEC AIRCRAFT FLFCTYRICIAN
2 A/C MECH  ALIRCRAFT MECHANIC

3 ARNG REC  BFEARING BRLCONDITLON 1

4 ELEC FOP  ELICTHIC CQUIPMENT REFATIR
3 ELECTRCN ELECTRICIAN

& ELECPLTIR  ELLCIROPLATER

7 ELECTRUN ELECTRONICS MECHANIC

2] ENG MECH ENGINE MICHANIC

9 £GP CLNR  EQUIPMENT CLEANLR

10 EQF MECH EGQUIPHENT MARING HMECHANIC
11 FORKLIFY FORKLIFT COVFERATORN
12 GRAPHICS GRAPHIC ARTS MELCHANIC
13 GAND EQP  AIRCRAFT GROUND EQUIPMENT SPLC
14 HEAT TRT HY AT IRTATER
15 INGYRMNT INSTRUMENT MECHANIC
16 MACHINGT  MACHINIST
17 MACHNTOL MACHINE TOOL OPERATOR
16 MLDPLAST  MOLDER PLASTICS
12 HMOLDER MOLDER
< MTIL INSP  METALS JTNSPECTOR
° MTLIZING RETALIZING €QUIPHMENT OPLARATOR
s ORDNANCE  CRDHNANCE SYSTEMS
Page UXY MECH AIRCRAFT OXYGEN EGQUIEIIENT NMFECH
ca PBAINTER PATNTLR
25 PATREMKR  PATTERN MAKER
o5 PIPE FIT PIYE FITTUR
27 PLSIFIDR PLASTICS AND FIGDHCILAGS
g PRE MECH  PNE SYSTEMS MECracilc
29 FRES PKG FRESERVATION PACRALER
30 FRES S\C PRESGSERVATION SERVICER
31 PROPMLCH  AIRCRAFT PROPELLER PP (vl ¢
o PRRGUPRT FOWERED SUPPORT SYSTEMS MiCHANIC
33 RIGSER RIGGER
34 RUBEER AIRCRAFT RUDELER MLIHAaNIC
39 SHEETHTL SHIET METAL MECHANIC
35 SHIP F1T  SHIP FITTER
37 GHOTPEEN GHOT PEEN
38 SANDDLST  SARDRULASIER
a9 SERVCTIRD SERVICE TRADES
40 TOOLGNDR  TOUGL AD CUTTER GRINDER
a1 TOOLMAKR  MACHINE TOOL HMAKER
42 TJROMMUADS  ELLECTRONIC MLAVURES ML onan 1
43 TROH SYS  ELECTIHNIC SYSTEMS MECHANIC
4 UFHOLSTR  UPHULSTERER
45 WELLER WELDER
LY FOREMAN FOREMAN
a7 E AND € FSTIMATOR AND EVALUATOR
40 P/C LLEC FLANL CAPT A/C ELLCTRICTAN
]9 P/C MECH PLANE CAPT A/C MECHANIC

ALRCRAFT Data tile (Sepment 2}
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NUMLER OF PhUDUC1lUN SHOPG IN SYSTEM o0 0 HAXTMUR ALLOWED 1% 128 ©

[ i [ 3 r P P [ " I r
S r E £ L t U (3 L r i
SHOP K YIS R 15 R IS R OTIG R OIS R Y R OY; R OIS R Y, R OTH, R
1 KK € R4H C RAW C AK € KK € Ku C WK € KHA € KK € Ru C
] LAl E Al £ Al € Al E Al & Al E Al E Al £ Al E Al E
LDL N DL N DL N DL N DL N i N I M DL H DL N CL N
SEL YT EL Y £L T FL YT LL T L Y KL YT EL T EL T EL T
05 1 39 1 0
100 Y 39 1.0
200 1 239 10
300 13910
280 1 3910
400 1 39 1 0
500 1 39 §.0
912 1 39 1.0
519 1 39 1.0
s21 1 39 1.0
922 1 39 1.0
5264 1 47 1 O
&00 13910
650 1 3?2 1 0
620 1 39 1 0
200 1 39 1 0
3111 1 910
3112t 9410
3113 3 o %7 § 21 38 22
3119 1 28 1 0
3116 1 J4 10O
319t 1 301 0
310 1 3010
4 Yy 9 1 0
3159 1 44 1 0
315 t 311 0
31 1 <1 0
3cie i o t 0
3215 13510
3216 1 22 1 0O
3217 1 €310
3719 123 1 ©
3221 2 @ .14 29 .84
322 2 2 15 28 €S
3023 1 311 ¢
Je¢24 3 210
322t @1 0O
3226 + 3t 0

ATRCRAFT Data File (Seprent 3)

Alltocation of Productien shep Manhours {o Trade Skills
(Scoetiron 1)

e




e e -

i3 '

g 227 07 4 1F % 031D ta1r €3> %P 3% 06 A% 03]
e & S Q0 10 .03 7 1t/ 21 17 Jo 17 4% .00
3321 2 2% on 3% .92
232> § 35 1 0

| 2323 2 W% 2m 4% 7%
3IN4 1 14 1 0 »
3329 219 .67 0% 2D
2327 2 18 0 27 .80

‘ 233t 123510
3332 2 2 1L 3% 09
2333 1 U5 10
R RE] 1 3% 1 0
323y L] i .0 ST 3% 5 45 O
%31 3 1 Q6 22 84 3% .04
3532 1 110

J 3933 1 1 1.0
3%34 t t 10
4181 2 7 T1 4% .99
41412 2 7 11 15 .89
41173 1t 1510
41148 2 7 .85 19 .49
a1y 2 7 &4 15 .36
4116 0 71 0C
4117 2 7 .67 19 .13
4110 2 = 25 1% 7%

4119 1 12 1 0

4121 2 1% @Y 24 a7

4:4% 1 710

aZ4a2 @ 7 a4 3y 06

4242 1 7 1.0

4248 4 T 1. ©

aap1 1 A2 1 0

4367 3 42 1 C

4463 1 42 1 O

438648 2 45 03 AN 17

Si84 2 07 Co 3% @4

5112 2 27 06 35 94

s141 ! 210

5140 1 « 1 0

5143 Y 2 10

L1484 i S 1 C

9174 1t o«

S1e 1 1 Lo

C1Ys 2 7 L au 43 .80

S12. 2 T G) el o7

5021 2 2 23 35 77

=202 3 1 %7 2 1s 35 os
223 3 1 87 o 21 35 U7
5745 5 1 315 2 2% 43 Ch en Tnoen !
s246 5 1 .17 2 20 43 05 ag 22 49 29
s&l1 2 27 0% 35 9%

5612 2 27 0% 3% 9%

%641 1 23 0

ATRCRAFT Data File (Sepment )

Allocation of Production Shop ‘lanhours to Teade Skills
{Section 2)




»
114
5642 1 21 0
8443 1 2 V0
9614 121
s471 4 1 10
, 472 1 110
2678 2 7 D) A3 &7
876 Q@ 7 33 40 47
¢101 ! g1 0
65102 1 10
6103 ! g10
6104 1 810
6105 1 810
6106 2 11 17 20 .03
6107 1 810
bi0B8 2 B 90 1t .10
6109 1 810
4223 3 9 .40 37 .33 386 27
6225 .1 4 1.0
bSl6 1 24 L O
PaPARS ] 61 0
é622 e & 09 21 .91
6232 1 201 0
6233 1 20 1 O
6234 1 201 O
635 1 g1 0
631 1 €810
&252 1 2 1 0
6353 1 281 0
6356 ° % .14 09 B4
£311 2 16 . S7 17 .43
c412 2 16 D117 12 |
€812 2 16 e} 17 .39 !
6114 2 16 BO 17 .2 i
6415 1 41 1 O i
HUSGER OF CPERATION GrOUPSL CURRENTLY N SYSIEM IS 7 B
OFEHaTiON OPERATION i
GHOUP GRGUP :
PUMDER NAME, ]
1 FSTIMAT L pual !
2 AT ERESV, AFRATH 1
3 A-T7G5-D(DIGSYASSHY !
a -0 (DISIAGMY i
o COMPONENT KELL M i
& CLEAN AND FAalNT
7. GRND AND FLT Cw
ALRCRAFT Data Fiale (Scoment &) 1
. . 1
‘ Allocation of Productron Shop Sanhooe:s to Trade Skallg
i (Section 3)
Deffinition of In-Process Operation Groupines
,




—re

UPERATIONS

[1XTelyd

NUMDER

oY
100
200
200
altle}
400
300
512
519
521
a2
200}
600
650
600
800
3111
2
3113
3115
3116
2151
3152
3154
3155
A1 %56
32114
Jo12
&15
3216
3217
3218
3221

Assignment

IN WHICH Txip SHOPS

OPLURATION NARL

LUPVICE
SFRVICE
StLAVICE
SERVICE
StRvVICL
SERVICE
SERVICE

GRND & FLY CHECK
CRND & FLT CHECK

E AND E
E AND E
€ AND E
C AnND E
SERVICE
SERVICE

GRND & FILT CHILCK

CONFONENT

AREWORK

SIRIP/CORR TREAT

COMEONENT
COMPFONENT
CLEAN aND

REWORK
REWORK
PAINT

PREGERVE/AERATE
PRESERVE/AFRATE

CUOMFONENT
COMPQOYNENT
COMPONENT
COMPONENT
COMPONENT
COMPONE NI
coneONENT
COoMPONEMT
COMPOMNINT
COMPOMNENT
COMPONENT
COMPONENT
COMPONENT
COMPONENT
CUMPOSNENT
COMPONENT
COMPONENT
COMOTHNENT
COMPONENT
COMPONENT
COMTONENT
COMEONENT
COUMPONENT
COMPONENT
COMPONENT
COMPONENT
COMrQnTNT
QM ONERY
COMPONt T
COMpNE T
Cornreat Y
[GERINRIFINIA
Comutra
Cr e iNT
CO QNENT
COMPUNLNT
ConGnr iy
COMPIf 1Y
Curpgriong
COMPONENT

of In~Precess tperations
tSectinn

REWDIRK
REVORH
REWORK
REWORE
REWORA
REWORK
REWOR#K
REWOR =
REWGHYM
REWOHK
REWDOHK
RELWORK
REWORK
REWQORR
REWORW
REW(ORM
REWORYK
REWDRK
HEWORY
REWORK
REWCRHK
REWORR
REWDRW
REWNORK
REWOFK
REW(IN
RE WO H
REWORK
REWORN
RE WK
[N SIRIEYY
ST WIRTHIT
[ MBI
HE W
[ YR
R e
(X SIS
L7 STt +1Y]
[ AT )
REWORR

ATHCRALD Data File (Sepment
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Uiy

63%2
6353
6ATA
Hnly
61>
6312
&3
64812

THME NUMHER Of

cuvonEnt
comrOneN
COnrOHENY
Comeon NY
COMPOILNT
COMPOHENT

PLWORK
HE WK
[ W YIRIEI"S
Hi WLK
HE WK
HE WURK

NOT INVOLVED
NOT O IRADLNED
MNOT O ITHJOLVED
BT THRVOLAE D

AL MY
ALY
AR HpLY
AL MELY
AL MOLY
AT RBLY
ATTEMELY
ALY
ACCE LY
AT MDLY
AT EMOLY
AT ENOLY
ACCEMBLY
GHHD & FL
cnapy FLY
AGCCEMBLY
ASKTEMBLY
ALSUMOLY

AZTEMBLY

ACGEMBLY

ATSEMDBLY

COMPOMNENT
COmPUNENT
CO=FOMNENT
COMPOMNENT
COMPGNENT
CONMPONENT
COMIDNENT
CUNCONENT
COMPOMNENT
CO~PONENT
CUrPONENT
COOPONENT
COMImONENT
CUMPONENT
CHPiNENT
COMETENT
COMPUNENT
COrese Y
CompPUENT
CUMTUHENT
COMNENT
COrntng 1l
CHrm (g MY
Crimr (e gt
[ IANTH AT
Curn e Y
COMPONENT

(R TAaL)
(M 170
(Ot )y
OV )
(QTHE )
(OTHER)
(1t R
(OHTHE )
(METAL)
(M TA Y
[RORRX NN}
(CIH0 )
COTRE
T TR
CHECH
(META )
(METAL)
QTN
(OTHER)
(D1 1)
(01viE )
(OTHER)
(OTHL )
(METAL )
{(METAL)
RE WK
RE WO
REW{ K
REWR
RE W,
R WO K
REWOb
[:( Wi
REWIOPK
REWONTK
REWON
RO
FEWORK
REW W
RE WP
RE Wit
RE Wb
LN SIS 10N
RO
WK
Wi
ENVISINTS
HE Wik
[N NS
FEWGH
I amt ™

REWJN

pe

(RS I

LR

AR e s

B

ST WY IR

A

Il RS 4

[¥]
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Assipnment of In-Process Operations to Prodaction Shops
(Section 2)
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NUMQE 1
LISTED OPEHATION

OPERATION NAME  HUM
DISAGSSEMDLY L
POBISTRIP DISAGY! 7

PRIME/SEAL AT ' §

RE1 PAINT TUCHUP!' 14
RFI FINAL CHECK ' 15
LOG ROOM 16

THMG GROUP NUMNER AND
NUMDBER OF OPERATIONS

fCOPERATION

neRn

OC D000

NAMI 1 0O
1S IN-PROCEY-
STARTING

IH

OF EQUIVALENT OPERATIONS £OR

' OPtnhijou tiamg,

preInIaY o or
VEGQUITALENT O RATION '

'A55KHULV
tALG

EnpLy (C

(OTHERY
THLRY

HUMADER
e !
10 0!
10 !

CCLEAN anD Patir v 1y

YGRND
‘'t AND E

A-2/nT
IO £ 6 U 2 P

[¢]
0 1
CCLEAN AND PadnT 1) O
L FLT CHECH® o !
0 L]

13
¢

CENRDING

OFFRATION NAMC 'ONUMDER LR AYE 8 ot
................. L L S
€ 41D € S0 e r o
PRECERVEZAERATE Jo¢ 1O 10
DISAGSEMBLY 40 e 0 S0
COMFQONTHT REWORW 80 30 10 0O
SIPIP/CORR TREAT & 0 30 ?0
PRINE CEAL A/C g0 1¢ 0 1o
FOIY STRIP DISASY 70 12 ¢ e
E anD E &0 13 O 10
ABCEMELY (METAL) noo 14 0 1400
ATLIMOLY (DTHER) 10 ¢ 1§ 0O a4 C
CLEAN AMND PALUT 1t0 ¢ 0 KPRV
GRUD * FLY CHECH 120 a3 0 4l
THMT AROUP NUMDER ASD Ramt 2 0 A Tr0nnl
RUMBER OF OPERATONG 1M 125 IN-PROCE [© (vt 14 0
" OPERATION ' STARTING NDING
OFERATION NAME ' NUMDTR toGHIFT LTI R ¢
________________ Ll P e (] - e = 1 - e e =
E A0 E P t o [
FRECI P VEVALRATE ao 310 1o
DIEACLTNILY 4 oo oo
COMFONTMT RERDRR T C 30 ENEY
STRIE/CURR THEAT 6 C 3n RN
PRImME/GEAL ATFY a0 10 o 1y o
POST/STRP DISASY MY 12 ¢ 13 0
€ Axl E o0 14 0 e N
ARTEMOLY (METSAL) @0 1 € e n
ACTEMBLY (OTHIR) 10 ¢ o7 0 ERENY
Cul vy AND PAINT 1t o as o T
GHMD h FLT CHECHK 1 <y © [EANNY)
RV FAINT TUCHUP 14 C 61 0 er ¢
RAF 1 FINAL CHECK 15 ¢ &s 0 ¢ 0
ATRCRAFT Dot File (Seo-ont 8)
Equivalent In-Precess Operation,
lu=brocess Seguence aad Duration. by sacne

1]

(Section

inXielts

MANHOURYS, 6 O
(MAXIMUM ALLOWED 1S 1§12

Group

0}




[ -

TS GROUP MNUMRCR AND Nant

NURBER OF OPERATIONT 1IN

PORERATION ¢ STANT NG

1

1

30 ain
P eincn 9% CyCrt

(2R )

ODC2380CCcOCoT

o C

,e

rer

-

OPERATION HNAML ¢ NUMDER L W13
- ey = W N e e o e w W ) - - o e } ammite v e
€ AND o0 H
PRESERVE/ZAERATE 3o 3
STRIP/CORR TREAY 6 0 18]
DISASGEMBLY a4 0 18
E AND € 20 ]
COMPONENT REWORK 50 D
ATSEMBLY (METAL) ? 0 s
ASSEMBLY (OTWIR) 10 0 51
CLEAN AND PALMT 11 0 7%
CRHND & LY CHIECK 100 (R4
WEIGHT AND DAL 12 0 37
RELD PAINT TU(yP 14 O 101
RET FINAL CHECK 15 O 104
THMS GROUP NUMDER AND NAML a4 O ¢ -3
NUMGER OF OPERATIONSG J0 T2 ph- g

tOPEHATION * GTa T ING

UFEHATION NARE ! UMBELR LY
- N i P
£ oanp v o O 1
PRESEHVE 7AERATE 30 3
DICAGCErDL v 4 0 5
COMPONENT REWDRK s 0 €
CILIP/CORR T AT & 0 ‘
POLSTSSIRP Dlsany 7 0 1
£ AND F g0 1
ALSEMOLY (METAL) 9 0 1
ASOENTCY (0T R 10 © S0
CLE AN AND Palnt 11 0 a8
GRAND & FLY CHiCHK 13 0 “a
FFI FAINT TulHuP [ e
RF1 FiINaL CHiCH 15 C 0
TS GROUVP MNUMDER AND NAML 5 ¢ =-0

................. ! mmewe o -

€ a%D €
FREGSERVE/AELRATE
CISALZEEMBLY
COMPONENT REWIRNK
SIRIP/CCRA THEAY
POST/STRP DISASY
£ ARD €

ASSEMDLY (METAL)
ASSEMBLY (T R
CLEAN anD PAINT
GRND B LY CHI (W
KE L PATNT YUCHIUP
RF1 FINAL CHLCH

— e . e
U o= OIMJd>ab Y

22000000 DC

~ -~

(o]

ATHCRAFT Data File

In-Process Sequence and bur
{Section

{ Seement

(3R]

—

20D

100
t FHNDING
COGMILFT
30
7 0
17 ©
a1 0
<0 0
&0 0
60 0
0 0
n4s 0
10 0O
100 0
120 0
104 O
A1 4]
CrCLY 1220
CENDING
R N
+ - - e e e
"ﬁ
4 0
%0
Q7 ¢
110
14 ©
17 0
c7 0
a7 0
55 0
& Q
6?3
70 0

FOREIGN SALLS

NUMBER OF OFERAYIONS IN TMS IN-FEQOCESS
v OPERATION * STARTING

CPERATION NAME ¢ NUMBE R ! GHIFT

DO0DD0CDOQCO

-

S 2

)

cyYcLe 13 0
CENDING
'OBMIFT
L

20

4 0

70
3% O
15 ©
18 0
&3 0
(1?7 0
u? 0
7 0
110 0
1w O
170 0

ations by SACRO Groups
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HOP

03
100
200
300
300
400
300
312
319
Eha!
S22
326
600
&30
680

WORKLOAD STANDAKDS LFFECTINVE
| Q 3
A=7A/M A2/ A-7C/M
0 0 (o]

(o] 0 0

o] 0 o

0 o] o]

Q 0 ¢

[o] o] Q

0 (0] 4]

Q9 19 o]

o] o] (o}

[o] 9 0

[o] o [¢]

(o] ob 0

o] (o] 0

o) (o) [¢)

[s) [o] o]

o] i o]

800

S~pe
il
N2
3113
<R -]
3116
31N
31%2
3154
3133
3156

SHOP
3211
3212
3213
3216
3217
3218
Ja2

3222
3223
3%
2226
a7
3228

S1QP
3321
3322
3323
3324
323235
3327
3301
3332
3333
3334
333%
3531
3532
3333
3334

Allocation of Manhours to Production Shops by

A=7A/M  A=70/M  A-7C/M

Q000000000

A-7A/M  A-7D/M

Q0000 QUOOO0O0OOC

A~TA/M  A-7B/M A-T7C/M

0000000 CD0COOOD

10 o]
198 ¢
2 O
3] ¢
204 0
12 o]
(o) ]
o] [¢]
(4] (¢
o) o]
A-7C/M™
3 o]
ol (o]
[ (o)
! [¢]
3 O
2 [¢]
Q o]
t o]
o] Q
o] [e]
[¢] o
1 o]
Q0 [¢]
) o]
¢ ¢
o] o
(o] o]
o] 0
¢} 0
1 Q
] o
o) o
[o) o]
o] o]
1 o]
20 0
3J )
[¢] O
v} o]

1ST QUARTER
4

Fv

i)

A~7E/M TA-IC/M

-

w -
~OVCTOOO2O00NDIO00CC

A-2t. /M TA-7C/H

b

194

A-7E/M ThA-7

-0

Ot
164

b

7

PABAIS

3]

- o W]

Crm

1 1
H !
5 K}
=4 h
0 Q
1 1
i 1
C O
(o o
o} ¥}
pd A
o] o]
0 o]
A-7e/M TA-2C/HM
o] 0
1 1
o o
o R
o 0
Q ¢
(A (4]
o] ¢
4] o
0 0
(o] N\
16 16
1 1
(o] (o]
{Bey

WORKEOAD Data fale

1900
'I

A-TA’S
0
o]
0
0
0
0
0

Al
ti
14
13
1702
(o]

0

0

-
L

A-TAG

1
2006
1
17
182
14
O

O

q
10

A=-JA/G

y-
a

19

A-TA’S
4

N

4]

0

1.

S

14

]

{)

1 ¢

2

1o
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7

A-7D/S
b

]

o}
(o]
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0
0
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5
g
16
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189

C O

A-T0/G
109
G2
37
A1)
192
14
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A-7B/5
12
15
34
q

A-7B/S
i1
19
1
0
a
.
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A=-7C/G
o
[§]
0
Q)
e}

A=-7Cr%S

Lo
169
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34
161
15
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i A=TA/M A0/ A JC/M AT AT AL A AT A0

& o 0 P 5

4111 (8} 9 6

aryo o] [¢] 4] O 0 0o P 3
411 Qo 1 o) l \ ‘. 4 <]
<114 [o] HEY [o) L] 4 N had 17
4119 [ 4 0 ?; % o) a4 7
e [} O 0 0 C o © )
4117 [¢] (o} [o] 4] Q o 2 o}
4114 [e] 0 o] o0 ~ 0 o) o)
4419 0 Q o] n a O [+ B
41 [¢] o] o] Py < 1t 2 3
A Ay (o] 3 0] Q ¢ 1, ) 3
Al 0 3 Q 7 1< ARl a3 ol
Lo | [d] Q o 1 1 “ H a
A9 (o) 8 Q & & oh a 17
arsy [o] 0 g ¢ o Q o] 0
082 4] 0 0 o} ¢ ¢ [¢] 4l
4243 0 o] [o] o s} o] (o] ]
42469 [} Q 0 ) o [¢) Q o]

Cram A-TA/M A=7D/M A-7C/M A=TE/M TA~7C/M A-7A/S A=70R/5  A-IC/S

S11y o} 113 0 113 113 Aa0 573 257

5110 o] o o G ¢ O o) o]

bR ¢ o5 o] ] 1704 23 475 5%¢

AT o o ¢} 0 D 0 ¢ ¢}
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