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Abstract

The problem of predicting the effectiveness of simulation results as

appli2d to job shop production is discussed.

A measure of effective-

ness is developed which allows both absolute and relative evaluation

of different scheduling techniques and the conditions for profit

maximization under a customer service constraint are presented.

The development is based upon a wodel of the shop process which assumes

random scheduling behavior and which serves as the reference point for

evaluating schedules.

I. Introduction

The problem of scheduling production is
the central element of the production control
problem for the job shop. Production perfor-
mance is almost entirely determined by the
quality of schedules produced. Research and
applications studies on the problem nave, almost
entirely, been either simulations or simulation-
based. The use of simul.tion is mandated by the
comp: exity of the problem and the lack of an

algorithm for finding sclutiomns. The importance
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of the scheduling problem is widely recognized by
members of both the academic and the industrial
comnunity.

The solution to the job shop scheduling
problem has its ultimate value in spplication,
The scheduling rule or procedure, whicnh is the
solution, may be used in either a manual or
computer based system to effect meximal production
performance. The objectives served by tlhe pro-

duction control function in the job shop, through

the schedule, are: (1) profit; (2) customer



gervice; (3) reduced investment in work in pre-

cess inventories; and (4) improved utilization
of capacity. Conway, Maxwell, and Milier 1]
discuss these objectives, pointing out that
direct costs are irrelevant to the scheduling
decision and that only indirect costs forﬁ the
proper basis for evaluating schedules.

The search for the best scheduling rule
The work that has

has gone on for many years.

been done may be placed in twe bread categories:

“Academic Research" and "Industrial Applications!

Much of the progress made in one cateogry is of
iittle value in the othar. Results and findings
are not seen as transferrablz and, as a result,
are not transferred, The academic studies are
devotad to problems too highly abstracted and
bearing little xelaticm to those found in
industry. Industriai applications are too
specialized, conforming to the special and
possibliy unique needs of the company which
developed the application., In addition, results
and details of system siructure are often viewed
as proprietary and are not publicized. Reports
of effectliveness, when made availaole, are often
without meaning when téken out of context., ‘Thus,
when one company ~an claim to have reduced late-

ness by a half or a third through scheduling,

another company hae no guarantee that the same,

or a similar, system will produce the samc result

for tuem,

II. The Problem of Measurement

A major sovrce of difficulty in assessing
the transferability of results between tw§
industrial appiications or between academia and
the fadustrial cammunity is the lack of a good
and generally acceptable measure for evaluating
schedule quality or performance. The problem is
conpounded by the f?ct that academic studies are
typicaily couched in purely technical terms
(flow time is the most common measure) with no
reference to economic criteria, and that industrial
applications are described primarily in terms of
the change in economic performance achieved. A
means of constructing a true cost effectiveness |
measure for changes.in schedule. quality must be
available if scheduling studi=s and applications
are to effect general chauges in maobufacturing
performance. The cost of a scheduling study or
application cannot be determined in the absence
of information about costs of couwputation, pro-
gramming and manpower. The effectiveness of a
scheduling rule or system, in applicafian, é?n‘
be found both in absolute terms und in terms of
the improvement over current procedures.

The requiremants ror the measure of
effectiveness, or benefit, are neither simple nor
easily satisfied. Although many requirements of
varying importance may be stated, there are four
which are of primary importance:

(i) Schedule performance must be measurable in

both economic and techanical terms. In

addition, the conversion from an economic
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to a technical measure, and vice versa,

must be easily accomplished.

(2) The effectivencss measure must be general
and widely applicable. It must not be
tied to unique or special economic or
technical characteristics.

3) Tﬁe measure must be capable of being
rasily understood by managers, both in
terms of technical and economic perfor-
mance,

{a) The measure mist be applicable to béth
actual and simulated performance. That
is; it must not require information not
readily available in a job shop.

The last of these requiremeunts can be of

particular importance, especially since the

motivation to undertake a scheduling study or
applicatisn most often arises from an evaluation
of the effectiveness of procedures currertly in
use,

Every scheduling procedure or production
control system, whether manual or computer based,
presumably exhibite some of the characteristics
cf intelligent, goal seeking behavior. Under
this premise, the performance under amy such
system should exceed chat available from a
completely random system; i.e., one in which
scheduling decisions are made on a ranéom basiz.
In the following sections, the measure of
effectiveness will be developed and it will be
applied to a random systzm so that a baseline

for comparison will be available. '
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Job shop scheduling simulations, whether
abstract or applied, do not lead to normacive
results in the sense that optimsl schedules ovr
scheduling rules can be specified. Tbis, how;
ever, should not imply thai a normative, profit
maximizing, criteria should not be used as a
basis of comparison for simulation results.
Normative measures have not been either developed
or applied in jcb shop research or application
and progress toward the ultimate solution to the
"job shop problem' has suffered as a result.
iiI. The Job Shop Process

Job Shop preoduction is difficult to char-
acterize because of the variety and complexity
of preducts produced, both to customer order and
to inventory. No measure of oulput, cther than
a generalized measure of ﬁfoducts produced per
unit time, is available, Inputs are similarly
difficult to characterize since they may be
unique to each proauct. (This is particuiarly
true for materials.) A generalized model of the
job shop process must, for these reasons, be
aggregated and stated in terus of cost and
resource flows. This does rot present great
difficulties since our evaiuation of the job shop
process is, primarily, couched in terms of
indirect resources and their costs. Since it is
the direct resources required by products and
the processing requirements for individual
products that gives the job shop probiem its
complexity, « can avoid much of this complexity

and the probl:ms it creates through aggregation.



“The job shop process is amenable to analysis
under the structure of Figure L.

The job shop process, as’ represented
by Figure 1, is that of taking the inputs
machinery, labor and supewisionx (in the
required proportions) as the prodﬁctivg resource
"capacity'. To capacity is added the input
materialc and capacity is transformed into the
i‘esgurce *york in process.'" The resource work .
in process in then transformed into units of
comple‘t‘ed products which are r{epreseated in
revenue terms. This model of the job shop pro-
cess ,‘is unique, perhaps, since only capacity and
work in process are viewed as produi:_tive
resources {(which have productivities). ‘The inputs
machinery, labor, supervision, and materials are
natb individually productive. In this model,
demand occurs at a rate (in products per unit
time) and the average processing requirement for
products is P (in units of time per product).
The resources are M, the number of machines (or
points of processing capability), and N the
The productiv-

number of products in process.

itiee of the resources are p_, the utilization
4

Machinery —
Labor .
Supervision—>»

Capacity

Materials

—_— Pf———) Process

of capacity, defined as

AP

Pea TH
and p q’ the ratio of mean pt'ocessri.ng time to
mean flow time (#) for ptoductsl,

Py = —F -

Assuming that the job shop system is a qiseueing

system and that steady state conditions obtain,

them N = F and pd may be written as
- AP
Py N.

At steady state, di = pr and output, X (in

produckes per unit time) may be written as’
P P

i :
Technically, the productivities are p./P and
pa/P, but the denominators camcel iu all cases
and are ignored. Both p. and p, are between
zero and one under steady conditioms. :

Work in :
-3 -Revenues.

P4

Figure 1

The Job Shop Process
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Iv. Measuring LEffectiveness

Control over the job shop process under
this model may be effected by contrelling M.
Under the assumptions stated, control is exer-
cised so that profit is maximized subject to a
constraint on customer service, statad as a
mean flow time requirvement, F. The point at
which maximum profit oz.urs is that at which the
ratio of the marginal productivity to marginal
cost is equal across all resources, To compute
these ratios, knowledge of marginal cost must be
available, These are simply the incremental
costs of having additional units of work in
process snd additional units of capacity. It
should be noted that since both N and M are time
averaged, the increment costed need not be inte-
ger and, in the case of M, 2 new machine need
not be purchased if overtime is available,
Letting Cyq and Cg be the marginel costs of

incremental work in process and capacity,

respectively, profit 18 maximized when

Pa Pf
Cga Cs

1
See Samuelson {5], p. 60.

2

The production system described by this
model is stochastic and steady-state is assumed,
Therefore, the best, and only, estimate of
marginal quantities is their time average,
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This may also be written as MCf = NCd. The
optimal operating configuration is fcund in the
following way. First N is calcula*ed from

F,

—

N = The optimal value of M is then com-

puted as M = ﬁbdlcf. From E and g, both p; and
py may be found.

These relations may be wsed to evaluate
simulation results in a atfaightforward manner,
Let us first assume that the simulation is
conducted for potential application of a
scheduling rule to a shop with known cost data.
It should be noted in passing that, under a man-
ual control system acting to maximize profits in
the manner described above, it is extcemely dif-
ficult to maintain the optimal operating con-

figuration, It should not be assumed, fof

purposes of comparison, that a manual system

achieves this state since the average effects of
a set of individual control decisions, made
serially, cannot always be controlled very well,
Continuing the example, it is clear that the
ratio pd/pf must be equal to Cd/Cf at the optimal
operating point. The value of Py (under the
random assumption) is also known from ;. On a
graph Qf pg versus py, the ratio Cd/Cf may be
dravn -8 a line through the zero point of the
graph with positive slope. The intersection o~
this line with the line represented by Eﬁ is the
profit maximizing operating configuration. This
graph 1s illustrated in Figure 2,

Simulation results, for & utilizetion of

;?, should fall above the intersection of the ;d



and Ef lines, If they do noﬁ, then the
scheduling rules tested do not perform as well
a8 the random rule, The simulation results for
the load/capacity configuration rzpresented by
ps may be plocted on the Ef line (the symbol
"G@"repreaents these on the graph). None of
these represent optimal profit performance since
none of them falls on the C4/C¢ line. Further
simulations must be run &util & result is found
which falls Cd!Cf line at the highest value of
Ps attzinable, It is noteworthy that this
result may not be the minimmu average flow time
result for the load/capacity raiio tested, It
may also cccur that the ;& line may not inter-
sect the Cy/C¢ line, particularly in cases
when the value of C,/C; is small, When this
occurs; there is no operating configuration or
scheduling technique which will satisfy buth the
customexr service constraint (f) and the profit
maximizing condition, Iun this case the manage-
nment of the jobt shop has some {possibly) diffi-
cult choices to make.

Simulation studies conducted in the
absence of economic information, obvicusly,
cannot specify am optimal scheduling technique
for any job shop with a customer service con-
straint. In the absence of economic information,
performance of the several scheduling techniques
tested must be represented by lines on the
Per Py graph and the determination of optimality
must be deferred,

The performance lines for a

set of techniques will, in general, start in the
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upper left corner 6f the graph and slope downward
to the right, These lines, particularly those
representing a mixed scheduling technique

(e.g., truncated SCI)j, msy not necessarily be
linear - or even continuous, A set of simulatiom

resuits might be precented in the fashiom illus-

trated in Figure 3.
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V. Dqga Acquisitinﬁ

As might be expecied, the primary data
problems which arise in evaluating the
effectiveness cf simulation studies are not
related to the simuletion or its results. The
only precautions which need be taken are those
of insuring that steady state is achieved and
that actual resultant values are found for P,

A, aud N, The major difficulties arise in
determining current shop performance (soc that
a point of comparison is obtained) and measuring
the economic factors,

Since it cannot {or should not) be
assumed that the performance of the control
procedure in operation in the shop conforms to
the structure developed under the assumptions
of the random model, both technical (productiv-
ity) an? economic measures should be made,

There are several sources for this data,
including the shop floor, the production control
function and the fimancial statements of the
firm, These sources may not prove to be
consistent upon cross checking (which is highly
recommended), creating problems which must be
solved by closer examination of records or 'by
assumption."

Not the first, but probably the most
significant problem that will be encountered is
that of defining a job, A job, which may be
several customer orders or a part of a single
order, is a plece, or set of pieces, which

. follows a single route through the shop., The
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route need not be simple, but must be followed
for the entire job., The balance of the technical
data can be found by gsing one or more of the
sourées mentioned above. Information about the
rate of demand or shipment (presuming steady
state) can be obtained from the precduction con-
troller and the accounting office. Information
about mean'processing time is available from
sampling production contrel records and from
supervisors on the shop floor {(after determining
the fraction of jobs processed in each work
center), Data on cepacity is available in the
production control office and from observation on
the shop floor. The number of jobs in procees is
most directly found by inspection and may be
confirmed by the production controller, The
average flow time mav be found by sampling pro-
duction control records and compared to the
calculated value,

Economic information may be more difflecult
to obtain, depending upon the nature and avail-
ability of accounting and fimancial data. The
unit marginal cost of Qork in process must, in the
absence of specific information about the 'next"
jobs, be assumed to be equal to the average cost,
Further, the average in-process job can be
assumed to be half completed. It is reasonable
in most cases to assume that all materials are
committed when the job is started and that pro-
cessing costs are directly proportional to

processing time, Processing costs are the costs

of direct labor and machine time that can be



directly attributed to the job, It is
important that these costs be direct, not
allocated. The means for obtaining machine
cost per unit of processing time wiil be dis~
cussed next.

The iverage unit cost of capacity is
determined in the following way. First, the
annual cost of supervision is determined and
divided by the number of units of capacity.
Next, the total annual depreciation and interest
for productive machinery is calculated and
divided by the number of units of capacity,
Finaliy, the annual direct labor payroll is
divided by the units of capacity. These are
summed and further divided by productive days
in the year to obtain the avurage daily cost of
capacity., The average cost of capacity is not
equal to the marginal Zost of capacity., The
machine cost component of capacity cost is zero
at the margin if overtime or undertime produc-
tion is available, The direct labor and supex-
visory compenents can likewise vary depending
upon whether or not over or undertime
is availeble or whether modifications to the
size of the workforce must be made., Deter-
nination of the marginal cost of capacity is
largely situation specific and, for the most
part, depends upon the availability of overtime
preduction,

The determinat:ion of work in process and
In

capacity costs is not difficult in concept.

practice, some difficulties may be encountered
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because individuai costs must be aggregated in
a way not consistent with standard accounting
practice. Hillier [ 3] discusses a similar vost
finding probiem and his paper is recommended to
those who sish to pursuc this problem further.
VI, Summary

The procedures for determining the effec-
tiveness of job shop scheduling simulations
meet all of the criteria stated in Section II
above, The m=asures developcd allow both
relative and absolute comparisons for every

case in which economic information is available.
They increase Loth the effectiveness and desir-_
ability of job spheduling simulations because
they allow the interpretation of simulation
results in either.a technical or an economic
context. The measures lead directly to 2
statement of the conditions for profit
maximization and bring all of us with an

interest in this fascinating and complex

problem a step closer to its ultimate solutiom.



REFERENCES

1.  Conway, R, W., Maxwell, W. L. and
Milier, L. W., Theory of Scheduling,
Reading, Mass,: Addison-Wesley
fublishing Co., 1967,

2. Frankiin, C. L., "Current State of the
Art in Job Shop Scheduling,”
Proceedings, Third Conference on
Applications of Simulationm,

Los Angeles, California, December,
1969.

3. Hillier, F. S., "Cost Models for the
Application ef friority Waiting-Line
Theory to Industrial Problems,"
Journal of Indusirial Engineering,
Vol. XV, No. 3, May-June, 1965.
Also, in Buffa, E, S., ed., Readings
in Production and Operations Manage-
ment, New York: John Wiley & Soms,
1966.

b4, Littie, J. D, C,, "A Proot for the
Queueing Formuia L = AW,' Operations
Research, Vol. 9, No. 3, May, 1961,

5. Samuelson, P. A., Foundations of
Economic Analysis, New York: Atheneum,
1967,

297



