Lehigh University
Lehigh Preserve

Theses and Dissertations

1967

An empirical study of the utility of a monte carlo
model applicable to the determination of
interference delays for multiple machine
assignments on semiautomatic machines

Leonard A. Sonntag
Lehigh University

Follow this and additional works at: https://preservelehigh.edu/etd

b Part of the Industrial Engineering Commons

Recommended Citation

Sonntag, Leonard A., "An empirical study of the utility of a monte carlo model applicable to the determination of interference delays
for multiple machine assignments on semiautomatic machines" (1967). Theses and Dissertations. 3556.
https://preservelehigh.edu/etd /3556

This Thesis is brought to you for free and open access by Lehigh Preserve. It has been accepted for inclusion in Theses and Dissertations by an

authorized administrator of Lehigh Preserve. For more information, please contact preserve@lehigh.edu.


https://preserve.lehigh.edu?utm_source=preserve.lehigh.edu%2Fetd%2F3556&utm_medium=PDF&utm_campaign=PDFCoverPages
https://preserve.lehigh.edu/etd?utm_source=preserve.lehigh.edu%2Fetd%2F3556&utm_medium=PDF&utm_campaign=PDFCoverPages
https://preserve.lehigh.edu/etd?utm_source=preserve.lehigh.edu%2Fetd%2F3556&utm_medium=PDF&utm_campaign=PDFCoverPages
http://network.bepress.com/hgg/discipline/307?utm_source=preserve.lehigh.edu%2Fetd%2F3556&utm_medium=PDF&utm_campaign=PDFCoverPages
https://preserve.lehigh.edu/etd/3556?utm_source=preserve.lehigh.edu%2Fetd%2F3556&utm_medium=PDF&utm_campaign=PDFCoverPages
mailto:preserve@lehigh.edu

AN EMPTRICAL, STUDY

OF THE UTILITY OF A MONTE CARILO MODEL,
- APPLICABLE TO THE DETERMINATION OF INTERFERENCE DELAYS

FOR MULTIPLE MACHINE ASSIGNMENTS ON SEMIAUTOMATIC MACHINES

by

P A THESIS
Presented to the Graudate Faculty
~of Lehigh University

in Candidacy for the Degree of

Master of Science

Lehigh University
1967

3 4eiatom At e+ e R VU UGN

e e T et o e o
SR T



CERTIFICATE OF APPROVAL

i

“~his thesis is accepted and approved in part ial fulfillment of

the requirements for the degrée of Mister of Science,

A date

Head of the Department

T Ty T D

[ el

e NN .

—_——— An




e SR

R PP

_ACKNOWLEDGEMENTS

A J
‘.
Iy
-
[
.
'
b -
K
ot
5L
10t
i
T
B
"
&
1
Ty
Sy
jl,f
e
'L;,
AI'\I,
i
i
i3
)

S o

SRS

H
5
=)
|.—J
a
{
[l
.
O.
¢
o
o
m.
w

..... my appreciation to the numerous indi-

AR LT

etz
N
Poas

SRR

viduals who assisted in making this study possible. The following

e,
SR,

s
G e

e
= ﬁ""’,(f‘ X

NN IR
Vs,

people deserve special thanks for their contributions of time and
effort;

I

it
5
%
i

Messtrs. Carl Texter and J oseph :Steininger of the Western

Blectric Company for their assistance in obtaining the empiri-

cal data used in the study. ;

') Professor Wallac e J» Richardson for his general guidance

and advice on the approach to the problem. |
Professor Arthur F. Gould and DI‘ John W. Adams for their

guidance &s committee meémbers.

.DT@gGary:EﬁnWhitQhQﬂseffor‘his adViCé in@dggigning %heﬁ
GXPeriméﬁgf@

~ Finally, I mist express my appreciation to my wife, Dawm,

whose patience and encouragement were prominent factors in the

successful completion of the study.

,iii




i 24 -t z JOR T .- ¢ - . e . L 0y SOV SO - B e R RN O IR, EE

TABLE OF CONTENTS

" ACIQ\IOWIIEMMTS ' e o e e o .'o,'l . ° e o e e o e e ¢ e o o * e . iii

LIST OF FIGURES AND TABIES « + 4 o o v o s v v o o o o o s o o vi

l . I:N"]:RODUCTION . o o ® e e 6 o e e e o e 0 e ‘ei e e @ & o e & & 2

2. STATEMENT OF THE PROBLEM . « o o o & . . W oL 9
3. EXPERIMENTAL PROCEDURE « « o o « o o « o « S
4. DETERMINISTIC MODELS FOR MULTIMACHINE ASSIGNMENTS . . . . . o7
4.1 Dale Jones Algebraic Model . . . . 2 ¢
k.2 Dr. K. 0. William Sandberg Algebraic Mbdel c s e e e 29

k.3 W. R. Wright Algebraic Model « « o o o o v v 0 o . . . - 32
L. W. G. Duvall Algebraic Model « ¢ o o o o o o o « e e & 35

APPENDICES

A. Operator Work Element Distribution « « « . o ; o« 6 & 5 . L1

External Work Element Frequency Distribution . . « . ¢« . b2
Computation of External Work Element Parameters . .« . . h3
Internal Work Element Frequency Distribution « « . . « . lb
Computation of Internal Work Element Psrameters . . . . Ls

B. Approximate Intégration Computer Program o « . + « . o h6

Program Variable Name Definitions .+ « o « o o o o « « & U7

Areas Under the Fitted External Work Element
| Distribution « « « « « . . P At 51
Areas Under the Fitted Internal'Work ELementx B
Distribution « ¢ ¢ ¢ 4 o v ¢ 4 e e e 6 e e e e .. 52 <




Chi=Square QGonness?Qf‘Fit“ TESES o o o o o o o o o

Test of the Fitted External Work Element Distribution.

Test of the Fitted Internal Work Element Dlstrlbutlon; .

'Synchronlzed Multiple Machine Assignment
Simulation Computer Program . « o o o o o 5 o o o o

Subroutine and Main Program Varisble Name Definitions.
Subroutine RANDOM (SEED, RAND) Source Program Listing.
Subroutine GAMMA (K, A, X) Source Program Listing . .
Main Program SIMULA Source Program Listing « o « « o .
Ordering of Job Deck for Computer Run |

(Fortran II - Honeywell 400 System) . » o . . %

Calculation of Simulation Sample Size .
Sample Size CalculatiOnS o o o [ [ ] [ ] ° L 3 ‘'@ N
Computer Simulation Performance Statistics .

10%. Level of Operation .
25% Level of Operation
35% Level of Operation .
50% Level of Operation
75% Level of Operation
100% Level of Operation .
125% Level of Operation .

Example of Calculations for Simulation
Interference Variations .« o « o o o v o o o o o .o
Table 1. Summary of Simulation Interference Results
Example of Interference Calculations Using
Deterministic ModelsS « o« o o « ¢ ¢ o o « o o o o &
Table 2. Summary of Interference Results (Expressed
In Seconds) v v v v e e e e e e e e e e e e e .
Table 3. Summary of Interference Results (Expressed~
in Percent of Attention Time)e « o o o o o o o o
Exanple of Significance Test . o o o o o o & s o & @
Teble L. Summary of Statistical Test Results . e e
Graph of Interference Variability &« o o o o o o o s o

S




I s T S

T At TNy

R P

SRR AT

3 AT AR R

LIST OF FIGURES AND TABLES

Graphical Man and Machine Process Time Chart .

Graphic Deécriptien of a Machine Cycle & . .

Interference on Multi-Unit Machines . « 4 .

Sandberg - Constant Time Solution Table . .

13

o LR 5 A 0 S T e LT

S o e v e a0 A 0




!
!
I
¢
)

e e e

e o ———

e oy et it op 2

R e S e gy

v

~ ABSTRACT

One of the most difficult problems that confronts the work

measurement engineer; in the establishment of time standards for

multiple machine assigmments, is theudetermination,Offmachine~inter;

ference. Several empirically-develdped'deterministiCimOdelsfhavg‘

found wide acceptance for usé in determining interference solutions
for ByhdhroﬁizedgmultipleVmachinéaéSsignmentsth.SémiaUtomatic;ma-

chines.

A stochastic solution process (Monte Carlo Computer' Simulation

”

Model) is considered as a means for improving the portrayal of such

world industrial data and its validation was reasonably assured

before employment in extensive experimental applications.

The solutions provided by four prominent deterministic models

Y

were statistically compared to those supplied by the Stochastic:simuﬁ-

"
lator. The simulation solutions were found to be significantly dif-

ferent at all levels of experimental operation@ 'Howéver§ this

TSR
w7

significance was found téfbeiimmaterial»fram,the.praetiinner”s

point of view in all but two instances.

.\I

In conclusion, the Simulation model was found. to have sdditional

utility in the determination of operator delays, thefestimatibnfoffproa

ductivity in particular man and machine systems,.and,in?ﬁﬁé evaluation
oA , :

of ‘the effects of proposed chaDQQS'in equipment and operating prbéédures,




1. INTRODUCTION

The operation of semiautomatic machine tools in various manu-
'factﬁring processespreSents an opportunity for one operatpr”%é.atteﬁd
more than one.independent_maehine*unit. Acéording‘tO'pﬁesenﬁ'usaée,
the term SemlaUtOmatlc "ig _\ge.ne’rally applied to machine urits which
.perfoﬂm_a:domglétejCjCle of processing without supervision, but re-
quire the attention of an operator toremove-thefpart;eaChtimeOne‘
is finished;and'towprésent,an.unfiniShed_part to be proegssed?(E)‘

Theredére-many'tyPeS-of semiautomatic machine units in commercial
operation, such ‘as compression molding presses, lathes, grinders,
millers, gear cutters, broaches, diGHCastingjmaehiheS,=ele¢tric
welders, drill presses, and Programmed test sets. These types of
'units‘are;the.result~of the mechanization of the processing and con-
trolling functions»Qf-maﬁufacturing,activitiesfby our growing in-

R d

dustrial complex.. 'Thezcontinuous-strivinguof”our'freeienterpriSé

system to reduce costs is neces Sary for economic growth. Therefore,
this trend of technical progress - the devélmeent-and?use of new
semiautomatic equipmert, will rise and be of considerable importance
to thegéohtinued'growthof our society.

The necessary work required for each semlautomatic unit, con-
;sisting ofiremovingfthe'proGessed~matérial,fPreseﬂﬂing new material
and making possible inspections and adjustments, is seldom encugh to
occupy all the time of the worker. Tt is therefdrénpossiblﬁ‘to*let

the same: worker service more than one Suchlmachine'unit¢

To estgblish an understénding*of a multiple machine*ﬁnit,




‘assignment, it~is‘important that sevérai-terms-cemmonto any such

e

relationship be defined.

§y§tematie Serviced'Madhines - The unloading, loading and

automatic run times of theSe'machines are predictable gs
toherderof‘oecuzwence and elapsed time required for both
operating and si'ei"vii'-ci‘ng-;.. Solutions to problems involving
these~nachines_are~determined by_systematicfanalysiseand

portrayed algebralcally'W1th 81mple linear functions.

Random}y;Servlcedeachlnese-~The'servicing and. run times of
these machines are unpredictable as to order of ocecurrence
and are completely random. Solutions based on the laws of

Dbrobability are used for these assignments.

Machine Time - The average of the total time per’ unit time
 when the machine is working, Itgis:usually:fixedfby-speed

andufeed’settings and is not controllable by the operator.

:Attentien.(Servicigg)Time-eﬁTheaaverageﬁof %he total time per
unit time when the opefatorladjusts, empties, QrkrelOa@s thef‘
machine, Thistimecanbeﬂurtheridifférentiatedbetween
véxternglrworkﬁ, manual work performed by the: eperator whllem
the machine is non-productlve, and 1nternal'work", manual

) worked performed during the machine 's automatic pfbdﬁciﬁg

time.

Operation,ngle*Time' The total. tlme required to complete one

cycle of the operation. (Total of the "external work time"

and. the "machine time", )




.Qperator'Idlg_Time{-?The time that the operator is idle be-

cause all the machine units in the assighment are running

automatically.

Machine InterferencevTime:H-The:timetthat;onemmachine is idle

and non-productive beqauserthexqperatbrﬁis:Servicing another

unit in the assignment.

When two or more semi-automatic machines are assigned to one.
operator, it becomes aPPareﬂf'thai‘theremmay'be&a;IOS§ of output per
machine per unit time. This loss is due to.an,idle-machinevﬁimﬁ caused
by one or more df*the*variousfmachines.requiring the operator’'s at-
tention when that operator is already engaged st another unit. This
idleén@phine:time'iSIeommqnly,referred'to.as "machine interference".

In establishing time standards for multiple machine assignments,
one of the most difficult problems that confronts the work measurement
éngineer is the determination of the machine interference (21).

Dr. K.O.W. Sandberg contends that (16):

Measurement of machine interference has long been a. perplexing

manufacturing problem. The lack of an adequate solution has led

to strikes, to an investigation by a state governor, and to medi-
ationboard controversies, as well as to internal inadequacies in
product costing, pricing and Job scheduling. Failure to recognize

its existence caused one managément and its engineers to over- H

estimate plant cagpacity during a plant consolidation by 20 to 30

percent. |
Sandberg emphasizes the importance of’this3prdblem‘by'qpoting_fhé
words of former governor J. G. Winant while he was serving as chairman
of a bodrd of inquiry (1935) for the cotton-textile industry:

The problem of interference allowances is difficult because of

the numerous and often incalculable factors that must be taken
into consideration in reaching the proper result. |
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In practice, machine interference has been found to occur pre-

dominantly from 10 to 30 percent @fkthe“tbtal‘working time, with

extremes of from.Oth'ﬁO_ﬁercent (16).

bg . Frequently, time study engineerSJhavefspent7consid€réblertime
- - | 2 | |
taking complete production-timeustudies.of'mulﬁiple-maghine~885ign-
ments attempting to measure accurately the machine running time,

attention time and machine interference time. This method of megsure-

ment, however, is subject~to~the,limitationsofihuman;Qapdbilities,an&

to unfavorable economics. This is true because of difficulties en-
fGQuﬁtemed,in'timing,simultaneous1eVénts,ingdetailfover long and. con-

tinuous periods and in,ratingfthegpérformanceﬂléVéIﬁGf]theAdperatorw

N%yertheless,thezdirectmeasuxementlméthodrhas-yielded,empiric inter-

ference'dataWhichhas'taken.theform-Of‘fitted‘éurves, geometric

plots, and algebraic formulas. These empiric time study solutions are

'usuélly"applicableuonlyin Specific Situaticnsrahd.extenSiOns to other

Situations can be misleading (16).
Because of the inherent limitations;ofdiréc£~méasuremént;vre-
search has'beéniCOnducted.in-the ares of develQPing%methods fbr'pre-
estimating machine interference“for=a.variety=0f 6peratingc0nditiohs
which hopefully would provide improved solutions. Wright (21) s::tna,t es

thai.thereVane:fQur'definiﬁenadVantages-éf*haVingta;preestimating

> method:

1. It saves a large part of the time required to set standards
for multiple unit machines 'be_cause it eliminstes the necessity
of taking and analyzing long production time studies.

2. It results in much more accurate time standards in that the
errors due to variation‘in conditions of the work during the




study are eliminated.

3. .It makes it possible to set up element standards and Fformulas
for a given class of machines which are entirely general.
Without such a formula, standards may safely cover only the
machine assignments and conditions for which the interference
studies were actually made.

L. Finally, it makes it possible to compute in advance of in-
stallation the most economical number of machine units to
assign to each operator from the standpoint of labor and
machine costs.

Several notable empirical models were developed as a result of
investigdtions conducted specifically to find solutions to this multi-
ple machine problem. These models, which are available for useé by the
practicing engineer, can be.categorized as being either deterministic
or probabilistic in their analysis procedure.

The simplest of multiple machine problems has been studied by use
of the graphical man and machine chart; such as that shown in Figure 1.
Man and machine charts are & graphic means of Portraying the separable
steps of the work performed. by a man and one or more machines and in-
dicating the relationship between the work of each (12). This pictori-
al model has by nature been determiristic. Tt must portray the operat-
ing times of the system elements as cQﬁs’t*ahtsﬁ and under the conditions
of synchronized,.or systematic machine servicing, permits solutions by
geometric and algebraic methods. The algébraic solution models de=
veloped by Jones (8) and Sandberg (16) are based upon this man and
machlgechart approach. One important dis advantage of this type of

rﬁodel should be noted. It is unable to provide reglistic solutions fb;r

man-machine systems which include variable attention times and con-

ditions of random servicing.
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Jones (8) and Berstein (16). Such authors as Palm (15), Asheroft (8),

A detalled .analysis of four of the most prominent deterministic

models developed by Jones (8), Sandberg (16), Wright (21), and Duvall

(21) is presented in section I of this study.
As a result of the limitations associated with deterministic

models, a distinct area of investigation was centered on developing

solutions for probabilistic problems concerned with strict random

[

servicing. Considerable the@re%icalfwcfk.and-mo&el;development:has

been done on the pure probabilistic approach. These probability so-
Iutions have proceeéded from one of three possible approaches: the
binominal, the normal curve, or the Poisson-—exponential. Contributions

employing the use of the binominal solution have been proposed by

Sandberg (16), and Wright (21) have proposed Psisson-exponential and

v

Further discussion of these pure probabilistic approaches will not

be made since1they“gfe not the fundamentalssubject~0f*%his:study,




The major purpose of this study is the investigaﬁiOnxqf the:feasi-

ibility'and.utilityﬁqf‘a stochastic solution process (Mbnt@'GarlO:ModEl)

as applied to the solution of syn¢hronized.multiple,maChine assignments

on semiautomatic machines.

When theftimevcyclES»Of semiathmatic.maéhinesfare‘regularz not
.rahdomw-‘with‘regardgto operatoriservicing, it has been found feasible
to arrange for a synchronlzed multiple machine operat jif'o:na“l, HOTK cycle.

Textbooks and published artieles-coveringfthe determination of
machine interferénce time, arising from this type of assignment, gener-
ally have cregted the Iimpression that interference can be calcuiated
thrbugha;setfof“determinisfit;mathematiCal models: which give Cutﬁéhd=
dried solutions under all conditions.

Objectively, the manual attention time of such an assignient is
never a constant, but the;result of a specific chance variable system.
The author feels that the real system cannot: be studied satisfactorily
' WithOu$~GOnSidéring the variation which is inherent in some of its true
variables. It is also believed that the use of a strict deterministic
model under theséﬁoperating conditions renders soluticns which are un-
feasible. -Fﬁrthermﬁfe,-ﬁheSe models do not. present ‘their results inf
” £e£ms:Qf“cnnfidenee_intervals Whichpcanﬁbé;mbréAmeaninnglxthan the
presentation of "single values".

The questlon of fea51b111ty is of considerable 1mportance since

_the effect of machine interference delays is to reduce the expected

'mach1n§ output. Consequently, allﬁmanufacﬁuring_activitiesfcanETnéd‘

)
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5 with productivity and work measurement must take ‘into account the
extent of such reductions.
The stochastic nmdel;of”thiS~study‘Was.déveloped to apply the

| " probabilistic concept of variable manual attention elements to a

synchronized or systematic method of operator servicing with constant
machine processing elements. On this point it differs from the pure
probabilistic models which all assume operator servicing on a completely

random = first,finishéd, first attended basis.
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3. EXPERIMENTAIL PROCEDURE
The problem, as described in section 2, was studied by constructing

d Monte Carlo Computer Simulstor of the man and machine relationship.

The principle of the ~c‘ompuitér simulator was to build a dynamic manipu-

latable model of a synchronized multiple machine operation, possessing

e

'Some‘stochaStic.pererties,'within the'high.speedgmgmgryagf'a digital
computer. -ThrOughmthe'usefofjrandOmgsamplingferm.the statistical dis-

tributions of the probabilistic components, the model was studied in &

stochastic manner under a variety of operating conditions .
The experimental proecedure, after formulation of the ﬁasigaprcblgm,

consisted of the following seven major elements.

L. Collection and processing of real,world data.

Before proceeding with an empirical study, it was desirable to

bound the study to an extent that it became manageable but yet refained

realistic. The desire for manageability of the study is well understood

when considering the numerous factors involved in the multiple machine

‘assigmmentmconceptg The area. of realism is interpreted from the view-

point of the practitioner who is interested in the consideration of

4

fhoseafactors which‘aré}néaessary*ﬁb'adeguately'describe the systeg of

interest.

ConSe@uently;'this;investigationNWasédOnfined tguanzaﬁakysisraf'a

typical synchronized three machine assignment model which was developed

from real world industrial data.
The data used in the emplrlcal study‘was obtalned fr@m.a:manu-

facturlng fac1llty of the Western Electric Company, Incorporated For

SUPOUS
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the usual proprietary 'r'eas'ons, the location of the plant, the exact
description of the product, the'ident-ifi;cati;o,_nW-of the operator, and the
time period :during'which the data was compiled must be withheld.l How-
ever, these ;re,s-triéti{ons; of disclosure do not occlude the validity of
the study in any man.n-er._

The actual data collectiocnh process involved the use of a memo= .
motion study. ;Memomgtién study is the name given to ‘the technique for
the analysis of man Iactfiviié_-y that involves the use of a ﬁ.imQ‘ti'O‘£ pilcture
camers which is run at unusually slow :;S.,.Pee,d*'s?_’v (12). This technique ‘ivsv-
:_‘L-c’i;e,a,jlly suited for-'x use in studying simultaneously the man work,
equipment usage; and flow of materlals 1in an operation for extended
periods of time.

The motion pictures were taken using & l6mm Bell & Howell camera
;c«onn:ei'cﬁed to a LaFayette Trstrument Company métor driven gear train.
The speed of the gear train was set at sixty frames per minute (one per
@sc ond). The camera was equipped with high speed Kodak Tri-X reversal
movie film to pernit the taking of plctures by natural factory i1lumi-
nation.

~ Using this-special "e‘quipment'jw one hundred f-e‘et- of film ‘wére ex-
posed on & normal ;éverage; operator atﬁending‘. three sy'nchronlzed semi-

automatic machine units in an industrial setting.

2. Formulation of the ma’chematficai model

A detailed film analysis » utilizing a stop-frame 'prd;j,éctorj equipped

with a frame counter, revealed g Fform of work eycle on edch machine gs

portrayed in figure 2. 'The operator performed some work while the




FIGURE 2
GRAPHIC DESCRIPTION OF A MACHINE CYCLE

— TIME -
EXTERNAL INTERNAL
WORK TIME WORK TIME
AUTOMAT | C ]
RUN TIME g
— OPERATION CYCLE TIME ]
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machine was non-productive.

This type of work, conventionally called
"external work", consisted of the unloading,

ing elements. The operator then immediately performed some "internal

Work" after the b_eginriing'-oﬁf the machine's automstic produetion time.

1

Dete¥mination of this strict work eyelé permitted the formulation
of a mathematical model. which would describe the behaviour of this man

and machine system. This model was developed in a general form to

dﬁépict the operator systemat ‘i‘-cally servmlng two. or more semi-auto-
e

natic machine units.

The variables of the model were defi ned a8 follows:

Subscripts - i £ i th machine

i
J = J th cyele
n = number of machines

Cycle Definition - the cycle begins at the moment that the

operator begins to unload - load a machine,
and ends ‘at the moment when he begins again
1o unload - load this machine.

€ (J) = length of the j th cyele.

P (i,3) = machine process time of the i th machine on
the j th cyele. (A constant in this model. )

.0 (1,3) = operator external work time T\'ra_r"iaﬂail_e on the
i th machine on the j th eycle.

RI (1,3) = operator required internal work time variable
on the i th machine on the J th cyele.

ATDLE (4,J) = apparatus (machire) idle timé on the i th
machine on the j th cycle.

OIDLE (1,J) = operator idle time while waiting to ser-
- vice the i th machine on J th ecycle.

14
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Model Structure - o §

(in refererce to flgure 2)

1. ﬂCv(j),: 0 (1§ff

¥ P (1,3) + ATDLE (1,3)

and

Mo
Q.
N
1l

(l)J) + RI (l)J) + OIDLE (2)3) + 0 (2)3)

- RI (2,]) + .+ OIDLE \n,,]) +0 (n,J) + RT (n,J) +

OIDLE (1,).

Analyzing equations number 1. and 2. gbove for C (J)s it can ber
geen that AIDLE (1,3) .and OIDLE (l,J) cannot both be zero on the j th
_c,._ycle. The machlne cannot be waiting for the operator while the

Y |
operator is waiting for the machine. |
This characteri st’i‘c‘- permits ""th'e establishment of a routine to

determine the values of both AIDLE (i,3). and OIDLE (i,J).

het 2 (l’J) =F (1’3) (OIDLE (2)3 ) + 0 (2) j) + RI (E;J) +oeveet

~ OIDLE (n,J) + 0 (n,j) RI (n,J))

Z (l, J) can take on a positive or negative value -

If 2 (1,3) 1s positive then OIDLE (1,j) =% (1,J)

and AIDIE (1,J) = O.

If 2 (1,§) 1is negative then ATDLE (1,j) = absolute value

y

'Qf‘Z,(lgj)_andanDLEi(l,j) = 0. | s

These relationships form the basi s of the general mathematical 'r;_'nlod’e'fl

describing this system. | /</

3. Estimation of parameters ®f operatlng characteristics from
‘real world data -

Upon completion of the data collectlon and formulation of the basie 9

ation of the parameters of ‘the operating characteristics from the real
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world data. o 55
The numerical data gathered from the memomotion study indicated

distinct frequency distributions for both the "exi_:e{:t'nalf"'* and "internal"

operator work elements as shown in Appendix A. Both distributions are

identified by a lack of symmetry. They can be classified as right

(posit ";'_vaefly;)ﬁ skewed distributions caused by the extremes in the higher T

values distorting the curve towards the right.
Statistical measures of the central tendency (the average) and the

variation (the standard deviation) were calculated from the numerical

data of each distribution. (See Appendix A.)

~gample Values

"External work element"

Average x = 22, 93 seec.

Il

Standard Devistion s 3.27 sec.

Variance 62 210.70 see.

11.22 sec.

Aveérage X

Standard Dé‘v1atlon 5 3.27 sec.
Variance s2 = 12,08 sec.
These measures, computed -Tﬁrom;‘ the llmlted samples of --dat,az,. Wer'e
then used to characterize the populatlons or groups 0f data "i:rpﬁt which
the ';amples were taken. |
The mean value of a sample of n items is an unblas ed estimate of

Therefore -
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estimate the population valae'f0r~smaller(sample sizes. The factor

the "Expected Velue" E (X) = x

The standard deviation is & biased estimate, tending to under-

( ) referred to as Bessel's correction, is applied to the sample < ;
(n-1)

value as an adjustment for this discrepancy. Therefore -

V% (X) or 'é\)_Q _ éﬁ%g 2

Using these relationships, thefbeSt'éstimmﬁes.of5the population

Parameters were calculated.

"External work element"

"Internal work element"
E (%) =X = 11,22 sec. #
Y (X) = 3\2 E g 5= = H‘%‘B 12.08 = - 12. 18 sec.
Nbrmally, stochastic simulation involves the repLacement of an-
empirically determined distribution by its theoretical counterpart, a

'ﬁhiVerSe~deseribed’byfSQme assumed probability distrubiton, and then

,samplingpfrom:this theoretical populationfbyﬂmeansaof'sem@ytype;of

'“'random generator. Therefore, an attempt was made to fit Onewéf~th§;

known theoretical distributions tothe empirical distribution obtained
from the memomotion study. ° . y

The gamma distribution often furnishes a good fit for observations

skewed) (17). . |
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The usual procedure in fitting is the "method of moments™ ad-

vocated by Karl Pearson and his school (10).

The gamma distribution is deseribed by the following density

function kK (k-1) _gx

- o A x e (3-1)
£ (x) = (k-1)!

where ol > o, k>»o , and X are non-negative. The expected vajluéand
r s - |

variance are given by

B %) 5 (3-2)

v ()

I

L g

(3-3)

e Ifk = 1, the gamma distribution is 1dent1cal\to the exponential

!

distribution. If k is a positive integer, thé gamﬁazdistributidﬁtisf

identical to the Erlang distribution. As—k&- increases, the gamma dis-

- tribution approdches a mormal distribution asymptotically.

To fit an empirical distribution to a gamms,. distribution Wlth a

e

‘given expected Valué. and variance, the following formulas can be used

A

‘to determine the parameters of f(x) in equation 3-1

o ;:%%§% f | (3-4)

k= (5(x)° - B
(X - :

r

The expected value, E (X); and the variance, V(X), detemined by

the 1st and 2nd mome r}t calculations were use d&)' calculate the remaining

parameters K and & of the corresponding gamma distribution.

18
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"butibn'fiﬁtédfthe‘real world data from which it was derived. JIfﬁiS

 extremely important that a "good fit" exists. A computer model formi-

Fitted Gamma Distributions | | ﬁ

E (X) = 22.93 sec.
V (X) = 10.83 sec.

‘o = E(X) = 22.93 = 2.12
vV (X) 10.83

k = (B (X))% = (22.93)2 = U8
vV (X) 10.83 |

1'In‘tel"nal work elemerit"

V(X) =12.18 sec. |

%. Evaluation of the parameter estimates

Each of the empirical operating»gharacteristics which took the form
of & probability distribution were next subjected to a “gQaness of fit"

tEst'tozdetermine%how'wellfthEcgiven hypothetical’prObability;distriﬁ

lated Wiﬁh'inadequate-dperating.parameters will not depict the real
world situation which is being investigated.

A test to determine the goodness of fit of ‘the actual data to the
theoretical distribution hasfbeénﬂdevisedbe"Kari;Pearson;(6)*

The test involves the caleulation of chi-square

chi-square = ((fo =f)°
| [

19




2

fé'i%ﬁhe observed or .actual frequencies
f :_the'thedretiCal,ftequenCies

By}reference to &g set Of:chi-square tables,'chi@squarefmeg?be.evalu—

-ated. ,Ihgtheftables,TNiequais-the‘number-of "dégrees of freedom" based

?antheznumber«of'categories %Nk;-l)“WhQTE“Nk represents the total number

of categories. The number of degrees of freedom also decreases one for

each parameter estimated from the sample. The value indicated in the

table (p) is the probability of obtaining;a fit, ‘due to chance, as poor

a8 or worse than the one obtained. If this probab ility is small, the

likelihood that the dlspar ities between the theoretical and actual dats
are due to chance, is ‘small.

'Thegmeﬁhonofadeterminiﬁg the theoretical freqpeneigslfgrga:common

distribution, such as the normal curve, is a'éimple'matterwx~1ﬁ involves

the determination of the area under the curve within the desired in-

tervals using specially prépared tables.

Although the Cumulative'ﬂistributionfﬁunction.doesjnot exist in

exgiieit,formlforuthe-gamma diStTibutionJCOQ§idered in this study, the

values of the SOicalled;incompleté=gamma.fhnétion'havesbeen-tabulated

by Pearson (13)-. Nevertheless, thé common practitioner will find that

the use of these tables involves a complex statistical procedure.

Therefore, an easily understood method of d_etermlnlng the ‘aress

under- the fitted gamma distribution was devised. U sing the density

function of the gamma distribution (eq. 3-1), a short Fortran computer

jpfogramﬁwagdeVelcped'tO ge;é?ate ﬁheraregs“under'the gamma distributions

in question. This program uses the trapezoidal rule of approximate

20




integration described by Susil (18) to generste the ares under the dis-

- tribution within the desired intervals. (Appendix B)
Execution of this Program refsultéd in two t'ablé‘s% of areas for the
fitted external and internsl work element di s-%ribut.iions~,,. (Appendix C. )
The chi-square test was then used to. determine the "goodness of
fit" for both _Zd'i.st_r-ibutiio‘n“s_ . (Appendix D) The values of chi-square in
both instances. indicated that at the 5 percent level of significance
the hypothesis, ‘that the diStI‘iblil.tiOnS were in fact gamma distributions

with parameters k and, should be accepted.

LI

5 “ Formulation of a computer program

The computer simulation program of this investigation was written
in geéneral purpose Fortran IT language.

The Fortran brogramming language was Selected becaise 11—, is a widely
used computer language that closely resembles the language of mathe-
matics and was designed primarily for scientific and engineering com-
'BuﬁaPiOn« Furthermore, Fortran compilers are now available for nearly
all of the computers used most often by industry, colleges and un:?: |
versities.

~ The mathemaffiz‘!}al synhchronized semi automatlc machine as.si;gnment
model developed 1n element 2 of this section was perfectly suited for
digital computer computations becguse of its recursive nature. The
major step in the programming of this model involved the development of
a proc edure which would generate successive random variates describing
~ the external and internal work elements For .use in thef recursive re-

lationships.

e N Tt s s e b s




The generation of these random variates is entirely numerical in

- nature. It consists of a procédure which transforms pseudorandom

‘ numbgrs, repreSenting;the-unifOrm.randeTvariables in the rangé 0-1, |

by means of the inverse cunm&ative:distributionrfunction (13), g
The main simulation program, SIMULA,'waS written following the

mathematical modelvpreviQHSlyféstablfshed. The.Qperating~structure of

this main program was designed insa%flexibleﬁmanﬁér tb,permit the man

and machine system t@'be-simulétedifor different periods of duration

under a variety of machine cycle lengths. (See Appendix E)

Agsdbréutine, f?fffA(K,A,X) was written which generated and re-

tHIHEd.to*the,maiggpragram?rdndam-variatesvfrom'théygammapdistributidn
(13). GAMMA (K,A,X) was developed with a general format in order to
permit it to generate variates for both the exterrgl and internal work

elements. (See Appendix E)

A (K, A:X) T equlr ed a supply

In order te—function, subroutine GAM)
of psuedorandom numbers for transformation. The many methods of geri-
erating random:numbefé'onja.digitalcomputerihave thémselyes'been the
subject of ?XtehSive;stuQies aﬁd iﬁV@Stig&tiQnSg .A;previgus,studY(EQ)
found that the HUKmer‘83°usednas,a'multiplier in,thefmultiplicaxiVe
' congruential method provided a sequence of numbers which exhibited sat-
isfactory statistical characteristics of randomness. Subroutine RANDOM
(SEED, RAND) wes in turn written (using this technigue) to generate and
return'the-réquired.psuédorandamﬁnumbers #o GNWMA (K,A,X):upon;demand;
(See Appendix E)

The final step in the&devélopmén%:of“the_cbmputér;program,iﬁvdived
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the specification of the desired simulation performa.nce statistics

and their output rormats. For a given machine cycle length the sta-
tistics consisted of -
1. number 6f machines simulated (echo of the input data)

2. total number of operator service cycles (echo of the
input data) |

elapsed operation time

Fow

. total numbér o f/unlt s produced by thé system
| \ _ ,. |

average cycle length

'aner-a-g_ei :Qp:e-rato:r- idle tlme/serV1ce cycle

7 average apparatus (machiné) idle time /service cycle

6. Validation of the Computer Simulation Model

Naylor (13) states that:

The problemr~8f validating computer simulstion models is

indeed a difficult one because it involves g host of practical,
theoretical, statistical, and even philosophical complexities.
Validation of simulation experiments is merely part of a more
general problem, namely the validation of any kind of model

or hypothesis., ....

In general, however, oné test seems appropriate for valid-
atlng simulation models. - How well do the simulsgted values
of the endogenous variables compare with known historical
data, if historical data is available?

In this investigation, limited fhiﬁstorical‘ data was available in
the form of the performance dats gathered by the origitial memomotion
study.

The memomotion study was taken On. & group of three machines, each

of which had an sutomatic processing time of 120 sec. The average man-

ual attention time per unit consisted of 22.93 'sec. for the external

o R o, e R o R s A 1 . 2




work element and 11.22 sec. fQT"the.intern;lfwcrkiélement;

Two of the ope,jriati{ing Parameters of the typlcal multiple machlne N o
assignment are usually expressed as Percentages. ’ The first, ;averagfe'-
manual attention time, can be expressed as a percentage of the total
operating cycle and ‘will hereafter be referred to as the "Level of
Operation”. The second, average machine idle time (interference), is
normally expressed as a percéntage éi‘the average!manualgattention.timeu

Analysis of the memomotion study yielded the following data re-
garding the two above mentioned parameters -

22.93 + 11.22 sec. L
Level of Operation = 22.93 + 11.22 + 120 sec. = 23%

Machine Interferetice = o 794 sec. = 2.32%
22.93 + 11.22 sec. |

An executed computer run-(AppendiXG).at'the-25%}leval.ofﬁﬁééraiian;
resulted in a "mac-hin,é: -i’nﬁ.,,e»rfer.ence" of 2,02%,

Since the results of the simulation at the 25% levelﬁcoﬁpared.
favorably with the actuafl’» llm:Lt ed performance statisti cs, the computer

model was considered valid and capable of predicting the behavior of

the real system under other operating conditions.

T+ Design of the Simulation Experiments

The final step in the éxperimental prfogrci,édure , after reasonably
determining the validity of the ecomputer mogel,. :LnVOlV ed the des ign of
the simulation experiments. ;These’experiments'were.de;ised to evaluate
the-feasibility“aﬂd.UiilifoOf the stochastic solution process as
applied to the problem. |
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TheuinVestigation:involved,the evaluatien.of,perfarmahce sta-

tistics preVided.by“each:Qf“feur;prdminent;deterministic models

(described in Section ﬁ)and'the;stOChastic~cOmPUt§rsimulator using

Seﬁeral.sets.@f’bssiCiopérating%inpuf‘parameters;
The detErministiCVdeels.andfthe:COmPuterwsimulator were eval-

ﬁated.amrthe,fdllOWing~SGVendifferent.levelsﬁOf“OPeration.

Level. of Operation Associated Automatic
Machine Run Time

1 0% | 319 secs
2 ;25% " | L sec.
Ly 150% h5 sec.
p) 5% 23 sec.
6 100% 11 sec.
f 125% | L SEC ..

service rounds.. This particular sample size was determined from the

variability of the available sample data originally obtained by the

Research in the field of timenStudy:and:normalvratingfmefhods,
bW'SHCh‘indiVidualsEanMundély Lazarus, Keim, Iehrer and Carson, in-
@ica%ES;thatiresults~withan-accuracyfofhj,5ipercent:error*cah.be.ex-

pected (12), @heﬁcaibulatiens for the required simulation sample size

We?e baS€dv6n“ﬁhé observed variability of the measiurable manual elements
using the gbove aéceptedgwerkgmeasuremeniueoneept. (SeeﬂAppendix;F)
The Sample“sizeveould h&Vé-been based on the variability of the per-

formance statistics. This procedure'would have resulted in a consider-

ably larQEr sample requirenment in order to cause the results to

f
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stochastically converge. Had this procedure been employed, it would

have provided theoretically greater accuracy in the values of the

individual manual elements. However, in practice, this greater

accuracy }s not obtainable using common work measurement techniques.

The interference solutions f;p'roVided by the simulator at the seven

levels were compared to those supplied by the deterministic.models by

means of null hypothesis significance testing.

The specific simulation interference statistics were also evalu-

ated by the method of moments to determine their inherent variability

at each level of operation.

______
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L, DETERMINISTIC MODELS FOR MULTIMACHINE ASSIGNMENTS

The most prominent deterministic models chosen for analysis in this

study, which are available for use 1in evaluating synchronized multimachine

;aSSignments;and‘predetermining_maéhine-interferende,:are-anfeuﬁgrQWthfof

algebraic relationships and empirically developed curves.

k.1 Dale Jones Algebraic Model

The first model investigated was devélgpedfby*Iale;Jones,,gf the

Sandia Corporation, in 1946 (8). This model is based é% an:a1gébraic

?relationShipfwhich:is an outgrowth of the basic¢ man-machine chart approach.

Jones depicts the typical semiautomatic machine cycle as illugtrated

in Figure 2.

R

Thé'analysis.gf an assignment using ihngmodelﬂregﬂiﬁes an under-
standing of the following terms:

R = Automatic Machine Run Tinme
WE = Manual External Work Time
(performed while the machine is nonproductive)
WI = Manual Internal Work Time | |
(performed during the machine's producing time)
Attention (service) time (total sum of the manual
external work time and the automatic machine run time)

(WE + R)

(‘WEi Ry )
or ) . .
(WE + WI) = Battery Cycle Time (in systematically serviced ‘assignments
- Where each machine is serviced but once per cycle; it is
the longest of the individual operation-cycle times, or
the total of the required operator servieing times per
cycle, whichever is greater.) | :

.......
P

Basically, there are three;conditions tﬁgiﬁay exist in the relation-
ship between the operator and the machines in~a“multiplelassigmmEﬁt, In

the first condition, the operator is found %o be fully busy with no idle

Htime and there is no machine interference. Mathematically this is expressed

as % (WE + WI) = (WE + R),
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The second ¢ o_ﬁr"ldfi'-t-iao;n termed. "'"':'under»a's’sf"igr'-i‘efd._, . ex1sts when the total
attention (servicing) times in the battery Is less than the longest
operation-cycle. Ma—-th.ematlc,a&lly this is expressed as Z (WE + WI ) L
(WE + R). |
The third condltl on termed ""Qviei'r_’"asszignefd‘-;,"'7'“ exists when the t_otal;
attention (s erv1c21ng ) tlmeS for-all machines in the ba'tt-ery 1s greater than
the longest Operation-cycle. :Matherha;tzifcallyw;t‘h.i's, 1s expressed as K

2 (WE + WI) > (WE + R).

W1th the service time E(W'E + WI). As stated previioufs,;ly » the longest of
the individual Operation cycles or the Summation of the operator service

times 1s the battery cycle time. Tt 1s an easy matter to evaluate the

.operatlen cycle (WEl +Ri ) from the battery cycle time.

The degree of 1nherent operator idle time is calculated by subtractlng

the t@tal operator serv1c1ng time 2(WE + WI) from the battery cycle times.

idle time per battery cycle.




k.2 ”Dr..K.ta,?William»Saﬁdberg.Algebraichbdel.
Dr. K. O. William Sandberg, of the:General<Electri¢r00mpany,
developed a geometric and. algebraic model for the solution«of*machine

interference problems (16). This model parallels the Jones' Algebraic
¢ | “ "

Model of seetion 4.1. However, the formilas which are tsed in its
structure will not apply to situations in which the'QPeratbr»sérviceS
;a.machineiwﬁit more than once per service cycle.

The analysisAof an~assignment%using,this model requires an under-
sitanding of theﬁfollowingftermS;

"N = number of production units per operator
m = total running time of N units
me = time per cycle

me] = time of longest cycle

h = total operator hand-servicing time of N units
ho = time.per.gycle=
1 = total interference delay'timeuofiN“units
ie = fime-PEf'CYCle
iq = time per N cycles
b = total operator attention time'Mhile*maChine:iS'running,‘usea
for machine attention:or-othErAchgres. Preoccupied time.
Mey include repairs, cleaning, inspection, etc. 1f done by
operator. | \ |
Pe = time per eycle %;
Pd'z'time;per_round'Oquperater=8érvieing, of N'units.
f' = total free time of operator. Also called operator idleness,
stand-bY; and man inteirference. Can“be.used'fer~reSt'and
fatigue allowance.
;fd.s='per round |
31 = value before 'pt Introduced
fgo = value after 'p*

ey

Sandberg states that:

| N 1 ;7longestfpfime cycle is,équal
to, or' larger ‘than, or smaller than the sum of the operator work
load per round. |

values depends on whether or not the

AL | | ‘
Preoccupied time adds to the operator'workaload-and tends to create
iﬁtErference~delays except when it is absorbed during.épergterffree
- time periods. Thus, it can occur during free time or overlap free

time, or occur without overlap.
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Sandberg summsrized his model in ‘the form of a ‘table which specifies

two general interférence*fﬁrmulas?f@rﬁcbhstant;time'conditién, This

table provides a rule for choosing between them and for establishing the

value of operator free time f go Which remains after preoccupied time is
fiﬂtraduQEdjintO'an assignment.: (seégTaﬁlegg)

The choice Of‘thé;%wofsglutiﬁns;iS?determined,by~the»compafiSQn'of”
the work load vs. the longest prime cycle.

A prime disadvantage of this method is the complex mathematical

notation which tends to confuse the common ‘practitioner,




‘This comparison Zhe + pg>hay + myy 1 he1 + map2 $h, + pg
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P

ThlS comparison . | -
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k.3 W. R. Wright Algébr&idiMbdel  .

W. R. Wright hypothesized that gll machine iﬂterférence~was.a'matter
of chance andfb@liéved_thaﬁ.a;generalgFOrmula-could'bEédevelbped for it
by use of the mathematical theory of @ﬁdbability¢ He found that
Thornton.C;Fry, of the Bell TelQPhOné.Laboratﬁries,’had solved. a problen
:inrcongestion,of‘telephone'lihes, the~coﬁdit10né§0f'WhiCh~Were'nearly
idéntical,to the:machine-interference problem.

Dr. Fry*haa=developeda~formula'for”expecté&-delay'perncall"in
connection with telephonic research. fThe;prinéipal conditions assumed

in the development of Dr. Fry's formula are as follows: (21)

3. The «calls which are assigned to the gybup of channels are
distributed;individually an@_collnc-fVely'at;ran&om!

The first condition is SBviously*ideﬁticalaWiﬁh the: conditishs of
the machine-interference problem..

The second condition dges not apply accurately, but it was-realgé§;ﬂf

that if the assumption would give satisfactory results for telephone

:delay}'£t~éhou1d apply tatmachine'inﬁefference,

The third conditicn is not true for small nunbers of'maéhines;gr

for high percentages of attention time.

L= _50( \/ (1+X =W +aN - (1 4% = N) )
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where,

1= interference in percentage of abttention time
X = ratio of machine running time to attention time
N = number of units assigned to one operator

It can be seen that this formula is so simple that it can be applied
the analysis of more than eleven hundred hours of actual shop cbservation

 during which interference had been measured and recorded. These studies

-

covered the operation of eight entirely different types of machines and
were therefore considered entirely general.

1t was found that the formula checked accurately with these actual

shop studies for assignments of six or moré units per operator, but die

not agree when the assignment was less then six. It is an interesting

Tact that the first check of this formuls was made with data for. a six—
anit assigament. If this check had been made with data for a four—unit
assignment, the formula would probably have been discarded as not applicable
to the machine-interference problerti. Tﬂe'discrepancyfbetween the Formula
and actual performance data for small assignments was due primarily to

urﬂ Fryﬁs assum@tiOn Goncerning thefdiéﬁribU$iOHﬁOf wcalJSﬁ" This

| assumption resulted in an increasing divergence as the assignments became
.

smaller,

A set of empirical curves, Figure 3, was therefore developed from

the actual performance data for assigmments of from two to six units:
4with-thiS SuPPlement?tO thg_formuia, interference ValueS‘mabie;determined
£Gi any sssignment or any multiple-unit job by simply determining the

ratio of machine running time to attention time for each unit.
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bl W. G. Duvall Algebraic. Model
. |  ; . : ;
W, G. Duvall, of the Western Electric Co., developed .an empirical
formula to describe interference as a function of several variables (21).
In the formula which He developed, the symbols aré defined as
follows:
| N = number of machine units assigned per operator
; r = machine time per machine unit per unit output of product
| W = operator's attention time per machine unit per unit output
of product

T = interference as a percentage of attentlon time.

R = 'ratio r/w

The operating conditions under which the formuls is applicable are

das follows:
= 1. The operation performed on each of the N machine units undeéer el
one operator's care is identical, the machine units are identical,
and are equally well maintained, and the ratio r/w 1s therefore
the same for each machine unit.

2. The operator is equally available to all machine units.

3. The operator is always attending one machiné unit as long as
there is at least one requiring attention.

k. When any machine unit requires attention while the operator is
already engaged, that unit continues to require attentlen (under—
goes 1nterference) until the operator is avallable, and is then
attended by the operator for the full time requlred

5. Any time that the operator must spend at one unit, whether other
units require attention or not, is attention tlme in so far as
the values of w and r are concerned.

6. Any machine unit undergoing either attention or interference is
not liable to the prdbablllty of requiring attention until it is
agaln running. J ,

T« The prdbablllty of finding the group of N units in any specified
condition of interference is independent of the time at which
they are noted for that condltlon.




8. The various units of attention time may or way not be exactly
equal; and it is assumed that the probability of a machine
| unit requgring attention is equal at any instant in the machine
| | running time. This is not literally true, but over a length of
operating time, the distribution of attention demands approaches
the random distribution.

The general equation measuring interference is

o,
I = 100(N-I)e

é Duvall stated that he arrived at this form by considering actual (P
‘ interferencevaluesfplus‘further'feasoﬁiﬁg;Onvthenature1ofinterference;
:The'deVélmeentEOf'this=equati6n'may‘be;summ&rized.anfbliows: It
may be cbserved that the amount of interference in a givenmachinegassigny
ment will vary inversely with the ratio of machine time to attention time.
1t may also be observed that when R s constant, the amount of interference
| B will vary directly with N. Duvall concluded that R and N were two factors

influencing or controlling the value of I.

7~

Yy




- St -
e e A S T I L T T T e T

5. _RESULTS AND ANALYSIS

The: slmulatlon_phase'dﬁ this.experiment consisted of indepéndent

simulation runs.atfSEVéh'differenp:Qperating.levels of ‘automatic machine
run time. The simulations were run and‘the-desiréd:results‘were dﬁtained

- without any serious difficulties. Since each indeperident simulation
requiréd_approximately“SEVEHteeniminutes,

the *total computer time for
the experiment was approximately two hours.

statisties thatjwere_dbﬁained:at each 1evel.offp§erati0n gre shown in

. Appendix G.

An example of theféalculatiQﬁS’which“were’performe& to determine the
variation of the simulation interference results is shown in Appendix H

Table 1 of Appendix H shows a summary of the means and standard deviations

of the simulation results at all levels of ‘operation By'examiningffhe
column.corresponding'toitheaactpal'variaﬁiOn,‘it'can be seen. that the

variation remains almost constant after a point at which the manual

attentibﬂitine.reaéhes,50%gof the total cycle time.

Appendix H also'iHCludes*an-examplé of" the. computations which were
required 4o evaluate the Tour deterministic models described in Seetion
Tables 2 an@ 3 summarize theminterferencezsp@gtibns*prOVided"by'these

3 indicates that the models of Jones and Sandberg do not recognize machine.

1nterference conditions at the low levels of manual attention time.

.Furtherm@re, the Wright model (n < 6) is not ablezto-provide,s@lutions
for levels of operation greater than 50%; Simple inSPegtipﬁ.of all the

1

solutions indicateéd that the Jones and. Sandberg models seem to fit the

actual simulator results most closely.
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The solutions provided by the simulator wers compared to ‘those
supplied by the four deterministic models by means of null hypothesis
significance testing. Appendix H contains an example of the application
of the two-sided Normal SighificanceTest. The summary of all the
fsignificance tests:is-shOaninATableghj These results indigaterthat.

'inuali.Cases, fhe'simulaﬁor.resultsAdiﬂfépedﬂgignificant;y'with'the

solutions of all the models at the 5% lé&el of significance. Closé ex-
-amiﬁaﬂiOH~of*Tableﬁu.indieates that the models of Jones and Bandberg
'prOVided-solutioﬁS‘WhiChpossessedﬁhé=smallestj$ignificant difference.
FPOmthexpractitioner‘s-point:of’view,V%hese~mimimumdifferences would
usually be permissible in incentive pay situations and would certainly
be reasonable-for'sCheduiing;purpoSésx

rAnimportant-éutgrowth'of this investigation has been the presen-
tation of the simulatich interference solutions in termSwof confidence
intervals. (See Table 4) These intervgls can be more meaningful to the
practitioner than the preseritation of the usugl tegts of~significance;
:Thingsuaxe‘rarelyiblack.Qr white; &e@isioﬁs:arefrafeiyﬂmadéfgn one-shot
tests, but.usually in conjunction with other information:. Confidence
inﬁer;alsgiVe.a:fEeling'of the‘uncertaintyDf;exﬁerimental.@videncei
and,giVeit-im,the.samerunits as the:originalrdbﬁervaﬁions.

This study"has:glsoéregulteduin,thg\development of é graphic tool

which portrays the expected variation Ror & rarfge of interference.

solutions. (See.Appehdiij)
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6. CONCLUSIONS

4%
The major purpose of this study was the investigation of the

|
l
}fea81b111ty and utility of a stochastic Solution process (Monte
icarloiMbdel) as applied to the determination of interference delays ™
| X " ’

for synchronized multiple machine assignments .on semiauvtomatic

machines. 'Throughout~thé'study it was felt by the author ‘that. |

cahi;results:in this;particular-application; *HOWEver, this sig-

nificance is inmaterial from the*praétitionerfs,point of view in
all but two instances. The models of Wright and Duvall provide
solutions which are beyond. acceptable tolerarnce limits. fFeaSible-
s@lut;ons are provided for thintype;Qf%assigﬁmenifby the Jones,

Sandberg and Stochastic Simulator models.

-~

The auther feels. that the Stochastic Computer Model, which
éés constructed for this 1nvest1gatlon, has g utility beyond that
o' determining interference allowances for' an incentive system.
It can be used=withvgréat‘power £o:determine“Opefatbrwdelays; t0o
eétimate'the productivity of* particular man and machinersyStems,
and tofevaluate‘the‘éffectst£ prOposed changes in equipment and

operating procedures.




7. AREAS FOR FURTHER STUDY

The results of this study indicate that a portion of any future
research effort in;thi§ field should be spent-@n“the»alllimpertant
problem of writing computer programs for performing this type of

simulation experiment.

The model of this thesis was programmed using ‘the well-known
general purpose Fortran language. This approach offered the author
maximum flexibility in -

1. the design and formulation of the mathematical

model of the system.
2. the type and format of éutput reports generated.

| The shortcoming of this approach is the difficulty which is ern-

:counﬁErédfiniwrftihg'the-simulatian'progrémw 'The,pra@titionef~caﬁ,

ing control for the interdependent actions of the model. These com-
plexities provide an opportunity for the occurrence of minor errors
which are liable to be obscured.

R ‘ E

Future investigators should consider the use of one of the

H

more recently developed special purpose simulation languages

(SIMSCRIPT, GASP, SIMPAC) that are aimed at simplifying the task

of writing simulation programs.

o}
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OPERATOR. WORK. ELEMENT DISTRIBUTTIONS
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Program Variable Namie Definitions.

K = parameter k of the gamma distribution
A = parameter~o(of'theggamma distribution
X = ‘inﬁegrat ion starting point
E = integration ending point"

ARFA = computed ‘area of the 1nscr1bed trape201d within the
interval considered.

e

SUM = computed cumulative area of the distribution to ‘the. last
interval p01nt eonsidered.




SOURCE PROGRAM LISTING

= o LS

C THIS PROGRAM USES THE TRAPEZOIDAI, RULE OF APPROXIMATE
c INTEGRATION TO DETERMINE THE AREA UNDER A GAMMA
c DISTRIBUTION WITH PARAMETERS K AND A . -
READ 1, K,A,X,E
1 FORMAT (18,F8.2,F8.2,F8.2)
PRINT 2
2 FORMAT (1H1)
PRINT 3
3 FORMAT (11X,31H TABLE OF AF
1 120 DISTRIBUTION, /)
PRINT 4, K,A -
L FORMAT (l6X OHK= ,1X,12,10X, 2HA=,1X,F6.2, /)
PRINT 5, X,E q
5 FORMAT (16X, 3HX1=, ,1X,F6.2,10%, 30X2=, 1X,76.2, / ) 10
> PRINT 6 S i
6 FORMAT (4X,20HINTEGRATION INTERVAT, 5X,13HINTERVAL AREA, 12
1 5X OHCUM. AREA,/)

"AS UNDER' THE GAMMA, -

T
O OO O X :X
KeXoRoRe:
|....l
oN

no
=

H{ﬁiﬁi<iUifl

e E
TR
]
O
(@)
I._l
\O

oo,

e
I I
B ol (= |

jw/
O
-

Mo
g1 QR
n
=

Ogt
IR= I = =
"
\.I—'
=
N
\U1

IV * B | 26
7 CONTINUR 28
8 Z = (( A*C)*( EXPF (-m*x))) / DIv : 29

¥ Y = zx(X**(C-1.0)) 30

IF (X- s) 10, 9, 10 §¢31

10 AREA = (. 5)*(W+Y)*( 02) 32

to
I
to
+
o
N
—J

llTSUM SUM + TOT | : o 38
| P =X-1.0 | | ’ _, 39
PRINT 12, P, X, TOT, SUM - 4O
12 FORMAT (6x F6. 2,3H - ,F6.2 7X,E18 9,lX E18.9; /) L1
P = 0.0 ﬂ Lo

)-l- 8 k3




v = 0.
TOT =
IF (X-
13 STOP
END

0
0.0
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Table of Areas Under the Gamma DlStI’lbU-tlQn

'Integrg&}on Interval Interval Area Cum. Area
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Table of Areas Under the Gamma Distribution

K = 10
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APPENDIX D
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CHI-SQUARE "GOODNESS. OF FIT" TESTS




Cell Interval
CSEconds)
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CHI-SQUARE TEST FOR GOODNESS OF FIT

"External Work Element"

Gamma Distribution Fit ( K= 48, A- 2.12)
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Subroutine and Main Program
Variable Name Definitions

Subroutine RANDOM (SEED, RAND)
SEED = input-transfer of control variable

RAND = input-initial random number to begin séquence ( 43839901)

output-next computed random number

‘Subroutine GAMMA (K, A, X)

RAND = input-computed random number by Subréutine RANDOM
(SEED, RAND) ‘

K = parameter k of the gamma, dist "i'_’i”b‘ii‘t;‘ion

A = parameter o of the gamma distribution

X = output - computed gamms variate

Main Program SIMULA

All terms defined on source program listing
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,SOURCEiPRoGRAM,LISTING:

SUBROUTINE RANDOM (SEED, RAND)
THIS SUBROUTINE GENERATES A SEQUENCE OF PSEUDO-RANDOM NUMBERS
USING A MULTIPLICATIVE CONGRUENTIAL.METHOD -
CALLING SEQUENCE
SEED INPUT TRANSFER OF CONTROL VARIABLE

IF SEED = ZERO, RANDOM WILL SET SEED = 1.0

'RANDOM WILL THEN READ A CARD TO DETERMINE AN
INITIAL VALUE FOR RAND AND THEN COMPUTE RAND.

IF SEED DOES NOT EQUAL ZERO, RANDOM WILL
COMPUTE THE NEXT RAND IN THE SEQUENCE

INPUT INITIAL VALUE WHEN SEED EQUALS ZERO

OUTPUT RANDOM NUMBER
_COMMON SEED, K, A, X, RAND

IF (SEED) 3, 1, 3

1 SEED = 1.0

READ 2, RAND

2 FORMAT (F10.8)

3 RAND = RAND * 83.
RN = INTF (RAND)
RAND = RAND~ RN
RETURN
END
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SUBROUTINE GAMMA (K,A,X) | o

THIS SUBROUTINE GENERATES A STOCHASTIC GAMMA VARIATE FROM THE
~ CONTINUOUS GAMMA PROBABILITY DISTRIBUTION WITH PARAMETERS K

AND A. -

COMMON SEED, K, A, X, RAND

TR = 1.0

DO 2 I=1,K

CALL RANDOM (SEED,RAND)

2 TR = TR ¥ RAND "

X = -LOGF (TR)/A

RETURN

END

a




SOQURCE PROGRAM LISTING

TITLESIMULA
THIS PROGRAM SIMULATES THE OPERATION OF A STOCHASTIC MODEL FOR
SYNCHRONIZED MULTIPLE-SEMIAUTOMATIC-MACHINE ASSIGNMENTS.
A. STOCHASTIC MODEL TERMS
SUBSCRIPT (I)= ITH MACHINE (N)= TOTAL NO. OF MACHINES
(J)= JTH CYCLE
CYCLE DEFINITION - THE CYCLE BEGINS AT THE MOMENT THAT THE.
OPERATOR BEGINS TO UNLOAD-LOAD MACHINE NO. 1 AND ENDS AT

C(J)= LENGTH OF CYCLE
P(I,J)= MACHINE PROCESS TIME (CONSTANT )
0(I,J)= OPERATOR UNLOAD-LOAD TIME VARIABLE
RI(I,J)= REQUIRED INTERNAL WORK TIME VARTABLE (STARTED AT
THE BEGINNING OF THE MACHINE PROCESS TIME, )
ATDLE(I,J )= APPARATUS(MACHINE) IDLE TIME
OIDLE(I,J)= OPERATOR IDLE TIME- | |
B. STOCHASTIC MODEL STRUCTURE (RECURSIVE RELATTOWSHIP)
c(J)= O(l<I)+-P(l¢I)+-AIDUﬂI J) |
AND
¢(J)= 0(1,J)+RI(1, J)+OIDLE(2 J)+0(2,J )+RI(2,J)+.
| OIDLE(N,J)+)(N, J)+RI(N J)+OIDLE(1 J)
C. PROGRAM INITIALIZATION |
SET (SEED), RANDOM,_ SUBROUTINE TRANSFER OF CONTROL: VARIABLE,
TO ZERO. |
CLEAR ALL OPERATION TIME ACCUMULATORS AND COUNTERS
EOT = ELAPSED OPERATION RUN TIME
COMMON SEED ,K,A,X, RAND
) DIMENSION AIDLE (25),0IDLE(25),RI(25), 0(25),7 (25) AAIDLE(es)
1PERAA(25), PERAAT(zs)
5 ERASE ('ATIDLE,OIDLE,RI,O,Z,AATDLE,  PERAA, PERAAT)

SEED = 0.0

- BEOT = 0.0
OIDLET = 0.0
NUP = 0.0
PERC =

0.0
EOTC = 0.0
ACL = 0.0

= 0.

TOTAL 0
AMIT = - 0. 0
PAMIT = 0.0 -
PERCT = 0.0
WAIT = 0.0
READ 10, PER, N
© 10 FORMAT (A3, X, I2) | <

IF END OF FILE 220, 15 '
15 PRINT 20 ’
20 FORMAT (1H1)

PRINT 30

60

THE MOMENT WHEN HE BEGINS AGAIN TO UNLOAD-LOAD THIS MACHINE.

H O N0 00— O\ o T




30 FORMAT (22X,22HMONTE CARIO SIMULATION )

LO FORMAT (6%, 43HSYNCHRONIZED MULTIPLE- -SEMIAUTOMATIC-MACHINE,

L5

50
60

-

61 FORMAT (10X, 3OHAVERAGE MACHINE IDLE TIME/SERVICE CYCLE/)

. 80

90

100

110
120

130

PRINT 40

111H ASSIGNME[I\IT// )

PRINT 45

FORMAT (26X,14HRUN STATISTICS/ )
PRINT 50

FORMAT( 5X , LTHSIMULATION IEVEL-)
PRINT 60, PER

FORMAT (10X, A3,1X, 3TH PERCENT OPERATOR ATTENTION TIME/TOTAL,

16HCYCLE/)
PRINT 61

D. 1ST CYCLE SIMULATION
J=1
READ 70, KE, AE, KI,AT, M

FORMAT (Th,2X,F6. 2,2%, ILL ,2X,F6,2,5%, T6)

READ 80, P

FORMAT (_.F6 2)

K = KI

A = AT

CALL GAMMA (K A X)

RI(1)

EOT (1)
0.0

Ollv
/\[—-{t:_-]”

RT
DO 9C N
1D

- X
EOT
OLE I) -
K = KE

AR
C
0

lll\)+

A=A ’
CALL GAMMA (K,A,X)
(I) =X

EOT = EOT + O(I)
A = AT

CALL GAMMA (K,A,X)
RI(I) =X

EOT = EOT + RI(I)

. MAJOR PROGRAM = REITERATE FOR M CYCLES

DO 160 T =1, N

Z(1) =P

SUB = 0.0

DO 120 L =1, N

IF (L-I) 110 120, 110

SUB = SUB + OIDLE(L) +0(L) + RI(L)

CONTINUE
Z(I) = Z(I) - RI(I) - SUB
IF (Z(1)) 130, 145, 140
Z.(I) = -7(1)

WAIT = WAIT + 2(I)
ATDLE(I) = AIDLE(I) + 7(I)
OIDIE (I) = 0.0

GO TO 150

3 )
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140 OIDLET OIDLET + Z(I)
EOT = EOT + Z(I)
OIDLE(I) = Z(I)

- @0 TO 150
145 OIDIE(I) = 0.0

150 K = KE

A = AE |

CALL GAMMA (K, A, X)
0(I) =X |

EOT = EOT + 0(T)

K = KI

CALL GAMMA (X, A, X)

RI(I) =X

EOT = EOT + RI(I)

160 CONTINUE

I

VAR = FLOATF (N)
AVE = (WAIT/VAR)
PRINT 161, J, AVE

161 FORMAT (l5X I3, 2X, Pl2.5,1x, LESEC.,/)
IF (M-J) 170, 180, 170

170 =J + 1

WAIT = 0.0

GO TO 100

C. SUMMARY OF COMPLETED SIMULATION RUN

180 EOTC = EOT/3600.

PRINT 181, N .

181 FORMAT (5X,19HNUMBER OF MACHINES =,26%,12,/)

| 182 FORMAT (SX ,LFOHTOI' AL

183 FORMAT (5%, 23RELAPSE

PRINT 182, M

JMBER OF OPERATOR SERVICE CYCLES=,
11X,16,/) |
PRINT 183, EOTC

= FLOATF (M)
ACL EOT/Y
NUP =M *¥ N N
- PRINT 184, NUP “
184 FORMAT (5X 3IHTOTAL NUMBER OF UNITS PRODUCED= 6X 110,/)
PRINT 185, ACL

185 FORMAT (5X,21HAVERAGE CYCLE LENGTH= »17%,F12.5,2% ,bHSEC, , /)

AOIDLE = OIDLET/Y
PERC = (AOIDLE/ACL)*100.
PRINT 186, AOIDLE -

186 FORMAT (5X 33HAVERAGE OPERATOR IDLE TIME/CYCILE=,5X,F12.5,2X

12X, 4bHSEC. /)
PRINT 187, PERC | | »
187 FORMAT (5X,41HPERCENT AVERAGE OPERATOR IDLE TIME/CYCLE=,
12X,F7.2,/)
PERCT = (OIDLET/EOT) % 100,
PRINT 188, PERCT

62

OPERATION- TIME=, 15X, F12.5, X, 3HHR., /)
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188 FORMAT (5X 31HPERCENT OPERATOR IDLE TIME/RUN=,12X,F7.2,/)

113
PRINT 189 114
189 FORMAT (5X,L42HMACHINE IDIE TIME/INDIVIDUALAMACHINE/CYCLE /) 115
PRINT 190 116
190 FORMAT (31X 10HSEC.. /CYCLE 6X , 13HPERCENT/CYCLE) 117
DO 205 I =1, N 118
AATDIE(I) = AIDLE( I)/Y 119
PERAA(I) = (AATDLE(I)/ACL)¥100. 120
205 PRINT 210, I, AATDLE(I), PERAA(T) 121
210 FORMAT (12X_llHMACHINE NO. ,1X,I2,3X,Fl2.5,7X,F7.2) 122
PRINT 211 123
211 FORMAT (1H2) 12k
PRINT 212 125
212 FORMAT (5X,36HPERCENT MACHINE IDLE TIME/INDIVIDUAL, 126
ll2HMACHINE/RUN
DO 213 I= 1,N 127
PERAAT(I) = (AIDLE(I)/EOT) * 100. 128
213 PRINT 21k, I, PERAAT(I) 129
214 FORMAT (12x 1IHMACHINE NOw,1X,I2,5X,F7.2) 130
PRINT 215 131
215 FORMAT (1H2) 132
DO 216 I=1,N 133
216 TOTAL = TOTAL + AAIDLE(I) 134
W = FLOATF(N) - 135
AMIT = (TOTAL/W) - 136
PAMIT = (AMIT/ACL) * 100. 137
PRINT 217, AMIT 138
217 FORMAT (5X, MQHAVERAGE MACHINE IDLE TIME/MACHINE/CYCLE—; 139
1,1X,F125,1X, bHSEC. , /) |
PRINT 218, PAMIT 140
218 FORMAT (5X LBHPERCENT AVERAGE MACHINE. IDLE TIME/MACHINE/CYCLE— 141
11X,F7.2) v
GO TO 5 142
220 STOP 143
END. 1hh
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Ordering DfﬁJdbﬁDeckqfor Computer Run

BXECUTE Prlmary Control Card
(

Main Program SXMULA Binary Déck

PREFERRED sééondary Control Card

Subroutine GAMMA (x, A, X) Binary Deck

Subroutine RANDOM (SEED, RAND) Binary Deck

JOBEND Secondary Control Card

Input Data Deck
a. iSimulation&LeVel,.No, of Machines
b. External & Internsl Values of K & A, Number of
cycles
c. Machine Process Tlme

d. Initial Random Number

FINIS Control Card

simulation
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27 o

the population average element time lies within T35 per cent of the

«

This computation is made to achieve assurance of 95 in 100 ‘that

estimated observed value X from a sample size of N.

0.050 X

N
0
l

il

/
— S = G-X

o]
Il

{1l
e
olo
|©
[

\
=
Il
m
.
b

| N={(2x3.4h \€ = 36 samples
- .050 x 22.93) |

Internal Manual Element

V(x) =12.18 & = 3.9

X

050 % 11.23) ~ 0 semp

X = 22.93 sec. -
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SYNCHRONIZED MULTIPLE-SEMIAUTOMATIC-MACHTNE ASSIGNMENT

SIMULATION LEVEL -

10 PERCENT OPERATOR ATTENTION TIME/TOTAL CYCLE

AVERAGE MACHINE IDLE TIME/SERVICE CYCLE

O 00— OV 100 PO,

'ngc>c1c>c>c>CJC>c>c>c>cyc»c>d)ﬂ)FJc>kJc>c>c>c>c>c>c>}Jch>ciciC>F¢n>Fuc>C>C>

MONTE CARLO SIMULATION

RUN STATISTICS

. 26520
84138
. 92061
65991
.98338
.65368
37459
. 00000
.00000
. 7306k
.06576
41882
(2507
28471
. 00000
.84989
. 00000
. 00000
. 00000
.86180
ChTTh

19775
. 73652
. 00000
£A7378
. 00000
00000
272639
. 00000
{OQOOO
00000
.00000
. 00000
;OOOOO
. 00000
. 00000
. 00000
. 00000

- SEC.
SEC.
SEC.
SEC.
SEC.
SEC.
oEC.
SEC.
oEC.
SEC.
SEC.
SEC.
SEC.
oEC.
SEC.
SEC.
SEC.
SEC.
SEC.
okC.
SEC.
SEC.
SEC.
SEC.
SEC.
SEC.
SEC.
SEC.
SEC.
SEC.
SEC.
SEC.
SEC.
oEC.
SEC.
SEC.
SkC.
SEC.




I
#
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I
B

9
-
i
!
£
¥
1§
H
ol
S
i

A
i
2
b
8
4
5
v
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POOOO000000000000000000000000000000000OHOGO

OOCOHWH OO OO

00000
34780
.15782
L2267
.00000
.00000
..00000
. 00000
.00000
.00000
.00000
.00000
. 00000
.00000
.00000
. 00000
00000
.00000
.00000
00000
. 00000
. 00000
. 00000
. 00000
.00000
.00000
. 00000
00000
.00000
00000
.00000
..00000
.03371
. 00000
00000
. 00000
00000
. 00000
. 00000
.00000
.00000
.00000
. 00000
.00000
.18280
.63892
Z96LT0
45870
. 00000
. 00000.

SEC.
SEC.
SEC.
SEC.
SEC.
SEC.
SEC.
SEC.
oEC.
- SEC.
SEC.
'SEC.
SEC.
oEC.
SEC.
SEC.
SEC.
SEC.
oEC.
SEC
oEC.
SEC.
okC.
SEC.
SEC.
SEC.
SEC .
SEC.
SEC.
SEC .
SEC.
SEC.
SEC.
SEC.
SEC.
SEC. .
SEC.
SEC.
SEC.
SEC.
SEC.:
SEC.
SEC. .
SEC.
SEC.
SEC.
SEC.

v ki
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4137

0
0
1
2
0
0

0
0
0O
0
9
0
9
0
Q
O
1
2
2
0
0
0
0
0
0
0
0
9)
0
0
9
9)
0
0
0
9
0
0
0
0
9]
0
9
9
0
0
0
0
0
0

¢

). 00000
. 00000
. 33966
.52459
.00000
. 00000
. 00000
. 00000
. 00000
0.00000
0.00000-
0.00000
0.33878
. 00000
000000
0.00000
. :‘55707
- 2.20211

2.09133
0.00000
0.00000
0.00000
).00000
0.00000
.00000
0..00000
). 00000
). 00000
.00000
0. 00000
0.00000
0.00000
).Q0000
0.00000
0.00000
) .00000
0.00000
0,00000
Z.OOOOO
i,OOOOO
J.00000
.00000
0.00000
0.00000
0, 00000
0.00000
0.00000
0.00000
?;OOOOO
0.00000

SEC.
SEC.
SEC.
SEC.
SEC.
SEC.
SEC.

SEC.
SEC.

SEC.

SEC.
SEC.
SEC.
SEC.
SEC.
SEC.
SEC.
SEC.
SEC.
SEC.
SEC.

SEC.

SEC.

SEC.

SEC.
SEC.
SEC.
SEC.
SEC.
SEC.
SEC.
SEC.
SEC.
SEC.
SEC.

SEC.
SEC.
SEC.

oEC.
SEC.
SEC.
SEC.
SEC.

SEC.
SEC.
SEC.

SEC.

SEC.

70
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139
140
141
1u2~

146
k7
148
1kg
150,
151
152
153
154
155

NUMBER: :OF MACHINES =

TOTAL NUMBER OF OPERATOR SERVICE CYCLES =

. 0.

QOQOOCQQOOOQQOOQ

‘00000

.00000
.00000
. 00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
. 00000
.00000
.00000
.00000
.00000
00000

ELAPSED OPERATION TIME =

SEC.
SEC.
SEC.
SEC.
SEC.
SEC.
SEC.
SEC.
SEC-
SEC. -
SEC..
SEC.
SEC.
SEC.
SEC.
SEC.

TOTAL NUMBER OF UNITS PRODUCED =

AVERAGE CYCLE LENGTH =

PERCENT AVERAGE OPERATOR IDLE TIME/CYCLE
.PERCENT OPERATOR IDLE TIME/RUN =

MACHINE IDLE TIME/INDIVIDUAL MACHINE/ CYCLE

MACHINE NO. 1
MACHINE NO. 2
MACHINE NO. 3

MAGHINE NO. 1
MACHINE NO. 2
MACHINE NO. 3

AVERAGE MACHINE IDIE TIME/MACHINE/CYCIE =

PERCENT AVERAGE MACHINE IDLE TTME/MACHINE/CYCIE =

* AVERAGE OPERATOR IDIE TIME/CYCIE =

SEC. /CYCLE
0.00000
0.22493
0.53336

PERCENT MACHINE IDLE TIME/INDIVIDUAI, MACHTNE/RUN

71

e

3
14.74089 ER.

465
342.36901 SEC.

27, 68936 SEC.

70 59

PERCENT /CYCLE,

0.07 -

0;25276fSEC¢
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SYNCHRONIZED MULTIPLE-SEMIAUT

=g,

RUN STATISTICS

~ MONTE CARLO

LATTON

UTOMATIC-MACHINE. ASSIGNMENT

25 PERGENT OPEBATQRIATTENTION'TIME/TQTALuCYCLE

0.26520
.84138
0.92061
.65991
.98338
- 1.65368

0.37459
.00000
. 00000
73064
06576
41882
0.72507
0.28471
0.00000
0.84989
0.00000

00000
.00000
86180
LL4TTh
19775
73652
0.00000
' -.h7378.

.OOOOO'

0.72639
0..00000

000000

0.00000
0..00000
.00000
.00000
.00000

0.00000

O
0
O
1
2
1
O
)
0
0
0
1.
)
O
o)
O
Q
¢)
(€
1.
¢
1
2
)
0
2.
Q
O
0
0
0
9)
O
0
O
9)
1
0
O

1.38222
. 00000

0..00000

SEC.
SEC.
oEC.
SEC.
okC.
SEC.
SEC.
SEC.
SEC-
SEC.
SEC.
SEC..
SEC.
SEC.
SEC.
SEC!
SEC.
SEC.
SEC.
SEC..
SEC.
SEC..
SEC..
SEC.
SEC.
SEC.
SEC.
SEC.
SEC.
oEC.
SEC.
SEC.
SEC.
SEC.
SEC.
SEC.
SEC. |
SEC.

7
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SEC.

SEC.
SEC.
SEC.
SEC.
SEC.
SEC.

SEC. -
) SEC.

SEC.

0 SEC.

SEC.
SEC.
SEC.
SEC.
SEC.
SEC.
SEC.
SEC.
SEC.
SEC.
SEC.
SEC.
SEC.
SEC.
SEC.
SEC.
SEC.
SEC.

SEC.

SEC.
SEC.

) SEC.
) SEC.
O SEC.
[ SEC.
+ SEC.
) SEC.

SEC.
SEC.
SEC.
SEC.
SEC.
SEC.
SEC.
SEC.
SEC.

SEC. *

3
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) .139

ComMmvwoO
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00000

. 50209
.52459
.00000
.00000
.00000
. 78849
.00000
.00000
.00000
.00000
. 20597
.00000
68967
00000
55707
20211
.99803
.65131
. 00000
24913
. 00000
.00000
. 00000
. 00000
.00000
.00000
.00000
.00000
.00000
.15643
.00000
.00000
.00000
09335
.00000
.00000
.00000
00000
.00000
.00000
00000
00000
.00000
00000
56813
.00000
. 00000
. 00000

SEC.
SEC.
SEC.
SEC.
SEC.
SEC.
SEC.
SEC.
SEC.
SEC.
SEC.
SEC.
SEC.
SEC.
SEC.
SEC.
SEC.
SEC.
SEC.
SEC.

SEC.

SEC.
SEC.

SEC.

SEC.
SEC.
oEC.
SEC.

SEC.

SEC.
SEC.
SEC.

SEC.
SEC.

SEC.
SEC.
SEC.
SEC.
SEC.
SEC.
SEC.
SEC.
SEC.
SEC.
SEC.
SEC.
SEC.
SEC.

SEC.




.36947 SEC.
.00000 SEC.
.00000 SEC.
.85564 SEC.
.15858 SEC.
.00000 SEC.
.00000 SEC.
02567 SEC. @
.00000 SEC.
.89234 SEC.
.00000 SEC.
.00000 SEC.
.00000 SEC.
.00000 SEC.
.00000 SEC.
.00000 SEC.

140
1h1
1hh
145
146
1L
149
150
151
152
153
154
155

NUMBER OF MACHINES = 3

OO OO OOHOOOOOOOON

TOTAL NUMBER OF OPERATOR SERVICE CYCLES = 155

* ELAPSED OPERATION TIME = 5.92632 HR.

TOTAL NUMBER OF UNITS PRODUCED = | 465’
AVERAGE CYCLE LENGTH = 137.6k4354 SEC.
AVERAGE OPERATOR IDLE TIME/CYCLE = . 36:96l439 SEC.
PERCENT AVERAGE OPERATOR IDIE TIME/CYCLE = 26.86
PERCENT OPERATOR IDLE TIME/RUN = 26.86
MACHINE IDLE TIME/INDIVIDUAL MACHINE/CYCLE
- SEC. /CYCLE PERCENT /CYCLE
MACHINE NO. 1 - 0.53828 ~ 0.39
MACHINE NO. 2 0.60328 0.1k
MACHINE NO. 3 0.80789 - 0.59
PERCENT MACHINE IDLE TIME/INDIVIDUAL MACHINE/RUN
MACHINE NO. 1 | 0.39
MACHINE NO. 2 0.4l
MACHINE NO. 3 0.59
'/ AVERAGE MACKINE IDLE TIME/MACHINE/CYCIE - - 0.6l982 'sEe.

PERCENT AVERAGE MACHINE IDLE TIME/MACHINE/CYCLE = 047

™




MONTE CARLO SIMULATTON
SYNCHRONIZED MULTIPLE-SEMIAUTOMATIC-MACHINE ASSIGNMENT
RUN STATISTICS
35 PERCENTbPERATORfATTENTION<TIME/TOTAL,@YCLE
AVERAGE MACHINE IDLE TIME/SERVICE CYCLE

1.22967 SEC.
6.41329 SEC.
1.98443 SEC.
1.80463 SEC.
7.38163 SEC.
6.98834 SEC.

14.08509 SEC.
2.58354 SEC.
8.18324 SEC.
10 -~ 5.40481 SEC.
11 11.82850 SEC.
12 16.34485 SEC.
13 3+37607 SEC.
1k 0. 70954 SEC.
15 6.56021 SEC.
16 L.77389 SEC.
17 3.72931 SEC.
18 0.53638 SEC.
19 5.39950 SEC.
20 3.88434 SEC.
21 0.98766 SEC.
22 3.09182 SEC.
23 11.73507 SEC.
| ? 8.98762 SEC.

25 3.63913 SEC. ~

- {{ 13.46171 SEC. * o

- 5.23669 SEC.
28 9.94297 SEC.
29 L4.73437 SEc.
30 2.88685 SEC.
31 . 1.94204 SEC.
32 5.13201 SEC.
33 . 3.32221 SEC.
34 3.69118 SEC.
35 1.56515 SEC.
36 1.57810 SEC.
37 L.0ThT79 SEC.
38 2.51531 SEC.

76
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3.67878
2.2224)
1.49384
14.15518
6.36072
1.25346
11.93800
1.31370
14.87121
0.18625
0.54665
5.09061
5.01559
3.26507
6.19134
7.41831
5.83611
L, 22340
T.76104
16.96331
6.99118
6.69930
12.89247
2l .15236

13.89545

4.13362
9 97853

. 52609
. 76001
21827
10647
16111
.10790
99279
.08537
4489l
. 76539

34433
.89346
. 14987
3.22450
3 Lo6Lk1
T7.1747h
L,21053
5.03204

LU\DU<\ﬂWJLNINDh)h)(h&ﬂ*ﬂ_@\#?ﬂ}\ﬂgD\ﬂ

8.87668

5.09610
;u42u7-
64022

. 57062

SEC.
SEC.
SEC.
oEC.

oEC.
SEC.
SEC.

. SEC )

okC.
oEC.
SEC.
oEC.
oEC.
oEC.
SEC.
oEC.
oEC.
SEC.
SEC.
SEC .
SEC..
SEC.
SEC
SEC.
SEC..

SEC.
SEC.
SEC .

SEC.
oEC.
SEC.

SEC.

oEC.

SEC.

SEC.

SEC.
SEC.

SEC.
SEC .
SEC.
SEC.

SEC.

SEC.
SEC.

oEC. -

oEC.
SEC.
SEC.
SEC.

7T




2.59967 SEC.
8.76810 SEC.
h,27941 SEC.
9.06520 SEC.
5.66866 SEC.
2.17483 SEC.
0.66605 SEC.
3.54282 SEC.
2.124L6 SEC.
3.33028 SEC.
L .68868 SEC.
0.98458 SEC.
6.42387 SEC.
2.43618 sEC.
9.64569 SEC.
1.23748 SEC.
3.54730 SEC.

2.79490 SEC.

9.13436 SEC.
T.90575 SEC.
4.80734 SEC.

17.38988 SEC.

5.03042 SEC.
3.28206 SEC.
2.46150 SEC
3.07839 SEC-.
1.96988 SEC.
3.66449 SEC.
2.25333 SEC.
T.98555 SEC.
7.65181 SEC.
11.27286 SEC.
2.02580 SEC.

- 0.21032 SEC.

3.98132 SEC.
9.02878 SEC,
- 3.28390 SEC.
6.25527 SEC.
L ,51268 SEC.
8.13302 SEC.
9.65763 SEC.
2.61283 SEC.
3.36735 SEC.
1.05220 SEC.
6.34618 SEC.

4.55979 SEC.
2.72567 SEC.

9.21615 SEC.
6.29015 SEC.
248251 SEC.

TS.




; 139
! | 140
| “ 141
1h2

143

144

145

146

147

148

149

> - 150
N h ey

152

153

154

155

«20995
27575
.19857
.33169
. TLETT
.93760
. 20217
. 27992
.80533
. 74183
. 28603
ll 35668

I.__l

14.20377

0.21155

SEC.

SEC.
SEC.
SEC.
SEC.
SEC. |
SEC. | |
SEC..

SEC,

SEC. |

SEC.
SEC.

2.75140 SEC.
5.6865T SEC.

NUMBER OF MACHINES =

ELAPSED OPERATION TIME =
TOTAL NUMBER OF UNITS PRODUCED =
AVERAGE CYCLE LENGTH =

AVERAGE OPERATOR IDLE TIME/CYCLE =

PERCENT AVERAGE OPERATOR IDIE TIME/CYCLE =

PERCENT OPERATOR IDLE TIME/RUN =

MACHINE IDLE TIME/INDIVIDUAL MACHTNE/CYCLE

155

L. 46387

L65
103. 67699
2.99783

HR.

SEC.

SEC..

PERCENT/CYCLE
5. 4L
5.63

PERCENT MACHINE IDLE TIME/INDIVIDUAILMACHINE/RUN | B
MACHINE NO. 1 5.4k - ~ ” |

. MACHINE NO. 2 shl - g

/J MACHINE NO. 3 - 5. 63

SEC. /CYCLE
5.64107
5.64310
5. 8&133

MACHINE NO. 1
MACHINE NO. 2
MACHINE NO. 3

TR,

AVERAGE MACHINE IDIE TIME/MACHINE/CYCLE =

o

5.70850 SEC.

,PERCENT,AVERAGE MAGHINE;IDLE”TIME/MAGHINE/C$C£Ei= 5451 :

9




SYNCHRONIZED MULTIPLE-SEMIAUTOMATIC-MACHINE ASSIGNMENT

SIMULATION LEVEL -

50 PERCENT OPERATOR ATTENTION TIME/TOTAL CYCLE

MONTE CARLO SIMULATION

RUN STATTSTICS

A

AVERAGE MACHINE IDLE TIME/SERVICE CYCLE

O O OV £ N P

31.
36.4
28.
31.

37
36.

Ly,
.93656

29

32.
.4oL81
82850

35

L1
L6.
33.

28
35

28

28

38.

28
40

30

22967
1329
03700
11499
03681
9883k
08509

99646

31485
37607

.83715
.62401
3k,
3.
26.

01009

87097
69665

. T4076
31.
26.

93413
98293

.13270
.01291
98762
.61015
.QL721
31.
39.
3k.
- 32.
27.
28.
32.
. 6440k
28.
oL,
31.

21295
94297
73437
28217

25923

O0kL2
13587

54895
9TLTI
07636

. 10084
80

SEC.
SEC.
SEC.
SEC.
SEC.
SEC.
SEC.
- SEC.
SEC.
SEC.
SEC.
SEC.
SEC.
SEC.
SEC.
SEC.
SEC.
SEC.
SEC .
SEC.
SEC.
ASEC.
SEC.
SEC.
SEC.
SEC.
SEC.
SEC.

SEC.

SEC.
SEC.
SEC.
SEC.
oEC.
SEC.
SEC.
SEC.
SEC.




@
4

Y g e e e

30.77819

30.08071
28.21557
L3.05148
36.36072
31.17180
L1.77469
30.23881
L2, 72207
28.70365
24.33933

24 .06395

35.01559
22.88510
32.66280

37.41831
27.66656

33.05673

35.42770

46.96331
32.54839
35.72771

37.96905

54.15236

43.89545
30.71534

33.69730
35.09610

25.09833

33.19460
26.55740

34.76001
36.21827
34.54616
30.41349

46.10790

42.99279

- 27.44539
27.17019

26.10315

28.95608
25.48021 ¢
41.38574

35.1L987

33.11137
25.42470

35.56206

31.72628

SEC.
SEC.
SEC.
SEC.
SEC,
SEC.
SEC.
SEC.
SEC.
SEC.
SEC.
SEC.

SEC.
SECE?
SEC.
SEC.

SEC.
SEC.

SEC.

SEC.

SEC.
SEC.
SEC.

SEC..

SEC.
SEC.
SEC.
SEC.
SEC.
oEC.
SEC.
SEC.
SEC.
oEC.
SEC.
SEC.
SEC.

SEC.
SEC.

SEC.
SEC.
SEC.
SEC.
SEC.
SEC.

3k.2L665 sEC.
'38.48398 sEC.

81.
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29 91u45

35.0L419

‘28‘027h9
35.9392k

35.53208
31.1838L,

26-39852
30. k2122

29.bho22 ¢
28.65872

31.73301

2910483
u35,lu395
32.143618

39.64569
31.108k46
30. k1297
38. 10289

.37,90575

30.63963
29.79370

32.37h41

25.22880

33.66449
26.8322k
37.89855

”3ﬁi2u570
22.94041
32.84318 ¢

38 911-7)*)+
30.31519

39.3175%
2 . Lok2s

30.06436
39.65763

28.2L220
25.592k40
_20.71"6}4-)+
27.97951

33. 37684
31.96582
39. 04152

2k.52615

SEC.
SEC.
SEC.
SEC.
SEC.
SEC.
SEC.
SEC.
SEC.
SEC.
SEC.
SEC.
SEC.
SEC.
SEC.
SEC.
SEC.
SEC!

SEC .
-SEC’
.SEC!

SEC‘
SEC.
SEC.
SEC.
SEC.
SEC@

SEC.
SEC:.:
SEC.,

SEC.

SEC.
SEC.
SEC.
SEC.
SEC.
SEC.
SEC.
SEC.
SEC.
SEC.
SEC.
SEC.
SEC.
SEC?
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138 2l .12934 SEC.
139 33.05504 SEC.
140 38.27575 SEC.
141 20.46291 SEC.
142 24 ,78081 SEC.
143 28.48364 sEC.
14k 37.93760 SEC.
145 37.27316 SEC.
146 26.56056 SEC.
1h7 36.08264 SEC.
148 27.96101 SEC.
149 | 38.23675 SEC.
150 41.35668 SEC.
151 L ,20377 SEC.
152 21.86726 SEC.
153 18.69859 SEC.
15k : 34.98246 SEC.
155 35.40615 SEC.

NUMBER OF MACHINES =

- TOTAL NUMBER OF OPERATOR SERVICE CYCLES. =

ELAPSED OPERATION TIME, .=
TOTAL NUMBER OF UNITS PRODUCED =
AVERAGE CYCLE IENGTH =
AVERAGE OPERATOR IDLE TIME/CYCLE =
PERCENT AVERAGE OPERATOR IDLE TIME/CYCLE =
PERCENT OPERATOR- IDLE TIME/RUN =
MACHINE IDLE TIME/INDIVIDUAL MACHINE/CYCLE
SEC./CYCLE
MACHINE NO. 1 | 32.64323
MACHINE NO. 2 32.64527
MACHINE NO. 3 - 32.843k9
PERCENT MACHINE IDLE TIME/INDIVIDUAL MACHINE/RUN
MACHINE No. 1 30,40
~ MACHINE NO. 2 32.43
. MACHINE NO. 3 32.62

AVERAGE MACHINE IDIE TIME/MACHINE/CYCLE =
PERCENT AVERAGE MACHINE IDLE TIME/MACHINE/CYCLE =

83

155
- L.33480 HR.
465

100.67916 SEC.

0.00

PERCENT/CYCLE
32.42
32.62

32.71066 -SEC.




MONTE CARLO SIMULATION
SYNCHRONIZED MULTIPLE-SEMIAUTOMATIC-MACHINE ASSIGNMENT
RUN STATISTICS
SIMULATION LEVEL -
75 PERCENT OPERATé-R ATTENTION TIME/TOTAL CYCLE
AVERAGE MACHINE TDLE TIME/SERVICE CYCLE

53.22967 SEC.
58.41329 SEC.
50.03700 SEC.
53.11499 SEC.
59.03681 SEC.
58.9883L4 SEC.
66.08509 SEC.
51.93656 SEC.
54.99646 SEC.
10 57.40481 SEC.
11 ~ 63.82850 SEC.
12 68.3L4485 SEC.
13 - 55.37607 SEC.
14 - 50.83715 SEC.
15 57.62401 SEC. ks
16 56.01009 SEC.
17 54.87097 SEC.
18 48.69665 SEC.
19 50.740T76 SEC.
20 - 53.93413 SEC.
21 18.98293 suesd
22 50.13270 SEC.
23 “62.01291 SEC.
2l 60.98762 SEC.
25 50.61015 SEC.
26 62.94721 SEC.
27 53.21295 SEC.
- 28 - 61.94297 SEC.
29 56.73437 SEC.
30 - 54.28217 SEC.
31 49 .25923 SEC.
32 50.004Lk2 SEC.
33 54.13587 SEC.
3l - 52.64404 SEC.
35 50.54895 SEC.
36 46.97479 SEC.
37 53.07636 SEC.
38 - 51.1008k4 SEC.

L0 B~ oW W 1O 1

8




52.77819 SEC.
52.08071 SEC.
50.21557 SEC.
65.05148 SEC.
58.36072 SEC.
53.17180 SEC.
63.77469 SEC.
52.23881 SEC.
6L, 72207 SEC.
5070365 SEC..
46.33933 SEC.
46.06395 SEC.
57.01559 SEC.
L .88510 SEC.
59.41831 SEC.

49.66656 SEC.

55.05673 SEC.
57.42770 SEC.
68.96331 SEC.
54.54839 SEC.
57.72771 SEC.
59.96905 SEC.

T76.15236 SEC.

65.895L5 SEC.

52.71534 SEC.

55.69730 SEC.
57.09610 SEC.
47.09833 SEC.
55.19460 SEC.
48.55740 SEC.
56.76001. SEC.

58.21827 SEC.

56.54616 SEC.
52.41349 gEcC.

68.,10790 SEC.
64.99279 SEC.
L9.4539 SEC.
49.17019 SEC.
418.10315 skC.
50.95608 SEC.

i7.48021 SEC.

63.38574 SEC.

57.14987 SEC.
55.11137 SEC.
L7.42kT70 SEC.
57.56206 SEC.
53.72628 SEC.
56.24665 SEC.
60.48398 sEC.

85




.91445
.01u19
. 02749
9392k
.53288
.1838L
. 39852
L2120
R ielale)
.65872
-73301
. 10483
.14395
. 43618
. 64569
. 3370k
.108L46
41297
.10289
-90575
.80734
. 38988
41337
. 63963
- 79370
37441
. 22880
. 66449
.83224
.89855
61346
24570
- 43550
OL0ok1
.84318
) QLT
+31519
+ 3178k
5 LOk25
. 06436
1. 65763
). 24220
. 59240
- Th6llL
97951
. 37684
.96582
.0L152
| 46. 52615 SEC.
- 46.12934 SEC.

SEC.
SEC.
SEC.
SEC.
SEC.
SEC.
SEC.
SEC.
SEC.
SEC.
SEC.
SEC.
SEC.
SEC.
SEC.
SEC.
SEC.
SEC.
SEC.
SEC.
SEC.
SEC.
SEC.
SEC,
SEC.
SEC.
SEC.
SEC.
SEC.
SEC.
SEC.
SEC.
SEC.
SEC.
SEC.
SEC.
SEC.
SEC.
SEC.
SEC.
SEC.
SEC.
SEC.
SEC.
SEC.
SEC.
SEC.
SEC.

86




139
140
141
142
143
1hk
145
146
1h7
148
1hg
150
151
152
l53
154
155

NUMBER OF MACHIN

TOTAL NUMBER OF

55.05504 SEC.
60.27575 SEC.
L42.46291 SEC.
46.78081 SEC.
50.48364 SEC.
59.93760 SEC.
59.27316 SEC.
48.56056 SEC. .
58.08264 SEC.
49.96101 SEC.
60.23675 SEC.
63.35668 SEC.
66.20377 SEC.
43.86726 SEC.
40.69859 SEC..
56.98246 SEC..
57 .40615 SEC.

ES =

OPERATOR SERVICE CYCLES =

ELAPSED OPERATION TIME =

TOTAL NUMBER OF

UNITS PRODUCED =

AVERAGE OPERATOR IDLE TIME/CYCLE =

OPERATOR“IDIE;TIME/CYCﬁEz:

PERCENT OPERATOR IDLE TIME/RUN =

MACHINE IDLE TIME/INDIVIDUAL MACHINE/CYCLE

MACHINE
MACHINE
MACHINE

PERCENT MACHINE
MACHINE
MACHINE
MACHINE

AVERAGE MACHINE

PERCENT AVERAGE MACHINE IDLE TIME/MACHINE/CYCIE =

b - 5h.6hk323
No. 2 5k 6527

IDLE TTME/INDIVIDUAL MACHINE/RUN
NO. 1 S5h.27
NO. 2 5%.28
NO. 3 Sk b

IDLE TIME/MACHINE/CYCLE =

87

3
. 155
4,33480 HR.
k65
100.67916  SEC.
0.00000 SEC.
0.00

0.00

PERCENT/CYCLE

— 54,27
54.28
Sh47

54.71066 SEC.




MONTE CARLO STMULATION
SYNCHRONIZED MULTTPLE-SEMLAUTOMATIC-MACHINE ASSIGNMENT
RUN STATISTICS
SIMULATION IEVEL -
100  PERCENT OPERATOR ATTENTION TIME/TOTAL CYCLE
AVERAGE MACHINE IDLE TIME/SERVICE CYCLE

65.22967 SEC.
70.41329 SEC.
62.03700 SEC.
65.11499 SEC.
T1.03681 SEC.
70.98834 SEC..
78.08509 SEC.
63.93656 SEC.
66.99646 SEC.
10 69.40481 SEC.
11 - 75.82850 SEC.
12 80.34485 SEC.
13 67.37607 SEC.
14 62.83715 SEC.
15 69.62401 SEC.
16 68.01009 SEC.
17 66.87097 SEC.
18 60.69665 SEC.
19 62.74076 SEC.
N\ 20 65.93413 SEC.
21 60.98293 SEC.
22 62.13270 SEC.
23 Th.01291 SEC.
2k 72.98762 SEC.
25 62.61015 SEC.
26 - Th.ok721 SEC.
27 65.21295 SEC.
28. © 73.9429T ‘SEC.
29 68.73437 SEC. |
30 - 66.28217 SEC. .
31 61.25923 SEC.
32 62.00442 SEC.
33 66.13587 SEC..
3k 6k.6LLOL SEC.
35 © 62.54895 SEC.
36 58.97479 SEC.
37 65.07636 SEC.
38 63.1008% SEC.

88




6k .77819 SEC.
64.08071 SEC.
62.21557 SEC.
77.05148 SEC.
70.36072 SEC.
65.17180 SEC.
75.77469 SEC,
6L4.23881 SEC.
76.72207 SEC.
62.70365 SEC.
58.33933 SEC.
58.06395 SEC..
69.01559 SEC.
56.88510 SEC.
66.66280 SEC.
71.41831 SEC.

61.66656 SEC.

67.05673 SEC.
69.42770 SEC.

80.96331 SEC.

66.54839 SEC.
69.72771 SEC.

T1.96905 SEC.

88.15236 SEC.

77.89545 SEC.
6k, 71534 SEC.

67.69730 SEC.

69.09610 SEC.

59.09833 SEC.
67.19460 SEC.

60.55740 SEC.

63.76001 SEC.
70.21827 SEC.
68.54616 SEC.
64.41349 SEC.

80.10790 SEC.

76.99279 SEC.
61.44539 SEC.
61.17019 SEC.
60,10315 SEC.

62.95608 SEC.

59.48021 SEC.
75.38574 SEC.
69.14987 SEC.
67.11137 SEC.

59.42L70 SEC.
69.56206 SEC.
65.72628 SEC.,
68.24665 SEC.

72.48398 SEC.

89




63.914k45 SEC.
69.01419 SEC.

62.02749 SEC.
69.93924 SEC.

69.53288 SEC.

65.18384 SEC.
60.39852 SEC.
6L . 42122 SEC.
63.44922 SEC.
62.65872 SEC.

65.73301 SEC.
63.10483 SEC.

69.14395 SEC.

66.43618 SEC.
73.64569 SEC.

64.33704k SEC.

65.10846 SEC.
6441297 SEC.

T72.10289 SEC.
71.90575 SEC.

68.80734 SEC.
81.38988 SEC.

66.41337 SEC.

64.63963 SEC.
63.79370 SEC.
66.37441 SEC.
59.22880 SEC.

67.66L49 SEC.
60.83224 SEC.
71.89855 SEC.

T1.61346 SEC.

68.24570 SEC.
60.43550 SEC.
56.9L041 SEC.
66.84318 SEC.

T2.94T4l SEC.
64.31519 SEC.
64.31784 SEC.

58.40425 SEC.
6L.06436 SEC.
73.65763 SEC.
62.24220 SEC.
59.59240 SEC.
S5h. 7464l SEC.
61.97951 SEC.
67.3768L SEC.
65.96582 SEC.

73.04152 SEC.

58.52615 SEC.

58.12934 SEC.




139 67405504 SEC.
140 72.27575 SEC.
141 - 54.46291 sEC.
1ho 58.78081 SEC.
143 62.48364 SEC.
14 71.93760 SEC.
1k45 71.27316 SEC.
146 60.56056 SEC.
147 T70.08264 SEC.
148 61.96101 SEC.
149 72.23675 SEC.
150 T75.35668 SEC.
151 T8.2037T7 SEC.
152 55.86726 SEC.
153 52.69859 SEC.
154 68.98246 SEC.
155' 69%406l5SECa

NUMBER OF MACHINES =
TOTAL NUMBER OF OPERATOR SERVICE CYCLES =

ELAPSED OPERATION TIME =

TOTAL NUMBER OF UNITS PRODUCED =

AVERAGE CYCLE LENGTH =
AVERAGE OPERATOR IDLE TIME/CYCLE =
PERCENT AVERAGE OPERATOR TDLE TIME/CYCLE -

PERCENT 'OPERATOR IDLE TIME/RUN =

MACHINE IDLE TIME/INDIVIDUAL MACHINE/CYCLE

SEC./CYCLE
MACHINE NO. 1. 66.64323
MACHINE NO. 2 66.64527
MACHINE NO. 3 66.84349
LE

PERCENT MACHINE ID
MACHINE NO. 1 66.19

MACHINE NO. 2 66.20
"MACHINE NO. 3 66.39

" AVERAGE MACHINE IDIE TINE/MACHINE/CYCLE =

PERCENT AVERAGE MACHINE IDLE TIME/MACHINE/CYCLE

o

TIME/INDIVIDUAL, MACHINE/RUW

3
155
L.33480 HR.
L65

e

0..00

OF O O

PERCENT /CYCLE

66.19
66.20
66.39

f66171066§SEC;'

66.26




MONTE CARLO SIMUTATTON
SYNCHRONIZED MULTIPLE-SEMIAUTOMATIC-MACHINE ASSTGNMENT

RUN STATISTICS

SIMUIATION LEVEIL -

125 PERCENT OPERATOR ATTENTION TIME/TOTAL CYCLE
AVERAGE MACHINE IDLE TIME/SERVICE CYCIE

T2.22967 SEC.

77.41329 SEC. -
69.03700 SEC. - | - |
T72.11499 SEC. . : |

T 78.03681 SEC. o

77.98834 SEC. | . ;
85.08509 SEC. |
T70.93656 SEC. s
73.99646 SEC.

76.40481 SEC.

82.82850 SEC.

87.3L485 SEC.

Th. 37607 SEC.

69 .83715 SEC.

76.62401 SEC.

75.01009 SEC.

73.87097 SEC.

67 .69665 SEC.

69.74076 SEC.

72.93413 SEC.

+ 67.98293 SEC.

69.13270 SEE.

81.01291 SEC.

79.98762 SEC.

69.61015 SEC.

81.94721 SEC.

72.21295 SEC.

80.94297 SEC.
- T5.773437 SEC.

73.28217 SEC.

68.25923 SEC.

69.00442 SEC.

73.13587 SEC.

T1.64404 SEC.

69.54895 SEC.

6597479 SEC.

72.07636 SEC.

70.10084 SEC.

OO O W F W Y -

9%




g;;;77819'
71.08071

69.. 21557

.05148
. 36072
.17180
. TTH69
. 23881
. 72207

. 70365
05.33933
55 .06395
76.01559
3.88510

366280

78 1163

?';66656
. 05673

76.42770
87.96331
13.54839
" T6.72771

1896905

95.15236
8l 89545
71.7153k
k. 69730
76.09610
66.09833
Th. 19460
67.55740
75.7600L SEC.
77.21827
75.54616 SEC.
71.1413k9

87.10790
3.99279

68. 44539
69.95608

‘sEC.
SEC.
SEC.
SEC. .
SEC.
SEC.
SEC.
SEC.
SEC.
SEC.
SEC.
SEC.
SEC.
SEC.
SEC.
SEC.
SEC.
SEC.
SEC.
SEC.
SEC.
SEC.
SEC.
SEC.
SEC.
SEC.
SEC.
SEC.
SEC.
o
SEC.

SEC.

- SEC.
' SEC.
SEC.
SEC.
SEC.
SEC.
SEC.

66.48021 SEC.
82.3857k SEC.

6. 14987
Th.11137
6642470
76.56206 SEC.
72.72628

5.2L665
.1:8398

SEC.
SEC.
SEC.

SEC.
SEC.
SEC.

93




89 70.914L45 SEC.
90 76.01419 3EC.
91 69.02749 SEC.
92 76.93924 SEC.
93 ; 76.53288 SEC.
N 9l 72.1838k4 SEC.
| 95 67.39852 SEC.
96. 71.42122 SEC.
97 T70.44922 SEC.
98 69.65872 SEC.
99 72.73301 SEC.
100 70.10483 SEC.
101 76.14395 SEC.
102 73.43618 SEC.
103 80.64569 SEC.
104 71.33704 SEC.
105 - 72.108L46 SEC. 4
106 ~ 71.41297 sEC.
107 79.10289 SEC.
° 108 78.90575 SEC.
109 75.80734 SEC.
110 88.38988 SEC.
o 11L 73.41337 SEC.
112 T1.63963 SEC.
113 70.79370 SEC.
11k 73.374l41 SEC.
115 66.22880 SEC.
116 Th . 66449 SEC.
117 67.83224 SEC.
118 . 78.89855 SEC.
119 78.61346 SEC.
120 75.2L570 SEC.
121 67.43550 SEC, -
122 63.94041 SEC..
123 73:84318 SEC.
124 79.9kThL SEC.
125 '71.31519 SEC. .
L3 126 71 -31784 SEC.
<127 65.40425 SEC.
128 T1.06436 SEC.
129 80.65763 SEC.
130 “69.24220 SEC.
131 . 66.59240 SEC.
132 61. 74644 SEC.
133 68.97951 SEC.
134 T4 .37684 SEC.
135 72.96582 SEC.
136 80.04152 SEC.
137 ¢+ 65.52615 SEC.
138 65.12934 SEC.

Ok




139
140
141
1h2
1l
1hs
146
147
148
149
150
151
152
S 153
15#

NUMBER OF MACHINES =

§ TOTAL- NUMBER OF OPERATOR SERVICE CYCLES. =

ELAPSED OPERATION TIME =

T4.05504 SEC.
79.27575 SEC.

61.46291 SEC.
65.78081 SEC.
69.4836L SEC.
78.93760 SEC.
78.27316 SEC.

67.56056 SEC.

77.0826L4 SEC.

68.96101 SEC.

79.23675 SEC.

82.35668 SEC.
85.20377 SEC.
62.86726 SEC.

59.69859 SEC.
75.98246 SEC.

76.40615 SEC.

§ ﬂ TOTAL NUMBER OF UNITS PRODUCED =

AVERAGE CYCLE LENGTH -

AVERAGE OPERATOR IDLE TIME/CYCLE =

PERCENT AVERAGE OPERATOR IDLE TIME/CYCIE =

PERCENT OPERATOR IDLE TIME/RUN =

'MACHINE=IDEEZTIME/INDIVIDU@E@MKCHiNE/C¥GLE

MACHINE NO. 3
LE

PERCENT -MACHINE IDI
MACHINE NO. 1

MACHINE NO. 2 |
MACHINE NO. 3

SEC. /CYCLE
73.64323
73.6h527
73.84349

;. TIME/INDIVIDUAL MACHINE/RUN

73.15
73.15
73.35

AVERAGE MACHINE IDLE TIME/MACHINE/CYCLE =

PERCENT AVERAGE MACHINE IDLE TIME/MACHINE/CYCLE =

155
4.33480 HR.
165

100.67916 SEC.

0.00000 SEC.

0..00

0.00

PERCENT/CYCLE,

73.15
'73¥35
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Exe lple of Calculations for Simulation: ]:-nt-e;rfe;:r:epce Variaticn

( 25% Level of Operation )

5 = Ei(x)2 W
N

1.11

Best Estimate of the Population Variance

N-1

*

N
)

Expressed as a Pércentage'af'th@fAVexagézﬁt%entigﬁqTime

A -
S x 100 = 1.1

2. x 100 :-'3;28%3
34,15 sec. |

3h




B
b
L —— g
. & 1

Level of , Average Interference variation Average Interference % Variatlbn
Operation¥ Time / Cycle ) (sta. Dev1atlon) Time / Cycle (Std Deviation)
(percent) (seconds) : (seconds) (% of attention time) (% of attentlon time)
10 3 .25 . .65 < 1.90
25 65 . : 1.12 i 1.90 | 3.28
T u 35 5. TL y C ho22 ﬁ 16.72 12.35
& 50 32.71 6.3L 95.78 ~18.57
5 . Sh.71 6.01 | 160. 20 17.60

| ‘ 100 ; 66.71 6.02  195.3k 17.63
o 125 73471 6.02 215.8k 17.63

* Average Attention Time as a Percent of the Total Cycle

Table 1. Summary of Simulation Intérfererice Results

N : ; T e B , CR I oo . g o e e T T g 7 ot vy PR P et
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Example of Interference Calculations Using Deterministic Models
( 25% Level of Operation )

1. Jones Algebraic Model

Extérnal Manual Time (WE) '-222.93ﬁsec.

Automatic Machine Time (R) = 11L4.00 sec. |
Operation Cycle Time (WE + R) 22.93 + 114.00 = 136.93 sec.
Internal Manual Time (WI) = 11.22 sec. '

Therefore Z (WE + WI) = 3(22.93 + 11. 22) = 102.45 see.

7The*Battery Cycle Time'is_ 136}93¥sec.

The interference is determined by subtractlng the operation cycle

time (WE + R) from the battery cyele time.

Therefore, the interference = 136.93 - 136.93 = 0

2. Sandberg Algebraic Model n

Operator Hand Service Time (h.) = 22.93 sec.
Machine Run Time (m.) = 11kL. 00 sec.

In this case py = O h, = 68.79 sec.
22.93 + 114.00 > 68.79

Therefore, "id = N(V?c1_+'mcl) -3h, -2m,
1g = 3( 136.93 ) - 410.79 = 0o

I

3. Wny*,Wright Algebraic Model,

( N is less than 6, therefore the empirical curves are used.)

75 sec. = 2.20

Ratio of Machine Time to Attention Time

From the chart of the empirieal curves, N = 3, I (Interference

in Percent of Attention Time) = 60%

- Therefore, the interferénce = .60 x 34.15 = 22.88 sec.

99




T R T IR ST P . 127,77 g, £ T T T G AL E et st e e e L
LR R Sl T o fist [

o= 0.9k6

R = ratio r/w ' r = Machine Time = 11k.00 S

-

34,15 sec.

Therefore I = 38.40 % of the Attention Time

Interference = .3840 x 34.15 = 13.11 sec.
¥
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SN ST [
oy oot . i

TOT:

Level of
Operation¥*
. {Percent)

10
25
32
20
15
100,
125

0)

L.52
3k.52
56.52
T5.52

J@H€$

Method of Solution

Sandberg

0
0

Ly, 52

3,52
56.52
68, 523
75.52

. ¥Attention time as a Percent of the T@tél«ﬁYdlew

Wright

3.59
11.61
20.49

Lh Lo

No
Evaluation
Possible

Summary of Interference Results
(Expressed in Seconds)

»

Simulation

.25
.65
5.7L

32.71.

5h.71

66.T1
73.Ylv




20T

Level of
Operation¥
{Percent) ~ Jones

10
25 0
50 _IQl_Oé;
T 165.51
100 200. 6k
125 2211k

0]

Method of Solution.

0

Q‘
13.24
101.08

165.51

é\

Wright

10.51
3&.00

130.01
No

Evaluation

Possible

*Attention time as a Percent of the Total Cycle.

%:Duvall

1.99
38.39

10k.01
142!99'
170.01

188.99

fTable*a’ Jsumﬁ@TY“Of-Tﬁterfereﬁcé Res@l%s “
(Expressed in Percent of Attention Time)
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Simula

tion

1.
lé}
95.

160.2
195.3

73
90
78




B T

B =

L.

Example of Significance Test

( 25% Level Of Operatlon )

SymbdiS?ﬁObe used:

m = -average of the‘Simnlaﬁi@nJresults-(uﬁknown)

m, = average of the deterministic model results

X = average of the sample of n eycle results provided
by the 81mulator "

4

s = standard deviation estimate computed from n cycle
results provided by the simulatéir

The significance level of the test (o) = .05

A

From the table of the Cumulative Normal Distributicn 2,975 = 1.960

T= .65 ( see table 1. )

1.12

Significance Test - if 'x - m L)»u decide that the average of
the simulation results dlffers from that of the deterministic
model, otherw1se that there is no reason to believe that they
differ.

Note that the interval ¥ ! w is a 100 (1-& )% confidence interval.

estlmate of the true average m of the simulation results.

Test of Jones Model

li?-:mol = |25 - O| = 25> u, therefore the average of the

simulation differs from that of the model.

103

B R S
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2. Test of Sandberg Model

3+ Ie SJ of Wright Model
-m | = |65 - 11.61)
O :

simulation differs ffrOm'x,

Test of Duvall Model

simulation differs from

that of the modeél.

| - w| = |65~ 13 11 -

10.96>u, therefore the gverage of the

12.46>u, therefore the average of the

that of the model.

Conflde‘}nce Interval Estimate




Method of Solution

Level of - : Simulation
Operation Jones Sandburg -  Wright Duvall —Simulation Confidence

Values of li-mo' | . . | Idmits.(gec.)

.103
LT
665
1.002
953 ‘
‘953 -
953 - -

: 10% - .25 25 3.3k 43 <103 ~ .25
i . 25% .65 65 10.96 12.46 177 .65
,35% - - 1.19 1.19 14,78 17.17 @665 5T

50% 1.81 1.81 11.69 2.81 1.002 32.7

T5% 1.81 1.81 No - 5.88 2953 5k.T1

66.71
3.71

H l——'\n\n
|+ |+|+|+ 14 14

100% 1.81 1.81 Evaluation 8.65 .953
125% 1.81 | 1.81 Possible 9.17 .953 73.

/50T

Table L. . Summary of Statistical Tests
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INTERFERENCE VARIATION ON MULTIPLE-UNIT MACHINES

e L

100 ¢
80

60

Lo
30

[}
i
i
;
?
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!
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!

ST e et st S 1

1 2 3 L 6 8 10 20 30 LO 60 80 100 200

'ihterferencelvaria%ion’( Standard Deviations in %'of Attention Timef)

Machine Interferénce in Percent of Attention Time

( Showing values of expected variation in percent of
attention time )
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