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This thesis con51ders the ste dy-state behavior of a

.;ixed conveyox system. The systems gesrgn parameters to be

con51dered include the number of me or machlnes supplylng
units of productlon to the conveyor, the number of meﬁ@remov1ng
q

parts from the‘conveyor anq the.len th of ‘the conveyor. The

conveyor systém under srudy is a queueing system withfmultiple

. (M-service} channels supplied by molti—input sources.g'These:

sources allow two types of arrivals, (each has different
service,rimes), each is éoverned by{a seoarate iﬁdependent
Poieson distributioo; It is assumed that the distribution of
service times is exponential.

The éteady-si;ate probabilit;‘i..es for n-:i..tems in the
system aod other "measures of effectiveness" are-mathemati—
cally derived. A simuiation hnalfsis is aleo undertaken to

determine'the utlllzatlon of the service channels and to

compare both theoretlcal and 51mulat;on results.

¢
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. . CHAPTER 1 o -t
- INTRODUCTION |

- Conveyor System

In recent years- most modern manufacturing flrms have been .
adhermg to the phllosophy that a certam amount of work spec:.allzatlon ‘. .
- _learls to an increased efficiency of production, As a result of this
. trend it Has been becaming more the rule than the exception to fmd
goods being produced on long product:.on 11nes

In general, . the theo:y of comreyors is®not concerned with the
phy31ca1 construction of the ,conveyor; for the most. part the mechamcal
’desn.gn problems have been solved. - Conveyor theory is concemed prmanly
with the detemmatlon of minimm cost operatlég poi1c1es for conveyor '

»

systans A

The conveyor itself comprises only 'one-poftion of a total opefating' |
system. Also lncluded as part of a conveyor system are the work statmns
(or sources) which load the conveyor, the work stations (or service. | '
facilities) which unload the conveyor, and thq units of production which
are being processed, transported' and stored. In determining a system's
operating policy, con31de:t10n must be given ‘to the rate at.which the ‘
service facilities are performing operations, the storage Capacity of “the
conveyor, and the production schedule for the mamufacturing system of concern. -

-.-'J..a ’ -
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- In recent years, researchers have been devotlng more

'

alterat:.on to the area of conveyor theory This is due to the ever

=

-

increasing importance of conveyors.

-

~The Fixed Conveyor

The flxed conveyor system is most often used to link together
two production centers. This system is exenupllfled by 2 group of
workers placing units of production onto a gravity feed roller COnveyor
. “to be transported to another locatlon where a second group will remove .
‘them. For the most part, conveyors ‘of this type are used m .
removing materials fram one productlon center to anotyfr and as a
location for storing :Ln-process zmrentorles From Flgure 1.1 1t can |

be seen that the general. movement of un.'Lts ‘through thlS type of system

.is as follows: :
k. As units are completed, at the first production

center .they are loaded ‘onto the comreyor. s

g

2. Units move along the conveyor untll they reach .
“the second productlon center . |
3. When a unit reaches the second production center
> it is moved from the conveyor, operated upon,
| and passed on ‘to the: -next systenm.

As units move through the system certain. lmtmg cond;tlons

may be encountered. If all service ‘facilitées are gccupled J

- ! L)
A . .

. - .
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~
when a unit is completed at the source,;the unlt waits on the
conveyor until a facility becomes available. However, 1f a

unit is completed at the source and not only flnds all G T

service. facrlltles occupied, but also flnds all storage ST

locatlons ‘on the conveyor fllled, lt remalns at the source.

»v:‘_i_.

Queueing ‘Consideration  ° ‘a ' -

Queuelng theory, also referred to.as waltlng line
analysms, dealsﬂmith 51tuatlons which arise. when units
(customers) arr1v1ng at some servrce mechanism must wait
before they can be servzced In order . to -study and mathema—

tlcally analyze a queueing system a prerequlslte knoWledge of
’, LJ- ..

the laws governlng the arrlvalgpattern, the service:- meﬁ?anlsm

and the queue ¢ discipline must be obtalned '
The arrival pattern of units enterlng a queuelng system

can be deflned by spec1fy1ng the statlstlcal pattern of

'arrlvals, the average rate of arrivals and the number . of unlts

whlch constltute an arrlval (srngle or bulk .arrivals). Iav
some queueing SLtuatlons it is also necessary to determlné*

whethew/or not the arrlval pattern depenas on the status of

. the system. For example, a long gqueue may deter unlts

(customers) from,enterlng the system, thus, the status of the :

- ke

system Wlll have a’ major 1nfluence on the pattern of

-arrlvals.

The laws governing a servicekmECﬁanism.for a given

queueing system are best descnabed by 1dent1fy1ng the

statistical dlstrlbutlon of the time to complete a serv1ce,

.
.’z.

1



by specifying the exact number of arrlvals or the statistlcal
dlstrlbutlon which deflnes the- number of arrlvals in a glven

xime period, and by giving a descrlptlon of the physrcal

" a properties of the mechanism {number. of serVers and their

arrahgement) . . -

~

»

The queue dlscipllne refers to the order in whlch unlts
.are selected for processing and the manner in which customers
{units) behave once they have entered the waltlng line.  In
selectlng a unlt to be. served by the service mechanrsm,.the
.unlt may be chosen according to a firstfcome—first-serve
- (FPCFS) rale, a random selectioﬁ,rale,'or according_to :Qmé,
assigned'priority scheme. In describing the behavior of
units in the gueue, one must note‘if a unit is ailowed“to
leave the system Beforetit has been served (reneging),gif a -
punit is allowed to move freely between waitrng lines
(jockeying), or if a unit is allowed to refuse to enter the
queune when: the line length‘is too long (balking). '
Within the literature of gueueing theory, a somedhat
standardized notation for identifging queueing models rs
generally used. This notation bears the name of its origin-

ators and is referred to as Kendal's notation. Kendal's

“notatlons have ‘been. 1ntroduced ln the followrng symboblc

form (18): ' R

‘ : -~
(a/b/c):(d/e/f))/*

* where,

"a" represents the arrival (or interarrival)

distribution



Ilblf

"cﬂ

Itd'l

. R ,nfn.

représents t+he maximum number allowed in the

L S

represents the departure (of service time)
distribution. -

represénﬁs‘the“number 6f pgéillel service channelg
in the system.i ) '_-i | o | e
represenﬁs thé Se:vicé discipline.

system (in service and waiting).

represents the calling source.

The foliowing conventional codes are usually used to replace -

the symbols "a®”, "b" and "a",

Symbols "a®™ and "b"

: fﬁoisson arrival or departure distributions (or

M==
. equivalently exponential interarrival or serVice
times distributioné).
D ='deterministic interarrival or service time.
Ex = erlangian or gamma interarrival or seIVice time ‘
distribution.
‘GI‘= general independent distributio#%of arrivals (or
| _inigrarrivai times) o |
. G = geﬁéral dis;fibutioh of départurés.
J- Symbol "™ 2 -
. fdﬁéf= girstécome;first~served.,' %
LCFS = last cgme, first sé;yed.-' E
’ STIRO = service.in random order. 1
h GD = general service diSCipline. E 2

S The symbol

“c“ is replaced by any posxtive number represent—

,ing.thg‘number of parallel servers. The qymbols‘“e _and

\[ .

" __é;‘\"\,_f\-a\



"£nYepresent finite or infinite numbers in the system and’

-

Eelring ébﬁrcé, respectively.

‘The Conveyor as a Queueing System

Referring back to Flg. 1.1 it can Le seen that the
system under study possesses many of the propertles of a
.queueing system. ‘Units;ere processed by the sources and de-
livered to the conveyor, thus forming"' a stochastic arrival
patgern. Space on the conveyor is prov1ded for the waltlng
\1line to form. The service faczlltles remove parts from the

c nveyor {queue) and process them in a manner that 'allows a.

service time distribution to be defined.

Statement of fhe Problem

-~

The objectlves of this study are. i) to develop e

'ﬁodel of the fixed conveyor system,.ll) to obtaln a method-
ology for determlnlng the mlnlmum cost comblnatlon of sources,
sexrvers and conveyor length; iii) comparlson-of,the_asalyt;pal .

'results.with the simulation results.

.In the area ef.fixed conveyorsﬂpast research has alwafs
bee3350pcersed main;y_with tte ceses where inputs are identi-
cal with respect to the required operatiens,and the service
times. Seifar no-efforts have:been mede in this area to
solve the multi-item case, where more than &fie type of units
(multi-item jobs) have been scheduled to be.operated upon and
transported by the fixed conveyor system.

Tﬁis studj-focﬁsses mainly on the fixed conyeyor

’

allowing multiple Poisson inputs.‘ The system under consider-



ation has.the following'prope;ties: - . (
| ‘1. Two tppes of arrivals are allowed, each type
-”isvgoyerned by an~independent Poisson distribution.
= 2. M-Channel case is studied where the ser#ice\;éte
at each channel has avhegative exponential distribution.
3. The service time of a unit from the flrst type of
arrival is i times that of a unit from the second type.
4. The removal of units from the cOnveyor is based
on first come-first serve disc1pline.
. The system's performance 15 measured - by means of
'certain criterion known as measures of effectiveness,
" derived by the application of queueing theory. These
measures are as follows: _
| 'ij 'steady state probabilities of the system
ii) the probablllty that system belng Ldle
111) the expected number of unlts in the system
Av) the_probabi;ity that an errival will heve no

wait prior to service. : ] .
kI

g

Thé system design parameters to be considered in this

study are:
ai (the traffic intens;ties-
b) the number of serVice channels
c) the number of input solrces
d)'.the'length of conveior N
e) the service time ratio between two types of

-

arrivals.

o



'Importance of This Study

The type of the arrival rate gséd in this study
(multiple Poisson input) practically exists as in the case
of u51ng conveyors with sérvice statlons in the repalr and
maintenance of large assemblles, each consisting of several‘
identical unlts. In this study, the steady state solution of

.multiple jobs,-which have  been égﬁéduled to be operated on
fixed conveyor,_wmll be developed. -

The analytical results, cost model and sxmulatlon
"study will be helpful in decision making to determine the
optimal operoting condition of such conveyor systems.

In this study, the analytical results'are compared
with the simulation results. The results will be of

importance to the designers of such ooﬁveyor_systems.



what he terms 'rules' for satisfactory operation of a CoOnveyor.

CHAPTER 2- , | e

REVIEW OF LITERATURE

THe paper published hy Xwo (1) was the first ﬁo_view the

_ conveyor as a coupling device between two maﬁufacturing areas.,

‘After examining the general conveYbr problem, the author gives

-

The three rules stated are probabi& the most significant |

and most often quoted contributions to‘fhé theory of conveyor

o

operations. These rules are: _ ‘ . ’

l.

The Bpeed Rule: this rule specifies the range of speeds

., within which a conveyor must be operated satisfactorily.:

The general expression is -

1
-

R . v ._..1 1 Ve -
Max (Rpr Rg) < 5 < Min (goegory) o

where: R = loading rate
unloading rate

= velocity df'speedxpf conveyor

w < d
I

= spacing between carriers

t

T. = average: loading time
'TU = average unloading time

Ve = max. technological conveyor speed

. ‘ . < - .
2. -The Capacity- Constraint Rule: this rule states that the

conveyor must have enough capacity to accommodate

R -.-. ) . - ! !
.f : =10 -



where:

accumulated items, intentioﬁal reserve stock, and stock

’ g 9 ' ' . . V
which must be carried to satisfy the temporary requirements
at the loading and unloading. pgints to their physical sep-

»

aration stated in equation form.

M = total number .of carriers on the_cohveyor
Q = capacity of a carrier | -
V = the speea of the conveyor
L = the length of the conveyor
W= ﬁ/v = révolution time of the conveyor
S = L/M = spacing between carriers |
- K = constant determlned.by”the,speclfled amount‘ﬂr

- of safety reserve stock to be carried by
_the conweyor.- - .. L

The Uniférmity A{Principle) Rule: it étgtes that the.
conveyor must be loaded as well as unloaded uniformly
throughout its entire length. According to this rule, the

level of accessibility of parts for the unloading station

) and'séacég_for the loading station will be optimized.

Helgeson (8) in one of his papers discusses the "how to

design" aspects of closed-loop conveyor systems. The

 6perating policy for.the system chosen is:

The conveyor receives parts from loading ‘station at
some specified rate Ry, It then delivers these parts
to an unloading station, where they are unloaded at
some rate Ry. Storage is not allowed at either the
input or the output stations. Any part that must be
kept in storage is left.on the conveyor. To obtain
the true storage capacity, consideration must be glven

-'11 -



/f. | - ...l.;

to the fact that thérunloading station demands Ry parts
per minute and there enough spaces must be provided
- on the conveyor for a possible delay or breakdown of
. either the loading or unloading station. A third con-
sideration must also be made to allow for a non-uniform
distribution of parts on tfe CONveyor.

-

The author at this point moves on to show how conveyor :evdlu—

$ion speeds can be approximated by employing a monograph which

- 4

.
- v

he has”aeveloped.

D{sney (5) p;esented hié paper in the form Qf a techni-

cal note. This was the first pubiished work in which a conveyor

system is treated as a.multi-channel gueueing system with

-

ordergd éntries. The conveyor chosen for study is of the"pdwer

-

and free type.

In & queﬁéing-sense, the problem is viewed as q'multi-
chanhel problem in which-arrivais must enter the first empty
.chahnel. He bases his analysié on this model.énd an extension
of the régulés of work done by‘Palm—who,showedhfhat the pro-
bapility.of a laéded hook figdiﬁg all workers busy and iost to
the system is.givén;ﬁy Eflaﬂ&'s "Lost Call” formula shown
beiéw: ‘ _ '

_ r o
B = /D 7 2 (b)i/i!¥

where: r = the number of channels

/

p = the load factor ' &=

A = average arrival rate
y = average service time per service.
P = probability that a loaded hook (unit)

) lost - finds all workers busy and lost to the system.

-12 -
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6sing tha results of some of his previous work, the author goes -

'on to develop system equations fot.altﬁo‘station case. . The

two atorage.policies examined are: -

. 1) no storage is allowed at either of the stations, and °*
2) no storage is allowed at the first station, but N
’ units can be stored at the second statlona

The- conclus;ons reached are:

l) For the no storage case (powe; cgnveyor)-the un-
balance created hgtziin servers can be partially
corrected by increasing u."However, in thls_case
more parts are lost to the system, - , | |

2) .Imbalance can bé:gorrected by storage-facilities.

When balance 1s achleved, experimentation has shown
that only 50% of the" de51gn‘capac1ty is utlllzed

3) AStorage fac111t1es reduca the'chance of a part
recirculating. The major drawback is that as
storage allowances are increased the.probablllty

, of system idleness goes up.

. Mayer, ‘a$’ quoted byICullinaﬁeéttly'pEOPOSedAalﬁétﬁdd"foff7f

anal?zingumultiéie.loading.statioﬁféOnyé&érs:'"The theory -~

developed-is limited to conveyors which'carry discreteTumits.

of'p%odudtion‘aﬁay;from}multiple loadiﬁg'points.
" In the'developée of a mathematical model of the
-system the followzng assumptlons are made.'
l) * Conveyor speed.is constant.
2) ALl conveyor hooks are -empty befére arrival at

the first work station.



3. Tﬁere are-nnstaﬁions with eéual cy&le timéé,

4. qukef cyﬁlé'limeé-are equal’and independgnt.‘

5. Only.one cohveydrzhook was a}?eaay with%y a
worker's reach.

6. If a worker finds a hook loaded he places the
product on the floor. : '

7. Once prbdﬁction is placed on the floor it is K

N eliminated‘from subsequent considerations.

ﬁsiné\the concept. of e ected valﬁe and the binomial .

5\

e

-

distribution, a measure of effegtiveness is developed. This

measure of effectiveness (D) is given by the following

expressidn: -
.ﬁ - __""H .
_ D =1 ﬁ[l ql]
oy \ )
where: N =,number of work stations ) t:) ’
o /—/f . . . ' L
H = total number of hooks passing per shift .
n = total units of production ?er shift
' q = probability no attempt is made to load a given

%
hook. ’

e
-

Within the paper there are many practical éxampies of how the

Measure of Demerit can be applied to operating systégé.and .

2]

how they can be used as a criteria for judging'fhé system's

efféctiveness. Gupta (7) exéendedkbisney's work on the two-

channel gqueueing problem with ordered entr% to a general case

congldering.the two—-channel case whenfthe maximum number of

units allowed in éhannels‘one and two are M and N respectively.

-

S 14 -, . : . -
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U51ng the generating functlons technlque, Gupta obtalned the

queue size dlstrlbutlon in the steady state caSe.-

Pritsker (14) con31dered a conveyor system which con- .
‘sisted of a conveyor which is not restricted in type (belt

. § hook, receptacle, etc.), work statlons "(channels) which ove
” . ' . [ )

units from the conveyor and pefform some operations on’ hem,

——

and input channels whiEh,élace units on the conveyor according

to some spec;fled dlstrlbutlon.-

The approach taken in the analyszs was to. view the

overall conveyor‘system as a multiple channel queueing system B
'~with ordered entries. ' The major eentribution of tﬂis-study ig

that through the nathematical’developmen and simunlation study -
it is shown that certain parametefs have little or no effect

n the steady state performance of the system. = -
. - ' i -~ .

Thes®\ parameters are shown to be:
1) The distance between service channels.

"2) Thé form of the ,S6rvice distribution if the inter-

arrival distribution\ is exponential. ! S

3) The distance which ujits not ta%en from the conveyor

-

must be‘fed back. - —

arch has not alﬁays_

In the area of fixed conveyors past

been concerned with the analysis of the total system. Mgst of ~

J

the early work ‘on flxed conveyors has bedn qualltatlve and

= descriptive in nature. Apple (1) describe rav1ty feed, roller
and belt type conveyors in his book on plant ayout. Reed (1§
considers some of the mechanical problems that a involved i

designing a conveyor system and he proposes metk§ds,



' ' - . c}k;,h_
) . ’ . .
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\ gtk
9

Mooy

44

determining, some of the mechanical design parameters. Carson”ib,

{3) and Bolz *k, (2}). concentrated on a descrlptlon of the .
-

‘physrcal characterlstlcs of conveyors and a dlscu5510n of the

types of materials Ehey can carry. _. LA
L4 ] .
" Richman and Elmaghraby (17) reported on the application

X

of queueing theory to a fixed conveyor system. The system

'.considered was a, straight- line production. pperation in which

the output of one machine was-delivered to the-next machine by

conveyor., The objective of the research was to determlne‘the N
best conveyor length when 1n-process inventories were con~

51dered.' For purposes of analysas the system was v1ewed as a

steady state M/M/l gueueing model w1th-un11m1ted arrival

population. Through the application of conditional probability

" theory and queueing theory, the length of the conveyor was

deternined such that it satisfied a requirement that the system

would_be blocked only scme given percentage of the time.
Morris (13) applies gueueing theory to a roller type gravity

feed’ conveyor. The system studied is a straight line produc-

tion oéeration in which, at one stage of manufacture, steel
castings are stored in a live bank on a roller conveyor.' The
objective of the analysis is to determine the 1ength of the
conveyor which yields a minimum operating cost. The system

is considered to be an M/M/1 queueing model. . An objectine
function is develpped and the minimum,cost; conveyor iength .
is obtained by dizect calculations. | |

0y Morgan (12) analyses the/gtE%py state behav1our of a

two link matereals handllﬁ; system with, lntermedlate storage.

-



number of operatingfservice stations and sources.

-

aAlthough it is not specifically a conviyor system, this‘system
is similar to the fixed conveyqr in that the flrst link is a
source and the second a service faclllty. In developlng the
quel, the author uses an example in Whlch a power ‘shovel
dellvers -materials to a storage hopper and trucks then remove

-

this materr/l.

Consideration is first given to the situation which
occurs when there 1s one carrier (source) in the first link.
The steady state equatlons for this sytem are first developed

for exponentlal 1nterarr1val times (EK/M/C). Three results

are obtained.

1) The mean rate of flow of units through the system
per unit time. e -
2) The proportiop'of the total time the source is

idle, and,

3) The mean number of idle service facilities.

Another study which is similar to those_oentioned above
was Votaw and Stover‘(igj.h’They use an example of a chemical
p;ant production process in which reactors'correspond to
sources, holding tanks to waiting_places and stills to
service facilities. A unit of productlon is- cops;dered to ke
one batch of matertel produced by a reactor. Equatlons for
the state probablrltles for the flnlte source, finite service
facility, and limited gueue system are gzvetl_-ige results

obtained for this system are the average Waiging time for a

-'unit, the average length of the.waiting linéi and the average

»

;_‘\5*\

- 17 -
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: / . o
'qbtain a methodology for determining-the‘minimum cost combin~- ..

In a papgr devoted pr;marlly to the determination of

.._p,,
»

the upper andllowe bo&hds for the probablllty that there are
N units in the stgrage area of .a multiple source, multiple
server system, Weles (20) described a system very similar to
that of the fined conveyor; The system'is assumed to have R
lndependent sources which delzvered to K independent service

facllltles. The arr;J\I‘of unlts is taken to be Poisson and
the service time exponentlal.ﬁ ?ﬁ;‘

Jackson (9) has studled‘g;eueing systems which des-
cribed typical production 1inefe£tuations. For the most part
his work is purely theoreticai; " The system studied is a
generalized:éustomer—arriﬁal process whose potential customers
arrive accordlng to a Poisson distribytion, but the probabll-
ity that a cnstomer actually enters ‘the system depends on the
number already ln-the-queue. He has also investigated the
case in which théynumber of servers belng employed at. a given
work center is dependent upon the number of unlts in the queue.

The results of this work is the determlnatlon of the conditions

necessary for the existence of a unlque equilibrium state

:'4probab111ty dlstrlbutlon. o T

Culllnane (4) 1nvest1gated the transzent and steady

state behavrour of a fixed conveyor system. The objectlves of

his research have been (1) to develép-a‘model of the fixed
- ? N * .

conveyor system for traneient operating conditions, and (2) to,F'“

ation of sources, sservers and conveyor length that can :be
- . e

- 18 -
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employed fp_prscess short run joﬁs which-havé been scheduled
to be ope;atea upoﬁ_and'transported by the fixedtconveyor'
syétem. In the case of multiple‘job aﬁalfsiq, Cullinane did
not allowfthe interaction (mixing)_bétweéh'the jobs}_éithough_
it is ﬁﬁéoretically pqésiblef

El~syed - et al J(15) investigated Sthe miltifbtem=- - -
" case (interaction between jobs) by applying queueing theory to
a closed-loop conveyér system. The system studied is a M/M/2
queueing model with no storage at either of the channels.
Steady statq‘probabilities for n—items in the system gpd.their
'measures of efféctiveness’ are deriVeé. |

Having Yiewed the literaturé.and established the proce- -
dure for tgai&zing the queueing system, I next step is to

- develop mathematical models for the conveyor system dexr study.

4

- 19 -



Pi

times will be developed for the following cases:

CHAPTER 3 * ' i

[
BTy
e

. MULTI-CHANNEL EXPONENTIAL - o
~ L QUEUEING MODELS 7

-

"fn this chapter, the probabilistic queueing medels'

with exponential interarrival times, exponential ser#ice

i
1

:'L) Single-server, single—source conveyor sysﬁem

with one unit length of conveyor capaclty.‘

&
@ - - [

- 2) Two- server, single-sourge conveyor system w1th
.conveyor length as one. ' ' .§
3f Three-server, 51ngle-source conveyor system with
conveyor length as one. i
4) Multi-servers, single—soufce conveyor sysiem.
~ j
The 5ystem'under study is shown in Fig;3;1, If ™N" d?notes
the maximum number of units of production, the system can r
contain at any p01nt in time, "S" SpEleleS the number of
sources delivering units to the conveyer, “C" 1ndlcates the
number of service facilities taking unit from the qpeue.
(conveyor) and "b" représents.the-maximum qﬁeue len%ﬁh
(con&eyor length) allowable, then the following re;%tionship

can be stated:

- 20 - o
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The following assumptions are made:

* 1) For each of "S" independent sources, two.types‘of
units will be délivered_to the conveyor in a
PPisson féshion with a mean of A, and A,,
respectively. =~ . ' S

2) The "C" servicé'faciliﬁieswiocatéd aiong the
cohvéyor are independent of each other and each has
a service time which follows an exponential disFri—
butién‘with'a_mean of 1/u. The servicg‘éime of the

second typé of units is nh-times that of the first

- . - type - "

3) 'The removal of parts from the conveyor is based on
a first come-first serve discipline.

+

4) The maximum length of thé queue‘;% governed by the
}engtg-of tPe conveyor. . |

5) If a source-attempﬁs to,deliver a2 unit to the- .
conveyor and. £inds thaé there )is no space:
avéilable, the unit remains.at the source.

The stéédy-state probabilities will be aerived for all .

the cases mentioned previously in this chapter. Notations

‘used in deriving these equilibrium probabilities are as '

follows: N
Pij = the probability of having i units from first
. ' ‘type and j units from second type in the system
'11 = average arrival rate of first type of units'
Ay = average arrivallrate of second type of units

>

- 22 -



uw = average service rate of service channels

n ='service time ratioc of the two units, i.e.

(sé;Fice rate of second type of units
service rate of first type of units

_ Ay
u)
Before the steady—staterequatibns are derived, the basic
axioms governing this type of conveyor system are stated:

Basic Axioms

Axiom 1. Ipn an interval of time At > 0, there is a positive
robability of ar;ival (departure) (21);

Axiom 2. ¥ a sufficiently small interval of time, at most
one arrival"(depa;ture) caﬁ occur; that is, pro-
bability 6f two or more arriv&lé (departures) in
time At is zero. :

After writing tﬁe steady-state equations, the following
three measures of effectiveness will ;:'derived. These measures
help to know ébout the effectiveness ofvﬁhe queueing system:

(i) a measﬁré of the idlé time of the system, i.e;,;

s

the probébility of the system being ‘idle, P00

(ii) expected number of units in the system, E[n] _

(iii) some measuie of the waiting time that a unit
might be forced to endure, i.e., the proé?bility

that a customer (arri?al) will have no wait prior

to service, Pf}w=0;.

‘The éﬁgbabiiity equations for different cases can now be

written in the following manner.,



Case 1.

P 0(t+At)

Plo(t+At)

POl(t+At)

b

P l(tﬂt)

C

P20(t+At) =

l; b= 1; §

= 1; n = service time ratio

+ POl(t)(%u)At

Poo (B) [1-S.(A +2,) A) # ?10(t}(u)At

Plo(tril—{s(ai+12)+u}AtJ + Poo(t)-s§fAt

+ on(t) uAt + plltt) ‘l/ﬁ)uAt

?Ol(t)[l—{S(Al+l

(t) 1- (=5~

| ll(t)[l {S(A1+12) + (—5—

1

2/4

P p(t) =5— uit

SA. At +‘P10(t).81

2yn)uﬁt+ P, () ~kuat

-

1+l/n

2

{

on(t)[l—{S(Al+12)'+ plat] + PlO

~

1/a

Pap(®)T3

At +_P3°(t)-;(uAt)

l .
21 + Ku}&t} + Po0

e }At] + P

(t)-S

0

. 2 "
At + le(t) 3 pat .

(£ 8a

A

1l

1

2 At

(t)-

At

(1)

(2)

» (3)

(4)

" (5)



_ _ "2/8 ' ;
P, = Py (t) (1-(S (01,0 + 2Bulatl + o (6) shje
4 (L uae + 2ty 3 B1uae
12 3 H 03 “f

L eyl 1t2/8 s o
t+at) [1 (-—3——Q(ubt)]+ poz(t)_xlAt.

' P;2(t+At) = Py,
.+ Pyq (%) A 8t
P,y (t+At) = P,y (t+AL) rl-igi%éﬁl at] + 2y0(8) 2t
+ Pl;(t)i}lét -
P, (EHat) = P3q(t)[l-uAt]- + Py () Ajat _i (3

= ' L ‘
P03(t+At) = POB(t)[l i prAt] + Poz(t) let

Rearranging the terms, dividing by At, taking the limits
At + 0, and recognizing that |

1im Pn (t+4t) - Pn (t} ‘= pnt (t)

r _At

At > 0

the above equations (1) through (10) can be written as

foliows;

B

325 -

(6)

(7)

(8)
(9)
(10)

as



- ; el
oo(t) = S(ll+A2) POO(t) +u Plo(lo) + ﬁ[?01(t)

1% R . '
Plo(tL = -[s(xl+12)+u1gloct) + sxlpoo(t)

R+ u Pyglt) + 35 Pyg(E)
_ Lo o
Py (t) = [S(A;+A,) + FHiBy, (£) + Shy Poott)
. L} . .
+.luP (£) + XuP ()
17702 11
D ey & (1+1/8)
. C
2

+ SX, Pyg(t) + 3w P,q (£} + (2/30i-u) Py, ()

; _ ' _ 1 |
on(t) —‘ [S(Al+}2)4-uJP20(t) + Skl Plo(ﬁ) + gﬁ;xle(t)
+ uP30(t) | -
P A _ B u -
-Poz(t) = [S(xl+§2) +.H] sz(t) + sxz POl(t)

1l u
+ -j-ul’lz(t) +..K P03 (t)

/ _ _ [1+2/h ' ‘
Fen _ _ 2¢1/R - L
Poy(8) = = [F370IPy (8) +3, Pyplt) + A1Py4(8)

o/

U P30 () + ?\lPZO ()
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r

v — _ u ! R B
POBEt) = = 5 Ppalt) + &, Po,y(t) _ . ' (10) 3
‘ L}
b . .
The above equations are known as the birth-death equations of
the system. .
. . - -. 6
It has been shown that (17) for a system of birth-
‘déath equations of the type given above, the liﬁits of Pn(t)

exist as t approaches‘infinity. That is, -

lim Pn,(t)l =P

n
ol
and.
- 1im Fnlt) —
(<34
dtvo /

s

where P is the steady state probability that the system is
in state n at time (t). | _ _

If equations (1) through (10) are set equal to zero
and divided‘by 1, the following steady state eéuations are

| obtalnedf where Al/u =_°1 and kz/u = p23

| ' —
(Spl + sz)Poo =Pyo+ F Po1 . | (1)
_ . ‘ 1 -
(Sey + Sey + 1IP1g = SpBgg * Pag * 37 Pr1 (2)
" {Sp, + Sp. + ~1-)P ".=‘Sp P +=p._ + P, - {3)
Py 2 ¥ %0 200 * 3 i

02



( ‘(Spl f szl

(Spy + Spy)Py0 2 SeyPrg + By

™~

. <1 ’ _
(Spl + Sp2_+ E)POZ = sz P01 +

Tt g, n+2 - )
- G?T0P12 = by Pgy + Py Pyy

n+l

(3gTIPy = 05 Py * P P

1l

gt gt

30 1 Fao A

b = P02

03 = P2

Solving the simultaneous equations (1) thréugh (ld)

the steady-state‘probabilities can be expressed in the

following forms.

?10 = Spl P
Pyy = nSe,
»
3 = 2n52p o)
11 ° 1P2

28 -

(4)
{5).

(6) -

A7)

(8)

(9)

(10)

(11)

(12}

(13)

S

vl



» . ‘
; 2 2 — 2 . . . . -
Poo = 5Py Poo = P1 Foo (14)
P _-= n2g? P - ﬁép 2'p (15)
02 2 “o0 P2 oo> )
P, = 3f% ozﬂg‘m (16)
12~ *% P1P2l\ T o0
P.. = 3Ap.2p,-Pnn (17)
21 1 "2 “00 : -
. ‘ - “
P, =03 T (18)
30 1 00 N ‘ : :
| _ 233 - : -
Poz = 2Py Pyg o . (12)
From the Poundarg condition (=, =0 Pij = L, Bgy can
be obtained 7 ' hS N : }
Poo * Prg * Py * P11 * P20 * Pox t P36 * Foz T 1 Q9.1
. Using egn. (i9:) with egns.. (i} through 19, we get . .
' . A2 A2 2. .82 2
ol 27 3 ~3 3 —
+3npl p2+p1‘+npz).—l
- 3 ! 1 . 4
Foo = 5 (20

1+ (pl + ﬁéz)'-+ (ol + 'r'mz)z + (pl + ﬁpz)

- 29 -
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ﬁxpected numbexr of units‘in this system is given by
i -

= P, 4P, . +2 (P, +P +P ) +—3(P +P +P_.+P..)

10701 117520 0377217712
) ’ \ _ " f.iw‘”
- = [{p +hp. )42 (p +Ap. ) 243 (p +Rp.) ] P .(21)
- . HiPTRR, .."1__,.-2_ S i 00 - -
- . L. i *“

The probabllltyﬁzhat\_g arrlval will not have to wait

prior to servzce is T ‘ .
. - /\' . a 1
P, 10l = B,

In the case of one-chénnel mbdel, the probability that an

N
g arrival Wlll have no wait prlor to service -is equal to the
probability of the system,belng Ldle.
& I- ) . »
. o L 1
i.e. Priw=0g= - (22)

1+ (pj+hin,) + (pl+ﬁpz)2 + (pl+ﬁpz)3

F

case 2 ' . o E __' *
éteady-state solution ‘for the M/M/2 model:

qp.of‘serverﬁ = 2

no. of sources = 1. R
ratio of service ‘time = n
length of conveyor = 1

a

The difference equations for Pij (t) can be written

¥

- as. /ffé'liows :



N _ ] _ _ N o 1.
P00(t+At) = Poa(t) [1 (%l+l2)At] f Plolt)uAt o+ POl(t) HuAt
~ 1 < i+) < C

-~ - a4

I

Plo(t+At) Plo(t)[lé{(xlfxz)+u}At]‘+ Poo(t) A A;

1

U
* Pyplt) 2ubt + 2y (0) () st

2

- .. ) _ N . u _‘.- , . -
Pop (EFALE) = Py (£) [1-{(A;+1,) + =}at] + Pog(t) Anf

N o o
+ Poz(t) E'uAt + Pll(t) udt

4

_ S 1, . |
Pll(t+At) = Pl;(t) (1 {(A1+A2) + (1 + H)“}At] + POl(t) llAt

o
4 4 '
+ Plo(t) Aght + le(t)sgAHAE + ng(E),ﬁﬁ HAE

4

Poo (EF8E) = Poq (£) [1-{ (2 +2,) + 2u}AFJ + P (t) A 8t
* Paglt) .2ubt + P, () 3% uat
- Pgp (tHat) . PO?(t)Ll-{(xl+12) ogulat] + Poo(t) At

2 - - 2
F Pyo(t) S uAt + Poo(t) £ oust

. I L 2(2%1/8) NV
le(t;}'At) - le(t) [l {‘Al.‘-A.Z) + —__3“-'—"u}ét]+ Pll (t) JLlAt

\Y;

\/ . ‘ : 3 o1
+ onit)-}znt + P31Ft) Su At + Pzz(t) Fn At

At
/‘) 7

W
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ah

' oy o e | 2 (1+2/8) .
R (eRaERE B T (-4 ) + 2R yyaey

., - 7 - . ; Co . - 3
+ P02(t) AlAt + Pll(t) S&zﬂt + Pl3(t) S uldt
+ Pzz(t) udt

N _ i," - b . )
P3o(t+At) = Pao(t)ll ﬁ(Al+12) + 2u At} + on(tl llAt

F Py (8) 3x ouat + P40(t)-2uAt

-
-—

At

e _ -. ‘.2
P03(t+At)‘— POB(t)[l {(xg+2,) + Eu}At] + Poo(t) A,

\ )
+ Pl3§t) X ugt.+ P04(t) = uAt

Pyo (t+at) = Pzz(t) [17(17+;/ﬁ)nﬁt] .+ Plsy (t) A At + P, () A 0t

2 (3+1/8)

uatlL + P,q (t) A, At

| Py (eHaE) = Py () 11- 1

.

o Pag(t) A

2At-
eaar) =  2(1+3/8) '
Ppglthat) = Pya(e)l T wet]l + Pog(t) Agpat
[ S -
+ Plz(t)“let
- ) P ‘ -
E4ﬁ(t+At)‘— P4o(t)[l-2uAt] + P30(t) AlAg’ K
| P )
/



. 2 " '
P04.("t+At) = 904 (£} [1 ol nat] +-P03(t) let

‘Rearranging the terms, dividing by At, taking the
7 limit asAtrkfp, and if the resulting equations are set equal
.to zero, the following steady-state eguations are obtained,
where py = AI/u and Py = Asz.
(p"-F‘;) 1P =P -i-lP‘
17 %2700 10 R
-

(pg + Py + LIPy = p3Pgy + 2Py

1
=

(by + 0y + PBoy = poPg + & Bg, + Py
. :
(py + pp * %%)‘Pll = P1Poy * PPy * 5P+ 3w P12
.. ‘ _
(Py * Py * 21855 = P1Pyp + 2P3p ¥ = P21,
lpy * P+ DR = e SR, R

a2, _ - 3 1
(py + Py + S3p7)Py; = PyFyy + PaPyp * 3 P31 t§ P22

1 o
26144, 3
(py + Py # T3 )P 5 = P3P ¥ PoPyy Y 3g P13 * Paa

(py + 0oy + 2)P_30 = 1P * 3% 931 + 2Py "

2 o

n+1 _ o
(Fg71Py5 = PPy ;_ PoPa1



3h+1 -
(S5 = Prfa1 Y P2

P3o

»~

5-)1By3 = P Pg3 + P2F)o

2P 5 = P1 P3p

)\\\ 7 Posa = P2 Fo3

By ‘'solving= the above steady state equations,. the pro-

babilities in terms of POO are -obtained:

1 < i+y <c ¢

-

Pio = P1x Foo
P . = np., P | b ‘
o1 - BP2 “oo i
‘P = P -
11 = ®P3P2 oo
. . £l
T a2
Pop =% Py Poo
B ,2
_n- 2 -
Poo = 5 P2 Fpp
@ < i+j < bre -
_ 3 2
Poy =70 PPy Poo
‘ _3»2 2
P, =T D PiPy Pgg
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2 00"

. b+c < i+j < bicts

3
Poo =T 07 27 Py Py
1 3. =
P3p =30 Py Py Py
1.3 .3
P13 =307 P1Py7 Py
1 4
Fs0 = 8 P1 Foo -
_ 1l a4 4 | T
§ Pog = F Bi P2 By \

-~

'Again, POO can be obtained from £he'boundary condition,
n n :

i.e. =0 §=o Pij 1. P?obablllty that the syst?m be;ng an
idle. is, ‘
P = ' £ o

.00 1+(el+ﬁpz)+§f(pl+ﬁp§¥2+k(pl+ﬁ92)3+%fpl ﬁoz)4

Expecg;d number in thgrsystem

n.n

E o (i+3) B,

| Elnl = i“;:o.‘j=o 3

e

1
(Y224
(73]

L]
\




+: = [(P01+Plo) + 2 (P

+ 4

3

- Aoty g 2

11 20

(P 3*P31¥Po %P0+ P ,) ]

u

+P +P02) + 3(P

12+ 30%Pg3¥P5;)

‘ ~ 2 ~ 3 :
(p1+n92] + %(pl+n92) + %(pl+ﬁgz)4]P
- . !

00

- The probability that an arrival will have no .wait prior

to service is

fr[w=0

Case 3:

Similar-a?proach is used to solve the model M/M/3 with

are:as follows:

M
4

1

Y1+ (Spl + BSp,)1 P
A

l <di+y <c -
5 r .
P10 = °1 Foo
Po1 = BP2 Poo

i+3 < ¢

00

~equal to one. The probabilities in térms of P

N

‘number of servers equal té one and the length of conveyor is

00 forlM{g/B




b




b+c < i+j < btcts -
p.. = : D.
23 32 31 o8 31 00
5y op A%,
P = e P
B2 32 31 3 51 00
| : ..
p =5t P1 T2
3230 41 1y 00
p. = N P
14 1] T AN 00
32,31 11 4!
- 5
5: P31
P = 1y
50 32 31 5 00
5! ﬁs"25
P = sl P
05 32 3, 51 00
n
Case 4:

Multi-server, Multi—s@urdes Queueing Model M/M/C

.- .

b t+at)

0o’

Pij(t+At)

no )
+P01(t)§At ok <143 < c

-+

: . ‘ j+1
+ Py, (8) GrDuat + By o (8) (35D wat

bl

'l

= Poott)ll-S(A1+A2)AtJ + Pio(t) udt

Pij(t}[l-{S(Ai+12) + (i+%) wlat]

1l < i+j < ¢

a

(4.1)

(4.2)



.
T

Py (brat) = Py, () [1-{S (A +Ay) + (1+%)u}ﬁt]
i 5 L .
+ P, _ (t) SllAt + By s (8) St
‘ i+l
+ Pia,9 ) COEEERD uAt + B i34
+ : o \
I%EET) uAt , i+j = ¢ ' - (4.3)
Plj (t+at) (t) [1-{S(x +A2) + C(E."-J/—)u}At ]
+ Pi-l,j(#) SApAt + Py o, () SAjat
‘+ J.+1 ](t) C(1+3)“’At * Py, 541 (82
‘ .
C(%é%)u b, C<id < b (4.4)

Pij(t+wt)‘= Pij(t}[}—{S—[(ifjJ-(b+c)l}(A1+A2)A§
- cci§%§3> pAt] + Pi—i,j(t) [S={{i+]j)=(b+c)} +1]

Alat + P l(t) [S={ (i+j)-(b+c) }+1] AZAt

A i/8

b+c < i+j < b+ct+s - (4.5)



i+j = b+c+s

, _ oy 1l i+9/2
P, (t+at) Pij(t) 1 c(—I%E—J uAt]

Py ,5E) AAE + B g doat

i+j = btcts (4.6)

Expanding terms, dividing by at, letting all higher

terms of At be equal to zero (At2 = 0), taking the limit as

At -+ 0, and recognizing that:

lim S it = Pighi®) o

At + 0

the above equations can be written as follows

P L . ' y o .
Bo(£) = “S\#A5)R0 (E) + uPy(8) + & Py () (4.7)
7 _ ' 5 R
PigE) = ~ISOHA )+ (iR uipy . (8) + SAP; g5 (8)
N SR L () 4 (i+D)y Py, () * (i%%)u
Pingerted » 1< i+j <c

(4.8)



ij

P..
1]

. (£)

(t)

Pis (t)

_[s(x%+12) + (;f%qulgij(t) + 8y By, 5(8)

+ Skz P 1{t) + C('i'-i‘-'j")“ Pi+l,j(t)
+cdfdp (t) s =c o (4.9)
' 1T T1,34 r o -
. . - m i+'/ﬁ‘ ) .
~IS( #hy) + CEEFFINIP (k) + Shy By - j(t)
+SA, By s () ClzY P, (&) + c@;jr)u
B geLlt) 7 C i3 < Bre | (4.10)

S LES= 1 (149) = (b+e) 1} (A #2,) c(iﬂﬂ) 1R (E) -

i+j ij

- -

+ fs—{(i+j)v(b+c)} + 113 Pi—;,j(t)

 + ts;{(i+j)-(b+c)} + 11;2 ri,j_lgt)" )

+ C(I%g)ul Pyap,408) * C(%éi)u P a1

b+c < i+j <-b-i‘-i::+sl “ , » ;;:411)
C(E§%§3)u p, (8) +;A; éi RO v, Py s p(t)s

14§ = brcks o ) (4;1;)
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A

Egquations (4.7) through (4.12) are known as birth-
death equatlons of. the. system.

If the above equations are set équal to %ero, steagy—
state probabllltles P10 through Pij can ?e solved in terms of

POO‘ Then using the relationship

all of the steady-state probabilities can be expressed in the
following forms. Letting Py = Ay/uw and p, = A,/ k

’ ~ ] . o )

Co (sep) T (ase )t :
"P.. : -

-1 "1l . 3¢ 00

i
g

0 < i+j < C . I

S ' i ' 3
(i+3)1 (Spq)™ (fiSe,)

-~

o= T , .Boo s C <'i+j < bte II
13 eI 5 5 00 -
7 ‘
(irg)r  (Spy)" (Ase,)’ 1
P,. = —idi- e .

ij citI=¢ o it 3 SZ[QAj) (b+c)]

btc < i+j < b+c+s IIX

Now, measures of effectiveness can be derived for this
model utilizing the steady state probabilities-given by

equations I,  II and III in the following manner.

- 42 -
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c_ : b¥c

. A K- K -
oo ~ Z — =% 5 7 TR ST
=0 i K=C+l=7 C -
b+c+s . X -1
. > leyimey) ¥ ]
& K=btc+l ck~l = g2(K-b=c)

Expeéj:.e&:;-i' number in the s%stem is given by

n b33

| LT ' : .
Eln] 2 (1+3) Pij .

Il

(POlfP10)+2(P +P JL ) 1 S -]

11 20 02 nn
> >

. K ~ K A K . ,.K-1
= - ={p.+np,) K + K{p,+np,) C

Ep KT ST L RO AQ
' bois . K ' -

—=—= "K(pq,+np,) K
1 2 s
+ :E::::; K-1 g2 (K=b=c]_- Poo

=hb+c+l . C

The probability that an arrival will have no wait is
T c-1 C-1 - . ‘
Priw=0)] = 2 E P o ‘

i=0 =0 *J | |

~ c-1

A R
X: 00

VI
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To explaln the foregoing developments, the three,megsures
of effectiveness are plotted in figures 1 through 18 agalnst;the
following 1ndependent varlables: o X
i)  traffic intensity py = A;/u ~
ii) traffic intensity Py = ll/nu
iii) er of service channels - "C*"
iv) lenith of conveyor - "b"

v) number of ‘sources = "s"
vi) service time ratio -‘“ﬁ“
From fig. 1 and 4 +his can be seen that, increase in
traffic inten51t1es w;ll result in a decrease in- the value of
00 {proﬁ?blllty that the system ls 1d1e).- The ‘probability,
00, reaches a very small value (almost zero) when both ey
and p, axre melntalhed at high values. - This is quite apparent
that when there aretﬁgre'number of customers ih the systeﬁ,
‘the servers will be here bhsy and the probability (POOJ of
- Ythe system beinqﬂaﬁ”idle will be less. These .figures also
help us to fﬁnd the ‘optimum traffic intensities to be allowed
so that the:systeﬁ-is maintained at the desired velue ot Pio-
E " From figs. é and 5, one can see théﬁ the expected
number of unlts in the syetem also increase with the lncrease
in traffic 1ntensxt1es Py and pz.' At the high values qﬁ Dl
and Py (say Py = Py = 1.0), the expected number of unite
j‘( E[n], reaches the maximum value, then further increase in Py

- . o B L

and p, will not result in high value of Eln). %
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The probability that an arrival will have no wait
(Prtw=0]{ decreases with increasing Py and Por asiehown in'
figs. 3 and 6. To maintain the aesired value of Priw=0],
say 0.9, number of service channels should also be increaeed
with the increase in pi and p,. : |

Figs. 7 through 9 show the effect of number of service
channels on the measures of performance. An increase In the
number of'channelsr having pq, p, and other variableg
constant, will i_ncrease the probability, Py,, till it attains
'a<oonstant value. This is shown in £ig.. 7. '

| The value of E{n) decreases as the number of channels
‘are increased as shown in f£ig. 8.
| Fig. 9.shows that an increase in number of channels,-
having other rar%ables} some constant value, will reauce rhe
waitiné time of customers. .

Similarly, the effects of length of conveyors, number
.of sources and servzce tlme ratlo are shown in flgs. 10
throigh 18. . :

| : This would be worrhwhile to,claquy'here'that the
results and graphs are preeented to help in designing any
new conveyor system according to their technologicai"
constraints. , In this study, instead of emphaSizing anf

' . ; . . B, - . ',
specific example, consideration has been given to solve any

problems arlslng in de51gn1ng such systems. Every industrial
srtuatlon w1ll have dlfferent teuynologlcal constraints

| placed on the total numbe of servers, sources and unlt
i

-

EES



lengths of conveyor that can be utilized to process a-éiven

set of jobs. So, the model developed for multi-item, multi-

channel fixed conveyor system and graphs presented in this

chapter will be helpful to the designers.




CHAPTER 4

COST MODEL DEVELOBMENT AND THE
DETERMINATION OF THE MINIMUM COST COMBINATION
OF SOURCES, SERVERS AND CONVEYOR EENGTH

The most important aspect in the development of a
methodology for ana;yzing a'production‘system is the trans-
formation of theoreﬁical éonceptg into workah%e decision__
making-toois. 'In this chépter, the previously developed ideas
and' procedures will be converted into a form that will enhance
the quélfty:oﬁ;@anqgeriarﬁdecisibn making.
| .-‘The work‘to'follow will be initially conqefned with the
development of economic models for the.fiied conveyor system.
Once haé&ng obtained the economic mpdél for the éystem, a.
proceaure for determining the minimum cost combination of

sources, servers and conveyor length will be given.

Economic Model

1 ‘ o . "
In the development of an economic m?deifsome basic
assumptions will be made. First, it will be assumed that
since the conveyor system is part of a larger industrial

system, the cost of providing a service and the cost of

waiting for service will both-be internal to the same

-

organization._-ﬂ'second assumption will be that since the
F A
prodessing of units through the fixed conveyor system is so

9

/>~

/J




\/} :
far removed from the actual profit making mechanism of the
organization, it wiil be far more meaningful to develop the'
-economic model in terms of Eosts rathexr than profits.,
| With the above assumptions in mind, it is possible to
define the cost which must be included in the cbsélmodels for
the fixed_conveéér. ’ |
The coéts,are given py the following terms; i
-.C1 = fhe;cost of having'thelsystem idle for one time
uni%.
C, = The'éosther unitltime per hnit,in the system.
Cy = The cost of_prbviding#@ach unit length of.conﬁeyor
during the processing period. |
C4 = The cost of having a source available for deliver-
ing unité to the conveyor for one unit of time. ’
Cg = The cost of having a server availablé for égrvicing
. units of a given job for one unit of time.

Using the following measures of effectijeness, (1) »P

o

Qo
(probability of the system being an idle),~-3 (2) 'Pr[w=0]-

(probabiyihy that an arrival will not have to wait prior to

. service, and (3} E[n] (expected number in the system), the

element of total cost equation can be defined. Now let,.

-3
I

¢ —.the total time to process a job,

=
n

b the total number of unit spaces of conveyor

length made available during Ti.
The total cost of prpcéssing,a jbbocan be expressed as follows:

-

. ( . 66 - . .
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. . . .
TC = Cl POO _Tt-+ cz EIFn] Tﬁ+ C3 Nb + ¢4 Tt C + CS Tt'g

where TC = Total cost of processing a given job.

Cl PO0 Tt = The cost of having‘the‘system idle. during

C, Eln] T, = The cost of having expected units in the
system during the complete operation.
Cy Ny = The cost of providing total léngth of conveyor

during the processing period. )

Cy Tt C =.The cost of haviﬂg'"C" servers available

for servicing units during the processing peribé.
Cg T, S = The cost of having #S" sources available for

delivering units during e processing period.

Determiﬂing the Minimum Cost Combination
) g )
Hav}ng formulated the total c¢ost equation for the

. operation of a fixed conveyor system, it now becomes possible

T to develop a procedure for determining the minimum cost

combination of system's components. ‘In general, two possible ,

classes of problems ﬁill be encountered.

1) The first class considers the situation in which all
. . * .

[

¢ i ) . . -
= of the systems' components are viewed as being
; Z
variable. That is, Eor a dlass of one problem,
? L uT ' S . - |
3 .~ a miniflum cost combination of sources, servers,

and conveyor length will need to be, determined.

. 7. - ’
2) The second clasF{of_problem involves a situation

‘ N , '
in s¥rich the conveyor is ¥ixed in length. Probilems

N

the complete operation.- . £



of the second'ciass are thg\onces most freqﬁently
téncounte;:'ed, since in an actual'operating'system
the distance between work stations usually remsins
consta;tQ‘:ﬁhen'determining a minimum cost come--*
° @\ bination of systems components for a problem of _
the second class, only the combination sf sources
— and servers need to be considered.
5; ' in_ordér to fully define the cost minimiéation problem
for both Elasses,-it must first be realized that for any
N

industrial situation there will be technological constraints

placed on the total number of servers, sources and unit lengtﬁs

The technolog1ca1 constraints result from phy51cal space
limjtations at the work centers or labor-avallablllty: In
a?dition to Fhe constraints which éssult from the physical -
restrictions of the system, there will usually be a constraint
on the maximum number of time units a given set of jobs can
consume,, | |

T following procedure can be employed to deterﬁine
the minimum cost combination of'sourées (S), servers (C) and

conveyor length (b) which satlsfles the constralnts given
//’ below: ' . :

S < 4

[
s}

C < 4 V.

N’
|—l
M

10 < b < 25 ‘ .

- Tt<2iood'
] - i

23

of conveyor that can be utilized to process a given set of jobs. .

J
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1. Set 'b' equal to any fixed value, say by

2. Test all combinations of C and S with b = by and

select optimum C(C*} and optimum S(s*).
3. Holding C and S constant at C* and S¥, search over
thé feasible range of conveyor length, b, until

Q\E?tal minimum cost i$ found.

™~
a v e

Example Problem:

‘Consider the following situation: _
The jobs that are listed in Table A are to be scheduled

through a fixed conveyor sysﬁem. The problem is to determine

Ex

the minimum ¢ost combination of sources, servers, and conveyor
length which will satisfy.the requirements that, "25 units of
production will be completed for each job in a maximum time

'span of 200 time units".

-

-

S
A

-

- . " TABLE A

The total no. of jobs being processed = 4

- : Job Number Number of Units Traffic Intensity #.
S . . A/u .
; : °1 e2
1 ¢ 25 0.2 - 0.
Y N . , . . . .
- | 2 25 0.2 1.0
3 25 0.4, 1.0
4 25 1.0 . 0.4

L4
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The physical requirements of the system and the cost assoc:.ated
w:.th operating the system (Thomas, Paul, Culllnane) .are such
that ‘the problem can be formulated as follows.. -
Mi;ximize Total Cost,
such that '1<S< 4
l1<C<4 .
10 < b.< 25 %
T < 200
c '=,1Zfo C, = 0.05
. Cy =0.07 ¢, =

|
N - ]
L]
[
s

S, C and b are:integers.
. ¢ . . . 4-\
Computer program has been written to perform the necessary. -

célcuationszhe ‘program for determining the minimum cost
£

! combination sources, servers and\c_:on%‘ﬂe:_:orslength is given
in Appendix € . The results of the analysis of the above
- T . i
problem are given in Tables 1 thruid., .
[ Fig. 19 shows the total: ‘cost combingt'ion of sources
‘and servers. '
A x
. ' Y
/' J
o -
@
- ’ . J
-~ \ , L4
_ 7 .
‘ . -
— - 71 - '
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2 b,
' TABLE 1
~ . °RESULTS OBTAINED FROM
COST ANALYSIS FOR JOB ONE
,Combination Con(e_yor Sources Servers
"Number Length (b) -~ &S)' o {©) To,*_:al Cost
. o ) 3
1 . 25, 1 1 combination
* ' _ infeasible
T2 25 T . 2 combination
. - B . infeasible
3 | 25 1 .+ 3 . combination . :
l/ : ~ o infeasible .
~ : ’ . b
4 25 ] 1- 4 co;@\n'bi_nat'ion
g infeasible
5 25 2 1 - combination
- : ~infeasible _—
6 . 25, \2 2 g nation.
' nfeasible -
7 25 2. 3 .combination
‘ . s Y ‘ ~ +# . infeasible T
8 25 - 2. fﬂ/j;/{;5.93
-9, T 25 .~ 30 a1 C249.21 0,
10 © 25 3. - 2 144.22 _
11 e 25 3 3+ ' 130.99%
L
12 25 3 4 145.09
13- 25 4 1 267.71
14 . .25 . g 2. 258.8L . - v
| . _ > _
-1 25 4 | 3.  149.32
16, . _ 25 4 4 ° 153.52 :
*minimum cost’ v .
I ]
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. i o ' . . . . / 3
~ - ‘. ~ ' 3 a‘ B
N ; ‘
. ’ . - [N N
—‘.‘\ 2 % ‘
| " TABLE 2
J'_' - o : .
: —_ RESULTS OBTAINED FROM ,
? COST ANALYSIS FOR JOB TWO
. 5
- ! ) —
- e - o . .
Combination Conveyor Squrces Servers
Number Length (b) ., JgsS)s & (C) Total Cogt \ .
1 25 1 .M 227.99
2 25 1 2 '197.39
3 25 L 3 99.99%
‘.4 25 1 4 109.96
¢ L N )
: 5 25 2 1 248.28
i 6 .25 2" 2. . 263.20
f ..
g 7 - 25 2 3 274.19
o8 . . 25 2 4 246.62
. . ‘\_)‘ .
9 . 25 3 1 264.08
10 25 3 2 279.85
. . . e Jal - ) - .
11 25 3 3 297.84
12 .25 3 4 314.37
* L]
-~ . . ." ‘ - i
13 . 25 L g 1 27¢8.03
. Pl . o [ . .
14 25 g 2 1294.83
T .ot R -
15 - 257 NS e 3. 314.54
S 16 25 4 4 334.19
" *minimum cost o _ A
- " *
. : TR
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/ .- | .' © 'TABLE 3 | | -
RESULTS OBTAINED FROM
COST ANALYSIS FOR JOB THREE
% - p1=0.4 p.2=l.0: _‘
' coﬁbuilggzmél . L ggg‘éﬁyczij Sox;(lgc):gs_\ Seng:c)af:‘s Total Co st ._

| 7 - 1 25 1 1 228.89

' 2 25 1 2 - 220.51
‘3. 3 25 1 3 104.37*

4 25 1 4 108.62
5 25 2 1 248.95
* 6 25 2 2 264.51
7 ) 25 - "g":f" 2 3 278.09

“~ ' . 8 ) 25° 2 4 274.66 -
| 9 . 25 1 - 265.00
1. 25 o2 280.66
11 25 ° 3 3 299.00
12 25 3 4 316.71
.13 | 25 5 4 1 279.04
14 | 25, 4 2. 295.40
B 15 - 25 4. . & 3° =~ 315.20

‘ 6 2 s ([ . 335.25

*minimum cost

3 -~ ' .
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. . -74-\‘\' :
& , - - - o



1
S - -
Yy : S “TABLE 4 ~ )
' - . RESULTS OBTAINED FROM .
© & COST ANALYSIS FOR JOB FOUR
/ﬁv@o"‘ L a,=0.4
C}mbinaiion Conveyor Sources Servers
Number  Length (b) (5)  (cy  Total Cost
1 25 1 17 224.87
2 25 1 2 114.94
3 25 1 3 100.99%
4 25 1 4 115.09
5 25 2 1 246.56
6 25 2 2 © 259.19
7 25 2 , S 253.07
. - | . |
8 _2s 2 ¢ 4. 147.25
g o 25 3 ?\ 1 £ 262.02 ,
10 - 25 37 v g 277.85
B § | N 25 3 3 29421
12 25 3 4 394.08
T13 .- 25 ¢ 1 276.00
| T4 - 25 4 Sz '29_3.53 .
& 1T s 4 3 312071 .
T 16 s 25 ] '3 4 33,82
. *piin Imum éost\ ‘ )
»; SR Lo
Lo T “ e N -

S ) 7_75%_ \ - g
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]CHAPTER 5

SIMULATION OF THE SYSTEM

. ‘ T ot
As the tiile‘implies, t?is,chapter will deal with the

" evaluation of the c0nveYOr system under study. Simulation
has long been considered an 1mportant approach to study problens
and ‘also to compare the analytlcal results with the 31mu1at10n
results. Slmulation 'is nothing more than the’ technlque of
performlng sampling expé{;ments on a computer model. , -‘

o
Azsimulation. model can be cons;dered as consisting’ of

two basic phases: (1), data gdeneration éha-(z) bookkeeping. '\
Data generatien involves the production of representativer
interarrival times and service times where‘needeagthroughoue
4 ‘ehe queueing system. Geperally,‘;his involﬁes preéﬁcing
A‘representative observations from prespécified prebability
‘ dlstrlbutlons. : “{ % .' , -
C— The bookkeeplng phase of a 51qﬁiat16n model deals with

)
updating the system when new events (arrlvals and departures)

waiting time and 1d1e tlme. . "\

v " /k;—/_, GPSS (General Purpose Simulation System) is .used for
- -'teii Mudy as it'is one of the most capable-languages-for

° —
modeling quite complex queueing systems.

I . . >

. T ; - 76 -
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Loop

\—/‘/—.\36‘

. _ITERMINATE | o
TERMINATE < TERMINATE
. . . . :# . \ . ._-_

LI S N -

VS

e | _ G.P.S.S. Flow Chart . S,
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. The following measures of performance a%g_obtained
: . - | .

for two and three channel conveyor:

‘ . . N
1) utilization of each individual channel -
~ ¥ _2) utilization oivconveyOr v ‘
3) probability that an arrival will have no wait
. o " a )
Sior to service
N ‘
In order to attain the first two measures of per-.

formance, the. following cases are studied
;ﬁg length of conveyor traf;ic intensity (pl) are

lkept constant while the values of traffic -
'intenSity (pz) are increased
ii) length of conveyor and traffic intensity (pz)
v as kept constant while the values of traffic
| iﬁtensitf'(pl) are increased -
iii) effect of length-of conveyor for différens
b '1' :' values of Py and s is also ‘studied
his can be seen from the fig 20 that as traffic intenSity
‘~&pd length of conveyor increase the utilization of channels
also incieases. And also, from fig.23 it can be seen that
" as length of;eonveyor is inCreased,'keeping pl,aAd bz
constant, +i2 ﬁercentage utilization of conveyoi decreases.
wﬁe +third measuse of performanee (i.e., the probabil-
- _ . _
ity that an arrival will have no wait pfior to service) is
ned by finding the- total number of entries to the
déiels and the numbq;zof lost arrivals. The probability
that an &g;&val will have no wait is given.by the fellowiﬁg

expression: he

e
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AT R e L ourT robindibrirni) YT iy .*W" Y
T . ’ - - . .
. .

- K ) \ . . . ‘ .
- . . : [

-" '] . . . ! .

total no. of transactions generated - no. of lost arrivals
total no. of transactions generated

: _P;r [w=0] .=
. ¥ : . .
o o 6 . 7
PIRENTS . | ] \ . - o- '
' The simulation results¢of,Priw=0Y and Pr[w=0] obtained by N

% .- . % .
analytical methods &re plotted in fig.24 for th¢ various values

a

of Py and'pz. This comparison shgws that there is no signifi;
cant: difference between the results obtained from simulation.

and the analytical model developéSR
. »

TABLE - .

Length of Conveyor =5 P

-

Traffic Intensity P 1.0 . -Zs
; .
UTILIZATION OF g
_ —  TRAFFIC

CHANNEL 1 CHANNEL 2 CHANNEL 3 CONVEYOR INTENSITY p,
/ 0.742  0.639 0.529 _  0.11 1.0 )

0.792  0.704 - £.609  0.165 1.2

0.812 .  0.760 /0.669 0.218 1.4

- 0.854 0.803  0.73 0.272 - 1.6

1 0.883 0.837, _ 0.702 323 ‘1.8
,0.898  _bo863 - 0.823 ' 0.385, 2.0

- 79 -
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TABLE 2

Length of Conveyor = 10
Traffic Intensity Py = 1.0

=~
N\

UTILIZATION OF ‘ :
- TRAYFIC
CHANNEL 1 CHANNEL 2 CHANNEL 3 CONVEYOR INTENSITY p 2

0.761 0.675 0.571  0.094 1.0

0.801 0.721 0.681  0.127 1.2

0.841 0.778 - 0.708 0.187 1.4

0.864 0.828 _0.7%8' - 0.227 1.6

0.918 0.878 - 0.837  0.349 1.8

0.921 0.897° 0.861 ~ 0.389 - 2.0
-TABLE 3

Length of Conveyor = 15
Traffic Intensity Pyi= 1.0

i

% UTILIZATION OF

TRAFFIC

CHANNEL 1 CHANNEL 2 CHANNEL 3 CONVEYOR INTENSITY'pz

0.761 0.675 0.567 0.062 1.0
" o.813 0.754 .  0.668 0.102 ¢ 1.2
0.846 0.789 0.729 o,}55v~ 1.4 i
0.5 .z 0.799 - 0.208 '_é 1.6 ©
. 0.920 N 0.899 .. 0.854  0.321° 1.8
. 0.948:% ;) 0.928 0:908 0.-430 = 2.0
. - 80 -
) , .. g [
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| ‘TABLE 4 ' . ’

A

Length of Conveyor = 20
Traffic Intensity Py = 1.0

UTILIZATION OF

. - g TRAFFIC
CHANNEL 1 CHANNEL 2 CHANNEL:3 CONVEYOR INTENSITY Pa

0.761 0.675 0567 0.046 1.0 =
0.828 0.767 0.697 0.091 . 1.2
0.850 0.799  0.732  0.122 1.4
0.886 = 0.846 . -0.799 -  0.184 1.6
0.996 0.933  0.910 0.386 1.8
T 0.967 0.963 . 6.943“ 0.506 2.0
VR |

» - '
o mmms - b
Length of Conveyor = 25 '
Traffic Intensity Py = 1.0

R \

o - UTILIZATION OF |
- : " TRAFFIC

. CHANNEL 1 CHANNEL 2 CHANNEL 3 - CONVEYOR INTENSITY p
E . C ENSLEE P
. — ,

0.796 . 0.730 0.620 0.05F 1.0 o

0.812 0.740  0l645 0.055 1.2

0.851 - 0.800 0.725 . 0.118 1.4 :
f 0.913 0.879 C0.837 0.218 1.6 '* E

0.946 . 0.927 °  0.900  _0.328" 1.8

0.968  0.954 0.933 9.450, © 2.0

t
- 81~ |
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'Utilization of channel 3

R

'Fig. 22.- Utili_zaticn of chammel-3 versus length' of conveyor -

—

Length of com‘reyor

v

L

LY

.
"ﬁ ‘
b Y
1.1
.95 _ .
> . _;_2_2_:1.8'
// 3 1.6
.8] .
S // ‘ 1.4
- /,/ —
. //// , 1.2
A / ' e
.65 ’ = -
Y/ Zal 0 | gy
/, = - r\
"
‘05 :-
0,35 -
) 5y 10 5. 20 25



.. -84 -

-

v : K
\
. —
-y
¢
.5
| i B e \
1.8 ) N
e ..
8 2 » sl T~ \
S .
2] .
3] . \
: e S
2 : 4\ N
o . \ . . S ———
o L1, . ,'\L . ) .
¢ _1 ! ] e . i
- \
0% 5 10 20 25
Length of cgr'n;eyor |
. N | . |
Fig. 23. Utilization of conveyor vershs length of conveyor.
. /



Pr[mo]

. 24.

+ -

..35-

—
. »>
S -
wwmeme-—-=~  simlation results <
' - analytical results _
v J Dt '.T
I.or\ " ' j
. \ -
\ - <
N
os AN :
o NN ‘ {
N
§ 3
NN , 4 -
| C NS
0.6 \
_ 0.4 v <
| \\
i 0\,
. AR
~-|. \\
0.2r—F AN
Y N
L A
TN
1‘ - 'l“ \
“ - - )
Trafflc mten51ty P2 . -
- Probab111ty versus 02 E
Number of chamnels = 2; length ofconveyor- 25
mmberofsmn'ces=2;pl-02-'

Cc:mpanson between the simlation results and the
analytical results.

* Probablht} versus m1ff1c: mtens:.ty /

Tt




Utilization of service channels against length of
N cohveyors are plot‘ted in Figs..z,CJ"l through22:.’ »Utilization
of conveyor against length of conveyor is élgo plotted‘in
Fig. 23 . -

These figures show:. that as léngth of conveyor increases
utilization of service ghannels also increases. -But, when it
reaches to a maximum pqint, further increase in iength of
conveyor will not affect the utilization. ITQ;skis also shown
that as traffic intensity incregses ehe»utiiiéation of service
channels and conveyor will also increase..

The p;obaﬁility that an arrival will be serviced as
soon as it enters (no wait, Pr[w=01) the'system is plotted
in fig. 24 .  These values of Pr([w=0] obtained from simulation
are compared with the analytical results in fig. 24, and there

[}

is no significant difference found between these results.

+
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CHAPTER 6

SUMMARY AND CONCLUSIONS

The objectives of this thesis have been:
1) to dévelop a model of the fixed conveyor system
" where multi-item jobs have been scheduled to
be processed,
2) —to.obtain a methodblogy for determining the
minimum cost combination of sources, servers,
and conveyor length,

3} simulation of the system by>GPSS.

In satisfying the first objective, the fixed conveyor
systeﬁ was mo?eled as a multiple source,lmultiple server,
infinite pogﬁlation gueueing process. ,Using.the concepts of
birth-death processes, the system's state equations were
developed. Relationships for determining the system's
steady state probabilities were given and numerical procedure
for détermining the system's stea&y state probabilities was
ih£roduced.

Once the method £6r determining the system's state

probabilities as a_function of time was tested the following

measures of effectiveness: were introduced.

- 87 -
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- 1) The probabilitg\ogf;he\sysJ;;fgeing.an‘idle.
2) _ The expected number of units in the system.
~3) The probability that an arrival will not have
to wait Pr w=0 .

After obtaining mathematical descriptions of the
system, the results are plotted to show tée system's
behavior. |

In an effort to‘Satisfy the second objective, a cost
model for this“cooveyor system was introduced by using the
measures of performance and the mathematical relationship
which described the system's behavior. Having formulated
the cost model, a methodology for determinlng the minimum
components was developed. § B

Finally, 51mulation analy51s was undertaken to give
some insight into the response of the fixed conveyor. The
results from simulation and analytical methods are compared

and no signlficant difference was found.

CONCLUSIONS

The following conclusions can beé drawn fromtthis
study: | _ |

1) Tﬁis study shows that the steady state solutioﬁ
of multiple'jobs wtich have been scheduled to be operated
on fixed conveyor is feesible_thrOggh the application of
queueitg tdeory. ” | ‘

2) The reSuite obtained from analytical method,
cost analySis and simulation studies are helpful in findlng

the optimum system s components (sources, servers, etc. ).

.88~
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3) An increase in the number of: sources’ (servers of
length of conveyor) does not always result in a high performance.

4). The cost analysis shows that the system having less
numbers of service facilities and servers may not be necessarily
the hinimum cost combination. Ar increase in the numbers of
service facilities and servers may give better resulEs.

5) Analytical résults also indicate that an.iﬁcrease in
service facilities (sources, length of conveyor, etc.) to a
certain value gives the satisfactory §ystem's performance, as
shown in fig.24

6} Simulation study ‘shows that utilization:of the
channels and Ehe conveyor increase with an increase in the -
length of conveyor. When utilization reaches the congtant

value, (i.e. further increase in conveyor length will not

increase the utilization) an increase in traffic intensity

" will increase the utlllzatlons of the channel dnd the cOnveyor.

In summary, a model has been developed for aldlng the
dec1sion maker when he is attemptlng to determine the
optlmum number of sources, servers and length of the conveyor

et 4
that should be used when multi=item jobs are being procé;sed

‘and transported by_a fixed conveyor system.

»

SUGGESTIONS FOR FUTURE RESEARCH

Several possible extensions of this research have =~

been recognized and are listed .below.

L3

AT
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1) The current model can be extended to include
the case in which the délivery rates of the sources and the
service rates of the service facilities are not all the same.
If the model could be extended to reflect non-homogeneous
conditions a more accurate duplication of an actual; operating
system would be achieved. |

2)L:The current model can be extended to include the
case in whiéhhﬁore than two types of arrival are allowed.

3) Extend the current model to take into cénsideraf
tion the transient behavior of the fixed conveyor system.

4) Consider an extension of the current model to
include the case in which some units of production must be
reworked or scrapped.

5) Perform an extensive analysis of the costs which
. make up the total cost of operating the conveyor system;

that is, deVelop a procedure for determining the value of

- M
;T
each cost factor. L v

6} Conduct an invéStigation into the robustness
of the assumptions made in the present study;-that is, a
simulation of the fixed conveyor system could be performed’
for many arrival distributions and many service time

distributions.

- 90 - ‘
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The following-pages contain a computer program which has
been developed to analyse a fixed conveyor system,

The program languagezysed is system 360 Fortran IV. Definitions
of the variables have been given as part of the documentation and appear
on the program listing. -

This program evaluates the measures of performance using
equations IV through VI given on page 43. The variables used in this
program are as, follows: ‘

a) Number of service channels

b} MNumber of inpgt sources

¢) Length of coEVeyor

d) Traffic intensities

e) Service time ratio.
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JoB WATF IV XXX XXXXXXX NLALI

“THIS PROGRAM HAS BEEN DEVELOPED TO EVALUATE THE MEASURES oF
PERFDRMANCE

-t

"déFTNifiEﬁg”dﬁ'THE'VAQIABLEé USED IN THIS PROGRAM

RO1=TRAFFIC INTENSITY.
‘ROZ=TRAFFIC INTENSITY ' o 2;
IS=NUMBER OF INPUT SOURCES = _ P

" IANSSERVIC TIME RATIO

N=LENGTH CF THE CONVEYOR !
M=NUMBER CF “SERVICE CHANNELS = - . ‘ ;
PDU*PROBAEILITY OF THE SYSTEM BEING AN IDLE '.. - g

PRWEPRCBABIL ITY THAT AN ARRIVAL WILL HAVE NO WALT | A
o, K

NZTHE EXPECTED NUMBER OF UNITS IN THE SYSTEM

NOANANNNNOANANANNNNONNNNNNNG

DIMENSICN AL15)«B(15)+PO0(15)sFACI15)2X(15),Y(15)
FAC(1)=1a '
010 11=

(11)=

-

10 F
[S=
CO 40 1K=4,20+4% i
F=IK i

© RO1=F/20 B
DO S0 IL=4.20.+4
P=IL :

_RO2=P/20s__ .. ..
WRITE (64200 JRUl.Ruz )

200 FORMAT(6X.,* TRAFFIC INTENSITY RC1=*,F10a. S.EXs *TRAFFIC INTENSITYROZ2

1=, Fl10.5}

AA 1. e T e e
IS—

DO 90 N=10C. 26- ’ .

CSUMSAA L .. ‘ . . L S . .
C-IS#(R01+AN#R02) :
00 14 I=1,M

14 SUM=SUM+C2xI /FAC(1)

L Ml=Mad e
N2=M&N ) .
i CO 24 J=Ml1.M2

‘24 SUM‘SUM+{C#*(J/2.)/M#*((J 1372 ))*(C*#(J/E )/Mt*((d—l)lz ))

el N1=M4N+l. . e . . .
N2—M+N+IS
DO 11 K=N1.N2

AC(II-1)211

VONOU P WN -

[Ny

PO ks e b
=~OOoNOUIE WO

W Wl mmﬁmmmmm
~NONBWN=O voSNonsLN

11 SUM-SUM+(C**(K/3.)/M*#({K ) )% Ct#(K/3 I/MEEL(K—1)/3.))% ;
> L1(CHE (R30I /M ((K=1)73.))7 %(2e8K=2e3M—24%N)) 3
‘ CPOOS1.7SUM’ ‘ _ : : . 1
) . BB=1. e L ’ . ’ . i
: sSyuM2=88 . - o 8|
et JEA{MeEQY1)60 TO 60._ i
IF(MaGT&1)GD TC 70 a1
60 PRW=PQO %
GO TG 80 '
= . 70, | M3zM—] ‘ - 4
38T TIDO 34T EE L. M3 d
39 34  SuUM2= SUM2+C*$L/FAC(L) ]
40 - PRW=PCO%ZSUM2 _ : : : 3
_ 41 B0 SUMBZ e e e e o e Y . : o o
42 CO 35 1=1s+M g-
43 35 SUM3=SUM3+({I)*(C*x1)/FAC({I) _
44 DO 45 J=M1.M2
45 45 SUM3“SUM3+(J)*(C**(J/2.)/N*t((J 1)/2.))*(C#*{J/2.)/H*#((Jml)lz.)) :
Q&Y T TP TSS  KENTWNZT .
47 55 SUM3—SUM3+(K)*(C#*(K/3.)/M##((K—l)/3.))*(C*#(K/3 I/NERL(K=1)/3e00% |
o 1(CHIK/3.I/MEE((K=1)/3e))/7{ISEX(22FK—=2%M—2%N}} i
a8 _EN=PCOFSUMS _ §
49 WRITE(G, 30)M.N§Pou.su.pnw.ls.7c 2

Cw
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N, S Pt P

30

OF CHANNELS=®s12+2X,"*

LENGTH OF CONVEYOR=",I

1PO00="+Fl0aFs IX e "EN=" .F10.7.3X-‘PRW='-F10.9-2x-' IS=P 4 1242X,"?

S0 FORMAT(2X+*NC.
110.5)

ST 90 - T CONTINUE

52 50 CONTINUE

53 40 CONTINUE

54 5TGP

S5 ENG

SENTRY
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The program presented in this Appendix has been written to
perform a multiple Poisson iI];;ut ané.]:ysis of a fixed conveyor system
and to plot the analytical results. The program language used is
system 360 Fortran IV: A listing of the program is given on the
following pages. The v\ariable names Jsed within the program have
been defined as part of the program documentation and appear on the
program listing.

Using equations IV through VI (on page 43), the measures of
performance are plotted against the following desi‘gn parameters:

1. Nmnbel; of service channels

2. Mumber of imput sources

3. Length of conveyor

4, Traffic intensities
5,

Service time ratio.
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JOB wAtFiv XXX XXXXXXX ' MaALL

mTHIS PROGRAM HAS BEEN WRITTEN TO PLOT THE MEASURES OF PERFORMANCE !
AGAINST THE DESIGN PARAMETERS. ]

DEFINIT10ONS GF THE VARIABLES USED IN THIS PROGRAM
RO1=TRAFFIC INTENSITY _ '

o pn = o

" ROZZTRAFFIC INTENSITY
1S=NUMBER OF INPUT SOURCES
" IAN=SERVIC TIME RATIO ™
N=LENGTH CF ‘THE CONVEYOR
| NZNUMGER OF SERVICE CHANNELS :
POD=PROBABILITY OF THE SYSTEM BEING AN 1oLE ' o
| PRWZPROBABILITY THAT AN-ARRIVAL WILL 'HAVE NO WAIT ;
EN=THE EXPECTED NUMBER OF UNITS IN THE SYSTEM : 5

DRV L e ., .. . S . *

nnnnqnnnnnnndnnnnnnnnnnnnhn

DIMENSION FAC(20).X{(18B).¥Y(18) *
AMOVE=-1a ‘
CALL PLOTID(‘MUSTAFA ALI'.'614900133;')_
T CALLT XLIMIT(180. / o7 ,
RO2=0e5 ~ . - , _
15—2 . L o i . . . .
TAN=2 e : Co ' ' : )
Fac(1)
DO 10 Z2.14
10 FAC(II) FAC(JI—I)#II .
© pO 25 M=246 o o
T READ (2. [3YFXSFY L DX DY . - . . ‘
13 FDRMAT(Z(F3-1.E7 o») N
DO S0 IL=4+20+4 ‘.
P p=1L. . .
"RO1=1IL/20. . _ }
WRITE(6+200)R0O1., RrRQ2 . .
200 FDQMAT(éX. TRAFFIC INTENSI1Y Rol—'.Flo.s.ex.-TRAFFtC INTENSITY RO2
1= 1F1° 5) :
DO ‘G0 N=4+28+4
SUM AA ;
G IS*{R01+IAN#RO2) R Y N e .
QO 14 I=1eM
14 SUM=SUM+CeRxI /FAC(I)
Mi=M+1 . ;
M2=M+N . AU LT : b
D@24 TUEMITM2 o S .
24 SUM—SUM+(C**(J/2-)/M##((J 1)/2.))*(C**(J/2.)/M**((J—l)lz-))
: N1=M+N+1 - . ' ' .
o N2EMENFIS, R ,f._‘ L . .
©o 11 K:NloNZ. <
11 sUM= SUM+(C#*(K/3.)/M#*((K—I)IS.))*(C##(KIB.)/M**((K—I)IB e} )} ¥
1(C*x%(K/3a )/M**{(K—l)/3-))/{IS*#(E-*K—Z.#M—Z «aEN})
POO=1+/SUM ) ,
epo1. L e e
sSyM2=8BB- i '
_ IF(M.EQ.1)GO TG &0
e IF (N GT«1)G0_TQ 70 ... . B
60 PRW=PQ0 - .
GO TO 80
70 M3=M-1 .
0O 34 L=1.M3 -
-3t SUM2E SUM2+C*#L/FAC(L)‘“ R REEE e e e _ ..

[y
‘.

CUEWUN=C OGNS W

MHH‘HD—‘E‘F‘F‘!—I

WO O~

AP PULWWLWGE WHWNNNNRNNPONNN -
P UNLOORUONPW N=OODNONPW

43 . PRWSPOG%®SUM2 : _
. 80 SUM3=0. . o . o |
.45 . ....Dbg 35 I=1.M T e e e
46 35 SUMBaSUM3+(I)*(C**I)/FAC(I) . .
47 0O 45 J=Mlam2
48 as SU“3-SUM&TTUT¥TG~£L£<E:l:M*#((J'I}IZ.))*(C#t(Jlao}/Mt*((J-l)/Zo))
49 DO 55 K=N1.MN

T TS0 5SS TISUM3S SUH3+(KT*(C¢*[K/3.)/M##((K-I) s YIHCCHF(K/II/MES((K-1) /300 %

1 : L ’ S a - l .-95 - o . . - .
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30

90

50
25

T

- . . . . . - - C e a e -

L(CH*(K/30) /MER((K=11/32))/7(ISEX(200K~2,4M-2.5¥))
EN=POO%SUM3 ) , ' p -
WRLTE (6430)MeNsPOCsENsPRW» 1S e IAN. v/ ~
FORMAT{(2X."NO. OF CHANNELS=',12, EX-FLENGTH OF CONVEYUR '-1202X-'

1POD-'-F10 De 2X+"EN=",F10a 7GEXO'pr-"F10 goZX!'Is-— 2 I12:2Xe *TAN="41

12) . .

CY(N/a)=PRW

X(N/a)=N . : : L'
‘CONTINUE

‘CALL CALCGZ(X.Y.B.AMOVE SesSesFXeDXaFYaDYsQoln2) .

- AMOVE=0U4 :
CONT INUE _

AMOVE=7. .
CONT INUE

CALL PLTEND(15.) »
" STOP -

END o

’ .:'ﬁ’,

_SENTRY

[Vt §
L
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The program presented in this Appendix has been developed

*. to determine the minimm cost combination of sources, servers,and

length of the convéyor.
The program language used is System 36Q Fortran LV,

Definitions of the variables have been given as part of the

documentation and appear on the program listing.

\

ra
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I\ Gkt e gt kel el b e et

SOV P WN -

-

Q VRNCUPUN~OOR

¢

ANANOANOANNNANNOANNANNNANDNHNNNNND

214
10 FACUI1)=FA C(II—I)*II

sJ0B WATFTIV XXX XXXXXXX ~ MaALI

C ‘ .

C

- C "PROGRAM HAS BEEN DEVELOPED TO DETERMINE THE MININUH;COST
C !NAT;CN OF SUURCESs SERVERSs AND COGNVEYOR. LENGTH. O .
€ . . S
€ P e R :

c DEFINITIONS OF THE VARIABLES USED IN THIS PROGRAM

c ~

C ROI=TRAFFIC INTENSITY

C

C ‘ROZ2=TRAFFIC INTENSITY‘*

C

C IS=NUMBER OF INPUT SOURCES T . .

Cc. - . . o

C [ AN= SERVIC ‘TIME RATIO ’

C

N=LENGTH .OF THE CCNVEYOR '
M=NUMBER OF SERVICE CHANNELS
POO‘PROBABILITY OF THE SYSTEM BEINC AN IDLE

‘PRW=PRCBABILITY THAT AN ARRIVAL wWILL HAVE NO HAIT
EN=THE EXPECTED NUMBER CF UNITS IN THE SYSTEM
T C1=THE CDST OF HAVING THE SYSTEM 1CLE FUR CNE TIME UNIT

4N

Cc2=THE COST PER UNIT TINE PER UNIT IN. THE SYSTEN . . ‘

€3=THE CcOST OF PROVIDING EACH UNIT LENGTH OF CGNVEYCR DURING THE
PROCESSING PERIOD

C4=THE COST COF HAVING A SCURCE AVAiLAELE FCOR DELIVERING UNITS
TD "THE~ CONVEYQR FCR ONE UNIT GF TIME.

CS=THE COST OF HAVING A SERVER AVILABLE FCR SERVICING UNITS
CGF_A_GIVEN_JUB FOR ONE UNIT OF TIME.

TT=THE TOTAL TIME TO PRCCESS A JOE

_N=THE TCTAL NKUMBER OF UNITS SPACES OF CONVEYOR LENGTH MADE
AVILABLE DURING TT.'

TC=THE TGTAL CCST OF PR;ZE%SING A GIVEN JGB

DIMENSIDN A{15)+B({15)+P00(15),FACI15)+X{15).Y(15)
FAC(1)=1.
L0 10 11i=2

Cl=05 L : ) .

C2=06.0% . R . o . g . .
R, ofc. X o 1P o o SO U ST SV U * . C e B . .

C4=0.1 . P

C5=0a.1

TT“ISO. ‘

DU -0 IK~4.20 4 o o T T

FEIK -

RO1=F/20 : )

B0 S50 IL=4+:2044

P=1IL

RO2=P/20«

WRITE(G-ZOO)RU! RQ2

200 FORMAT(6X,* TRAFFIC INTENSITY RO1=°,F10.5:EX+"TRAFFIC INTENSITYRC2

1=SF10.8Y
AA—I-
I1S=4
LM=3
co S0 N~10-26 2
SUM=AA
C=1S=(RO1+AN%RO2)
CC 14 I=1.M
""““SUﬁ—SUM+C**I/FAC(I) SO .
MI=M+1 ‘ -
MZ2=M+N ‘ o ] ‘ _ .
SO 24 _J=MleM2 -

”za““’sum-sum+(c*s(412 )/M**((J-I)/Z )J*(C**(J/E )IM**((J-I)/z J)'Z"'“’

- 08 -
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Tt LR e e T - - o e o g — T 2 ST e T -

32 N1=M+N+1
33 NZ2=M+N+1S .
34 CO 11 K=N1.N2
35 11 SUM—SUH+(C**(K/3 )/M#*((K-l)/3.))*(C*#(Kl3.)/M**({K-l)/3.))*
S 1{Cx%{K/3. )/M#*((K—l)/3-))/(1$#*(2.#x-2 AM—24%N) )
36 .+, POD=1./SUM
37 BB=1 e, .
as SUM2=BB
39 : IF(M.EQ.1)G0 10 60 .
40 IF(M.GT.1)YG0O TQ 70 )
q1 60 PRW=POC
.R2 60 TO 80 . - N
43 .70 M3=M—1_ o ;
a4 . D0 34 L=1.M3
85 - 34 SUM2= SUM2+C#¢L/FAC(L)
46 , PRW=PO0O*SUM2
47 80 SUM3=0.
48 CO 35 I=1.M
49 35 SUMB=SUM3+ (1) {(CEX[)I/FACII)
50 CO 45 J=Ml.M2° ' ! .
51, - 45 SUM3= SUM3+(J)#(C**(J/2-)/N#*((J—!)/Z.J)#(C*#(J/z.)/N##((J—l)/Z—))‘
52 DD S5 K=N1,N2
S3 55 SUM3= SUM3+(K)*(C*#(K/3.}/M*#((K—l)/3 IR CERLIK /3L I/ MEX{(K=1)/3))%
1(C*# (K 3/ MR ((K=1)r/3a))/{IS*¥{24¥K~2aFN-24%N)) .
54 EN=PCO*SWM3 i
55 TC=Cl1#TT*POD+C2FEN*TT+CIEN+CAEMETT+CSHISETT .
56 WRITE(AQ+30IM N, POCLEN,PRWLIS.TC .
S7 30 FORMAT({2Xs *N3. COF CHANNELS".I2-2X-' LENGTH OF CONVEYCR=®412+2Xs? s
lPO0="+Fl0aP3 33X+ 'ENTYsF10.7> BIXe '"PRUZV"4F1064Te2X3* IST*412+2X9*TC=,F = -
110.5) ' . 5 r
58 90 CONT INUE
59 S0 CONTINUE X
60 40 CONT INUE v
61 STOP F
62 END bt
SENTRY o : ' ' ; - P %
. . 4
4
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The program presented in this Appendix has been developed to
evaluate the following measures of performance:

a) utilization of each individual channel

b) utiiization of the conveyor

c) probability that an arrival will have no wait prior to service.

The program language used is G.P.S.S. (General Purpose Simulation
System). Definitions of the variables have been given as part of the

documentation and appear on the program listing.
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BLOCK
NUMBER *L0C OPERATICN AsBsCeD+EF 0 CCMMENTS
. SIMILATE.
% SIMULATION OF A TWO-LINK FIXED CCNVEYUR SYST‘M
x ARRIVAL RATE LAMDA 1 1S5.1/100 .
x ARRIVAL RATE LAMDAZ 1S 1/150 : ;
% . CHAN1=SERVICE.-EFACILITY.. %1% "o o e e
& CHAN2=SERVICE FACILITY *2°*
* STORAGE=LENGTH OF THE CONVEYOR
* FUNCTION DEFINITIONS
2 FUNCTION. RN1.,C24
QO;O/-I;o104/02.0222/039o355/c4s¢509/.50069/.6’0915/¢7v1-3/-7511-38
e85 106/0E82 1483/ 488432012/ ¢942e3723232e52/ 29422481 /9532e937 «F633e2
,-97.3.5/098'3-9/-99-@.6/-995.5-3/.998.6.2/-99917/.9998.8
LENT .STORAGE. .. ..25.: - e e . .
1 VARIABLE 100+p7*200
1 GENERATE 100,FN2 LAMDA 1 IS 1,100
.2 TRANSFER +ABC
3 GENERATE . ._150,FN2_ _ LAMDA 2 1S 1/150
& ASSIGN 7K1 T T REPLACE ENTERING VALUE OF PARAMETER 7
- ABC GATE SNF  LENTTERM CHICK WHETHEFR CCNVEYUR HAS SPACE GR NOT
6 . ENTER - LENT o UNITS ARRIVE AT THE CUhVEYOR
? L LOGIC-.S - 2 e e . - T
8 LOGIC R 1 - .
I ABOV GATE LR 1
10 SAVEVALUE 4.+24%
11 ‘ SAVEVALUE  Se34 . _. ... -
12 : SAVEVALUE E+854
13. . ASSIGN. 1.4 )
158 - .- - ASSIGN 4.3 . )
115' . B ASSIGN - _S‘l L e e e . - . .- N R .
16 TEST TEST E X*S.l,xtl I
17 ASSIGN S+.1 >
18 INDE X 543
19 .. GATE. LS. L2 ANY . .
20 ANY LOQP 4'TEST o : BRI
2y LIGIC S 1 ; S : . R
.22 TLIGIC R 2 - . o o o : :
23 e . . TRANSEFR .. oABOM .. . _ e o et e s e+ e w
24 SEIZE CHAN1 SE1ZE THE SERVICE CHANNEL 1
2% LEAVE LENT LEAVE THE CONVEYOR
26 SAVEVALUE 1.1
27 . _ADVANCE. ... __N1sFN2 ., .. UNITS. ARE BEING.SERVICED . .
28 SAVEVALUE 1.0 . ' ) .
29 ASSIGN - 6.x1 I - : E : .
30 LOGIC RMF—¢1 ’ . O _ . :
31 e RELEASE-- — ~ CHANI-~. & . .\RELEASE - THE.- CHANNEL--1.- - --
32 TABULATE LUCK
33 TERMINATE 1
LUCL TABLE M1,20+420,200
34 . _.SEIZF . ._.__CHAN2 __ _ __  SEIZE_ THE CHANNEL 2 .. e e
35 LLEAVE © = LENT b . LEAVE THE COMEYOR -
36 - ‘  SAVEVALUE 2,1 | ;
37 . . © ADVANCE "V1sFN2- . UNITS ARE BEING SERVICED
38 . e ASAVEVALUE - - 29 D e i i vn e o
39 " ASSIGN Ge X2 .
&0 LAGIC R 1 .
[ l—/‘::_-
¢
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TELE

HOPE

TERM

RELEASE
TABULATE

TERM INATE

TABLE "
SEIZE
LEAVE

SAVEVALUE .

ADVANCE
SAVEVALUE
ASSIGN
LIGIC R
RELEASE.
TABULATE
TERMINATE
TABLE

TERM INATE

TERMINATE
START
RESET .
START
CLEAR

VARIABLE

START

CL EAR
VARIABLE
START
END .

CHAN2
TBLE
1

CHAN3

CLENT
3.1 L.

V1+FN2
3,0
&4 X3

. R
CHAN3

HOPE

1
1
2QQ0«NP

10000

160+P7%80

L10000. . .- .
100+P7%110 SERVICE TIME llﬂp IS 210

10000

RELEASE CHANDMEL 2

SETZE THE CHA
LEAVE THE COANVEYOR

'UNITS ARE BE ING SERVICED

1 . e
- M1e20204.200 -

M1,20.20.260

NNEL 3

. RELEASE THE CHANNEL 3

s

SERVICE TIME 1/MU IS 180




10.
11.
12.

13.

14.

15.
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