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A SIMULATION STUDY OF LABOR EFFICIENCY AND CENTRALIZED LABOR ASSIGNMENT
1
CONTROL IN A PRODUCTION SYSTEM MODEL

Rosser T. Nelson2

This paper reports a set of simulation experiments designed to
study service systems in which labor interchange is possible among
service stations. It is one of a series of studies in which the

8y author has explored design and control aspects of labor and machine
limited production (service) systems. The interrelationships among
four experimental variables are investigated in terws of resulting
system performance statistics. The varisbles are the job routing
structure which describes the flow of work through the service
facilities, the queue discipline, the efficiency of labor inter-
change, and the dezree of centralized control exercised in labor

assiznment.
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1. INTRODUCTION
Many producticn and other types of servicing systems may be

characterized as queueing systems with both service facilities and

labor as constraining resources. A job-shop production system with a
mobile labor force is the particular example which motivated the work
described here. Jobs undergo processing operations, each of which re-
quires an appropriate machine or work bench and a laborer who can per-
form the necessary work. Numerous cexamples may be offered in other }
areas of society3 such as & hospital with limited special equipment

ans limited medical personnel, an educational program in which students
require certain subject offerings and in which a limited number of
qualified teachers must staff all requirements over a period of tir-,
or a situation in which specifins welfare requirements exist which must
be satisfied by a limited number of semi-specialized social workers

and limited material geoods.

The simulation experiments reported here are based on a general
model of labor and machine limited production systems which is des-
cribed in [1]. Earlier experiments with specific versions of the
general model are reported in (1] and [2). This paper extends the
earlier work to concentrate on two specific factors of system design
end control; labor efficiency and the degree ol centralized labor
assignment control. We shall attempt, in the course of the paper,
to describe how these two factors relate to a number of decision

areas such as lebor hiring and training policies, departmental

structure of the system, aspects of physical location of facilities,
and communications.
The specific model used in the experiments has two service centers

and two laborers. Conseqguently, the results are of limited direct

value. Other aims of the study are, (1) to present a procedural
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framework which may be equally useful for studying larger, more com-
plex systems, and, (2) to provide basic results which may stimulate
insights and initial hypotheses for testing in further experiments

or in actual operating systems.
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2. THE SIMULATION MODEL AND EXPERIMENTS

A set of simulation experiments was designed to study labor effi-
ciency and centralized lebor control in fairly simple labor and machine
limited queueing networks.

The model employed may be described as follows: A service system
consists of two service centers. Each service center has two service
channels and a single queue. Customers arrive at the system according
to a Poisson arrival process with mean arrival rate A = 1. The basic
service times (i.e., the service times for a laborer with maximum effi-
ciency) at each service center are exponentiasl with potentialh mean
service rate 1 = 1.125 per channel. The service system has only two
lahorers to handle the four service channels.

The actual average lagbor utilization as measured in the simulations
ranged from 89 c/o upward. The measured values of average labor utili-
zation for each experiment are reported on the data sheets in the Appen-
dix.

Two extreme patterns of customer flow through the network are used
in order to ascertain the effects of job routings. One flow pattern
designates that each arriving customer requires a single service oper-
ation at service center 1 followed by a single service operation at
service center 2. Henceforth, this will be referred to as the case of
"series job routings." The other flow pattern employed generates
customer service requirements by use of a Markov transition probability
matrix which reflects an extreme Jjob-shop routing structure with

customers reyuiring different numbers of service operations:
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~ RS, |
, \ﬁervice Center 1 Service Center 2 Exit from Systeq)
Entry Into System 0.5 0.5 0.0
FROM{ Service {enter 1 0.0 0.5 0.5
Service Center 2 0.5 0.0 0.5

This will be referred to as the case of "job-shop job routings."
The labor efficiency factor is modelled by a lebor efficiency metrix

of the following form, where e is the efficiency of laborer 1 at

i
service center Jj, C < eij <1
Service Center 1 Service Center 2
Laborer 1 e1l elE
Laborer 2 e2l e22

The strict interpretation of labor efficlency rests on its oper-

ational use in the simulation model. If eij « 0, then laborer 1

cannot work at service center Jj. For 0< €3 <1, the service time
required for laborer 1 +to perform a service operation at service center
J, 1s given by S/eij vhere S 1s the basic service time selected from
the service time distribution for service center Jj . Thus, lubor effi-
ciency measures a laborer's relative speed of performance at a service
center. The specific labor efficlency matrices used in the experiments

are of the form e,, = e where o 1s an experi-

11 Egig| = S = %
mental variable assizned the values « =0, .25, .5, .7, .9, and 1.0.

gz = bs
Note that o« = 0 represents an ordinary two station series service
system with no interchanze of labor between the service centers (i.e.,

a two department system with one laborer and one service channel-in each
department) while o = 1.0 represents a one department system with com-
pletely efficient interchange of labor between the service centers. Inter-

mediate values of « represent various degrees of efficiency in labor

interchanges between the service centers.
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The method for assigning labor may be described in termg of two
components; the service center selection procedure £ and the queue
discipline g . The service center selection procedure determines which
service center an available laborer is essigned to work at. The pro-
cedure vwhich was used in all of the experiments may be described as
follows. An available laborer is always assigned to the service center
at which he is most efficient unless there is no work for him there and

> The gqueue discipline deter-

there 1is work at the other service center.
mines which of the available customers or jobs the laborer will work on
once he has been assigned to a particular service center. Three common
queue disciplines were employed for comparative purposes; first in ser-
vice center, first-served (FCFS), first in system, first-served (FIFS),
and shortest imminent operation time, first-served (SOT).

Closely related to the labor assignment procedure is an experimental
paraneter d, 0 < d € 1, which measures the degree of centralized labnr
assignment control. The parameter d regulates the extent to which the
service center selection procedure ¢ is allowed to operate in any ex-
perimental run. When a laborer completes a processing operation and
there is more work available at the same service center, he becomes
availsble for service center re-assignment by the service center selection
procedure 4 with probability d. With probability 1-d he continues to
work at the service center he 1s at, without recourse to £, employing the
specified queue discipline q . Whenever the service center is emptied,
the labor employed there becomes availeble for service center re-assisn-
ment by £ .

The parameter d was varied to model systems with different degrees

of central control over labor assignments to service centers.
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The values d = O (no central control), d = .5, and d = 1 (complete
central control) were used. The practical interpretation of various
values of d may be related to problems of communications and (or)
penalties (e.g., time delays) associated with transfer of laborers
between service centers.

Initial plans called for the simulation of the system for every
combination of six values of the labor efficiency param-ter «, three
values of the degree of centralized lebor assignment control parameter
d, three different queue disclplines g, and the two types of job
routings; series and job-shop. Of the 108 combinations, 12 were deemed
unnecessary beceuse variation in d is meaningless when ¢« = 0, i.c.,
when each laborer is constrained to one service center. An addjtional
18 experiments were eliminated during the computer runs because of the
fact that the simulation results indicated that thcze particular para-
meter combinations led to unstable (over-loaded) systems. Thus, 78
runs were actually carried out6 s each consisting of the simulated
processing of 32,000 jobs. The comparative nature of the study dic-

tated a closely replicated worklnad input for each parameter set em-

ployed.

v




3. OBJECTIVE

Three of the four experimental variables represent control vari-
gbles which may be adjusted to alter the performance of the system.

The labor efficiency parameter « reflects the degree of flexibility
of the labor force as determined by labor hiring and training programs
and, in some instances, by the departmental organization of the systenm.
The degree of centralized control of labor assignment parameter 4 is
influenced by the physical location of service and control facilities

as well as by communications procedures. The queue discipline q is,
of course, a matter of direct choice. The fourth experimental variable,
the job routing structure, is essentially fixed in any particular appli-
cation by the particular processing requirements for incoming work. The
gseries and job-shop routings employed here represent extreme cases, which
vere used to ascertain the influence of the job routing structure on the
effectiveness of the control varisbles under study.

Manipulation of the control variables in any particular system will
inflict costs. In addition, the degree of chunge which 15 feesible must
be considered. The development of an appropriate cost model with feasi-
bility constraints requires specification and attention to the details
of a particular situation. This is not the purpose of this paper.
Rather, the intent here is to study the effects and interactions of the
experimental variables with respect to the time in system statistics
for arriving jobs. The useful application of these results to any par-
ticular system will require that costs, feasibility constraints, and
performance criteria be considered explicitly. Employed in this menner,
the simulation results may provide useful information for guiding the

(f

development of improved control procedures in a wide variety of sit-

uations.




k. RESULTS

Figure 1 is a summary presentation of the results of the simulation
experiments. The left hand graphs are for the series job routings, the
right hand graphs for the job-shop routings. The three levels of the
degree of centralized labor assignment control paremeter d are re-
flected in the vertical arrangement of the graphs; no central control in
the top row, partial central control in the middle row, and complete
central control in the bottom row. Each individual grarh depicts the
dependence of three representative job flow time or time in system
statistics upon the queue discipline q and the labor efficiency para-

meter «. The three statisti.cs8 presented are the mean time in system

7 (measured on the asbscissa), the standard deviation of the time in

system 5, (measured on the ordinate), and the second moment sbout the
f

2

origin of the frequency distribution for time is system ('1'?')2 + 4 ¢

(the square of the vector distance from the origin which is measured

along the circular arcs).

M ey e e o
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Figure 1. Summary Presentation of Time in System Statistics.
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Although Figure 1 serves to completely summarize the experimental
results, it will be useful for purposes of interpretation and discussion,
to reduce the number of varisbles by concentrating on the best queue
discipline g for each system and criterion statistic. Figure 2 re-
presents the time in system statistics as functions of the control
purameters « and d for the queue discipline which is best in each
case. The top half of Figure 2 gives the results for series job
routings, the bottom half for Jjob-shop job routings. The three different
time 4in system criterlion statistics appear horizontally for each job
routing type. The statisties are reported as ratios, i.e., as mul-
tiples of the best attained values. This procedure serves to meke a
comparison of the series and Jjob-shop systems possible by eliminating
the inherent differences in the absolute values of the statistics for
the two systems. In each case the best attained value of the statistic
is given to enable conversion to absolute values if desired. The best
queue discipline, i.e., the queue discipline for which the results in

Figure 2 apply, 1s also noted in each case.
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figure 2. Time in System Statistics as Functions of the Contrcl Parameter: a and d, for the Best Queue

Discipline q




QUEUE DISCIPLINES-DISCUSSION
Referring to Figure 2, we first note that the relative performance
of the systems for different values of « and d (as measured by th=

statistical ratios) differs very little”

between the series system and
the Jjob-shop system, when the best queue discipline ¢ 1is employed.
However, as we shall see below, the best q 1is not necessarily the
same for the two types of routings, nor is it always independent of «
and d . These observations indicate that the percentage improvements
obtained 1in the time in system statistics by changes in the control
parameters o, d, and g are approximately equal for the two extreme
types of job routings.

A careful analysis of the best queuc disciplines for the different
systems and different criteria brings forth some new results not en-
countered in previous experiments. As the following discussion will
serve 1o substantiate, there appear to be inter-actions between «, a,
and the job routing structure which alter the relative performance of
the queue disciplines. Previous work with a number of experimental
systems [1,2] has shown the SOT queue discipline superior with respect
to minimizing T and the FIFS queue discipline superior with respect

~

to minimizing -.;

2 indicates the latter half of the pattern is violated in the current

for both series and job-shop routings. As figure

experiments for series Jjob routings when 0< o <1 and d << 1.
These happen to be paramecter combinations not employed in any past
work. Undeir these conditions of partially efficient interchange of
labor combined with low levels of central control, the FCF3 queue dis-
cipline minimized ~ 2

f

of FCFS over FIFS incrcasing with decreasing central control. Of more

for series job routings wi'h the superiority

import to problems of system design and control than thc above pheno-

menon is the fact that all three queue disciplines deteriorate rapidly
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; (for both types of

job routings) under these same conditions (see d=0 curves in Figure 2).

in performance with respect to both T and

The author is not able to explain the switch-over in the relative per-
formance of FCFS and FIFS other than to say that the data indicates
that it must be caused by an inter:sctjon of o, &, and job routing
structure. The rapidly deteriorating performence of the various sys-
tems for lcw degrees of centrsl control and ¢ < 1 1is more readily
explained and is the subject of the next section of the paper.

The best queue discipline for the third criterion employed (_2\-,-§)
depends upon the job routinz structure. For the series job routings,

10

the best q is SOT which also minimizes f. For the Job=shop job

routings, the best gq 1is FIF3 which also minimizes The expla-

2
“Tf O
nation for this lies in the fact that the job-shop systems have a
variable number of operations per job and the series systems do not. {
Since both systems have the same average number of operations per job,
the variance of the time in system is a much larger contributor to the

==, 2

criterion ™+ g for job-shop systems. It is not surprising then

that the SOT rule, which does well with respect to the ?2 term, is

best for the series systems while the FIFS3 rule, which reduces .-;

is best for the Jjob=-shop systems.

DEGREE OF CENTRALIZED LABOR AS3IGNMENT CONTROL-DISCU3SION
Figures 1 and Z show that the degree of central control c¢f labor
assignment d YGecomes progressively more important as the labor effi-

ciency parameter « decreases from 1. The reason for this is that,

under limited central control, one, or even both men, spend time
working at the machine center where they are least efficient even when
there is work that they could be doin;; at the machine center where

they are most efficient. The output data from the simulation included

M
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1k,
the mean service time per Job. This made it possible to calculate,
for each system studied, the fraction of operations performed at the
lower efficiency. The following equation was solved for x :
Se) = (1x) (£) +x(Z)  (u=§ for all experiments)

where §(a) = mean service time per job measured by simulation

o = labor efficiency parameter

x = fraction of work done at lower labor efficicnecy = o
2/p, = mean service time per job at labor efficiency = 1
2/czu = mean service time per job at labor efficiency = ¢

The values of x as functions of «, d, q, and the job routinz

structure are tabulated in Table 1.
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q=FCFS q=FIFS q=S0T
o d=l1 d=.5 d=0 d=1 d=.5 d=0 d=1 d=.5 d=0
1.0 .50 .50 .50 .50 .50 .50 .50 .50 .50
.9 2T .22 .54 16 .22 .57 Q20 ST
T al3 16 - .13 .16 - Al L1 -
59 .09 Al - .09 .11 - .08 .10 -
<25 Mol Ok - 0k 04 - O oh -
0 0 0 © 0 0 0 0 0 0
SERIES JOB ROUTINGS
q=FCF3 q=FIFS 9=30T
o d=1 d=,5 d=0 ! |d=1 d=.5 d=0 d=1 d=.5 d=
1.0 .50 .50 .50 .50 + .50 .50 .50 .50 50
.9 .20 .20 .54 .16 .20 .56 .15 .20 .58
¥ .15 16 - e .16 - 12 .1k -
.5 .10 1 - .09 A1 - .08 .10 -
.25 |.0k O - Nt Oob - .0k .04 -
0 0 0 © 0 0 o0 0 0 0
JOB-SHOP JOB ROUTINGS
Table 1. Fraction of Operations lone by Less Efficient Labor.
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With the exception of the cases «=0 (where the laborers are
fixed and d is irrelevant) and «=1 (where the men are equally
efficient and each perform half of the operations), Table 1 indicates
that the fraction of opcratiorns performed by less efficient labor in-
creases as d decreases. This 1is because the mis-assignments of
labor tend to extend over longer periods of time with less central
control. Table 1l also shows that the fraction of operations done by
the less efficient labor decreases as the labor efficiency parameter
« decreases for large values of d , but that the opposite is true
for small values of d . In fact, for d=0, mis-assiznments of
labor are more numuerous than correct assignments. This would seem to
be attributable to the fact that the least efficient man takes longer
to perform any given operation at a machine center and, therefore, he
spends more time at that machine center when there is no central con-
trol operating to return him to the machine center where he is more
efficient. Even for large values of d vwhere the less efficient
labor performed less operations with decreasing o , this was domin-
ated by the increasing service time per operation performed, so that
the resulting service times and waitin- times increase as the labor
efficiency parameter « decreases. These observations serve to ex-
plain the widely divergent behavior of the curves in Figure 2, par-

ticularly for low levels of central control of labor assiznment.

LABOR EFFICIENCY-DISCUSSION
From Figure 2 one can ascertain the efficiency of labor inter-
changze ¢« for the two department system which mukes it equivalent in
performance to the one department system (¢=0) for each of the per-
formance criteria and for each value of d . These break-even labor

efficiency values appear in Table Z. The best q discipline, as
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denoted in Figure 2, is assumed in each case.

! Series Job Noutings 1£9b~8hopJob Rrotings

Criterion L_ d=1 d=.5 @=0 d=) d=.5 d=0
T I T B3 09 i .58 .98

- ' e .99 A5 .35 .97
()" -i ko 1§ .08 2T T .96

Table 2, Bresk-Even Efficiencies of Labor Interchange for Three
Performance Criteria.

Table 2 brings forth the fact that the advantages of the alter-
native departmental arrengements is closely tied to the degree of cen-
tralized control of lebor assigmment. With d=0, the two department
system is best for all three criteria, unless the ¢fficiency of labor
interchange possible with one department i3 virtually complete (col).
With greater central control, the value of « necessary to favor the
one department system fzlls off rapidly. One other pattern relevant
to system design and control is evident from Table Z; the variance
criterion —? favors the cne department system under the greatest
ranze of values of « and d while the mean time in system criterion
T similarly favors the two department system. Table 2 may provide a
useful uide for optimal departmental arrangement if even crude esti-
mates of efficiency of labor interchange are attainable. However, it
is important to remember the limited experimental conditions (Sec. 2)
for which the particular entries in the table were obtained and, to

consider the costs associated with the alternatives availasble. Cost

considerations are discussed in the following section.
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The two department system with fixed labor force can be compared
with the one department system with flexible labor force for the various
values of ¢ and d in another way. Instead of viewing the mean arrival
rate of jobs into the system as fixed and comparing the alternative
system designs on the basis of the resulting time in system statistics
as was done above, one can think of the mean arrival rate as variable
and ask what ratio of mean arrival rates in the two systems leads %o
equal values of the time in system statistics. This point of view is
related to the notion that improvements in system performance might be
used to increase the workload processed rather than to reduce the time
in system statistics., For the series job routings and FCFS queue
discipline, these ratios were computed by using queueing theoretical
results for the two department system and the simulation results for
the one department systems., The results of the computations are

summarized in Table 3.

ji_?riterion =1 i Criterion = o: | Criterion = (?)2+ O:,J

e ﬁ d=l §d=.5id=o [ d=1 [d=.5 | d=0 || d=1 |d=.5 |as0
R
| 1 ]

.9 i .91 .91 }1.02)l .93 .93 1,04 || .92} .92 [1.03

&7 : .94; 961 - i .95/ 6] - 94 | .96 -

.5 ' 981,00 - | .06 .8 - 97 | .99 E

.25 : 1.03 1,05 | - if1.00[1.03| - [l1.02 '1.04 -

| 0 h 1.00 :1.00 gl.oof, 1.00%1.00 {1.00 1,00 !1.00 l1.00

Table 3., Ratio of Mean Arrival Rate in Fixed Labor System to Mean

Arrival Nate in Flexible Labor Sy:stem Which Leads to Same Value of

Indicated Time in System Statistic (Series Job Routings, q=FCFS).
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As an example of the interpretation of Table 3, a one department
series system with two machine centers, a FCFS queue discipline, an

efficiency of labor interchange o=,9, and a degree of central control

¥

of labor assignment d=,5, can handle a 10% larger workload [1.00-91/,91]

than the corresponding two department system using FCFS and fixed labor

of efficiency a=1, with no resulting increase in mean time in system 1.

COST CONSIDERATIONS - DISCUSSION

Consistent with what was said in the statement of objectives for

this study, we shall not attempt to develop a detailed cost model to be

used in conjunction with the simulation results because such an under-
taking would "'require specification and attention to the details of a
particular situation.,” Rather, we shall merely indicate, by way of a
hypothetical example, how the simulation results obtained here (or
similar results derived explicitly for the purpose at hand) might be
employed, in conjunction with cost data, to experimentally resolve
systems design and control problems.

We denote a control action by a control vector (¢,d) which
specified the labor efficiency parameter O < @ < 1 and the degree of
central control of labor assignment 0 < d <1, Ve shall say that the
control vector (0,0) describes the two department system, We shall
assume that the following cost elements11 are relevant in considering
transition to a two department system with a control action («,d),
where 0 <o <1, 0<d<1:

Cl(a) ~ incremental cost of achieving a labor efficiency of

interchange of level ¢,(e.g., incremental labor costs

or training costs) [Cl(O) = 0]
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Cz(d) - incremental cost of achieving centralized labor assignment
control of degree d. (e.g., communications and physical
layout costs) [02(0) = 0]

C - cost of opening service channels to make labor interchange
feasible. (e.g., equipment costs) [C3(0,0) = 0, 03(a,d)
= 03 for a £ 0]

T(x,d) = costr attributable to time in system statistics when
operating with control action (@,d). (e.g., in-process
inventory costs, customer goodwill costs). [T(0,0) =
To]

The incremental gain from introducing the control action (o,d)
1s then given by:

G(2,d) = T -T(¥,d) - C,(®) - C,(d) -~ C; [G(0,0) = 0]

The problem of choosing the control action (¢,d) which maximizes

G(x,d) is dependent upon the simulation results through the cost

elements To and T(v,d), because determination of these costs12 requires

the relationship of the system flow statistics to & and d, as given

in Figure 2,
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APPENDIX

The appended data sheets give detailed results for the job-shop
experiments13 which may be of iaterest to a limited number of readers,
The notation employed on the data sheet is identical to that used in
the body of the report. The fractilss of the deusity functions of
time in system are included in addition to the numerical valuves for

statistics which appear only in graphical form in the rsport itself,
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FOOTNOTES
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No. 233 (73), Task No. 047-003 and by the Western Management Science
Institute under a grant from the Ford Foundation, Computational
facilities were provided by the Western Data Processing Center,
University of California, Los Angeles,

Graduate School of Business Administration and Western Management
Science Institute.

Hopefully, the use of a production model, and the assoclated termin-
ology, will not discourage the reader from drawing analogies to
other areas of application,

The term "potential mean service rate' refers to the mean service
rate of a service channel when a completely efficient laborer is
working at that channel,

The laborer who is initially assigned to a processing operation

is required to complete that operation., Hence, there will be

times when less efficient labor is being employed while more
efficient labor is idle or also employed where it is less efficient.
This assumption is intended to reflect prohibitive switch-over costs
during individual processing operations.

Computations were performed on the IBM 7094 computer at the Western
Data Processing Center, UCLA,

"guiding the development’ - because any extension beyond the
system used in the experiments is, in essence, inductive hypothesis
testing.

A discussion of the reascns underlying the choice of these three
statistics for summarizing the frequency distribution of time in
system appears in [2].

The only difference of note occurs for the statistics involving
Gi when d=.5,
Except for d=0, which 1s the exceptional case described above.

We assume all cost elements converted to a common time rate basis.

Some specific cost models for T(x,d) related to the system flow
statistics are described in [2].

The corresponding datg for the series systems is available from
the author.
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