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ABSTRACT

'Extensive efforts to improve the production and
inventory control procedures for products in the maturity
Phase of product life cycle have been made since the
early 1900's; the problem of production and inventory
control for products in the declining stages of the
product life cycle, however, has been ignored, This
dissertation investigates the use of simulation to gauge
the economic effect of the introduction of a minimum
manufacturing lot size decision rule for products in the
decline phase of product life using data from an actual
industrial situation.

The type of inventory-production problem studied in
this paper is found in many industries particularly the
transportation, agricultural, and industrial and consumer
durable industries., These types of industry produce
(original) equipment which will later require repair and/
or replacement products. As the original equipment ages,
less and less of the original equipment remains in use
and hence the demand for the repair/replacement parts
decreases, The production of these low demand and/or
infrequently demanded products presents many pfoduction

problems when they compete for the limited productive



capability of the manufacturing facility with higher
volume items,

Simulation experiments were performed for various
levels of the décision rule to gauge the economic effect
of the decision rule for the low or infrequently demanded
items. A forty-five week reriod was simulated and from
the data generated, the transient and long-term effects
of the introduction of the rule on the number of setups,
ipventory levels and customer service which occurred in
the simulation experiments was observed and/or estimated,
These estimates were obtained through the generation of
time series for each of the major parameters to be
observed under several levels of the decision rule. The
differences between the time series for the decision rule
and the base or current policy were determined and
families of curves fit to this data.s The curves fit to
the data were ofan asymtotic nature and the asymtotes
were used to estimate the long term effects of the deci-
sion rule introduction, Random sampling 6f manufacturing
sequence for the products under study provided the factors
necessary for the conversion of observed Parameter values
into dollar temms.

The investigation indicated that the use of a simul a=
tion is good methodology for the study of this problem

and that the use of a minimum manufacturing lot size

2



decision rule would yield economic benefits to the firm
which is manufacturing products in the declining phase
of their life when compared to the usual make to order

policy for the products.



CHAPTER 1. INTRODUCTION
l.l Introduction

The problem of inventory control is one that fre-
quently arises in operations management. Simply stated,
the problem of inventory control is the determination of
the optimum balance of the set of costs which increase
with the amount of product that is manufactured or pur-
chased at a time and the set of costs that decrease as the
amount of product manufactured or purchased is increased.

Typically, there are four types of business opera-
tions. One type of business is the kind which manufac-
tures different types of products for unique customer
orders, these orders are usually being made only one time
for the customer who does not reorder. This type of manu-
facturing operation is called the b shop.

The two other types of manufacturing businesses are
continuous manufacturing and intermittent, or batch manu-
facturing. In the continuous manufacturing situation, the
product is being made continuously and is demanded at
the same average rate that it is manufactured; in the
intermittent or batch manufacturing situation, the rate
at which the product can be produced exceeds the rate
at which the product is demanded. This difference in
the production and consumption rates means that the pro-
duct, once manufactured, usually must wait some period

of time before it is consumed and that continuous
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production of the item would build inventory which would
never be used,

The fourth type of business is the retail type
which does not manufacture, but resellsthe already manu-
factured product to final consumers or to retailers. In -
this situation, the demand rate and the rate at which
the product is obtained will, in general, not be equal,

The inventory problem does not arise .in the job
shop situation. The job shop, by definition (3) pro-
duces a sequence of unique items, none of which is
expected to be reordered., It is therefore unwise to
produce more of a product than is demanded as the crea-
tion of an inventory for the product will not yield any
benefit to the manufacturer. The product that is pro-
duced and inventoried will not be ordered again so all
of the material and labor expended for the product will
be lost; in addition the space used to store the item
will be lost to alternate use until the product (inven~
tory) is disposed of., There is also an opportunity cost
associated with producing more product than the customer
demands--the additional time that was spent in the manu-
facture of the inventory (which is worthless) could have
been used to produce another product which presumably
would have made a positive contribufion to profit; doing
nothing is still preferred to wasting materials in

addition to labor which would happen if an inventory of
. . 5



this item were to be made,

The continuous manufacturing situation does not
usually have an inventory problem. Since all of the
product that can be produced is consumed; there is no
possibility of a (long run) build-up of inventory. 1In
the short run, however, an inventorying problem may arise
if demand 1s seasonal or otherwise varying (this varia-
tion usually can be described stochastically), If
demand varies, one of two strategies must be adopted.

A strategy of continuous productioﬁ with inventory build-
up during the_periodé 0f low demand and inventory deple-
tion during the periods of high demand may be adopted if
the demand fluctuations are not too severe and/or the
period of the seasonality is relatively short (3)., The
alternate strategy is one which would involve the vary-
ing of the production rate of the product to correspond
to the demand rate; this strategy usually calls for
adjustment of the workforce s the production rate is
usually a function of workforce (49, 50). The models
used to analyze these situations are known as single
product models with seasonal (deterministically varying)
and/or stochastic demand and aggregate planning models.

The intermittent or batch manufacturing situation
is beset with inventory problems. In this type of
manufacturing, the production rate exceeds the consumption

or demand rate; therefore, in order to avoid a constantly
6



increasing inventory, the prqduction of the product must
be suspended for some period of time so that cumulative
demand can "catch up" to cumulative production, e.g. if
a product is demanded.at a rate of ten (1F) units per
time period and the product can be produced at the rate
of twenty (20) units per time period, then the production
of this product can be in operation at most, one half
(.5) of the time to avoid inventory build-up in the long
run., It is this intermittent nature of the manufacturing
process which gives it its name; the alternate name of
batch manufacturing is derived from the amount of product
or batch size that is produced during a period of produc-
tion.

The batch size that should be produced during a
period of manufacture is determined through analysis
of several costs and conditions, If the product is the
only one which is produced on a piece or series of equip-
ment, it is known as a dedicated machine problem and
one of two strategies may be adopted. One strategy
would be to hold no inventory and produce the product
as it is demanded; this strategy is used when customers
demand the product individually or in small lots and
are willing to wait the length of time it takes to manu-
facture the amount of goods that they have demanded plus

any additional amount of product that had been demanded



previous to their order and for which manufacturing is
not yet complete., This strategy breaks down when
customers are not willing to wait or if there is a
start-up cost associated with restarting the manufacturing
equipment after it has been turned off. 1In either of
the preceding situations the alternate strategy of
inventory maintenance may be preferred. Under an inven-
tory maintenance policy, some amount (the batch size) of
the product is made at once and stored; this inventory
is used to satisfy customer demand without delay for
manufacturing and spreads the start-up cost over more
than one item, thereby lowering the per unit manufacturing
cost and increasing profit., A reduction in profit occurs
however, when the cost of storing this inventory is
considered. It is intuitive that the best or optimum
batch size is the one that balances the increase in
profit due to better customer service and the lowering of
the per unit manufacturing costs and the decrease in
profit due to storage cost., This is known as the
economic manufacturing lot size problem,

Additional complications arise in batch manufactur-
ing when additional products are manufactured on the
same equipment. In this case, there may be a set-up
cost associated with the readying of the equipment for

the manufacture of one product after another has been
8



in prdduction; as in the previous case with a start-up
cost, it is desirable to spread the set-up cost over
several units of production. Also in this case, either
inventory or béckordering must be used to satisfy the
customer demand during the period during which other
products are being set up and manufactured on the equip-
ment. This class of problems is known as the single
machine, multi-product model.

Further refinements in lot sizing models can be
made when multi-period considerations are taken into
account, The frequencies of production runs for all pro-
ducts produced on the samé equipment must be the same or
integral multiples of the base cycle length. Flexibility
must be included in the scheduling of the various products
if the demand rate(s) of theproduct(s) in question is
seasonal and/or stochastic. Capacity must be taken into
account in determining the lot sizes and may have to be
varied in response to demand. Various strategies which
attempt to quantify and balance the costs of inventory,
setup, overtime production, changing workforce levels and
loss and/or deferred sales must be weighed under these
conditions., This class of problems are known as multi-
product, multi-period lot sizing/scheduling problems and
problems of aggregate planning.

The models that are used in the solution of the lot

sizing problems in intermittent manufacturing constituted

9



the background of the problem under study and are dig-
cussed in detail in Appendix I.

The wholesaler-retailer situation has inventory
problems similar to those of the batch manufacturing
situation, In this situation, a merchant must meet the
demand placed upon him/her by his/her customers. Again,
two strategies evolve; the merchant can order exactly
enough to fill the customers! demand if the customer is
willing to wait until the merchant can receive the order.,
If the customers are unwilling to wait for the receipt
of their order, or if the Placement of an order by the
merchant has an associated cost (in either time, dollars,
or both), the maintenance of an inventory is.justifiable.
The sales that result from being able to satisfy custom-
er's demand immediately add to profit as does the spread-
ing out of the cost of Placing an order over several
items (thereby lowering their unit cost). Of course, as
in the batch manufacturing situation the storage cost
incurred by ordering more than current needs reduces
profit and the contributions and deductions to profit
must be balanced., The class models useful in the
wholesaler-retailer situation are known as the economic

order quantity models (E0Q).
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CHAPTER 2., THE PROBLEM AND ITS ENVIRONMENT
2.1 Problem Descripfioﬁ
The problem under investigation is the determination
of the applicability of simulation to the study of the
economic effects of a minimum manufacturing batch size
decision rule in intermittent manufacturing facilities
which operate under the following conditions:

a. The manufacturing facility is producing a
number of products, the manufacture of
which requires that similar machining opera-
tions be performed on each product;

be Each product made requires completion of a
series of manufacturing operations, each
operation requiring some set-up time, the
time required being dependent upon the
processing sequence of the products through
each operation;

¢e The production facility is at, or is approach-
ing its capacity,

d. some of the products to be manufactured are
in the decline phase of the product 1life
cycle, are ordered infrequently, are produced
for a market which must be served, and have
undertain future sales, and

e. 1little historical data exists for use in

solution.,
11



Situations in which the above conditions are met
occur frequently in the industfial sector., Typical
industries that fit the above. conditions are those which
produce parts for consumer or industrial durables. These
industries will produce parts for the original sales of
the durables and may also furnish replacement parts; as
the product ages more variability in sales occurs (the
coefficient of variation increases) as sales volume
drops. If the original marketing strategy included the
assurance of replacement Parts, the manufacture of these
parts in small quantities must be undertaken which often
requires more planning effort in relation to the batch
size and profit potential., Examples of industries which
must deal with this type of problem are those which manu-
facture original and replacement parts for the transpor-
. tation field (auto, trucks, buses, trains, and airplanes),
consumer durables (washers, dryers, ranges) or industrial
and agricultural capital equipment (machine tools, pumps,
tractors).

New firms entering an established market or estab-
lished firms expanding their product lines into the types
of industries described above may also meet many of the
aforementioned conditions. As these firms try to gain
a market share they may introduce a number of products,
some of which may sell well while others would sell

poorly; the actual sales of the products being difficult
12



to estimate at the.time of introduction, and usually the
production facility is near its capacity at this time as
the least possible capital investment is made in order
to reduce risk as mﬁch as possible.

The problem studied is one which occurs when a
firm is producing a number of goods, some of which are
in the extremes of product life. The product life

cycle is shown in Figure 1.

Sales

Growth Maturity Decline

Figure 1. Typical Product Life Cycle,

The life cycle of the typical product has three
phases, growth, maturity and decline, The growth phase
deals with the penetration of the product into the
market--as the consumers become increasingly aware of
the product its sales may increase. The rate of growth
is difficult to predict and the point (in time) where
sales begin to lefel off and the magnitude of this
level are very difficult to Predict. During this

phase of the product's life the demand rate is changing

13



and difficult to predict and therefore most of the
inventory models which exist are of limited use in
formulation of an inventory policy during the growth
phase,

During product maturity, demand has stabilized and
becomes much easier to predict; this ability to predict
or anticipate demand enables the use of the currently
existing models in formulation of inventory policies.

The duration of this period of the product's 1life may

be quite long if the product achieves high consumer
preference or may never occur as in the case of products
that do not penetrate the market.

The decline phase of the product's 1life cycle is
again marked by the inability to predict demand and use
any of the existing inventory models which are designed
for use during the steady state conditions of the product
maturity phase. The thrust of this study will be directed
toward problems associated with manufacturing of products
in the decline stage of their life.

Although this type of problem is fairly widespread
in industry, it has not been addressed in the literature,
The existing models can be used as a basis in hypothesis
of possible solutions, however, the assumption of
demand predictability which serves as the basis for the

existing models is usually violated during the decline

14



phase of the product's life,

The classic economic manufacturing lot size model
can be used to gain insight info the problem by incor-
porating into it a cost of capacity or the opportunity
cost of using capacity in the setting up for a small
batch given that the facility is at capacity. The
formulation of this extension of the Wilson Model can
be expressed as:

min total cost = set-up costs + inventory
carrying costs

where the set-up cost would consist of two components:
a) the cost of set-up labor, materials incurred during
the physical setting up of the machine(s), and

b) an opportunity cost associated with the setup which,
having been made forced other products to be produced
in overtime. The first component is the set-up charge
normally incorporated into the classic model and the
second component is additive when overtime production
is being used. Mathematically this extension can be

expressed as:
min TC = [(s)(T) N (O)T]% + Q1 - D/M)CC o)

where
TC = Total cost
S = Set-up rate (§/hour)
O = Overtime rate ($/hour)

T = Set-up time (hours)
15



Demand (units/year)

Lot size (units)

M
CcC

Manufacturing rate (units/year)

Carr&ing cost ($/unit/year)

Differentiating with respect to the lot size,

. QLM+« OMD | ;- pu (2)

Q Q2
equating the derivative to zero and solving for the

optimum lot size,

AS)(T) + (O)(T)D
Q* = CC(T = D/H | (3)
(1D DIGXE)
= /5 lZEEQ;M' * o D;MS (4)

The first term of the right-hand side of equation 4

or

* 1s the expression for the optimum batch quantity under
normal condltlons and the second term is the addition
to the batch quantity that is Justified under conditions
when overtime must be used, For example, if

= 10 §/hour

2 hdurs

100 units/year
25,000 units/year
5 $#/hour

CC = 5_$/unit/year

©O B v B
1

]
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Then

10)(2) (100 + £5)(2)(100)

* = 100 100
Vo0 - 2% a -

= JGO1.6 + 208.8
= /81004 = 24,7

This means that a twenty-three (23) percent increase in

lot size is justified when working in an overtime situa-
tion,

Increasing all batch sizes as implied by the above
example would not necessarily be the preferred strategy,
however; an increase in all batch sizés would reduce
throughput in terms of the number of different products
manufactured per unit time and enormous (short term)
scheduling problems and shortage problems would occur,
The increase in batch size may also reduce set-up time
sufficiently so that the manufacturing facility will be
under capacity and the larger batch sizes would no longer
be economically justified as the condition which justi-
fied the increase in batch size would no longer exist.

In view of the above, the products which would yield the
most benefits from an increase in their lot sizes without
creating unduly large scheduling problems would be those
which have relatively small batch sizes., The products
meeting the criteria for small batch sizes are generally

those which exhibit a low yearly demand.
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One of the problems of the classical model is its
assumption of a consfant demand rate. This assumption
does not always hold in industrial situations especially
in the case of low demand items, the class of items which
may provide the improvement in inventory management
sought, The case in which items are ordered infrequently
is the one which most often violates this assumption.

Infrequent demand can Pose one of the major problems
in the study of inventory control in the industrial sector.
The low density of information in time may make it
difficult, if not impossiblelto build or fit stochastic
distributions to the demand pattern, that is to the
empirical data, with any degree of confidence. If the
industry uses a relatively short data retention period
(e.g. a year), there may not be enough data points
available for any type of curve fitting or distribution
fitting to the empirical data. This lack of data for
a reasonable length of time may preclude the use of any
mathematically sophisticated forecasting techniques and
seasonality determination, and require the analysis to be
made through direct use of the existing empirical data
without building any stochastic distributions.

The inability to accurately forecast demand pre-
cludes the use of the model which requires a knowledge of

future demand such as the Wagher-Whitin algorithm and

18



other dynamic programming formulations, as well as the

linear programming and network modelling formulations.
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2.2 Background of Case Study

The firm from which the data was drawn for this
study is one that produces original equipment and replace-
ment parts in the field of transportation. The family of
parts that was used for the study were those that have
most of their sales in the automobile replacement market,
that is, the automobiles requiring these parts are, in
general, the older automobiles, the function of these parts
being performed by a new style of parts (which are also
produced by the firm but will not be included in this
study) in the newer automobiles., These parts are used or
worn out during normal automobile operation and must be
replaced periodically. This particular firm does not
market all of its product under its own brand; a large
portion of its production is sold to distributors who
sell the parts under their own brand names.,

The particular product lines to be studied were those
for which a large portion of the line was in the decline
stage of the product life cycle., The selection of the
product lines to be studied was made by examination of the
age of the automobiles for which these products were being
made and sales volume., Operating personncl identified the
products in decline on the basis of their experience; the
firm did not retain more than one year's sales data and

product sales histories could not be obtained.
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The management of this firm has decided on a policy
of maintaining a high quality and service reputation in
the market; management believes that the provision of a
high quality, cbmplete line of products will maintain and
perhaps enhance the firm's reputation in the market and
lead to a larger market share. This policy means that
products will be manufactured for (almost) any automobile
in existence that is desired, which means that a large
number of parts, those for older and less numerous models
and makes of automobiles will be ordered and manufactured
in small batch quantities infrequently.

The adherence to this policy produced the desired
effect of increasing sales volume. This increase in sales
volume, however, created some operational difficulties as
the increase in the production required to meet this
demand began to approach the limit to the productive
capability of the manufacturing areas which produced this
type of product., The manufacturing of the product in
question requires forming operations involving heat and
pressure and a series of machining operations (such as
grinding, drilling, etc.) to insure both material proper-
ties and dimentional integrity. Each of the products that
is produced requires a similar series of operations, each
of these operations requiring some set-up time on each of

the machine tools used in its production. This set-up
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time for a particular part is dependent upon the part that
Preceded it upon the machine tool; grouping of parts by
similar dimensional characteristics for processing at

each machine tobl reduces total set-up times as a major
set-up cost may be incurred for example a different pro-
duct diameter is set up but adjustments or setups for
varying widths or lengths within diameter may be relatively
minor,

The acquisition of additional capital equipment was
considered and rejected for this manufacturing area, as
a substantial portion of the products made in this area
are in the latter stages of product life and sales for
these products is expected to decline. This decision was
reinforced by the preference of automobile manufacturers
to equip their new models with the new style product
- rather than the older style produced in this area; this
preference was interpreted to mean that capital investment
would be much less risky in the new style product.

The problem faced by this firm was to economically
produce this product in a manner that would minimigze
production costs and produce sufficient product to satisfy
all the demand without increasing capital investment., The
small batches of infrequently ordered items were Judged to
be the main source of problems which decreased operational

efficiency as the time and effort required in scheduling
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and setup are much higher for these "smail runners,"
than for the large batch size products.

This firm uses a weighted moving average as its
primary forecasting methodology. This method was select—
ed as it will react to trends in sales, and provides a
simple forecasting function which is'easy to calculate
and understand, and requires relatively small amounts of
datas The sales of the last six (6) months are welghted
and averaged, this average being used as the estimate of
the current value of the demand rate. The estimate is

calculatgd by the follgwing:

= 2 Z v - .
Dt = 32 wiDt—7+i/ izlui for £t =1, 2, 3, eee N (5)
where
Dt = the estimate of demand rate for period t
Dt-7+i = the observed demand for period t-7+i
Wi = the weight applied to the demand observed

in period i
This estimate of the demand rate Dt is used in the
determination of the batch sizes of the products manu-
factured and the inventory maintained via its incorpora-
tion in the firm's inventory policy.

The inventory policy used by the firm is a modified
(Sys) type of policy. The policy is modified from the
strict policy which determined S and S on an individual

product basis by the aggregation of products into classes
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based+upon their usage and variability in demand and
determining S and s for the product's usage class and
applying this S and s policy to each product in the class.
For example, a particular usage class may have an S and

s which corresponds to four (4) months estimated demand
and two (2) months estimated demand respectively. Thus,
for a product in this usage class having a monthly usage
of Dt’ S would equal L*Di and s would equal 2Dt‘ The
multiples of Dt to determine S and s are usage class
dependent.,

This inventory policy determination procedure has
some highly interesting assumptions. Consider the general
case of the Vilson Model. The optimum lot size is

a* = AD)(SU)/(cC)(T = o/my
where.

Q* = the optimum batch size

D = the demand rate

SU = the set-up cost

CC = the carrying cost

M manufacturing rate

substituting
aD = Q*
where a is the percentage of demand that is included in

the optimum lot size,

aD = /2D5:SUS7CCZ1 - D/I)
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solving for a

a = /{5)(5U)/cc(1 - /M) (%)

replacing D by its estimator Dt

ap = /Dt)(SU)/(cc)u - Dy/M) (%-t-)

or

@, = Jéﬁ/cc(l - Dt/M)(%;) : (6)

The above result shows that the proportion of demand
that should be included in the optimum lot size is
roughly inversely proportional to the square root of

the estimate of the demand rate., This relationship of
demand and order quantity indicates that as usage of an
item falls more of the estimated demand should be in-
~cluded in the lot size; examining this relationship as
demand decreases, or finding the limit of the right-hand

side of equation (6) as D, approaches zero:

Lim  A(SU)/CC(L - D/ (L) = w
Df+0 t
therefore

13 =

ngo at ==
Or, as demand decreases all of the demand which would
occur over an infinite time horizon should be made
during the one setup for the product, regardless of
set-up and carrying charges,
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Under the firm's current estimating/inventory
practices, the low demand item class has a (0,0) policy,
that is only the amount of product manufactured will be
the amount that has been demanded and backordered. This
implies that the expected amount of demand over an
infinite planning horizon is zero. This current practice
will, for items demanded infrequently (in this case
infrequently is on the order of two (2) orders placed
for the item per year), implicitly assumes that the
current order is the last order which will be received
for the particular good; for if no orders have been

received for an item in the last six (6) months, that is

D- = O for i = t-6, t-6,‘ t-’-‘-’ esey t-l

i
then
® W, p
T i Tte7+i
_ i=1 _
Dy = = " =9
i
i=1
and

S=0 Dy =g
This policy of manufacturing only for backorder will
also apply to infrequently ordered items regardless of
annual demand as long as the estimate of demand rate
(Dt) remains in the rage which has a (0,0) policy.
Under the previous business conditions when some

capacity was still available, the above policy was
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considered both reasonable and prudent as it produced.
the product demanded and did not build inventory for any
item which had uncertain future sales. However, under
the current operating conditions which is an over
capacity situation, the assumption of additional risk in
producing more than orders on hand may be justified on
the basis that this increase in inventory will increase
the production capability of the manufacturing facility
by reducing set-up time and increase customer service.
An increase in inventory is also more in keeping with
the concept that some reordering will occur for the low
demand or infrequently demanded.

In view of the previous results obtained by exten-
sion of the classic manufacturing lot sizing model for
situations in which production facilities are over
capacity, and the deductions resulting from considera-
tion of the implicit assumptions of a usage class (S,s)
policy, an investigation of the effect of increases in
batch sizes, at least for the smaller batch sizes seems
warranted., The discussion of the possible methods of
investigation will be deferred until after discussion of

the order entry/production-inventory system,

a7



2.3 Order Entry/Production-Invéntory System Description

The order/entry/production inventory system of the
firm used in the case study performs the seven basic
functions of éystems of this type:

1. Receipt and recording of orders upon entry
into the systen,

2s Determination of the availability of products
ordered by customers,

3. Maintenance of a record of backlogged orders,

4. Updating of inventory records to reflect
the assignment product from finished goods
inventory or work-in-process to arriving
customer orders, raw material usage and
changes in status of work in process,

5« Determination of the products that must be
produced and the guantities of the goods to
be produced either for customer orders or
maintenance of inventory or both,

6. Maintenance of the component=-finished goods
relationships and methods of manufacture
(bill of materials and routing).

7. Maintain records of product in transit and
on order, and generate billing documents.

The firm's order entry/production-inventory
system executes the above functions within a central
manufacturing site-warehouse and regional warehouse
configuration: terminals are used for data entry,
editing, printing, and file inquiry at the remote
(warehousé)locations; this system configuration results
in no loss of generality as all files and all process-

ing is performed at the central site. The inventory
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files are maintained separately for each warehouse
and the central site, and all inventory replenishment
requests from the warehouses are processed in the
Same manner as the customer orders that are received at
the central site with minor changes in the billing and
accounting procedupes. There is no transshipment of
g00ds among the remote warehouses; all orders received
at a wérehoﬁse are filled from the warehouse inventory
previously received from the central site or from
additional products received from the central site,
Most order entry systems are similar to the one
described above. Most multi-warehousing operations
Operate in much the same manner as above with all data
processing done at a central site; some however allow
for transshipment which may be includéd as an extension
of this study with little difficulty, The multi-
manufacturing warehousing system can be studied using
the results of the analysis obtained for this system
by applying the results to each manufacturing facility
or make an abstraction by aggregating all manufacturing
into one facility. The results will be applicable to
a single_warehousing facility directly,
Order Receipt at Remote Locations (Warehouses)
The receipt of orders is the most important event
in any business, serving as the basis of profit and

satisfaction of which constitutes the justification for
29



an order entry/production-inventory system, Order
receipt is shown in Figure 2 at the remote sites.v

These orders may be received by either mail or phone.
The source document used for data entry into the

system is an order form generated by an order clerk
either during the phone conversation with the customer
Oor sales person or from the letter received from the
customer or salesperson. The data which describes the
order (customer, part numbers, quantities, etc,) is keyed
onto floppy disk at the remote site and transmitted via
phone line from the terminal to the central site for
brocessing,

At the central site, the order is recorded and the
inventory statis of the items ordered at the particular
warehouse ascertained to determine the availability of
the item at the warehouse. If at least some of the
desired item is available at shipping document is gen=
erated to be used in order picking and the inventory
status updated to indicate the allocation of product to
customer order (which has not yet been picked and
shipped). If the item is not available in sufficient
quantity, the required quantity, customer, part number,
etc., are recorded on the open or outstanding order
file. The inventory status of the item is checked at

the completion of processing of the order and if the
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reorder point is reached, an order for additional
product is piaced against fhe central site and processed
in the same manner as a customer order received at the
central site.

Order Receivpt at Central Site

Orders may be received at the central site ffom
customers or salespersons by phone or mail as in a
similar manner to the remote sites, and the processing
procedure for these orders shown in Figure 3, As at
the remote sites, the letter or phone conversation is
used by an order entry clerk to generate an order form.
The central site however, has the ability to process
rush and non-rush (normal) orders.

The order clerk will, with any assistance necessary
from his/her supervisor, determine whether the order
is rush or normal and process it accordingly; all rush
orders for the warehouses are entered via phone to the
central site rather than by terminal, If the order is
determined to be a rush order, the "in-stock-list"
which is a daily printout of the inventory that is
available at the central site, is used to determine the
inventory status of the product which constitutes the
rush order. If the product is not available in
inventory the order form is sent to data processing and
the order is processed as a regular order; this regular

process assures that the product will be shipped as soon
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as product becomes available, If product is available
for the rush order, the in-stock=-list is manually updéted
and a picking-shipping document (shipper) is hand typed
and burst, three parts of the form being sent to the
warehouse for picking and later return for record
keeping and one part seht to data processing for use as
a source document in file updating, _

In data processing (Figure 4), the white copy of
the shipping document for the rush order is received and
used to key the data describing the order., After keying,
this data is used to update the open order file, which
contains the records of outstanding (unshipped) orders.
A p:intout of the data is obtained and the printout and
white copy of the shipper returned to the order depart-

ment for error checking (Figure 5).

Processing of Regular Orders - Generation of Recommended
for Production List

After receipt of the order, generation of the order

form, determination of rush/non-rush character and in-
ventory status (if rush) of the order at the central site
is completed, the major processing of the order and

the generation of the fecommended for production list
must be undertaken. The comjleted order forms are re-<
ceived by data processing and used for the keying of the
data necessary for file maintenance. This procedure is
shown in Figure 6.

The file maintenance performed on the open order
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file is the addition of all orders received to those
orders previously received but not yet shipped., The
inventory file is accessed and the amount of goods
available for filling customer orders updated to
reflect the allocation of inventory to orders on a first-
come-first-served basié. The only exceptions to the
first-come-first-served rule are the rush orders; these
orders are processed prior to'the~regu1ar orders on any
given day so that the inventory records will reflect the
inventory allocations that have already been made
(manually) on the in-stock-list for the rush orders.

For each order, a shipper is generated each item
of an order entered as one line on the shipper. For each
item the total amount of the product ordered, the
amount of the order previously shipped (if any), the
amount to be shipped (if any), and the location in the
warehouse of any stock that is to be shipped is entered
on the item line, If any item on the order has a
positive amount to be shipped the generated shipper is
sent to the warehouse for use in order picking. If no
items on the order have a posifive shipping quantity
(complete backorder), the white and pink portions of
the four part shipper are discarded and the yellow
portion is sent to the order department for filing to
maintain a record of shipments and amount of order

outstanding (Figure 7).
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The blue copy of the shipper is, if the order requires
it, éent to the production scheduling department for an
estimate of shipping date; the estimate being written
on this blue copy of the shipper and sent to the
customer,

During the processing of the orders received during
the day, a listing of those items which have fallen
below their reorder points because of allocation of
inventory to customer, orders is generated, Inventory
records are updated to reflect this recommendation
of production which has not yet been scheduled., This
listing is called the recommended for production list
and is printed on a daily basis in addendum form and at
the beginning of a scheduling period on the first day of
a scheduling period., This list is used by the produc-~
tion scheduling department to generate production

schedules for the products required,
Generation of Production Schedule, Job Tickets and
Release of Job Tickets to Floor

Upon receipt of a complete recommended for produc-

tion list from data processing at the start of a schedul=-
ing period (Figure 8) the production scheduling depart-
ment will divide the recommended list into product
groups. For this'firm, there are four major product
lines; two of the lines are scheduled by one method and

the other two lines, which will be used in the study of
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the effedt of increasing batch sizes are scheduled in
a slightly different manner, . |

The two product lines are scheduled by sorting the
recommended list by dimensional and/or material character-
istics which, when grouped, increase operational efficien-
¢y in the first operation (which is common to all
products) due to the sequence dependance of set-up times
of the manufacturing operations. The other two product
lines, which will be the basic data in later analysis,
are scheduled by grouping by common characteristics
after a pre-processing (sorting) ‘step is completed,
This pre-processing step identifies those orders which
have small production requirements, usually these
orders are for products for which inventory is not
carried., The items with small production requirements
are checked for similarity to items which are currently
in inventory; if the ordered items are sufficiently
similar to one which is in stock, the recommended item
is made by reworking (salvaging) the item in inventory
in order to avoid much of the manufacturing that would
be required to produce the recommended item from raw
materials. Large batch or unsalvageable items are
placed on the items to be scheduled list.

The list of salvage items is used to gener %e

salvage and job tickets (Figure 9), These tickets
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are-sent to the warehouse (Figure 10) and used to pull
the goods which are to be reworkéd (salvaged) in the
warehouse, the job ticket and the goods being sent to
the productioﬁ floor (Figure 15) and the salvage ticket
being sent to data processing for use in file updating,
(Figure 11) to reflect the change in status from
finished goods to work in process.

The 1list of items to be scheduled is sent to data
processing (Figure 12) for use in file maintenance and
job ticket generation., The manufacturing in process
fileis updated to reflect the addition of the items
scheduled to the manufacturing in process. At this time,
raw materials are allocated to the items scheduled and
the inventory position of the raw materials is checked
and any requisite orders placed. Job tickets, inventory
control cards and material control cards are generated
at this time. The job ticket serves to identify the
job through the required Processing seguence., The
material control card is used to provide authorization
for drawing the raw materials to manufacture the item
and is used in scrap control. The inventory control
card is used at the completion of the manufacturing of
the item to acknowledge the receipt of items into
finished goods inventory. ‘hen the item is received
from manufacturing, a count of the item is taken and

recorded on the cards, the cards serving as input for
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the updating of the inventory file,

Upon receipt of the job tickets and inventory and
material control cards (Figure 13) the production
scheduling depértment sorts the tickets by product line,
For the product lines, the job tickets and control cards
are checked for errors and assembled, For the two lines
which will be used for the study, the original eguipment
(O/E) requirements are added to the schedule (Figure 1y).
The scheduling of the original equipment orders are
used in production scheduling; the orders for original
equipment are known in advance and additional O/E can
be scheduled to balance periods of low production,

Processing of Job on Manufacturing Floor

The assembled job ticket and control card packets
are delivered to the manufacturing floor (Figure 15),
The material which is required for the job is
requisitioned; the authorization for this reguisition is
the exchange of the material control card for the raw
materials., The material control card is then sent to
data processing (Figure 16) where it is used to update
the manufacturing in bprocess file to indicate that the
scheduled manufacturing of the particular item has
begun,

The raw material is formed into its rough shape,

At this point in the process the semi-finished goods
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are placed in a staging area and the-job tickets collected,
The job tickets are then manually sorted to determine the
sequence in which the jobs will enter the finishing area.
The high ball liét which is generated by production
scheduling via comparison of the manufacturing in process
and the backorder list (Figure 17) a list of items
falling behind schedule and the manufacturing in process
list, a list of all ongoing manufacturing, are used by
the foreperson along with his knowledge of similarity in
Job setups to determine the job processing sequence,
Additional considerations in the determination of the
Job processing sequence are efforts to schedule the
oldest jobs first and keep the downstream (later finish-
ing operation) machines busy; this is done to increase
shop efficiency and throughput.,

A queue of job builds in front of each type of
machine in the finishing area. A sequencing decision
process that is similar to the one described above for
entry into the finishing area is used in determining
which job is run’next on a particular machine,

At the end of each shift, the foreman collects all
time cards and sends them to data processing for labor
reporting and updating of the manufacturing in process
file (Figure 18),

At the completion of all manufacturing operations,
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the finished parts are sent to the warehouse

Receipt of Finished Goods at Warehouse and Shipping of
OQutstanding Orders

The warehpuse receives completed parts and inven-
tories them (see Figure 19). At this point in time, the
Job ticket has fulfilled its purpose and is discarded
and a count of the number of parts received is made and
this number is written onto the inventory control card
and sent to data processing.

Data processing receives the inventory control card
from the warehouse (Figure ) and keys in the physical
count data. This data is used to update the inventory
file and the manufacturing in process file; the former
reflecting the addition to inventory, and the latter, the
reduction in the manufacturing in process, The order
file is then checked to determine if any outstanding
orders can be filled; if so, a shipping document is
generated, one portion of which is sent to the order
department as notice that the order is being filled, and
the other three sections of the shipper are sent to the
warehouse,

In the warehouse (Figure 21), the goods required to
fill the order are picked and shipped and the yellow
copy of the shipper is sent to the order department
where it is screened for any credit adjustments or other
special processing (see Figure 22) and sent to data

processing.
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~Upon receipt of the notice of shipment from the
order department (see Figure 23) the data on theAship-
ment is keyed and the inventory and order files updated.
At this time an invoice is generated and shipped to the
customer, The yellow copy of the shipper is then sent

to the order department (see Figure 7) for filing.
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CHAPTER 3 - METHOD OF SOLUTION
3e1 Investigation and Selection of Solution Methodology

The investigation of this type of inventory prob-
lem began with a detailed study of the existing order
entry/production-inventory to gain a thorough under-
standing of the system and additional insight into the
problem., During this study, the system flowchart of
the order entry/production-inventory system presented in
the preceding chapter was constructed and the opinions
of operating and managerial personnel conéerning system
problems and possible solutions were solicited, All
personnel indicated that the small batches of product
which were going through manufacturing were the source
of much of the planning, scheduling, and control prob-
lems on the manufacturing floor,

Several strategies were suggested for improving the
operational efficiency of the manufacturing facility;
they were:

1. Abandon the small and/or infrequent demand
business, that is delete, the products in the
later stages of product life from the product.
line,

2 Attempt to get customers to purchase in larger
quantities by
a. Requiring all orders to be over a minimum

amount, or
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b. Revising the pricing structure to a fixed
(set-up) charge per order and a per piece
price,
5« Introduce a decision rule which would require
all manufacturing lot sizes to be above some
minimum amount
a. By delaying production of the product
until sufficient orders have been
received to justify the lot size, or

b. By producing larger batches of items as
they are first needed and storing the
excess and using it when additional orders
for the item are received,

4. Make no changes and absorb the costs which
result,

The first two alternatives affect the customer
directly and may present difficulties in implementation,
A reduction in the product line offered may reduce
sales as customers may prefer to deal with one supplier
who offers a complete line rather than.with several
suppliers., Customers may change suppliers if one of:
the suppliers enforces a minimum order size and the
other suppliers do not even when this change will
require the payment of higher prices as the supplier
with the minimum order size forces the customer to hold

the invento:y while the other suppliers do not. A
63 '



revision of the price structure may also encounter
customer resistance as it may also force the customer
to carry his own inventory.

The introduction of a minimum manufacturing lot
size decision rule, however, is internal to the firm,
that is;the customers will not be affected as directly._
The analysis of the effect of this decision rule can
be accomplished through the use of simulation. The
use Oof simulation will allow the model to reflect all
of the major interactions of the real system without
the necessity of making a large number of simplifying
assumptions in order to obtain mathematically neat and
rigorous results; rigorous mathematical results may
not be achievable using a model which incorporates éll
of the complexities in the system under study. Simula-
tion will allow for the use of a multi-criteria objective
function rather than the single criterion of performance
that most mathematical models allow. Through the use
of a multi-criteria objective function, the analyst
can perceive and evaluate the effect of this inventory
policy in more of a global fashion.

The objective of this simulation will be to
generate data from which an analysis of the transient
and long term effects of the introduction of a minimum

manufacturing batch size rule using data from a real
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world industrial firm, The effect of the rule will be
measured in terms of the changes that occur in inventory
level, customer service, and number of setups over time,
The procedure fhat will be used in this study will be to
build a simulation model of the order entry/production-
inventory system of the firm and simulate the behavidr
of the system under various levels of minimum batch size
(eege 0, 50, 100, ...) in order td determine if a minimum
batch size rule has economic value to the firm,

The simulation model which will be built will
incorporate as much of the real world complexities as
possible. The handling of rush orders will not be
incorporated into the model as the data which is neces-
sary for identification of rush orders in the order
stream does not exist, The data needed to determine
which finished goods could be salvaged was also not
accessible and this aspect of the syétem was also not
incorporated into the model. The model will produce
raw data about the system's behavior under the decision
rules and any load or workforce leveling that occurs

is external to the model,
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342 Overview of Simulation Model
Language

The simulation model used in the analysis of this
problem uses the basic structure of the Generalized
Algorithm for Simulation Programming (GASP). The
system modelled is the order entry/production-inventory
of the firm supplying the data to be analyzed, as des-
cribed above. GASP is a FORTRAN based simulation language
developed by Pritsker and Kiviat (15) to aid in the
programming description of the models of systems to be
simulated,

GASP is an event-oriented, discrete simulation
language consisting of a set of FORTRAN subroutines to
which the user adds in order to build a simulation model
of the system that he/she desires to study. It is
designed to provide seven functional capabilities
required in every simulation: |

1., Event control,

2. System state initialization,

3+ Program monitoring and event reporting,

4o Statistical computations and report generation,

>« Information storage and retrieval,

6. System performance data collection, and

7« Random variable generation.

The first four functional capabilities are control

oriented, when the simulation is engaged in the execution
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of one of these functions, it is not engaged in any
other. The last three are utility functions; they
provide some of the computational and/or data processing
functions necessary during the simulation experiment,
Event control is achieved through the use of a
timing mechanism which provides for the orderly (in
simulated time) processing of the events which occur
during a simulation experiment. An event is an
identifiable point in time when a particular activity
which occurs in the simulation begins or ends, e.g. the
point in time when a product is delivered to the ware=-
house from manufacturing is the end of the manufacturing
process~-this point in time is also the beginning of
the storage time for the product. The orderly process=-
ing of the simulated events is accomplished through the
establishment of a GASP file (discussed in detail below)
whose records consist of at least two fields; the first
field is the time at which the event occurs and the
second field is used to describe the typé of event which
occurs at the particular point in time., The file is
keyed on the fiprst field, arranged in ascending key
sequence and is accessed sequentially. By accessing
this file and brocessing the event which is coded in
its first record whenever an event is to be processed
(i.e. when the processing of the preceding event is

completed) and by placing additional entries in the
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file and preserving the sequence of event times, assures
the logical and orderly processing of events during the
simwlation.

The events which are controlled in the abové
manner are either simulated events or Program monitoring
events. The simulated events are those whose occurrence
is a representation of the events that may occur in the
modelled system, and program monitoring events are
those used to provide information on the logic being
exercised in the computer model, that is, on the opera-
tion of the model rather than the system being modelled
and are used in program debugging and testing., The
model-builder supplies the initial events and parameter
values for the simulation via data cards and/or data
filés. The processingof these events will, in general,
generate succeeding events; e.g. an event which signifies
the release of manufacturing orders to the floor may
generate the completion of manufacturing events for
each item scheduled and the next manufacturing order
release period. This process of generating succeeding
events during processing continues throughout the
simulation experiment.

Statistical computation and report generation are
accomplished via execution of user written or GASP
supplied subroutines. These routines produce tabular

and/or graphical reports on the data collected during
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the simulation experiment., The user may choose to
generate these reports on an intermediate and/or final
(end of simulation) basis, The data collected and output
constitutes the data set used in problem analysis.

The typical GASP simulation program is shown in
Figure 24. The programmer must supply a main program
and at least three types of subroutines, event control,
event description, and report generation subroutines;
additional types of subroutines may be required
depending upon the system modelled and the type of data
storage used. The GASP simulation language supplies
subroutines which provide fhe timing mechanism and
generation of a final summary report (which is
augmented by the user generated reports) and utility
subroutines which provide for information storage and
retrieval in the GASP files, provide for initialization
of requisite GASP parameters, error reporting, and
collection of statistics,

Logic

The basic logic of the simulation program models
the order entry/production-inventory system described
in Chapter two and is shown in Figure 25. Program
execution begins with the main program which is used
to initialize all of the non-GASP parameters, to call
subroutine OTPUT to generate an initial condition

summary report as an echo check on the parameters read
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Figure 24, A Typical GASP Program
From (15, pg. 19)
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in the initial values of the GASP parameters; this
subroutine sets up the storage array NSET so that éll
GASP files may be stored, and places the user-supplied
initial events in the GASP file events. Control is
returned to GASP after completion of the initialization
task, and subroutine PRNTQ is called to print out the
GASP files as an echo check. The GASP subroutine then
access the first event from the events file and checks
the time of event occurrence with the ending time for
the simulation. If the event time is greater than the
simulation ending time, the end of the simulation has
been reached and the final summary is printed using
subroutines OTPUT and SUMRY, If the event time is
less than the simulation ending time, one of the four
sets of subroutines which constitute the processing of
the four types of events that can occur during simula-
tion experiments using this model is called the four
events that can occur during this simulation are:
beginning of a day, end of a scheduling period, receipt
of components and receipt of finished goods, By calling
subroutine EVNTS which uses the second field of the
events file record (event code) to call the correct set
of subroutines,

If the event is the beginning of a new day,
subroutine BEGNDY is called to collect time integrated
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statistics on inventory levels and subroutine GETORD is
called to get (from file) the orders for the simulated
day and determine if the in-stock inventory level for
the ordered item is: sufficient to fill the order from
stock (subroutine FILL), insufficient to f£ill the order
but some of the item is available to be used to
partially fill the order (subroutine PARFIL) or zero,
indicating that the item must be backordered (subroutine
BKORDR). Subroutines FILL, PARFIL, and BKORDR collect
statistics on the number and size of orders that are
processed by each of the routines, Each of the three
routines check the amount of inventory (both finished
goods and manufacturing-in-process) against the product's
reorder point and determine if additional finished goods
are necessary; if not, control returns to subroutine
GETORD for processing of additional orders; if so,
subroutine RFPLST is called to determine if sufficient
components are available to assemble all or part of the
order and check the amount of components available
against their reorder points to determine if a manu-
facturing order for the component should be generated,
if a manufacturing order is necessary, the component is
placed on the recommended for production list which is
used in scheduling the plant at the end of each
scheduling period; if not, control returns to subroutine
GETORD,
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If the event is the end of scheduling period event,
the items on the reéommended for production list are
released onto the manufacturing floor and the receipt
of component eﬁents,which indicate the completion of
manufacturing of the item, are generated statistics on
the number and size of job tickets are collected at this
time and subroutines OTPUT and SUMRY are called to print
a summary of the activity which occurred during the
scheduling period.

If the event is indicative of the completion of the
manufacturing operations on a component, that is, the
receipt of the goods into component inventory, subroutine
RECCMP is called to collect statistics relating to the
receipt of this component into component inventory., If
this particular component is the last one for which a
receipt is necessary prior to beginning assembly of a
finished good, subroutine SCHASS is called to schedule
the completion of assembly event.

If the event is a completion of assembly event,
subroutine RECGDS is called to update finished goods
inventory, if necessary, and collect statistics on the
completion of service on orders,

Upon completion of the processing, file updating
and collection of statistics for the events, control
is transferred back to subroutine GASP which selects

~the next event and determines the relationship of the
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event time to the ending time of the simulation., If the
ending time has been reached or exceeded, subroutines
OTPUT and SUMRY are called to generate final'summary
reports for the simulation run, otherwise event process-

ing continues.
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Information Storage and Retrieval

The key to successful simulation is the ability to
access and modify information during the simulation
experiment. The GASP simulation language provides for
information storage and retrieval by maintaining files
of information within a large two-dimensional array in
memory. Each column is used to store one entry, that
is, one record of a file; the rows positions within the
column are used to store the fields of the record.

Using this scheme it is possible to access a record
through knowledge of the column in which it is located
and access to a particular field may be obtained through
knowledge of the row and column of the desired field,

The linking of the entries in the GASP files or
(the columns of the filing array) to facilitate the
Processing of the entries in a file is achieved through
the addition of two pointers to each record in the file.
These pointers are the columns in the filing array where
the preceding and succeeding file entries are stored,
The presence of these pointer fields allows the
processing of the entire file in a forward direction by
locating the first entry and tracing through the records
(columns) using the successor file entry (column) pointer
or in a backward direction by locating the last

file entry and tracing through the records
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using the predecessor file entry pointer. The array
columns containing the first and last entries of the
files must, of course, be stored separately and their
predecessor and successor fields are coded in a manner
which indicates that the record has no predecessor or
successor in the file,

A record's position in the file is determined by
the value of its key field and ranking procedure. The
ranking procedures for a file are either high values
first or low values first and any field may be designated
as the key field, Additions to a file are accomplished
by placing the record in an empty column of the filing
array and adjusting theApointer field of its predecessor
record to point to the column in the array occupied by
the additional record and the pointer field of its
succeeding record to point back to the column of the
newly added record. Additions and deletions to the files
were handled by the GASP routines FILEM,}RMOVE, and SET,
FILEM is used to add an entry to a file; RMOVE is used
to delete a particular file entry and subroutine SET is
used to update the pointers,

The location of a particular record is obtained by
calling the GASP subroutine FIND, This subroutine
searches the file sequentially.until a record which

meets the search criteria (e.g. a particular value for
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a particular field, the first negative value for a field
etc.) or the end of the file is foﬁnd, and returns the
column of the filing array of the desired recérd or a
zero to indicate no record in the file met the search
criteria. For this simulation it was often necessary to
locate records having two fields matching particular
value, a user written subroutine called FIND2 was written
to sequentially access a GASP file and returned the column
of the filing array of the first record that had fields
which had the specified values or a zero if no record
having fields matching the desired values was found.
This filing scheme works well for most simulations
in that access is rapid and the "housekeeping" routines
are supplied. For this simulation study, however, the
volume of data necessary for the inventory, bill of
materials, and where used files was large and could not
be accommodated in memory. The only solution to this
problem was to store most of this data on a peripheral
device and bring into core only the required record.
The requisite files could be set up and accessed by
either a FORTRAN direct access file which must be
filed sequentially and accessed by a key which
must be the record's relative position in the file,
or a COBOL direct access file where the filing key may
be any field of the record. The major files that were

required by the simulation were in the firm's data base,
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and were keyed on a five digit part number code,
Althbugh not every record on the files would be needed
during the simulation, the portion of the files relat-
ing to the product lines under study contained over
thirty thousand (30,000) records.

Use of a FORTRAN direct access file was eliminated
from consideration because it would required either very
large disk files with very low density if the part
number code was used as the key or a reasonably
sophisticated software package which would increase the
density of the file by using an algorithm to relate
part number-code to relative position in the file while
eliminating duplication (same relative location for
two different, part number codes),

The alternative, the use of the COBOL language file
utilities was accomplished in a relatively straight-
forward manner on the IBM equipment used for this study
(the ease with which this concept can be transfefred to
other manufacturer's equipment is unknown to the author
at this time)., The basic logic was to call a COBOL
subroutine from the FORTRAN simulation passing as
arguments to the COBOL routine codes indicating the file
that was to be accessed, the action to be taken with
the record (either a read or a write action was

rermitted), the value of the key (part number code) of
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the record in the file desired, whether a search for
additional records with the same key should be sought,

a return code indicates the status of the seek
(successful, uhsuccessful), and a string of fields used
to either return values found in the file to the FORTRAN
program (if the read action was speécified) or transfer
values to the COBOL subroutine to be written onto the

file (if the write action was specified).
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3¢5 Input Specifications for Simulation Model

Three types of input data are reguired for successful
execution of the order entry/production—inventory system
simulation proéram. External (disk) files of the order
history information, and the bill of materials, inverted
bill of materials and inventory files for the product
lines under study must be set up prior to execution for
use during the simulation experiments, The order
history file is a data file read sequentially while the
other three files are accessed randomly (via the COROL
subroutines) to obtain particular records during
execution., GASP files are required and are Built in
core and used during program execution,
Disk File Specifications

The order history_file contains all the orders that
will be processed during the simulation., The informa-
tion on this file is obtained from the order history
file of the firm's data base. A COBOL program was
written to pull from the data base order history file
the orders for the product line(s) to be studied during
the simulation experiment, and put them in the proper
format,

Each record of the order history file contains

eleven (11) fields which are shown in Table 1. 4All
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information contained on this file is obtained from the
data base except field four (4), the time that the order
was placed, The data base order file contains the month
during which the order was received and the simulation
requires a daily ordering frequency. Conversion of the
time of receipt from a monthly to a daily basis was made
by determining the working days in each month of the
study period and uniformly distributing the orders receiv-
ed in the month over the working days in the month, The
calculated time of order receipt was determined in terms
of cumulative working days for the study period and then
placed in field four of the file. The file is sorted in
ascending order on field four so that the file is process=~
ed in chronological order as it is processed sequentially,
The inventory file contains the inventory status
of all the finished goods and components., The file
specifications are shown in Table 2, Fields four, five,
nine, and eleven are the fields used to maintain control
of the inventory. Field four contained the amount of
the item currently in stock; field five is the amount of
the item currently available for use in filling orders;
this amount is the total amount of product in-stock and
in process less any adjustments for stock already
committed. For finished goods, field nine will

show the amount of the in-process inventory of the item
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that has already been assigned to fill outstanding
customer orders upon completion. For component parts,
field nine will again reflect the amount 6f the in-process
inventory of the item committed for use in filling out-
standing orders; additionally, field eleven will show the
amount of the in stock inventory which has been assigned
to an outstanding order which cannot yet be assembled

due to the unavailability of another component of the
finished good that was ordered. The file is stored
sequentially and is accessed randomly,

The bill of materials file contains the list of
components and the quantity of each which is required din
the manufacture of each finished good. A maximum of
six (6) components per finished good was adequate for all
parts in this sequentially ordered (by part number code)
direct access file., The file specifications are shown in
Table 3.

The inverted bill of materials file or the where
used file, is a listing by component of all the finished
goods that use the component and the quantities that the
manufacture of each finished good requires. This file is
used to determine additional requirement of components
for other finished goods when the component must be
manufactured for one of the finished goods using it. The

where used file specifications are shown in Table L,
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Field two is used to identify additional records if more
than six finished goods use a particular component; if so,
additional records are included in the file until all
finished goods using the component are included in the
file.

GASP File Specifications

The simulation model uses five GASP files during
execution. These files were the event file, the orders
held for completion of component manufacture file, the
orders held for finished goods assembly file, and the
recommended for production list, which is kept in two
different sequences which we will call two files.

The event file is used to store all of the events
that occur during the-simulation. There are four types
of events allowed: a beginning of day event, an end of
scheduling event, a receipt of component event, and a
receipt of finished goods event. The information con-
tained in each of the ten (10) fields of the record are
shown in Table 5; each field is contained in one word of
computer storage. The file is arrangéd in ascending
.sequence of event time (field one) and is accessed
sequentially.

The fields used in the orders held files and the
recommended for production file are shown in Table 6.

The orders held for components file contains one record
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for each component that is holding up the assembly of an
order; the file is sorted in ascending order of time at
which the order was received (field seven). The held for
assembly file contains one record for each outstanding
order and is sorted in ascending sequence of time of
order receipt. The recommended for production list
contains one record for each component that must be manu-
factured to meet each outstanding order, This file is
sorted on order number and resorted by component number
during processing.

Data Deck Specifications

The data read in by the simulation program during
execution and contains twenty-four different types of
data cards. The first fifteen data card types are used
for specification of initial values of the non=GASP
variables and the remaining data card types are used in
initialization of the GASP variables, The card formats are
shown in Table 7,

The first data card contains information pertaining
to the type of output desired. The first three fields
are used to determine if initial, intermediate, and/or
final summary reports are desired. The remaining fields
are used for specification of debugging and trouble
shooting options, allowing for tracing and output of

files at intermediate points in the program.
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The second data card contains the minimum release
size to be tested during the simulation experiment, the
assembly time, or the time preriod required to assemble or
complete finished goods from available, completed compon-
ents, the time period required to manufacture components
from raw materials, and the time period between genera-
tion of successive production schedules,

Information concerning the starting inventory values
is input via the next four cards., Data cards three and
four list the dollar value, number of sets, and volume of
the finished good and component inventories respectively.
Data cards five and six contain the above data for the
manufacturing-in-orocess and assembly-in-process fiies;
in addition, the percentage of the standard cost that the
average item in these inventories should be evaluated,
This percentage of standard cost reflects the cost of
materials for the component or finished good being manu-
factured or assembled and the amount of labor that has,
on the average been expended upon the item., These figures
were obtained from summations made during file initializa-
tion and use of data from cost accounting,

Data for the histograms to be printed is provided
via data cards seven, eight, and nine., The first two
of these histogram cards contain information about the
cells in the individual histograms; the first card

contains the lower bound of cell two in each (up to ten
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total) histogram and the second contains the widths of

the cells in each histogram. The third card contains the
symbols to be used in the actual plotting of the histo-
gram; the first symbol will represent (on the graph) the
proportion of times a value within a particular cell was
observed and the second symbol will be used to fill the
rest of the line on the graph and represent the proportion
of time cells other than the particular cell were observed.

Descriptive information about the product line under
study and the purposes of the particular simulation
experiment is contained on cards ten through fifteen,

Card eleven contains up to sixteen (16) alphanumeric
characters which describe the product‘line under study.
The purpose or a description of simulation experiment is
placed on the next five (5) data cards, up to eighty (80).
characters on each card,

The rest of the data deck consists of data required
by the GASP-II simulation program. There are up to eight
different types of data cards required., The first of the
GASP cards, card sixteen of the data deck contains
clerical data for the GASP output. This data includes
programmer name, project number, date of the run and the
number of simulation experiments to be run during this
program execution run. Data card seventeen also con-
tains information concerning the GASP files and tables
(arrays) stored in core, The fields of this card define:
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the number of parameter (for statistical distributions
sampled during execution) cards to be input, the number
of histograms that will be generated, the number of
variables for which statistics about their occurrence
will be collected, the number of variables for which time
integrated statistics will be kept, the maximum number 6f
"file" entries that can be accommodated in the filing
array, the maximum number of fields in any record in the
filing array, the number of filés that will be contained
in the filing array, the maximum number of cells in any
histogram, and a scale factor to avoid fixed point
truncation errors in values stored in the filing array
NSET. |

The third data card type required by GASP contains
the number of cells in each histogram, exclusive of the
two end cells; the lower bound of the second cell and the
cell width for the histograms being defined on cards
seven and eight,

Data cards nineteen and twenty (GASP data cards
four and five) contain data describing how the GASP
files are to be stored in the filing array NSET. Card
nineteen contains the number of the field upon which the
particular GASP file will be sorted and stored. Card
twenty is used to specify ascending or descending order

for the sort.
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_ GASP data cards of type six are optional; they
contain the parameter(s) of statistical distribution(s)
ﬁEﬁd’&ﬁ?ﬁ%&'tha simulation., The number of type six
cards that must be included is equal to the number of
parameter cards specified in field one of GASP data card
two (data card seventeen).

The GASP type seven data card contains ihformation
relating to starting barameters, stopping rules, and
reinitialization procedures between successive experi-
ggnts in the same run, Thé values placed on the card
specify stopping rule, whether or not to clear (rezero)
the statistical storage areas between experiments, whether
or not to print a summary report between runs, the GASP
data card type at which reading of data for the next
experiment is to begin, the time to which the simulation
clock should be set at the beginning of the experiment,
if the value of the random number seed is zero; the
time that the simulation should end, given that this
type of stopping rule was specified, and a seed for the
random number generator,

The GASP type eight data cards are used to set
initial values in the GASP files. Each file entry con-
sists of a two card set, the first card of the set con-
tains the number of the file into which the record is to
be placed and the first seven (7) attributes; the second

card contains the remaining eight (8) attributes. There
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are two required data sets. The first required set must
be the first set in the data deck and contain a minus

one (-1) for its file number; this will trip the initial-
ization of the filing array. The second required set
must be the last set supplied and it consists of a

zero (@) for its file number and acts as the sentenal

for the end of type 8 data cards for the experiment,
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3.4 Output Generated

The output of the simulation program is generatéd on
an initial, intermediate, and final (cumulative) basis
and is designed to provide information upon the number
of setups, inventory, and customer service levels that
would occur using the decision rule being tested in the
simulation, The initial output provides an echo check
on the parameters read into the simulation program.

The intermediate output provides a summary of the
activity which occurred during the scheduling period,
The number and time spent in set-up activities will be
determined from the number of different components (job
tickets) that are generated, The inventory levels at the
end of each scheduling period is output so that any
trend in these levels can be observed., These inventory
level statistics are kept for four classes of inventory:
finished goods inventory, component inventory, manufac-
turing (of components)-in-process and assembly (of
finished goods from components}-in-process. Thé
customer service level is determined by using the order
disposition information: the total number of items
ordered, the number of orders filled upon receipt, the
number of orders partially filled, and the number of
backorders.

The final summary report provides the cumulative
values of the above statistics over the simulation. The
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mean, standard deviation, minimum, and maximum values
and number of observations are outpﬁt for the job ticket,
inventory and customer service statistics, In addition
to these statistics, histograms showing the distribution
or order size, job ticket size and size of orders filled

upon receipt are provided.,
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3.5 Program Descriptions and Flowcharts
MAINPRG

The main program, MAINPRG, is used for initialization
of the non-GASP variables, call subroutine OTPUT to
generate an echo check of the values read in, and calls
the GASP subroutine which controls the simulation. Upon
return from GASP, the main program closes the files and
terminates execution., The logic of the main program is
flowcharted in Figure 26.
EVNIS

Subroutine EVNTS is used to pass program control to
the set of subroutines which process the}various events
which occur in the simulation. This subroutine provides
for any loading (overlaying) of the program phases that
is necessary for proper program execution; this routine's
logic is shown in Figure 27.
BEGNDY

This event subroutine is used to collect time inte-
grated statistics on the four types of inventory,
finished goods, component, manufacturin-in-process and
assembly=-in-process.and to control the processing of
orders for each day of the simulation via subroutine
GETORD, The logic of subroutine BEGNDY is shown in
Figure 28.
GETORD

This subroutine controls the processing of the
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Figure 26.

Logic of MAINPRG
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IF
NECESSARY

LOAD PHASE

Figure 27,

 WRITE MESSAGE
IF PRINT
OPTION IS
IN EFFECT

LOAD PHASE
IF
NECESSARY

"WRITE
;.cpmn PHASE MESSAGE IF
PRINT OPTION
NECESSARY IS IN EFFE
CALL LOAD PHASE
PRPSCH IF
NECESSARY
( reTURN ) CALL
RECGDS
e
RETURN

Logic of Subroutine EVNTS
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BEGNDY

4

PLACE NEXT CALL
TO THIS SUB-
ROUTINE IN EVNTS
FILE, COLLECT
INVENTORY
STATISTICS

y

CALL _\
GETORD

Figure 28. Logic of Subroutine BEGNDY
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PARFIT,

The logic of the subroutine which processes orders
which can be partially filled is shown in Figure 31.
After calculation of the size of the filled and back-
ordered portions of the order and the entry of the back-
ordered portion on the orders held for assembly file,
the subroutine determines if the finished good has been
recommended for prodﬁction during the current scheduling
period. If it has been recommended, the amount of the
goods needed to fill the backordered portion of the
order and the amount of the goods needed for inventory,
if any, are calculated and subroutine RFPLST called to
determine if component inventory is sufficient to make
the required goods and/or if the component(s) must be
recommended for production., If the good has not been
recommended and there is any of the good in process
for inventory, part or all of the inventory will be
allocated to fill the backordered portion and the need
for additional inventory determined. If an additional
quantity of the finished good is required or there is
none of the desired item in process, subroutine RFPLST
is called to allocate or recommend manufacture of suffi-
cient component fqr the finished good. Statistics on the
order are collected and the total inventory level counters
are updated immediately before return to the calling

subroutine,
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PRINT DEBUG ,
INFORMATION
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NECESSARY

Figure 29.

COLLECT
ORDER STATIS
TICS

1

Logic of Subroutine GETORD
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orders which occur during the simulation, The subroutine
is called once for each simulated day and process each
each order that is placed during the simulated day. The
routine accesses the inventory status of the finished
good ordered and on the basis of the in-stock and avail-
able quantities determines if the order can be filled,
partially filled, or backordered and calls the appro-
priate routines to process the order. This routine is
used to collect statistics on the sizes and disposition
of orders and updates the finished good's inventory
recérd to reflect the changes caused by the order,
FILL

Whenever an order can be filled from stock upon
receipt, subroutine FILL is called to reduce the in-
stock level and determine if the finished good that has
been ordered has been recommended for production during
the current scheduling period. If it has been recommended,
the amount of the order is added to the amount recom-
mended to be made., If it has not been recommended, the
reorder point is checked against the current inventory
level and if necessary the manufacture of the item is
ordered. In either case, the orders! statistics are
collected and the total inventory level is updated. The

logic for subroutine FILL is shown in Figure 30,
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Figure 31. Logic of Subroutine PARFIL

126



BKORDR

The logic of subroutine BKORDR processes the orders
for which none of the item ordered is in stock at the
time of order receipt. After the initialization of the
subroutine counters, the subroutine determined if the
item has already been placed upon the recommended for
production list of this scheduling period. If not, the
additional amount of component(s) needed to fill this
order is calculated and allocated to the production of
this item from component inventory or placed on the
recommended for production list, If the item has not
been recommended, the in-process inventories are
checked and if a quantity of this good is available, part
or all of this in process quantity is allocated to the
order; if the item is not in process or if additional
inventory is required due to the filling of the order,
RFPLST is called to allocate components or recommend
their production. In all cases statistics are collected
on the order and the inventory statistics are collected.
The logic is flowcharted in Figure 32,
RFPLST

Subroutine RFPLST is called whenever additional
finished goods must be manufactured. This subroutine
determines the amount of component(s) necessary for the
completion of the desired finished good and allocates
as much as feasible from the component inventory,
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Figure 32. Logic of Subroutine BKORDR

128



recommending for production for any additional amount of
component either for themanufacture of product or for
component inventory. The routine accesses the bill of
materials file to obtain a list of all components and
allocates and/or recommends production for the component
as needed, For each component, the status of the compon-
ent (not recommended, recommend with slack due to minimum
release size, recommended with no slack) is determined,
If the component has not been recommended for production
during the current scheduling period, any in-stock or
in-process inventory of the component necessary to fill
the order are allocated and any additional amount of
component needed for the order is recommended for
production, If the component haé already been recom-
mended during the scheduling period, the slack is
checked, Slack is the difference between current needs
and the recommended production quantity, which may exist
due to the minimum manufacturing lot size rule; e.g. if
the minimum batch size being tested is one hundred (100)
and the unrestricted recommended amount is fifty (50),

a slack of fifty (50) exists for use in filling addi-
tional component requirements that may be necessitated
by additional order receipt. If this slack exists, it
is allocated and, if required, additional component is

recommended, If no slack exists, the requirement of

the current component is added to the quantity
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Figure 33 Logic of Subroutine RFPLST
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recommended for production.

After éll components have been processed, a check
is made to determine if all of components needed were
in stock; if so, as much of the order is assembled as
possible., The flowchart of the logic for this subroutine
is shown in Figure 33,
SCHASS

Subroutine SCHASS (Figure 34) is called to schedule
the completion of assembly event for a finished good,
When this event is scheduled, the appropriate component
inventory records are updated to reflect the removal of
parts for the assembly. Total inventory counts for
component and manufacturing in process are also updated
by this routine,
RECCMP

This routine is used to process the receipt of
component into component inventory event., The routine
calculates the processing time and updates the work in
process and component inventory toials and the component
records, If the receipt of a component is for an out-
standing customer order, the amount of the component
holding up the assembly of the order is revised, If
this receipt supplies the remaining requirement of the
component for the order, a check is made to determine if
this component was the last one holding up assembly; if
so, the assembly of the order is scheduled., The logic
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SCHASS

EFFECT"

PRINT DEBUG
MESSAGE
OPTION IN

SCHEDULE
COMPLETION
OF ASSEMBLY
EVENT

|

'}
UPDATE
INVENTORY
RECORD

UPDATE
INVENTORY
COUNTERS

——
( RETURN J

Figure 34. Logic of Subroutine SCHASS
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of RECCMP is shown in Figure 35,
RECGDS

The processing of the receipt of finished goods into
finished goods inventory from assembly event is performed
by subroutine RECGDS. After calculation of the order
wait time (Figure 36) and access of the inwventory record,
the receipt is determined to be either for inventory
replenishment or to fill an outstanding customer order.
If the receipt is for a customer order, it is shipped
and the amount of the order outstanding is reduced., If
the receipt is for inventory, it is placed in inwventory,
The amount of the inventory in process reduced. The
individual product's finished goods inventory record is
updated and the total finished goods inventory and
assembly in process counters updated appropriately.
PRPSCH

This routine performs the scheduling activities that
occur at the end of a scheduling period (Figure 37).

The time of completion of the manufacturing operations

for each component on the recommended for production list
is determined and the receipt of component event scheduled.
The component inventory records are updated to reflect

the change from recommended to in-process status and

the total work-in-process inventory counter updated,

A summary of the scheduling period is printed via a call

to subroutine OTPUT.
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OTPUT

This routine prints initial, intermediate and final
summary reports when called for the observed variables
(Figure 38).

SUMRY

This routine prints the time integrated statistics
observed over the simulation and plots them in histogram
form. As part of the final summary, (Figure 39).

DAINV

This subroutine provides a useful utility setting of
values from the GASP arrays to be written onto or read
from the direct access inventory file (Figure 40).
FILACC

This COBOL subroutine provides the linkage to the
disk files. Desired records in the bill of materials,
inverted bill of materials or inventory files may be
accessed using this routine. The information exchange
from the calling simulation subprogram to this routine
is via a string of parameter fields, These fields may
be used to transfer information read from the files by
the routine or transfer information into the routine for
storage in a record of the file., The logic of this

routine is shown in Figure 41.
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Figure 39. Logic of Subroutine SUMRY
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CHAFPTER 4 DATA COLLECTED AND ITS ANALYSIS
L.l Overview '

The data analyzed in an effort to determine the
effect of the introduction of a minimum manufacturing
lot size decision rule was collected via simulation and
sampling. Simulation provided time-series data on the
number of jot tickets issued, and the inventory levels
that would occur under various levels of the decision
rule. Sampling was used to gather information about the
cost of setups for the products under study and the long
term customer service levels.

A series of simulation experiments was used to test
a range of values for the decision rule., The simulation
was run using values of 0, 50, 100, 150, 200, 250, 300,
350, 400, and 500 pieces for the minimum batch size.

Bach simulation experiment was run using the same starting
inventory conditions and order stream in order to isolate
the effect of the decision rule on the inventory costs.

Sampling was used to estimate the set-up costs that
would be eliminated by use of the minimum manufacturing
lot size decision rules and to gauge the long term effects

of the rules on customer service,
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k.2 Job Ticket (Set-up) Data

Job tickets are the authorization for the manufacture
of a particular component; each ticket issued authorizes
one component'é manufacture and therefore, the number of
tickets issued can be used in estimating the set-up
requirements under the various levels of the minimum
manufacturing lot size decision rule tested.

The number of job tickets issued under the various
levels of the decision rule is estimated via simulation
of the manufacturing facility. The facility is scheduled
on a weekly basis and the component requirements which |
result from order receipt during the week are aggregated
into a production schedule at the end of the week. The
number of job tickets issued at the end of each simulated
scheduling period is shown in Table 8 and graphed in
Figure L42.

The number of job tickets issued decreases as the
minimum manufacturing lot size increases. Thais is evi-
dent from inspection of Table 9 which tabulated the
difference in the number of job tickets issued for each
scheduling period under the higher levels of the decision
rule and the number of tickets issued under an unre=
stricted (zero) minimum lot size rule.

The analysis of the job ticket data will focus on

the analysis of the differences in the number of Jjob
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tickets observed. This type of analysis has been
suggested as an appropriate analysis methodology for
problems of this type, that is, problems in which one is
trying to determine the best policy from several suggested
policies., Sufficient data was not available to quantify
the seasonality in orders; however, discussions with
operating personnel confirmed the seasonality suggested
by the plots of the data., Seasonality and any other non-
random variations in the data are eliminated by studying
the differences between the data observed for each level
of the decision rule,

In the solution of this problem, the long term reduc-
tion in the job tickets issuance rate which would be ex-
pected under the various levels of the decision rule is
required. It is thus necessary to ﬁse the time series
data generated by the simulation model to determine the
rates. The first step taken was to graphically display
the data and from this visual display of data select an
appropriate model to fit to the data. This data is
graphed in Figures 43-45,

The form of the data suggests that an appropriate
model would be one which would be curvilinear and rising
quite rapidly approaching an asymtote. A modified ex-
ponential model of the form:

Y=a+brt
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where

Y = Jjob ticket difference
t = time period
ry, a, b = appropriate least squares fitting

constants
was fit to the individual job ticket data difference
curves using the BEMD non-linear regression program (99)
available at the Lehigh University Computing Center,
From the curves fit to the individual data, an appropriate
r for the family of curves was determined by using the
LEAPS linear regression program (100) available at Lehigh
to search for the best fit over the range of r indicated
by the non-linear results. The results of this search
are shown in Table 10. Using Table 10, r = .79 was
selected to be the name for this family of curves on the
basis of standard error of the estimate. The low B
values indicate that this model does not explain a large
portion of the variation observed in the data on a weekly
basis,

The job ticket difference data obtained from the
simulation reaches steady state conditions relatively
quickly; this can be observed from the plots of the data
and the low value of r. To further investigate these
steady state conditions a linear regression on the last
twenty-five data points for each level of the decision

rule were run, again using the LEAPS (100) program. The
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results of these runs are shown in Table 1l. This
analysis indicates that steady state has been reached in
twenty (20) simulated weeks as the standard deviation of
the data and the standard error of the estimate of the
first order regressions are not significantly different
and the slopes of the first order regressions are not
significantly different from zero.

The long term job ticket reductions under the
modified exponential (r = .79) and zero degree regression
models can be compared using a 250 day year. Table 12
contains this comparison data and shows that little
difference in the estimates of the yearly reductions in
Job tickets by the two methods,

The long term estimates of the reduction in job
tickets under the various levels of the decision rule
must be translated into the cost reductions which will
occur as a result of the rule usage. Since each Jjob
ticket is for a single component and each component under-
goes some setup, the reduction in set-up cost is calcu-
lated as the product of thenumber of setups (job ticket)
eliminated via the decision rule and the average cost of
a setup.,

The set-up cost reduction that can be expected due
to the elimination of one job ticket was estimated via

sampling. A sample of one-hundred (100) finished goods
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were selected by randomly entering a list of finished
goods ordered during the year and determining the compon-
ents required to assembly the finished goods by accessing
the bill of materials., The routing of each component was
used to determine the machines used (and setup) in the
manufacture of the component. For each machine, the
percentage of components whose manufacturing sequence
requires the machine was determined., A sample of the
finished goods items that are not inventoried was taken
to determine if the machine usages were different from
those of the entire group; a sample of thirty-five (35)
items was used and only a few machine usage rates wvere
different; the non-inventoried items were manufactured
on hand equipment rather than automatic equipment for
several operations,

The set-up times for each component on the machines
are sequence dependent; that is, the set-up time for a
component is dependent upon the component which preceded
it on the machine. The shop practice is to group the
items s0 that the amount of setup is minimized. The
set-up time is thus composed of two pérts, a base charge
which is incurred when a new group is set up and an
adjustment charge for each additional ticket processed on
the setup. In view of the current shop practice, a reduc-

tion of one job ticket will only eliminate the adjustment
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charges for the component on the machine(s); it will not
impact on the base charge. The data used to estimate the
average set-up time is summarized in Table 13. Applying
the cost of set~up labor to the projected long term
reduction in job.tickets (from Table 10, r = .79) the
annual set-up cost reduction under the various levels of

the decision rule are determined and are displayed in

Table 14,
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Usage Rate Time Saved

Set-up Time for non- Usage by one
Per inventoried Rate Ticket

Opera~ Base Ticket items Overall Reduction

tion (Min) (Min) (Percent) (Percent) (Min)

LO-A 20 5 100 100 5.00
L7-A 0 0 100 100 .00
111-A 15 5 92 92 4,60
146-4A 0 0 92 92 .00
88-4 10 3 92 92 2.76
735=A 10 3 92 92 2.76
158-4 90 10 74 71 7.40
158-B 90 10 62 57 6.20
158-~C 90 10 6 13 .60
158-D 90 10 2 1 20
72=A 0 5 L 8 «20
76-4 10 3 30 17 1.90
725-A 10 3 L 6 .12
649-A 10 3 9 5 27
102-4A 10 3 9 10 27
104-C 10 5 85 58 L.25
104~-B L5 5 23 17 1.15
79-4 40 6 28 20 1.68
79-B Lo 6 28 20 1,68
79-C 40 6 26 21 1.56
79-D 40 6 30 22 1,80
80-A 20 5 28 23 1.40
663-4A 10 3 2 3 .06
620-4A 10 o 2 L .00
733=A 10 3 2 3 .06
107-G 30 1.5 53 54 .80
143-A 20 0 34 21 .00
675-A 0 5 2 1 10
154-A 50 3 2 1 .06
154~-C 50 3 L 2 l2
154-9 50 > 9 2 .27
160-4A 20 10 26 26 2.60
160-B 20 10 26 26 2.60
737-A 0] 0 2 2 .00
648-A 10 3 2l 9 o63
L5-A 25 5 4L 1 20
730-A 10 5 N 1 «20
101-A 0 30 L 1 1.20
159-4 40 6 6 3 «36
719-4 0 0 4 3 200
Total 55,06

Table 13. Set-up Time Estimate Data
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Cost

Cost Savings
Reduction Savings if
Annual in Hrs. of at Setup
Minimum Reduction Setup Regular Performed
Manufacturing din Job Required Time Rate in Overtime
Lot Size Tickets (Hrs) ($) ($)
50 192 176 1032 1548
100 314 288 1690 2535
150 L52 415 2435 3653
200 546 501 2940 Ly10
250 610 560 3286 4929
300 674 618 3626 o439
350 L2 681 L3554 6531
400 789 724 4ay8 6372
500 860 789 4630 6945

Table 14. Annual Set-up Cost Savings
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4.5 Inventory Data

The inventory analysis is conducted for each item of
inventory, that is, for the finished goods, component,
manufacturing-in-process, and assembly-in-process inven-
tories. This is one to facilitate observation of the
effect that the introduction of a minimum manufa;turing
lot size decision rule would have upon each type of
inventory.

Since the additional components manufactured under
the decision rule are stored in component inventory, the
finished goods inventory level should be insensitive to
the level of the decision rule being tested. As can be
seen from the observed data (Table 15) and a plot
(Figure 46) of the data for the ten release sizes of the
rule under test, almost no variation was observed between
the finished good inventory levels.

As mentioned above, the additional components manu-
factured as a result of adherence to a minimum manufac-
turing lot size decision rule are stored in component
inventory. This practice will have two advantages over
complete processing of the components into finished
goods; flexibility will be increased as the stored
components can be assembled into a different finished
goods in response to orders and the total valuation of

inventory will be reduced, reducing investment and taxes.
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Under current practice, no component inventory is
kept; therefore, the effect of the decision rule upon
component inventory is easily observed. The observed
values of the éomponent inventory for the simulation are
shown in Table 16 and graphed in Figure 47. The varia-
tion in sales over time has an effect upon the component
inventory; to isolate the effect of the decision rule on
the inventory from the sales effect, the difference in
the component inventory level for the base (zero)
manufacturing lot size rule and the higher levels of the
decision rule were calculated., These differences are
shown in Table 17 and plotted in Figure 48. The form of
the graphs suggest that a curvilinear model which rises
and approaches an asymtote may yield the best fit.

A number of curvilinear models were fit to the data
and the modified exponential model yielded the best fit,
As in the analysis of the job ticket data, the analysis
was conducted in two steps; first the BMD non-linear
regression program (99) was used to determine the best
unrestricted fit for each of the difference curves for
the model; then the LEAPS linear regression program was
used to find the best r for the family of curves., The
range of r evaluated and the results for the various

values of r tested are shown in Table 18.
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COMPONENT INVENTORY (DOLLARS)
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Figure 47. Plot of Component Inventory Data
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An r value of .9475 was judged to yield the best fit
to the family of curves on the basis of the standard
errors of the estimate and R°. The low Durbin-Watson
statistics indicate the bresence of autocorrelation in
the residuals. The data, however, is from a cumulative
phenomenon and Feller (5) has observed this type of
autocorrelation in this work on the theory of cumulative
processes in ballot problems and random walk (coin-
flipping) experiments and shown that the autocorrelation
pattern of the residuals of the type observed in the
inventory data is not expected when measuring cumulative
phenomenonwhen the observations are independent, Feller's
work has shown that the autocorrelation of the residuals
is not an impediment to the use of tests of significance
which assume independent observations., In order to
further test if the autocorrelation of residuals can be
ignored, the derivative of the modified exponential model
is determined and its value and the Oobserved rate of
change in the data between successive points compared.
The residuals observed for this data are randomly dis-
tributed as shown by the Durbin-Watson statistics for
this test as shown in Table 19. Since the derivative of
the model used and the observed slopes have reasonably
randomly distributed residuals and the model is of the

type for which autocorrelation is not unexpected, it is
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Durbin-Watson

Min Release Size Statistic

50 2.875
100 2.563
150 2.676
200 2.239
250 2.120
300 2.048
350 1.806
400 2,403
500 2,011

Table 19, Durbin-Watson Statistics for
Residuals of Observed Slopes
of Derivative of Model Used
for Curve Fitting to the
Family of Component Inventory
Curves
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concluded that the autocorrelation observed is not an
impediment to the use of statistical tests of signifi-
cance which assume that the observations are independent.

The manufécturing-in-process inventory is used to
measure the level of activity in the manufacturing areas,
or the load placed upon the facility. The level of the
manufacturing-in-process inventory at the end of each
scheduling period are listed in Table 20 and plotted in
Figure 49. From these values, one observes that the
differences between the observed inventory level for the
various levels of the decision rule decreases or dampens
out over time. This observation becomes more apparent if
one observes the differences between the inventory at the
higher levels and the zero level tabulated in Table 21
and plotted in Figure 50. This reduction in the differ-
eénce in capacity requirements of the various levels of the
decision rule is also shown by the number of pieces
scheduled data shown in Tables 22 and 23 which are plotted
in Figures 51 and 52.

The observed values for the assembly-in-proﬁess
inventory are similar to those observed for the finished
goods inventory in that the value of the inventory is
insensitive to the various levels of the minimum manu-
facturing lot size decision rule. The observed values of
the value of the assembly-in-process inventory are shown
in Table 24 and plotted in Figure 53,
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Inventory Difference Data

Figure 50,
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Table 22 (Continued)

-300.00

41220.00
46962.00
28¢50.00

27374,.00"

96666, 00
?6690.00
102313.00
35842.00
1138A89.00
52085.00

350.00

41170.00
49296.00
29302.00
27364,00
9€534,09
2F£012,00
101255.00
37306.30
112936.00
52725.00

400.00

40920,00
46536, 00
23802.00
28274,.,00
974134, 00
27012.00
1060203.00
38194,00
113897.00
51375.00

500.00

61281,.00
47336,00
30202.00
29574,730
9£234.90
27196.00
99837,00
I7794,00
1156424,00
50527.00



I
» 0IX0DO*91

I
000« el

T T 1 T
0003t 0000t onn°g G00°9

Q3NTIHIS S3T31d 40 YIGHNN

T
00a~¢

0003

0000

000

1

7.850

G.090

TIME (WEEKS)

Plot of Number of Pieces Scheduled Data

EEiE;llIWE 55]-0

186



00°669
00*3072
00*¢o62e
00°*yize
00°hi67
00°95£¥
g0°£29-
00°0£9"h
00°3¢9
00°906%
00°gseL
o0°p2te
[ g -0 $%
(1] Rl ¥
00°2025
00°165-
00°68¢
00°9%19
00°95.¢
00°u¥992
00°*hT1gL
go*8ite
00°21&S
00°0ETH
0026492
60°3298
60°29%b
00°0022
D0°66LE
00*2029
00°9649
vo*aece
00°3.09
00°95489
00°00£Ly

00°00s

BleJ ©0USaIdIITQ PITNPAOYUIS Se29TJ JO Joqumy

00°66

00°9611
002601
06°240%
00°%w1L
00°T107
00°2.29
00°90ue
00*9¢¢

00°905%
00°££0¢e
00°*%h0e
00°29+%1
60°TIch
00°Sh3%
00 * %%

00°¢99-
00*HT19%
00°hgge
608342
00°%t3c
00°*%wiog
60°479%
00°451¢
60°*lbk

60°5204
Go*%0"9
80°¢s09
00°%eee
00° %94
00°9655
go0°eeags
00°9529
00°959%

000096

00°004%

66*699-
00°949¢t
go0°2eldl
00°2062¢2
00°%97

00°11¢g

00°g6e

00°90062
00°9¢1

g0*909t
00°LERT
80 HheT
g0ttt
so0*sigl
00°s69¢
00°9s£6~
00°00%7
00°%99i
oo0°gg@e
00°9.97
00°*h9e2
00°9421
00°299%
0o0°g027
00°626

0D G455
B0 °neEy
a0°csen
00°4%291
00°*4HeLe
08 *964%%
g0°*eLln
00°9083
00°908¢t
0o‘oLe2

00°0s8

60°*ES1~-
00°9601
60°8-
60°5ELY
60°918
00°T19
00°L.1
Go*61EY
00°806
00°9021
00°£EST
o0*geet
60°9¢2
go*ich
00°900¢
00°980 1~
0oceee
00°Q2EE
D0 *2647T
00°0h9T
080 °H597%
00*%E0T
00°621¢
00°£521
00°.l6f
00*52hn
00°66ES
00°£9.2¢
00°69T7
00*4ine
00°*96it
0p°s23t
00°94ahh
08°956¢
006*2119

bo‘gog

go°*ote
00*366
00°Ihh
00 *THhl
00°%0601
00°Hsg
0g°ehy
(I AP PAY
00°922
p0°*902
60°Sicy
0o*LTl
00°96841
00°59%
go‘ogge
00°98S~
06*eHe-
060°026%
00°*20F1
00*806
B0°HSLTY
[ I A4 P
002507
060°5512
00 °2h2
00°82SE
60 *6¥9&
00°1862
00°6947
oDp*oghe
oo*otee
00°3h6e
00°zg2t
00°9s1¢
00°6Us*%

g0°0ae

00°296~
00 *36%
00 *he
00 *E57TY
00°55%
00°*h0g
002~
00°6162
b0°*9.l2
00 *g6~
00°6.9
00°21s
00°9¢5
00 °the
00°0s0e
00°0es-
Jocget-
oo°ghoe
00 °c£4H9
00 *806
Jo°h0ST
Jo“BEDT
00 °26ET
00°299
00262
00 *£182
00 *29¢¢
000252
00°699
009467
go*03ve
60 °930¢
og*Lete
30°95¢87
00°522¢

00002

saw SIZIS 3SV3INIY aew

g00°21h
00°94n
00°*h2t
00°1s¢
00°5hE~
00°HsY
00°25-
00°s00¢
pot2le
00°9idl-
00°6ct
00212
00°0£9
00°2171
00°g8t?
60*982~
00°T11
00°E%E
00°229
00°g0¢g
00°hsL
00°655
00°345%
00°29%
00057~
00°9£87
00°2457
00°0297
00°696
00°6£2t
00°2691
00°91ht
go°z2¢3
060°9007%
00°sSL61

00°057

*¢2 sTaey
00°8¢ 0p°e2
oo°0eg 00°04
00°001 00°9.47
00°259 00°hhe
to‘e9 00°98~
00°21hH 00°8s
00°T6~ 00°909T~
00°'95% oo°set
00°2TY 00°56~
00°EES 00°10%
60°221 00°3Is
00°T6~ 00°973%
00252 00°7
00°9% - 00*e~
00*022 00°2ge
00°9¢t1- 00°20%~
00°£8- 00°21
00°40s go*hee
00°HT2 g0°*ss
g0°002 6098
00°209 oc°01e
go°o%t co*o0ct
00°£S9 60°H1%
00°289h 00°99¢f
00°05- 009y
00°989 0p*94s1
00°2%6 g0°L4¢
o0°0l8 0052t
00°69¢ 00°9¢T
00°6843 ] AR 1
00°262 00°99¢
0o°oeL 00°0%E
06°06% 00°903
p0°90g 00°sd
go°ged 00°8H2
go‘oov 00°0s

=

“AUMINONOD

* RAIIN »

. 187



00°*g£85-
00°325%
00°59.8
00°9¢s22-
60°98Hh
006992~
00°H09¢E
00°unll
60°6291
60*:501

60°00s

00°59¢
ge *%867
00°ssiet
jorotrei-
Go0*eox
00" 0h%-
00°*hog2
GO*unet
00°62h
00°269

gg*00%

00°519%
go°£201
00°298%
00°g9s8~
00°6¢e9-
G0°BHET~-
00°hitt
0g°8ntee
00°'6ls2
00‘che

opo*ost

(penutjuocp) ¢z aTqey

00°*gl6
00°9267%
00°240%~-
00002
0002~
00°*9121~
00°won1
00°9647
00°ss21
00°266

go°oog

00 °66¢
g0°821t
00°L2-
6o°3ET
00°hst-
0o*gch-
00°0
00°858
0p°Lge2
oo°8a2-

go*ose

00 °6%9
00°069°7
D0 °hie
00 *95f ~
00 *%9
00 °*22~
00°069
00°0341
00*ege-
00 *22¢~

g0 e002

saa S3IZIS 3ASVIZY wan

00°61¢t
go°oeot
gu*0st-
00°%0¢e~
00°2HT~
00°915~
go*2ht
g0*oge
60°29¢
00°*8.¢

00°057

00°L51-
00°ctYh
00°612~
00°924-
00°0¢7
00°9.1%~
poces’
00°9L8
00°297
60°862

00°007T

goeee
00°25-
00°*heY-
00°<Zte~-
00°%%
go*eit-
00°%9~
00°99f
00°H5%~
00°%el

sh
why
£Y
2h
T

6f
U1
€
9

H3IN

188



NUMBER OF PIFCES SCHEDULED

E

V7,000 2.000 26000 29.000X10

¥3.000

9,000
§

)

I.)‘UDG
i
=

"

==

2

1.000
I

-

=

N T T I T T ]

" £.o98 7.550 15.093 22.530 30.002 37,550 45.50
TIME (WEEKS)

Figure 52. Plot of Number of Pieces Scheduled

Difference Data

189



51°994¢
6L °60n8
sg°11L£Ll
81°220h
052092
90°uxs07¥
01°0Lty
he*SleYy
46°££221
49°%6629
20°080% %
£0°ILh0
T8°E%hsT
62°%92201
60°29901
96°$69¢1
81°29941
80°914¢e
62°4T9E17
£L°H4€5
99°1620°
9°220¢
99°g90
19°04¢0
9f°ni2et
hheguls
92°6649
26°19622
62°ugiode
29°249211
95°5£551
0£°9220¢
60°0
go°o0
00°s

00°00s

01°5298
£1°90£¢
T2°192€1
14°662%
LE°LEGE
22*09807
%6 °290%
h8°L216%
£5°9£027Y
B1°9£19
BE°0SIET
92°5556
£n* 60457
H9°62801
74°56901
hh°*9128 1
LEHRanT
95°0h 42
bh*1hesl
£2°05818
16°645£07
98 °9h62
gh°enin
16218
£V 26427
99°966%
00°6299
th*n2ede
32°Uis0e
0225411
SH°04951
0£°92202
Go*o
0o°o
oo°o

oeacde e

00° 60"

L6°42LR
he'onte
r2 S L 4
46° 121
14°1692
SS°T16D¥
LA AL |
r AN L
h1°£9927
19°6923
bh*bcetd
08°4%456
9n° L2437
85°61501
90°5440%
TH*216ET
28°£64h T
46°995¢2
bh'eest?
96°1¢£¢€5S
28°28101
9%°*5.0¢
sg°2con
gh° L2158
80214021
2s°'tela
16°49%3
15°906L2
§2°9££0¢
4800817
T2°uanst
10°0120¢e
600
080
go°o

go0°o0se

eleq AxojquaAul SS8204d~UI~-ATqUeSSY *hz o1qey

cg*tile
T9°6hnt
81 °8b61ET
0S°*T10E"
09°5292
08°*/58601
gc2eln
9T *hhbh
Gi°ti821
T15°€8¢£3
65°¢52rt
85°£256
9%°52457%
12°0250°1
££°9580¢
922: 0481
10°2290%
$2°985¢2
L6°219ct
a8°2025
9g°*21207
4% °990¢
65°960"
c0°h158
919102t
48°%5315
89°*niio
10°9£622
gge8ctoe
S8°000713
¥6°5245%
1001202
go°0
00°0
00°0

go°008

24°1148
£5°299¢8
LR R A3
geeiseh
99°g292
e%°6£60%
15°201Y
§9°£coY
22°20021
£6°02499
29°9¢9il
22°5146
cE 2igal
£4°54900%
99°694801
2.°266¢%7
he2*sliny
24°1992
"9°T19:T
9¢°1£25
20°69201
06°060%
99°E80h
50°99458
8gg682t
£1°0204
90°41¢€9
£1°20082
95 °206E0¢
8L HG211
46°592h57
h¢*5610¢
go*o
00°0
60°0

00*0s52

¢5°9248
4T *0398
61°102¢7
CLAFPAY |
85°6452
€6°20011
LT1°£90Yh
£6°2964
96°93.221
nd *Snn9
l6°2LuEl
05°15.6
92°85£47
91°TL0k6
4£°92607
NI LElnd
£2°ELLNT
hgen9e
hi*h598 %
£hl124
The15201
41°590¢
85°1604%
308198
gh'benet
0£*5£04
46°£929
86 °95182
££°B1I£6e
he*h9ltll
96°52451
ho'0ut102
Go*0
60°*0
000

oo0°0noe2

52°252%8
89°ntse
05°211¢1
TrtL9¢ch
6E°9092
sb°22011%
80°L£04%
£h*gibh
10°9¢s21
862299
LEBETNTY
21°6£66
9%°88EST
08 °%ee6
2268001
G2'2h1h1
16°%294%
d2°09Le
56 °E93ET
£0°2424
52*89107
1202808
Ch°I0TH
£1°2054
11°26%e21
0429249
69°£229
l2rtegule
£h'hegoe
HT 8411
52°L£9%S57
81°'91102
go*o
00°0
00°0

"els oaw

00°05%

ese S3ZIS ASVIIIV ses

£1°95L8
12°'rzaIg
50°930¢1
15°63EY
S£°bLae
6882111
£9°610%
08°L36%
1020221
L0°%299
23°00491
208246
89 *T1441
0£°5556
8569601
TLLL0T
08°02ihtT
420082
6260211
ge°0426
62°T2207%
0s*snhig
90 *2304
21°5028
££°6hheT
02°18245
80 °2019
s€°T20822
£1°92802
SL°0187¢
T0°Thasl
9¢€ *¢3002
so*o
00°0
00°0

oo°o0v

B0°helt
h9°2198
CERET TN
e Thtn
90°h092
0Z°0sity
9L *Hhon
02°t9%h
56°61421
2e 2499
hW2*aughl
6T° 0486
66°69f£31
95'6295
16°25607
22°9414h7
16°014h1
99°/082
16°S8LET
£2°0u2s
835101
£o°Celt
The0yty
ste04as8
26°§90271
el'092s
hi°£509
6n*6l022
S6°51802
DT°R0ETT
Sh°*TEn4T
1299602
oo°o
oo
00°0

bo‘os

1s°00l8
¢l °5298
TLHhe2EY
I °09¢H
L2°6092
£h 69117
EL R EDL)
h0°9964
h9°50227%
ee sl
52°6UENT
99°8586
2L *004ST
55°6996
J5°cu607Y
d1°50InT
ihthaeont
85°1hee
40 °E¥lLEd
w9 tlles
k40207
85°291¢
3t *660h
EL RS Y11
96°Linh2t
oh *w52s
08°6968
£6*9.282¢
Ji*riene
t3°21811
d2°9Lhel
89 °5n002
00 °0
jb*0
J0°0

“-MmMINONO O

o NI3H o

190



45°0015¢2
90°9924
£0°71207
) B 1139
20°s125
08°06£07%
19°45H01
ge*ree:
15°¥4989
6£°9662

p0°005

66°0£162
¢s°8L22
12°46687
15°64%69
12°8968
9g£°907T07%
82400401
0g°sess
20°6449
e9°*wlen

60" 00

b9° 11152
hE£°n29e
A M SE-TA
00°1803
042665
98°20437
26°91501
hEE£8 I8
59°1293
£9°1028

60°0s¢

9162182
1998242
9r°g2o6T
S1°94835
95°9609
05°98101
12°673501%
f£2°gaoe
he 0149
949°0318

porooe

(penutiuo)) 2 etqef

£9°945315¢2
191122
14°t2261
6Ss°hi0s
DT *£96Ss
R0°£8T0T
2o°68401
6s*0.L2¢
3£ 9599
n0°2928

00°0s2

00°943152
£9°5222
53°9526t
46°5099
08°hu19
32°5.2001
8220501
40°290¢
82°1243
Gh*5528

go*o0e

19°12182
ah° L8
hl1*96t01
£2°Th99
8h°E609
02°86107
22°E9n01
00°£618
%9°0529
2£°h62g

00°057

sws SIZIS 3SYINIY aen

’

6269162
£9°2L8¢
L59°51t61
02°8829
nl°5219
T0°S8210°1
9624401
ZL°188E
49°%349
Ehepagesg

oo°001

£3°51252
2G9°0262
04°54561
08°5563
0942523
20°15707
©%2*0I007
62 °630:x
hd°9sL8
peegLse

LA T L T3

00°05

bl *fe2se
L0292
09 'S6ERT
lo*2002
hl°9929
12°89107
£0°0Ingt
be*950¢
ET°9.29
In‘*9Lee

a0

s
by
£Y
2h
1%
oY
6f
9
2t
9¢

a XI3M o

191



26T

*¢ sanStg

Ble([ SS900aJ-UI-ATQWSSSY JO 30Td

(SY33M) 3MIL

0.000

4.000

ASSEMBLY IN PROCESS INVENTORY (DOLLARS)

3.000 12.000 16.000 20.000 24.000
1 1 I 1 1

28.000
L

32.000X10
i

)t A 000°0% £08* 32 g6g* 81 053 L 000°g

060’8t

e

3



L.,L Customer Service Data

The satisfaction of the customer by supplying quality
product without excessive delay is one of the primg con-
siderations when determining and/or evaluating an inven-
tory policy. The customer service level for the inven-
toried items and the non-inventoried items was determined
from the simulation and/or via random sampling.,

During the simulation of the order entry/production-
inventory system, order service information under the
current policy was obtained. Of the three thousand three
hundred and eighty-six (3386) orders that were processed
during the simulation, two thousand and fifty-five (2055)
or sixty and six tenths (60.6) percent were for items which
are normally inventoried; of these orders, ninety and
three tenths (90.3) percent were filled upon receipt,
seven and four tenths (7.4) percent were partially filled
and two and two tenths (2.2) pPercent were backordered,

All of the orders (1331) for non-inventoried items were
backordered,

The long term service levels for the inventoried
items under the various levels will not differ from the
current levels as the manufacturing orders for these items
exceed the minimum lot sizes under test and no component
inventory will be built for these items., The long term

Customer service, as measured by the number of orders for
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currently non-inventoried items that are assembled upon
receipt (thereby greatly reducing the time necessary to
complete the order) was estimated via random sampling.
The procedure ﬁsed for this sampling was to randomly
access a product in the order file and randomly determine
the initial component inventory that would be available
for use in filling the orders under the long term condi-
tions and estimating the number of orders for the product
that will be filled upon receipt. A sample of one
hundred and seventy-five (175) orders was taken and used
to estimate the customer service under the various levels
O0f the decision rule. The estimates are shown in Table
25, |

The time between implementation of the decision
rule and the realization of the long term customer
service levels was estimated via the simulation and
discussions with operating personnel., This time delay is
due to the shop practice of not manufacturing an item
until an order is received for it. This practice will
thus build up the component inventory over time and
customer service will increase as the component inventory
is built,

Customer service data was gathered via the simulation
model and is shown in Table 26.

Using the data in Table 26 and discussions with
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operating personnel, a time delay of three (3) to four (4)

years between implementation and achievement of customer

service levels was made.
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Minimum
Release
Size

0]

50
100
150
200
250
300
550
L0OO
500

Percentage of
Orders for

Non-inventoried
Items Assembled

Upon Receipt

Table 25.

25
38
42
57
61
62
68
71
72

Total Customer Service-
Percentage of Orders
Filled, Partially
Filled, and Assembled
Upon Receipt

59.3
69.2
The3
75.8
8l.7
8343
83.7
86.0
87.2
87.6

Estimated Customer Service for
the Levels of Decision Rule
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Customer

Customer Service
Service Over
Over Final 25 Estimated
Minimum 1st 20 Weeks of the Long Term
Manufacturing Simulated 45 Vleek Customer
Lot Size leeks Simulation Service
50 5.7 11.0 25
100 8.2 17.3 38
150 10,1 2L el L2
200 13.2 28.4 57
250 15.7 4.4 61
300 19,7 38.9 62
350 2l .0 42,1 68
400 2h.1 42,1 71
500 26.3 5247 72

Table 26, Customer Service Data
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L5 Validation

Validation of this simuwlation was made through
extensive program testing and discussions with operating
personnel. The simulation model was tested extensively
for both subprogram execution and subprogram interaction
validity. All trends shown in the time series data
generated during the simulation experiments were dis-
cussed with operating personnel to determine the
"reasonableness'" of the data.

The lack of data hindered validation to some extent.
Only one year of order history data was available and
thus simulation experiments which used historical orders
as its powering mechanism could not be run for more than
one year. Longer runs using data drawn from statistical
distributions of orders were infeasible in that the
products under study were ordered infreqpently and
distributions could not be hypothesized with a reason-
ably high degree of confidence and the number of distribu-

tions to be hypothesized was extremely large.
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4.6 Determination of the Best Policy

The optimum minimum lot size policy is the policy
which balances the increased in inventory carrying costs
and the increaée in benefits which accrue due to the
reduction in setups and increased customer service,
These costs and benefits are summarized in Table 27;
from this table management was able to determine the
best policy. The range of i values was included to -
demonstrate the sensitivity of the decision to the
value of i which includes interest, carrying and

obsolescence costs and may vary over time.
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- CHAPTER 5 CONCLUSIONS AND AREAS FOR FURTHER STUDY
5.1 Conclusions

The conclusions that can be drawn from this study
relate to the ﬁse Oof simulation as the methodology for
investigation of the effect of a minimum manufacturing
lot size decision rule and to the economic advantages
Of the use of the decision rule on products in the
declining stages of the product life cycle.

Simulation of the order entry/production inventory
system provided an appropriate investigation and evalua-
tion methodology. The appropriateness of this solution
is due to its allowance for the incorporation of complex
interactions among products and customer orders ovef time
and its ability to provide insight into both the long
term and transient effects attributable to the implemen-
tation of the decision rule. While not all interactions
were modelled, all of the major interactions could be
incorporated in the model and the accuracy obtained did
not suffer from the lack of a large amount of data that
most analytical models would require.r Simulation,
however, is not without its pitfalls. It was costly to
develop, validate, and run the simulation model and the
transferability of the numerical results on other than
a general basis is questionable.

The use of the decision rule proposed in industries

201



.which manufacture replacement and/or repair parts for
long=-lived products'(e.g. cars, trucks, tractors,
consumer durables) has considerable economic benefit as
the products approach the end of their lives. These
economic benefits are‘realized though from a reduction

in set-up costs and an increase in customer service which
outweighs the additional inventory carrying cost. The
use of this type of decision rule will increase the
productive capacity of the manufacturing facility and
may enable earlier retirement of production equipment

and a resultant freeing of capital and production floor
space. The use of the decision rule will also aid in
production scheduling by reducing the number of different

products that are in production on a per unit time basis.
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5.2 Areas for Further Study

Further study in the determination of inventory
policies for products in the declining phase of the
product life cycle should be directed to three areas:

1. Identification of the start of a product's

entry into the decline phase of its life.

2. Investigation into the effect of the division
of the decline phase of the product life into
classes with each class having a different
inventory policy.,

3« Development of an analytical model or

methodology for pfoducts in this phase
of their life,

The identification of the time that a product enters
the decline phase of its life is, of course, central to
the effective implementation of an inventory policy for
products in decline. The means of identification should
be simple, accurate and easily incorporated into existing
inventory control systems.

Once identified, an economic improvement may result
from the division of the products in decline into classes
which have different inventory policies (e.g. class 1
lot size = 500 piéces, class 2 lot size = 350 pieces,
etc.)s Research should be conducted to determine if the
setting up of classes for the products.will be econom-

ically beneficial, how many classes should be set up
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and what characteristic(s) should be used to differentiate
the products into the classes~demand, frequency of order,
set-up cost, etc,

The determination of an analytical solution for
probiems of this type which is applicable to individual
items and yields optimum or near optimum results under
real world conditions, if possible, would be the most
fruitful area for further research. This model should
be low in cost (in terms of dollar and data costs) and

easlly applied, and understood,
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APPENDIX I BACKGROUND OF INVENTORY CONTROL
COSTS AND MODELS

A.,l Overview

The following section is intended to give back-
ground in the various trade-offs that must be considered
in inventory control and in the development, and limi-
tations of the various inventory models. The discussion
of the applicability of these models to the specific

situation was discussed in chapter two.
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A.2 DBackground

There are three sets of cost which must be con-
sidered when one is trying to control his/her inventory
in an optimum fashion., One set of costs increases as
batch size increases while another decreases as batch .
size decreases. The set-up costs which are directly
related to batch size and the inventory carrying cost
which are inversely related to batch size must be
considered in every inventory model. As model
builders have attempted to more closely model the real
world situations, customer service costs have been
included in the decision parameters, and, in multi-period
seasonal or varying demand models the cost of changing
the size of the workforce is included,

Set-up costs, as the name implies, are the costs
associated with the readying of a machine (or series
of machines) for the manufacture of a product, i.e. all
required tooling, jigs, fixtures, controls, etc. must
be mounted on the equipment and éll clearances must be
set and several parts must be run on the equipment to
ascertain the conformity of the parts produced with the
part's specifications, making any adjustments to the
equipment to assure the quality of the parts produced,
This set of costs will be incurred each time the equip-

ment must be set up for the part's manufacture. The
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.COSt of setting up the equipment is usually apportioned
to each piece manufactured using the particular setup
by division of the total set-up cost by the number of
pieces that were produced by the setup. The set-up
cost, as measured on a per piece basis, will decrease
as the divisor (number of pieces in the lot) increases;
the set-up cost, as measured on a unit time basis, would
show the same decrease as the number of setups per unit
time for a given demand pattern will decrease,
Inventory carrying cost is the set of costs assoc-
lated with the maintenance of a stock of product to meet
anticipated demand. In batch, or intermittent manu-
facturing, inventory is used to supply the demand which
occurs during the interval of time between production
runs., Components of the inventory carrying cost are:
the rental or, in the case of an owned warehousing
system, the depreciation cost associated with the
maintenance of warehousing space for the product; the
interest cost associated with the value (in terms of
dollars) held in inventory that could be earning
interest if it were not tied up in inventory; the cost
of obsolescence, or the cost associated with the scrap-
ping or the sale at reduced prices (often below cost)
of the inventory of product for which the anticipated

demand is not met due to the discovery of a cheaper and/
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or more efficient substitute, government edict, etc,;
the cost of maintaining security for the inventory, or
the cost of pilferage and/or its prevention (watchpersons
and other anti-theft devices) and insurance and fire
protection systems; the cost of taxes on inventory; and
any special considerations that must be made for the
inventory, refrigeration, heating, shielding (radio-
activity), etc. This set of costs will be incurred
continuously during the time that inventory is maintained;
and, since these costs rise directly with the size of
the inventory, will rise as the amount of invéntory
maintained is increased, The amount of inventory that
must be maintained increases as the manufacturing lot
size increases, as the maximum amount of stock is
closely related to the lot size; and as this amount of
stock is increased it must be maintained for a relatively
longer period of time (assuming a stable demand rate).
The cost of maintaining customer service, which is
included as the models become more "realistic! is the
cost of maintaining sufficient inventory to cover
fluctuations in demand so that customer's demands can be
filled within a reasonably short period of time after
request, and may be of primary importance in a highly
service competitive market situation 'and is another cost

that must frequently be considered during the formula-
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tion of an inventory policy. Customer service is main-
tained by keeping an amount of goods in stock that is
higher than would be required under "normal" demand
conditions, so'that if customers' demands are higher
than anticipated between production runs, sufficient
stock will be available to fill their demand. This
extra stock is called a safety stock, and is necessitated
by the inability of manufacturing systems to react
instantaneously to demand fluctuations and variable lead
times (times associated with the manufacturing operations,
the sum of the operation times being the shortest time
in which the product can be supplied to the customer,
and times associated with the time between the piacément
of an order for materials, etc. and their receipt). A
relatively larger safety stock will reduce the costs
associated with stocking out, that is, the cost stemming
from the inability to satisfy a customer's demand
quickly enough to avoid incurring a loss of business
(cancellation of the order because of an excessive
waiting time) and/or a loss of goodwill (custoner
dissatisfaction which causes the customer to direct
future orders to other suppliers); but will increase
inventory carrying costs due tb the larger stock that

must be carried,
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The cost of hiring and firing workers is the cost
of adjusting the production rate upward or downward as
demand for product increases or decreases. The hiring
of workers incurs costs related to advertising, inter-
viewing, records gathering and initiation, and training.
These costs generally increase as the number of workers
hired per period increases; the rate of increase in cost
is dependent upon the labor force in the geographical
region and as more workers are hired, less and less
gualified individusls are hired increasing selection and
training costs. The firing of workers also incurs costs
in the form of higher unemployment tapes, reduced
community relations, reduced worker morale, and losses
in productivity prior to a layoff as workers attempt to
make or prolong the work that is available,

The models that have been developed have attempted
to balance these costs under various assumptions, The
progress in inventory models has been marked by the
reduction in the number of assumptions that are used in

the various models.,
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A.5 Inventory lModels

The models used in the analysis of inventory
analysis have become increasingly complex as their authors
have attempted to reduce the number of assumptions that
had t0 be incorporated into the model. The number of
assumptions, in general, reduces the degree to which the
model reflects the real system. These departures from
reality are made in an effort to reduce the amount of
computation involved or to facilitate understanding
of the basic cost trade-offs that must be made in order
to determine the correct inventory decision.,

The number of trade~offs and real-world complexities
that must be incorporated in a model depends upon the
particular system being studied and the accuracy with
which the model is to reflect the particular system. As
models increase in complexity and more closely reflect
reality they consider more of the possible costs, varia-
tions, and interactions that occur in the real systenm.
The following sections are intended to give background
in the major categories of inventory models which con-
stitute the theoretical background for this study.

Single Product - Deterministic Model

The classic manufacturing lot size model is a single

product constant demand model which was developed as an

aid in the determination of the "best" lot size to use
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in manufacturing. It makes several simplifying assump-
tions in order to gain ease ofAunderstanding and compu-
tat on and is known as the Wilson or Square Root Model.,
This model attempts to determine the "best" lot sizing
decision by balancing thé set-up and inventory carrying
costs associated with the manufacturing of a particular
product in batches., The model is robust but performs
best in situations where no multi-product interactions
(competition among products for production time on the
same machine or line) occur and demand occurs in a
deterministic fashion, i.e. a constant rate.

The Wilson model also assumes a constant and known
production rate, for the product (an infinite production
rate is the case of the wholesaler-retailer who receive
the entire lot at one instant rather than over time and
constant and known lead and set-up times, The model is
shown diagrammatically in Figure 54 In Figure 54, the
lot size is shown; this quantity of goods is produced
at a constant rate (M), and placed into inventory at a
rate (M - D), that is, the manufacturing rate (M) less
the demand rate (D), during the time of manufacture (7).
At the end of the manufacturing portion of the cycle,
there is a period of time during which the inventory
that was build during the time of manufacture is used
to fill orders, and the equipment is used to manufacture

other products; this period of time, the use only portion
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of the cycle, is shown as T2 in Figure %ie During the
period of use only, the inventory'steadily declines
until the reorder point (RP) is reached; the reorder
point is the quantity of inventory that would normally
be required to meet demand during the time required to
set up and secure the equipment and materials required
for the production of this product. A complete cycle
takes a period of time shown as T3 in Figure 54. As can
be seen from the figure, the inventory level when manu-
facturing begins is zero., The implication of this under
conditions of varying demand will be discussed later.

The manufacturing lot size which minimizes the cost
of setup and inventory carrying is determined using
calculus to find the minimum of the total cost curve for
this model., The total cost curve is defined by the

following equation:

TC = (D/Q)*(SU) + Q*(1L-D/M)*(CC) (?)
where

TC = Total cost per unit time

D = Demand rate (per unit time)

SU = Set-up cost (per run)

Q = Quantity in the manufacturing lot

M = Manufacturing rate (per unit-time)

CC = Carrying Cost (per unit of inventory
per unit time - based on the maximum
amount of inventory)
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Differentiating and solving for the optimum batch size Q*,

the result is

Q* = O*(S0)/((T-D/M) (cC)) (8)
The reorder pdint can be calculated as
RP = (LT)(D) (9)
where
RP = Reorder Point
LT = Lead Time
D = Demand rate (per unit time)

To illustrate the use of the Wilson Model the
following example is considered:

D

n

100,000 units/year

SU 10 dollars/setup
M = 500,000 units/year
CC = 3 dollars/unit/year
LT = 2 days
Using the Wilson Model, the optimum batch size, Q*, is
calculated:
Q*

/100,000%10/((1-.2)*3)
v416,666.67
= 645.5 or 646

The order quantity may be rounded off in cases where the
product is indivisible (e.g. an order for one half of
a tire would not make any sense) with a negligible

increase in cost over the '"best" but impractical policy.
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The total cost and cycle times may now be

calculated:
TC = (D/Q*)(SU) + (1-D/M)(Q*)(cCC)
= (100,000/646)(10) + (646)(1-.2)(3)
= 1547.99 + 1550,40
= 3098.39 dollars
and
T, = Q*/M = 646/2000 = ,323 days
T, = @*(1-D/M)/D = 517/400 = 1.293
T3 = Q*/D = 646/400 = 1,615

The sensitivity of total cost to the batch size is
relatively low. As shown in Table 28below, the batch
size can vary to a large degree from the "best" size

without a large increase in costs,

Single Product - Stochastic Models

Two of the major drawbacks of the Wilson Model are
its assumption of a constant, known demand which occurs
uniformily over time and its assumption of a constant
and known lead time. In many inventory situations, one
or both of the above assumptions may not be valid; in
these cases, a model which may improve inventory control
would incorporate consideration of the variability of
demand, lead time or both into its mathematical formu-
lation. By use of statistical distributions to describe

the demand and/or lead time variability, this type of
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mathematical model can be constructed with reasonable
ease (2, 3, 8, 10, 11, 13, 16, 17, 19, 21, LO),

In situations where the demand and/or lead time
varies stochaétically, the models used will resemble the
deterministic Wilson Model, appended by a safety stock
as shown 1in Figure 55. The safety stock (SS) is added to
absorb or cushion the system during the periods when
higher than average demand occurs., This safety stock
can be used during these periods to satisfy the higher -
than average customer demand--for if this stock of goods
were not available and a customer demand occurred, either
the sale would be lost if the customer would not wait,
or the sale would be backordered, that is filled from
production occurring in the next cycle, with a loss in
customer goodwill and additional records keeping costs.

The models used in analyses of this type can be
applied in two steps. First, the lot size will be
determined and second, from a knowledge of lead times,
the safety stock will be determined., Two strategies
for determination of lot sigze have evolved; one strategy
is to make Q* units of stock every time a manufacturing
order is issued, the other is to make sufficient addi-
tional units to bringstock level up to some level (called
S). The reasoning behind the two strategies is related

to thg uniformity of demand and the review policy. The
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can be calculated:

E(Ty)

Q*/M

E(T (@*)(1 - E(D)M)/E(D)

If one uses these expected times to plan the

5)

duration and end of each cycle, one half of the time
_demand will be less than expected and inventory will

be greater than expected and some demand will not be
satisfied on demand. This unsatisfied demand is either
lost, if the customers are not willing to wait for the
product, or backordered and filled from the next period's
production. Having unsatisfied demand will increase
costs due to lost profit if customers will not wait or
due to lost customer goodwill and additional records
keeping cost if backorders are allowed.

This possibility of lost sales or lost goodwill is
the basis for determination of the size of the safety
stock. A safety stock (SS) of goods above expected
demand must be held so that higher than average demand
can be accommodated, increasing customer service. The
cost of providing this cushion or safety stock must be
balanced by the increase in customer service which
occurs, that is, the cost of having dissatisfied
customers that is avoided.

The optimum amount of safety stock that should be

maintained is dependent upon the variability of demand,
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Policy formulation under an (S,s) type of decision
rﬁle is, as previously stated conducted in two steps--
iot sizing and safety stock determination. The order
up to quantity can be determined approximately by incor-
porating the consideration of the stochastic nature of
demand into the Wilson Model and minimizing the expected

total cost of setup and storage:

E(TC) = SU_[ Df(D)dD + Q1 - [ Df(D)dD cc (10)
Q M

where, f(D) is the probability density function
of demand,

all other symbols are as previously defined,

and E(*) is interpreted as meaning expected
value
But, Df(D) dD = E(D)
Substituting,
E(D)

E(D)
E(TC) = (CQ )(SU) + (1 - M )€€

Differentiating as before, we obtain

Q* = JE(D)(s0)/((1- ER)cc) (11)

which is the manufacturing lot size and the level to be
ordered up to above safety stock level, that is
S = Q* + 5SS, Using our expectation of demand, the

expected manufacturing and usage portions of the cycle
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review policy may be a continuous or periodic review,
WWhen inventory is under continuous review, the inventory
position (amount of stock on hand, in process, or on
backorder) is. compared to the reorder point after each
inventory withdrawal for the item, and a manufacturing
order issued for the item whenever the inventory posi-
tion falls below the reorder point. Under a periodic
review policy, the relationship of current inventory
status to reorder point is checked at the end of each
period of review and at these points in time manufactur-
ing orders for any (and all) items below their reorder
point are issued.

The existence of two lot sizing and two review
policies can be combined into four distinct models,
These models are the order up to a particular level,
continuous review policy or an (S,s) policy where S is
the maximum level to which inventory is built, and s is
the reorder point; the order up to, periodic review
model is also known as an (S,s) type policy; the order
quantity models are known as (Q,s) type models. It
can be shown that the (S,s) type policy is an optimal
policy, and this model used as an illustration; for
excellent development of the other policies. See
Buchan and Koensberg (2), Johnson and Montgomery (8),
Scarf et al (17), Taha (19) and Whitehouse and
Wechsler (21).
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the cost of a stockout or backorder, inventory carrying
cost, and the review strategy for inventory levels.
Under the (S,s) type of policy with backordering, the
optimum safety stock can be determined by minimizing
the expected cost of the safety stock per cycle, The
safety stock held is the amount of goods stored above
the usage which is expected to occur during the lead
time at the time of reorder or:

SS = RP - (LT(E(D)) (12)

Letting E(D) (D) the expected demand during
the lead time,

the cost per cycle is

Cycle Cost = S.U + (CC)(E%BT)(Q + RP = 1) +

=}

B s (D - RP)f(D)4D (13)
RP

where
B is the backordering cost,

Differentiating with respect to RP
d(cycle cost) _ 0
i op = CC oy * B (=F'(RP)) (14)

where
F'(RP) is the complementary cumulative

distribution of D evaluated at RP

Rearranging

F'(RP) = %%%%%57 (15)
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and for any lot size Q, the reorder point should be
chosen so that the probability that demand will exceed
RP, that is, that the probability of a stockout will be
(CC)Q/(SO)E(D). For a slightly better approximation
method and model for the lost sales case see Johnson
and Montgomery (8).

The following example will illustrate the above
result,

Let

D = stochastically distributed demand with
mean 400 units/day
SU = 10 §/setup
M = 2000 units/day
CcC = 3 $/unit/year
LT = 2 days
B = 4 $/backorder

using the Wilson Model,
Q* = 646

therefore

646
F' (RP) &}&&%—Oﬁ = .005

so that the best reorder point is the one which will
give a ,005 chance of stockout during the lead time.
If the lead time and demand both vary a distribu-
tion of demand during lead time may be built from
expirical data and this distribution used for F'(RP),

or the joint probability distribution calculated from
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the two underlying distributions of demand and leap
time may be used. The latter procedure may be the more

difficult and if data is available,the former is the

recommended procedure (21).

Single Product - Varying Demand Model

While the stochastic models discussed above have
relaxed some of the restrictive assumptions of the
Wilson Model, they are not applicable in many situatiors,
These situations are ones in which data is non-existent
so0 that the requisite stochastic distributions cannot
be determined with any degree of confidence and ones
in which the demand varies from one period to the next,
The former situation will be discussed later in conjunc=-
tion with the specific problem studied and the latter
will be addressed here, The varying demand may be a
seasonal pattern or be due to other factors but is
assumed to be known over the planning horizon.

The method used for finding the optimum production
plan for the product under the abcve conditions is the
Wagner-Whitin dynamic lot sizing algorithm (90)., This
model minimizes the set-up amd carrying costs as well
as the demand can vary from period to period. This
model is formulated as a forward recursive dynamic

programming problem for the tth period, t = 1, 2, 3,ee N
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Let

D, = Demand in period t

it = Interest charge per unit of inventory
- carried forward to period t + 1

SU,= Set-up cost in period t

=
Xt = Amount of product manufactured
I = Inventory entering a period

Io = Initial inventory

Therefore in period t1

t-1 t-1

I z
I=1I + . X: - . D.,> 0
o j=1 J j=1 J

If no backorders are allowed., The functional

equation for the mirnimum cost policy can be stated as

ft(I) = §i§0 (it_l)I + g(Xt)(SUt) + ft+l(I+Xt-Dt)
t—
I+X,2 D, (16)
where 0if X, = 0
1l if Xt 0
For period N,
BD) = min oz )T+ (k) (ST (17)
N -
I+XN = dN

and it is then possible to compute ft for
t = N, N-1, .e. 2, 1, and thereby obtain an optimal
226



solution.

Through development of several theorems about the
characteristics of an optimal solution, a reformulation
of the problem which makes it necessary to only consider
subdivisions of the problem and still obtain optimal
solutions is made:

Letting F(t) be the minimal cost program for

beriods 1 through t,

t-1 t
F(t) = min min | SU, + % ) i.d, + F(j_l)J
1<t L J  h=j k=h+l BK (18)
where F(1) = 5U; SU; + F(t-1)
and F(0) = 0

This minimum cost policy for the first t periods is a
set-up cost in period j plus the cost of filling demands
Dk’ k = j+t, ...t, via inventory carrying from period j,
plus the cost of the optimum policy for periods 1 to j-l.
With the formulation (12) above, for any period t only
t policies must be considered in order to determine the
optimum policy.,

The number of policies considered in any period t,
however, can be further reduced for _

"If at any period t*, the minimum in equation (18)

occurs for j = t** < t*, then in periods t>tx,

it is sufficient to consider only t**<j<t. 1In

particular, if t* = t**, then it is sufficient
to consider programs such that Xt*>0." (90)
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This is known as the Planning Horizon Theorem.
The Wagner-VWhitin algorithm is stated as follows:
"l, Consider the policies of setting up at period
L%, t** = 1, 2, 4eey t*, and filling demands
dt’ t = t**, t** + 1, ss ey t*’ by thiS OI‘deI‘.
2. Determine the total cost of these t* different
policies by adding the set-up and holding
costs associated with placing an order at
period t**, and the cost of acting optimally
for periods 1 through t** - 1 considered by
themselves, The latter cost has been
determined previously in the computations for
peI‘iOdS t = 1’ 2’ scey t* - 10
3¢ From these t* alternatives, select the minimum
cost policy for periods 1 through t* considered
independently,
e Proceed to period t* + 1 (or stop if t* = N), "
(90)
Wagner and Whitin have suggested the following
tabular form (Table 29) for use in the solution of
problems using their algqrithm:' In Table 29, the columns
represent the time periods t, t = 1, .,. N over which
the algorithm is to be applied, and the period numbers
constitute the first row of the table. The second and
third rows are the ordering cost and demands for the
N periods. The next set of rows are used for the
storage of the costs of the possible policies that may
be followed in period t. The notation used to show the
various policies is the periods enclosed in parentheses
and are the periods whose demands are considered to be

filled by a setup in the earliest period in the
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parentheses and the periods that are underscored are the
periods whose demand is satisfied by a setup in the
earliest underscored period, e.g. (1,2)34 is inter-
preted as the cost of satisfying the demand in periods
one and two from the optimum manufacturing and inventory
strategy calculated for period two plus the cost of
satisfying the demand of periods three and four from a
setup in period three and inventory carryover to satisfy
the demand that occurs in period 4. There are t possible
policies in any period t, however, through use of the
planning horizon theorem, the number of policies which
must be considered can usually be substantially reduced.

To illustrate the use of this algorithm the |
original example of Wagner and Whitin is reproduced,
Table 20 contains the data used in this example, and
Table 30 contains the results of the cost calculations of
the various policies considered in each period,

'To illustrate the calculations that produce the
results in Table 31, the number of policies that must be
considered in period one is one--that of setting up and
producing sufficient product to fiil the demand in
period one. In period two, two policies (1}2 and 12
must be considered: the former policy has a cost of
85 + 102 or the cost of setup in each period for that

period's production, and the latter has a cost of setup
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'\ﬂqfth ) D, SU, i,

1 69 85 1
2 29 102 1
3 36 102 1
A 61 101 1
2 61 98 1
6 26 114 1
7 o 105 1
8 67 86 1
9 45 119 1
10 67 110 1
11 79 98 1
12 56 11y 1
Average 52.5 102.8 1

Table 30+ Data for Wagner-Whitin Example
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in period one (85) plus a cost for carrying sufficient
inventory into period two (29 x 1) to satisfy the demand
in period two or a total cost of (85 + 29 = 114), All
calculations are performed in a similar manner,

Some policies can be eliminated from consideration
as an optimal policy. In our example, policies which
would carry inventory into period fdur from either period
one or two are non-optimal as the carrying costs for these
policies would exceed the set-up cost in period four;
i.e, a 1234 policy would have a cost of satisfying the
demand in period four by carrying inventory of 61 units x
3 periods x 1 unit cost/period = 183 while a setup only
costs 10l. Extending this result, in any period t,

t 2 4, policies calling for production in periods one or
two to meet Dt can be eliminated from consideration (in
terms of our table, the southwest diagonal can be truncated,
bhereby reducing the number of calculations that must be
made).

For the set of data considered, the optimum policy
calculated by working backwards through the table, is to
set up in period eleven for Dll and Dla’ period ten for
DlO’ period eight for D8’ and D9, period five for D5, D6’
and D7, period three for D3 and D4 and in period one
for Dl and Da. The total costs incurred with the
policy is 864. This model has been extended by
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Kaiman (55) and Karlin (56) for the case of stochastic
demand and its computational efficiency under certain
conditions improved by Silver and Meal (8l) and Gleason

(39).
Multi-Product - Single Period Models

The major drawback to the single product models
is their failure to consider multiple products interac-
tions. The interactions which may occur are of two types:
the products compete for the limited productive capacity
of the manufacturing facility or the products may be
sequence dependent, that is the cost of setup may depend
upon the ordering or sequence of the production of the
products which are manufactured.

The multi-product single period models ére rela=-
tiveiy easy to analyze. The basic notion in these
models is to determine if the particular set of products
for which manufacture is desired can be accomplished
during the period in question., This feasibility is
determined by if the sum of the required setup and
manufacturing time is less than or equal to the produc-
tion time available. Mathematically, this feasibility

constraint for a single machine may be expressed as

N S; + g % <cC (19
1 i=1 Mi

T

i

where ] ]
Si = Set-up time for product i
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Quantity of product i to be produced
Manufacturing rate of product 1

Number of products to be made

oz’_,_zpp
t

Productivity capacity of machine (time)

For a multiple machine problem the feasibility

constraint can be expressed as:

N NoQ
T 8. .+ % < C;, for j =1, 2, 35 eee K

j=1 03 g My 57
(20)

S. . = the set-up time for product i on machine j

Qi = the quantity of product i to be produced on
machine j

Mi .= Manufacturing rate for product i-on

2J  machine j
Cj = Productive time available on machine j
N = Number of products

A production schedule that violates either (19) or ( 20)
above constitutes an infeasible production schedule,
This infeasibility may be taken care of by either:
increasing productive capacity by obtaining more
machines or labor, or reducing the demand on productive
capacity by incurring lost sales (not produce some of
the desired items),

The trade-off of the cost of additional capacity’

versus the benefit (profit) associated with the extra
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production that can be accomplished must be evaluated
to determine the best course of action. A heuristic
procedure that may be used to do this is to rank the
products to be produced on the basis of profit per
unit of productive capacity required and to produce all
products that have a profit per unit higher than the
cost of providing the productive capacity that the
product requires, that is if A is the cost of one unit
productive capacity up to current capacity and B is

the cost of one unit productive capacity above current
capacity, arrange the products on a profit per unit of
capacity required and produce all of the product that
can be produced with the current capacity whose contri-
bution to profit equals or exceeds the value of A,

Plus any additional product that contributes per unit
of capacity provided more than the cost of providing
that production capability (B).

While violation of equation 20 in a multi-machine
situation is a sufficient condition for infeasibility,
feasibility in a multi-machine is not assured when
equation 20 holds. Infeasibility may result from the
sequence of operations that each product must undergo,
For example, if each of N products to be produced during
a particular production period undergoes more than one
operation and all of these products must go through

machine 1 before any other operation can be performed,
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and equation 14 holds for machine 1 an an equality, not
all products can be produced as no time remains in the
period for the succeeding operations on the last product
through machine 1., Such sequence constrained problems
will not be discussed here, for more detail see any
job shop sequencing discussion (3, 8, 10, 21).
Multi-Product - Multi-Period Models - Fixed Resources
The multi-product - multi-period models attempt to
reflect most of the complicated interactions that are
present in real world inventory problems. The objective
of these models is to determine product production
cycles which are within the capacity limit of the
manufacturing facility. Four basic strategies evolve
for determining these production cycles: evolve a
repeatable schedule which has each product produced
exactly once during the cycle and all products
produced have the same length production-usage cycle,
determine production cycles and use the strategies
backlogging, allowing shortages (lost sales)or
producing of products in periods earlier than needed
to adjust for capacity constraints; adjust the produc-
tive capacity of the facility for each planning period
via overtime, hiring, or firing to provide enough
production capacity to manufacture all the products
that are needed during the period, or to evolve a

policy which combines the second and third strategies.
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The necessity for adjustment of production-usage
cycles of the products to the same or the fundamental
cycle length can be illustrated by the following
example, Subpose that the following parameters apply
to the two products a particular facility manufactures

on the same equipment and the Wilson Model assumptions

hold,
Product A Product B
SU = 10 §/setup SU = 20 §/setup
= 100,000 units/year D = 10,000 units/year
M = 500,000 units/year M = 20,000 units/year
CC = = 8 $/unit/year

3 $/unit/year cC

Table 32, Data for LaGrange Example

Solving for Q* using the ¥ilson Model:

I

/(100,000) (10)/(T - .2)3 646

Q¥

J10,000)(20)/(T - .5)8 223

Q*5

The manufacturing, usage and cycle time are

Tl,A = 646/2000 = ,323

Ty p = (646)(1 - .2)/400 = 1,29 days
H

T2 B = 223(1 = .5)/L0 = 2.78 days
?

T},A = 1,612 days

T3,B = 5.56 days

238



and the interaction of these products as they compete for
the shared equipment can be observed by plotting the

time of manufacturing requirements as shown in Figure 56

‘below:
Product A | k \\ N \\‘ -
Product B SSSS§S§S§S§§SSSS§§§ ) 5 6
time

Manufacturing and Set-up Time

Y

I | = Usage time

Figure 56. Manufacturing Time Interference in
Unconstrained Two Froduct Case

As can be easily seen from Figure 5%, unless the cycle
times match and the total manufacturing and set-up times
for all products are less than or equal to the cycle time
the production schedules dictated by the Wilson Model
will be infeasible requiring the equipment to produce
two different products simultaneously or more than its
capacity.

A methodology which can be used to adjust the Q*
in these multi-product situations in the incorporation
of this equal cycle time constraint into the Wilson
Model to assure that no cycle length conflicts arise.

This formulation would be

: Dj D;
min(TC) = NSU; + 7 (1 - ﬁ;)cci (21)
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where,

N = Number of cycles/per year for all products

SUi= Set-up cost of product i

Di = Yearly demand for product i
Mi = Yearly manufacturing rate for product i
CCiz Carrying cost for product i

TC = Total cost

differentiating as before,

¥ D, (1-D. /M350
N =/.1_.;f ii (22

using the example data

and

- . A100,000)(1 - .2)(3) + (30,0000(1 = ,5)(8)
N=f 30

N = 96,6 setups/product/year

qr, = 1035
Q'*B = 104

The use of the above modification of the Wilson

Model, while it does aid in determination of feasible,

optimum solution under the assumptions upon which it is

based, it may not be a global optimum in a three or

more product case. In that a better plan in a situation

of a large number of products are produced may be one

in which certain products are best produced only every

other or every third cycle (or less). Doll and
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Whybark (31), and Ferreira and Hodgeson (37) have
extended this concept of finding a fundamental cycle
time and with the frequency which each product should be
bproduced for the single and multiple machine cases
respectively. The determination Of the optimum cycle
time has also been addressed by Krone (57) and
Szendrovits (85),

The special case of determination of the relative
frequencies with which items that can be Jjointly
replenished, that is products manufactured on the same
setup but packed in different sizes or under different
names, has been studied to determine a fundamental
production frequency for the product and the frequency
with which each different size or brand should be
produéed by Goyal (41, j2, 43), Nocturne (69), Shu (78),
and Silver (79, 80). The question of whether or not to
order an item when one with which it can be jointly
produced has been studied by Curry (22) and Churn(21)
who have studied "can order points'~~that is, that
inventory level, below which the item can be economically
restocked, given that another item which uses the same
setup must be made, even though the reorder point has
not been reached,

An alternative to the repeatable schedule approach

to solution of the multi—product, multi-period problem

2l



is to divide the planning horizon into periods and
determine a feasible schedule (one that does not
violate any capacity restrictions) for the production
of the desired products., The construction of the
feasible schedule is accomplished either by determining
the unconstrained optimal solution and makingAthis
feasible or to rank the products to be produced and
placing them on the schedule consistently with this
ranking,

An unconstrained optimal solution to the problem
can be obtained by using the Wilson Model to determine
the lot sizes and by considering starting inventory
levels, and the manufacturing and demand rates, determine
when the goods should be produced, that is, the period
in the planning horizon in which the goods will be
manufactured. The period production requirement could
also be determined by summing the period production
requirements that would be generated by applying the
Wagner-Whitin algorithm to each of the products (or at
least those for which the assumptions of the Wilson Model
do not hold). Either of the above procedures will
usually yield periods in the planning horizon in which
the productive capacity will be exceeded by the production
requirements, This infeasibility is removed by either
producing some goods before they are needed and/or
backordering some of the needed goods until later
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periods, The methods for removing them are usually
heuristic, ranking the products in the periods which
have production requirements exceeding productive
capacity in increasing order of holding cost and/or
storage costs. Products are then moved forward or
backward in the planning horizon until either a
feasible solution is obtained or the capacity of each
period is allocated and lost sales or other strategies
must be used to generate a feasible solution.

The above procedure can be quite time consumihg
and does not assure that an optimum production plan
will be found, Improvements over the above method can
be obtained by building the production schedule by
starting with a trivial (no production) solution and
adding production to the schedule in a manner that each
addition to the schedule will represent the largest
improvement in the schedule. Dynamic programming has
been suggested for this type of analysis by Jensen (51)
and Swoveland (84), however, these are highly complex
and require large amounts of computation effort. A
linear programming solution has been formulated by
Manne (62) who aggregated similar products into classes
to reduce the dimension and computation involved in
solution; this linear programming approach has been

improved by Kortenek, Sodard, and Soyster (58) who
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schedule in order of decreasing setup to demand ratios
and reduce thne dimension ana computation recuired,
Branch and bound and network formulations have been
suggested by Elmaghraby (36), Schwarz (75, 76),

Andres and Emans (23); and Dorsey, Hodgeson and Ratcliff
(32) and Zangwill (96, 97, 98).

Multi-Product -~ Multi-Period Models - Variable Resources

The multi-period, multi-product, variable resource
models are those that most accurately reflect the real
world; for the restriction of the fixed resources
assumption is relaxed, In many situations, the
productive capacity of the manufacturing facility can be
modified by working overtime or hiring or firing workers.,
In cases where the amount of work or production varies
over the planning horizon, it may be more economical
to hire more laborers or work overtime during the
periods when high productive capacity is required than
to produce some of the goods reguired during these
periods in an earlier period and carry them in inventory
until needed. The models that attempt to balance the
costs of changing productive capacity and inventory
carrying costs are known as aggregate planning models,

These aggregate planning models may be formulated
mathematically or heuristically. If the costs of

hiring, firing, etc. are assumed to be lineay a linear
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Programming approach may be taken, This apprroach has
been taken by Manne (63) and Kortanek, Sodard, and
Soyster (58). The solution of aggregate planning models
by this method requires a great deal of computational
effort and is not computationally feasible for large
numbers of products and periods in the planning horizon,
| Holt, Modigliani and Simon (49) and Holt (50),
make use of a linear approximation to portions of the
cost functions which they assume to be quadratic. The
form of this model is to minimize the period costs over

the planning horizon:

N
Chy= ZC (23)
N t=1 t
where
Ct = the costs for period t
and
Cp = (clwt) Payroll costs
+ Co (W =W, ) Plus changes in capacity
277t Tt-l costs
2 . .
+ C7(It'08'cost)2 plus inventory costs
subject to

It""1+Pt- St= It t=1’ 2, 3’ coee N
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where

Wt = VWorkforce in period t

Pt = Production rate in period t

04wt = Maximum regular time production rate in
period t :

It = Inventory in period t

St = Order rate during period t

C2 = Cost per unit change in capacity

C8"C9St = Optimum inventory (unconstrained)
period t

C7 = Cost of storing one unit of inventory

All other constants and term are for fitting of

curves.

The method for obtaining the aggregate planning
solution (work force decision) is to differentiate
equation 17 with respect to each decision variable.
For a more detailed explanation, see the original
article (49) or Buffa and Taubert (3).

O'Malley, Elmaghraby and Jeske (70) have suggested
a combination method for aggregate planning. Their
method is to use a summation of the lots determined
for individual products using the Wagner-\Whitin model
as production requirements in each period and then
smooth production via a linear programming model, This
approach offers a "double smoothing effect"; it, howevef,

still retains most of the computational difficulties

associated with the linear programming models.,

246



BIBLIOGRAFHY
Books

1. Bellman, Richard E,, and Stuart E,Dreyfus, Apolied

Dynamic Programming, Princeton University Press,

Princeton, New Jersey, 1962,

2. Buchan, Joseph, and Ernest Koenigsberg, Scientific

Inventory Management, Prentice-Hall, Inc., Englewood

Cliffs, N. J., 1963,

3. Buffa, Elwood S. and William H. Taubert, Production-
Inventory Systems Planning and Control, Richard D.
Irwin, Inc., Homewood, Illinois, 1972.

4o Dimitry, Donald L. and Thomas H. Mott, Jr.,
Introduction to Fortran IV Programmin s, Holt, Rine-
hart and Winston, New York, N. Y., 1966.

2. Feller, William, An Introduction to Probability
Theory and Tts Avplications, John Wiiley & Sons, Inc.,
New York, N, Y., 1957,

6. Freund, John E., Mathematical Statistics, Prentice-
Hall, Inc., Englewood CIiffs, N. Je, 1962,
7. Hicks, Charles R., Fundamental Concepts in the

Design of Fxperiments, Holt, Rinehard, and wWinston,

New York, N. Y., 1973, -

8. Johnson, Lynwood A. and Douglas C. Montgomery,
Operations Research in Production Planning,
Scheduling, and Inventory gontrol, John iiiley &
Sons, Inc., New York, N, Y., 1974.

9. McMillian, Claude, Jr., Mathematical Programmine:
An _Introduction to the Desizn and Apolication of
Optimal Decision liachines, John Wiley & Sons, Inc.,
New York, N, Y., 1970,

m

10, Mize, Joe H., Charles R. White, and George E. Brooks,
Operations FPlanning and control, Prentice-Hall, Inc.,
Englewood Cliffs, New Jersey, 1971,

11. Moore, Franklin G,, and Ronald Jablonski, Production
Control, McGraw-Hill Book Company, New York, N, Y.,

1959.

12, Moran, P, A. P., The Theory of Storage, John Wiley &
Sons, Inc., New York, N, Y., 1959,

eh?



13.

14.

15.

16.

17.

18.

19.

20,

2l.

22e

23,

2L,

Morse, Philip M., Zueues, Inventories, and _
Maintenance, John Yiley and Sons, Inc., New York,
I\]. Y.’ 19580

Naylor, Thomas H., The Design of Comvwuter Simulation
Experiments, Duke University *ress, Durham, N. C.,
1969.

Pritsker, A, Alan B., and Philip J. Kiviat,
Simulation with GASP TIT: A FORTRAMN Based Simulation
Language, Prentice-Hall, Inc., Lnglewood Cliffs,

N. J., 1969.

Riggs, James L., Economic Decision iModels for
Lngineers and Managers, McGraw-Hill Book Company,
New York, N, Y., 1958,

Scarf, Herbert E., Dorothy M. Gilford, and
Haynard W. Shelly, Hulti~Stage Inventorv Models
and Techniocues, Stanford University Press,
Stanford, California, 1963,

Shannon, Robert E., Systems Simulation: The Art and
Science, Prentice~Hall, Inc., Englewood Cliffs,
Ne Jey 1975,

Taha, Hamdy A., Overations Research: An Introduction,
MacMillan Publishing Company,  Inc., New York, N. Y.,

1976.

Schmidt, J. W., and R. E. Taylor, Simulation and
Analysis of Tndustrial Systems, Richard D. Irwin,
Inc., Homewood, Illinois, 1970,

Whitehouse, Gary E., and Ben L. Vechsler, Avpplied
Operations Research: A Survey, John liiley & Sons,
New York, N, Y., 1976,

Periodicals

Aigner, Dennis J., "A Note on Verification of
Computer Simulation Models," Management Science,
Vol, 18, No, 11, July 1972,

Andres, Fred, and Hamilton Emmons, "A Multi-Product
Inventory System with Interactive Set-up Costs,"
Management Science, Vol. 21, No. 9, May, 1975,

Blackburn, Joseph D, and Howard Kunreuther, "Planning
Horizons for the Dynamic Lot Size Model with

Backlogging,' Hanagement Science, Vol. 21, No. 3
November, 1974,
248



25.

6.

27

28.

29.

30.

31.

- 32,

33

She

35

Bomberger, Earl E,, "A Dynamic Approach to a Lot
Size Scheduling Problem,'" Management Science, Vol, 12,
No. 11, July, 1966,

Brown, George W., John Y. Lu, Robert J, Wolfsin,
"Dynamic Modelling of Inventories Subject to

Obsolescence," Management Science, Vol. 11, No. 1,

Sept o3 196’-[-0

Chern, Chung-Mei-Ho, "A Multi-Product Joing Orderihg
Model with Dependent Set-up Cost," Management Science,
Vol., 20, No. 7, March, 197L,

Curry, Guy L., Ronald W. Skeith, and Ronald. G, Harper,
"A Multiproduct Dependent Inventory Model," AIIE
Iransactions, Vol. 2y No. 3, September 1970.

Dickinson, Gary W. and Peter Mailandt, "Some Pitfalls
of Solving Inventory Problems by Simulation,"

Production and Inventory Management, Vol. 13, No. 2y
2nd Quarter 1972,

Diegel, Adolf, "Inventory Simulation and Small
Sample Theory," Production and Inventory Mana ement,
Vol, 13, No. 3, 3rd Quarter, 1972,

Doll, C. Lauren, D. Clay Whybark, "An Iterative
Procedure for the Single Machine Multi-Product Lot

Scheduling Problem,'" Management Science, Vol, 20,

No. 1, Sept. 1973,

Dorsey, Robert C.,, Thom J. Hodgeson, and

H, Donald Ratliff, "A Network Approach to a Multi=-
Facility, Multi-Product Production Scheduling
Problem without Backordering," Management Science,
Vol, 21, No. 7, March 1975.

Dzielinski, B, P., C. T. Baker, and A. S, Manne,
"Simulation Tests of Lot Size Programming,"
Management Science, Vol. 9, No. 2, January 1963,

Eisenhut, P. S., "A Dynamic Lot Sizing Algorithm with
Capacity Constraints," AIIE Transactions, AIIE, Inc.,
June 1975, Vol, 7, No. 2.

Elmaghraby, Salah E., "The Role of Modeling in I.E.

Design," Journal of Industrial Engineerin sy Vol. XIX,
No. 6, June, 1968,

249



36

37

38.

39,

40,

Li.

Le.

L3.

L.

45

46,

L7

Elmaghrady, Salah E,, "The Scheduling of Lots on a
Single Facility," AIIE Transactions, Vol., 2, No. 3,
September, 1970,

Ferreira, Arthur, and Thomas J, Hodgson, '"An N-
Product, Multi-Machine Lotsize Scheduling Model,"
AIIE Transactions, September 1973, Vol, 5, No. 3.

Fishman, George S. and Philip J. Kiviat, "The
Analysis of Simulation Generated Time Series,"

Management Science, Vol. 13, No., 7, March, 1967.

Gleason, John M., "A Computational Variation of the
Wagner-Whitin Algorithm: An Alternative to the E0Q,"
Production and Inventory Management, Vol., 12, No. 1,
lst Quarter, 1971.

Goyal, S. K., "Lot Size Scheduling on a Single
Machine for Stochastic Demand," Management Science,
Vol. 19, No, 11, July, 1973,

Goyal, S. K., "Determineation of Economic Packaging
Frequency for Items Jointly Replenished," Management
Science, Vol. 20, No., 2, October, 1973.

Goyal, Se Key "Determination of Optimum Packaging
Frequency of Items Jointly Replenished," Management
Science, Vol. 21, No. 4, Dec, 1974,

Goyal, S. K., "Note on 'Determination of Optimum
Packaging Frequency of Items Joingly Replenished',"
Management Science, Vol. 22, No. 3, Nov., 1975,

Graves, Stephen C., Leroy B, Schwarz, "Single Cycle
Continuous Review Policies for Arborescent Production/
Inventory Systems," Management Science, Vol., 23,

No. 5, January 1977.

Haessler, Robert W,, "A Note on 'Scheduling a Multi-
Product Single Machine System for an Infinite
Planning Period}" Management Science, Vol. 18, No. 4,
December, 1971,

Haessler, Robert W. and Steven L, Hogue, "A Note on
the Single Machine Multi-Product Lot Scheduling
Problem," Management Science, Vol, 22, No. 8,
April, 1976. '

Hartfiel De J. and G. L. Curry, "An Algorithm for
Optimal inventory Policies for Systems with Joint
Set-up Costs," Management Science, Vol., 20, No. 8,

April, 1974. 250



48. Hill, Thomas W., Jr., "A Simple Perturbed Demand
Inventory Model with Ordering Cost," Management
Science, Vol., 23, No., 1, Sept., 1976.

49. Holt, Charles, Franco Modigliani, and Herbert Simon,
"A Linear Decision Rule for Production and Employ-

ment Scheduling,' Management Science, Vol. 2y No. 4,
OCto, 19550 :

50, Holt, Charles C., "Decisions for Allocating Inventory
to Lots and Cost Functions for Making Aggregate
Inventory Decisions," Journal of Industrial
Engineering, Vol. IX, No, 1, Jan.-Feb., 1968.

51. Jensen, P. A. and H, A. Khan, "Scheduling in a
Multistage Production System with Set-up and
Inventory Costs," AIIE Transactions, Vol. 4, No. 2,
June, 1972,

52. Jesse, Richard R., Jr., "Production-Inventory
Decisions Under Order-Occurence Risk: The Deter-
ministic Order Quantity Case," Management Science,
Vol. 22, No. 6, February, 1976.

53+ Johnson, Ge. D., and H, E., Thompson, "Optimality of
Myopic Inventory Policies for Certain Dependent
Demand Processes,' Management Science, Vol. 21,
No. 11, July, 1975.

54« Kaimann, Richard A., "EOQ vs. Dynamic Programming--
Which One to Use for Inventory Ordering?",
Production and Inventory Management, Vol., 10, No. 4,
4Lth Quarter, 1969,

55« Kaiman, Richard A., "A Comparison of the EOQ and
Dynamic Inventory Models with Safety Stock
Considerations," Production and Inventor Control,
Vol. 13, No., 3, 3rd Quarter, 1972,

56. Karlin, Samuel, "Dynamic Inventory Policy with
Varying Stochastic Demands," Management Science,
Vol, 6, No., 3, April, 1960,

57. Krone, L. H., "A Note on Economic Lot Sizes for
Multi Purpose Equipment," Management Science, Vol, 10,
No. 3, April, 1964,

58. Kortanek, K. 0., D. Sodard, and A. L. Soyster,
"Multi-Product Production Scheduling via Extreme
Point Properties of Linear Programming,"

Naval Research Togistics Quarterly, Vol. 15, No, 2y
June, 19 80

251



29.

60,

6l.

62,

63,

6k

65.

66.

67.

68.

69.

70.

Lippman, Steven A., "Economic Order Quantities and
Multiple Set-up Costs," Management Science, Vol. 18,
No. 1, Sept., 1971.

Love, Stephen F., "A Facilities in Series Inventory
Model with Nested Schedules," Management Science,
Vol. 18, No. 5, January, 1972.

Madigan, J. G., "Scheduling a Multi-Product Single
Machine System for an Infinite Planning Period,"
Management Science, Vol. 14, No. 11, July, 1968.

Manne, Alan S., "Programming of Economic Lot Sizes,"
Management Science, Vol. 4, No. 2, Jan., 1958.

Moore, John E., "An Algorithm for a Single Machine
Scheduling Problem with Sequence Dependent Set-up

Times and Scheduling Windows," AIIE Transactions,

Vol. 7, No. 1, March, 1975.

Morris, William T., "On the Art of Modeling,"
Management Science, Vol., 13, No. 12, Aug., 1967.

Naddor, Eliezer, "Optimal ahd Heuristic Decisions
in Single- and Multi-Item Inventory Systems,"
Management Science, Vol, 21, No. 11, July, 1975.

Naylor, Thomas H., Kenneth W. Furtz, and
Thomas H. Wonnacott, "Methods for Analyzing Data
From Computer Simulation Experiments,"

Communications of the ACM, Vol, 10, No, 11,

Novemben 1967.

Newson, E. F. Peter, "Multi-Item Lot Size Scheduling
by Heuristic Part I: With Fixed Resources,"
Management Science, Vol., 21, No., 10, June, 1975.

Newson, E. F. Peter, "Multi-Item Lot Size
Scheduling by Heuristic Part II: With Variable

Resources," Management Science, Vol. 21, No. 10,
June, 1975,

Nocturne, Dominique, "Economic Ordering Frequency
for Several Items Jointly Replenished," Management
Science, Vol. 19, No. 9, May, 1973.

O'Malley, Richard L., Salah E, Elmaghraby, and
John W, Jeske, Jr., "An Operational System for

Smoothing Batch Type Production," Management
Science," Vol, 12, No, 10, June, 1966,

252



7l1. Oral, Muhittin, J. L, Molovin, and J, Brian Hobbs,
"An Inventory Control Policy of the (Q.S.R.) Type
for Manufacturing Industries: Simulation Analysis
Approach," AITE Transactions, Vol. 6, No. 4,
December, 1974,

72 Pierskallé, William P., "An Inventory Problem with
Obsolescence,'" Naval Research Logistics Quarterly,
7?3. Rodgers, Jack, "A Computational Approach to the

Economic Lot Scheduling Problem," Management Science,
Vo. 4, No. 3, April, 1958.

74. Schild, A., "On Inventory Production and Fmployment
Smoothing," Management Science, Vol. 5, No., 2,

January, 1959.

75. Schwarz, Ls B., "Economic Order Quantities for
Products with Finite Demand Horizons," AIIE
Transactions, Vol. 4, No. 3, September, 1972.

76. Schwarz, Leroy B., and Linus Schrage, "Optimal and
System Myopic Policies for Multi-Echelon Production/
Inventory Assembly Systems," Management Science,
Vol., 21, No. 11, July, 1975.

77. Shannon, Robert E., "Simulation: A Survey with
Research Suggestions,'" AIIE Transactions, Vol. 7,
No. 3, September, 1973,

78. Shu, Frank T., "Economic Ordering Frequency for
Two Items Jointly Replenished," Management Science,
Vol, 17, No., 6, February, 1971.

79. Silver, Edward A., "Modifying the Economic Order
Quantity (EOQ) to Handle Coordinated Replenishment

of Two or More Items," Production and Inventory
Management, Vol. 16, No. 3, 5rd Quarter, 1975,

80, Silver, Edward A., "A Simple Method of Determining
Order Quantities in Joint Replenishments Under
Deterministic Demand," Management Science, Vol. 22,
No, 12, August, 1976.

8l. Silver, Edward A. and Harlan C, Meal, "A Simple
Modification of the EOQ for the Case of a Varying

Demand Rate," Production and Inventory Management,
Vol. 10, No. 4, 4th Quarter, 1969,

253



82. Silver, Edward A. and Harlan Co Meal, "A Heuristic
for Selecting Lot Size Quantities for the Case of
Deterministic Time-Varying Demand Rate and Discrete
Opportunities for Replenishment," Production and
dnventory Control, Vol. 14, NJ, 2, 2nd Quarter, 1973.

83. Smith, Barnard E. and Ramakrishna R, Vemuganti,
"A Learning Model for Inventory of Slow Moving
Items," AIIE Transactions, Vol., 1, No. 3,
September, 1969,

84. Swoveland, Carl, "A Deterministic Multi-Period
Production Planning Model with Piecewise Concave
Production and Holding-Backorder Costs,'" Management
Science, Vol, 21, No., 9, May, 1975,

85. Szendrovits, Andrew Z., "Manufacturing Cycle Time
Determination for a Multi-Stage Economic Production
Quantity Model,' Management Science, Vol, 22y No. 3,
November, 1975.

86. Taha, Heamdy A., "The Economic Lot Sizes in Multi-
Stage Production," AITE Transactions, Vol. 2, No. 2,
June Y 1970 .

87. Theisen, Ernest C.,, Jr., "New Game in Town - The
MRP Lot Size," Production and Inventory Mana ement,
Vol., 15, No. 2, 2nd Quarter, 1974,

88. Van Horn, Richard L., "Validation of Simulation
Results," Management Science, Vol, 17, No. 5,
January, 1971.

89. Vienott, Arthur F. and Harvey M. Wagner, "Optimal
Capacity Scheduling - I," Operations Research,
Vol, 10, No. 4, July-August, 1962,

90, Wagner, Harvey M. and Thomson M. Whitin, "Dynamic

Version of the Economic Lot Size Model," Management
Science, Vol. 5, No. 1, October, 1958,

91. Whitin, T. M., "Inventory Control Research: A
Survey,' Management Science, Vol, 1, No, i,
October, 1954.

92, Williams, Jack F., "Multi-Echelon Production

Scheduling When Demand is Stochastic,!" Management
Science,

254



93.

e

95.

96.

97.

98.

99.

100,

Williams, Jack F., "Multi-Echelon Production
Scheduling When Demand is Stochastic: Erratum,

Management Science, Vol. 23, No. 5, January, 1977.

Yuan, John S, C., Jeffry H. Horen, and

Harvey M. Wagner, "Optimal Multi-Product Production
Scheduling and Employment Smoothing with Determin-
istic Demands," Management Science, Vol, 2l,

No, 11, July, 1975.

Zabel, Edward, "Some Generalizations of an
Inventory Planning Horison Theorem," Management
Science, Vol. 10, No, 3, April, 1964.

Zangwill, Willard I.,, "A Deterministic Multi-
Product, Multi-Facility Production and Inventory
Model," Operations Research, Vol., 14, No. 3,
May-June, 1966,

Zangwill, Willard I.,, "A Deterministic Multi-Period
Production Scheduling Model with Backlogging,"
Management Science, Vol. 13, No. 1, September, 1966,

Zangwill, Willard I., "A Backlogging Model and A
Multi-Echelon Model of A Dynamic Economic Lot Size
Production Program - A Network Approach,"
Management Science, Vol. 15, No. 9, May, 1969,

Computer Programs

Dixon, W. J., Editor Program BMDO6R in EMD,
Biomedical Computer Programs, University of
California Press, Los Angeles, California, 1973.

Palchak, Andrew E, and Frank Koko, Jr., LEAPS:

Lehigh Amalgamated Package for Statistics, Lehigh
University Computing Center, Bethlehem, PA, 1977.

255



VITA

The author was born October 10, 1951, in
Somerville, New Jersey, to John and Mary Nazemetz,
He received a Bachelor of Science in Industrial
Engineering with Honors from Lehigh University in
1973. During the period from 1973 to 1978, he was
employed as a Junior Industrial Engineer at Ortho
Diagnostics, Raritan, New Jersey, Systems Analyst/
Consultant at Abex Corporation in Winchester,
Virginia and as a Research Associate, Teaching
Assistant, and Instructor at Lehigh University.

He is a member of the American Institute of

Industrial Engineers and Alpha Pi Mu,

256



