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'fikmethods; the Largest Dual Varlable method ylelded the best results,;:,"'l.";l'lf

,_rf? and upon further comparlson‘w1th the Random.method'was found to bef{?157jh;ff°rﬁ}-
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ABSTRACT

A computational procedure for Obtainihg the minimum.makespan |

SOiﬁtiOH‘fOf Scheduling;N'jobs through M machines with job start -~ . | L ﬁ

4.

investlgated-goncerning§theumethodlof'brihging;jobs.into_solution. | . n

The QrocedureuSes the branch - and;—-bound.teChniqueﬂwith an im-

bedded llnear program Elght methods of job orderlng are investi-
gated using three types of problems The:eight methods are:
'(i) Largest,Dualjveriable, (2).ShortestfProcessing,Time, (3)

Earllest Due Date, (L4) Nhnlmum Slack Time, (5) Shortest Proce581ng

Tlme Con51der1ng Due Dates, (6) Largest Number of Operatlons,

(7) Largest Number of Operations With Longeét}Processing Time, and

(8) Random.

,:A.“‘ -

. . (o, PN | VT T T T " G EEET i N e
i R R K S ]
g TN e g, et Ot gt :

The CPU time necessary to find the feasible zero - one=SOIutiQn

was the basis‘of compérison'for'the eight methods. Of the elght

methods, the Largest Dual Varlable method yielded the best results,.

and upon further comparison with the Random.method'was found to be

31gn1flcantly better.
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I. INTRODUCTION

The following;general-lineartprogrammingafoﬁm:has'beenfengoﬁnter_

. k |
Minimize Z = 'z: 2: _waX$y

I:

subject to the restrictions:

.Ityisiusuallyﬂreferred_to as a zero-one programming
problem becguse the_xij can only assume the values of Zero or one.

| The constralnts of restriction set (1) are ealled mult1ple

17 ﬁ |
ch01ce constralnts.7 ThlS set is not usually found in the general '

‘zero—one 1nteger progrannlng problem. These constralnts lmpose the

restrlctlon that any feasible solutlon Wlll have one and only one

;non_zerovariabie:in each.conStraint of restrictionxset (1).
Chapter II of this the51s w1ll present the detailed structure

of the schedullng problem. ‘Ensuing chapters will describe a

rcomputatlonal procedure for solving scheduling problems and evaluate

methods for ordering the Jobs to be brought into solution. The

balance of thls chapter is a'brlef review of developments in the

fleld of 1nteger programming Wlth.partlcular emphas1s on the zero—

—

3
S ——
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=cne integer program. 'The.reader~who'is alreaay familiar with

1nteger programming techniques may proceed dlrectly to Chapter I+.

" The idea that flret comes to mind When trying to get 1nteger
solutions is to use the simplex methgdjand then round off the
.énswers.to the nearest integer values. _Alth@ugh, this may be
.édequaté.er*Sometproblems, it is inappropriate for phe;zerp—one

-i.

problem. There are two main causes for this inappropriateness. First, ,

a solution thatpisvcptimal as afnonéintegerfsolution, isfuct'necee~
¢sarily feasible after ipfis rounded eff,fand itis-oftén«difficult'
to see which way the answer should be rounded to maintain feasibilit&g
& Secéna, ifrqun&ing_cahwbe«done tc:meintain feasibility, there is

'no guarantee that this roﬁndedeoffﬁsolutidn:Will be hhe optimal
integer sdIution.

- the solutlon to the pure 1nteger programmlng problem are the cuttlng
| 1k

_{plane techniques of Gomory. In 1958, R. E. Gomory introducedqa

uumethedxof.eblutieh,that could‘he«usedywhén_all'of the’variablesvaré3

conétrained to heintegers. This algorithm begins W1th.an already

optlmal non—lnteger solution, and then proceeds to add constralnﬁs
whlch eliminate some non-integer solutlons but Wthh doee not

ellmlnate any feasible integer solutlons. The optimal SOIution'to

thiS'nEWiprleem.is now found by the use of the dual simplex method.

Conétraints are added until the optﬁmal.integer solution is found.

A

Geometrlcally, this method is equlvalent to constructlng hyperplanesf?
| . S

through the solutlon Space in such a manner as to exclude from the ’_~.;p'?'ff
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solution space the non-integer Solutions and yét-not eliminate any f f f” B

4feasibleiintegerrsolutions. Because the new consfraints are all S | ,

retained, the problem size grows as the iterations‘proceéd-and the .
problem gets too large to be cbnveniently solved. While it was

shown that the procedure converged, computer experience has indicated -
S numerous 7 |

calculations. Furthermore, due'to'the:many~my1tipiications'invoived, o W

that the method is somewhat unpredictable and_often'require

L ——

g foundingrerrqrs can occur meking exact solutions difficult to find.
Gomory described an imprcvedméll—integerfinteger'prqgramming

13 This new algorithm discarded the dldugenerated

algorithm in 1960,

constraint after each iterdtion in favor of the next generated con- i

straint. While this algorithm has also been shown to terminate in

a finite number of steps, the actual number required has been found

'to be highly variable andAunprEdiét&ble; This "new" algorithm, and
the previous one as well, suffer from the problem of using the duT.l | /)

simplex method; that is, the current solﬁtioné ére-alwaysinfeasiﬁle.

~ This does not allow for stopping before optimality while retaining

f é»meaningful;solution. Young,g)4 in 1965$.develdped a primal all-inte-

e R R D R R 5

‘ger method in which an improving feasible solution is always main- S ‘%

tained. This technique was extremely complicated and Y0ung25 : o }” '_ |

= = W o W e W W e

’subsequenilyféuﬁdma simplified version. Balinski and Spielberg

 feel that the importance of Gomory's work is that he showed that =~ - _é R

{ -

Suth‘meﬁhOds'&o 1ead»ﬁo finite iterative algorithms.

- The branch and bound method is a second major approach,touthef

salutién*of integer programming prdblems.»ALdnd‘and Ddigg have




] functlon belng determlned and labeled in each case.

P

_prprSédﬁa’Eranch and bound method that proceeds from an optimal nbn;
~integer solution. From the optimal non—lnteger Solutlon tWwo new
problems are created A;non—integer variagble is restricted to*theT?
next lower integer value for one problem and to the next hlgher
1nteger value for the other Both prohlems aregthen_solved usiﬂgt
the simplex method. The Process 1s repeated on each of the newt
Erobl€$S« ‘This approach is partlcularly appropriate for mlxed.
.integeryprgblems@ Varlous elaboratlcns and ‘refinements have beent

Proposed and tested by Dakln,‘ and lrlebeck 10 Computatlonal results

reported have been favorable in comparlson to cuttlng-plane technlques.

Greenberg15 has_proposedfa'braneh and'bound solution similar to
.Land;and.l@igﬂs@QI The dlfference lies in the technlque used for

hranching, The baSlC approach is to solve a normal linear programmlng

 Problem giving an optlmal.obJectiveqfunction, Theh_afOel variable is

'set,:first tofzer05 and then to one with the Optlmal obJectlve

‘Then two branches

aréwmade ﬁrdm.the Current_minimumpdbjeetiveﬁvaiues? reflectlng the

uglntegerlzlng of another variable and the flndlng of two new optlmal

Vvalues: The branching and labeling continue until a node is found

problem.contalned the concept of near-optimal solutlons. ThlS

algorlthm developed by Healy, 7 was spec1flcally de51gned for the o

multlple ch01ce programmlng problem, The technlque starts from a

.

g

f‘-&*:.-:;.va"" 2
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simpleX solution to the linear programming problem. A profit

' constraint is added to the problem and the new problem is solved.

The process is continued until the decision varigbles become

s

.arbitrarily closef%o zero or one. A proof of this technique does

not exist andg onlynear—optimal,soiutiohs canﬂbe»obtaineﬁ,
All ofrthealgoritthHmentioned so~£arihave ma&eguééoffa'
} regular linear programming solution at eome stage iuwtheuprocese.
Balxa!s“z‘and”Gloverl2 have demonstrated that an optimal solution to‘
the zero-one 1nteger Programming problem can be obtained with con-
Sfderably lees COmPutationgﬁhan‘thatZréquired[byameﬁhods ueing
ordinary linéar.program;tebhniques, They attack the zero-one
'prOblem.direcﬁle'Witﬁout theiuse of linear programming teehniques.‘
One of the most significant contributions to integer programmlng
‘wals made by Balésgin 1965fwheu'hewpubliShedghis additive algorithm.
HeldemOnStréted'that Zero—onegproblems'can be solvedfwithﬂless com@h:
.utatlon than that requlred by methods based on regular linear program—

mlng solutlons.. The algorlthm is essentially enumeratlve and emplqys

” ﬁhe”teehnique known as implicit enumeration,fwﬁioﬁoisfeSSeutialLy'a

branch and bound,a%proach. The method CQnSiStS:Dfﬁa-SyStematic

;search of the combinatorial tree of feasible solutions. Once a

fea81ble solutlon is found a bound is establlshed on the objectlve

functlon. U81ng thls bound, and certaln 1nfea81b111ty tests, each_

-~ —. / 4
»‘._* v

branch.of the tree is thoroughly 1nvest1gated (1mp1101tly) and

determlned to be elther a source for an 1mproved solutlon or useless.'

i : .
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”TheerSult_is.a.more'efficient algorithm'reQuiringnmuCh_less

:stcfageof'cbmputations. ;The Geaffrion algqrithm.is unique in that

- variables are free to;be,assigned‘a5valué of zero or one. Maintenance -

necessary storage requirements. Glover also employed a "surrOgate"

|

a T

The search continues along all branches until all possible solutions

.hdve‘beéniimplicitly enumerate&; Ihe major feature:of this algorithm

is its additive nature, thus avoiding the round-off errors found in

<,

| otheralgarithms, Another feature is that a feasible solution (ﬁét

iﬁecessafily o@tim&l) is usually found-QUiékly énd.therefore an

aﬁéwer'i? available ifthe‘PTOGGSSZiSMtérmina%ed before optimality.
iGloverlQhas extended‘theiideasdf’Balas by including a back-

tréékingjprgceduréfor exhaustive'searching. This procedure has

W

| oy | ‘ - - ’
impfbved’the-efficiency,of the algorithm and helped to reduce the
constraint which is defined as a positive linear combination of the
constraints in the original'prdblem. Using;this new constraint a
"surrogate" problem is defined. Glover shows that when an optimal

@
solution is found for this new problem which is also feasible for.

4y -

tha‘Criginal_problemﬁ*thenwthe;sclution is also optimal for the .

original problem.
Geoffrion™ has combined Balas' original additive algorithm ‘

wiﬁhgthe;backtracking ideas of Glover and,a&ded~som@~strbnger~tests@
( - |

it repeatedly generates the "best"‘surrogate coﬁstraint.

. : 2
Lemke and Splelberg 0 modified Balas' addltlve algorlthm.ln the

" hopes of increasing cogputatlonal eff1c1ency and mlnlmlzlng storage—

i

requlrements. They defined a state vector that records whlch.

i

4
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size of the formulation that '

of this state vector is basically a bookkeeping operation indicating
~which solutions are unexamined in the implicit enumeration scheme.
A subset of thegfree“Veri&bles.called a preferred set is defined by

identifying those variables which, when set equal to one, would

cause the constraint eguations to tend toward feasibility. A prefer—v

red set of variables is defined for each constraint not currently .

TféaSiblep Ihese and other“modifications have greatly increased the
eff1c1ency of the algorithm.. The experlence of Lemke and Splelberg20

seems. to 1nd1cate that for problems with less than

Ll variables their

algorlthm.ls somewhat faster than the Balas algorlthm

Lawler and Bell18 have developed an algorithm for SOlVlng the

general'zero-one'programmlng;prOblems However,‘this algorithmwdoes,

not compare favorably with any of the other algorithms after the

numbéer of varigbles exceeds ten.

[
1

,Recentl&IPritskergg has taken anotHer look-at the scheduling
prdblem.from a. mathematical programming point of view. He develops
equations that ensure a schedule will meet the constraints of limited

resources precedence relations between jobs, job splitting, due

dates, SUbstitutiod-of resources, and concurrent and nonconcurrent

}
.

|Job performance requirements. This formulation can accommodate a

wide'rsngeyof conditions. Pritsker makesvthe~general-comment on the

'it is favorably affected‘by an;gncreased

amount of sequenclng, by relatlvely long jObs and by close proxxmlty

of the schedullng horlzon (or absolute due date) to the optimal

i
|
!
1
L
4o
1
¥

|

i
L
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project Ggmpletign date." He further asserts iﬁ»ﬁis coﬁclpsian
that: “thisresearch~coupled‘w1thnfhe‘immenseresearéh on. zero-one
programming ‘codes should yield practical procedures forvobtaiﬁing;
Liéptimalisclutions to certain fypes.Of"SQheduling’prébleméa"

The preceding was a very briefireviGW”Qf'?he-cufrent'Stétus of

é.integer zZero-one programming. An attempt was made ﬁb,p?esent he
major techniques of current interest. Far a more comprehensive |
.reViEW'Of'%hig_Sdbject, theréaaer.igrefenred_ta-the_Surveygpapérs
of M. L. Balinski,> E. M. L. Beale,” Lawler and Woods,? and Gue
h P

e procedure that will be examined in this thesis is of the - ;
- implicit emmeration type. Tt is essentially a branch and bound

algorithm'thét e the'Simélex"%QChﬂi@Héfto,ﬁalculate‘the'value.Qf
ﬁth@ bound;aﬁ each ﬂ@&e¢ iBeférerpresentinthhe computatignéljpr@dé&ure

it will be best to discuss the detailed structure Qf'thegschédﬁling,

Lo
| ;

|
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II. STATEMENT OF THE PROBLEM

Definitions

~In a job scheduling problem tasks or operations are performed

t. by "processors" on & group of items. These processors are called

"machines," and the items are referred to as "Jobs." In the job-

shop problem tO”bemstudied here,'the«maChines are all different and

each must process all jobs, but .zero processingjtime»is allowed.

I

In that easefthe maehines withfzero time are placed at the end of
the sequence for that jqb,

The "processing time" is the time needed to process & given

Job at a given machine. The "total processing time" is the time

for a given job on all the machines. The sequence of:machlnes through

‘which a partlcular Job is processed is the "technological order"

*feftearllest»start time" is the earliest time that

a particular job can be started on the first machine for some

uncontrollable reason such as material or manpower avallablllty

=TheFHue date" is the latest possible time that a jobh can be finished.
A "sCheduie" 1s the sequence of jobs to be processed at a

given machine and a "solution" is a set of schedules for all

machines. "Makespan" is the elapsed time fiom;the instant machines

begln process1ng JdbS to that 1nstant that the last‘machlne running

completes 1ts last job. An "optimum solution" is the feasible set

of schedules that has the shortest possible makespan.




.Withfthemul Thefspecificvrestrictioné that the problem di%cussed here

' will obey are as follows:

11

Restrictions : | | : N

Sc?eduling,prcblemS*usually haweréeftainﬁrestrictiﬁns associgted

1
!
i
i
!
i

4 R memes A R
1. All Jobs are processed once on each macline. However, zero

-Jdb tlmes are allowed

2. Ea@hlmaChine can.praééss¢dﬁly one job at a—time. | L
3. A job must be completed after starting on a machine (i.e. No
jobsplitting). | - | i | | |

k. The processing time for each job at each machine is known and

o oA bl ot st b et e r R

includes'aﬁyhsét—up time or transport delay.
5. Each job must be processed in some knowntechnologidal
l?qrderg but the order.neédnot-be the:sane for all jobs;'
6, Theiearliest start times are known.
"T. Due dafes need not be the samé;fcrqall johs.

8. In-process iHVEHthY'iS:aildwedw

‘9. The resource cost of a solution set of schedules depends
only upon the makéspan.i

10. The job processing schedﬂlé*mayvary'betWeen;madhines.

The Job Shop Problem

:N jobs on Mfmachines. For thls problem s Proce551ng Time Mbtrlx a
'Tedhnologlcal Order Matrix, an Earllest Start Time Vector, and a Due '--{ ‘-' 1
1Date Vector can be formulated This formulation is shown in'

‘Eigures_II—l.and II-2.

The problem this thesis is concerned with is the processing of J

1

i
|
!
i
i
‘
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For the general Jjob-shop problem‘w1th a flnlte number of jdbs,
_there is a finite number of possible soliutions. Therefore, it is not

‘necesaany5t0fbrove that an optimumLSQlutibﬁ.exists'beCause all

"ﬁ-solutlons can be completely deflned as partlcula.r permutatlons of <the

" job llst at each machlne. This qorrespdnds to (N!) possible'schedulés
at each machine, Since any schedule at a machine can be comblned
with any of the (N!) schedules at another machlne there are (N!)
total p0351ble sets- of schedules when the technological order is
.5pec1f1ed. Of these (N!) possible schedules only between (N!) and
(N!)M1are~feasible~solutions. A1l (N!)M:pOSSIble solutlons are
not fes81ble since eertalnsets of schedules may not be poss1hle
W1th1n£the constralnts of the known technological orderlngs. For
EXample, consider the problem.of scheduling two Jjobs on two machlhes.

\

If the requ1red technologlcal order is the same for both jdbs

see Figure II-3, all possible solutions are feas1ble as shown 1n that

flgure? However, 1f the technologlcal order for Job 2 1s reversed,

~

there are only three feasible solutlons. Solutlon 3 becomes infeas-

'ible slnce it is 1mposs1ble to schedule Job 2 shead of Job 1 on

Machlne l Whlle at the same tlme schedule Job 1 ahead of Job 2 on

| Machine 2 .

The sdhedullng prdblem to be 1nvest1gated can be stated

%mhematlcally as follows..
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Minimize 2= ) C., X,
i=1 j=1

I

- Subject to theaconStraints;

The variables are defined as follows:
I

}z N ‘the total number of Jobs available eras@heduling-

=
ll

the total number of schedules possible for job i b

) ,».Nf
il

i3 1 if job i is scheduled to be started in schedule J
O otherwise

CQst-associatéd.with.sﬁarting jOb-i in SChedulé:j

I

o'
|

amou

nt of resource availablée for scheduling on any

1. » machine m for time PeriOQ'k.

1 if job i can bepreceSSedusiﬁgschedulezj an
- | | L B &
machine m in +time period k

O otherwise

Figure II-4 ishows the formulation of this problem in tableau form.

!

ﬁ;Bane_ indicates that in order to be able to use branch-and-

L 1

.,boun@_techniQﬁes:inﬁheméglution of Job shop problems, two féquirements

| -
must bE-qﬁt}

1. Tt must be péssible:to express all possible strategies  ; L

conceptually in a spanning tree structure.

|




AP e Er e o <
SRS TR o

RN

552

Y7 T R A e
i U R R

Loy

*

2. Tt must be possible to calculate a lower bound for cost
at any node of the tree, where this lower bound is the

cost of any strategy~which passesfthrOugh.the{node;

For computational efficiency a third requirement could be added:

3. The lower bounds calculated should be reasonably close to

the actual values of the cost.

- Lawler and'Woodl9 give an éxcellent description of the branch-

and-bound technique and state that "branching-and-bounding is an

intelligently structured search of the space of all feasible solutionms.

Most CQmmbnly,!the space of all feasible solutions is repeatedly~par—

titioned into smaller and smaller subsets, and a lower bound (in

the case of minimization) is calculated for the cost of the solutions

within each subset. After each partitioning, those subsets with a

bpund,ihat exceeds the cost of a knOWn feaéible solution afe excluded
from all furtherlpaftifiéﬁiﬂgsf The partitiﬂning continues until

a. feasible solution is found such that its cost is no greater than
the bound f or a.ny subset."

ﬁihe'brandh—andrbound technique is concerned'withfthecéolutionv

Ofﬁaicqmbinétorial'problemw A combinatorial problem is one of

assigning discrete numerical values to some finite set of wvariables X,

in such a way as to satisfy a set of constraints and minimize some

‘objective function, Z(X). Aginl has defined the algorithm employing

' the branch-and-bound method. However, a statement of the problem

and certain preliminary definitions are required as a basis for his

generaljdefinition. The prdblem.tq;ﬁe'discussed, as in most

i
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descriptions in the literature, is the "traveling salesman problem"
. 21
of Little, et al.“T

{ConSider the assignment of the wvalues 0 gr'l,to variables

X = *xij} for the objective function

. ¥
T
e

Wkere X,jis one if the salesman travels from city i to city J and
1iJj » | ,

Minimize Z(X) = > Zcij x, W.3=1,2,...,0N),

zero otherwise and e, , is the cost '-:a.s;.-‘soc-iated with traveling from

Ci£y“i to city J.

v ‘Now cpﬁsider the following definitions fram-Agin:

Feasiblg solution: | An assignment of numerical values
to X that satisfies all the
cOnétraints.s

s: - ; ,' - A solution to the problem.

Q: | i Q = {3}, the complete solution

| space for the combinatorial .

problem.

S: | A subset of @

b

| -
| . | ' o | '
Branching: ‘The process of partitioning a

subset S into m disjoint subsets

Sl’ 82,

5,U8,U...US =8, and

cees O o Where
m

SiL)Sj = ¢ , i# j.

,f'S(N): 3 - 'The subset S€Qrepresented by

Partition of Q : The exhaustive division of Q into

distint SUbsetS Sl’ 823 °© o0 o S . )

D
|
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the node N.

=Intermédiate node: - A node N from which no branching
has yet taken place.

Final node: N An intermediate node which

consists of a single solution, s.

L(N): k i A lower bound on the value of
the objective function for all

solutions associated with node N. | | i

Using these definitions Aginl defines the branch-and-bound

algorithm, in general, as "A set of rules for - - o | +
(1) brahching from nodes to new nodes,
(2) determining lower bounds for the new nodes,
(3)‘ choosing an intermediaté node from which to branch next,
() recognizing when a node contains only infeaéible of.non-
optimal solutions and
(5) recognlzlng when & final node contains an optimal solutlon.

From these ‘rules it is noted that the branching characteristic

an optimum solution prior to complete enumeration. Therefore, the
algOrithm.must solve the combinétorial problem since the solution

space is finite.

T | ’ ' )
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- 'PROCESSING TIME MATRIX

‘Machine . ;

11 12 ‘ 1m

21 *oo

Job

|

Where Xij = time:fbap?OQESs ﬁﬁbwi-on machine Jj

TECHNOLOGI CAL ORDER MATRIX

Process

-
N
B

Where job i must be processed in the machine order
specified. - | o

FIGURE II-1
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~EARLIEST START TIME VECTOR - :

| . “Job. .| 1 2 : : : n : R

? ~EJ - Time Yl Y2 - . . .« Yn
| | | |

Where Y. is the earliest start time permitted for job i
to be p%ocessed‘ :

'DUE DATE VECTOR

Where Zi is the 1%test Eﬁhﬁﬁpermitted for job i to be pro-
cessed. -

~ FIGURE II-2
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IITI. DEéCRIPTION OF THE COMPUTATIONAL PROCEDURE

The algorithm.that is being investigated in this thesis . to

| | | - |
solve the scheduling problem was suggested by G. M. Schultz 3. The

algorithm consists of the following steps (see Figure III-3).

(1)

(k)

(3). Go to step (5).

Solve the linear program using the regular simplex method.
If all the variables are 0 or 1, the solution is optimal
and no further work is needed. If some variables are

fractional, then call this level zero (b=0), and proceed

to step (2) after setting b = 1.

Select a job which is not in solution at the b level. 1In

general a job i will be selected for consideration. - Go

to step (3).

il

ming problem as a regular problem and record the value of

Set varisble x.. = 1. Solve the resulting linear program-

the objective function. Go to step (L).

Set variable x., = 1. Repeat the same prccesé as in step

12

4 .

Repeat the same process as in step (3) for all variables

associated with this job,'recording the value of the ob-

Jective function for each varisble. If for the variables

xij which were set equal to one, the solution contains
any by < g:alf; in the original problem, the solution is -

infeasible and the objective function is set equal to

infinity. Proceed to step (6).

R Y
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(6) If some solutiensvzbj are [0,1] , label these nodes as
feasible solutions. Go to step (7).

(7) Branch from that node with the lowest objective function
value. If this node is a [0,1] solution, then an optimal
solution has been found. If'not, set the value of b for
the lowest Z., to b_. Go to step (8).

| bJ m
(8) If there are L jobs at this level which are slated to

start in the ssme time period for all nodes, then let -

b =b + L+ 1, if not, let b b +1. Go to step (9).

(9) 1If Li>0,,proceed to level b = bm.+ L + 1 and slot all jobs
M contained in L in their respective levels in the branching
process. Go to step (2). ‘
Figure IIT-1 is a flow chart of the aboﬁe algorithm.
'The algorithm is & branch and bound technique which uses an

lmbedded linear program to find the bounds and implicit enumeration'*

to evaluate the possible solutibné. This thesis is concerned'with

- the problem of the selection of the Job to be brought into solution

at each level. It has been noted7 that the order in which the jobs
are brought into solution affects the asmount of time needed to find

an eptimal solution. A discussion of the techniques,to be investi-

gated will be presented in Chapter IV.

An example of the type of scheduling problems that will be

examined can be derived from the information shown in Figure III-2.

lFigure III-2 is an example for two Jobs on three machine classes,

- where each class has a specified number of machines available for

‘scheduling. Tbe matrix that is derived using this informstion is




shown in Figure ITE3. It may not be immediafely apparent“how
Figure III-3 was derived from the information in Figure 11I-2, 80
a brlef explanatlon w1ll be glvén. The rows of the matfix can be
divided into two groups. The flrst group con81sts of the equallty
~ constraints. These constralnts allow one and only one p0531ble
sdhedule to be used for any job. ‘Thus, there is a dne in every
cdiumn for Job 1.that shows a poss1ble schedule for Job 1.. Slncé
f tmeredéie four'possible Waysrto échedule Jjob oﬁé‘the'first row has
a,one~placéd.ip the first four columns, which correspond to job.
lbneg and zero (blank) in the remaining columns. Similarly for row

two which corresponds to job two.

The second group of rows consists of the possible schedules for

each job. Each machine class is assigned the number of time periods.
available for schedulingdand listed as shown in Figure III-3. ‘The
generation of this second group then proceeds by_columns. There.ié

nb'res£ricticnfor either job cohcerning starting time. If“ﬁhere

were, just start the procedure from the appropriate time period.

Check the Technological Order Matrix for the machine classdorder for

|
| | o | B
JOob one. In the example, the order is 1, 2, 3. Next, note the

number of machines needed for Job one in each class. 1In the - example, .
one machine is needed in each class for job one. A p0351ble schedule

for Job one 1s to use the first two time periods for’machlne class One

(since the processing time needed is two time perlods), the thlrd

- time period for-class two, (proce831ng time needed is one time

period), and the fourth flfth and sixth time perlods for class

~ three (proce381ng time needed is three time periOds),' Another

o STEC c
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. two. The due date for job two is the sixth time period, therefore

the schedules csnnot g0 beyond time period six on machine class two.v'

.gh
possible schedule is to keép the same time periods for classes one

and two and allow a unit of in-process inventory between classes two

- and three, therefore scheduling Job one on class three in timelperiods
five, six, and seven. Having reached the due date for job one, time

period seven, we cannot introduce any further in-process inventory

between classes-two and three. Next, consider placing a unit of
in~-process 1nventory between classes oﬁe and two and generatlng they
next schedﬁle with no 1n—§rocess 1nventory betweéen classes two and
three. Now increase the‘in—procéss'inventory’between classes two

and three until time period seven is reached on the last class. Then
go'back to class one and increase the 1n—process 1nventorybetween
classes one and two; Continué as previously with class three.
Finally, consider delaying the.start-of’jOb;one on the first class
and - repeat the generation considering she poss1bllity of 1n—process
1nventsry between each of the classes. Tﬁe number placed in each

poss1ble schedule is the number of machines needed for that JOb in

each class. Since all classes in Jjob one require one machine, all

ones are placed in the f@urjpossible séhedules for job one. Thus,

the schedules for job one are found.

Job two's schedules are found in the same manner as Job one's.

- The technological order for jdb two is 3, 1, 2. This means that

the job starts on machine class three and finishes on machine class

[

Starting with machine class three Job two is scheduled in time periods

N




one, two, and three (processing time is three units). Proceedlng
to machine class one Job two is scheduled in time period four and

finally job two is scheduled in time period five for machlne class two.

Slnce the due date hasn't been reached yet, a unit of in-process

class two in time period six. Since the due date has now been reached,

and three is one,ltwo and two'respectively. Therefore in each
schedule for job two the number placed Oopposite machine class one
_1S-a-one, opposite machine class two is g two, and opposite machine
class three is a two. This can be.seen in Figure III-3.

The right hand side‘is derived from the number of machines

available in each machine class. Since there is only one machine

R IR,
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Figure III-2 is called PROGEN, and is listed in Appendix B. PROGEN

machines and uses approximately 100,000 bytes of core memorj:Qn‘an'

26
jab. Assign a two tgvthese schedules which finish one timezperiqd

later. Assign a three to those schedules which finish two time

periods later, etc. until all schedules have been given a wvalue.

The problem'w1ll then find the fastest

This is done for each Jjob.

schedule 81nce it will mlnlmlze the sum of the values in the ob-

I‘ , | _ .
Jective function. A program has been_ertten_inhF@rtran.IV for the

IBM 360/50 to solve this type of problem, and,a»briefidiseussignfgfi

~thewmain,prﬁgrams uSedtfor'thisitheeis'tO“SolVeftheApreblemuwill be‘

disgussednnexti An example probléem istelved.inﬁAppendanA using

There are two distinct main programs, one of which has two

eubroutineéi One of the‘maihfpfdgrams;isiuseditg generate the problem
and the other one is the aetualralgerithm, This second one has the

| u ' .

two subrioutinés. One subroutine is called CHOICE and it is used to

- determine the order in which the jobs are scheduled. CHOICE is

described infChapterqIV; The other subroutine is ealled SIMPLEHan&eit
is used %OVSOlve’ﬁhe linear program. This subroutlne was obtalned

from the SHARE library and s descrlptlon of 1t is available from IBM.

A listing is prOVided‘in'Appendix’B-for completeness.

Thé=Progran~f¢r-generating"the matrix fromwthe:infbrmation in

~ |
ed to generate a problem for ten jobs on ten

is currently design

IBM 360/50 computer. The problem size may be 1ncreased to f£ill the

avallable memory, and by the reallgnment of the number of machines

. i
e — s Tt TS, T
LA Y .
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and the number of jobs away from a square matrlx. The problem, as

generated for the algorlthm 1s stored on g disk pack in a packed

fonm'to;reduce:thefnecesSa?y~mem©ry space. The generation of the
prdblem W1th PROGEN is virtually the same method that was described-?
earlier in thls chapter. |

The program for thé;actual‘solutidn”to;thesproblem is called

SOLUTE and is also listed in Appendix B. SOLUTE is currently

designed for any comblnatlon of Jobs and machines Wthh‘Wlll yield

less than nine hundred;posslble schedules. The~problem.tofbe‘soIVed

must fit into a 53 x 900 array. SOLUTE Wé5=programmeduin.FCRTRAN IV

l

. for thegiBM1360/50,and currently.reqﬁires approximately-39Q5000*

memory bytes 1nclud1ng the two subroutines. The program follows the

algorithm that was described at the beginning of this chapter. The

% . | - listing in Appendix B has appropriate comments to 1nd1cate when the

program corresponds to the algorlthm
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Solve
problem

initially,

b=0

Are

all variables
O or 1%

No

Select a job
not in solution
at b level

Set Xij=l’ J=l,...,N

and solve resulting
problem

FIGURE III-1

Yes

Optimal
solution,
Exit
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here L job
lated to start ip
same time period
for all
nodes?

b'—-‘-bm-'l'l J-—1

Yes | | | - |

| ‘b=émjL+l _] | | | .

_ & _
Proceed to level b

and slot all jobs in |le 1
proper level

- Page 3 of 3

- FIGURE III-1
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The subroutine CHOICE, as stated in Chapter III, is the section

.bffthe‘prOgram.that-is used to determine the order that the jobs

shouldnbe entered into solution. Eight different job-ordering methods
were investigated. These eight methods are:

(1) Largest dual vatiable,

(2) Shortest-proceesing,timeg

(3) FEarliest due date,

(4) Minimum slack time,

(5) Shortest processing time considering due dates,

66) Largest number of operations,

(7) Largest ﬁﬁmber-Of‘operationswwith longest.processing time§

(8) Random.
The eight methods will now be discussed in the order in which they
were presented. -

(1) Largest Dual Variable

This subroutine is shown in Figure IV-1. -Each_jdbiﬁusa~corres-‘

ipbnding.dualgyariable which is calculated by the subroutine SIMPLE.

!

These dual variable values‘are”raﬂkﬁd, largest first, for those jobs
‘which are not yet in solution. This ranking is done at each level

.iand the job with the largest dual variable, of those-not'yetfin

solution, ie-selected to be placed into solution next.

(2) Shortest Processing Time

| ;This subroutine is shown in Figure IV-2. The Jjobs are ranked

:
:

L
&

At et R S ﬁyr»«.v«u

s ———— —




1
i
5
.
b
3
g
£
¥
&
5
‘;f-b

ST SRS

LTSRN AT AT R

53
2
]
b
P
%
5
E:

time for the jobs not in solution are added together. Next con-
81der1ng only the Jjobs not yet in solution, those JObS‘Whose due

date is past the73um10f~the'procéssing;times.fOund;Previously are

34
lin:drder, irdﬁ'the j@b'witﬁ the:least*totalzprogessinngime first to
the job with the most procéssing.time»lasﬁ, inyféhase joﬁszﬁhichﬁ
are not yet in solution are considered. Thé;job with the,léaSt
total processing time is placed.intovsolﬁtion néxt.

(3) Earliest Due Date

This subroutine is shown in Figure IVZ3. EaCE»jdb haS'a‘date

:by~whi¢h;tipe~thaﬁ Jjob must be fiﬁished, This date is the JOb S

- due date. Each Job is ranked in order, from earllest to latest,tby

due date. Only those JObS which are not yet in solution are con51dered

The job with the earliest due date is placed into solution next.

(4)  Minimum Slack Time | | .

This subroutine is shown.iﬁ'Eigure~IVéhi The slack time for each

;jdb is obtained by sUbtractihgrthe“tOtél‘prOﬁessing time necessary

for that job from the job's due date. This difference is the amount
of time by which either the job can be delayed before it must be |

started or the amount of in-process delay allowed. The delay or

slack time is then ranked in order, least first. Only those jobs

not yet in solution are considered. The job with the‘least}slack

time is then pléced'intc solution next.

(5) Shortest Processing Time Considering Due Dates

This subroutine is shown in Figure IV-5. First, tne pch¢ssing:

)

3, With the'largest‘prbcessing.

e e e o e e e o e e . ” "

T A Py e Rty S T e

dasi PR S 0

: E T AR Py AP o e SRR i

. —— - I - T romory . g s B T Y R, AgTv: ey - A I AR R S L L R KL S YR e

e s S ey SR pa ] 3 T e E O L e ] R e i e S e SR e e e i e e e e e e e i
:ﬁzﬁﬁt;;gq_u@ih‘;h:f'—‘# O s S T o il A PR 3 =

CERLE Y,
SRR

e

vy
v 3
Lo S kA

)

Ay Ty
AT RS

f‘agf;;_"i::-_

HERERES

R




RN A 2D € AT Y A AN

h | 35
time last. Now, considering only those jobs not in solution or
- ranked, the processing times for the femaining Jobs are added to-
- gether, and those Jjobs with due\dates éxceeding the new total are
ranked on tdp of the previous jobs. This continues until all the jobs
| are raﬁked. The Job with the shortest processing time, cOnsidering
due dates, is now ranked in the first pOSition and placed into
-~solution;neXt.

(6) Largest Number of Operations

This subroutine is shown in Figure IV-6. Each job is ranked by

the number of machine classes it must go through. The_jdb'with phe

tmcét machine classes to be @rQQeSSéd.cﬂ is ranked first. Only'tﬁose

jdbs_HQ% yet in solution are-considéred.T;The.jobthat is ranked'first

£

i T

is'blaCé&’into solution next.

(75 Largest Number ofOperati;nS'with‘;pggest Processing Time

| This sﬁbroutine is shown in Figuré IV-7. For each job not'yet 
scheduled a8 number s iscalculated, where s is the sum-of:theireci-
procals of‘the processing times for that jdbtOn,each_maChinesélass.

.-‘ : , .
The Jobs are then ranked according to the value of s for each Jjob,
with the lowest value of s ranked first. The job with thé:lowest

value of s is then placed into solution next.

(8) Random

This subroutine is shown in Figure IV-8. A random number is

- generated for éagh'jdb not in solution. The'jdbs are then ranked

o

f
‘.

by déscending random numbers. The job with the 1argest’randam i

number is placed into solution next. This subroutine is used ss a -
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in an orderly manner.

i0n

f the Jobs are brought into solut

1

basis of comparison for the other methods to see if it really

matters
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SUBSRUUTINE CHUICE
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| CINTEGER PERM |
| |  UMMum NJLH,II,JWB IN(lO,lU),PkHM(lU)yINFLAG,
i ' _ 1 A(53,0900)38(53),C(0900),PLOY00),KU(6)
| B P 105 IJ=1,NJUB
XIMAX==10x%4
DT 16 IK=1,.0J08
1 DL 127 Jd=1,NJ08
ITF(IKeEQeJUBSIN(ITIyd) ) PIIK)=U. o | |
127  CONTINUE | | ~
IF(XJMviAXsGESPIIK)) GU T 106 | -
! | | XJMAX=P(IK)+.0001 |
: CITMINK=IK
g | 1ue,  CONTINUE | - | ” o
" - - PERM(TJ)I=IMINK | - IR
105 PLIMINK)=0. | w | b
KﬁTUK_ ' ; ” | .
=N 1. " ” -

e T

| - j FIGURE IV-1
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. CSUBROUTINE CHUICE (ITPRC)
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INTEGER PERM : |

COMMON NJOBy ITyJUBSIN(LI0s10) 9 PERMILO) o INFLAG,

1 A(53,0900)9B(53),C(0900)4P(0Y00) yKU(6)

S DIMENSION ITPRC(10),TPROC(10)

C D0 105 TJ=1,NJOH
~ TPROC(IJ)I=ITPRC(IJ)

1O  CONTINUE

DO 106 TJd=1,4NJUiB

XJMAX=]105%5x4 . |

DO 107 IK=1,NJUB | |

D0 127 J=1,NJ0B | e

LECIKeEQeJUBSINGIT J) ) TPROCIIK) =10%5%4 N
127 CONTINUE | | -

IF(XJUMAXLE.

XJMAX=TPRUC (
| IMINK=IK
S LO7 LONTIMUE.
| O PERM(TJ)=1MINK
106 TPRUCCIMINK ) =1 Q%% 4!

RETUKN
=N

i e

TPROC(IK)) 6U To 107
[K)=.0001 o

FIGURE IV~2
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“106 DUE(CIMINK)=10%%4

SUBKOUTINE CHUICE(DUEDAT)
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INTEGER DUEDAT(1O) 5 S puta
INTEGER PERM o | :
CCOMMON NJUB s ITyJUBSIN(10910) o PERMILO) s INFLAG,
1 A(5350900)9B(53),C(0900) 3P (0900)4KO(6)
DIMENSTON DUE(LO) |
DU 10 ITd=1,,nNnJdU3
DUECTJ)I=DUEDAT  (1J)
105 CUNTINUE
PO 106 1d=1,NJUB
XJIMAX=L 0554
DU 107 IK=1,NJOB
D0 127 J=1,.NJ0B | |
ITF(IKeEG«JUBSIN(II»J)) DUELIK)=10%%4
127 CUNTINUE
IF(XJMAXeLESDUE(IK)Y) GO TO 107
XJMAX=DUE(IK)=.0001
ITMINK=1K |

FERM(TJ)Y=TMINK

RETURK N
END
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SUBRUUTINE CHOICE tmuEmAT,iTPﬁQ)
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INTEGER PERM ) :

INTEGER DUEDAT(10 | :
ég&mow NJOB o IIyJLHSlN(IO,lO)vVFK'(10)'1“;'?;)
I A(53,0900),8(53),C(0900),P(0900) ,K0(
DIFMENSION ITPRC(10)sSLAK(10)

PO 105 1J=1,NJ0B ~ P

SLAK(IJ)=DUFEDAT(IJ)=ITPRCAIJ)

105  CONTINMUE -
DO 106 I1J=1,NJOB

XIMAX=L0%%L

Do 107/ IK—lvNJQB

'D[J 127 J=1,NJ0OB W3k
 LF(IK.EQeJUBSIN(IT,J)) SLAK(IK)=10
197 CONTINUE e e 1y o7

vel LF(XJMAXWLELSLAK(IK)) GO TO 107
KIMAX=SLAK(IK)=0.0001

0 ITMINK=1IK .
107 CONTINUE

! PERM(I.J)=TIMINK

SLAK(IMINK)=10%%4

RETURN

END

L R4 N -

106

FIGURE IV-L
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C QHUHTF\1 PR UG lnE CUd\lwbHIm i DATES

Db \‘r N wle wioule 4t W PR R LA R R YA I VIS P W g Nie N Wl Qe N e N's NN ‘» te N N N G e e e aTe ale sle Wda \'o NP \-’ LD N PSP P PR o N ’ 3
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IMTEGER PEKM, DUEDAT(10)

COMMLIN !JUV)QII s JUBS T 1()7]()) yl’f K?*(lU) | : o

GOMMON INFLAGyA (53, ‘fUK)),%%(ﬁ:j)qx (900) 3 P(900 )9 KUL6) |

DIAENSTON TTPRCCLU) 9 SHUKT(1U) ITEM(10) - |

=0 : | | , : |

M1 1270 TJd=14nNJ0ib | - N :|
|

-l

g SHORTC LI ) =DUEDAT(1.4) |
| ROl eEQeJuUnSTN(ITyIJ)) GU T 127
| H | NMEP=ENP+HTITPRC(1J)
127 CONTINUF
10105 TJd=14Ndlis
YJMAX==1 0554
XJIMAX==1 0%y
KT NK =0 |
DU 106 IK=1yNJis
N0 107 J=1,n8J015 )
LF(IKeEGeJUBSTIM(TT g J) ) “SHURT(IK) =0,
LoY CONTINUE - - o .
” LFOSHURTOIK) e EtaUa) GU TO 106 | | | " ”
DO 108 J=1y4NJdik ' |
ITEM(J)=ITPRC(J) :
TF(ITPKC(J).LE.NP) ITEM(Y) =0
| 108 CONTINUE o
i | 1F(ITtu(IK).MF.U) GO T 110
| TPRC=ITPRC(IK)
AR EXIPAX b2 TPRC) G0 TU 106 | -
XJMAX=TPRC+. 0001 | | " . , R
[MINK=IK
| 0 TO 16 :
110 TPRC=ITPRC(IK)
LRFOYIMAX GG TPRC) GO TU lue

YIJMAX=TPRC+.00U1 : | o “:j - |
J
]
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O KMIMK=1K o
106  CUNTINUE | :
| TF(KMINK«FlUe () GU T 111
i PERM(INJIUB+1-1J) =K K
SHURT(KMINK ) =0.
CNP=NP=]TTPRC (K TNK) | . I
- G0 Tu 105 o | | [ IR
111 PERFANJOB+] - IJ)-IMI» | '
| 'SHUKI(ImINK)—. |
NP=pNpP—- ITPKL(IHINK)
15 CONTINUE
| C RETURN
i=ND). i
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127 CONTINUE

106 CONTINUE

105  OPER(IMINK)=0.
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SUBROUTINE CHOICE (MaCry IPROUC)

PIR PRy e~ 1o o ‘v SrNie S Neiate S Mo e Sl ale st e le Sir Slo i N I P R P RN P \l' DURE N PR PR \

s wia N ) N N s S Nis N Wi ‘who
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eSS o.\ IS A AN AN S AN 28 AR I.\ R .\ 252N AS oS v o SR SR SRR SR ﬂ.s r.s N APNLAS AN 2 S| .\ I'\ I'\ a's s SN AN 4‘\ ¢‘\ ¢.s PN AN SIS AN SR AN SR S AN AN oN SR

0 I‘f‘""i ENS LON 1P RUC (10410) S0P=R( 10)
INTF(J"_‘R PERM
LUMMUN l\ JUB, I | 7JUSSIN( ]_Uy 10) '3 P RH( lU) ? IiN f“LL\(J
1 A{53,0900), (55)9l(0900)1 (0900)7KL(6)
DO 127 I=14NJ0K ,
OPEK(I)=0. A | |
DO 127 J=1,MACH e
IFCIPROC(INY) 6T o0) UPER(IY=UPERCT)+1. o

DO 105 I1J=14NJUB
AJMAX==10%%4

DO 106 IK=1,NJ0UB

DO 107 J=1,4NJOR

IF{IKEQ JOBSTIN(IT¢yJ))OPEK(IK)=0.

107 rDNTI'\!UE
“ IF(XUMAX e GELOPER(IK)) GO TU 106

XIMAX=0UPER(IK)+.0001

IMINK=1IK

PERMLIJ)I=TIMINK

RETURN
END
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" SUBROUTINE CHOICE(IPROC,MACH)

c ' a
f .’.\"-‘ . ; NAJ wlo Wb, (\ Ve < ) vig Ws ale g wle slp o
e b 'l"l ' 'l"_"l"l"."l"l“l""'""""l‘"‘ l"“'l“""“}l"l"l 'l" "I“'I"l"f"l“"‘ ‘V‘%% l"l"i‘l ""l"l‘ ,s "l 'I"l"l"l"ﬁﬁ“ﬁ"'l"l‘

C IARbFSF NUMBER DF UPERATIDVS UITH LUNbEST PRUC#SSING TIMF

C

INTEGER PERM

COMMON NJUB,II,JOBSIN(IOle)’PFRM(10),INFlAb,
1 A(b3yO9UU)7B(bj)7L(U9OU)9P(U9UO)7KU(6)
C DIMENSTION IPROC(10410)4S(10)

D0 1 I=1,.NJOB

S(I)=0.

DO 1 J=1,MACH

LECIPROC(IZJ)EQ.0) GU TO 1

SAI)=S(I)+1. /IPRUC(IyJ)

1 CONTINUE

DD 106 1J=1,NJOB

XJIMAX=10%%4

DO 107 IK=1,NJOB

DO 127 J=1,NJOB

IF(IK<EQ. JOBSIN(CIIsJ)) S(IK)=10%%4
127  CONTINUE | |

IF(XIJMAXeLELS(IK)) GU TO 107

XJMAX=S(IK)=-.0001

IMINK=1K

107 CONTINUE

PERM(IJ)=IMINK

106 SCIMINK)=10%%4

RETURN
END |

FIGURE IV~T
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'SUBROUTINE CHOICE(IY)

"o’ N by

LY

'’

< 3K 3

| | C
| : ~ G 3303 3R B0 A AR K 3 R - o
C RANDOM L P - i
| R R R R e e L T L D o e e I T R 383G IS HE S S IR SIS HE Sl sk sk | ? '
'] C | - f | | | 1
g : lNTFbFR PERM | | . | |
g | COMMON NJOB IIyJOBSIN(lO 10) s PERM(10) 3 INFLAG : - g
S ) " 1 A(53,0900)4B(53),C(0900)4P(0900),KU(6) - j
. DIMENSTION RAN(10) o | o
DO 1 I=1,NJOB - | : . o
1Y=1Y*65539 | @ . o - }
5 IY=IY+2147483647+1
& YFL=1Y { o )
YFL=YFL*0.4656613F-9 | | R " IR
| , | RAN(I)=YFL o
R CONTINUE R + o
DO 105 I1J=1,NJOB J | o | 1
XIMAX==10%%4 -
DO 106 IK=14NJOB
DO 127 J=14NJOB z |
IF(IKeEQo JOBSIN(II,J)) RAN(CIK)=0.
127 CONTINUE |
IF(XJMAXeGESRAN(IK) ) GU«TU 106
XJMAX=RAN(IK)+.0001 |
| IMINK=IK
106 CONTINUE = g
PERM(IJ)=IMINK *
105  RANCIMINK)=0.0
RETURN
END
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'V METHOD

OF EVALUATION

The 1.

nput that is used to generate a problem is representative

of the characteristics of that problem. The inputs for each Jjob are:

(1)
(2)
(3)
(L)
(6)
(1)
Among thes

is the tot

Processing time per machiné

Total processing time

Technological order

Earliest start time : : | B : .
Dué date

Machines needed in each machine class

Machines availsble in each machine class

e inputs the one that affects the scheduling of jobs most.

al processing time. This 1s because the number of schedules

per job are difectly related to the total processing time‘needeajby

that Jjob.

where

The formula also shows that the number of schedules per job is dependent

This is shown by the following formula:

(IT-TPROC + NMACH)!
(NMACH)! (IT - TPROC)!

NSPJ =

NSPJ

number of schedules per job
TPROC = total processing time needed on the job
IT = number of time periods the Jjob is scheduled over

NMACH = number of machine classes used on the Job

upon the number of time periods the ij is scheduled over and the

‘number of machine classes used on the job. However, these two factors

v




L6

are kept constant for all problems at fifteen time periods and three
machine classes. ”

The actual scheduling of th; Job, and the ease with which it is
achieved, 1s dependent upon the possible number of schedules for that
Job. The more possible schedules, the easier it is to fit = Job
into a schedule to reduce the 1dle time for all Jobs in the schedule.
For that reason‘the problems were constructed on the basis of total
- processing time perijdb;

Four problems were constructed to illustrate the.three main
possible job’combinations. These Job combinations are: (l) all
Jobs of short duration; (é)all jobs of long duration; and (3) =
mixture of long and short duration jdbs. The four problems are shown
in Figures V-1 through V-L, Problem.one has four jobs all of relatively
short duration. Problem two has six jobs all of relatively long
duration. Prdblems three and four have a mixture of long and short
duration Jobs.

'Each method will be compared on the basis ofﬁCentral Processing
Unit (CPU) time. 'ThiS'is’a.measure, in hundredths of a minute, of the
{amountiof time that the program is being worked on in the central
processor of the computer. A maximum of thirty minutes is allowed,

~and if no solution has been found in that time period the program

" terminates.

|

While the programs were being "debugged" and a sample prdblem

run to check the validity of the program, it was noted that no optimal

§1nteger solutlon could often be found within the allowed thirty minutes |

|

s e 97 P T s oy s ey g Ay . e e b A T e L T e B I L Tt L
e et A A T TR N MU A S B N P S L “ B o : L PR : o ' E - .
B e PR AR A L A M T T R R R TN . . . : . 260 T L e el . Il

e L T e e IR % e
O e i d T A S e S i B TR L e e e PNl s e P S S e e
o — = o= e == — == =

AR

T AT AT

PR Bty

L B e B R

1 L 3 B Iy e e

.
L T T R I e s e L sy e

o et e pes
S s T

e

S

s A W v

5 AL

rrey

P e —

N A i iy
et Rty




SRR T A

i S e T B P e

L7

|
1
1

 0f CPU time. This raised the problem of how to'compare the efficiency

oﬂ the job ordering methods. It was decided that zero~one feasibility

would be used. That is, the problemeould.be considered solved when
a feasible zero-one solution was found. This meant that it was now

impossible tb know whether or not the optimal integer_answér had

‘been found. However, it could still be stated as to within what

pér-cent theffeasible édlution'was of the bestfpéésible integer
solution. Thergfore each method was evaluated on the basis of CPU
tim§ andﬁwithin_what per cent’its feasible solution was of the bést
possibleointeger-solution. The best possible integer solution would
bedbtain%d fram:réun&ing'up the oﬁtim@lnon-integer solution obtained

from step one of the solution procedure.
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Problem 1

Procesging:Time

e o S

Technological Order

o

Machines
Fach Job

N W O |-

W e

D NN~ w

Job

Start TimééDue Date
Earliest Due
Start Time Date

Needed For

in Each Class

HF W o R |~

(SIS VR A [N

N }J‘FJ w

13
15 .
15
1k

0
o)
O

Machines Available '

in Each Machine Class

Class Avail.
1 3
2 - 2
3 2

- FIGURE V-1
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‘Problem 2

Schedule 6_Jjobs on 3 machine classes in 15 time periods

- Processing Time

Mach
Job

Techn01qg;cal'0rder

- Machines Neéded For

Job

13
14

otart Time-Due Date

Barliest
Start Time

Due
Date

O\ VI &= W N

Each Job in Each (Class

L N VN = = (Y

O O O o o

o

FIGURE V-2

14
15
13
15
1k

15'

- Machines Available | - il
in Fach Machine (Class f | N

R e R T

e
e

Class

Avail.

1

é

3

b
3

N




50

Problem 3

Schedule 5PQObs on'3'machine'Q}asses;ip'ls'timg:Periods

| Processing Time ~ Technological Order
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Job Start Time Date -
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‘Schedule 6 jobs on 3 machine classes in 15

s1

Proplem;h

A —

Processing Time

[+

Total JOb

time periods

P —— —— e s

Technological Order

Process

Vo o W O N

T Www oW w I

Mgchines Needed For
Each Job in Each Class

JOb

|...I

®
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H W PP w Ww -
n N W I
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Start Time-Due Date

Barliest Due

Start Time Date
, 15

15

15

15

o O O O o o

Machines Available
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VI RESULTS

'orderingfmethods'discussed in Chapter IV. The results are presented

.This féasible zero-one solutiqn, and what per cent of the best

minutes. Problem two, which only had jobs with long processing -

‘the more typical problems found in everyday operations. Examining

The four'test prbblems were run~ugingteachyof‘the eight job
in Figure VI-1. This figure gives the optimal non-integer solution
to each of the four problems and the Central Processing Unit (CPU)

time réquired for each method to find a feasible zero-one solution.

possiblegbptimal solution it is, are also.presented in Figure VI-1l.

iThe«pér‘Qent of the best possible optimal solution is defined as

“ Zfeas. ~ Zopt.
Z

(1 - ) x 100.
opt.

‘Prdﬁlemxone,-which only had jobs with short processing times,
was either=éolvéd to a feasible zero-one solution in approximately

five minutes, or no feasible zero-one solution was found in thirty

times, wés.solved.tQ a feasible zeré—one:Solutionpby each of the

;methods in less than twelve minutest The Minimum Slack Time method

found the béstﬁpossible 0ptimaluzeroéqne solution in-8.9 minutes-
Problems three gnd four, the Ongs'withza,mixture of long and

short pfocessing'time jobs, are of most intéfest, since theyhare

the methods used to solve these two problems shows that the Largest

Number of Operations method failed to find a solution in either case.

A150§ thefRéﬁde;methodg the Shortest“PréceSSingﬂTihe method, and




variations of problems three and four. 1

the Shortest Process1ng Time Con81der1ng Due Dates method all falled’

to flnd a solution to problem.three. Whlle the other methods found
solutions to both problems the Earllest Due Date method took the

longest time to find a solution to prOblem.four, while the~Minimum.

Slack Time method was next longest, and the Largest Number of

Operatlons Wlth The Longest Process1ng Time method was fifth longest.

Comparing the results, the Largest Dual Variable method appears to

have found a feasible zero-—one solution as close to the best pos31blek

solution as any other method, and on the average, its solutlon time
was better than any othér method.

Slnce the Largest Dual Varlable method had the best overall
results on problems three and four it was de01ded to formulate

addltlonal problems to be solved us1ng this method and compare them

w1th the Random method. The addltlonal problem to be solved are

[he technological order for

these two problems was varied to produce seven additional problems

from the originals. These addltlonal problems will be denoted

3A, 3B, 3C, 3D hA LB, and 4e¢. The changed tedhnological orders’
- are shown in Figure VI-2.. The results of these additional.runs_

‘are shown in Figure VI-3. The results are expressed in the same

form as in Figure VI-1. o S
It should be noted in Figure VI 3 that there were four 1nstances

When_the’Random.method'was unable to find a fea31ble zero~oneA

solution in thirty minutes of CPU time. Alsb,fthe Largest Dual

g P —




Variable method took from 2.71 minutes to 30.0 minutes to find s
.feasiblé-zero—one solution. It should be further noted that for
threé'problems the Largest Dual Variable methodyfound the best

possible onimal-zerOAOﬁe solution.

Examining the results for the Largest Dual Variable method from

e ——

problems three and four, and their seven variations, some statistical

statements can be made. Using the Wilks' distribution-free a o o

~ tolerance limits with probability level 1l-€, it can be said that o

for a sample size of nine

P(2.71 € x < 30.0) > .60

can“be»asqerted'with probability .90. In other words, it can be
stated that a feasible zero-one solution will be found 907 of the
- time in 607 of the range between 2.71 minutes and 30.0 mlnutes.
.FQr:the?Randdm:metHOd it can be'assertedeith probability .50 that
CP(h.51< x< 19.37) 2.
} | for a sample size of four, since the remaining five problems did
l . . - not yield any feasible zero-one solution in the alotted thirty

minutes of CPU time. This shows that the Largest Dual Variable

method has a much higher probability of covering the same per cent |

of arsligﬁtiy langer range than the Random method.

Further ncnparametrlc tests could.be used to statlstlcally

2h e e T

test the hypothe51s that the solutlon time using the Largest Dual
Variable method is significantly less than the Random method, but D ;|

- 8uch tests are not necessary because the sOlution‘time;of the Largest‘




Dual Variable method was less for every problem and in some prbblems e

- the difference was large. 'PrOblems'B, 3B, and 3D offer convincing

over the Random method. | D

*fsclutions:in“less time than the Random method, its feasible zero-one o |
;Solutian;wasﬁalscathe=Same.per cent, or higher, of the best possible
joptimal solution as the Random method. With either method, however,

Eiﬁ is not possible to predict the results beforehand. The unpré-

}dictability of the results is not unique to these methods. All

 iﬁ¢reaseg, The timeLalSGfgréatly depends.upon whether or ndt,the_

Since this is seldom known beforehand, the results will slways be

evidence of the effectiveness of the Largest Dual Variable method | |
i | a

While the Largest Dual Variable method found feasible zero-one

{ 4 gl

lalgorithms which are enumerative in nature seem to have the same

ﬁnpredictability. It is known that in general the time required

to solve a problem increases as the number of possible combinations

{.

;

op%imal@solutiQn‘lies cléseftéithe~minimum'of the objective function.

somewhat unpredictable.

@
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Non- Largest ©Shortest Earliest Minimum SPT - Largest LNO Random
- Integer Dual Processing Due Date Slack Considering Number With
S - Optimal Variable Time ” Time Due Dates of . Longest
Answer | (SPT) L | Operations Processing
- : . (LNO) Time

Problem 1 8.5
Feasible ) o |
Solution * 10 * * 10 10 ¥* 10
CPU Time 30 5.15 30 30 L.55 5.11 30 5.18
% of Optimal | 89 89 89 89

Problem 2 | 10.5
Feasible | ' ~
Solution 15 15 13 11 15 15 | 15 13
CPU Time » 5.35 1.92 7.9 8.9 11.94 1.93 10.64 5.71 &
4 6L 82 100 6L 6L 6k 82

% of Optimal 6L

Problem 3 10.0
Feasible — | - .
Solution - 13 * 13 S * ¥ 1k *
~ CPU Time | 13.60 30 13.38 19.43 30 30 3.29 30
% of Optimal 70 | 70 30 | ‘ 60

| ~ Problem L 9.5
A | Feasible ’ , -
| : Solution 11 18.0 - 11.0  11.0 18.0 ¥ 11.0 11.0
-  CPU Time(min.) ~ L.2s5 13.31 20.94  20.75  13.48 30 20.68 .51
é - | % of Optimal 90 20 | 90 90 20 : ' f 90 90

_.%¥ No feasible sol-ution fOund in 30 minutes of CPU time.

- | - ' " FIGURE VI-1
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Problem 3A

Peasible Solution

CPU Time
% of Optimal

Problem 3B
Feasible Solution
CPU Time
% of Optimal

Problem 3C

Feasible Solution
CPU Time |

% of Optimal

 Problem 3D

Feasible Solution

CPU Time
% of Optimal

Problem hA

Feasible Solution

CPU Time
% of Optimal

Problem LB
Feasible Solution
CPU Time
% of Optimal

Problem L4C
Feasible Solution
CPU Time
% of Optimal

58

Non-Integer
Optimal

Answer

9.8

hiin“

10.5

9.5

.9.75

9j5

Largest

Dual

Varisasble

15
25.7h
50

12
2.T1
100

1h
0l
83

11
100

10

30.0

100

12

-19.2h

80

1k

6.83

60

30

15
10.64
5

30

30

- 12

19.37
80

1Lk
6.94
60

¥ No Feasible Solution found in 30

minutes of CPU time.

FIGURE VI-3 o .  ' S
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VII CONCLUSIONS

The purpose of the "Job shop" problem is to schedule a set of

Jobé through a number of machines in an optimum way. The Job schedule

may vary between machines and the required machine techhological’
ordering,may“vary between jobs. Thus a job~passing situation is
described as opposed to the no-passing situation for an aSsembly
line or flow shop. An optimum solution for a problem is defined as
the solution which minimizes the elapsed time between that inSfant.
'the“firét-maghfﬁé’bégins to proces% its séhedule and that iﬁstant.
the=1ast'ma£ﬁine runniné COmpleteSﬁité schedule,

In thisipaperfa computatiqnaljprocedure employing the branch-
and-bound technique with an imbedded linear program has been
investigatedmconcerning which methcd_sﬁould-be used to bring Jobs
intosélution. These eight methods of jdb'ordering'wefe tested for
_fpur sample problems and tWOaOf“theimethodS'were tested with sevenv‘

additional problems. The algorithm used to find the solution has

been explained.andua,FbRT,*;édeuter program has been written to
perform the operations. The précédure used has allowed for a solution
that is either Optimum,*Within.ény'&esired,fragtionofoptimum, or
only zero-one feasible.

The techniques employed have allowed for‘éertain¢practiéal.
contingencies.. The-possibility*that some of the jobs-skip Sam@ of
‘fhefmaChines is allowable by assigning‘Zeroprocessingitimes at
the appropriate machines. This in turn allows rdutine machine

maintenanpe;to be scheduled as a dummy job with the processing

0
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much higher probability of covering the same per cent of a siightly

60

times set to zZero at all machines. If all machines are due for

maintenance, a single dummy Job may be used with the required

maintenance time entered as processing time. In addition, constraint
inputs are provided to delay the start of a particular Job or to
account_for an earlier due date for some Jjob. Thus, i1t is not
necessary for all jobs tO'be ready simultaneously te begih process—
ing or to require the samé number of time periods for all jobs.

Examination of the results of the eight job ordering methods

for the first four problems indicated that the time necessary to

find an optimal zero-one solution would, in many cases, be pro-.
hibitive. It was therefore decided to search only for zero-one
_feasibility. The times required to find zero-one feasibility

Varied:grEatly'fram a shortest time of 1.92 minutes to no feasibie

rselutioh‘fqund,inHBO;O minutes. The best overall performance with

the four problems was shown by the Largest Dual Variable method.

-

It found a zero-one feasible solution in a reasonable amount of time

for three of the four problems, but then no method found feasible

~solutions forjallﬁfour”pTOblems. Further comparison of the Largest

Dual Variable method with the Ranaom.method,indicated that it had a

\

larger range-than did the Random method.

It is important to realize that, While.the camputational
procedure investigated here with the eight Job ordering methods
was applied to three types of problems within the scheduling aresa,

its true usefulness_can only be determined through application to
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’ actual-prdblems@ It should be possible to introduceﬁspecial
évariationé'to the procedure which will greatly improve its efficiency
‘when applied to specific problems of a particular structure and size.

- Some further areas of investigation are disCussed in the next chapter.
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VIII RECOMMENDATIONS FOR FURTHER STUDY

Several aspects of the computational procedure are open'fdr
further investigation. Fifst it may be possible to bring in more
than one Job at a time. Presently only one job is forced to Solution
at a time. It may'be possible to keep track of the wvariables in
s;uch a manner as to énable- more than one job to be forced'_ :'L'n't'o
asélution at gne time.

Furthermore,’it is cufrently required to solve a linear program
:at each node. Is it possible, by examination of a previous node, or
:no&es,ftOr&etenmine'what the solution is at a node'withoﬁt solviné
é linear prdgram? Can sqﬁe of the bounds be estimated instea& of
caiculatgd atféaﬁh;node? 1A,reducti0n.in'thé number of linear proé
gramming prdblem5'501ved.at each, level can cause a significant re-
duction in the solution time.

Another>areaffor investigationfis’de“tO-Work-with a packed

" matrix in a linear program solver. A lot of computer core space is.

required to store the unpacked matrix form of the problem'aléng'with

the packed form. The major portion of'théfCore requirements for

this procedure is devoted to the-uﬁpaéked.matrix. This forces the
program to étcfe ﬁunhmﬁf;itSfreSults'on diéks, outside of the computer
core. The constant use of these disks adds greatly to the amount of
time needed to solve‘a‘prleemm ' ‘ -
=Q£her4invgstigat10n might be in the area of the:decomposiﬁion

of"lérge'problems into smaller subsets that would be solved in

' tandem using the procedure. One last suggestion is concerned'With“-

AT 4 g e

gD T g UL L A
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the preconditioning of the jdbs~of a particular.prdblem. However,
this presupposes that sertain parameters have predictable computing
time characteristics. Therefore, the more generalized area of
furthsr invéstigation would be in the aresa of identifying those

“

parameters with predictable characteristics.
-
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APPENDIX A
An Tllustrative Example Solved Using
The Computational Procedure
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AN ILLUSTRATIVE SAMPLE PROBLEM
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Consider the following hypothetical problem which is shown in

tableau form:

X.. X

11 *12 *13 *o1

X

20

X

*o3 *31 *32 *33

X X X

MIN Z2 = 1 2
Subject to;
1 1

Step 1:

Initial solution is 63 some x,

1]

(1),

Step 2

|
|
'
|
I
R

3

1

2

L

p

1 3 6

non-integer (Node 1).

Select job 1 to be brought into solution.

Step3(l):

‘§et Xqq ij
Step h(l):

<

Il
—

Set §I2»

.

|

Set x13 =

Solution is 8.66;

some X, ,
i

Solution is T; some x,

1J

Solution is T; some x

1J

noneinteger (Node 2).
non-integer (Node 3).

non-integer (Node k).

.

u H‘— 1
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step 617
No [ 0,1 ] soluti ons

p)

Tree structure at this point is gs follows:

Z=6

b=0

- 2=8.66 [ 7=T7 1. z=7
. b=1

Stng(l):

Z =T is lowest value. Tie between nodes 3 and k. Since neither
is a [0,1] solution, an optimal solution has not been found.
Tie will be broken arbitrarily and will branch to the next level

~ from node 3. Set b =l.

Step 8(1):

I=0. Set b = b +1 = 2.

m
St§p9(l):

=0, go to step 2.

Step 2(2):

Select job 2 to be brought into solution.
(2)

- Step 3 :

Set x _=1, Solution is T.5; some X, .

i3 non-integer (che 5).

g

Set X23;l~ Solution is 8.0, all;xij'integers (Nede:?)}

G




step 6'2); | o

Label node T as a feasible solution.

Tree structure at this point is as follows:

=0

oy
Il

b=l |

B S T A e

StepT(g):

Z =T is lowest value. This value occurs at nede 4. Since the

solution at node 4 is not [0,1] , an optimal solution has not

been found. Branch to the next level from node L. Set,BmF1@

Ste98(2):
I=0. Set b =Db +1 = 2,

m
otep 9(2):

L=0, go to step 2

ot ep 2 (3) : 3

Select job 2 to be brought into solution.

Step. 3( 3) :

Set x,,=1. Solution is 7.0, some_xij non-integer (Node 8).

Steph(3):

Set X22=1-A Solution is 8.0, all x

.« integer (Node 9.
(3) .

ij
Step 5

&

-

Set x23=1. Solution is infeasible, Z = » = (Node 10).

s
=RL
R
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5(3).

o
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il
b

b

i

|
2 él

step 7'3)

Z =T is lowest value. This value occurs at node 8. Since the |

~solution at node 8 is mnot [0.1] , an optimal solution has not |

beén found. Branch to the next level from node 8. Set b _=2. :

I StePB(S): ” g ' ' l | . | H

j - I=0. Set b =7b +l = 3. | ' D t
| | SteEQ(B): - ' | | |

Step2(h):_

L=0, go to step 2 | | o L ,

Select job 3 to be brought into solution. | | o

| Step B(h): | | | | | A .

SEt XBl;li ;SOlﬁtiQn-is‘iﬁféaSibleg,Zﬁ: 0o (NQ@QVll)’ A | %
| - ) | | : | | - iu
StePh(h)su‘ | o “ o

St x3571. Solution is 8.0, all x,, integers (Node 12). | B




Step 5'*) .

Set x .= 1. Solution is infeasible , Z = (Node 13).

i

St¢p6(u):

Label node 12 as feasible soluti@n,

Tree structure at this polnt is as follows:

b=1

b=2

b=3

StQET(u);

Z = 7.5 is lowest value. This value occurs at node 5. Since the

solution at node 5 is not [O,l] > an optimal solution has not
been found. Branch to the next level from node 5. Set bﬁ%?@

Step B(M):

i

I=0. Set‘b =D +1 = 3.

m
Step9(h):

L=0, go to step 2.

Stepi2(5):

Select job 3%%0 be brought into solution.

(5),

Step 3 : o %_
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Steph(S)

; Set=x32=1, Solution is infeasible, Z = » (Node 15).

Step 5(5) | ,

Set x33 =1." Solution is~10f0,-all?X;j,integers (Node 16)-.

Label node 16 as feasible solution.

Tree structure at this point is as follows:

0

D
ool

1

o
n"

2

3) W S

ONORONC I
> ? |

@ @ b=3

(5),

Step!?

i

8 is lowest value. This value occu¥s at nodes 7, 9, and 12.
R k 2 E

Since %he;solutignszat either of these nodes is feasible, [O,ljl

~an optimal solution has been found. Either of the three solutions

is optimal.
. s
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1
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5
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31
X35
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Program Listings
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C?ﬁwi

DO 213 I=1,4
LVAILL=MRHEAS (1) o
IFCLVAL)2134213,216

216 AV =N I |
N0 214 Jgs= Mg M |
1%('VAI‘ KHS(J))21492159214

215 NRHS(J)*U

“214~ COMT INUE

213 - CONTINUE "

é MM=0

i DO 217 I=1,40
- TFONRHS(1))218,2175218
218 FM= MV + ] |
~ NRHS (MM ) =NRHS (1)
217 CONTINUE
WRITE(3, 250 ) (NRHS(J),d= 1y Mp)
250 FORMAT (" NRHS '3 2015)
NROW=K
. KEWIND I0UT
1930 READ(IQUT, ZOll)II,JJ,VA!
IF(][[.EQ NENDCL)GUTUTUS50
JJ=TPACK(JJ)
WHITt(JOUT 2011)II,JJ,VA|
B0 TU 7030
?QSOw WRITE(JOUT,Zﬂll)II
- O NENDCL=II
:nCUI—NFHDCL -10
—NODFILE JOUT
REWIND JOUT
REWIND TOQUT
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C s
(o WKITE DATA FUR SULUTE ONTO DISK
c

WRITE(IOUT556) NENDL',NJDBoNRUW,NCDlyIT,MACH

wRIerlan,BSb)(lTPKL(I),I-1?NJUH)

~a11 -(10UT, Sbé)((IPKOC(I,J),I 1y NJOB) 9 J=1,MACH)
RIT%(IOUT 556) (IDUDA(T) y1=14NJUB)




|
i
38Y

200

205

556

1001
1002
1003
2011
2012

7800

1600

79

WRITE(3,556) (IDUDA(T) ,1=1,NJ08) |
WRITE(IOUT,556)(IEAST(T),1=1,NJUB)

DU 389 1I=1,NCOL

*‘WRITE(IOUTy556)ICSTGN([I)
WRITE(39556)ICSTGN(IT)

CONTINUE

READ(JOUT 2011, END=T7600)I1, 4, VAL

WRITE(372011)117JJ7VAL
WRITE(IDUTyZOll)119JJ7VAL
GO TO 7800

CU NTINUE

DO 200 II=1,NJOB
WRITE(IOUT,2012) I14XVAL

NMI=NM(1)

DO 2Q5'J=19NJOB
IF(NMI=NM(J))209,205,205
NMI=NM(J)

CONTINUE

KK=NJOB

KKK=NJOB

DO 201 J=19¢NMI

DO 202 K=1,1IT

KK=KK+1

XVAL=0.

DO 220 N=1,MM -
LF(KK=NRHS(N))220,202,220
CONTINUE |
KKK=KKK+1

XVAL=LNM(J) |
WRITE(IDUT,ZOIZ)KKKyXVAL,
WRITE(3 22012 )KKK ¢ XVAL
CONTINUE
CONTINUE

ENDFILE I0OUT
FORMAT(4I5)
FORMAT(1615)
FORMAT(2164F8.4)
FORMAT('0',1015)

 FORMAT(216,F8.4)

FORMAT(6Xy169F844)
sTopP

=ND-
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C

C 3 2 e 3 3¢ e 3¢ 3 o 3¢ 3 3 3 e e e e sk o o o ok 3 e o e ko o s ke e o 3 o 3 e il sk ol ol ko 3 e oK ok e
C ExxXKE SOLUTE %%k %okkok |

C 3 3¢ e 3 3 3 36 e e e e 30 2 o e 2 o e e e s ol 3 3 e ok Xk 3 e 3 i e 3 3 3K ok 3 3 i o ok st oK ok ok ok 3k 3 ok o 3K ok ok 3 0 3k 3K

C MAIN PROGRAM USED TO SOLVE 0-1 SCHEDULING PROBLEM
C***$$$$$$$$$$$$$$$$$$$$$$$$$*****************************

C BY MERRICK Ho COOPERMAN
C*****&*%**%%&ﬁ%*%*%%%*$$*$$********************* 3% 3 3% 36 3 3k K 3

C INPUT READ FROM DISK AND IS GENERATED BY PROGEN

C 2% 3 e e e e e 3 3 3 e e e e e e o o 2 2 e o o s ok g a3 e 30 30 i ke o 3l ok 3 3k 3k e 3K 3 3 3 3 i ek ks s ok o
C

| INTEGER DUEDATQLOD@EAST(10)9PERM9RMAT(4OOO)v

1 - CMAT(1000),TIME
CDMMON NJDB@EIQJDBSHN(lOWIOngERMﬁlﬂﬁglNFLAG,
1 A(S%@@@OOD98@53)9660900D996@90OD9K0(6)

DIMENSION ITPRC(10),IPROC(10910)oILL(10),

1 SOLCUR(0900),CURIND(0900)¢yNCOLEL(0900),
2 RHS(53),C0OST(0900),PP(0900), IADDR(10),

3 NSPJ(10),XMAT(4000),X(0900),BOUND(1000) ,
4 Y(lSO)wSUMX@IOOO)wINEL(IO)yIBRAN(IOOO)v
5 FEAS(0900) yCURSOL(0900)

C

- € %R 0 e 30 3 33 e e 2 3 3 3 3 3 e e 3 3 3 e 30 30 3 3 3 ke e e e 3 o 3 3 ok o e e e sl ke 3 ok ok sl sl b o ok ok ok
C INITIALIZE AND READ IN DATA :

C******$$$$#$$$$$$$$*$#*%%*ﬁ***************#**************
C
| READ(32,1006) NENDCLy NJOByNROWsNCOL,IT
READ(3291006)(ITPRC(I)yI=1,NJOB)
READ(32,1006) ({DUEDAT(I),1=1,NJ0B)
READ(3291006)(EAST(I),1= I,NJDB)
Iv=1111
IONE =1
JOB=1
DO 1000 I=1,4NCOL
| IBRAN(I)=0
1000 BOUND(I)=10%%6
DO 206 J=1+900
- DO 206 I=1,953
C(J)=0.0
206 X{(J)=0.,0

DO 5005 I=1,900 - S o

PP{I)=0,0

5005 P(I)}=0,0
DO 6666 I1=1,NCOL
READ(32+9009)C(1I1)

6666 CONTINUE

II=1 -
JJJ=NCOL+1
JJC=NROW+NCOL

DO 286 I=JJJyJdiC . S S




286 X{(I)=1.0
JOoBkP=1
FOBJVL=10x%*6
FFNUM=0
INFLAG=0
TIME=0
LEVEL=1
IDUAL =0
NBOUND=1
IADDR(1)=1
INEL{1)=DUEDAT(1)~-EAST(1)
NSPJE{L1)=INEL(1)
DO205 LM=2.NJOB
LN=LM=1
TIADDR(LM)I=TADDR(LN)+INEL(LN)
| INELI{LM)=DUEDAT(LM)=-EAST(LM)
205 NSPJILM)I=NSPJILN)+INEL(LM)
DO 140 I=1,NJOB
D0 140 J=1,NJ0OB
140  JOBSIN{(IeJd)=-1
XMINBD=10%%6 |
C | | ~
C 3% 3 3k 3¢ 303 30 3 3 3 3 3k % 3 3k 3 3 33 % 333 3K o o 3k 3 3k 3 3 5k 3 ok 3 3k 3 36 3 e 3k 3k X sk 3 s 3K 3 sk 3 3k e 3k ok ok 3k 3K
C READ IN MATRIX |
CxERXRR} **%*********4*»***%***4****************************
C . |
I1ICAaL=1
ISCOL=0
L3=1
L2=1
CMAT(L3)=L2
203 READ(32:1002)ICO0OL, RMAT(LZ)oXMAT(LZ)
~ , IF{IICOL-EQ.ICOL)GO TD 201 |
NC*LEL@&3)~ISCOL
ISCOL=0
L3=L3+1
IiCOL TICOL+1
. CMAT(L3)=L2
201  ISCOL=I1SCOL+1
- L2=L2+1 _
IF(IG!LoNEoNENDCL)GU TO 203

*¢****4*********************¢***¢***x***************»**Q

*********#***»*******%****«-**********«‘****************** |

C

Cx=

C READ IN RHS VECTOR
Cx

C

DO 202 L4=1,NROW
READ(32,1003)RHS(L&)
202 CONTINUE |
REWIND 32

C




| . 8o

C*%**$$*$**@*$******************************* % 3 3% 3 30 3% 3 k3 Kk koK K
C%, GENERATE SLACK VARTABLES

C

c*¢**$*$*$$$**$¢*****#* 3R 3R 3R 3R 3R 3030 A 3 3 3k 3 340 Ak 3 3k e 3k ok 3 3k ok 3 % ok 3k s 3 sk ik ol ol ok ok
' IKK=L2=2 | |
NSCOLB=NCOL+1
NSCOLE=NCOL+NROW
- ISLK=0
DO 204 L4=NSCOLB,NSCOLE
IKK=IKK+1
NCOLEL(L4G4)=1
CMAT(L4)=IKK
ISLK=1SLK<+Y
RMAT(IKK)=ISLK
C{L&)=100, 0
IF{L%o bTQ@NCDL+NJDB))C(L4)-O 0
204 XMAT{ IKK)=1,0
DO 608 IJ=1,NJ0OB ~
608 ILLOTIJ)=IT-ITPRC(IJ)+1
IL=1
KL=1
JL=0
KJL=0
JBOUN=0
GO TQ 207
200 TIME=1

¢

'C*****#***%é**********************************************

C STEP 2
C RANK JOBS BY BEST FIT
C BYPASS SLOTTED JOBS

C************»**********+***********“***#*****************ﬂ

C %

207  CONTINUE |

C |

O REXREERR *************#****#****************************

C  THE FORMAT OF CALLING STATEMENT MUST AGREE WITH
C FORMAT OF SUBROUTINE STATEMENT |
c$**************%%***$$*$*$*$$$**************************
C .
IFINBOUND.EQ.1) CALL CHOICE
WRITE(3+2016)(P(K)yK=1,NCOL)
C

C IF THIS IS INITIAL SOLUTION, SKIP STEP 2 AND
SOLVE INITIAL PROBLEM

****************************************$***»************'

C
C
C STEP 1
C
C

IF(IONE.EQ.1)GOTOl42

G % 3ic 3 3 33k 3 3 3 koK **************&@%****************************¢,;

i
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- 300 TIME=TIME+1

JOB=PERM{JOBP)
MSPB=1

1J=408-1

IF(1J.GT-0)MSPB= MSPB+NSPJ(IJ)
- MSPS=NSPJ(J0OB)
ITIME=TIME+MSPB-1
WRITE(3,2007)J0ByMSPByMSPS,L2
WRITE(3,2009)(PERM(I)yI=1,NJ0OB)

C i
C************#*******************************#************

C  STEPS 3 THRU 5

C***#¢****$$$$$$%*****************************************
c | | |
| DO 108 I=MSPB,MSPS
XMAT(CMAT(I))=0.0
TF{IEQ.ITIME)XMAT(CMAT(I))=1.0
108 CONTINUE

O X{ITIME)=1.0

- IF(TIME-EQs.1) GO TO 617

| X{MTIME)=0.
617 MTIME=ITIME
C
C********************************#*********************#**

C  REDUCE RHS BY A(;TIME)
c*****$$$$$$$$$$$$$$$*************************************

C
NBB=CMAT( ITIME)
NSS=CMAT(ITIME)+NCOLEL(ITIME)-1
DO 109 I=NBBgsNSS
0 IF{{RHS(RMAT(I) )=XMAT(I))eLT&O0. O)IDUAL 1
'109 CONT INUE
IF(IDUAL.EQ.I)GD TO 112

C | |
C*4****##*************************************************~

- C PREPARE FOR SOLUTION BY UNPACKING A MATRIX

C**************#********************************44********
C .
142 DO 100 I=1,NSCOLE

DO 100 J=1sNROW

100 A{JsI)=0.0

DO 141 I=1,NSCOLE
NBB=CMAT(I)

NSS§= CM&?@EE*NQULEL(I)-'
DO 110 J= NBBsNSS

110 A(RMAT(J)»1)=XMAT(J)

141 CONTINUE |
DO 111 J=1yNROW
B{J)=RHS(J)

111 CONTINUE
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c**$$$x*$%%*****$*****************************************
C SET BASIS AND CALL SIMPLE TO SOLVE PROBLEM

. C*$#%!ﬁ$$$$************************************************

C
| INFLAG=1
CALL SIMPLE (NROWyNSCOLE,X)
WRITE(3,2006)(KO(K)sK=1,46)
D0304 K=1¢NCOL
IF(KXO(1).EQo @BPP(K)—P(K)
IF(KO(Ll)EQoL)PI(K)=PP(K)
P{K)=ABSIP(K))
304 CONTINUE
IF(IONE-EQ-1) GO TO 609
IFCILL{JOB)NESKL) GO TO 615
JL=JL+1
KJdL=JdL
KL=0
615 IF({ILeLEe ILL(JDB)) GO TO 616
KL=KL+1+KJL
KJL=0
IL=KL
616 IL=IL+1
609 WRITE(392016)(P(K)eK=1,NCOL)
GOT0113
112 KO{(1)=1
113 IDUAL=0
C v =
C*"’**‘a****************************************************
C STEP 6 |
€
C CHECK FOR O-1 SOLUTION
C******************************»**************************
C
IF((KO(1)eEQel) s AND.( IONE.EQ. 0))GOT0116
OBJVAL=0.0
ICNT=0
SUM=0,
XNJOB=NJOB
DO 114 I=1,NCOL
OBJVAL=0OBJVAL+C (1 )*X( 1)
SUM= SUM#X&EB
IF{X{(I)olT-0601)G0OTO114%
EF%X@H?o@?@0999)ICNT=ICNT+1
114 CONTINUE
‘ IF{JBOUNNE-O) GO TO 618 |
IFI(SUMoLE- (XNJOB=-.1)) GO TO 101
IBOUND=0BJVAL+.9999
FBOUND=IBOUND
~ JBOUN=1
618 CONTINUE -
WRITE(3,611)0BJVAL
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WRITE(3+,1005)(X(I)yI=14NCOL)
JILL=0
IF{OBJVAL.LT«FOBJVL) GO TO 601
IF{IONE-EQs-1) GO TO 601
IF{IL-6GT-ILL(JOB)) GO TO 601
JiLlL=0
ILLJO=ILL{JOB)
- DO 604 J=IL,ILLJO
TIME=TIME+L | | | ﬁ o
JILL=JILL+1 | | f ©
604 CONTIMNUE « ; V - - %
IL=1L+JILL
- GO TO 115
601 IF{ICNT-LTeNJOB) GO TO 115
IF(OBJVAL-GE-FOBJVL) GO TO 115
FOBJVL=0BJVAL
o I FNUM=NBOUND
C - |
C st e oo e e s e e sl e oot ok o o o oK o e o ol o oK AR oK o R Rk
C STORE BEST FEASIBLE SOLUTION

C**#**$$$$$$$$$$$$ﬁ$$************************************* 

C
D301 1I-
)

D NCOL
301 FEAS(I I

Lo
X& )

% 00

C#**#**ﬁ@@#@ﬁﬁt%ﬁ
CINSERT ‘60 TO 302% HERE IF JUST LOOKING FUR 0-1

C FEASIBILITY
C 3 3 e e 3 3¢ 3 o o e afe e e afe 2 e 3 3 3 3 3 3 age e e e e e 3 e 3k 3 e e e o e 38 e afe ke ok o ke ik e 3k ok ok 3 38 e a8 e ok o 3

C

C .
&#*****#***********#*********************‘

GO TO 302

C
C*#*******************************************************

C FOR SOLUTION WITHIN X PERCENT OF OPTIMAL INSERT
C o “IF@%@vaL GT {1l X%*FBOUND)) GO TO 115"
C
C NOTE- PRESENTLY SET FOR WITHIN 10 PERCENT »
'C**#***%ﬁ%*%%%ﬁ%%%**%&%%ﬁ%$$$$$$$$******#**$**********#**#
C
| IF(FD&JML@@T@@1@1$F@0UND»s GO TO 115
C
C*****#$*$$&%@@&@%*@%%%*****************#*****************-
C PRINT QUT SOLUTION
'C******$*$$$*#**********************#*********************
c | , |
302 DO303 J=1,NCOL ‘
- NRITE&BQLOOB)J,FEAS(J),C(J)
303 CONT INUE

. WRITE(3,1009)F0OBJVL
| N STOP -

CcC ‘

» o : - g
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c*****4***************************************************

C  STORE BOUNDS
) C*************************************4**4****************
C |
116 OBJVAL = 10%x%x6
115 BOUND(NBOUND }=0BJVAL
| IF{SUM, LE@(XNJOngl))BDUND(NBUUND)-IO**B
IF{KO(1)eGToe) BOUNDINBOUND)=10%%7
NRITE&BQZOEOB(BOUNDQI),I~19NBUUND)
IF{IONE-EQ-1)GOTO305
MINT=TIME
REWIND 18 .
" IF(NBOUND.EQ.1) GO TO 606
IKI=1+{JJJ~-1)/20
IRI=(NBOUND=-1)*IKI
DO 605 J=1,1IR1

- READ{18+,602)2,Y2

605 CONTINUE |

606 JILL=JILL+1
DO 607 J=1,JILL
CURSOL(1)=NBOUND
DO 119 I=1,NCOL

119 CURSOL(I+1)=X(1)

| ' IF(KD(I)QEQ@O) GO TU lbO
DO 151 I=1,NCOL

151 CURSOL(I+1)=1,

150  IF(OBJUVALLT.0.0) CURSOL(2)==10%x%3
WRITE(L189600)(CURSOL(II)yI=1yJdd)
IF(J.EQ.JILL) GO TO 607

IFCJILL-GT«1) NBOUND=NBOUND+1

| IF(JILLGT 1) BOUND(NBOQUND)=10%%6
607 CONTINUE

REWIND 18
JILL=0
. C , | | | |
'C*****«\************% *>.<***4*****4***«-*********************
C  CHECK IF LEVEL IS COMPLETE
C**m**%****%****4********* *******%4*m********************
C |
. IF(JOB.EQ.1)G0 TO 117
ITCHK=NSPJ(JOB)=-NSPJ(JOB~-1)
GO TOo 118
117  ITCHK=NSPJ(1)
ﬁ WRITE(3,613) TIME,ITCHK
118  IF(TIME.LT.ITCHK) GO TO 650
WRITE(3,620) FOBJVL

C : .
C*****4*********************** ¥ 0 3 3 3% 3 Jek ek 3ok 3k 3 ok o ¥k e ok o o ok ok o
C  FOR SOLUTION WITHIN X PERCENT OF OPTIMAL INSERT

C "IF((BK+.001) LT« ((1=-X)%FOBJVL)) GO TO 134w

C

B e VT s S S A e T e——— L T e e et EE Ve . x i - -

S e
'




C
C k%
C

130
650

30

C
C %%

c

C

C

C %%k
C

| 13

501 2
5010

121

120

501

C
C kK

C«,
C

NOTE— PRESENTLY SET FOR WITHIN 10 PERCENT | f

5011

87

3 3 3 3 3 3k 3k 36 3 e ok o e 3k 3k 4k 3k 3k ok 3k o ok 3 ade 3k o ok e 3k s ok s skl o ol 3 ik i ok ok 2k i ok sk o ok i ke sk sl sk ok

DO 130 I=1,NBOUND

KI=BOUND(I)+.9999 | a
BK=K]I o * | i
IF{({BK+.001).LTe (.9*FOBJVL)) GO TO 134 D |
CONT INUE

GO TO 302

NBOUND=NBOUND+1

WRITE(39614)NBOUND, IONE

5 IF{IONE-EQ.0)GOTO300
IONE=0
GOT0207

****************************************************** i ; |

SCAN FOR IDENTICAL JOB SLOTS ACROSS LEVEL |
e 30 30 30 30 3 3¢ 4 e e e e e e e el o e o o oo o o o e o e o sk oo s ke i koo oo o ol o e

4 XTIME=TIME

IL=1

KL=1

JL=0

KJL=0

XNBOND=ITCHK

LJ=NBOUND-=ITCHK+1

DO 5012 I=1,oNCOL

SUMX({])=0,0

DO 120 J=LJ9NBOUND

READ(187600) (CURSOL(L)sL=149JJJ)

DO 121 I=loddd

K=CURSOL({1)+,001

IF(KoNE-J) GO TO 5010 S

IF(I-EQ-1) GO TO 121 .
SOLCUR{I-=1)=CURSOL(I)
IF(SOLCUR(I=1)eGTe0.99)SUMX(I-1)= SUMX(I-1)+1.
CONTINUE

IF(LEVEL-EQ.NJOB) BDUND(J)—IO**b

CONTINUE

DO 5013 I=1,NCOL

CURIND(I)=10%x*6

IF((SOLCUR(I) eGTe0e0) e ANDo(SUMX(I). GE XNBDND))
1 CURIND(I)==10%%3
3 CONTINUE

REWIND 18

******************************************************
STEP 9

P2
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C SLOT JOBS (SLOT COL.OF CURSOL .LE. 0Q)
C  STORE IN JOBSIN(LEVEL,JOB NO.) .
c*********************************************************
C
L=2
: JOBSIN(LEVEL,.1)=J0OB
149 IF(LEVEL.FQ.1)G0TO14%4
DO145 I=1,11
JOBSIN(LEVELyL)=JOBSIN(I,1)
145 LL=L+1 |

*_*#****************************************'**************f
STEP 7 - |

STORE CURSOL

CHECK STATUS OF SOLUTION AND SET UP BRANCH CONDITIONS
*********************************************************

OO0 MNOA

144 D02011 I=1,NJOB:
WRITE(3,2012)(JOBSIN(J,1),J=14LEVEL)
2011 CONTINUE
JK=NBOUND+1
131 JK=-1
XMINBD=10%%5
DO128 J=LJyNBOUND
IF(BOUND(J).GE.XMINBD)GOTO128
XMINBD=BOUND( J)
JK=J |
128 CONTINUE
~ IF(JK.GT.0)GOTO129
LEVEL=LEVEL-1 -
IF(LEVEL.LE.0)GOT0302
NBOUND=L J-1
LJ=NBOUND-(DUEDAT(JOBSIN(LEVEL,1) )~
1 EAST(JOBSIN(LEVELy1)))+1
BOUND(IBRAN(LEVEL ) )=10%%6 ~
WRITE(3,2015)JKsLEVEL sNBOUND, ( IBRAN(T)»1=1,NBOUND),
1 LJy JOBSINCLEVEL 1) yNSPJ(JOBSIN(LEVEL,1)) '
GOTO131 | |
129 IBRAN(LEVEL)=JK
DO 5015 J=1,NBOUND

READ€18?60@)(CURSDL(L)yL=l,JJJ)
K=CURSOL(1)+.001

- IF(K-EQ.JK) GO TO 5016
5015 CONTINUE |
5016 DO 132 I=2,JJJ
132 X{I-1)=CURSOL(1I)
- REWIND 18 | o | |
WRITE€392015)JK9LEVEL,NBOUND,(IBRAN(I),I=1,NBOUND)’

1 LJvJOBSIN(LEVEL,l)9NSPJ(JUBSIN(LEVEL913)
2015 FORMAT(?® vaOIS/)

e




! C

614  FORMAT('0

89
C
C READ IN NEW INITIAL BASIS

C
DO138 J=1,NJOB
. XY=0.0 |
- DO137 JJ=1,NJOB
IF{JoEQe JOBSIN(LEVELyJJ))GDT0143
137 CONTINUE
XY=1.0
143 MSPB=1
1JJ=J-1
IF(IJJeGT.0)MSPB= MSPB+NSPJ(IJJ)
MSPS=NSPJ(J)
DO138 K=MSPB,MSPS
 XMAT(CMATI(K))=XY
IF(X(K)oGTe0oe 999)XMAT(CMAT(K))-1 0
138 CONTINUE
LEVEL=LEVEL+1
[I=LEVEL-1
‘ DO139 I=1,NJOB
139 JOBSIN(LEVEL,I)==1
ﬂ TIME=0 |
INFLAG=O0
NBOUND=NBOUND+1
C

(C 3 3 30 3 3R 30 350 3 3¢ 3 3 3 e ok e 2 o ol ade o ok 33k 3k 3k ok 36 3 3K 3k 38 3k 3l sk s 3 o o3 ol ok ok ok ok 3k 3k 3k ok ik ol o sk ook okl ok

'C  THE FORMAT OF CALLING STATEMENT MUST AGREE WITH
C FORMAT OF SUBROUTINE STATEMENT »
yC*****«**¢* *******#*****4*#*******m**********************

C
CALL CHOICE

C***%*%**********¢*********¢****¢**%**********************

C RETURN TO STEP 2 :
(C 3 34 3 3¢ 3 i 3 5k e 36 3 3 36 e 3 e 3 oo sk ko ***4****¢***¢**********************

C

| - GOT0207 |

101  WRITE(3,102)
102 FORMAT( ' NON-INTEGER OPTIMAL ANSWER IS INFEASIBLE /
| 1' PROGRAM TERMINATED')

600 FORMAT(20E20.7) |

602 FORMAT@Z&@)

603 FORMAT(® t,2A4)

610  FORMAT( °OCURSOL"'y5E20.7)
611  FORMAT(S00BJVAL'4F20.7) |
613 FORMAT( °OTIME® 51105 *ITCHK',y110)

NBOUND ® 5 110, * IONE*,110)

620 FORMAT(°0OFOBJVL®,F20.8)
1001 FORMAT(50F6.0) |

C*********************************************************

C***#**************************#**************************,
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1002 FORMAT(2164F8.3)

1003 FORMAT(12XsF8.3)

1004 FORMAT(20F%.,0)

1005 FORMAT(10F1045)

1006 FORMAT(4I1I5)
1008 FORMAT(® VARIABLE'yI6494"' AT LEVEL'9yF6.3,
1 ' WITH COST',F8.3)

1009 FORMAT(!' OBJECTIVE VALUE',F8.3)

2002 FORMAT('® B'4,21F6.0) |
2004 FORMATI(® C'921F6.0) |

2005 FORMAT(! A'¢21F6.0)

2006 FORMAT(® KO®,6110)

2007 FORMAT(® JOB MSPB MSPS L2',416)

2008 FORMAT(? ?°3,10F10.0)

2009 FORMAT(® ,2016)

2010 FORMAT(? BOUND'310E1244/' '410Fl12.4)

2012 FORMAT(® JOBSIN®,2015)

2016 FORMAT(° DUAL VARIABLES'4310F10.5)
2222 FORMAT(® A MATRIX®,10F10.4) |
8500 FORMAT(® RMAT ',1518)

8600 FORMAT(?® XMAT ',15F8.2)
8700 FORMAT(® RHS "y15F8.2)

9009 FORMAT(F5.0)

STOP
END

i

-
|

1 |
BN [




G

%, i

(@)

]

2001

2006

2002
2005
2003
2004

91

THE ' *STIMPLEYY SUBROUTINE SOLVES THE LINEAR
PRUOGRAMMING PROBLEM=MINIMIZE L SUBJECT TO axXx=B AND
X(J) EQUAL TO UR GREATER THAN O. THE SUBROUTINE IS
NUMBER 3384 IN THE SHARF PRUOGRAM LIBRARY . .
SUBRUUTINE SIMPLE (MXyNiNgKH)
'lNTtth PERM a

COMMUN NJOBs I, J(BSlH(lu,lw),erm(lu)

COMM”N INF'Ab,ﬂ(5§9900)7H(b§)9L(900),P(9UQ)yKU(O)
DIMENSTUON PE(100)4Y(100) o E(10000) ¢ JH( LOO) s KB(1OOW)
1 X(1000) |
EOUIVALENCE (XX,LL)

LOGICAL kFAS VFR,NFG,FRIG,KU ABSC

SET’INITIAL VALUES, SET CUNSTANT VALUES

CITER = 0

NUMVR Q
NO2001 M 1,100
PE(M)=0.0

Y(M)=0.0

JH(M)=0

CONTINUE -

DO2006 M=1,4,10000

F( M )1':000 !

DO 2002 J=1451000

X{Jd)r=0.0

CONTINUE

FORMAT(Y AV 4321F6.0)

FORMAT(! B'"y21F6.0)

FORMAT(Y 'C'4y21F6.0) | - N
Moo= owmX o - &
No= NN |
TEXP
MCUT
NVER
'2 = MR

FEAS = JFALSE. -

IF (INFLAG.NE.O) GU TU 1400

o 5::::;:]_ (‘)
Gp 4+ 10
M/2 + 5

C* aNEWa START PHASE ONE WITH SINGLETUN BASIS

14073

1402

PO 1402 J = 1,N
CKB(J) = 0
KO = JFALSE.
DU 1403 L= 140
CIF (A(I9J)eF0.0.0) GU TU 1403
[F (KOeURGA(IyJ)elLTo0.0) 60 TO 1402
KQ = 4TRUF.
-FUNTINUt
KB(J) ='1
CONTINUE |

T LR S L e e i s e Y e S P (P e S N I M e U RS AR P o et b e o P S S T
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R e N S GO

C* dVER®

(e

DRI b e e -
g‘ «‘-Z‘.‘.v' AT

92

1400 DD 1401 I = 1,m
% (1) = =1
1401 CDNTINUE

1320 VER = .TRUE.
INVC = 0
NUMVK =  NUMVRK | +1
TRIG = oFAL SE.
NO 1101 I = 1,M2
= E(I) = 0.0
llUl CONTINUE
i IMM“I |
DO 1113 I = 1,mM
t(NM) = 1.0
PE(I) = Oe0)
X(I) = B8(I1)
IFE (JH(TI) «NE.0) JH(I) = —1
MM = MM+ M+ 1 -
1113 CONTINUE

[ FORM INVE 'S =

JT=1
1103  IF (KB(JT).%Q.O) GO TO 1102
? GO TU 600 |
C 600  CALL JMY
CHUOOSE PIVOT
1114 TY = 0
COKW =

« 0
e FAL
DU 1104

S

—
Ilm

l,M

|

IF(JA(T ) eNEe=1.0R. AHS(Y(I)).LF.TPIV)

IF (KVU) GO TO 1116
CIF (X(I)eFOe0e) GO TU 1115

CREATE INVERSE FROM aKBa AND

aJHa - (STEP 7)

GU TO 1104

IF (ABS(Y(I)/X(I1)).LE.TY) GU TO 1104

TY = ABS(Y(I)/X(1))
GO TO 1118

1115 KO = JTRUE.
GU TO 1117

1116 IF (X(I1)eNE.0OeaOK.ABS(Y(I)).LE.TY) GO TO 1104

1117 TY = ABS(Y(I))
1118 IR = 1
1104  CONTINUE
) KB(JT)=0 N
C | . TEST PIVOT
J IF (TYeLEoeOuw) GO TO 1102

G . y | | PIVOT

G0 TO 900

C. 900  CALL PIV

1102 JT=J4T+1
) [FJTeNE«(N+1))GOTO1103
C. | | RESET -ARTIFICIALS
PO 1109 I = 14M -
CIF (JH(I) eEQe-1) JH(I) = O

s e NSRRI T
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[F (JH(L1)eFUsU) FEAS = JFALSE.

,i 1oy CoTINnUE
) 1200 VER = JFALSE,
(J 55 SR ;;:
G aXCKa DETERMINE FEASTRILITY
| NEG = «FALSF <
LF (7EAS) GO 1y 500
FEAS=E o TRUFE
D 1201 = 1w
IF (X(I)eLTeUeO) G Tl 1250
I (JH(]
1201 CUNTLNUE
Cx aGETa CGET APPLICABLE PRICES
IF CenlUToeFEAS) GO Tir 501
SO0 DI H03 1T = 14w
PCL) = PFE(I)
I (XK(I)elTela)
503 CONTIMUE
; ABRSC = oFALSE.
GO Tu bHYY
1250 rEAS = JFALSE.
g MEG = «TRUF
501 DO 504 J = 1,y M
FLJ) = V. -
504 CONTINUE
ARSCT = +TKUE.
) HUb [ = 14
i =]
[F (X(I)elGEe()el))
ABSC = +FALSE.
D) 508 J = 14w R
P{J) = P(J) + F(mn)
M = Y+
508 CUNTINUE
GU TU 505 |
507 IF (JUH(1) eMELO) GU T 505

IF (X(I)eNFeOa) ARST = oFALSE.

D 510 J = 1M
PLJ) = P(J) = E(miE)
b = pam +
510 CUNTINUE
505 CUNTINUE »-
Cx amlma FIND MINIMUM REDUCED COST
599 JT = 0 s
BB = 0.0
M) 701 J =140
IF (KB(J)eNE.OQ)
DT = 0.0 |
B 303 1 = 14M
J | DT = DT + P(I) %= A(I4J)
3073 CUMTIMNUE |

LU T Y01

o b Nl
LRI R )

PERFORKM UNE TTrERATIUN

C(STER 1)

(STEP3)

e i
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Lk (FEAS) DT = DT + C(J)
IF  (ABSC) UT = = ABS(DT)
IF (DT.GE.BB) GO Tu 701
o JT = J
(01 CONTINUE
C  TEST FOR NO PIVOT COLUMN
LR (JTelLEeO) GU TO 203

EC kTEST'FUK ITERATION LIMIT EXCEEDED

IF ([TERGELNCUT) GU TU 160
ITER = ITER +1

i

600 NO 610 I= 14M
- Y(I) = 060
610 CONTINUE
L= 0 |
CUST = C(JT)
Dy 605 I= 14m
ATJT = A(I4JT) |
IF (ATJTWEW.D) GU TO 602
CUST = CUST + AIJT * PE(I)
DU 606 J = LM
LL = LL + 1 |
Y(J) = Y(J) + ALJT *= E(LL)
606 CUNTINUE | |
“ GO TU 605
602  LL = LL + M
605 CONTINUE

C COMPUTE PIVUT TOLERANCE

[ ‘U 620 | = 1M | _
», YMAX = AMAXLI( ABS(Y(I))aYMAX )
620 CONTINUE |
TPIV = YMAX * TEXP

C RETURN TO INVERSIONM ROUTINE, IF INV ERTING

IF (VER) GO TO 1114

C COST TOLERANCE CONTROL

RCUST = YMAX/BR
C1F (TRIGAND.BBeGE«=TPIV) GO TO 203
TRIG = <FALSFE. |
IF (BBeGE«=TPIV) TRIG e TRUE & -
AROW a) SELECT PIVOT ROUW | ~  (STEP 5
AMONG EQSe WITH X=0, FIND MAX Y AMONG ARTIFICIALS,
DRy LF NONEsy GET MAX POSITIVE Y(I) AMUONG REALS.
IR = 0 : | | |
AA
DU 1050 I =1,M o
IF (X(I)eNEeOeOsUORY(I).LELTPIV) GO TO 1050
IF (JH(I)eEQ.0) GU TU 1044 S
IF (KQ) GO TU 1050

O ) D | ' - | | E

[N

CH gy a MULTIPLY INVERSE TIMES A(.5dT) - " (STEP 4)

i

.;F;'AL.S E ° - g é - 3
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L0045 IF (Y(I)eLE<AA) GU TO 1050
GO TU 1047 -
1044 I (KQ) GO TO 1045
KU = «TRUE. |

1047 AA = Y(I)

1050 CONTINUE
IF (IRNE.U) GO TO 1099
AA = 10E+20 | ~
| FIND MINe PIVOUT AMONG POSITIVE EBOUATITONS
) 1010 I = 1M r
IFCY(I)eGTaleOE+50)Y(1)=1e0E+50 | S
LFCY (]l ) e LEeaTPIVeUOReX(I)elLFelOeDalUReY(I)AALEX(I ) )
GO TO 1010 . |
AA = X(L)/Y(1)
IR = 1

C10T0 SUNTINUE

IF («NUTeNEG) GO TO 1099

C FIND PIVOT AMUNG NEGATIVE FQUATIUNS, IN WHICH X/Y IS~

C LLESS THAN THE MINIMUM X/Y IN THE PUOSITIVE EQUATIONS

L THAT HAS THE LARGEST ABSF(Y)

DU 1030 I = 14M
IFCX(T) eGEeOeelURY(I)eGEeRBeORGY(I)RAALGTX(T))
1 GO TU 1030 |
BB = Y(I)
IR = I
1030 CONTINUE _
C TEST FOR NO PIVOT ROW ‘
LOY9 1F (IRLL.EQ) GO TO 207

N

O o P [V PIVUT ON (IR4JT) - (STEP 6)

LA = JH(IR)
IF (IAGT.0) KB(IA) = 0
900 NUMPV =  NUMPV  + 1
| JHUIR) = JT
KB(JT) = IR
YD = =Y(IR)
" OY(IR) = =1.0
L o= 0

¢ | | TRANSFORM INVERSE

' e 904 J = 1M
| L = LL + IR | .
LLL = LL + M | | - | -
GO T 904 ~ | . - |

905 AY, = E(L) / YI .
| PE(J) = PE(J) + COST = XY
- E(L) = 0.0 |
S DU Y06 T = 1M
E(LL) = E(LL) + XY % Y(I)




9 (16 CUNTINUE
94 JOMTINUE |
c | TRANSFURM X
XY = X{(IrR) / ¥YI |
D) Y08 T = 1, M
XOLD = X(1) - |
X(I) = XOLD + XY == Y(I) .
IR (e MUT a VER «AND e X (I ) el.TeOe e AND e XULDeGEea)X(I)=Ue
OK CUNTINUE
Y(IR) = =YI
X(IR) = =XxY .
IF (VER) GU T0) 1102
P (NUMPVeLELM) GU TU 1200
B TEST FUrR INVERSION ON THIS IT=RATIUN
INVC =" INVC +1
IF  (INVCeEWeNVER) GU TO 1320
LU TO 1200 | |
G BN UF ALGURITHMy SET EXIT VALUES Rl
207 1F (eNOTeFEASeURRCOSTeLE=1000a) GU T 203
(G INFINITE SOLUTIUN |
K = 2
Gl T 250
¥ g - PROBLEM IS CYCL NG
GO TO 2%0
o FEASIRILE OR TNFEASIBLE SOLUTIUN
203 KT = 0
250 IF («NUTSFFAS) K
DO 1399  J = 1,0
XX = 0.0
KBJ = KB(J)
I (KBJeNEQQ) XX = X(KRBJ)
i KR(J) = LL '
1399 CUNTINUE
K@G(1) = K
KUt z2) I TER
KO(3) = InNVC
KO(4) = NUMVR
RKO(S5) = NUMPV
KOG6) = JT | | | |
9: FORMAT(LIH 3 'THIS IS JT AT PREVIOUS INTERRUPT?,
1 110y 'ERROR IF LARGER THAN 101')
2000 FORMAT(Y "43F10.649110)

K o+ 1

59  FURMAT(1lH ,[10,F10.0) = I

RETURN
- END
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