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ABSTRACT

In the literature, prior to 1965, most research on jobshop
systems was on machine limited queueing systems. Moxe recently
this research has been directed toward labor and machine limited
queueing systems. In this direction, the authors have developed
and implemented an extended versicn of GERT called GERTS IXI OR
{a GERTS model able to handle gqueueing systems with resource
limi;:ationa). This model is further refined to handle both
homogeneous and heteroganeous clasges of labor.

This paper describas the GERTS III /X mecdel and gives an
illustration of its application. The example is a jobkshop system
with service centers in parallel, Three alterna'tive pricrity and

assignment rules, fitat-cone-‘-first*sarved, randon and shortest

oparation time ars evaluated.
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The vast majority of the literature on
jobshops has been addressed to the machine
limited gueueing systems. Recently, some analy-
ses of actual jobshops suggest that machinery
may not be the criticél item but that available
labor and its relative efficiency at wvarious
machine centers may be the limitingvfactor, (4).

With the introduction of the human element
into this type of system, another dimension is
added to the decision-making process. With a
strict machine limited system, the problem was
to determine "good" machine lcading rules.
Conway <t al {3), Nanot (12) and others have
developed such strategies. When the system is
labor limited, however, the problem bacomes more
complex, i.e. onz must also specify labor
assignment ruies.

Complete Labor Assignment Procedure. The

complete labor assignmént procedure includes
the queue priority rule and its related labor
assignment rule. In this paper, these systems
are designated as DRC systems, e.g. Dual
Resource Constrained systems. In DRC systems,
moreover, the labor class may be either homo-
geneous or heterogeneous in nature. 1In
homogeneous systems all lahorers are egual and
have identical efficiencies at each machine
center. Many variations in lakor efficiency
patterns mey be depicted in the heterogeneous
systems, where the laborers do not have equal
and identical efficiencies at each machine
center. For the experiments described in this

paper all DRC systems were homogeneous in nature
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only.

Labor Blocking. One of the rhenomena that

occurs in DRC systems is "labor blocking". This
occurs where there are idle lakors and there are
jobs left in one or more queues. This can occur
if there are empty machine.centers and the only
joks waiting are in gueues behind busy machine
centers. If no jockeying between gueues is
allowed, we have both waiting jobs and idle
workers. Such a situation can occur ir reality
where each machine center performs some special
task that cannot be performed by the others.

For example, a repair garage may have only one
rig to realign the front-end of cars, one

paint spray booth, etc.

The Model. The basic model described in
this paper is a variation of GERT (Graphical
Evaluation and Review Technique). Developed
by Pritsker (18,19), GERT, which is similar to
PERT, is a procedure for mbdeling stochastic
decision networks. Since its inception, GERT
has evolved through GERT II and GERTS TT7I (a

general purpose program written in GASP) for

simulating stochastic networks. This was followed

by GERTS III C, GERTS III ¢ and»GERTS IXII R.
Basic GERTS.‘ The general features of the

basic GERTS simulation models include:

a) Network branches - charactericed by the

probability of beinn selected, the time rvequired

to complete the activity represcented by the

oranch (it may have any ome of several probability

distributions), and the efficiency of each

resource required to perform that activity



(optional). - node until a service activity is performed on

b) Nodes - characterized by number of "releases" that item. Statistics are automatically main-

before the node is realized ox reached for the tained on QUEUE nodes.
first time and after the first time, which STATISTICS Nodes: STATISTICS nodes are
activities must be completed for the node ) those at which statistical quantities are

(event) to be achieved (since some branches have collected. There are five basic statistics which

a probability of being selected, not all can be collected. Any node’ except START, QUEUE,

branches incident upon a node need be required), or MARK node is a candidate for a STATISTICS ‘

method of scheduling the activities emanating node.

from the node, and the statistics to bé Figure 1 ‘shows the node symbolism for nox-~
\ collected (if any) st the ncde. mal GERT nodes and Figure 2 gives the notation
- For network modeling puiposes, each node for QUEUE n_ode.-s.

may be classified in one or more of 10 cate- NUMBER OF BE?ERM'N’ST'G

gories. In this work only the following were RELEASES QUTPUT

used. (See [17] for a descriprion of all types).
SOURCE Nodes: Nodes which initiate acti-

vities at the origin time of the project.

SINK Nodes: Nodes which may be the ter-

minal node of the network. Normally SINK nodes ﬁwagﬁ OF PROBAB!LlsT'c

only receive flow, but it is also possible to RELEASES OUTPUT
TO REPEAT
have activities leaving a SINK node if so
desired.
FIGURE 1
MARK Node: This node is used as a time
frame reference point for an item being pro- gNlT'AL NU“BEQ DETER%N'ST’C
cessed. The point in time at which an entity IN QUEQE // OUTPUT
passes a MARK node is recoxded as an attribute

to that entity. MARK statistics are collected

at INTERVAL STATISTICS nodes and constitute the

time spent in passing betwoen the MARK node and

the INTERVAL STATISTICS ncdes. “lMUM PRO 5L|$Tic

QUEUE Nodes: QUEUE nodes axe those which NUBEB ALLOWED OUTPUT
iN QUEUE

provide a siorage capacity for ltems in progress.

Itams are automatically held at a QUEUE FIGURE 2
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FIGURE 3

Figure 3 further illustrates the node symboliam
and also displays the method for specifying the
arc parameters. Figure 3 shows a variety of
node and arc types, focr which a brief explana-
tion follows. Node 6 is a node which has proba-
bilistic output, thus the probability of
selection (P) is less than one on arcs (6,7)
and (6,8). The pazameter set format is defined
on arc (6,7) and a typical numerical example is
given on arc (6,8). Here the probability of
selection is .5; the time of traversal is given
by the first parameter set aﬁd first distrvibu-
tion type, and thexe is no counter or activity
number assigned. Both nodes 7 and 8 are queu2
nodes with initial queue length of zero and
infinite queue capacity. DNote that the cutput
arcs of these nodes have additional parameters,
€1r Byr cenney e these parameters give the

1
efficiency of each resource in performing the

activity. The parameters of arc (8,9) show that

277

the first laborer has an efficiency of .9; the
sacond .7; and the thirxd .5 when perfoming'
this activity. Further explanation will be
given in the context of the GERT III QR network
examples in the next section.

The GERTS IXI QR simulation model was
constructed using GERTS III Q as a framework,
and integrating the concepts of GERTS III R
with some modification. GERTS III R was
designed for the study of activi,ty networks
with limited resources; i.e., most arcs repre-
sent activities which are rescurce constrained.
So iﬁ the processing of the network, GERTS III R
assumes that the resource constraints act upon
every arc. In inost queueing networks. the
only arcs which might require resources are the ~
output arcs of Q-nodes, which represent the
gervice activity associated with the Jueue.
Most often the other arcs of a queueing net-

work merely represent flow paths for the items



flowing through the system.

Thvg, considering
every arc to be labor congtrained could lsad to
mech uselese monitoring; thersfore, GERTS IXl
OR considers only cntput'a?cs and nodes in ﬁhe
nozmal GERTS 1IXI manner.

Another important change in the basic con-
cepts of GERTS III R iz the incorperation of
the facilicy to desl Qith hetarogeneous lakor
forces. In GERTS III R a mumber of resource
types is specified {in the pmsent.version an
msny &¢ three, although a special application
to be reported later uses ten resource types)
and an activity requires a fixed number of
units of esach type. The resouzrce typus ave not
interchangeable and cach type ias equally
efficiant on &ll activities, iu GERTS 1II QR
rescurces ace interch@ngenble: that ig, if
an activity requires unitz of come resource
any type can be usod. Thus the type merely
identifies the recource. Further, the tims
required to complete an activity is a function
of tha resource type (laboxer) which pexforms
the activity and the identity of activity
(service facility). Hence, complex patterns
of labor and machine efficiency can be studied.

Som¢ sodification of the basic concspts of
GERTS III Q was also required. Irn DRC gueueing
systems, items may be detained in the queuve
not only because the service facility is busy
but also because no labor is available, so that
a sexrvice facility may be idle while items are
Thus the basic queueing concepts had

in queue.

to be modified to deal with this dichotomy which
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exists in the DRC s;i.tuation.

Yence, it is inaccu;ate to say that the
GERTS III QR model im formed by mere superposi-
tion of GERTS IIT R upon GERTS IXI Q. Althcugh
the GERTS III QR simulator vas written for DRC
systems it will aimulats oxdinary :nachiné
limited systems with iittls or no loss in com-
putational efficiency compired with GERTS III Q.
Howaver, for networks where practically ali aces
are rzesource constraired and no gueues ars
invelved the GERTS III R simulator is more
affoctiva. GERTS III OR represants an integra-
ticn of all the standard features of GERTS III R
and GERTS XII Q.

A standard feature of GERTS III QR is the
QUEUE node. The QUEUE node is one which pro-
vides a storage cepability fox on-?oing itens.
The concepts of first and secondary releases
are not appropriate for a QUEUE node, ausd so
the QUEUE node is characterized by: (1) the
numbexr of items initially in the queue, and
(2) the maximum number of items allowed in the
queue. Other parameters assrciated with a
QUEUE node aze the oxdexr of processing and the
rode tc which an iﬁm would balk if it arxives
when a queue is fuil.

In the version used in this study, GERTS
II7 QR was further modified to ipsiunde priority
rules other than the standard rules, LIFO and
FCFS. To implement the SOT rule additional
attribuzes had to be added to the gueue list
since job processing times were assigned to the

job upon entry into the system. Therefors, a




job selection sub-routine was alsc now raquired.

Implemantation of the RANDCM priority rule
required only minor modification éf the SOI
subroutines. The initial randomly assigned job
times were used as the randem variable for job
priority selection using the SOT procedure,
however, a different job processing time was
then zssigned when the job underwent actual
processing.

Foxr STATISTICS nodes, GERTS IIT QR cbtains
estimates of the mean, standsrd deviation, mini-
mum, maximum and a histogram associate& with the
time a @e is realized. Five types of timre - ’
statistics are possible:

F. The time of first realization ¢f a node;

A. The time .of all realizations of a node;

BE. The time batween realizations oi a

node;

I. The time interval required to go

between two ncdes iu the network; and

D. The time delay from first activity

canpletion on the node until the node
is realized.

The nodes on wbich statistics are to be
collected and the type of statistiés desired are
part of the description given to a node by the
input to GERTS 1II QR.

A distribution type and parameters are
assigned to an arc through the specificaztion of
a paranmeter set number and a distribation typs.

Each paraseter set defines parametexrs from which

the mean, variance, maximum value and minimum

value for each of the above distribution types
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can be computed. This description is part of
the data input to the GERTS III QR program.

A powerfixl device when using the GERYTS III
OR program to analyze complex activity netwo:ks'
is the ability to modify the network while an
activity is in progress. Specification of an
activity number ﬁllows network modificatior;s
based on the completion of specified activities
within the model. An activity may éx: may not

be numbered. However, only those activities

which are mumbered are candidates for network

modification. - . .
Stardard outéﬁi: of the GERTS IXI QR programs
consists of the following:
l_. An echo check of the input data, consisting
of: |

A. Node chnractez;istics

B. Branch characﬁeristi_cs

C. Listing of the SOURCE, SINK, and
STATISTICS ncdes

D. Network medifications

2. Statistical sumaries consisting of:

A. The p?obability of node realization
during the simv.lation period. The
mean, standard deviation, number of
chservations, maximum, afxd aininum
time units to realize a STATISTIC node
during the simulation.

B. All of the above statistics for counter
types.

C. Mean, standard deviation, minimum and
maximum of the queue length, waiting

time, busy time of processors (service



activities) » and balkers per uni.t tms. o

fcu: all QUEUE no:iras.

Do His’coqrams of the time to rea.lxzation
for sach’ &'IATIS‘I'ICS node, amd the qneue
lengths for eqch QUEUE node. Histo-

grams rxef"tex::t i.ha :mi(;.ﬁyiug proha.hi'.

l.s.ty disi:x:.butio.m associaved with

a,.l, Int&xvaj. De ay, aetu‘men. and

. ?ira* xeal zzat:icn atnt:.stics .

It s&muld be noted t:hat tha above cutput :

qumtities ‘are ccmn to au GEI(TS aimiation
ptog:ams', and the intsz‘pretati.on of each<
statistic hue been yrevicualy discneaed in
pzier pub.ucations (1,2, 20). Heuce, in the

e:xa@:les which foliow, only the outpnt statiso o

tics uniqua to GER.TS IIX QR will be discussed.

A GERTS III OR Network Modsl f.m: Mult:iﬂueue,

Multioc el, smle—Phase. DRC ggeueing Systm,

An mle

In this section an application of the GEEIS

1II QR model will be illustrated; the systems
modeled ars multi-queue, multi-channel, single
phase sys'tems. Each service facility contains
one machine and has its own queue. Baiking
or switching between quéues and reneging are
not allowed. The arrival process is Poisson
with a mean arrival rate of A = 1.0.‘ Each
job is routed to a specific service channel
with equa.l: probabilities, 1/m, upon arrival.
Every job requires only a single processing
operation at the service facility to which it

iz xouted. The mean processing times are
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" 61stz1bu:ed.
"nms the systea is constra:.ned by' bot.h laho:
D "to the machine canter with the jch hawing tha

’k »higheat gr.\‘iority perxr the aalected pxiarity zule.

' bdmg-neoua anﬁ al’ labozeu' afticieneies a.te

- "rh«a Problem .atat:mnt

:Gi.vesz the zzyam deserib&d above, dotemine t!w
: pmnez :,ob m).ecticn x-ule (nas:him lount-q) and

»z.t:s :elatvaﬁ ’abor asaigment mle w a.s eo

The key measmres useﬂ .in this atudy axe job

azamned to be identica? and expoaennally

Ths n\mber of laborers, a. is* i

_~less than the mmbar of macﬁine cent:ex:, m. '

and mchmes. L&boz is uloca‘:.ad w:avauable

jch& by assxgning the msﬁ: eftxciaw& ‘Laborex "

'In :his example the lahot force is aasumed to he EE

equa.l ?'.o 1 0 (100!}. :

'rha prohlen can be stated as follon. ,- )

‘op cinize scme neasu.w.fef mten pexfomanca., : i

uaitimj time charactazistics. it )

" The machina loadim and la.l:or assignment
xules to be evahsated ar:m o (13 s#lec': 'jobs =
f:om the queue mr the first-»cmm-fust—serve

{FCFS) rule anﬂ ass:lgn xdla 1ahozers accardingly, -

{2) seiect tbe jeb from the queue with the ex-
pected sb:rt«;st—operatiou-tim (SOT) and (3)
select jobs at random {RANDOM) . a, svc:hmauf;icv
représénﬁation‘ of the expariment&l systems is
given in Fig\..te 4. VF | |

’rhis uluatrataon, represent:ing a typical
lsbor limited {CRC) system, i mmroly one -
example of the applxcatioq of GERTS I1I QR. ,‘

Certainly many other systen descriétions couldv i
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FIGURE 4

have been chosen as the technique is very
general in structure. FHowever, this particular
system was chosen for three major reasons:

(1) there are many actual situations which are
closely approximated by this model; (2) the
gystem is complex enough to illustrate the
pover of GERTS III QR and yet simple encugh'
for reasonably compact diacussion; and (3) a

study was conducted on systems of this type

using Nelson's (9) simulator; so a comparison of
simulator effectiveness can be made, as wall
as some verification of the model.

Upon furthexr axamination of Figure 4 one
may see why the network approach was applied
to systems of this type: the system: schematic
itself suggests a network model. Thus the
network description is conceptuvally appealing
and investigation in this area szims natural.
The GERTS III QF network model for a 3 service
facility and 2 laborer system is d-picted in
Figure 5.

Figure 5 depicts a GERTS III QR network
model for a2 system with three machines and two
laborers. The accompanying set of system and
arc parametevs for this example are given in
Table (. The data in this table and the figure
specify that this system has threes machines and
two laborers. For convenience this is xeferred
to as a 3-2 system; the first number being the

number of machines, m, and the latter Leing

the number of laborers, n.

FYGURE 5
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TABLE I

System and Arc Parameter Tor Example 1

System Parameters

Total number of nodes = 12
Murber of sink nodes = 2 :

Number of resources (laborers) = 2
Number of socurce nodes = 1

Number of rodes to realire the network is 1

Arc Faramoters

Paramater Sets

Stetiatics collected on 5 nodes

{Probability of roalization; distribution of traversal time; labor efficiency)

Arcs

(2,3) {1.0; constant time of zero; no resources)

(3.3) (1.0; exponentially dist. with mean = 1.0y no resources;

(3,4} (1.0; constant time of zero; no resgources)

(4,5) (1/3; constant time of zexo; nO resources)

{4,6) (1/3; constant tima ¢f zero; no Tesources)

{4,7) (1/3; constant time of zexo; no resources) .
{5,8) {1.G; exponantially dist. with mean = 1.8; e - 1.0, e, = 1.0)
{6,8) (1.0; exponentially &ist. with mean = 1.8; e, = 1.0, e, = 1.0)
{7,8) (1.0; exponentially dist. with mean = 1.8: e = 1.0, e, = 1.0)
{&,9) (1.0; constant time of zero; no resources)

(6,10) (1.0; constant time of zero; no resources)

{10,111} (1.C; constant time of zero; no ragources)

{22,313} (1.0; conztant time of zero; no resources)

Experimental Deaign

. The %two basic building blocks

in thase

experimonts are the two machine, one laborer

system and the three machine, two laborer sys-

tems.

The 2-1/FCFS System can be solved analy-

tically since it is equivalent to ths 1-1/CFS

system.

In fact, it was one of the methods

used to validate the simulation model. The

2~1/SOT system was also solved analytically

and used am & check of the model.

found in the literature.

(The analy-

" tical solution for this system is not readily

An equivalent form

was found in Saaty (21} and is attributed to

the work by Phipps.)

The 3-2 pystem is the smallest truly labor

limited system. All subsaquant systems were

deecignad tc be multiples of these two basic

systens.

For each system (2-1, 3-2, 4-2, stc.) a

total of 26,000 jobs were simulated with the

first thousand jobs discardad to initialize the

system.

In order to compare systems, at

equivalent levels of utilization, the arrival

rate was held constant and the mezn service rate

vas adjusted to compensate for the varying

number of labors.

System utilizations of 0.75,

0.90 and 0.95 were sclected for study.

As proposed by Nelson (14), system utiliza-

tion, e.g. average labor utilization, may be

estimated by equation 1.1 (in & simplified form):

. 1.1 bt = A/ny
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Measures of System Performance From the Table, it is evident that the SOT

System performance is measured in terms of rule is more efficient in terms of normalized
the "normalized" system mean waitirg time, mean waiting time and mean flow time, than the
w/s, i.e., the actual mean vaiting time, v, FCFS and RANDOM rules. These results axs
measursd in units of cne mean service time, s, intuitive as is the result that SOT yields a
as obtained from ths simulations. As the a=x- higher variance of flow time than FCFS.v This
perimenﬁal labor and machine limited systems rule quickly processes the short jobs and thus
currently defy analytical solution, the normal- reduces both wait and flow times. However,
ized mean waiting time values were obtained those jobs with long estimated processing job

from the results of the simulations. times usually have a long wait, hence the

The Exverimental Kesults higher variance. In comparing the variances
In Table II, the results using the FCFS, for 50T and RANDOM, SOT has lower variance for
SOT and RANDOM machine loading and labor systems of size 4-3 or greater. With respect
assignment rules are summarized. The main to labor blocking, RANDOM had the greatest
control variables were system configuration and amount followed by SOT with FCFS having the

labor utilization. lowest amount.

TABLE IX

Waiting, Flow Time and Lador Blocking Characteristics of Ll.:
Selacted Priority and Assignment Rules for tna Experixentsl Svatims

T =
FCFS SOT RANDOM

Marinatized| System| Varlance Latvr | Normnaliced| System| Variance labor | Normalized| Syetera] Variance tabor

Run SYST Estimated Mean Mean System Blocking Mean Mean System Blocking Mean Mem Systam Dlocking

tumber | Coafiguration} Utillzation Wailing Flow Flow Hours Waitlag Flow Flow Hours Waiting Flow Flow Houre

Time Tumne Tiow Time Time Time Time Time Time
men ol of® MFT]  oF B Mo mrr | =% " uls uet | ol B
ORI, N - -
[l 4 .15 2. 8370 2.9434 8.632 [ 1.%%36 1.9342) NV ] 2.4622 2.88%% [ 11 ¢
2 2-1 90 8. 9722 9,0322) 108,36 [+] 31,2578 3.RI08} 156 W [ [ Y21} .07 106, 6R22 o
H
)
3 3-2 i) 1.u540 4.01630 12.788 3, 862 (A2 LAns v s 7.207 1.6477 1.9704 22,077 S, 648, 4¢
4 3-2 .90 3.8%47 £ 2767 54.5¢6 2,8 2. 167 5.7146 | 186 11 5, rn 10,392y VIR, 6786 6 473,49
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A somewhat surprising result is that the
amount of labor blocking is higher for the SOT
ruie than the FCFS rule. The authors have no
readily intuitive explenation for this phenome-
ron, and it is a subject for furthexr ressarch.
Another effect is that for a given system with
all rules, labor blocking drops as system
utilization increases. again, this is an intui-
tive result since lahor blocking is a phenomens
associnted with idle laborers and this (idle-

ness) decreases with higher systems utilizaticn.

Laboxr Effectiveness

To compare seiected experimental results

with computed analytical results let's refer

to Figure 6.
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.In Figure 6, the number of service centers, m,
is fixed at 8, ;32 = ,90, and r.iue number of
1sborers, n, varies from 1 to 8. The aexperimen~
tal change in w/s resulting from a change in n

is denicted by the u-shape curves. In addition

284

to the experimentally obtained u-shape curves,

curves for the "theoretical normalized mean
waiting time" using FCFS and SOT are shown. The
data points for these curvis are given by the
equation:

W/S ’
1.2 (W,/S)rl o Wlul,n

where
(ﬁlgxn = the "theoretical® normelized mean
waiting time for a system with n
laborers.

the m2an waiting time for a system

- o]
]

with ona laborer
u = the mean service rate wnen the
system has only one laborer.

n = the number of laborers.

The “theoratical® values given by this for-
mula assume that each laborer adde’ to the system
is equally as effective as the first laborer;
i.e., th!;s formula neglects the effects of both
jabor blocking and "flexibility” in the system.
Here "“flexibility" is measured by the number of
machine centers to which an idle laborer may be
assigned. By comparing this theoretical curve
with the simulated values of normalized mean
weiting time, one may get some conception of the
effects of blocking and “flexil:)ility" on the
system performance.

If additional laborers were as effective as
the first, the normalized mean waiting time
would decrease as shown by the theoretical curve.
Since the effect of labor blocking is preaent,

one would expect that as the number of laborers

increases, their effectiveness would decrease,




i.e. labor blocking increases because there are

fewer machine centers to which an idle labcrer

can be assigned. A single laborer, in fact,

can greatly affect system performance. If one
is very busy then two things happen: (1) he
is not often available to help cover the

remaining work space and (2) jobs in this gueue
are blocked from the other laborers. A true
measure of "labor effectiveness" remains to
be formulated and appears to be an interesting
area for future research. Nevertheless, we
can see from Figure 6, that the SOT rule con-
sistently performs the best with respect to
w/s.

In Table II are shown some comparisons
between multiples of a basic system at the
(4-2, 6-3, 8-4

same level of utilizaticen.

and 3-2, 6-4, 9-6). As can be seen, the normal-
ized mean waiting time decreases as the size

of the multiple increases. This is due to the
fact that, for example, an 8-4 system is more
efficiet than two 4-2 systems since labor.rs
can cross over to any of the 8 machines in the
first, while constrained to stay within each
set of four machines in the second system.

The same effect and analysis applies to mean
flow time. Among these three rules, acain SOT

gives the best results.

Computer Experience

The simulations were run on a CDC 6600
computer at the University of Texas at Austin.
A total of 26,000 jobs were simulated in each

run. The first thousand jobs were not used in
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calculating the statistics but were required to
initialize the system. The simulation run
times ranged from 142 seconds for a 2-1 system
to a maximun of 275 seconds for & 9-6 system.
This includes 13.5 seconds for compile time.
The run times for the FCFS and RANDOM systems
were generally 20% higher than for the SOT rule.
The core stocrage requiremerts were 40,200 words,
For identical simmall systems the GERTS III QR
simuletoxr requires less than half the computa-
tion time regquired by the prior SIMSCRIPT simu-
lator (2.,14). For larger syutems the savings
is even more significant.
Conclusions

The results cof this study show that for
labor and machine limited queueing systems the
GERTS III QR model is not only a feasible
model but that it is a very efficient model.
With respect to the example problem, the Shortest
Operating Time rule is found to be superior to
the First-Come-First-Served and RANDOM rules.
This is also the case with purely machine limited
systems. However, ia the DRC systems & pheno-
menon exists in the form of labor blocking. This
causes a change in normalized mean waiting time
from the theoretical values.

The GER1S III QR simulator re .resents a
powerful tool to simulate labor limited job
shops and to evaiuate various machine loading
and labor assignment rules.

while the discussion in this paper centered

upon parallel channel, single phase, homogenccus

DRC experinental systems, GERTS III QR has been



extended and used in a real world application.
At a major air force maintenance base thiz
model has been used to plan the work flow of
airecvaft engines through ovarhaul. The network 2.
consisted of thres major maintenance lines ia
parallel with each line being 2 network of

service centers in parailel and series, requir-

ing up to ten resource classificaticns. Each

line consists of at least 40 nodes and the 3.
entire network includes 132 service centers.

The preliminary runs were used to identify
‘both bottlenecks and greatly underutilized

sexvice venters. This facilitated a shift of 4.
resources throughout the network in order to
achieve a more balanced workload.

The experiments reported in this paper
are being duplicated for heterogeneous DRC
systems. These latter investigations have lal 5.
to the evoluation of some interesting and
practical labor assignment rules and they will
be the subject of a future paper.

In summary, GERTS III QR is 2 major €.
improvement over the more traditional simulation
packages for ease of structuring systems and
in savings of computer time.

* ® ®

t'« wish to acknowledge the work done by

Hogg (8) and Hoge (7) in develcping the 7.

statistics on FCFS and SOT respectively.
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