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CHAPTER I ;
INTRODUCTION AND DEFINITION OF THE PROBLEM

1.0 Problem Statement

1.1.1 1In any reasonable production-inventory control
system, some estimate of the time required to produce the
desired parts must be made. This time span is generally
known as manufacturing lead time, flow time or span time.

The conformance of this lead time estimate to the actual
lead time experienced has a direct impact on the three
major production-inventory related costs. These costs
are: order lateness costs, facilities utilization costs,
and work-in-process inventory costs.

1.1.2 Businessmen have long been aware of the costs
associated with order lateness and under utilization of
facilities. As Gere (6) states, "When a job is not completed
by the due date certain costs are incurred. These costs
include: (1) direct dealings with the customer - paper
work, telephone calls, executive time taken up, (2) penalty
clause in the contract, if there is one, (3) loss of goodwill
resulting in an increased probability of losing the customer
for some or all of his future jobs, or perhaps a damaged
reputation which will turn other customers away."

¥



1.1.3 Facilities costs are fixed in the short run.
Thus, the utilization of facilities represents the degree
to which these fixed costs are taken advantage of. It is to
the investor's advantage to make the best use of this fixed
cost by maximizing output, thus increasing the return on
investment.

1.1.4 Unlike lateness costs and facilities utiliza-
tion costs, businessmen are just now beginning to see the
true costs associated with excessively large work-in-process
inventories. As Alley (1) states "Recently businesses have
put increased emphasis on proper control of inventory.
Reducing inventory frees working capital that can be used
to purchase new equipment or support an expansion program.
It can also reduce the interest cost for the borrowed money
to finance a large inventory. Tight inventory control can
improve the rate of return on an asset."

1.1.5 An efficient production-inventory control
system should attempt to minimize these production-inventory
related costs., These costs, however, should not be reduced
independently. The sum of these three costs should be
minimized in order to obtain the lowest total production-
inventory cost. The control of these costs is, in part,
determined by the method used to estimate manufacturing lead
time. An estimate which is too long will reduce late orders,
but at the same time will increase work-in-process inventory.

An estimate which is too short will reduce work-in-process



inventory but will also increase order lateness. Finally,
an estimate which is either too long or too short will not
allow proper production planning to take place and will
result in less than optimal utilization of facilities.

1.1.6 Due to the more widespread concern over late
orders than work-in-process inventory, lead times are
generally set longer than necessary in order to assure that
due dates will be met. As Rowe (15) points out "Exact
factory performance is difficult to predict as a result of
queueing effects and job sequence interaction. Present
shop scheduling methods simply allow sufficient time between
operations to circumvent the problem." By setting planned
lead times longer than required, work-in-process inventory
becomes inflated, leading to increased production-inventory
related costs.

1.2.1 Having shown the importance of accurately
estimating manufacturing lead time, the lack of pertinent
research in this area is surprising. As noted.by Malstrom
and Moodie (10) '"Documented research in the area of job
cost and throughput time forecasting is extremely limited.
Most research has dealt with the effects of various dis-
patching rules on job flow time rather than on flow time
itself."

As Rochette and Sadowski (3), and Jones and Jucker (9)
point out: most research in the area of job shop scheduling

has dealt with the performance of various dispatching rules.



Two measures of performance of these rules were used in the
majority of past research. Performance was measured by
either mean flow time, or order lateness,

1.2.3 Typical of researchers using mean flow time as.
a measure of performance, Manne (l11l) states, '"by minimizing
the flow time it is possible to; (1) lower the work-in-
process inventory, (2) reduce 'average' customer delay, and
(3) increase facilities utilization." With this type of
model, manufacturing lead time was not estimated in advance;
a job was simply released into production and left to rely
on processing time and queue discipline rules (to govern
queue time) to determine the job's completion date.

1.2.4 The other main vein of research was concerned
with order lateness as the measure of performance. 1In
research of this type a start date was established and flow
time was estimated either randomly, or with some respect
to the order's work content. Orders would enter the shop
on the prescribed start date and would rely on the order's
work content and the queue discipline rule to determine the
order's actual flow time. When the job was completed, its
actual completion date would be compared to its prescribed
due date to determine order lateness. The ability of a
queue discipline rule to meet due dates was taken as the

measure of performance.



2.0 Past Research

2.1.1 Much of the research in Job Shop Scheduling has
been hampered by the use of unrealistic models and limited
scope. Simplifying assumptions made in constructing the
models with which past research has been conducted severely
limit the general application of the results obtained. The
use of random operation times, random job routings, regular
order arrivals, etc. restricts these models from being
used to .characterize a particular situationm.

2.1.2 In the work of Gere (6), Baker and Dzielinski
(2), Eilon and Chowdhury (4), and Elvers (5) for example,
standard operation times came from random distributions. 1In
some cases these randomly generated operation times were
used as generated as with Gere's (6) work. In other work
such as Elver's (5), noise was added to the random operation
times in order to better reflect the real life situation of
variation from standard times.

2.1.3 Operation times were generally obtained from
either a uniform distribution as in Gere's (6) work, or a
Normal distribution as was used by Eilon and Chowdhury (4).
In the case of Eilon and Chowdhury (4) all operation times
for all jobs on all machines came from the same Normal
distribution. Rochette and Sadowski (14) improved this
situation by generating operation times from probability
density functions which could be different for each machine

center.



2.1.4 1In some cases, such as the work of MecLintock
(12), fixed standard times for each operation served as the
basis for determining processing times used in the model.
This represented a great improvement over randomly generatéd
operation times used in earlier research, McLintock did
not, however, introduce noise to the standard times, but
instead assumed that fluctuations from standards were
insignificant.

2.1.5 Another common assumption concerning operation
times was to ignore setup time or assume setup time to be
contained in the operation time. This was the case with
Rochette and Sadowski (14) and Baker and Dzielinski (2)
for example. This assumption may not be detrimental if
simple hand operations are involved, but can have a signifi-
cant effect if complex machines requiring long setup times
are being simulated.

2.2,1 8Similar to the methods used for producing
operation times, much of the research in Job Shop Scheduling
has used randomly generated job routings. This method was
employed by Rochette and Sadowski (14), Baker and Dzielimski
(2), Eilon and Chowdhury (4), and Elvers (5) for example.

2.2.2 Random job routings were generally either
determined in advance of the experiment as in the work of
Baker and Dzielinski (2) or determined upon the job's
arrival, as with Eilon and Chowdhury's (4) work. The

number of operations on a job would also be determined from



either uniform or non-uniform probability distributions.
Once the number of operations had been set, the machine
required for each operation would then be determined
randomly. In most cases, all machines, except the machine
just left would have equal probabilities of being chosen
for the next operation. Jobs could have several, but not
consecutive, operations on the same machine,

2.2.3 The use of random job routings as discussed
above has two main shortcomings. First, by assuming that
upon leaving one machine, all other machines have an equal
probability of being chosen for the next operation, tHe
assumption is made that all machines will have the same
expected utilization. This is not generélly the case.
Machine utilizations vary widely from very low utilizationm,
to a maximum utilization of one hundred percent, Witﬁ
widely varying utilizations, widely varying queue lengths
are also encountered, adding greatly to the scheduling
problem.

2.2.4 The second major shortcoming of past research
employing random job routings is that the assumption is also
made that machines do not have innate sequence limitations.
This assumption implies that a shear, for example, has an
equal probability of being used on the first operation as
it has of being used on the last operation. 1In real life

this is not the case. Machines such as shears and saws are



used in early operations, while machines such as grinders
and paint facilities are used on later operations.

2.3.1 Another area where simplifying assumptions in
past research have led to results which are not generally |
applicable is in the area of order arrivals. Rather than
to use a continuous or near continuous time frame for order
arrivals, some models have used a discrete time frame with
orders arriving at regular intervals. The degree to which
this asgumption affects results depends upon the time
interval used. Elvers (5) used an interval of one week
between order arrivals. This causes load fluctuations in
production and also requires jobs to be released either
earlier or later than actually required. Rochette and
Sadowski (14) and Eilon and Chowdhury (4) used a time
interval of one day between order arrivals. This shorter
time interval reduces the affects on shop load and early
or late order release. The use of a discrete time frame
causes order arrivals, which normally follow a continuous
time frame, to be shifted either forward or backward in
time to fit the discrete time periods.

2.3.2 Eilon and Chowdhury (4) also made the assump-
tion that jobs arrived in regular batches of ten as well as
being released at regular intervals. This assumption leads
to a shop load which is more stable than generally found

thus limiting the application of the results obtained,.



2.4.1 1In Mclintock's (12) work it was assumed that
raw materials were available in perfect supply and with zero
lead time. These assumptions represent a significant
departure from the normal situation. An imperfect supply of
raw materials with lead times greater than zero presents
additional problems which can delay order starts and add to
the scheduling problem. To reduce these problems, raw
material must be ordered far enough in advance to avoid most
of the delays that may be caused by fluctuations in raw
material supply. Delays caused by raw materials still occur
and do cause problems with order start dates, and therefore
order completion dates. This problem must be recognized
when formulating a total production-inventory control policy.

2.5.1 In summary it can be seen that the simplifying
assumptions used in developing previous models represent
significant departures from the real-life situation. These
departures from real-life in model construction place
serious doubt on application of the results obtained to
real-life situations.

2.6.1 In addition to simplifying assumptions, past
research is also hampered by the criteria used to evaluate
results. The criteria fall into two major categories; order
tardiness and order flow time. In Elvers' (5) work, the
number and percentage of orders completed late was used as
the basic measure of performance. Gere (6) used the amount

of tardiness at order completion as a measure of performance.
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The amount of tardiness was equal to the sum of lateness

of orders completed after their due dates, Consideration
was not given to orders which were completed early. Rochette
and Sadowski (14) and McLintock (12) used mean job tardineés
as a criterion for evaluating results. The added costs of
orders completed early was also considered by'Eilon and
Chowdhury (4) with notational cost functions of the forms:

(i) C; =10L+E

(i1) Ch=L+E
where C; = order completion costs, L = the number of orders
completed late and E = the number of orders completed early.
Here an arbitrary weighting factor of.ten was employed when
computing C1 indicating that orders completed late had a
cost ten times as great as orders completed early.

2.6.2 Tardiness is indeed something to be avoided,
but generally should not be eliminated. 1In order tb elimi-
nate tardiness, finished goods inventory would have to be
tremendous in order to deal with all the problems that can
.delay production.

2.6.3 The other main evaluation criterion used in
past research was mean job flow time. Rochette and Sadowski
(145 and McLintock (12) used mean flow time as a measure of
performance, relating flow time to work-in-process inventory
levels. It was believed that by minimizing flow time,

work-in-process inventory would also be reduced. The
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problem here is that utilization of facilities is ignored
as well as order lateness, Facilities utilization and
product throughput will have to be reduced-if mean flow
time is to be minimized.

2.7.1 Using lateness as a criterion for evaluating
performance requires that both order due dates and start
dates be set. Start date was usually determined by when an
order arrived for processing. The due date was left to be
determined by estimating order flow time. Machine process-
ing time, plus transportation time, plus time spent waiting
in queues makes up an order's flow time.

2.7.2 One approach to estimating flow time has been
to use a multiple of machine processing time. Gere (6)
estimated flow time as the sum of the expected machine
processing times multiplied by a factor selected at random
between specified upper and lower bounds. Elvers (5)
estimated six sets of flow times for each job by multiplying
the expected machine processing times by .0, 3.0, &.0, 5.0
6.0, and 7.0. Both of these methods make the assumption
that queue time is dependent upon machine processing time,
which is not the case, Queue time is dependent on arrival
rate and service time.

2.7.3 Another method for estimating flow times has
been to use an estimate of machine processing times together
with an estimate of queue time. Rochette and Sadowski (14)

estimated flow time as a time proportional to the sum of the
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expected processing times plus a uniformly distributed
random time. The component of flow time proportional to
processing time represents the efficiency to standard times.
The component of flow time drawn from a uniform distributién
is used to represent queue time. Here the estimate of

queue time is independent of order routing and machine
loading, a highly questionable method.

2.7.4 Jackson (8) disregarded any information avail-
able, sqch as machine processing times, and used only a
random number to estimate flow time. This method can hardly
be expected to yield practical results since all jobs,
regardless of routing or expected processing time, will have
random flow times drawn from the same distribution.

2.8.1 In addition to the problems already mentioned,
past research in the area of Job Shop Scheduling has not
investigated the problems associated with Material Require-
ments Planning (MRP) systems. No research dealing with an
MRP model could be found. Past research has dealt primarily
with traditional production-coﬁtrol systems which merely
release an order to the shop and wait for it to be completed.

2.8.2 Material Requirements Planning is a relatively
new production-inventory control method that places great
emphasis on reducing inventories and meeting delivery dates.
The method and timing of order releases under an MRP system

sets it off from traditional production-inventory systems
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and also creates new areas of emphasis when dealing with
production-inventory control problems.

2.8.3 Traditional systems turn an order loose with |
excessive planned flow time and rely on the priority rule
to attempt to get an order completed on time. An MRP
system can plan the production of the order level by level
and operation by operation to reduce the flow time while
still achieving satisfactory results in meeting due dates.
The difference here is that an MRP system starts with order
due dates and plans order release dates. Once an order is
released, the MRP system follows the status of the order
and attempts to keep the order on the planned schedule.

2.8.4 An MRP system still relies upon priority rules
to try to meet due dates, but since an MRP system plans
better than traditional production-inventory systems, the
responsibility of the priority rule is reduced. The priority
rule that minimizes mean flow time may not be ideal in an
MRP system. An MRP system does not have to allow extra
work-in-process inventory to make up for the lack of plan-

ning in traditional production-inventory systems.

3.0 Research Goals

3.1.1 The purpose of this research is to construct a
realistic MRP production-inventory control model which will
be used to iﬁvestigate the effects of various lead time

equation-priority rule combinations on total production-
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inventory related costs. In order to create a realistic
model the simplifying assumptions cited in previous research
will not be employed, instead, these problems will be dealt
with at a detailed and realistic level. As Hunter and |
Naylor (7) point out, "a simulation model is constructed in
the hope that it will successfully mimic a real world
system. The model may, as a consequence, become very com-
plicated and involved. However, our comprehension proceeds
only when we are able to synthesize the system in terms of
simpler explanations." Instead of over simplifying the
production-inventory relationships as in past research, a
more detailed model will be constructed in hopes of more
successfully mimicking a real world system.

3.1.2 Determination of the actual job processing
times will be based on standards by operation, including
setup and run times. Standard times will be multiplied by
a factor drawn from a truncated dormal distribution with
mean = 1, standard deviation = 0.03, minimum = 0.%4, and
maximum = 1.06. This multiplier will be used to introduce
noise into the processing times to more realistically
reproduce situations actually encountered.

3.1.3 Job routings will be determined by detailed
operation sheets for each part., Operation sheets will give
operation sequences, and will identify the machine required
for each operation. Operation sheets may be different for

each part number. No alternate sequences or machines will
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be allowed. All information concerning sequencing and
machine requirements will be determined external to the
model.

3.1.4 Orders will arrive in the shop as determined
by the MRP order release system. Release dates will be
determined by order due dates and calculated part number
lead times which will be dynamic. Order quantities will
be determined by the least unit cost lotting method.

3.1.5 Raw material delivery will be based on normally
distributed lead times. Five normal distributions will be
used to approximate lead times for the various raw materials
used. A 95% safety level will be used when calculating
release dates for raw material orders.

3.1.6 Labor used in the model will be fixzed in both
quantity and skill. The number of workers available and
the machines which the workers can operate will be stated
in advance of the simulation.

3.2.1 Rather than using lead time or lateness alone
as a criterion for judging the systems performance, total
production-inventory related costs will be used. Those
costs affected by the production-inventory system are:
work-in-process inventory, order completion with respect to

due date (either early or late), and facilities utilization.

TOTAL COST = WORK-IN-PROCESS COST + LATENESS COST + FACILITY
UTILIZATION COST
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3.2,2 1In order to compare different systems it is
essential that total costs be compared, It is possible that
one system may do very well at meeting due dates, but only
at the expense of low facilities utilization. Facilities -
utilization may be maintained at near full capacity in
another system, but only at the expense of a high work-in-
process inventory. If results are to be meaningful the
total production-inventory costs must be compared in order
to find a system which minimizes total cost,

3.2.3 As Jones and Jucker (5) point out, "The cost
of having too much work-in-process inventory are the
traditional inventory carrying costs (space, insurance,
capital costs, risk of damage or obsolescence, taxes, etc.)
plus the confusion, extra handling, and clerical costs
occurring when production area is over-crowded with material
plus the sales connected costs associated with long lead
times." As Orlicky (13) states, "A minimum inventory
investment consistent with production objectives and con-
straints imposed on the manufacturing process is always the
goal." What we desire is the minimum work-in-process level
which will enable order due dates to be met while maintaining
facilities utilization,

3.2.4 The second main component of production-
inventory related costs is the cost of discrepancies between
planned and actual order completion dates. If an order is

completed after its planned due date costs due to expediting,
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communications with the customer, special handling or
shipping, and the generation of illwill may be incurred. It
is generally considered good to complete orders prior to

the planned due date, but this too acts to keep costs above
the minimum. When goods are completed before their planned
due dates, Finished Goods inventory is inflated and again,
as with work-in-process inventory, excessive inventory
related costs are incurred. Orders should be completed at
the exact moment of need in order to minimize inventory
costs.

3,2.5 The third major component of production-
inventory related costs is the cost incurred due to under
utilization of facilities. Investments in machines and
buildings are fixed in the short run, Under utilization of
these facilities acts to reduce the return on investment,
and thus increases opportunity costs. Labor is also fixed
in the short run, but not to the extent of machinery and
building investments. Here again, under utilization brings
about an increase in opportunity costs,

3.2.6 Jones and Jucker (9) made a reasonable attempt
at minimizing production-inventory related costs, but they
considered only work-in-process costs plus the cost of idle
resources. Order lateness costs were not considered.
Expected total variable costs defined as the cost of idle
resources plus work-in-process inventory cost, was the cost

which Jones and Jucker attempted to minimize,



18

3.3.1 Due to the way an MRP system starts with a
part's due date and works backwards in time, lead time
estimating is very important if parts are to be completed .
near their due dates. As Orlicky (13) states, ''What should
planned lead times be in a given situation? Excessive
planned lead times inflate the investment in work in
process - this we know, but we do not know what their
optimum values should be and by what method to arrive at
them. It seems clear that optimum lead time wvalues cannot
be constant, as they are a function of capacity and the load
pattern resulting from a particular product mix that is in
production at a given time. The precise relationship
remains to be discovered and defined."

3.3.2 Lead time is made up of three components;
processing time, queue time, and move time. If lead time is
to be accurately estimated, all of these components must
be considered. Processing time can be estimated from stan-
dards, applying a performance factor if need be, to make
standards more accurately reflect actual times to be
encountered. Queue time must be estimated in a dynamic
manner since it reacts to shop load. Exponential smoothing
should provide a reasonable estimate of queue time. Trans-
portation time will be included in the queue time estimate
in this model.

3.3.3 1In order to control the system a priority rule

or queue discipline must be employed. A reasonable priority
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rule should work with lead time in an attempt to complete
orders within the lead time planned. As Gere (6) states,
"we desire both predictability (because we would like to
set due dates correctly) and control (because we want to
meet the due dates)." In this work Gere was starting with
a start date and projecting a due date. In an MRP system,
a due date is given and the start date is backed into. In
either case the lead time to be estimated is the same. Lead
times must be estimated accurately so that due dates will be
met and é reasonable priority rule must be used in order to
control order completions.

3.4.1 In summary, the task at hand is to comstruct
a realistic model which will employ reasonable and hopefully
accurate estimates of actual lead times. The results
obtained from experimentation conducted with this model will
be evaluated on the basis of the total costs produced by the

experimental conditions.



CHAPTER 1II
DESCRIPTION OF THE MODEL

1.0 General Model Description

1.1.1 Products produced in the simulated machine
shop represent the type of products commonly manufactured
by job shops. Final products are made up of purchased
parts, machined parts, and sheet metal parts which_are
combined into assemblies and weld assemblies. Three end
item products were used in the model simulated.

1.2.1 Purchased parts may be: raw material such as
bar stock or sheetmetal; hardware such as screws, bolts,
and washers; or other items such as valves, bearings, or
seals. Machined parts are those parts which have been
turned, milled, drilled, ground, or otherwise machined.
Examples of machined parts include: shafts, cylinders, and
manifolds. Sheet metal parts are parts which are generally
sheared, bent, stamped, or punched. Sheet metal parts
include covers, channels, straps, and plates. Twenty-four
parts of six levels were used in the model.

1.3.1 Fifteen machines or processes were simulated
in the model used. Operations simulated included: shearing,

punching, bending, welding, drilling, turning, inspection,

20
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painting, and assembly. Some operations such as drilling

and painting could be performed in more than one operation
center (machine) while others, such as inspection and welding
were limited to one operation center. ;

1.4.1 Nine workers were used in the model simulated,
with each worker being capable of operating every machine.
This situation is considered to be representative of the
typical job shop. |

l:S.l As stated above, every worker was assumed to
be able to operate every machine. In addition, it is
further assumed that all workers are of uniform ability and
that they are fixed in number.

1.5.2 Purchased parts are assumed to.follow the
normally distributed lead times as given in the model input.
Actual deviations from standard times for processing opera-
tions are also assumed to be normally distributed, following
the distribution given.

1,5.3 Scrapped parts or orde:s are assumed to be
negligible or non-existent. Machines are assumed to operate
at a constant level of efficiency and never break down.

The number of machines available is fixed during the course
of the simulation,

1.5.4 Further assumptions are that: operation
sequences are fixed and that alternate routings do not

exist; two operations cannot be executed simultaneously on
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the same machine, no order cancellations are allowed; no

lap phasing is allowed; and demand is known and fixed.

2.0 Material Requirements Planning

2.1.1 Material Requirements Planning is a relatively
new production-inventory control technique that is a common
sense approach to the problem made possible through the
use of computers. MRP makes it possible to use more of
the available information than was possible with earlier
techniques such as the Reorder Point, or Reorder Period
techniques.

2.1.2 With MRP it is possible to schedule shop load
based on estimated lead times and demand which is assumed
to be known. With MRP a specific order will be generated
to meet a known demand, rather than keeping goods on hand
in the event that an order comes about. By working to known
demands with estimated lead times it is possible to reduce
inventories, meet demands, and plan facilities utilization.

2.2.1 As stated above, an MRP system works on the
assumption that demand is known, Estimated demand is
summarized in the master production schedule which is then
treated as a known demand. "The first prerequisite is the
existence of a master production schedule, i.e., an authori-
tative statement of how many end items are to be produced
and when." Orlicky (13). |

2.2.2 Demand in the real world generally is not known
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for certain but this does not preclude the use of MRP.
Whenever production is to take place some forecast of future
demand must be made in order to establish production
quantities. "Requirements for end items are stated in thel
master production schedule, and they are derived from fore-
casts, customer orders, field warehouse requirements,
interplant orders, etc. Requirements for all component
items (including raw materials), and their timing are
derived from this schedule by the MRP system" (Orlicky (13)),
When an MRP system is used, this forecast is assumed to be
correct and is used as if demand were known until the fore-
cast is revised. When the demand forecast changes, the
master production schedule also changes, causing orders to
be cancelled, added, or realigned.

2.3.1 Once a master production schedule has been
established, the next step is to determine the part levels,
from prime parts up to the end items included in the master
production schedule. The bill of material defines which
subparts and in what quantities join together to make the
next higher level part: ''Thus the bill of material is
expected to specify not only the composition of a product
but also the process stages in that product's manufacture,
It must define product structure in terms of levels of
manufacture, each of which represents the completion of a
step in the buildup of the product. This is vital for

material requirements planning because it establishes, in
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conjunction with the item lead times, the precise timing of
requirements, order releases, and other priorities'" (Orlicky
(137 .

2.3.2 To demonstrate part levels, consider a simple
nut and bolt assembly. Both the nut and bolt are purchased
parts and are therefore of the lowest part level (prime).
When these two parts are combined to form an assembly, the
assembly is not prime since it has gone through one stage
in production. The assembly is now a level two part since
it is ma&e solely up of level one (prime) subparts.

2.4,1 Before the master production schedule can be
exploded by part levels to determine sﬁbpart requirements
timing, lead times must be estimated for each part. End
item subpart due dates cannot be determined until the lead
time required to process the end item, once the subparts
are availaﬁle, is known. ''The timing of the planned-order
release is arrived at by offsetting for lead time, i.e., by
subtracting the value of the lead time (expressed in shop
calendar units) from the shop calendar date of order
completion'" (Orlicky (13)).

2,.4.2 If the end item we are concerned with is a
motor home which requires two days to assemble, all subparts
for the motor home must be available two days before the end
item's due date. The two days required to assemble the

motor home is said to be its lead time. Lead times must
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be estimated for each subpart, level by level, in order that
all subpart requirements can be determined.

2,5.1 The situation with the motor home discussed
above represented exploding the end item demand one level
down. That is, all part numbers making up the end item
were determined and their need date estimated based on the
time required to assemble the motor home. Suppose that the
end item, the motor home, was required on January 30th, with
the two ‘day lead time required, all subparts would be
required on January 28th. Suppose one of the end items sub-
parts was the motor home frame, to explode another level
down it would be necessary to know what subparts join
together to make the frame.

2.5,2 To determine what parts join together to form
the frame it is necessary to consult the frame's bill of
material. '""The bill of material file guides the explosion
process. Product structure data are not operated on but
merely consulted by the system to determine component
identities, quantities 'per', and addresses.' Orlicky (13).
The frame's bill of material would show the subparts to be
two channels, six cross members, and two axle assemblies.
All of these parts would be lower level parts than the frame
assembly which is a lower level part than the end item motor
home.

2.5.3 This explosion process would continue through

to the prime parts, such as the wheels, tires, and the
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bearings on the axle assemblies, It is this explosion
process, coupled with lead time estimates that determines
when subpart requirements occur. ,

2.6.1 The final point in determining subpart require-
ments is the lotting rule. A lotting rule is used to combine
the individual subpart demands into larger, more economical
orders. If the master production schedule called for one
motor home every day, this would in turn generate a require-
ment for a frame for each of the motor homes. Rather than
to setup the tooling and generate an order daily for each
frame it may be more economical to combine the frame require-
ments for several days production and weld several frames
with only one setup,.

2.6,2 The question to be answered now is how many
frames to build at one time? Should a year's supply of
frames be manufactured at one time, or should they be manu-
factured one per day as they are required? To answer this
question it is necessary to know the cost to set-up to weld
a frame as well as the cost of carrying a completed frame in
inventory for a given period of time,

2.6.3 Once the setup and carrying costs have been
determined it is possible to group or lot individual part
orders in an economical manner, Several lotting techniques
are available: least unit cost, Wilson's Economic Order

Quantity, least total cost, etc. but most have the same goal,
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The goal is to balance the cost of setting up against the
cost of holding completed goods in inventory until their
time of need.

2.7.1 To summarize the operation of an MRP inventory
system: demand is forecast and put into the form of a
master production schedule, telling what and how many are
required when. Part levels must be determined next in order
for bill of material exploding to take place in a logical
sequence. Once part levels have been determined, end item
requirements are exploded downward via their bills of
material, level by level to determine subpart demands. Lead
times are applied at each level of explosion to all subpart
demands to determine the timing of these demands. Once
individual part demands have been determined they are lotted

in an economical manner and actual part orders are determined.

3.0 General Model Input Data

3,1.1 Master production schedule requirements were
determined in advance of the simulation and were entered
period by period at the start of the experiment. Specific
input data included a prefix card which identified the
period number and gave the number of part numbers demanded
in the period shown. The Demand Card followed, showing the
specific part numbers and associated quantities required.

3.2.1 Bills of material were determined in advance

of the simulation and were entered part number by part number
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0 Zero To Indicate Last Card

/ Part Number, Quantity, Part Number, Quantity, ...

// Period Number, Number Of Orders

Part Number, uant1t¥ Par{ Number, Quantity, ...
Format( 5(1X, I )

Period Number, Number Of Orders
Format(1X,I16, 3X I3)

FIGURE 2
Master Production Schedule Organization
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0 Zero To Indicate lLast Card

(/ Subpart, Quantity, Subpart, Quantity, ...

(/ Part Number, Number Of Subparis

Subpart, Quantity, Subpart, Quantity, ...
Format(5(lx,16,lI,F6.2§)

/

Part Bumber, HNumber Of Subparis
FPormat(1X,16,3X,I3)

FIGURE 3
Bills Of Material
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for all but prime parts. Bill of material input data
included a prefix card identifying the part number and the
number of subpart numbers required. The subpart card
followed identifying the subpart numbers and quantity of
each going into the next assembly.

3.3.1 Operation sheet data: operation sequences,
machines required, and standard setup and run times, were
determined in advance of the simulation and entered part
number by part number for all but prime parts, A prefix
card was read first, identifying the part number and the
number of operations required. An operations data card was
read next, giving (in order of operation) the machine
required, standard setup time and standard run time.

3.4.1 WVorker ability was read for each worker to be
used in the model. This data was read worker by worker
with one input card representing the ability of each worker.
If a worker had the ability to operate a particular machine
a one was placed in the column corresponding to the machine
in question. If the worker was unable to operate the machine
a zero was placed in the corresponding column, A prefix
card indicating the number of workers available preceeded
the worker ability cards.

3.5.1 Prime part cost and lead time distribution
information was determined in advance of the simulation and
entered by prime part number. A data card indicating prime

part number, lead time distribution number and unit cost
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( Machine Required, Setup Time, Run Time/Piece

/ Part Number, Number Of Operations

Format(4(1X,I4,1X,F6.2,1X,F4.2))

/ Part Number, Number Of Operations
"Pormat(1X,I16,1X,12)

/ Machine Required, Setup Time, Run Time/Piece

FIGURE 4
Operation Sheets
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//_Worker Number Two's Abilities, One Or Zero

Worker Number One's Abilities, One Or Zero
Format(40(1X,I1)

Number Of Workers
Pormat(1X,I4)

FIGURE 5
Worker Ability
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{/_?art Number, Lead Time Distribution Number, Unit Cost

Part Number, Lead Time Distribution Number, Unit Cost
Format(1X,I16,1X,I3,1X,F8.2)

PIGURE 6

Prime Part Information
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was read for each prime part., Five different prime part
lead time distributions were available and were identified
on the prime part data cards by distribution number only. |,

3.6.1 Machine operating data was determined in
advance of the simulation and sequenced by machine number.

A prefix card indicating the machine number was read first,
followed by a card indicating machine operating data.
Machine operating data included cost per minute including
labor, and operating efficiency to standard times. All
machines were assumed to operate at 100% of standard.

3.7.1 MRP operating parameters including: percentage
inventory cost per year, scheduling period length in minutes,
maximum number of open orders allowed at one time, number
of periods included in the firm horizon, and the fixed
ordering cost, were each read separately. The number of
parts in the system and an alpha for smoothing machine queue
estimates were also entered.

3,.8.1 Initial estimates of machine queues were deter-
mined in advance of the simulation and included for each
machine in an effort to speed attainment of a steady state
condition. An estimate of machine queue time in minutes

was entered for each machine simulated,

4.0 System Design
4,1.1 The master production schedule was read first;

the next step in the operation of an MRP system was to
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/ Utilization, Cost/Min., Queue, Safety, Efficiency

/ Machine Number

.Fﬂmat( 11,I5,31,F5.4,IX,F7. 2,H,F7.2’H,F5o2)

Machine Number
Format(1X,I4)

/ Utilization, Cost/Min., Queue, Safety, Efficiency

FIG’UBE 7[ o
Machine Operating Data
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Fixed Ordering Cost
Format(1X,F6.2)

Number Of Periods In Firm Horizon
Format(1X,I4)

Maximum Number Of Open Orders Allowed
Format(1X,I4)

Period Length In Minutes
Format(1X,I6)

Inventory Carrying Cost
Fomat( H,F503§

Service Lewvel
Format(1X,F5,3)

FIGURE 8

MRP Operating Parameters
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/ Machine Number, Queue Time Estimate

/ Machine Number, Queue Time Estimate

Machine Number, Queue Time Estimate
Fomat(lx’14,u,F5¢0)

FIGURE 9

Initial Machine Queue Estimates
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determine part level. As stated in section 3.2.1, bills
of material were entered for all but prime parts. This
served as the basis for determining which parts were prime.
Any part number without a bill of material was determined
to be prime and given a part level of one. All bills of
material were then consulted to see if the part number in
question was made up strictly of prime parts. Any part
meeting these requirements was given a part level of two.

4,1.2 Once all parts of levels one and two had been
determined, the other part numbers were checked one by one
to determine if they were made up of only level one or two
parts. Any part meeting these requirements was assigned a
part level of three. This system was continued level by
level until all part numbers, from prime parts to end items,
had part levels established.

4,2,1 Once part levels had been determined it was
necessary to explode the end item requirements given in the
firm horizon in order to determine subpart deménd. It is
desirable to keep the firm horizon as short as possible,
while allowing sufficient lead time allowénce for prime part
orders, in order to keep the ordering system as flexible as
possible. A firm horizon which is too short will not allow
low level part orders to be released on time, while a firm
horizon which is too long will make for a very rigid
system which is slow to react to changes in demand,

4.2,2 After firm horizon requirements had been
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Order A
Total Cost
Order A
Ordering Cost Orders A+B+C
Orders A+B Total Cost
Total Cost
Orders A+B+C
Carrying Cost
Orders A+B
Ordering Cost
Drderg A+B
Carrying Cost Orders A+B+C
Order A Ordering Cost

Carrying Cost

Units Included In Lot

FIGURE 10

The Least Unit Cost Process
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determined, lotting of end item demands was to take place.
The Least Unit Cost lotting method was used because it uses
specific demand points to balance inventory carrying costs
against fixed ordering costs. Demands are added to a lot as
long as the unit ordering cost decreases. When the least
unit cost is found, the lot size is set and the process
starts again to form the next lot.

Unit Cost = (Fixed Ordering Cost + Inventory Carrying Cost)
+ Lot Quantity

4.2.3 Lotting of a particular part number would
continue for all orders in the firm horizon. Lotting begins
with the highest level part numbers and continues level by
level until the prime parts are lotted.

4,3.1 As stated in section 4.2.2, inventory carrying
costs are incurred as differently timed orders are combined.
Demand timing is determined by the master production
schedule, part level explosion, lotting, and estimated lead
times. Going back to the motor home example in section
2.4.2, the lead time required to assemble the end item was
estimated at two days. This two day lead time made the
demand for the motor home frame come two days prior to the
demand for the motor home. Lead time estimates play an
important part in determining planned order release dates in
an MRP system.

4.3.2 Lead time estimates fall into two categories:
those that can be directly controlled and those that cannot.

Lead times which can be directly controlled are those of
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manufactured or non-prime parts. In this case it is the
organization which is making and using the parts that can
control lead time to a high degree.

4.3.3 Purchased parts, on the other hand, are made
and shipped by an entity outside the direct control of the
manufacturer. Parts of this type must generally be ordered
earlier, with more safety stock kept on hand, in order to
allow for the relative lack of control in receiving these
parts.

4.3.4 When estimating manufactured parts lead time
it is essential to use all of the available information in
order to accurately estimate lead time. Manufactured parts
lead time is made up of two main components: processing |
time and queue time. Processing time can be easily estimated
from standard times, applying a performance factor if
necessary.

4.3.5 Queue time estimates are not as readily avail-
able as processing times and therefore must be estimated in
a more complicated manner. The method used was to start with
an initial estimate of queue time in order to hasten reaching
steady state. Each time an actual queue time observation was
taken it was combined with the old estimated value by the
use of the exponential smoothing technique. In this technique
an alpha of 0.05 was used in order not to over-react,

Estimate = (0ld Estimate)(l -« ) + (Observation) (&)
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4.3.6 Since queue times and estimates of queue time
varied, this method for estimating lead time gave a dynamic
estimate which varied with the level of congestion in the
shop. As shop load increased, queue times increased and
therefore lead time estimates increased in an effort to
accurately mimic the actual situation to be encountered.

4.3.7 Purchased parts lead times were assumed to
follow one of five different normal distributions. The
means were: four, six, seven, eight, and nine days, with
standard deviations of: 0.75, 1.0, 1.0, 1.25, and 1.5 days
respectively. Since purchased parts were assumed to follow
normal distributions it was easy to employ a safety level to
help insure that purchased parts would be on hand when
required. A 95% service level was used in the model. By
using a 95% service level it is insured that purchased part
orders will arrive on or before the required need date 95%
of the time. The remaining 5% of the orders would arrive
late.

4.45.1 As stated in section 4.2.2 lotting of demands
included in the firm horizon was accomplished using the
Least Unit Cost method. When using a lotting technique
such as the Least Unit Cost method it may be possible to
come to the end of the firm horizon demand and still be
experiencing a decreasing unit cost for the lot in question,
This situation poses a problem. Should these last demands

be made into a lot of their own, or should these demands be
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left as they are until future scheduling periods are included
in the firm horizon? 1If the last demands are made into a

lot of their own, least unit cost is not assured, and
problems arise when future buckets are, in time, added to

the firm horizon and the lotting process starts again.

4.5.1 The solution to this problem is to maintain a
file of unlotted demands. This file represents demands
which are in limbo between demands created by the Master
Production Schedule, and lots created by the lotting plan.
When demands are created by the Master Production Schedule
or by the explosion process, these demands are entered into
the File of Unlotted Demands. When lotting takes place,
orders are removed from the File of Unlotted Demands one
by one and combined into lots. If the end of the firm
horizon is reached and unit cost is still decreasing, those
yet unlotted demands are simply left in the File of Unlotted
Demands. When time progresses and the firm horizon is
expanded one more period, more demands are added to the
File of Unlotted Demands and the lotting process starts again.

4.6.1 The firm horizon is a dynamic time span which
is updated as each scheduling period is passed in time. The
firm horizon represents that fixed distance into the future
which can be forecast with reasonable accuracy. As one
period of time passes, the distance into the future which
can be accurately forecast simultaneously increases by one

period.
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4L.6.2 When the simulation first starts, demands in
the periods corresponding to the firm horizon are transferred
to the File of Unlotted Demands and lotting takes place. As
the simulation progresses and time passes, additional perioés
are included in the firm horizon as successive periods are
passed in time. All demand is determined in advance of
the simulation, but real life situations are reproduced by
only allowing the model to work with the demand contained
in the fixed horizon.

4,7.1 When the master production schedule has been
exploded, lotting has taken place, and order release dates
have been set, it is time for the actual simulation process
to begin. When an order's planned release time comes about,
that order is released to production. If the proper subparts
are available, the order is ready to begin its path through
the production facility. If the proper subparts are not
available, the order is placed in a queue pending the
arrival of the required subparts. When the subparts become
available the order will be released to the shop.

4.7.2 Once several orders have entered the production
facility, conflicts may occur when several orders are vying
for the same resources, either men or machines. To resolve
these conflicts in a logical manner a priority rule is
established. The priority rule is used to evaluate contend-

ing orders and to determine which order is most urgent.
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Three priority rules were examined in this experiment:
First Come-First Served, Shortest Operation time, and
Critical Ratio. These priority rules will be discussed in
more detail in a later section.

4.7.3 In order to insure that the highest priority
order was put into work first, all orders in the queue were
assigned priorities and then evaluated step by step. The
first step in the evaluation was to determine the machine
required for the highest priority order. If the machine
required ﬁas'in a busy state, the highest priority order
would be removed from the evaluation and the next highest
priority order would be considered.

4.7.4 1f the machine required was in a free state
the next step in the evaluation would take place. The
second step was to determine what workers were able to
operate the machine required. All workers would be checked
one by one to see if they could operate the required machine.
If a worker was able to operate the machine in question,
the next step in the evaluation took place.

4.7.5 The third step was to determine if the worker
able to operate the required machine was in a busy or free
state, If the worker was in a busy state, all other workers'
abilities were checked to see if any other workers could
operate the machine in question. If other workers were able

they would be checked for availability.
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4,7.6 1If both a worker and machine were available,
both would be set to the busy state and the order would be
processed. If a worker could not be found, the evaluation
would move to the next highest priority order and begin |
again by checking machine requirements. Worker and machine
assignments would continue until all orders in the queue had
been evaluated and all possible assignments made,

4.8.1 Once orders had been released to the shop and
work had begun, it was necessary to keep track of these
orders. Inventory records were kept for each part number
showing the quantity on hand, the quantity allocated, and
the average part cost. Records were also kept for each
open order, showing order number, part number, order quantity,
due date, current operation, worker in use, priority, and
order cost,

4,8.2 When an order for purchased parts arrived, or
an order for manufactured parts was completed, the quantity
of this part number on hand was updated, Likewise; when
parts were removed from inventory to go into assemblies or
to meet the master production schedule demands, the quantity
on hand was again updated.

4,8,3 Parts were removed from the on hand inventory
and transferred to an allocated status when a master pro-
duction schedule demand came due and there was an insuffi-
cient quantity on hand to meet this demand, When subsequent

orders for the parts in demand were completed they would be
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combined with the parts already allocated. If the new
quantity available was sufficient to meet the master pro-
duction schedule demand, the demand would be filled, and
any excess would be placed in on-hand inventory. If the -~
new quantity available still was not sufficient to meet the
demand it, too, would be placed on an allocated status to
await additional orders.

4.8.4 Only parts required to meet master production
schedule demands were transferred to the allocated status,
The master production schedule demands had priority over
demands of subparts for assemblies. Unfilled master produc-
tion schedule demands represented deliveries to the customer
which were already late and could not regain schedule.
Assembly demands on subparts represented orders which were
not yet complete and therefore had a chance to regain their
schedule position.

4.8.5 When the simulation began estimates of part
costs were required in order to carry out the lotting
process. At the start of the simulation, standard part costs
were determined based on the material and standard labor
hours required to produce the part in QUestion. Setup costs
were omitted from standard part costs since lot sizes had
not yet been determined. As the simulation progressed it
was possible to collect actual part costs as orders were
completed. Average part cost was recomputed with each

completed order. An average, weighted by part quantity, was
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used to combine the cost of parts already in inventory with
the cost of the newly completed order. Once available, the
weighted average part costs took the place of the standard}
costs for use in determining lot sizes.,

4.9.1 During the course of the simulation statistics
were kept in order to allow the various conditions simulated
to be compared. Statistics were kept on: machine and
worker utilization, machine queues, raw material and work-in-
process inventories, timliness in meeting master production
schedule demands, manufactured part lateness, purchased
parts lateness, and delays in order releases caused by the
lack of subparts. Statistics kept included: averages based
on observations, time weighted averages, and histograms.

4.9,2 Machine and worker utilization statistics were
kept by time weighted averages. Machine utilization records
allowed visibility as to where bottlenecks were taking place
and made it possible to keep these bottlenecks from getting
out of hand and causing meaningless results in the experiment.
By plotting machine and worker utilization it was also
possible to determine when steady state had been reached
in the model.

4.9.3 Measures of worker utilization made it possible
to simulate real life situations, A worker utilization level
of about 95% was desired as this level of utilization would
provide some constraints, and yet would not promote a

degenerate experiment.
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4.9.4 As stated in Chapter One, facilities utiliza-
tion - both men and machines, is one of the costs directly
affected by any production-inventory control system. In
order to measure the impact of the wvarious conditions
simulated on facilities costs, it was necessary to measure
the utilization of these facilities. Specific statistics
kept were: mean, standard deviation, minimum, and maximum
values.

4.9.5 Statistics were also kept on the queue lengths
for each machine in order to allow estimates for queue time
to be included in the lead time estimates. These statistics
were based on observations. Each time an order moved out
of a machine's queue and into processiﬁg on the machine, the
time spent in the queue was included with the observations
for the particular machine's queue length. Specific
statistics kept included: mean, standard deviation, standard
deviation of the mean, minimum, maximum, and a count of the
number of observations made. Histograms were also developed
for machine queues showing observed frequency, relative
frequency, and cumulative frequency.

4.9.6 Work-in-process and raw material inventory
records were kept on a time weighted basis. It is generally
a time weighted average inventory which is used in computing
inventory carrying costs. Statistics kept on the work-in-
process inventory helped in determining when steady state

had been attained as well as giving a measure to the
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performance of the various conditions simulated. Work-in-
process inventory is another cost which is directly affected
by the production-inventory control system employed. _

4.9.7 Raw material inventory is also directly affected
by the production-inventory control system used. Raw
material inventory, however, is outside the main area of
concern in this experiment. Statistics were kept on raw
material inventory only to track conformance to the raw
material service level desired and its affect on the manu-
facturing process.

4.,9.8 Statistics kept on work-in-process and raw
material inventory included mean, standard deviation,
minimum, maximum, and current value,

4,9.9 Statistics kept on the timeliness of meeting
master production schedule demands were broken into three
groups: early orders only, late orders only, and average
orders - both early and late. Within each group statistics
were kept based on observations for the days early or iate
and the order dollar value multiplied by the days early or
late, Orders were separated into the early or late
categories so that it would be possible to determine which
type of order, if any, was generally early or late, Order
value was applied to the due date discrepancy because it
was felt that more weight should be placed on a $10,000 order

three days late than on a $100 order five days late.
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4,9.10 Whenever an order for a master production
schedule demand is met, its time of completion is noted as
well as the order's value, When the completed order is
appiied against the master production schedule demand, ﬁhe'
difference between the order's time of completion and its
due date is determined and added to the observations of this
type. Specific statistics kept include: mean, standard
deviation, standard deviation of the mean, minimum, maximum,
and the number of observations. Histograms were also
compiled giving: observed frequency, relative frequency,
and cumulative frequency.

4,.9,11 As with delays in meeting the master produc-
tion schedule demands, delays in meeting demands for sub-
parts were also recorded. Since subpart delays cause prob-
lems which are still internal to the production entity, it
was decided to keep these statistics separate from the master
production schedule demand delay statistics, A subpart delay
was caused when a scheduled assembly requirement for a given
subpart was not covered. The time span from when the
scheduled assembly requirement occurred to the time when the
requirement was filled was recorded as an observation of
subpart delay. Subpart delay statistics kept included:
mean, standard deviation, standard deviation of the mean,
minimum, maximum, and the number of observations made. In

addition, the observations were used to form histograms
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giving: observed frequency, relative frequency, and cumula-
tive frequency.

4.9.12 1In an MRP system, subpart delays are caused
by delays in the receipt into inventory of the subpart in
question. As stated earlier, subparts are of two types,
purchased subparts and manufactured subparts. Different
factors are responsible for the delays in the two types of
subparts, and therefore, statistics were collected separately
for each type of subpart.

4.9.13 Purchased parts delivery is the responsibility
of the vendor. Delays in the receipt of purchased parts can
be caused by delays in manufacture or delays while in
transit. Each time an order for purchased parts arrived,
its actual arrival date was compared with its planned
delivery date and the difference was recorded as an observa-
tion in purchased parts arrival. Note that every order
received, whether early or late, contributed an observation
to the statistics kept on purchased parts arrival. These
statistics were kept to show how the purchased parts order-
ing system performed and to insure that purchased parts
delays did not become excessive: excessive purchased parts
delays wére interpreted to indicate that the firm horizon
was too short to allow adequate lotting and lead time for
purchased part orders. Specific statistics kept included
mean, standard deviation, standard deviation of the mean,

minimum, maximum, and the number of observations made.
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A histogram, based on the subpart delay observations was
also kept showing observed frequency, relative frequency,
and cumulative frequency.

4.9.14 The other cause of subpart delay is the dela§
in completion of manufactured subparts. Delays of this type
can be brought about by poor lead time estimation, an
unresponsive priority rule, delays in still other subparts
going into the subpart in question, poor capacity planning,
etc.

4.9.15 Each time an order for a manufactured part
was completed its actual completion date was compared to
its planned completion date and the difference was entered
as an observation in manufactured parts completion. Here,
as with purchased parts arrival, every completion was
recorded. Statistics kept included: mean, standard
deviation, standard deviation of the mean, minimum, maximum,
and the number of observations. In addition, a histogram
was kept showing the observed, relative, and cumulative

frequencies,

5.0 Model Flexibility

5.1.1 1In order to make the application of the model
as general as possible, many of the design parameters were
left flexible so that the model could be tailored to fit
many situations. By allowing for flexibility, the model

created can be used to test effects produced by many
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situations; changes in the firm horizon length, inventory
carrying cost, worker ability, ete.

5.2.1 The main areas to be investigated with the
model were the estimation of lead time for manufactured
parts, and the use of various priority rules in an MRP
production-inventory system. Each of these parameters was
somewhat complex and therefore a separate subroutine was
used for each. By using separate subroutines to compute
lead time or priority, it was quite easy to substitute one
method for another. Subroutines for several lead time
equations were developed as well as one for each of the
three priority rules tested.

5.3.1 Other model parameters were much simpler and
therefore were used as either a model operating parameter
or as model input data. Model operating parameters were
those parameters that affected the way in which the model
functioned. Model input data did not determine how the
model operated but instead was operated on by the model.

5.4.1 Variable model operating parameters included:
the number of machines available, number of workers available,
ability of the workers, service level for purchased parts
ordered, inventory holding costs, fixed ordering cost,
scheduling period length, firm horizon length, and the
smoothing constant to be used in estimating machine queues.

5.4.2 The number of machines used in the model was

determined internally directly from the operation sheets.
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If the operation sheets used in the model called for 100
different machines, then the model would set up to simulate
a factory of 100 machines. Other machine information such
as operating cost and efficiency to standards is considereé
model input data and had to be entered explicitly..

5.4.3 Worker quantity and ability were under the
control of the experimenter and could be easily varied.
This information was entered explicitly as described in
section.3.4.1.

5.4.4 Purchased parts service level could be altered
by the experimenter to observe the problems experienced in
production caused by purchased parts delays. By varying
the service level, it would be possible to form a relation-
ship between service level, purchased parts inventory, and
dowvnstream delays caused by purchased parts shortages. The
service level concept is based on normally distributed
purchases part lead times although other distributions may
be used. The value entered was the number of standard
deviations to be added to the mean purchased part lead time
in order to develop the planned purchased part lead time.

5.4.5 Costs related to the determination of lot
sizes; inventory holding cost and fixed ordering cost, were
also under the direct control of the experimenter. Inventory
holding cost was used as a percentage, In computing the
holding cost, the yearly average inventory is multiplied by

the percentage given to determine the cost of holding that
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amount of inventory for one year. This figure includes

the cost of capital, insurance, obsolescence, warehouses,
etec. The fixed ordering cost, expressed as a dollar value,
includes those fixed costs directly associated with orderiﬁg.
These costs include, labor to wfite the order, the cost of
the ordering forms, record keeping costs, etc.

5.4.6 Associated with the estimation of lead time is
the alpha used in the exponential smoothing of machine queue
times. A large alpha causes the queue time estimate used
in lead time estimation to vary rapidly as-conditions
change. A smaller value of alpha produces gradual changes
in the queué times used to estimate lead time. The value
of alpha chosen depends upon how fast actual conditions
change.

5.4.7 Scheduling period length is used to group end
item demands into time periods in the master production
schedule. When demand is low and unpredictable, longer
buckets may be warranted than when demand is high and very
predictable.

5.4.8 The firm horizon length depends upon the
accuracy in long or medium range forecasting, the number of
part levels dealt with, lotting rules used, and lead times
required. If demand forecasting is not very accurate, a
firm horizon as short as possible should be used. If
demand forecasting is fairly reliable a longer firm horizon

may be used to allow more stable planning to take place.
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The firm horizon must not be allowed to become too short and
therefore cause problems in lotting and scheduling order
releases.

5.5.1 Variable model input parameters included:
master production schedule, biils of material, operation
sheets, purchased part lead time distributions, prime parts
cost, machine operating costs, machine efficiency to stan-
dards, and initial machine queue estimates,

5.5.2 The master production schedule, bills of mate-
rial, and operation sheet input data were discussed in sec-
tions 3.3.3, 3.2.1, and 3.3.1 of this chapter, respectively.
The master production schedule determined what end items
were to be delivered and when, The composition of the items
demanded was determined by the bills of material, and the
methods for producing all parts involved was determined by
the operation sheets,

5,5.3 For each purchased part represented in the
model, the lead time distribution used, and cost were entered.
The quantity and parameters of the purchased part lead time
distributions were under the control of the experimenter.
Normal lead time distributions were used for prime parts
although other distributions were possible. Purchased part
cost was entered by the experimenter as discussed in section
3.5.1 of this chapter. This information,along with standard
times from the operation sheets, was used to calculate the

standard costs of the manufactured parts., Prime part costs
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and standard part costs were used in the initial lotting
procedure.

5.5.4 Machine operating costs including labor and
machine efficiency to standards were entered as described in
section 3.6.1 of this chapter. 1Initial estimates of machine
queues were entered as described in section 3.8.1 of this
chapter. Machine operating costs and efficiency to standards
were used in developing the costs of non-prime parts. Ini-
tial machine queue estimates were developed from early simu-
lation runs and were input in order to speed attainment of

steady state,

6.0 Interesting Facets

6.1.1 In order to be able to use part numbers and
machine numbers as pointers it was required that the
external part numbers and machine numbers be given consecu-
tive internal counterparts. External numbers are those used
in real life, external to the model, such as part number
2416 or machine number 943. It can easily be seen that if
the external numbers were used as file pointers that the
files would be of tremendous size and of very low density.
In order to solve this problem external numbers were given
internal counterparts. The first part number entered was
given an internal number of one. When additional external
part numbers were entered through the bills of material

they were first checked against those part numbers already



60

entered to see if an internal part number had already been
assigned. If an internal part number had not yet been
assigned, an assignment took place and the external part
number was added to the list of part numbers converted.

6.1.2 Machine numbers were converted in much the
same way as part numbers except that external machine
numbers were obtained from the operation sheets. When an
operation sheet was entered, the machine numbers called out
would be checked to see if an internal counterpart had
already been assigned. If an assignment had not yet taken
place, the machine in question would receive the next
consecutive number as its internal machine number.

6.1.3 Through the above process, parts were numbered
internally from one to the number of parts being considered.
Likewise, machines were numbered internally from one to the
number of machines being simulated. Once the conversion had
taken place, external part numbers were recorded in the
Master Parts List File only, with internal part numbers
being substituted in all other records. External machine
numbers were stored in the Internal Machine Number File only,
with internal machine numbers being substituted elsewhere.

6.2.1 In order to have the ability to easily change
file dimensions as the size of the model parameters changed,
Block Data was used to dimension all varying files. Param-
eters that change with the size of the model include:

machine quantity, number of master production schedule
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periods, number of part levels, number of parts, etc., The
dimensions of many variables changed as these parameters
changed. In order to avoid the necessity of changing the
dimension of each affected variable in each subroutine every
time the model size changed a Block Data Subroutine was
employed. By using the Block Data Subroutine, it was
possible to change the dimension of a variable in every
subroutine simply by making one change in the Block Data
Subroutine. This flexibility made it easy to tailor the
storage capacity required to the model being tested rather
than to simply allow excess storage space.

6.2.2 Unlike most simulation models, the model
described in this paper can be stopped and then restarted
at a later time without losing that time period already
simulated. It is quite often the case in simulation, that
the time period just simulated was insufficient to produce
the desired results. When this situation occurs, it is
generally required that the simulation be re-started from
the very beginning and simply run for a longer period of
time. This requires that the results from the first run be
simply repeated and extended in time.

6.2.3 In order to avoid this costly repetition, the
model used here has the ability to dump all records in the
form of punched cards when the model is terminated. If it

is desired that the model run time be extended, the results
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of the previous run are simply entered as the initial
conditions of the subsequent run.

6.2.4 The experimenter had the option of either
dumping the files via punched cards at the simulation's
termination, or printing selected files for observation.
Four subroutines were written to allow this flexibility.
User supplied information could be dumped wvia punched cards
by using one version of the UDUMP subroutine, or selected
files cquld be printed by using another version of UDUMP.
GASP files would be dumped via punched cards by using one
version of GDUMP, If data was not to be dumped a dummy
version of GDUMP was substituted.

6.3.1 The timing of all scheduling activities except
the master production schedule demands followed a continuous
time frame. It was felt that master production schedule
demands were not known exactly and therefore should be
grouped into time periods for ease in manipulation. Other
scheduling activities, on the other hand, assumed that the
master production schedule posed the exact requirement times.
Scheduling, therefore, operated on a continuous time frame,
with subpart order due dates, scheduled release dates,
scheduled completion dates, etc. being planned on a contin-
uous time scale.

6.3.2 The continuous time scale allowed events to
take place at the exact time estimated, and did not require

events to be shifted either forward or backward in time to
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correspond to discrete time intervals. Deviations from
estimated times would require additional handling and would
necessitate that most events take place earlier or later

than actually required.



CHAPTER THREE
DESCRIPTION OF WORK DONE

1.0 How Questions Were Answered

1.1.1 The question of which priority rule to use
depends to some extent on the method by which lead time is
estimated. Priority rules must be tested in combination
with lead time equations in order to arrive at the best
overall solution. When evaluating priority rule-lead time
equation combinations, it is necessary to consider all
affected costs. Affected costs are: work-in-process
holding costs, lateness costs, and costs related to facil-
ities utilization. These costs are interrelated and there-
fore must be evaluated in total rather than independently.

1.1.2 Work-in-process holding cost as a percentage
of inventory value must be specified in advance of the
simulation in order to perform the lotting operation. This
same holding cost should be used in computing the work-in-
process costs associated with any priority rule-lead time
equation combination since work-in-process inventory is
determined, to a high degree, by the lotting rule and the
associated holding cost employed.

1.1.3 Model output does not yield the cost of holding
work-in-process inventory over a particular time period.

64



65

In order for the model output to be of greater value the
work-in-process dollar value is given. The same holding
cost as that used in lotting can be used, or any other
holding cost rate may be applied.

1.2.1 Lateness costs are also not given explicitly by
the model. Model output includes values for days late and
for the dollar amount of the order multiplied by the number
of days late. As with the work-in-process costs, direct
costs are not given for lateness in order to increase
flexibility.

1.3.1 Utilization costs are not given explicitly in
the model's output. These costs can, however, be computed
using the utilization values for the workers and machines
and the associated costs per unit time. In addition, wvalues
for overhead must alsc be added to arrive at a total
opportunity cost due to the underutilization of facilities.

1.4.1 Assigning particular values to each of the
production-inventory related costs merely acts to weight
each as a component of the total cost. By not applying
weights to each of the production-inventory costs, each may
be evaluated independently and then combined later by
applying specific costs.

1.5.1 In this analysis, each production-inventory
cost component will be evaluated separately in order to
allow individual reactions to be observed. The affect of

each priority rule-lead time equation combination on
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work-in-process, lateness, and utilization will be noted.
If one combination is superior in all areas there is no need
to apply weights to each cost component in order to deter-
mine which combination is best. 1If no one combination is
best overall, estimates of the weights of these components
will be applied to determine a total cost. Caution must be
exercised in evaluating results based on total cost, since
relative production-inventory cost component weights vary
from company to company. Relative weights will have a
direct iﬁpact on total cost, and therefore on the merit of
each combination tested. A company with low storage capacity
will probably have a relatively high work-in-process carry-
ing cost, a company in a highly competitive market will
probably have a relatively high lateness related costs.
1.6.1 Whether the production-inventory related costs
are assigned relative weights or not is not the main point.
The important point is that these three costs must be
evaluated together when making a determination as to which
priority rule-lead time equation combination is superior.
1.7.1 Three priority rules were evaluated in the
model described: First Come First Served, Shortest Operation
Time, and Critical Ratio. With the First Come First Served
rule the order which entered the queue earliest will be
elected first. The Shortest Operation Time rule chooses
that job from the queue which has the shortest operation

time on the machine in question. The Critical Ratio rule



67

selects the job with the lowest critical ratio. The criti-
cal ratio is simply the estimated time required to complete
the order divided by the actual time remaining to complete
the order.

1.7.2 The First Come First Served rule was tested due
to its simplicity and extensive treatment in queuing theory.
"The familiar priority rules - first-come-first-served,
earliest due-date - are examples of the simplest type of
dispatching procedure for which the information requirements
are minimal and the mechanics of computation and implementa-
tion are trivial. More complicated rules can certainly be
used if it can be demonstrated that their superior perfor-
mance justifies the increased difficulty of implementation”
(Conway and Maxwell (17)).

1.7.3 The priority rule which has been researched
most is probably the Shortest Operation Time (SOT) rule.
This rule has been tested in a great many job shop type
simulations with very favorable results with respect to the
criteria employed (6) (3) (l4). The criteria generally
applied when the SOT rule was tested were: average flow
time, average lateness, average number of jobs in process,
and average waiting time.

1.7.4 A major flaw in the testing of the SOT rule was
the evaluation criteria employed. Rather than looking at
the actual costs of work-in-process inventory or lateness,

the evaluations of the SOT rule generally looked at average
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flow time or average lateness. When using the SOT rule it
is possible for some jobs to be in process a very long time
(3) or to become very late when due dates are imposed (6).

1.7.5 The last rule evaluated is the Critical Ratio
rule. The First Come First Served rule took advantage of
only one piece of the information available, the order's
arrival time in the queue. The next higher level rule was
the Shortest Operation Time rule which took into considera-
tion the estimated processing time on the next machine. The
Critical.Ratio rule is the most complex rule tested. This
rule considers the order's due date, future expected
processing time, and future expected queue time, as well as
the current time.

1.7.6 "It is reasonable to expect that effective
priority rules will take into account due dates or process-
ing times or both. Furthermore, since each operation is
another opportunity for delay as the job waits in the queue
at the machine, the number of operations appears to be
relevant. Also the machine loading should be a significant
factor, expected delays are greater on heavily loaded
machines'" (Gere (6)).

1,7.7 A Critical Ratio rule which uses a dynamic
estimate of queue times meets all of the specifications set
forth in the paragraph above. As machine loading varies,
queue time estimates would vary, thus giving a good reflec-

tion of the actual situation to be encountered.
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1.7.8 "Although the dispatching function is not in
itself the complete scheduling procedure, it is an essential
phase of any scheduling procedure. It is a function that
must be performed, by intent or by default, and it might
as well be performed wellﬁ (Conway and Maxwell (3)).

1.8.1 The basic lead time equation used in this
model was of the form put forth by Vazsonyi (16). Lead
time is estimated to be the sum of the expected queue time
for each operation plus the expected processing time for
each operation.

1.8.2 Expected queue time was developed for each
machine by using an exponentially smoothed wvalue of queue
times actually experienced for each machine. An initial
estimate of the queue time for each machine was employed in
order to speed attainment of steady state. Each time a job
moved from a queue and onto a machine; the value of the
job's queue time was used to update the queue time estimate
for the machine in question.

1.8.3 By updating estimated queue time with each
observation, the queue time estimate changed to reflect
current shop load. By developing estimates of queue time
for each machine it was possible to more nearly predict the
actual flow time a particular job would experience. Since
queue time is related to the utilization of the facility

involved it is imperative that queue time be estimated for
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each machine due to the wide wvariations in loading -experi-
enced.

1. 8..4 Expected processing time for each operation
was estimated based on standard times. Standard times couid
be factored to represent performance-to-standards which was
other than 100%, although factoring was not required in this
experiment.

1.8.5 The lead time estimation equations used in this
model fulfill the requirements for a good estimate as set
forth bf Eilon and Chowdhury (4) and Gere (6). In general,
these requirements are that lead time estimates consider:
job routing, operation times, machine loads, and job arrival
time. Job routing is considered by estimating queue time
and processing time separately for each machine shown on the
operation sheet. Operation times are estimated based on
standard times for each operation on each machine shown on
the job's operation sheet. Machine loading is considered
through the use of dynamic queue time estimates for each
machine being simulated. Queue time estimates will change to
reflect changing levels of machine utilization. Job comple-
tion time, or due date as opposed to the job's arrival time,
is used in this model to act as a baseline, The simulation
models of the type described by Eilon and Chowdhury (4)
and Gere (6) simply let jobs arrive randomly and then tried
to predict a completion time. In the model described here,

the completion date is considered to be fixed and the lead
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time estimate is subtracted from the completion date to
arrive at the job's planned relase date. The logic is the
same in either case, only the starting points differ.

1.8.6 A variation of the original lead time equation
which added a constant times the standard deviation of the
queue time estimates was also tested. The constant used
was the same as that used in determining raw material lead
times. It was thought that by adding this constant times
the standard deviation of the queue times it would be
possible to obtain a sort of '"service level," similar to
that used in determining raw material lead times. This
alternate lead time equation makes the assumption that queue
times for each particular machine are normally distributed.

1.8.7 Another lead time variation was the addition of
the average subpart delay to the lead time used for deter-
ming release dates. It was hoped that this addition to the
lead time would offset the delays caused by inadequate
subpart inventories. Inadequate subpart inventories caused
significant delays in the early simulation periods due to

congestion in the shop which delayed subpart completions.

2.0 Detailed Model Working

2.1.1 In an attempt to better duplicate actual
situations, standard times for processing were multiplied
by a random deviate to introduce noise into the model. The

random deviate was drawn from a normal distribution with a
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mean of one and a standard deviation of 0.03. This multi-
plier would cause actual times experienced to vary from
standards in & random manner as is normal in real-life
situations.

2.1.2 Randomly varying processing times also intro-
duced random variation into the queue times which made for
job flow times that varied randomly. Random variation is
normal for flow times in job shop environments and greatly
adds to the scheduling problem. By including this random
variation in the model it was hoped that generally applicable
results could be obtained.

2.1.3 Raw material lead times also varied randomly.
Lead times for raw materials were drawn from one of the five
available lead time distributions. All lead time distribu-
tions used were normal, with varying means and standard
deviations. Service levels for raw materials were less than
100%, leading to shortages of raw materials which delayed
the planned start of orders.

2.1.4 Service levels less than 100% and randomly
varying raw material lead times were additional attempts to
duplicate the scheduling problems encountered in real-life.
With a supply of raw materials which was less than perfect,
the ability of the priority rule to "catch up" an order
could be tested.

2.2.1 1In order to make the best possible use of

limited resources, priority rules were established to
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allocate these resources. When multiple orders were vying
for limited resources, such as; labor, raw material, or
detail parts, priorities were assigned to each order in
competition. By following the priority rules it was insuréd
that the limited resources would be put to use where needed
most. This system put the highest priority jobs into work
first and also worked the highest priority jobs first. The
same priority rule was used for all selections including
machine'loading and subpart and raw material allocation.

2.2.2 In order to make timely decisions when deter-
mining which order to supply with raw material or to work
next, etc., order priorities were updated prior to each
decision. With dynamic priority rules it is possible for
the order ranking to change with time. Static priority
rules, such as First Come-First Served, need not be updated.

2.2.3 The mechanism for establishing and updating
priorities was the subroutine SEARCH. This subroutine was
used in three modes corresponding to each of the priority
rules tested: First Come-First Served, Shortest Operation
Time, and Critical Ratio. The subroutine was the same in
all cases except for the criteria used to establish the
priority of orders.

2.2.4 SEARCH was called whenever it might be possible
to increment an order towards completion. Three events

enabled orders to progress; completion of an operation on a
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specific order, the addition of subparts (including raw
material) to inventory, and the release of new orders.

2.2.5 SEARCH also operated in two different sub-modes
regardless of the priority rule in use. The first mode was
used for orders vying for machines and workers, and the
second mode was used for orders vying for subparts or raw
material.

2.2.6 When SEARCH was operating in the machine
selectiqn mode it would start by examining every wvalid order
number. The order number would be checked to see if that
number was currently in use, if the order had been released,
and if the order was waiting on a machine. If all of these
conditions were met, the next test would be whether or not
the required machine was in use. If the machine required
was unavailable, the order in question would not be tested
further. If the required machine was free the order's
priority would be calculated. Once all orders pending
machine assignment had their priorities calculated, they
would be ranked from high to low.

2.2.7 With all pending orders ranked, the assignment
process would start. Beginning with the highest priority
job, machine availability would be rechecked to make sure
that the machine required was still available. The next
step was to see which workers were capable of rumning the
machine required. When a capable worker was located, his

availability would be checked. If the worker was busy a
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check on the capabilities of the remaining workers would
take place. If the worker was free, both that worker and
the machine in question would be assigned to the order under
consideration. This procedure would then be repeated withl
the next highest priority job until all possible assignments
had been made.

2.2.8 When SEARCH was operating in the mode used to
assign subparts and raw material to pending orders the
initial procedure was the same as in the machine selection
mode. Only the appropriate orders would have their
priorities calculated and would then be ranked. Starting
with the highest priority order, a check would be made to
see if all of the required subparts were available. If all
of the required subparts were not available, no assignment
would be made and the next highest priority order would be
tested. If all of the required subparts were available,
they would be transferred from inventory to the order under
consideration and SEARCH would be called in the machine
selection mode in order to attempt to start on the first
operation of the newly released order. This subpart and
raw material procedure would continue until all possible
assignments had been made.

2.3.1 SEARCH provided a mechanism for making decisions
as the orders moved through production. This section will
discuss the step by step movement of these orders. The

method for lotting orders and determining release dates was
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discussed in Chapter Two. When an order reached its release
date different actions would occur depending on whether the
order was for purchased or manufactured parts.

2.3.2 When the release date for a purchased parts
order came, the order would be released to the supplier and
the arrival date would be randomly selected from the ordered
part's lead time distribution. The actual arrival date
could come before or after the scheduled need date. When
the purqhased parts actually arrived, they would be added to
inventory and SEARCH would be called to make any possible
subpart assignments.

2.3.3 Orders for manufactured parts went through a
much more complicated procedure. When a manufactured part’s
order reached its release date a check of the assignment of
the required raw material or subparts would first take place
in SEARCH. Raw material and subpart assignment would take
place as previously described. Once an order had the
required subparts and/or raw materials it would begin vying
for machine time.

2.3.4 The orders waiting for a machine would rely on
SEARCH to determine priority and make the machine assignments
when the order's priority became high enough. Until the
machine required for the first operation became available
and was assigned to an order, the order would be held in
queue and its waiting time recorded. When a machine was

assigned to an order, the order would be removed from the
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queue and work on the order would progress, The standard
time allowed for the operation would be computed and then
altered by a normal random deviate, discussed in section
2.2.1 of this chapter, to arrivelat the actual operation
completion time.

2.3.5 Upon completion of an operation a check of the
order's operation sheet would be made to see if the opera-
tion just completed was the last required. TIf the operation
just completed was the last, the finished parts would be
added to inventory. If the order was still unfinished, it
would enter the queue of the machine required for its next
operation, The queue selection process would then take over
and the order would progress in this way until its comple-
tion.

2.4,1 End item demand shown in the Master Production
Schedule could not be met until all related orders had been
completed and the end items were added to inventory. When-
ever a Master Production Schedule demand came due, a check
of the inventory on hand would be made to see if sufficient
goods were on hand. If sufficient goods were available, the
demand would be filled and removed from the Master Produc-
tion Schedule. When insufficient goods were available to
£fi1l the demand completely, the goods that were avilable
would be transferred to an allocated status, These goods
were allocated to meet a due, but as yet unmet, Master

Production Schedule demand. By putting these goods on an
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allocated status they were unavailable to meet any other
demand.

2,4.2 The purpose of this allocation system was to
insure that the most crucial demands, the Master Production
Schedule demands, were met first. The remaining demand for
subparts was more forgiving and therefore received less
attention. Master Production Schedule demands represent
customer demands and the penalty for missing customer due
dates 1is high. Internal demands for subparts infers that
further processing was required on these orders, leaving

time to catch up if these subparts were not immediately

available.

3.0 Problems Encountered

3.1.1 In the initial stages of writing and running
the simulation model several problems were encountered. The
use of pointers and multiple uses for storage locations
required extra consideration when writing and debugging.
The lotting subroutine became very complex in an effort to
consider and allow for all possible circumstances. Since
the model was completely new, problems were also encountered
in determining when steady state had been reached. Lead
time equation-priority rule combinations also lead to
problems since some combinations took longer to reach steady
state than others and some simply degenerated. The final
major problem was that of selecting a firm horizon for

planning purposes.
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3.2.1 When working with pointers to locate storage
locations, special care had to be taken to see that the
pointers as well as the storage locations were correct. It
was very easy to point to an incorrect location and retrieve
erroneous information, or store information in the wrong
location. If the information being stored was a pointer to
yet more information, the problem became complex very
rapidly.

3.2.2 Another method used to reduce the required
storage space was to use the same storage location for
multiple uses. The '"Worker in Use" location in the "Open
Order File' is an example of the multiple use of storage
space. If the order actually was in work, the number of the
worker involved would be entered in this location. If the
order was not in work but was waiting on a machine, the entry
in the "Worker in Use'" location would be one more than the
total number of workers available. 1If the order was waiting
on subparts, a zero would be shown in the "Worker in Use"
location. This system allowed useful information to be
stored in a location which would otherwise be idle.

3.2.3 The use of a storage location for multiple
purposes created problems in that great care had to be taken.
I1f an inquiry as to the worker in use was made of an order
which was not in work, a meaningless response would be
given. Problems also occurred when a storage location was

not cleared between uses in different modes. When an
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operation on an order was completed, the "Worker in Use"
would have to be cleared or set to a mew state. If this was
not done and an inquiry was made as to whether this order
was waiting for subparts or a machine, an erroneous condi-
tion would be reported.

3.3.1 The major problems with the lotting subroutine
"LOT" were in keeping orders from becoming too large and
therefore not allowing sufficient time to complete them by
the required due dates. If an order was allowed to become
too large its manufacturing span time would become longer
than the time remaining until the order's due date. When
this situation came about, the Least Unit Cost lotting
mechanism would be overruled and a reduced lot size with
a planned manufacturing lead time less than the time remain-
ing until the order's due date would be generated.

3.4.1 Since this model had never been run before and
started with the shop empty and no inventory on hand, prob-
lems were encountered in determining when steady state had
been reached. Due to the complexities created by using six
part levels, a long time span was required before the pipe-
line filled and end item demands finally started to be met.

3.4.2 End item requirements were determined so that
they could be met within shop capacity. However, when the
first orders started to appear in the shop considerable
overloading occurred and queue problems became evident on

the primary machines such as saws and shears, These
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bottlenecks did not disappear rapidly and therefore delayed
attainment of steady state.

3.5.1 Lead time-priority rule combinations also
presented problems in that some combinations did not funct{on

well, with the extreme cases causing the simulation to

degenerate. Once these combinations were found to function

poorly, they were excluded from further testing. The more

liberal lead time equations, such as those which allowed for
subpartldelay, coupled with an unresponsive priority rule,
such as First Come First Served, proved to be the worst
combinations.

3.5.2 A poor lead time-priority rule combination led
to results which were erratic and which could not support a
production-inventory control system as demanding as an MRP
system. These poor combinations did not produce a system
which was consistent enough and led to a high work-in-process
inventory, long customer delays, and poor utilization of
facilities.

3.6.1 The final major problem was the selection of a
firm planning horizon. In order to make the model responsive
to change, the original firm horizon was quite short. This
short horizon caused severe problems in that it did not
allow enough time for higher part level lotting and exploding
to take place. The result of this condition was that
purchased parts orders were being released late and in small

quantities.



82

3.6.2 The firm horizon was gradually lengthened until
it allowed sufficient time for lotting of the lowest level
parts. In lengthening the firm horizon much of the respon-
siveness of the model was sacrificed. With a long firm
horizon, lead times for parts demanded twenty weeks into the
future would be calculated using the present queue time
estimates. Until steady state was reached and queue time
estimates became more constant this long firm planning

horizon contributed to the instability problems.



CHAPTER FOUR
CONCLUSIONS AND RECOMMENDATIONS

1.0 Lead Time Equation Results

1.1.1 The first lead time equation tested was similar
to that proposed by Vazsonyi (16). This equation consisted
simply of the sum of the expected processing and queue times
for each operation required. The only problem encountered
in the use of this equation was with the queue time estimates.

1.1.2 Queue estimates did not become reliable until
steady state was achieved. Prior to the achievement of
steady state, the load in the shop was getting progressively
greater. This increase in load meant that queues would as
a general rule, become longer. With significant changes in
the queues occurring, it was impossible to accurately
estimate the queue time that an order would experience in
the future. As a general rule, early queue time estimates
were short, leading to short lead time estimates and there-
fore a high number of late orders.

1.1.3 Once steady state was achieved, this problem
with queue time estimates was eliminated. Without the queue
time estimate problem the Vazsonyi equation produced wvery

satisfactory results. The number of late orders decreased,

83



84

work-in-process was not unreasonable, and utilization of
facilities was at a high level,

1.1.4 1In an attempt to speed the achievement of
steady state and reduce the problems encountered with early
queue time estimates, initial estimates of queue times were
employed. The values used for the initial estimates were
the current smoothed values when steady state was reached.
By starting with the steady state values, rather than zero
queue times, early disturbances caused by poor queue time
estimates were reduced.

1.2.1 In an attempt to obtain the service level
benefits of the raw material ordering system, a modification
was made to the original lead time equation. The modifica-
tion involved the addition of the raw material service level
factor times the standard deviation of the queue time for
each machine considered. The concept was that with this
value added to the original lead time equation wvalue,
manufactured parts orders should be completed when required
approximately 957% of the time.

1.2.2 This modification reduced the number of late
orders somewhat but only at the expense of a high work-in-
process inventory. When this modified lead time equation
was used in conjunction with the Critical Ratio priority
rule, facilities utilization and order completions both
suffered. Since the Critical Ratio priority rule makes use

of the lead time estimate in computing priority, a longer
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than necessary estimate of lead time produces poor queue
selection decisions. These poor decisions caused jobs to be
worked in an inefficient manner.

1.2.3 Due to the problems encountered with this

modified service level lead time equation it was abandoned

early in the experimental period.

1.3.1 Another attempt was made to modify the original
lead time equation, to compensate for the delays caused by
the lack of required subparts. This modification involved
the addition of the average subpart delay time to the
original lead time equation value.

1.3.2 The problem with this modification, as with the
modification mentioned above, was that it circumvented the
built-in lead time adjustment system. If subparts were not
available when required it was because the estimated lead
time for the subparts had been too short. The lead time
estimate had been too short because queue time estimates
were inadequate. Queue time estimates were updated dynamic-
ally and should have adjusted themselves to produce good
results if simply left alone.

1.3.3 The subpart delay modification was also aban-

doned. The number of late orders had been reduced, but

again, only at the price of a high work-in-process inventory.
1.4.1 After the failure of the two modified lead time

equations the original equation was restored. With the

initial queue time estimates and allowance of time for the
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system to reach steady state, the original equation produced

satisfactory results.

2.0 Results Obtained

2.1.0 All of the following discussion of the results
obtained excludes the observations made during the first
twenty weeks simulated. This period was required for the
attainment of steady state. The exclusion of these observa-
tions is to limit the results obtained to the steady state
period only.

2.1.1 Work-in-process inventory dollar wvalue was
lowest on the average for the Critical Ratio rule. Average
steady state work-in-process inventory values were $328,000,
$256,200, and $209,500 for the FCFS, SOT, and CR priority
rules respectively. The FCFS rule was shown to be signifi-
cantly higher than the SOT and CR rules at the 0.05 alpha
level. The SOT rule was also found to be significantly
higher than the CR rule at the 0.05 level, making the CR
rule best overall.

2.1.2 The standard deviations of the work-in-process
inventories were found to be $51,870, $18,070 and $12,800
for the FCFS, SOT, and CR priority rules, respectively.
These values were found to be significantly different from
one another at the 0.05 level. This difference indicates
the higher volatility of the FCFS and SOT rules as compared

to the Critical Ratio rule.
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2.2.1 On the average, orders for Master Production
Schedule demands were found to be completed 21.44, 9.574,
and 3.943 days late with the FCFS, SOT, and CR rules
respectively. This is the average of orders completed ear1§
as well as those completed late. At the 0.05 level the
FCFS orders are significantly later than the SOT and CR
orders. The SOT orders are also significantly later than
the CR orders, again making the CR performance best overall.

2.2.2 If only Master Production Schedule (end item)
demand orders which were completed after their due dates
are considered, the CR rule still produces the best results.
Average days late for those late orders were 21.87, 16.41,
and 5.603, respectively, for the FCFS, SOT, and CR priority
rules tested. At the 0.05 level, the FCFS rule proves to
be significantly later than the SOT and CR rules, and the
SOT rule significantly later than the CR rule.

2.2.3 When the dollar value of an order is multiplied
by the number of days an order's actual completion deviates
from its planned completion, an indication is given as to
which value orders are affected most. If only the end item
orders which passed their due dates are considered, the
average dollar-time values as described above are $322,200
for the FCFS rule, $392,200 for the SOT rule, and $85,810
dollar days for the CR rule. In terms of the order lateness

and value the CR rule was found to be significantly better
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than the FCFS and SOT rules at the 0.05 level. No signifi-
cant difference was found between the FCFS and SOT rules.

2.2.4 By dividing the above average dollar-time
values by the average lateness given in section 2.2.2, thel
average value of a late order can be determine for each of
the three rules tested. These average late order values
are $14,734, $23,898, and $15,313 for the FCFS, SOT, and
CR rules respectively. These values highlight one of the
major sbortcomings of the SOT rule: it may produce good
results on the average, but the larger orders are generally
very late.

2.2.5 When examining only subpart orders, looking
at both early and late completions, orders were late an
average of 15.28, 6.818, and 5.073 days under the FCFS,
SOT, and CR rules, respectively. Here also, the FCFS
orders were significantly later than the SOT and CR orders
at the 0.05 level. The SOT orders were also significantly
later than orders under the CR priority rule, making the CR
rule best overall in this area also.

2.3.1 Worker utilization was highest for the FCFS
rule at 97.19%, followed by the CR rule at 96.12%, and the
SOT rule at 94.31%. At the 0.05 level, utilization under
the FCFS rule was found to be significantly higher than
either the SOT or CR rules, making the FCFS rule highest
overall. Worker utilization under the CR rule was found to
be significantly higher than under the SOT rule at the 0.05

level.
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2.3.2 Average machine utilization was found to be
58.32%, 56.59%, and 57.68% for the FCFS, SOT, and CR rules,
respectively. Under the FCFS rule, individual machine
utilizations ranged from 2.52% to 94.80%. For the SOT rulé,
utilization of machines ranged from 2.32% to 90.47%.
Machine utilization under the CR rule ranged from 2.45%
to 91.53%. As with worker utilization, these values ranged
high enough to provide serious constraints as desired in
the simulation.

2.3.3 When comparing individual machine utilizations
under the three rules tested, no significant differences
were found at the 0.05 level for 13 of the 15 machines
modelled. For one machine tested, the utilization was
found to be 69.93%, 74.58%, and 75.93% under the FCFS, SOT,
and CR rules respectively. No significant differences were
found at the 0.05 level when comparing the FCFS rule to the
SOT rule and the SOT rule to the CR rule. The CR rule was
shown to produce significantly higher utilization than the
FCFS rule, however.

2.3.4 TFor the remaining machine, the utilization was
94.80%, 83.26%, and 88.11% under‘the FCFS, SOT, and CR rules,
respectively. Here no significant differences were found
at the 0.05 level when comparing the SOT rule to the CR
rule, or the FCFS rule to the CR rule. The FCFS rule was
shown to produce a significantly higher utilization on this

machine than did the SOT rule, however.
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2.4.1 1In order to fully evaluate how well resources
were utilized it is also necessary to examine the total
throughput under each priority rule. The total throughput
is made up of Master Production Schedule demands met,
completed parts in inventory, and work-in-process. Through-
put evaluations are made in terms of standard costs.

2.4.2 On part number one, Master Production Schedule
demand was met through periods 42, 45, and 45 under the
FCFS, SOT, and CR rules, respectively. For part number
nine, demand was met through periods 39, 42, and 45, under
the FCFS, SOT, and CR rules, respectively. All rules met
the demand for part number seventeen through period 45.

The dollar value of the Master Production Schedule demands
-met were $1,503,844.80, $1,607,493.00 and §1,691,451.00
under the FCFS, SOT, and CR rules respectively.

2.4.3 The value of completed parts on hand was
$277,078.24, $156,974.07, and $41,586.90 under the FCFS,
SOT, and CR rules, respectively. When the above mentioned
values are added to the work-in-process values shown in
section 2.1.1, the total throughput for the three rules was
found to be $2,185,830.10, $2,006,860.95, and $1,949,574.90
for the FCFS, SOT, and CR rules, respectively.

2.5.1 To summarize the above results; the Critical
Ratio rule was shown to have the lowest work-in-process
inventory, the best ability to meet due dates, and the

lowest inventory of completed parts on hand. The First
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Come-First Served rule was shown to have the highest worker
utilization and the highest throughput. The SOT rule did
not stand out in any of the areas tested.

2.5.2 The Critical Ratio rule was found to be

superior overall to the other two rules tested. The high

worker utilization and throughput of the First Come-First
Served rule, are actually shown ag detriments when examined
further. The poor functioning of the First Come-First
Served rule in meeting end item demands, its high level of
work-in-process inventory, and its high level of completed
parts on hand shows that this rule was causing work to be
performed on the wrong parts. With the FCFS rule $423,861,
or 164% more inventory was required than with the CR rule
and vet $187,606, or 11% less in end item demand was met.

Clearly the First Come-First Served rule is inefficient

when compared to the Critical Ratio rule.

2.5.3 Since the Critical Ratio rule excelled overall
in the areas tested, no specific costs for inventory, late-
ness, and utilization need be employed in order to determine
which rule functions best.

2.5.4 It is believed that this paper has set forth
a realistic model and an improved method of evaluation of
results. The lead time equation presented, although not
perfect, provides a very workable and efficient system when
combined with the Critical Ratio priority rule. It is

recommended that the system developed should be refined
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further in future research, and that attempts be made to
apply this system to real life situatioms.

2.6.1 Since much of the historical job shop research
was concerned with the queues themselves, queues will be J
discussed here briefly. For 13 of the 15 machines simulated,
the average queues under the FCFS rule were found to be
significantly longer than under the other two rules.

2.6.2 When comparing the SOT rule to the CR rule,
no significant difference at the 0.05 level was found for
eight of the fifteen machines. The SOT rule was found to
produce significantly shorter queues in five out of the
fifteen machines, and the CR rule produced significantly
shorter queues for two of the fifteen machines. The SOT
rule has long been acclaimed for its ability to produce

short average queues but does not appear to operate

much better than the CR rule.



TABLE 1

STEADY STATE OUTPUT SMMARY

Froz Time = B0,640 min. until Time = 201,600 min.

TTEM MEASURED FCFS sor CR
Value n Velue n Value n

Average Viork-in-Process Inventory ($) 328,000 1,491 256,200 1,416 209,500 1,457
Standard Deviation, Work-in-Process _ _

Inventory (§) 51,870 1,491 18,070 1,416 12,800 1,457
End Item Order lLateness, Average '

Ozders (days) 21. 44 102 9.574 108 3,843 108
End Item Crder lateness, late

Orders (days) 21.87 100 16.41 63 5.603 76
Enéd Item Crder lLateness x Order

Value, Average Orders ($-cdays) 315,900 102 228,800 108 60,380 108
End Item Order Lateness x (Order

Value, Lacte Orders (S$-days) 322,200 100 392,200 63 85,810 76
Mamufactured Subpart Average Order

Lzceness (days) 15.28 378 6.818. 366 5.073 380
Average Worker Utilization (%) 97.19 2,778 94.31 2,616 96.12 2,698
Average Machine Utilization (%)

Machine 1 88.74 173 90.47 183 91,53 183

Machine 2 47.22 277 50.91 297 51.78 307

Machine 3 £9.93 463  74.58 467 75.93 489

Machine &4 . 84,08 241 85,10 239 87,93 257

Machine 5 42.14 175 40.03 163 38.46 167

Machine 6 52.66 137 47.04 133 50.63 143

Machine 7 34.07 167 34,14 163 32.73 165

Machine & 42,26 153  39.45 123 3¢.92 125

Machine 9 74.67 187  72.27 175 75.52 181

Machine 10 75.19 141 71.08 133 70.44 129

93
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TABLE I - Continued

TT=EM MEASURED FCFS SOT xR
Velte n Value n Valoe n

Machine 11 17.17 157  15.09 129 16.66 129
Machine 12 2,52 215  2.32 185 2,45 187
Machine 13 60.79 141 59.53 128 59.86 133
Machine 14 88.59 85 82.94 57 83.29 59
Machine 15 94,80 81 83.26 55 88.11 59
Average 58,32 2,793 56.59 2,630 57.68 2,713

End Item Demand Met (bucket muber)
Part # &2 , 45 45
Pt {0 39 a2 45
Part #17 45 45 45

Finished Parts on Hand ($) 277,078.24 156,974.07 41,586.90

Average Queue lengths (mimutes)
Machine 1 10,180 86 10,160 91 5,957 91
Machine 2 3,484 138 354 148 749 153
Machine 3 4,717 231 1,571 233 1,618 244
Machine 4 5,602 120 3,713 119 4,379 128
Machine § . 4,044 87 1,556 81 2,458 &3
Machine 6 5,775 68 2,270 66 2,404 7
Machine 7 3,487 83 1,118 81 1,466 82
Machine 8 3,274 76 426 61 2,227 62
Machine 9 6,379 93 2,864 87 3,512 90
Machine 10 7,073 70 3,584 66 3,317 64
Machine 11 3,159 78 56 64 482 64
Machine 12 3,183 107 0 92 78 93
Machine 13 4,621 70 1,476 64 2,084 66
Machine 14 7,253 42 20,570 28 7,944 29
Machine 15 15,780 4 11,120 27 5,128 29

Average 5,867 1,389 4,055 1,308 2,920 1,349



TABLE II
TESTS OF SIGNIFICANCE
a= 0.05

T TESTED FCFS vs, SOT SOT vs, (R FCFS vs, CR Summary

Average Work-in-Process

Inventory FCFS » SO0T SOT » CR FCFS>CR  FCFS > SOT >R
Std. Dev., Work-in-Process

Inventory - ’ FCFS » SOT SOT » CR FCFS>CR FCFS?> SOTH> (R
End Item Order Lateness

Average Orders FCrS » SOT SOT > CR FCFS >R FCFS »SOT (R
late Orders FCFs » SO0T SOT > CR FCFS>CR FCFS Y SOT >R
End Itew Order latenmess X

Order Value

Average Orders FCFS = SOT SCT » CR FCFS>CR  FCFS = S0T (R
late Orders FCrS = SOT SOT » CR FCFS>CR  FCFS = SOT (R
Merrafactized Subpart

Order Latemess FCFS > 80T SOT > CR FCFS>CR  FCFS)SOT »CR
Average Worker Urilization FCrS » SOT SOr< CR FCFS>»CR  FCFS ) CR >80T
Aversge Machine Utilizations

Machine 1 FCFS = S0T 80T = (R FCFS = CR FCFS = SOT = CR
Machine 2 FCFS = SOT SOT = CR FCOS = (R FCFS = SCT = (R
Machine 3 FCFS = SOT SOT = CR FCFS <CR -
Machine 4 FCrS = SOT SOT = CR FCIS = CR FCrS = S0T = (R
Machine 5 FCFS = 80T SOT = CR FCFS = CR FCFS = SOT = (R
Machine 6 FCFS = SOT SOT = CR  FCFS = CR FCFS = SOT = CR
Machine 7 - FCFS = SOT SOT = CR FCFS = CR FCFS = 80T = CR
Machine 8 FCIs = SOT ST = CR FCrs = CR FCOFS = SOT = CR
Machine 9 FCFS = SOT SOT = CR FCFS = CR FCFS = SOT = (R
Machine 10 FCFS = SOT SOT = CR FCFS = CR FCFS = SOT = (R
Machine 11 FCFS = SOT SO0T = (R FCFS = CR FCFS = SOT = (R
Machine 12 ¥CrS = SOT SOT = (R FCrs = (R FCFS = SOT = CR
Machine 13 FCFS = SOT SOT = CR FCFS = CR FCOFS = SOT = (R
Machine 14 FCFS = SOT SOT = CR FCFS = (R FOFS = S0T = (R
Machine 15 FCES > SOT SOT = CR FCFS = (R -
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TABLE 11 -~ Continued

TIEM TESTED FCFS wvs. SOT SOT vs. CR  FCFS vs. (R SUMMARY
Average Queue Lengths

Machine 1 FCFE = 50T SOT = CR FCFS > CR -

Machine 2 FCFS > 80T SOT <R FCFS*CR FCFS>CR 2 SOT
Machine 3 FCFS » SOT SCT = CR FCFS »CR FCFS »SOT = CR
Machine & FCFS » SOT SCT = CR FCFS»CR  FCFS»>S0T = CR
Machine 5 FCFS > SOT SOT <CR FCFE>CR FCrs > CR » 80T
Machine 6 FCFS » SOT SOT = CR FCFS*CR  FCFS>SOT = CR
Machine 7 FCFS»> SOT | S0T = CR FCFs »CR FCFS > CR= 8OT
Machine 8 FCFS > 80T SOT <R FCFS >R FCFSH> CR 2807
Machine 9 FCFS > SOT - SOT = (R FCGFS >R FCFS»>SOT = CR
Machine 10 FCFS > SOT SOT = CR ICFS>CR  FCFS» 80T = (R
Machine 11 FCFS » SOT SOT <CR FCFS»CR  FCFS> CR»SOT
Machine 12 FCFS » SO0T SOT <CR FCFS >CR FCFS »CR >80T
Machine 13 FCFS » SOT SOT = CR FFS >CR FCFS» 50T = CR
Machine 14 FCFS ¢ SOT SOT >CR FCrSs = CR SOT >FCFS = CR
Machine 15 FCFS » SOT SOT » CR FCFSPCR FCFS »S80T »CR
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EXAMPLE OF SIGNIFICANCE CALCULATIONS

Machine utilization

Machine #2, FCFS vs. CR

FCFS CR
X = 47.22 51.78
s = 49,92 49.47
n = 276 306
F o= 51%/s,% = 49.92%/49.47% = 1.018
F’OS = 1. ]—6
Since F F 05° the difference in standard diviations

is not significant.

2
s.2 + s 2 2

S2 A - 49.92° 4+ 49.47 - 2 469.64

2 2

n, +n 276 + 306,.1/2
s_ = (2 L1212 _ (2 469.64 TTE X306
X, - % nlxnz
]| 2
= 4.125
51.78 - 47.22

t = 4,125 = 1.105

t o5 (580) = 1.980

Since t t o, the difference is not significant.
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ABSTRACT

A great deal of research has been done in the area
of job-shop simulation. The objective of much of this
research was to find ways to increase the efficiency of
production facilities‘through improved scheduling and
production control. It has generally been agreed that by
minimizing production throughput time this goal would be
met. Tﬁe measures used to evaluate the effectiveness of
the systems tested in past research have been either aver-
age throughput time or order lateness.

By the use of either average throughput time or order
lateness as measures of effectiveness, some of the produc-
tion-inventory control related costs have been ignored.

The costs affected by the production-inventory control
system are: work-in-process inventory costs, order lateness
costs, and facility utilization costs.

Past research has also been hampered by the unrealistic
simplifying assumptions used in model construction. Such
assumptions as random operation times, regular order arrivals,
and random job routings hardly represent real life situations.
These assumptions and the criteria used to judge the results
obtained place serious doubts on the general application of

the findings of previous research.

1



The research described in this paper respresents an
attempt to construct a more realistic model and to consider
all of the production-inventory control related costs when
evaluating the results obtained. In addition, the model
used in this research concerns a Material Requirements
Planning system.

Several combinations of priority rules and lead time
estimation equations are tested. The results are evaluated
based on the sum of the three production-inventory control
costs mentioned above. The model itself does not make use
of the simplifying assumptions used in previous research.

As a result, the results obtained should be of practical
value and fit for appiication to real-life MRP system use.

The model simulates the production of twenty-four
part numbers of six levels: from purchased parts, through
weld assemblies, through final assemblies. Fifteen machines
and nine workers are simulated. Purchased parts deliveries
are normally distributed, with a service level of 90% leading
to purchased part delays. Operation times are alsoc normally
distributed. Operation sequences are fixed and no alternate
routings are allowed.

.Priority rules tested include First Come-First Serve,
Shortest Operation Time and Critical Ratio. The lead time
equations employed all involve an allowance for processing
time based on production standards factored for efficiency

and an allowance for queue time based on smoothed historical



3
queue times. The first development of this equation involves
the addition of a factor times the standard deviation of the
queue times to provide a higher estimate of flow time. The
idea here was similar to the service level approach in
purchased parts lead times.

Another development was the addition of an allowance
for average delays caused by inadequate subpart availability.
It was felt that problems with the lead time equation were
compounding through the several part levels. This modifica-
tion was.an attempt to minimize this effect.

Degeneration problems were encountered with the devel-
opment on the'original lead time equation causing experimen-
tation with these equations to cease. Experimentation
continued with the original lead time equation and the three
priority rules mentioned.

In evaluating the three priority rules tested it
quickly became apparent that the Critical Ratio rule per-
formed best. It provided the shortest queue lengths,
lowest work-in-process inventory, lowest order lateness, and
good worker and machine utilization.

This research shows that only average flow time or order
lateness should not be used alone as a basis for measuring
effectiveness. In addition, the Shortest Operation Time rule
was shown not to perform as well under these real-life condi-

tions and criteria as it had in past research.



