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The applicaton of nl e acti- e ronimpute 1ev tchniques Lo the schceduling

of industrial prZoduction operati is has lorcl seemed~ to bn aI potential

%Nay to bic.a k thiroe qh the maHtMv;1i it irv eticou n ic-r inr this

fe u;O. 7 this dil",:t( 11itioll ht, it) i.(; I t' opw f.

p 1 a ti on C I tA . k(1 for- ;1!1 di!r1- I. L v OVK II friiility' cpeI ntJ h d the

U.S. ay. The mio EPO.dC 0 1 t is: di rtatie' ace inl *,ie

evolutik na-ry miethod Ilvdfor t hr (it veloptlwnri of the systera and in

the cif.ws applievi duri ng developjmeri io ',,over ccme the rous es- (f t1 cl re

in earlier interactive schediding efforts.

'Ihe project involved the development of a Mainagement lnformw~ if

Systemil (MIS) to underly the later devel,.pmcniS as.,ociated with the

creation of production schedules. Suh'ceqont to the completion of the

proiotype for the MIS, the next Ipha>-C wa the creation of a set of

cornfltI r programs dc' ikp In to (reit r prolj lion schedules for u r

periods. 'Phe ci, i lnteiapid der inr thec c r ci l ef



scht Jules involvvd the ( .1 I k o iik 11A !r~ (I d viaitions for thie daily

requirements for critical m~inpower rt(:sour ces through tht. judici .!

selection of starting dai,-s for the dii I err ii dirc i t liifl inq ii)(1-1 for

overhaul. This stud\, cvalualed t )P result,; for aI number ot difthrent

methods for the developmen. of schedules.

The causes for failure of Par ier Ofort.,; in the interactive

scheduling area are discussed in Chapter 1~. Chaptr'T 2 contains a

description of the production facilities, ini 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 chijpter,

while Chapter 4 contains a defcription of the testing and aina.lysis

performed o~n the schedutling :;ystc-m 1hi wais developed. Ch,1Aper5

draws conclusos as to Iho sixc-a;: of tho systein in Its currenrt

application and thc:n s1 i5possihi ttilture vxtriisions for, r -,itch

and development in t hfi Ori.



INTRODUCT"FION AND I) II KAI'UR 111 R IEW

1. 1 Introduct ion

I n I craction btetwcen nian and maii apea rs to he an obviously

effeclivc techniqu',.: fox' Z4:1, de''eopmeh r of product on schedule, for a

generalized f lowsriop. In gcneval , t h r x~ i, ; aI funitt sut o01

production resou rccs availablc: for' U :e C 'Vol aI :bhc 1in i (:',); t(

complete a given set of production tasks . One goal is to createL a

schedule which will allow the product ion Cacility it) us- these resoarces

in an "(;feit manne hilr at the san'time, satisfyiisg the

inter-eh-:1o~ m'Id comph-ti-tl dates for the 1.'k k!. This paper i: it be

conce rned with thu satifac tioii of' such a *''eIwixe '0 the cl .rIal

available for modjficax ion is the sf-qui n in , i'; spaicing of the s.r t iii

times for the tasks, t.11C 1-'Ai~ltinjg -t C I ~ I tiflls,- ICl 'Lo,11

-in induct ion (ehcdulc.

Concept ually , the role asse .'iatv CSil I lie crea1tion oh' ;Lk. h a

Sc' ed1ulv Con sists ,,f twoQ basic OPera i )1 o I'lt first is the c ucation cf1

all iv.itial schedule , cont, t ra1iTId by 's l 0 1lfC sxnV oIi

which have conimenct.J prior Iohe einI ~o ceil tv~itt

Second is the niodifi(c-t iuii of :i ctxi en! -.,Aixe bile to au1 ((drlt ICo

unforvescen chaui,rcs. owh cl,,.ang JIC hu!At iii !ole, hill fl. lit I .!'t :1.4

to, dt letion of tasks a!-ign,,ed ftxtit' ? ox 1 ;1 d !;, addition JA el

assigned tasks, muooificatIion of the requ i i ut eo I Is for t a sks cu T, I-( ii . in

productioni, changes in the availahility of -oirces, changfes in task

completion priorities, interj-phase,( 1 iui 11 (,1 complet ion dates,

advancement of the scht dulin g beniz-)n i:,tn lum p;!s, instalii ' and



introduction of new processing equipmnt, development of new product

lines, etc.

In the application of in . v. 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 one or more of the phas s; i.e.

require zero time and zero resources in a givcn ph,ise, if you will.

A more complex flowshop model is that depicted in Figure 1.3, a

completely generalized flowshop. Here one sees 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 model which may be associated with an industry involved in the

construction of large, complex products in response to orders with

specified completion dates. Examples of such industries might include

those involved in the original construction, or the later overhaul, of

products such as aircraft, ships, railroad engines, etc.

During each phase the tasks may call upon available resources

such as floor space, el, Al power, capitl equipment, spare parts,
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INCUMIPJC PHIASE PHAiW. FIWALf)

TASKS ' ~. fi AK,

Figinic 1 .1 Normail EIOS~PModel

I~INLLJNG PHASE PHASE1/PIHASE1 PHASE F R;JS FID
TANS1 j'2 3j k IASe,.S

Figure 1 .2 General ized NI(II1 iodc I

INJHDIt.G PHJAS[ PHASE PWE i:J I[
- k ZtASS

Figure 1.3 Completely Generalized ILI.WS11IOP Mode',
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manhours from one or more selected scts of workers, etc. In addition,

these resources may be required in more than one phase by a given

task.

A feasible schedule for such a sy,;tem is a sequence of starting

times for the given ta, ks which allows their completion on schedule

while, at the same time, it never requircs more of any resource at a

given time than is available at that tine. 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 Riquirciconts

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 in highly likely that numer,,us simplifying assumptions



5

have been applied in order to make the )roblem of schedule development

more tractable. Such assumptions may include: reduction of the

number of different constraints, selection of a larger time unit for the

measurement of resource availability and requirements, and restriction

of the tasks allowed in order 1o providle s;ufficient slack in the schedule

to preclude disastrous effects ftom 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) What will be the impact on resoure X requirement:s if the
schedule is changed to ...... ?

Hence, during the creation of the MI' tO underly a production

scheduling . ,stem one must evaluate every ;i,;suriplion and retain as few

as practicable in order to provide as flexible an MIS as possible, and to

retain the user's confidence in the final system. This subject will be

discussed in detail later.

1.2 Related Literature

Victor Godin, writing in an article surveying the state of the art

in interactive scheduling [81, dates the beginning of interactive

scheduling efforts with the publication in 3960 of a paper by J.C.R.

Licklider entitled "Man-Computer Symbiosis" [201. The statement by

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

systems commenced with Iicklider's paper " could possibly he

-ii



6

considered as having overlooked earlier man-machine problem-solving

efforts. For example, the mechanial, Mark I aiming system for- the

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

Following Licklider's paper, and expansions thereon by others,

interactive systems have become widely usd 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

objectivre at the time w.is " the enrichment of (the) participantz'

understanding of the scheduling proceo..s and the man-computer program

interaction possibilities.

From 1966 thru 1J67 the Stanford lescarch 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 interaclive scheduling," system ever d.veloped.

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

SRI-Phillips system. Work on the projt'crt was discontinued in 1971 duc

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

available in (15], f26], and [27].

The first operational. interactive schedulinK system in the U.,S.

was developed by Godin and Jones during,. 1969 for use by the Western
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Electric Corporation in their North Andwuver, Massachusetts motor

winding plant. The sVsh-miii Wilized 'In I10 3IM:0G/6, computei. without.

ime-sharing facilities. Trhe sy~itein console iva-; used about one hour1

per (day as the iiim;whlifl itti ri. h rwoVido interaction . At t et

running less than a yva:'- the ,y stcem wa: d ia;ontit-,ued , osttnsibly due

to the awkward interfacc [9] [101.

Others also worked during the(, Fixt'w, 0%o variouG fac,.tn o~nd

aspects of interactive, job shop schcdulinfig 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] , effiocncy of interactive versus batch scheduling

[141, different hardwares for input, output, and display [11 , simulation

modelitil- taking advantage of a dt-tcrminP-;tic 'look ahead' [261, and

human monitoring of the computers pro! ress during a heuristic

development of a schedule [17] 11,I . i .L't :,ystem , il>veloped Y

Holloway and Nelson, is noteworthly 1wo;ol: it. ;6lowed the mlchic to

churn through va.,;t numbers of c'Ifljutalions and then call on t1e

human partner when 11 needed help)

In the eatrly tvent ivs a numbe!- of p*' pV v..*)rked on in' erac live

schedluling problems. Notable among thrw i v.. ', t'i e orlk of Connor in

developing a system calle.d PBROSPA(, -h'rt f(.. 1l'roouct ion Schediiiin r.

Planning and Contrcl . Con nor hi;is since 0i %'k-lopcd a crm ei.1ver:ion

of this job shop ,J(h(,dulini, system C;11l I. II OD T CF, whi-Ah r porkt.ily

has few castomers 141.

Another noteworthy effort was thait of Mist in developing a

"Scheduling Program for Allocation of' lis mrccs, 2' PA1I for Short [281.

This wor-k was done it) connwct ion wvith thc int erac ive scht'diltin g of a
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project, rather than in the job shu1 arenn of the sch-duling systems

discussed above.

Others working on the optimization of project scheduling during

the early seventies include: Davis and fiWidorn [6], Pritsker, Waters

and Wolfe [251, and Hlerreolhn 116].

The majority of interctive efforts, if not all, have falle, into

these two classes, job shop and project. Except for tli2 work on

network scheduling of projects, most of the scheduling attempts have

been on small or medium-sized systems; or else they have been done ii

computer batch processing mode. Many of the batch-mode solutions

have involved Zero-One linear programming techniques [24] [251.

1.3 Shortcomings of EarlierSystems

In spite of the activities described above, the future capabilitie

envisioned by Licklider and his successors have not come to frtuLion.

In his survey article [81, Godin suggested eight hypotheses for th's

failure. Evalutation of these reasons provides numerous ideas

reg rding potential areas 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 hypothes,;es:

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

(b) A lack of flexibiliuy and sophistication has made past systems
difficult to modify 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 u;e them
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(c) Computer ;I rdv.,are , soft wio )iid graphics to support
interactive scheduling have bccn prohihitively expensive.

(f) Interactive schedulinig s ysI end', havc been commercially
unattractive due to:

(1) Custom design of indiviil svystems,
(2) Cost of training potential users,
(3) Difficult evaluation of cost savings attributable to

improved schedules , aind
(4) Difficulty in convincing jpotential pur-chasers within

a firm of the attractiveness of the system.

(g) Implications of bad schedules often go unrecognized because
schedulers have built in -.lach io 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 valuable

foundation for the development of the interactive scheduling systum

described in subsequent chapters. At al1most every cornei- where a

decision had to be made, ruference to these h-Ypoihe.ses provided Sound

guidelines and direction.

Certain i-ecent chan-es in edueat i-.ii lech;iology, , a1116 ln~u

costs have helped to overcome the neg;it ive iimpact,. of -;oiw, r the

difficulites hypothesized above. For example:

(a) Computer hardware and interaictive syst-ms have been greattly
improved and their costs havi 1)eeni mrirkedly redlue. d. In
particular the advent of mini and nmiio-processors has placed
interactive systems in thf. hand:; of a large number ot
prospective u:,ers.-

(b) Concurrent with this hands-on expcrience has Leenl an
increase in the computer educationi or potential users with a
corresponding reduction in their i't hictance to use computer
based systems.

(c) Great strides niave been ii-ade in !io handling of data bases
far unstructured decision pn~l'lcm!nsu~ach as scheduling. One
example oif this is the DIocisic'n Siipput System (SDS) fostered
by both the Slwlin and] Whar-ton S~ hoGI:, of Management [21.

(d) The evolution cC interactive eedin systems his lWocL_. dvd
onward, albeit slowly. For- cx am; i's one~ can look to the

SPR ystem 41 Weist an mii mot- i-cc.titly to the conce1 t5
outlined by It:* >4 C;::'hei inl hri V),"',ralrst~;s(
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1.4 Overview of the Dissertntion

The following chapters describe the evolutionary design,

development, and inipleren tation of an int (ractive computer scheduling

system for a completely generalized f'lowshop facility, namely .1

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 management information

system to underly the later design and d welopment of interactive

scheduling programs. Subsequent chapters; will describe the methods

and coniputer pI'o-rams used to develop) initial prc posed schedules

interactively and then to make iniproNo\:ments on one or more of those

schedules with a view toward leveling the requirements per unit of time

of certain individual, or combinations of indlividual, critical rebources.

Finally, there is a description of thuc hciirisiti:! 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 ciniinierated in section 1.3 above,

which were considered watiadatory t, '1'nfsure it rtasonable chance of

succes s for thes.i cffui'ts.
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2.1 Decitm fPout ypes;

2.1.1. Standdrd 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 implementiation of a scheduling system in

the time frame allowed by a dissertation, the systemn developed was

limitedl to that of creating and improving only schedules for the

ovechaul and repair of air-craft. Hlowe-ver, ono criteria for the system

developed was that it be easily adaptable to scheduling overhauls of

aircraft engines in the ntear future.

Cunsidering only aircraft overhauk, the numnber of diifercnt

"1standard'' product,, in the system at !ny timec -jvcr'3CS about tell.

Approximately eight other product types ar-, required sufficiently often

to uncourage thf-ir inclusion in the schedtfling programs .,s standard

products. By the term standard in this instance. one refers to a type

of aircraft overhaul ihat can be accomplished in the normially alloted

time frame for that type, and can be completed within a set of manhour

requirement standards, from each of the variouz production shops, that

have been historically developi.d( for that type of aircraft overhaul.

Immediately upon induction into the. c':(.rhaul program, each

aircraft goes through a phas;e involvinq estimation and evaluation by an
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Inspection and planning team to develop ,i initial determination as to

the capability of completing '-hat particular aircraft as a standard

product. In addition, each aircraft gjocu:; throtigh a more thorough

inspection after the paint has been removed to again determine whether

it is a "standard" product. For schedulinq purposes in this system,

any product that passes both inspeclion!; as a standard type can be

considered to have an overhaul that is deterministic with respect to time

and resource requirements. Any aircraft that is determined to be

nonstandard as a result of these inspections is then assigned a revised

overhaul program. A new, deterministic !et 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 overlauls for aircraft, the decision was ,11ade to

develop a system that allowed for a total of thirty-two separate product

types. This number is jlso sufficiently large to allow adaptation of the

system to engines 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 are ,l,;o grouped into what have Deen

designated "macro" groups. All of the staindrd aircraft within each

group require the same produ( tion -hases, in the same sequence, and

all require the same amount of time in thc 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 iV OXrtltciA ' U.tp.o ircraft requires

from twelve to foiurt(n rsa n pphf s Ovc-c all of the

diffcron t prudur" t t icss a tclt i Af 1)I'i di: tjet in -procuss pha.ses,

wtere identified . In order to A liw fVt- ad ipi ition of the scheduling

system to othicr produc:t groiips, ii,.c d.,a- iofl %,as iade to allow for upI

to t1Vent.V-Vkfour epina! 'kb i. h.;

The chiit''ct(:is tic- C iSC1ribed f'OV thb ,h in sy stei1 up to tlh ~s

pointr are the ouiy oncs that ive caain. (1 onchanged since the

beginning (if this in! triact iku~ sch,,duhm1 pn~oj( et. The number 0f

standardi~ pi-iiilIc t s his be ut II( in Ii of .aateitc by which

ofl I at ci~ tiirg r, -i ' rodu ' stya I rIs ii amfo~h r hans remnained

constantt. lnU.: CA c i-,ory of ;317cr fIisr.ii pro(iicto one can

innari;.t- their c: jitl. ,.1ert 1ios a- foilow a,

(a) E-Ii ty i, f 61,- Ift F-Ni; itit ; i!):Ic M M'Ro( g-,up. All

(2 ln rl-spae~uP 1.Pt

b. E a ( . tvpje (of lircraft has- its; I) u ii at set of mcanhour

requircin. si ts ti issis ah of thevuit piduction sheps."j

(c) Any )articulutr aircraft mnx, lhe (lCejIr 1; 11d to k. a
P.o n,;ta inda1;1rd p II C t tVI( ypc the timiw c)f quch ai

d,Ienififla t io I, th:at aircraft wi 1) oiI~~la w~wt&f
ifl-lrocc&(55 pbd ihrution! . m ;t !I- nKW s t of in ii n I Io -ir
r( Cjuir(.tillt . *Iho ill~)' itn~ic lhbs ifl-l)0( -- phia-s

;irt. perforruell will joub tini tnclvingI'l

F igure "'. 1 delt ,i :t V i~i il- , , h sequenIcc e~w. ()l

majir asixect of this d;u ..i,_ i". the taI' 1 Ii t or more p Mne. fii.%

overlapr in I nic . ihirili ri Ii. ! 'w5T I ai 8 fjl~tCI)ih i

gencral t htn th 11 i 11 IliY :I, -pI ( I 1w )(: cal

hOn flcet f !# i .! ti I ,1 i tt 11 thi!; !;Y at c III s1

especi;,l l c Io u' It 11m 1) 11 11 to(.tI'08 ph~tse Itlil areSII
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enire, deterministic. 'Ihis mon', that the scheduler is only concerned

with starting times for the initial phas;e. This facet simplifies the

problem, but at the same time reslrict:; the number of degrees of

freedom available in schedule development.

2.1 .2 Nonstandard PI oJLOt s

As indicated above, standr.J pw vd id :. bo desit nated as

nonstandard at certai:n poinits durin tcj :it" ovorh.!. In tcdition , some

products can be determined to be .n,,tsrnd, o p[ r to their inductiw

into the system. For example, in some ,:;e; ,n iircraft may havP been

subjected to minor damcu.,, shortly hela c ili .,.(hedialed induction for

routine overhaul. Such an aircraft cnuld be dec,! Ired nonstandard and

a new set of phase du )tions and nnmhTur' requirements assigned.

Anothe: example, even more common, is hv instarce where a particular

aircraft is scheduled to undergo majov modifications in order Lo equip it

uor an entirely new type of mission; i. e., a patrol aircraft miy be

changed from an antisubmarine type to one more suited to hurricane

surveillance. A ;,ain such a t\L is said to be a nonstandard. The

single characteri:;tic conimon to -ill nonstonOrd ()verhauls i" I lat they

,Ire Uoniq tie to hL es'iv :; with toc t resu rce requliree nt,; ,,nd

phase duration6.

The sc ,edUl1er i:; 0n,1110 lo ,ff(,t y ri t!; in I:e indz]ti(,n

dates for aircraft that b ecom, nontlandard ,fl,r the stirt f thcir

overhaul. It is, '11WV!:1%, necc .sary ,ha t hm impact on resountcc

requirements be taken into ac;ount in the dte'wveop;nnCnt of sr 'du .s tht1

affect the period iurinq which such n,;n a ndand aircraft are in the

repair!overhaul systel).
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The scheduler may a ble to .. clvct [tie desired starting date for

nonstandard types that are so declared Ilefore their induction. On the

other hand , the starting date for' !oh 71 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 1,e madet available for use on the

new mission. This leads to the requir(ment that the interactive

scheduling system must include the capabilities to presehedule certain

product starting times before inserting any variable starting time

products into the schedule being developed, and then to hold those

prescheduled starting timies fixed during any subsequent heuristic

improvements to the schedule.

2.2 Gene ralization. of- -Prod uc tT-yes

Recalling the seoond and the ;ixth of (lodin's hypotheses fot' the

cause of failures, it is arppar'ent that any in? eract vo sche-duling ,yst a1

designed to be adiaptable to a wide var'iet y of troduct lines m~ist be

flexible enough to bodh illow for rapid changes in the product Line for

the system to which it has been applied], and to eliminate the need for

custom design when it is adapted to a different production system. At

the same time it must be sophisticated enoi)gih 1to allow an easy muthod

for fli user, with a minimial amiount of training on the scheduling

system i, to create new st andard and] Ion.-t ;ndai'd product types within

the data base. This latter feature is also applicable to the user

training-cost aspect of the sixth hypothesis. The management

information system ciescrilhed in subsoqionmt chapters was designed v% ith

these ch a racteris tics In mind,. especially %voit ~, to frt-edom in the

definition of prouct i \ pc!, and t hoir r( -em r'ee requirement s . The

mnethod cbYos, ai to wconipli' will ho iw:>~ in detail at ai later
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point. In 1;cnura I howvvr , it v., is aii i vod Iii i ugh defi~ ii lion of the

data for~ stand~;ird p~roduct typws ini : di!sk- torid , card-image file that

is formatted in such a wvay th.t ;t is, ea;il\ vi d and changed by aI LP'Cr

from a compu her tclillilia I who iiced it, t onic us IA jrid the program that

reads that file and uses it to create aI structured data base.

Nonstand.,rd products are adde-d to !h dat a base through ani

interactive program that prompts the wr by asking all of the

qluestions5 IIct"SaIV- to allo0% creatioli "wit iiii the0 JrU( ti-red files of the

information r.'quiz'ed to schedule such produicts anld to determine their

imipactL on resources.

Dchhctioni of --tandavd t ype:;, that arc no lorc el pplicable is clone by

ciav i gthcui from tie cani-image file. Deltion of nonstandard types

is duo11 by .'ti, interactiv pro[Firramfl

'I 1~ : bes chvstr fo r (lefiitio (it prod~dI uctI types will 11i'-v Id

andF'V ~2.itll If. s t h ' l~~'VF 1b lf ei [rdduct lines viti

tile ~u\ rckit i vt lit I "" th 1w 'iw F'l F4 a clI d -im):qrv filk ite (I 1(j.l

the ta ird prcducis ic 2 the formait 4f that filk is fixed, only the

\I .ri;.l (1:1ata abso& istd %%ith pFroduct- mus:t he in se ri 0(.

2. 1 liescription of R~esources

2.3.1 Production Shops

Thec manhour requirements for this faoilit'. atec defined in manhours

per type of aircraft from, each of t hi ptVduc? ion "hops. Therefore a

product ion shop may he considered a5, a t!suirce.

At the product ioni facility for 'i hichti L ititcrartive system h is

bezil dvvcloped , each of Ilic inorc 11):11 "1' 11F Iri I (I produc tion sh )ps
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may be iassociat ed with al in- tIwo of 11, diI Ieet in -process phises.

The association of eC;'h ,hoP wit ii pa rit i ar phas3es remins constant

across all product typcs. in addition,. wh,- a I iei areP two phases, then

the two phases may 1,'e rqu pivalenied~ to oth !her as being t he. same

phase. This allows the comiputer prngrmii in) the interactive ,ystum to

relatu each shop w~ith a partiCUlar1 in-procces phase and the-rveby to

allocate the manhours from that ,;hop) ftor c:ih type of produtct .C1ross

those production shifts during which 11hat pr-oduct type is in the

associated in-process phase.

2.3. 1.1 Generalization of Production Shiops

The fact thait t he product ion r s3.( irc~3 * are , in th is c rise,

relattd to shops is an nnplii-ation tha-t 3N~sonly Li the ca-'d-im:igu file

mentioned above. Requiremfents miay to con'ider, I as- -inr licable to any

resource7(- tha't iS ft~i't an",' 11ro ul tvp that need he ~O'atI

with one or more di ,tini Itimec pcivols ulmI the pjrocessingk of that

product.

Fu rther goerliz i f the o, mu r s V stem to other prol ucin

facilities, is easily atlaiiin I For cxample, it if p roduction shop , or its

surrogaite in a diffeiun( plaint, can nut bc a:,scc-iated with a unique

in-prn ,vb!s phase across Al p~roduct. t' sIlion on- has only to create

either fictious in-procu:t- pha4seS or- I iCtioUS production shops or both.

These fictious elenients fie then included in the data base description

of the flow sequences for product type,,, and the resource requirements

are then allocated acro. s the real and fictious elemnents accord)-(ing to

ther lt at dis tril, lit iOn leIt W('n them,
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2.3.2 T'rade Skills isa lt:iIeSourc-e

For this aircraft rework facility iiiiriiieinent considered that eachl

trade skill represent od a resourice and 1 iit !aif of tho!se tra (Irs werc

critical. The by slemi db veclod inh i c~iriehility to eva i ate- Ow.

impact per unit Qf tilw ol . givon sc-ihilc olinf !tsource requirenients

in two frshos :til.v ku]_1n eachi of !h- pl.uXinlately fifty Iirft u

trades rtiesenud on tint payroll, wnid iip- Ill- i-rt than on, hwidr,_d

producti 'n shops inl tilhe ouivaflizlt ion.

The resource.,. hYpce tdi t ratd !~kills could not be run ited

directly to a singic, in-process pha-ie, ; . ti to a aJngle surrogatce. In

addition, data were not availab~le to relaite I lw niumber of manihours

required from any trade skill to process, e,:ichI of the (liffer n t pro.luc-.

types. In other words. nianagtr ment was acskinig for the computer

syst em bteing dev .1ltd to ineasurfe anl ait ilit e of the product ion

System which had nict he~l n 11-l( rt ill thup(

T1'he solution was to levelo~p (1:1ti I IL t A.1ated tic manlhon r

requirements from produetion shop.- to tIlw tirule ! kills assigned to those

shops in a ratio mepresewni h the, actual r-quircm'nts within each sh)p.

The '11Lii tion with in c:tch oif the shops i , a'; summed constant aeIoss all

products , not becniu se ' it is- ITqu i' 'i b h cdu HA ,I~ linf, syst em but.

beCCIMe Irlib is the Iit\' tat allocation ava1il;l 'ico imanagement

I h1is atlucal ion of' the hlours; fi or eaich 11 rud uc i omi ili p to jI s

IprtiC ular' set Of tr,;de --kills is also byc nililed1 dfa l~~

within the card-iimage file. This allows it to I)- f-asily moditi -1 inl thle

futu re as imp roved h is t tial dit a onl t ho aIorati in,, heconw( i' i I



2.3.3 Generalization of Ro-se riCes

Inclusion of the cap)ability to hImndle tiade skills as a rc!suurce

greatly increased the flexibility of the scxiWi~system to handle the

requirements of other fac.lities when adopted thereto. The result is

that, by bimple changv., to the va)- imtge file , one can represent

extremely complex relationships betwt-en 1- source requirements which

might otherwise have to Ih assumed :iv. ;iv It should be noted that this

feature has very Iositive implications wviih respect to Godin's first

hypothesis on assumnption-) causing failurec

FEach of the ircsurcs const-!'aining the (lev('lopmeflt of schLedules

that have been described to this point isi rtelated solely to manhours.

That relatijonship . however, is st rictlyv an implication f-f the U:;cr ain(

has no bearing on the data ,tructur-e Adrvolopcd and used by the

interactive scheduling System1. In rcalityv, t he system could be used to

represent any resource that can be r*Lite-d to usage per unit of time

dluring the prooessini, of a p rodtict . Fr emxarnple, the reso' rewes

considtered by the sy! torn might , ait the saime time, repres"ent such

diverse inputs as inventol y items. spacc for work, or delay between

work functions, electrical power, tools, e I.

?A. Constrainis

The conisideration of constr~intsw i6thin this developme-nt i-s an

extension of the di rection that %%;is stairtc( I v Per-Olof Carlso(n I

His approarch was to miodel the soediil in i pvtiddem as a Zero-One

Integvr Program wherein the (4 jec tive wi s niii nmize the mia ximaum

violation of the cninans The uodeIl thu. dt i-lopr-d was ithen t-ol-vt

by implicit. enumer'ition 1 isiut- tqii (I I( he dvcisirn ticev that
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could be associated it h the /.ero-( )n( I rogimii '111he effective- result of

this approach is to relax aM] the- conit r-iint s while at the same time

associating a cost with the c'L,~i ut ilizattor of the resources

repre-,,inted.

The main feature that precludes the ;ipphication. of Carlson's method

to the problem at hand is the vastly I:irsive of this scheduling

problem compared to tha.-t on which Carlson was working. Both

.-roblemis can be solved by implicit enumeration; however, the computer

execution time necessary to optimally solve the flowshop scheduling

problem is prohibitive, as, should be expctedl for any large, np-hard

problem.

The concept of constraint relaxatijon wa s retained in this

application, as was the objective of dcveloping a schedule that minimizes

suinel measure of the devi-tionn from the mefin requirements for crifierd

rcSOuIceS cons idered singly or- in cwuomnori-to. In action , H it' y

allows the user to assign criticality to ccrt :in i'esou:'ces, and then to

have the computer heuristically devclop ni 'iehc dii in an at tempt Lo

level the requiremeinis per unit of time of I ho-;v '(:SIIWCs.

Additional constraints to the system. do exist, and they Ca'n

handled in a separate manner. For- example. one of the pi oduct. types

requires ~'gtshifts (four wvork dJays) to paint and there is room to

paint only one at a time. In effect this is a bottleneck problem that

can be handled by setting a mninimum time hetween starting anfy two of

these products. The deterministic aspect of in-process durations allows

this t.olution procedure to be applied. The endl result of constraints of

this type is a reduction in the number of fea,;il le schedules that must

be considered during hecuristic development of an initial prop~osed
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schedule, improvement of a pronc.-,ed shd1eor making changes !o an

active schedule.

'rhe data necessary to solve the bottleneck ,ispects of this problem

are also contained in '' card-image file and are therefore easily

changud, either to adlapt to changes in the environment of a current

application or in the employment of the computer programs for an

entirely new facility.

One noteworthy feature of this :ipplication is that it tales

advantage of the possibility of combining two or more such conAriints

into one aind thereby reduce program e'XeCUtion times.

2.5 M~clneu;Aspf et-, of the Producet Svs tclrn

2.5.1 Variable T'ine Vnits

The aircraft facilityv inxu~ved in t his !st~f ti tilizes five dif e~

t ime units for variou s fin nt ions invlved in s hdte ilinig. T%%o of thcee

units, shifts andi days, !i,( associated with the allocation of resource

requirements, and the other- thrc-e are issociated with both the

develo)pment of schedles anid the puhi ication of future workloadls to

each of the produIctionl shlops inVOlvd. T'he latter three unit-s are the

work-month, work-kquarter, and the N- ork-.vcar. The length of thecse

three vary from every time period they meisiro' to the next such time

period.

The relationship butVCC1n shifts an( dayVS ( numnhr of -1fts per

day) is included in the c '-iaefile. 'lbi! alIlows the sy stcm of

programs to be export 4 I10 other faec lit;is ' t hit w ha differcn t a u in er

of slift.. per day. For i1;. re complrtei,- pim';ili2 ;tiofl it also shov- the

149 A*1kk.*--A.
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assignment of uthur timec-unit relat ion'' ips- For example, the ciee

where in-process phasetog -h or(- t- h( ineias itred in hour1S while

X'CSOUrCC \t%;11lafit Y or*nq ~ x ill dys. 'Pic only

limitation on this relat ionVship in, !he cu r.- nt c-i t utcr prosl';raims is a

function of progrir ditta ,izc to Ii i '' luIm At thc~ CUt''Ont

time thu numbecr of day : hxs I ron 1 on lit 0 it IV - SiX, thetp( lit

on the number of work-di.,'s N;tvo: k-quairlr

The relaitionships hetw( on V-1 k-111,' t h wo-Rk-quarter. and

wvork-year tire measured inl days, alndIat iiJit into Olhe proirra'ii l)

the user' in 1'chponse to ;ipprupriate li-ractive queries. fly his

response to these querics, te user may.'a) ' the dcsired lengths for

scheduling IiLrizon s dat a ext ract ion andI coiniipat ionl, and dis plays of

the resource requirx :flcfts for s(cec ted 1 CSOMA1N'-CI)

2. 5. 2 Future Pi, 'iuet Quantity iRep1i rt mlonI

As is tho catsc w-ith a tn:ijori Iv of p rodli c un faoiilir t sho

,schcdulor as acOCSt, to fOr-ICasts o)f Il~ ho num',c of ni ach L;'pe- o(,I'rd

that will require pi ocessing during !kPII fut ure time frame. In this

SStcin, t he data are inl th form of "fl ith ( ( f (.1i h type per qua r o U

over a two year fu tutu hori 'on Although1 I s 1 't a are hi :l .ttbjrc,

to Change, they are ustd (1 0 deVelo t0 oe) tO! forLOUoI-C 'er

requirements. In this pailicular applicait in the data are now-. 1hoin ;

utilized to provide the ;her ;onnel &ctlin o f the plant with a1 foreea',t of

future hiring and tr.ainin1g requirn ments by traide skill. Hlistorical data

on attrition rates 'for cach of the trade skills we-re available prior to

development of the schetduiing systcni &i: a. but were utnusable for

the prediction of hiring and training rceqllum nins becausc there had
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been no nmellod of predw ichil tliv Ilufll t v~ri; needed wiiiin cacrh

trade skill in order' to iwe a future pr-ch'ot (I mm.Data spin-offs of

this type are particu2larl.y uiset l ini c w)lv ii:, 1' vfl tial purchai ; (,f

the attractiveness of the -scheduliing systl-. 1in a, p)C~t of Gotiin's sixth

hypothesis.
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3.1 Back&und an(ln Chniulogy

The (level' pci of I haISv i rec- II iv-( at ii ri: onset th:A i ny vune

of nlany aspects of the -I m nd its it'IOlilctl( ICould! lea d tcu fa ilk re

of the ei tire system. ( odiin's ,rti~l 1 80 , publizhed Some sijx mn'nths

later, lent structure to thib observation. One exarnple is that, in the

very beginning, it was readiiy apparent that the- potential users were

unfamiliar with the use of ,.vu,;lacd~N t.(,i- for purpoc.ei other

than budgeting, and t hat I hey liau no %%av to evaluate, the impract f I the

sli, Juiles they created.

'The lack of familimritY of thle !;,1)( '1111s wv ith crj~rhic

s YSteIS III tnt t hait tll 1efce~ ii 'a impjat. . h

dt-,1i1j-wfit or tho'~Vtef 1 the. "htisll' ,Cc'Ild tl

envi,'isor tiier the appit~ iiilii - th:ii k'41 1w (l(Vf,,;! -I. the.

uscfU]le-Ss Of ,UClI apIt~i-.o~t :hv the t \Thlftil, (.' r

Couldi nout C xp! .itly' dctscihe tht, 1indUs )' :j ~jIw tjon 5, that tht.y 1ir;ud

inl ttcrills whichi w-ere sUffici adly dufin i ive, t a p r vile the dv oe iI

a sound baeiAs fur design of the inal produet ,ind (3) thec. lp!

Could not en1vision the applications neitee I nor (ls~iemany of the

applicaticns he cinvisiened, in I ermis that were -ifficiently mcaningful to

the future users to Alow thomr to evaluarte ruid comment on applications.

'Fhe problem facing management in this ins tince was th(- rapid

swing in the daily xnanhour requ iretnenic s, f-Ir lie critical trade ISkills

i hese swvings o,-currod as the result of' tho pruduet ind~uction schudoies
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currently being created by hand. A major facet of the problem was the

fact that there was no means by which one couLd predict the day-to-day

requirements that would accrue as the re!ult 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, an!.

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 development of the system in a two-way feedback

environment of develop-try-modify. The second was to begin

development with the creation of a management information system (MIS)

for use in the evaluation of manhour requirements for a given schedule.

The MIS was also a neces',ary foundation for the later portion of the

computer system, which was to he used to develop schedules that would

reduce the swings in manhour requirements.

The basic concepts of the two-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 result of the increasing

comprehension on both sides; an increase growing out of an almost

constant interchange of ideas between user and developer.

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. Thi stafe is depicted in Figur,

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

"Initi:d Idea!, fnr Se.gment N," with N e li"d to 1. Thi,, stage is common
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to all methods of compute-r sy! icm (klmwlt, however, the normal

practice is for the developer and Ihec 1i;wi to create a sot of system

specifications for the entire systein ;0t the conclusion of such

confer'ences. T1hen the normal practice is foi- the developer to create

the system in its eatirety based upon those specifications; creation in

kLolation so to speak.

In this instance that was not (lone. Instead , the developer left

these conferences with some, often vague, idlea of what the uzer 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 wa.s due, in great mea!ie. to the user's lack of

familiarity with computers. At the samec time, thle developer also lacked

familiarity with the prob~lems, needs, and reqiriements of the user.

In a two-way' feedback tenvironmnent , the developer lea, es the

initial ideas conferenc, anmd procccds, to I hc upper square block in the

DEVLOPER 11 FFORTiS column of Figure 3,1, If,, ,De!veA(ps a Prolotype

for Segment N."i This root~ye j., not inletidemi to be the final product

for that segment , therefore it can be very simplistic inl its design and

feature~s. The rohk of the prototype is to ,timnul,!te thle interchange of

idea5 in order to e-.hance future versions of Ihe 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

decvelopled.
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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 )O loop depicted within the

rectangular box at the bottom of the JC)INT EF)OhTS column of Figure

3.1. It is important to note that AMT. of the then available segments

are discussed at this point The development of a feature within one

segment commonly poins to enhancements that may need to be

incorporuted within other segments, including segments that are

considered to be finished and those which are in the initial prototype

development stage.

Following these n-todification conferences, the developer then

proceeds to modify and enhance all of the segments for which new ideas

have been developed. This is depicted a,; the third box in the

'two-'ay Feedb,-,ck Lcop,' located at .he bottom of the DLVELOPER

EFFORTS column of Figure 3.1

Those segments for which no new ideas are developed then move to

the bottom box in the USER EFORTS column. Note that the box is not

labeitd "Finished Segincnts K." Instead, it is labeled "Utilize Sugments

K," implying that the fsgments for- which no new ideas are currently

being incorporated w. ' well Le modified and returned to the 'Feedbaick

Loo)' at so.w futire point in time.

EAh major segmnt of t-u fin. svstem described in this

dissrtiation invariably went through i number of iterations around the

'Feedl-ack Loop' before bec-,ming semi-fixed in its f(aturer and

capabilities.
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A necessar'y featuire 41 1tu' I 'a k ]oc i'. rapidity. It is wurtLh

noting that a concerte-d (!tI is made t-~ comlilete modifications and

enhancimcnts in a \'ev hor t tirie. n !iwlly isthan two weeks and

often in two or thru-c~i: in ord-r to have the modified system into

the hands of the u-,rr ai ;ti'') lj il This was accomplished in

order to mainit;iin a high interest and ( mtidence in the development

efforts.

It is obvious that the developnwnt of a major, computer-based

system in such a rapid, two-way fecdhack environment is time

consuming. However, it has a far Rroati? cr'(h;ince of ove:r.omling, if not

avoiding altogether, the causes of fa'ilti e for comlnotcd sy.,ttems,

particularly those iailun- r'elated to vc\c("rye as-,uinption! , lack of

flexibility, and thle unfamiliarity of the iiser withl comnl iter bW ;c',

Not as obvitous to the reader. Liut easy to compruhr!1J , s tile

interc ; t in, and the concern for', tho fina succocs ' of tliii :cty

systrr., exhibited by the user during the creation of the systemi in such

a feedback environment; vcn to the extent that it may well ensure the

final acceptance and the ultimate success of the sy.-t m before its

completion. User in~ oltincnt in the act nal drcvtiopment is the hey to

thi!5 feature.

Another facet of user involvement. during the evolutio-i of thle

system is the reduceA ~lani',,it of iiser t raininr that is rtequired upon the

completion anid finalI "' I Jla1in of the sN-item . This conies about both

becau!,e, of h:is opera? ion :ond ev. mtat i 'n of the prototype models , anrd

because olf the fact that, many of the feaw ro-i incorporated are those for

which ht! himself has dvvelo; d iruns and requirements.



miot her asjieot ini the; pa;rt iou 1:10 iwlt atn o is inipOrtrin t to the

devel' pmlen t Imethofi; [win I l15(.d Tll! :iotw~ll progralim writing anid

dvbug1'ging11 Wab dAl (1ll I ho I" Tsi iuVI iss~ his caused oe

conflicts between user and developer I -awuse of It-gradation probler.s

with the data base tdurin dehuggin jl - n The s duit !of was

simple. Two sepirate computer cpert in: a:'ca.; were developed iii the

interactive control system. The one( uiUb the dleveloIper contained

all segments in their current state of devtlopment. The other Contain( I

those segments of the system be(ing ultilized, operated, mnd evaluated by

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

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

Table 3.1 contains a non-exhaustive chronology of the interactive,

computer-based system des cribedA hterein. A brief review of that

chron logy will provile. Ow reador with in n.tin to thle dynlaics

of dcvcloping a cnnto-b cIysIf t hiS E1-ViFI 1'll( I

pcirticul.uai', onie sho.uldi note the aritinnml-cr o!' n harwvnent s I h:it t weiv

n~ot crnvisionud Ly either the 11SCI. (1: t e Joeecptr at thebgiwi

'Jul, v';re con,_ved , deveiop(-(d , a~nd aidded :31, a laIter time. The reader

mlay fiflldI it COIIvt :Iuen[ to 1-( 1' 1); 1 1c 1 ;11)1(, 3.1 (du, nt t'i

discLISsi :ns xhich follow in this chnj IL-F

3.2 ManagemetIfowt uSs.i

This section will contain ai bricf descrit ioni of the two mlanagjoement

inforii.ation systems thait have beenr devvooi (luring the evolution of

this sy:,tc~m. The firA, of these MIS was; nisal-l prototype based

upon khe originJ fia-r: issumptions; !1,:t 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 to tie more realistic conditions where more than one

type of trade skill is assigned to a give-n production shop (actual

analysis indicated a maximum of eight diffilrent skills in any of the

shops) and the fact that forty-nine different trade skills could be

identified within the facility, rather than the nineteen used in

hand-scheduling operations.

3.2.1 Initial Management Information System

The management information system whose structure is shown in

Figure 3.2 was developed using the inilial data and the parameters that

were provided at the beginning of development of the system. Table

3.2 contains a listinq of the original paramelers.

3.2.1.1 Manhour Prediction Program

The program named PSKILL shown at the bottom of Figure 3.2 was

the initial user program for predictinr the daily manhour requirements

for each 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.

The PSKILL program contained the following features available for

selection by the user:



36

t7Z-

4

C,

m0

4)L

C) o) 11 m

c-) c4-' m



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
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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 interaclively.

(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 Dtda (Card-Image) file level by replacing

the actual cards with new cards containing the modified data. This

procedure was soot, abandoned and replaced by editing of the

card-ifnage files stored on the disk. This editing was done using the

interaictive 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 failures 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 tile 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 later,

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 ;kills. 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 difierent trade skills assigned to a

single shop varied from one 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 originally 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
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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 requested 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 operation managers with the use of
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,rahbl 3 .3

PROD)UCTION .SYS'TEM PA IA m):r ;T's

Prod u ct-Descriptions Initial Revised MIS Limit

Standard Product Types 18 17 Note I

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 I to 7 10

Standards
(Manhours per shop for each product type)

Manhour.s Current Past and Past and
(Change Quarter Cmrreni Current

quarterly) Quarters Quarters

Schedule Lengths

Scheduling Horizon 65 Days Up to 66 Days Up to 66 Days

'.ime in System Base 1 Year 2 Years and 2 years and

80 Day s 80 Days

Note 1. Up to 32 total standard and nonstandard products.
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computer-based information sy.,tem to wit, an overcoming of Godin's

fourth hypothesis for failure.

3.2.4.1 Basic Data Segment

The Basic Data segment of the revised management information

system is depicted in Figure 3.4. TI'he 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 by editing the card images of the

files which are stored on the external memory disk system of the

computer. In the first. version the for'mat of the files was designed

entirely with the computer's accessing of them in mind. The revised

version consists of filds 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 to be greatly modified to account for the

large quantity of explanatory data in the filer;; data which are ignored

by the computer, but are included to facilitate comprehension 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 structured files o basic data

originially contained only the data applicable to the current quarter. ,\

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 rality the

scheduled aircraft could po:;sibly come under the standards for different
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quarters. To correctly calculate thv,;t' v;lies one would have to use

the standards for each product that were applicable at the timle its

overhaul first began.

Subsequent to the application depicted by the PSI-lOPS Program

element (lower left corner of Figure 3.3), it wits 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 using only one quarter's standards and the real totals

demonstrated error rates of from 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 than one-half of one percent.

All of the data files depicted in Figuri'e 3.3 are order dependent.

In -tlAer words, the sequence of the records within the files is

depend(-nt on the particular elements which those records represent.

For ex: ample, suppose a new production shop is incorporated into the

data for tie current quarter. Then in -,pitt: of the fact that the new

shop did not exist last quarter, a record containing all zeroes must be

created and incorporated into the dala 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 r eordh;. Such corrections must

be made not only to the stri'irt.ured, ha,,ic data files, but also to the
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Manhour Requirements Files depicted in tie fifth row of Figure 3.3, and

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

3.2.4.2 Manhour Prediction Programs Segment

The bottom line of elements 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 sequcnce 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 versions of predietion!. that had been 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 time frame whose beginning and

ending dates are also selected by the user.

The following is a list of option,; available to the user during

execution 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

1). The selected segmunt of shops data produced
by the SEGMENT Program.

L a • a
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(2) Initial Schedule:

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

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

(b) 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.

(c) Alterations to the induction schedule:

(1) Additional products may be added, and

(2) Scheduled products may be dropped.

(d) Gantt Charts:

(1) Us;er may select to have Gantt charts printed out
foi- tny of the i...cro product groups, or for all
products in the current version of the induction
schedule.

(2) The first day repre:enited 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 clays.

(e) 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 of the schedule(s) displayed on
the CRT.

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

(f) Daily Manhour Requirements

(1) CRT l)isplay of HISTOGRAM. (See figure 3.6.)
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a. One of tihe up to sixty trade skills
considered by itself, or

b. Cumulation of all the trade skills
combined.

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

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

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

3.2.4.2.2 PSHOPS Procrram

The functions of the PStIOPS Program are similar to some of those

of the PSKILL Program, except these apply to production shops rather

than to trade skills. PSIIOPS has the capalility of providing both CRT

and hard copy histogram displays, in thi!; instance the data are

availaule for any selected individual shop and for the accumulation of all

shops. As in PSKILL, when the user requests a hard-copy of the

histogram being viewed on the CI{'I" he may also request a, 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 each day. The format for this table is similar to that shown in

Figure 3.8 for all skills.

A feature new to PISHOPS is a hard-copy print out that results

when the user asks for a "Report. " Figure 3.9 is an extract of such a

report. The information lrovidhd is in th, f,,rm of two columns. The
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first column contains the shop nibers , and the second the number of

manhours required from Ih( correspo~nding shop during the entire

period of the time frame selected. It should be noted that Branch and

Division subtotals are also provided.

3. 2.4 .2.3 WORKERS__Data F.ile and LOADS_ Da la File and Prograin

Unlike the I'SL{L Program, whose concept was initiated by tile

developer, the LOADS Program was originated untircly by the user.

LOADS began as a program that could take two vectors of data

representing manhour requirements for each of the production shops,

one vectoi of "Direct labor hours" and anoth-r of "Indirect labor

hourts." over some timie period impliud by the user, and spread those

hour over the different trade skills ),,sig ned t.o each of the shops.

The result is a hard copy print out of ai li!sting of the shop; one per

line, withi the remainder of each line t im I he name of each trade

skil assignled to that. shop , and both tlie numni1)( (i f manhours required

by that skill during the period aiid thc aiveraj.ge number of workers

requircd to support those hours on aii cight hiour per' employee-day

basis . Figure 3. 10 is anl example of the rcpor-t generatc1.

A separate report is generated for' each of the direct and indirect

labor hour vectors, andi one is created for the sum of those two vectors

which represents the total manhours reqiitd.

Each of the separate reports generated by IPADS 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 (,f workers req(uire(d in V:ach trade, the number of

such %%' rkcrs currenit I available, t tic differen ce between niumber
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availale and~ the 11MIAW!Y II'(luiIr((t, mill datta (hccerinlg th!(- att rition

predicted for those workers between thIe cii ront time andi the lime

frame on which the report is bas .

This program has grown considerably from its original concption

to one that is fai- more powerful. The, user!s were becoming hooked on

the application of computer-based systems to their daily tasks. The

users first decided that the hours repre!sented by the requirements

vectors would represent periodls of different lengths, in particular both

quarters and months. The number of records to be stored wasj

increa:sed to three per quarter for twel)ve quairters, one per month for

twelve months, and then three per year' for three years, with the

system summing the quarterly records togrethier to create those for a

given year.

The next major enhainccment xva the creation of monthly and

quarterly records by hfe PSI T( PS pros-ranr , and !;torincg those recoirco

in the file accussed by thie I'LOAD'S program, thereby allow..ing the

creation of a tradt skill spread report by shops for the hours

genera tcd L~s a re!sult of the current induliction sc(hedule. It is easy to

envision that ultimiatel%, all of the rcoords itilized bv the PLOADS

programn will be generated as -i result of induction schedules for

aircraft, engines, etc-.

3.3 ScheduleDev(!nrne(nt System

Priur to proceeding with a description of the portion of this

projcct whlichi develops schiedules for the user, it. is worthwhile to take

a more in-d'epth lok into thec comlplexNity ('f thle pr!oblll

li, the discuss ion of I hc Cccepit oif ;iflow.,lrop in Chapter I one

import ant factor was men Iioncd only in) pv !in p. That factor is the
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one where in the usual definition of a .Iow.sh<p one considers that only

one task can be in a given phase at any one time; i.e. only one

machine of each type exists, and tvt 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

job i on machine j, defined as tij, (i=1,2, .... , n; j=1,2, ... , M), the

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

time or make-span" [11].

In that, and subsequent papers, (;upta described a "Lexicographic

Search" for solution of the problems which could be fit to such a

narrowly defined mold [12] [13].

In a Julv, 1977, article, Dannenbring published "An Evaluation of

Flowshop Sequencing Heuristics" [51 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 three or four jobs and three or four

machines considered in the majority of other papers. Still though, he

does not discuss the problem of a generalized flowshop, nor one where

there is a continuum of input tasks over time.



59

Further research into liteature on the subject shows the similarity

of other efforts with respect to the ob,'- tive of minimizing makespan,

sometimes referred to as John;on'--; critterion. Cupta [11] and Manne

[21] have written on the relationship of this objective to that of an

economist desiring to reduce costs in tcrins of dollars. The claim is

that there is an excellent correlation bet ween 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 task: coTetinues over time. Gupta's

article [111 divides the theoretical developments in flowshop scheduling

under the no-passing, minimize mikespan a;sumptions into the following

three categories:

(a) Combinatorial analysis,

(b) Branch-and-Bound procedures, and

(c) Lexicographic Search

The first of these appears to have lille application to large-scale

problems such as this paper discusses. Branch-and-bound techniques

also are not applicable because resource leveling requires one to

complete an entire schedule to the bottom of the tree in order to

determine the leveling measure for r,-;ource reqnIirements 1( rt unit of

time. Lexicographic search is precluded for the same reason as branch

and bound. Most of the heuristics in Ih,, Dannenbring article [5) fail

for similar reasons, h wever, he discss ;es a set of heuristics,

suggested by Pagre [22] 1231, related t romputer sortinkg, which

appeared to have merit in application Io a gi,iierali~>'cd flowshop, n;unLiy

the individual and group exchangingr heuristics. Derivations of these
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methods have been applied in this instance, ,ind are discussed in later

sections.

One important facet of the complexity of finding a computer

solution method for the production :checduling 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

years. In spite of these efforts, 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 miqht be enlightening to the

reacL-r. 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 proceed with the incorporation

of limitations into the computer programs which would prevent such

sequential scheduling strii.j.,,, or at least to suppress them in the
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initial stages of schedule creation and to allow their entry only when

such scheduling "anomolies" would in fact create an improvement in the

schedule's measurement of effectiveness. The element labeled UNIFORM

Program in the lower right handi 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 POINTEit Data file contains the const:ints 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 eighty 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 development

was one of "leveling out the daily manhour requirements 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 to multiple criteria are far LOO

excessive for direct application to an interactive system, especially

when the system is planned 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 (.f 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 fiv 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 schcduled 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

------ . ... .. __. - Jr
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(f) Review of the status of nionstandard 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 selected 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
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addition, the results from this prog'am have provided excellent

schedules for use as a itarting point ii,. ,1, (ealion of final schedules.

ThiL fact will be borne out in the subsequent chapter which compares

the results of hand-made and computer-creatcd schedules.

The programs named HURESTIC (sic) ind 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 lIURESTIC 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 us;e 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 preceeding period shown as capital

O's, the predicted requirements for the subsequent q,arter shown as

capital F's, and the profile of the rcquirements 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

(bj) 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).

. .. ... 41 i
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The creation of a schedule in this fashion is fairly time consuming,

and it is not anticipated that this method will be widely used in the

future. However, this segment of the proqram is another valuable tool

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 underslanding 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

HUREISTIC 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 huerislic methods. In some instances there was an

improvement, but the time required on the user's part is 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 durinq 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 element!, in that schedule in an

uttempt to make improvements thcreon. The ONEWAY program starts
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out by allowing the user to choose the dc.-ired starting-point schedule.

It then allows the choice of i-maining interactive, or switching to a

passive mode, whereby the system i; hllow'd to continue its search

through the one-way interchanges in an uninterrupted fashion. The

user is then provided with the following list 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 o averag e/standard devation
ratios, or

(h) Weighted (by trade skill priority):

(6) Maximize the sum of minimum days, o1

(7) Maximize the sum 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/slandard 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 between 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 us,.' prior to the commencement of

the search is that of the initial -&hvltd., selec!u from the eleven

created by the UNIFORM ind HtURESTIC p:o,,ram. .



CIIAPTER I'

TESTING AND ANALYSIS 01' 'lifE 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 In 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

developer 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 either 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 requirements. In fact, the educational value of the

active segment of tIURESTIC may wcll he that segment's only saving

qrace.

An;ther portion of the system which, although not abandoned, has

fillen into disuse i". the consideration of production shop groupings as a

I); i i the creation of induction schedules. This desuetude is partly

: the lack of time to fully evaluate its merits in an exploratory

,:I flvInI the user.
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4.2 Measurements of Effectiveness

The development, :;id acceptanet by t he user, of criteria by which

schedule creation methods may be compalred for effectiveness has been a

difficult task. The reader may recall that the user's stated objective

was "level the daily mnanhour reouirements 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 were 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 user 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 seric- of one-way

interchanges, 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 alfirmative agreement to the first item, which of the
choices from the list of ten alterr.atives at the end of the last
chapter is the best for use in creation of schedifles 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 th l p,'ohlim is

conceptually fairly simple. One can pcrform a Student's t.-Score test on

the pairwise difference in standard deviations for the trade skills that

__ A
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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

of 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

feedba ck loop, it appeared that the progrram, to all intents and

purposes, was able to successfully imitate the hand-created schedules.

The developer's hypothesis becam that ;ht: uter could not distinguish

between the two schedule sources, UNlFOIM or hand, in spite of the
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fact that the two schedules were con:,iderahly different for each uf 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 user 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. Supervisory 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. Each was given the paired

schedules in a different order foZ 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 second time, this time in an alternate order by quarters. The results

were as follows:

n = '2 paired quarters

x = 20 incorrect choices (chose UNIFORM as hand-created)

Po. P0  = .5, (Po = hypothesized probability that user would

err in selection)
Ha p 0 .5

Test statistic: P - P, 20/42 - .5

_\(20/42)(22/42)/42

= -0.309

Rejection region: Z > 1.96
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Conclusions:

Cannot reject Ho

9596 Confidence inte,'val for p = ( 0.319, 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.

4.4 Analysis During the Creation of a Schedule

The program execution sequence durinq 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 HURFSTIC. 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 because 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 I1URESTIC 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 FIURESTIC

program, data that rank the ten or eleven 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 referred to hereinafler 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 I 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 either a minimum-maximum 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 rankinl;s are weighted, should the weights be
determined by:

(1) Order of trade skiin ,riticality, or
(2) Mean 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 unweighted 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 nine 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 execution of
the ONEWAY interchange program.

4.4.2 UNIFORM Versus HURESTIC Schedules

In general, 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 IIURESTIC schedules by all the minimum-maximum

id
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and mean deviation measurement rankings. For the other two quarters,

the UNIFORM schedules ranked 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 Methods

The major divergence between the coi.iparison of two alternative

schedules during the creation of schedules, and the difference between

the methods for creating schedules is tied up in the fact that the

methods utilized during creation must be repeated continuously during

such creation, while those used to compare creation methods are

required only during an overall evaluation of the soundnezs 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

criteria 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. 'rhe;e 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 Creation Nehods

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 difference 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
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t-test might consist of the difference in standard deviations of the

manhour requirements for the aircrdft 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

trade skills over that quarter.

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

Ho : Xa -X 0<0, versus

Ha : Xa - Xo > 0, where

Xa : Statistic of interest for schedule created bymethod a, and

X0 : Corresponding statistic of interest for schedule created by

method o.

Test statistic : t = n(D/sD), when

D Average pairwise difference,

sD: Standard deviation of differences,

n : Number of differences in test.

Rejection region : t t. G227,n-I = 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 requirement 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).
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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 dadly oanhour requirement

exceeded 1.0 hour.

4.5.2 Statistica' Comparison of Sched',le Creation Methods

The sections which immediately follow will discuss the results of a

series of comparisons made to determine the "best" method for the

creation of aircraft 'nduction schedules for this overhaul facility. The

conclus"ons based upon these results will be presented in the next

chapter.

4.5.2.1 UNIFORM Versus Hand-Created Schedules

In general, the UNIFORM schedules arc 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. Table 4.1 shows the

t-scores resulting from twelve pairwise difference tests for the two

methods.

In view of the tact 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 FOR 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

All Production Shops 1.529 2.466 4.544 2.085
n = 557

Notes 1. Underlined scores indicated statistics which are
significantly improved by 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.

: _:..-_. .. i i ._. , r :• • ' -: = . .. ...... . .. .. * ",- "" ' ' . ... ' - .. L - " - ...J
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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 Criterria

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 ftur

involved weighting based upon the critical trade skill priority; the

other three did not involve weighting.

4.5.2.2.1 ONEWAY Interchanres UsinWeiglhte d 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 shills, 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 1.691 and 4.544 respectively.)

The first testing of ONEWAY, for weighted mean deviations, pro-

duced outstanding results with respect to the levelling of the daily

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

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

• • .I
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Table 4.2

TABLE OF t-SCORES FOR COMPARISON OF
SCHEDULES CREATED BY IIAND

AND BY THE UNIFORM AND ONEWAY 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 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

ONEWAY Weighted Mean
Deviation Schedule Vs
Hand-Created Schedule

Critical Skills 4.477 3.861 5.561 4.448

All Skills 3.180 2.782 4.392 -1.085

All Shops 1.044 0.742 1.843 -2.526

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

Critical Skills 0.596 1.166 0.042 1.509

All Skills 1.523 2.902 1.694 0.966

All Shops 1.529 2.466 4.544 2.085

Notes 1. Underlined scores indicate schedule statistics which
are significanly improved for the first named schedule
over the second named schedule.

2. The number of pairwise comparisons in each test is
greater than 39.
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levelling with respect to all trade skills and all production shops 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

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 disassembly 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 fifth 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 t'ze unweighted mean deviation alternative, were

slightly, but not signific-,tly, better than the ONEWAY schedules

created earlier by the weighted mean deviation alternative.
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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
UNIFORM Schedule

Critical Skills 4.296 3.885 6.324 5.477

All Skills 1.907 0.302 4.124 -1.644

All Shops 0.271 -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 Usingjnweighted 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 Minimur
Sum of Unweighted Standard Deviations

The last type of ONEWAY alternative schedule selection tested was

the fourth alternative among the unweighted 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 user is interested in a measure which

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



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 2.177 -0.382

All Shops -1.528 0.023 -2.434 0.639

Notes 1. Underlined scores indicate first schedule named is
significantly -tter than the second schedule named.

2. The number of pairwise comparisons in each test is
greater than 39.
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the profit or loss for the firm. Any mearure 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 skills.

This interest in reduction of overtime 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 value 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 reular-time versus overtime

cutoff-point for each trade skill. Such "i 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

manp)ower 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 determine the average daily workload

for each of the individual trade skills which must be available in order

| 1**
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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 an 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 users. 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 either way. Any further shifting of workload

by an individual supervisor is impractical because of the impact it uould

have on earlier, or subsequent, operations within the current phase, or

on subsequent phases. Any longer-duration, coordinated shifting by a
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Table 4.5

OVERTIME HOURS REQUIRED
BY EACH OF THE

SCHEDULES CREATED BY DIFFERENT METHODS

TRADE SKILLS

RANKING METHOD ALL CRITICAL

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

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

3 ONEWAY, UNWEIGHTED 109,894 54,382
MIN/MAX RATIOS

4 UNIFORM 112,551 6 0,,169

5 HAND-CREATED 116,305 62,390
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Agreement on the "one day, cither way" shifting capability allowed

application of a three-day running average as a smoothing function for

the predicted daily manhour requirements 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 $14.1.1 per average hour of

overtime. Reduction in the all Aills overtime represented by the best
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Table 4.6

COMPARISON OF SCHEDULES
BASED UPON OVERTIME hJOURS1 REQUIRED

(Smoothed Predictions)

OVERTIME HOURS REQUIRED

HAND-CREATED ONEWAY NET
SCHEDULE SCHEDULE SAVINGS

PRED ICT ED
REQ JI REM EN TS

(RAW)

ALL SKILLS 116,305 107,259 1 ,049

CRITICAL SKILLS 62,390 50,548 1IA1, 2

PREDICTED
REQUIREMENTS
(SMOOTHED)

ALL SKILLS 98,168 89,909 8,259

CRITICAL SKILLS 53,539 '13,548 9,955



Table 4.7

HOURLY WAGE RATES FOR PRODUCTION EMPLOYEES

WG RATES

GRADfs 1 2 3 4 5

3 7.72 8.04 8.36 8.68 9.00

9 8.28 8.63 8.98 9.32 9.67

10 8.84 9.21 9.53 9.95 10.32

WLRTS

GRADES 1 23 4 5

8 8.49 8.84 9.19 9.55 9.90

9 9.10 9.89.86 10.24 10.62

10 j. 72 10.13 '10.541 10.94 11.35
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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 p:;eudo-savings of approximately $117,000 over the

two-year period undec consideration.

4.7 Execution Times for the ONEWAY Progrram

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 pair-v.isc comparison of three of

these four alternatives.

Certain rLsults from these two tables are worth noting at this

point. First, consider the long durations for the maximum length runs

of alt:rnntives 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 m'.inhours objective so it can be

discounted. Alternative five levelling results compared favorably with

the results of alternative ten.

Second, these runs were made on a time-sharing system which, at

the tinie, 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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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

WEIGHTED

10,MEAN DEVIATION 23,17.8 9:01.5 8:45.9 34:42.2
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Table 4.9

STATISTICAL COMPARISON OrF'Fill'
EXECUTION TIMES rOR THlE VIABLE

ONEWAY ALTERNATIVE:S

PAIRWISE DIFFERENCES FOR QUARTERS

ALTERNATIVES AVERAGE STANDARD
COMPARED DIP DEVIATION t-SCORE CONCLUSION

3 VERSUS 526:19,7 22:57.3 3.24 3 < 5

3 VERSUS 10 IS: 16. 7 7:20.3 7.01 3 <10

5 VERSUS 10 5:38.9 13:52.8 -1.15 NOT SIGNIF



100

Should the ONEWAY program be executed (luring the normal daytime

user periods, one would have to expect execution duration times (not

Ci'U itimes) to be far too excessive. It was [hi; result that precluded

another program segment, or an addition to ONEWAY, which would have

allow(d two--way interchangeo in an attempt to gain further improv('/ent

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

diffei ence in the range of execution times for these two alternative to

be significant. For example, the ranges shown by the minimum and

imiximnum vales 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

h-aviiy toward the use of the tenth dlleuni:tive instead of the fifth, a

cunclusion suppurted in part by the difflerence in predicted overtime

hours sho-wn in Table ,A,.5

Th, reader may wonder whether or not the execution times for the

oneway interchange sea.rch might not be reduced by application of an

early stopping criterion. For example, one miqht stop the search for

better ,-chedules when the improvement from one schedule to the next is

less th,,n some small epsilon value. Figure 4.4 is a graphic example of

the reason this concepit 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 ;erhmight haive stOped at onc of thvse points,

thereby foregoing the large improvements that occurred near the end of

the ,.carch.
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SUMMARY OF RESULTS3, (?ONCLtJSLODNG,
AND RF.CC.I11.N)ATIODN Pok IIJRTII'!l{ STUDY

5.1 Restatement of Iho Refe,-rch Ohjective's

At this point the rcafir may be feeling that this research e-ffort

has poralleled the voya~ge of Columbus in that, like Columbus, the

dtevel'per stirted out not knowing where he via,; qcoing, enroute did not

knowv where he had been, on arriving did not know where hie was, and

dia it all on government money. Therefore, before beginning a

sumxmcy of the resIOLS it migh t be meaningful to cle~arly restate the

objectives, so th.-t the results can he srated wifliih the framnework of

those objectives.

The study was meiant to be applicatoiry inl natvrTe and, as such, it

haIs kttmpted it. inve-stite some, ro~hcr nai'rov -based qjuestions;

Initialiy the goal of the research and devv~onrnc at was primarily one of

creating anl interactive, p)rod11ction sclhediuling system for a Completely

generi-LZed flowshop. This system wsto reduce the swings in the

daily matilhour requiremunts tor cer'Min critic;I trade skills. Th"e early

phases of that development led to t-he coanclusion that the methods

normally utilized inl such an effort would lead to failure. Specifically,

it wa.- assumed that any attempt 1o ,;et tixe.d specifications fo.- the

system at an early point in its developtment wo :uld doom that system to a

quick de,,ise. This factor broadenedl the gjoal 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 anl
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application. In the end , any apjilic~ttion st, sti m beilf dt-;,loped is

ultimately judged as a success or faillxr,' by the poten1tial ii! and riot

by the developer, the measure of surcoss beinzg whether ,)r noct the

final product is adopted for future use with in I he facility for whom it

was develiped.

The two-way feedback loop camne into uLse ;is a devclopment tool

very early in this project. Since nevillher th_ lie eveloper nor the u.ser

was constrained by any set of specifications, both were froe to considur

and to develop ideas for' inclusion in Ilhe systemn that could riot have

be.en envisioned at the starting point..

A number of other aspects of developmenit w~ere conceived dluring

the initial phase. For' ex.ample, the d:cision ''ais macde at t he x:ttset to

ma.ke us.e of whatLover coi;putcr system cipal)ijlities, were tht-a availaol12,

theruby prccludini, fut iirt, requlirement-s for more sophisticattd graph.i

displays, or inputs. A second example is havt of the limited number of

a!sumnpt ions built in to the system . Ini fart ,('flly OTIC maijo' ;is '3umption

is Licluded , that assumpti~on being that the manhours required from a

certain production shop during a particular pihase on a given aircraft

are assumed to be uniformly distributed over' the shifts worked inl

completing that phase. This assumption had beenl in 1use for years

within the scheduling division of the facility. A third examnple is the

systum's flexibility to changres in the &0:1 base underlying it; for

example, the manhour standar~ds change -n at quarterly basis. A

fourth, aaid very important, facet, t~sht, ruqireidlent for a romplet(

raanaf)'eiient information sy ,tem to pri k-( 'd the creation of a production

scheduinr~ system.
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After' these acct s; aid other,; had 1wen oPncc.ived and developed to

their initial pnt , the :tctic by (ot lii 1:1 was publishedt. The

hypot hecs~ ufeC l o the re;Us S f1r f-t liile-( of otherl in tL1;lative

systcnis lent structUreC and newV firpetus to the offorts to ensure: SUCCC!JS

of this development. From that point on every step in the development

Was :.-,ubje.cted to analysi.s based upon the failure hypotheses , and

modified if ne~cessar'y tU 0vLcreOrne(, allny 61l01CuricontnS . In a sense, the

goal for the study was broadened to incli-de overcoming the common

rcasons for failure.

5.2 SuinmrVof the- ReSUlts

Given the broad goal of creait int a F.-uccessful interactive,

production scheduling sysic-m, and t htrcby ilev eloping a myethod for

such acreation, let us now look -,t the results.

5.2. 1 Man: -ennt Inim maticiiSvsh-m h' , it s

T11( manalwmei: it. infor.-at icn y a ws they eloped fir';! , in i t;:i-

based upon only nineteen trade skills andl th' ii 1)rca;ncd to inelud, i. p

to sixty skills, with riore ihan one( shill ;1,i;,ig;'e~d to a1 production shop.

The sy eihas ur g~e:i tr' nv a hi' s nwml em of chainges; sinc, it s

inception, the complete list being only h jutodt at b y tho Con1tents Of tile

chronoAcogy of dcvelop~ments; containttl ini Table 3.1. Tht, MIS A'ill

con tziins the uniform (istrihuticin Of IMAr1 011ni )S the only uinderlying

assumption. Its flexibility to change is dcnionstrat ed by the fact that

the st:,ndaii d products have been changed, the organization of

product ion shops ha,. chanrgod, the t ratle .kill:; as signed to shiops have

changed(, and the manhour standardst hiive- changed onl a quarterly



basis. Sophistication of the MIS i - dcinon.Arateed by the fact that the

list of options for the P1ILprogjramn r ir,-iic in section 3.2.4.2.1 is

oniy a partial statement of the entire range of systiem capabilities.

R~esults for the MIS from the t:-crls i1oir.! of' view are outstanding.

The systrin is utilized on a daily basis within the f,-icility for which it

xas developed 3rd, at. the time of this writing, Is being installed at a

second, navy, overhaul facility, loc,-iled 0, Pens-icola, Florida. The

implications of adverse product mixes for futur- period,- are currently

being analyzed and are providing a sound basis for the overcoming of

bugetary and manpower level problems. Near future enhancements are

currently being developed by the user for expanding the caPctbilities of

the system to perform many of the other routine tasks wiihiri the

production planning department. Probably the best indicator of the

success of this portion of the systemn is thiat the developer receives

after hour-s phone calls fromn the srr uen fo-r priority aciior, on

deve!orping enliancernt:nts for which 'he ii:;er has creAed aii urgent

need; en~hancemnents thait provide data ncever before availible but shich

are now almost miandatory in the pe-.forinanue of the production plaarrnq

role.

As -,n aside, preliminary -ictions are now underway to begin the

development of a more sophist icat rd system from the ground up. The

new system, if developed, is to contain a further expa-nsion of

capabilities and features and, more importantly, it is to be compatible

with, and adopted by, all six of the navy's aircraft overhaul facilities

as a standard production MIS.
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5.2.2 Schedulinj S%,slerii Result-,

Ounce the prototype for the MIS was e)Jflpletcd, the developmecnt of

the production scheduling system could bcgin. The delay in starting

the scheduling portion of the system precludted 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 cevaluattion of the results must Le

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-created 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 mai-hour requirementts for certain criticl' trade skills

is attested to by both the high t-Scores attained in the paired

differen-ice tests and the mnanhour savings calculated in the overtime-

tests. In particular, one should refer' to the t-S'cores for all-skills and

the critical skills contained in center portion of Table 4.2. ']here on,_

sees the results for the Weighted Mean D~eviation schedule of ONEWAX'

verLsus 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 Trable .1 G. 'IhcY show a reduction of

critical shill overtime of almost 10,000 houirs ovecr the two years.

5.3 Cunclusions and R ecornmenlat ions for PFurther lRcsearch

Before stating the conclusions at which the developer arriv ed

during this research it might be advisable to warn anyone who would

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

solution of an application problem in tht. hitu.m This warning-, deals
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with the backgrourl. of thc inldiVidUll embarking. In order to

achieve the type of communications feedbick and the rapickLty of

turn-around descrihed earlier the developer nw,;l have the following:

(a) A very strong background in co--ipute!r programming, beyond
that which WOUld normally be posscessed by a graduate
student with an undergraduate dc(qree in computer s6ience,
and

(b) Some degree of experience in dcilimiq with workers in &.n
industrial managemvent setting, eithor throughl experience
working in that field, or, prefer'rably a consulting
background.

In other words, the development of an application of this type is not

recommended for the typical doctoral student who has spent the entire

portion of his or hier adult life in a student environment. With that

admonition it is now time to turn to the conclusions.

The first and most important conclusion nf the developer at this

point of the research i.; that the tw o-way feedback method of system

development Is both a necessity anld practical]. It is certain that the

reader is asking himsolf "How does one ever rcach a completion point in

the devclocment of an interactive systcmn by such a mtethod?" The

answer to that question musl necessarily be: 'A truly useftl sy:7tcrn

should be dynanice eniough to reflect the changes iii the environment jin

which it is to be utie;therefore, iti may never be completely

developed in the true sense of' the word completed. " On the other

hand, therec must bo some limit set for the dlevelopcr to use as a

guideline for the ultimate objective of his efforts, and there is always

the problem of contractiral agreement for payment purposes. This

problem may well be an area for future research by a developer and a

lawycr working jointly. At any r.-te, the ithor in this instance has no

reauy answer other than the possibility that the work be done under an

open, cost-plus contract.



The second conCILuVACn is Lhat th swiag in thc relquirentents per

unit ,,f tine f'or critical resources ma\' h", ,dc(-ehed w;hout ;a ,xcessive

degradation in the requirements for ollitr less criticl resource,,, albeit

not to the extent that the author hoped for i tbi: ins ne. This are:.

is wide open for future research.

The third conclusion is that there necd. to be a great amount. of

research done in the area of schedulingr completely gener,:lized

flowshops, and less done on the fictious three-job, thrce-machine type

of problems with which many researchers have been content to concern

them';clves in the past. In particular, there is a need to expand the

problem to one whereby the items currcnfly in production are included

when one is considcring the solution ,,f a schedulingr problem for a set

of unstartud tasks; i.e. the ongoing, flowshop of real life situations.

Future research is al.o needted ,,n the ohicctivo functirns for

generalized flowshops, p:rt icdarly with respeot to redu cin,- the

Ois;perbion in the requirunient 1 pe-' unlit (if time for i- e 1he F cC

needtd to complete a given production .,.chedule. The high cost:,

associated with idle-time for workers and the carrying of inventory are

ones that are faced on a daily hasis !,y n:,nragr':t and they are r,..iiccted

in current. reports of reduction in prodihelivity rates by industrial

nations.
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