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CHAPTER I
INTRODUCTION

The 17th Century concepts of inventory are expressed in ex-
tremes. lriting in 1677, A. Pnppilonl observed that, '"The stock or
riches of the kingdom doth not omly consist in our money, but also our
ships for war, and magazines furnished with all necessary materials.'

In the past, an individual'’s wealth was memsured by his owner=
ship of tangible, observable commodities such as the size of his flock
or his herd, those things considéresd important by his neighbor.

"Even inventories greatly in excess of the amount needed to
carry on the processes of production and distribution were considered
benoficial."2

The "excess concept" of waalth was carried into the late 20th
Century, sometimes directly and sometimes in modified form. Some firms
still maintain excessive stock under the mssumption thiat large inven-
tories are beneficial. At one time excess inventories were considered
advantageous, but today they are regarded am the major cause of busi-
ness failures. Most often, inventories deal the severest blow to the

new entrepreneur because he cannot afford to have capital tied up in

1A. Pappilon, A Treatise Concerning the East India Trade, quoted
in Jacodb Vinor, Studies in the Theory of International Trade, Harper &
Bros., New York, 1937, p. 20.

2T. M. Whitin, Theory of Inventory Management, Frincaton
University Press, N. J., 1953, P. 3.




inventory during a seasonzl slump. One of the factars that has aggra-
vated the problem of inventories has been the trend towards product
diversification in the past 25 years.

It appears that many companies still have not accepted the phi-
losophy of planning production and inventory control from the over-all
company standpoint which is quite clear from the following comments by
a few expsrts in this field.

Ben jamin Melnitskyj in "Management of Industrial Inventory"
states that:

The aborigine knew nothing of inventory control, and quite
possibly his 20th Century corporate counterpart is equally un-
enlightened. The changeover from inventory to inventory control
bears no date. Some concerns plunged into the healthful waters
of scientific management of inventories well bafore the first
World War. Others are still on the shore contemplating on the
advisability of wetting their toes.

¥. E. I.-.'elch‘+ observed that:

The managesment of inventories is frequently treated as an
intuitive process in which managemant must rely on experienced
requisitioneras with a 'feel' for the prcblem in order to inter-
pret broad dirsctives. Lacking a more suitable tool, these
directives take the form of 'Use your best judgment in the
determination of order quantities, but watch your total inven-
tory,' =md 'Arrange the timing of your purchases and your
manufacture to avoid interruptions in the line, but do not
tak# axcessive risks of obsolescence or unneeded inventory.

Thim opinion was corroborated by Nyles V. Reinfeild5 in 1960:

3Benjamin Melnitsky, Management of Industrial Inventory,
Conover-Mamt Publications, New York, 1951, p. 3.

4”. E. Welchy Tested Scientific Inventory Control, Management
Publishing Corp., Greenwich, Conn., 1956, p. 121.

5Nyles V. Reinfeild, Proiduction Control, Prentica-Hall, Inc.,
New Jersey, 1960, p. 222.




Hcdern inventories represent investments far in excess of
the average plant expansion program, and yet, as a rule, the men
selected to control these inventories have had little or no for-
mal training in the Job to be done. They rely on their own
experienced judgment, learning by making mistakes. Their only
guidelines of operation are those set forth by top management.

The subject of inventory has found little interest from the
theoretical viewpoint.

Economists interested in the theory of the firm have de-
voted very little time to the study of inventory control or of
its influence on the theory, although buminassmen themselves are
keenly aware of the importance of the topic.6

Management of inventories is recognized today as one of the key
responsibilities in achieving continuous and economical plant opera=
tion. Inventory dollars are no longer regirded as a drain on working
capital; they are a factor to be used and administered with skill and
intelligence.

In a manufacturing concern a heavy factor in determining the
amount of profit is its operating cost; and in order to reap maximum
profits from operations, companies are attempting to minimize the
various components of their over-all operating cost. One much compo-
nent is the cost of carrying inventory; and in many business concerns
thie inventory storage cost contributes a sizable portion of the
operating cost.

Two situations give rise to an inventory storage cost. First,

a certain cost is incurred by having monay tie&d up in unsold inventory;

along with this, the physical Btorage of this inventory contributes to

6T. M. Whitin, op. cit., p. 7.



the cost. If, on the other hand, a factory warehouse #tands empty
mpace accrues a certain cost of maintenance, Lack of inventory also
may cause a loss of profit through loss of sales. Horeover, most
warehous#s do indeed have limited capacity. Eecause such assets as
warehous& capacity and capital are not limitless, it is necessary that
the firm should use tham efficiently as these restrictions do not per-
mit the total average (dollar) inventory that the individual item's
optimal policies would require. Regulating the size and compozition of
an inventory in order to minimize its cost forms an interesting field
of studye.

The basic problem of an inventory policy is, therefore, to
strike a balance between savings and the costs and capital requirements
associated with larger stocks. In the past, businessmen have been able
to mchieve a reasonably balanc&d inventory policy largely through an
intuitive understanding of the needs of their businesses. However, as
business grows, it becomes more complex, and as business executives be=
come more and more specialized in their jobs or farther remmved from
dirsct operations, achieving an economical balance intuitively becomes
increasingly difficult. That is why, more and more businessmen are
finding the concepts and mathematics of the growing body of inventory
theory to give practical help.

Business management now has a wide range of technigues for at-
tacking production planning and inventory control problems. These are
more than new developments in clerical methods for kseping track of

orders and inventory balances. They are methods for analyzing the



place of inventories in an indiwvidual business organization and for de-
signing production and inventory control systems which will be truly
resyonsive to management policies on investment, customer service, em-
ployment, and cost reduction. These techniqu#s have bean developed
over a period of many decades.

It is along these linea of production planning and inventory
control with which this thesis is concernsd, th# purposs bsing to out-

line methods for estzblishing & production planning and inventory con=

trol program that would be beneficial to industry.




CHAPTER II
REVIEW OF LITERATURE

Although inventory problems are as old as history itself, it has
only been since the turn of the century that any attempts have been
made to employ analytical techmnigues in studying these problems. The
initial impetus for the use of mathematical methods in inventory analy-
sis seems to have been supplied by the simultaneous growth of the manu-
facturing industries and the various branches of a&ngineering, especially
industrial engineering. The real need for analysis was first recog-
nized in indusiriss that had & cowmbination of production sch#duling and
invgntory problems.

The mathematical detsrmination of the quantity of an item to be
ordered at any one time was one of the first subjects of investigations
by tha early pioneers of scientific managsment. By the early 1900's
many formulas had been developed, but until VWorld ¥War II the applica-
tion of theme formulas was limited.

As far back as 1915 an economic-lot-size equation was developad
by F. We Harrisl which minimized the sum of inventoryecarrying and set=
up costs wvhere demand was known and constant. This formula was almost

identical to the present accepted economic-lot-size formula:

1F‘ord W. Harris, Operations and Cost, New York, 1955, pp. 48-52,
referred to in F. E. Raymond, [uantity and Economy in Manufacture,




where

Q 1is economic production quantity,

P is cost of preparing for the manufacture of a lot,

S is daily rate of males,

C 4is unit production cost, and

K 1is a constant which includes not only the interest rate

but also other factors such as mtorage cost, insurance, and
taxes.

Inventory accumulation and depletion have long been recognized
as a major contributing factor to fluctuations in business activity.
But, the inventory control literature was developed in 1920's, partly
under the impetus of the very conesiderable# losses Buffered by American
businessmen during the depression of 1920-1921.

In 1922, W. He Ronin:z showed how well-managed inventory methods
help to stabilize profits.

In 1923, Kenneth W, Stillman3 usied graphical method for finding

the most economical lot quantity.

Zw. M. Roming, How to Cut Cost Corners Through Inventcry, Indus-

trial Management, Vol. 63, no. 2, February 1922, pp. 86=-87.

3Kenneth We Stillmen, Quantities for Lot Manufacture, Industrial
Management, Vol. 65, no. 2, Februsry 1923, pp. 84-86.




Two years later, H. S. Owenh described a simple methed for keepe
ing inventory investment at practical minimum,.

5

Then, in the same year, we find that Ralph C. Davis” derived
formulas for determining the proper quantity to manufacture and to
carry in stock to give least unit cost.

Further, George F. Mellen6 found a similar sclution to the
problem.

The general explanation as developed by a number of writers in-
cluding Davis, Mellen, and Owen, is the economy of placing larger
orders. Specifically, they assumed that in addition to the price paid
for the goods ordered, there is a procurement cost to each order which
is independent of the magnitude of the order. In that case, there is
an incentive not to order continuously but to order larger amounts lass
often.

More complicated analysis involving the use of lot size formulas
has been carried out, allowing the inclusion of several additional fac-

torze There is need for further work in adapting these formulas to

concrete situations.

AH. S. Owen, How to Maintain Proper Inventory Control, Indus-

trial Management, Vol. 69, no. 2, February 1925, ppe 53-85.

5Ralph C. Davis, Methods of Finding Minimum-Cost Quantity in
Manufacturing, Manufacturing Industries, Vol. 9, no. 4, September 1925,
PPe 353=356.

ﬂﬁeorge F. Mellen, Fractical lot Quantity Formula, Management
and #Administration, October 1925, p. 155.




Another basic aspect of inventory control that has received much
attention involves the effact of uncertainty on inventory levels. The
existence of uncertainty brings about a need for safety allowances to
provide against running out of stock because of random variations in

7 4n 1928, was the firat to carry out research on

demand. T. C. Fry,
this problem.

In 1931, F. E. Raymond8 wrote a book "Quantity and Economy in
Manufacture' while he was at M.I.T. This was the first full length
book to deal with inventory problems. It attempts to explain how var-
ious extensions of the simple lot size model can be used in practice.

An excellent article on inventories that has received 1little at-
tention because of its being written in m foreign langusge was publish-
ed in 1938 by Erich Schneider and translated by T. M. Whitin® in 1954,
Schneider addressed himself to the following problem: given a manu-
facturer's sales forecast as a function of time, his initial inventory,
carrying charges, production costs and other conditions, how should he

schedule his production in order to minimize comts involved in produc-

tion and storage mdequate to fulfill sales requirements? He umed

7’1‘. C. Fry, Probability and Its IEngineering Uses, Van Nostrand
Company, Mew York, 1928, pp. 229-232.

8F. E. Raymond, Quantity and Economy in Manufacture, McGraw=
Hill Book Company, New York, 1931.

9T. M. Whitin, Erich Schneider's Inventory Control Analysis,
Journal of Operations Society of America, Vol. 2, no. 3, August 1954,
p. 331.
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simple graphical techniques in conjunction with mathematical analysis
to solve this problem.

Betwaen 1938 and World War II, there is not much to be mentioned
as far as research in this field is concerned, except that of Wilson.
Hilsonlo made an attempt to combine the lot mize and safety allowance
aspects of inventory control and described the interaction between them.

It was not until after World War II, when managiment Eciences
and operations research emerged, that detailed attention was focussed
on various inventory problems. Some of the important developments are
given below in chronological order.

M. B. Phillips11 described the advantages of establishing pure
chasing office as a division of finance department, centralized
purchasing and storage, stock and inventory control, and carafully
planned and organized purchasing as means for promoting good budgetary
procedure.

R. L. Bowleu12 thought of the maintenance of raw material inven-
tories at a level enough to ke#ep warehouse and storage costs at a mini-

mum and yet high enough to prevent interruptions of manufacturing

loR. H, Wilson, A Universal System of Stock Control, Purchasing,
Vol. 11, no. 3, 1941, pp. 30-B6.

11, . B. Phillips, Integrating Purchase Practices With Fiscal
Policies, Purchasing, Vol. 21, no. 4, October 1946, pp. 109-111.

12R. L. Bowles, Controlling Raw Materials to Meet Varying
Production, Factory Mamagement and Maintenance, Vol. 105, no. 1,




operations, as a challenging problem which muat be faced constantly by
production control manszgers. H& developsd & system to control raw
materials inventories when the demand is varying. The advantages of
his systém were better inventory turnover figures and a considerable
saving in time.

J. C. Borden13 observed that when a manufacturing business falls
substantially short cf meeting the rate of output for which it origi-
nally planned, inventory becomes a major problem for management. Eased
on his experience in Cutler-lHammer ccmpany he thought the following
five steéps as n#cessary in order to reduce inventory.

1. Take another look at formulas for setting the quantities
ordered.

2. Hammer repeatedly on the rule that materi&l must not be or-
dered for arrival before inventory will reach the planned minimum
gquantity.

3., Undertake a more detailed reconsideration then normal of all
shop orders shortly before thay are scheduled to run.

4, Re~examine quantities required for minimum inventories and
reduce all that can stand it.

5. look for points where inventories are now carrisd but can bas

dispensed with.

13J. C. Borden, khat Close Control of Inventory Means to Manage-
ment, Factory Management and Maintenance, Vol. 105, ro. 2, February
1957, pp. 105-108.




B. D. Henderson14 explained a system whereby Westinghouse saved
money by balancing cost of material and purchasing against cost of ine
ventory investment based on rate of use. Another advantage of this
policy of determining order points and quantities on inventory items
supported on mathematical basis and record of actual exp#rienc# was the
elimination of materiml shortages.

Ce R, Echubirtl5

discussed the inventory control system used by
Honarch Kachine Tool Company, Sidney, Chio, and showed how careful
plenning and control of supply on hand enabled compaay to maintain high
inventory turnover.

L. i, Hradesky16 outlined three steps for setting up an inven-
tory control system. Thesa are:

l. Creating sufficient quantities of materials to keep divi-
sion operating over predetermined span of time;

2+ Controlling quantities that have been created, for proper’
disbursement

3. Purifying waterials of excessas that have mccumulated.

Coordimation of related functions of purchasing, stores, stock

1“‘13. D. Henderson, Purchasing Profits Through Inventory Control,

Purchasing, Vol. 23, no. 2, fAugust 1947, pp. 92-93.

15C. R. Schubert, Low-Cost Inventories Through Close Controls,
Factory Management and Msintenance, Vol. 105, no. 11, November 1947,
ppo 102"104.

16L. 4. Hradesky, Good Inventory va Bad Inventory, Mill &
P‘actory. VOl. '+3. NOe. "'” Octob!r 1958' pp. 107-1100
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control and surplus disposal, in order to reduca dollar inventory with-
out jeopardizing service requirements, was discussed by J. Albin.17 His
program wza adopted by American iirlines for reduction of dollar
inventory.

w. Collier18 and R. Blair established an inventory control pro-
gram at Tapco plant, Thompson Products, Inc., Cleveland, which resulted
in 60 per cent reduction of maintenance stock.

William M. Vermilyo19 of the National Bank of New York explained
the effect of the cost of carrying seasonal goods over to another
season on company's profit. He gave an example of a leading manufac-
turing company which had nsver used any system of inventory control to
know how much of its inventory was carried over from one season to the
next. The mansgement had the idea that when some of its products were
left over from a season and could not be sold except at a sacrifice, it
was better to carry it over than to make the sacrifice necessary to
sell it, on the theory that the momt, it could cost them, would be six
per cent on the amount involved. They were very much surprised when

Vermilye called their attention to the fact that the six per cent which

17J. Albin, Fewer Dollars on tShelf, Purchasing, Vol. 25, no. U4,
October 194%&, pp. 90-9%4.

lsu. Collier, and R. Blair, Inventory Control Reduces Main-
tenance Stocks 60 Per Cent, Factory Management and Maintenanc-. Vol.
107, no. 3, April 1949, pp. 68-70.

lgwilliam M. Vermilye, Economic Trends in Manufacturing and
Sales, p. 18, private printing, quoted in Charles A. Koepke, Plant
Production Control, Wiley & Sons, New York, 1949, pp. 414-415.

1871413 SOUTH DAKGTA STATS Ui
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they had figured ms the cost of carrying was but a small fraction of
what was spent. He showed that the cost of carrying in this particu-
lar case was much more than six per cent. He also met up a simple
equation which shows the relationship between profit earned and inven-
tory turnover:

Let W = Working Capital

T = Turnover

Then WT = V (volume of business done in dollars)

If P = Eate of profit per dollar per turnover,

Then VP = Total gross profit for the business

If O = The overhead of the business and

Pn = net profit, then
VP-O:P“
Substituting WI = V
WIP - C = Pn
Ain increase in net profit can be realized if the working capital is in-
creased, if turnover is increased, if the rate of gross profit is
increased, or if the amount of overhead is decreased.

D. S. Linbergerao showed how Apparatus Dapartment of General
Electric Co. carried out program for inventory reduction and permanent
and continuing improvement in inventory performance by way of employee's
meetings, inventories committems, newsletter, information letter and

Inventory Control Manual.

20D. S. Lisberger, It Pays to Sell Inventory Control, American
Machinist, Vol. 94, no. 4, February 1950, pp. 106-109.
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Another inventory control system established by H. J. Holtz.21
allowed the company to consolidate several warehouses into one, make
efficient use of a four-story building, reduced its manpower require=-
ments and speeded receiving and shipping operations.

In 1950, ¥. V. Stoughton22 used a continuous inventory procedure
for the parts depots of Caterpillar Tractor Company. This procedure
paid close attention to quantity differences disclosed by serial counts
made and avoided annual physical inventory in these units of
organization.

At the Accounting Conference, Rutgers University, September

1950, M. E. Peloubet23

described some of the most widely used methods
of inventory valuation and the situations where they are applicable.
The problem of controlling the rate of production can be stated
in terms of servomechanism theory, and the well developed methods of
that theory employed to study the behavior of control systemes Richard

M. Goodwin24 has arrived independently at thls idea as ® means for

studying market behavior and business cycles. The applicability of

alﬁ. Je Holtz, Inventory Control System Saves Floor Space, Cuts
Over-head Costs, Steel, Vol. 127, no. 3. gust 1950, ppe. §3E98.
22

#. V. Stoughton, fhysical Inventory Day-by-Day, National Asso-
ciation of Cost Accountants, Vol. 32, no. 3, November 1950, pp. 280=
285.

23M. E. Peloubet, Choice of Inventory Methods Depends on
Specific Needs of Each Business, Journal of Accountancy, Vol. 91, no.
1, January 1951, ppe. 70-77.

2“Richard M. Goodwin, Econometrics in Business-Cycle inalysis,
Chapter 22 in Avin H. Hansen, Business Cycles and National Irncome,
W. We. Norton & Co., New York, 1951.
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servomechanism models to the theory of the firm has been discussed by

25 Later Herbert i. Simon26 showed that the basic ap-

¥. ¥W. Cooper.
proach and fundamental techniques of servomechinism theory can indeed
be applied fruitfully to the analysis and design of decisional proce-
dures for controlling the rate of manufacturing activity. The problem
of controlling the rate of production of a single item was considered
and a cost criterion was constructed for evaluating alternative deei-
8ion rules or constructing an optimum rule so as to minimize the cost
of manufacture over a period of tims.

F. B. Newman27 described techmique for adjusting sales pradic-
tions to actusl salem trends. His technique is based on the concept of
control chart to indicate unexpected deviations from sales trend. He
presented tables and charts showing the derivation and use of control
limits.

The problem of uncertainty of demand was again considared by
Arrow, Harris, and Hnrschak28 in 1951. Their analysis constituted a

considerable extensicn of previous results of T. C. Fry. They derived

25w We. Cooper, A Proposal for Extending the Theory of the Firm,
Juarterly Journal of Economics. Vol. 65, February 1951, pp.-37-109.

6Herbert #e. Simon, On the Application of Servomechanism Theory
in the Study of Froduction Control, Econometrica, Vol. 20, no. 2,
April 1952, pp. 247-268.

27F. B. Newman, Method of Inventory Control, Industrial Qu=lity
Control, Vol. 7, no. 6, May 1951, pp. 29-31.

28K. J. Arrow, T. Harris, and J. Marschak, Optimal Inventory
Policy, Econometrica, Vol. 19, no. 3, July 1951, pp. 250=272.
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mathematical models for optimal inventory policy considering the demand
flow as a ramdom wariable with & known probzbility distribution. They
determined the best wmaximum stock umd the best reordering point as a
function of the demand distribution, the cost of making an order, and
the penalty of stock deplation.

29

& year later Dvoretzky, Kiefer, and Wolfowitz ~ showed the cone
ditions required for optimal policy. They pointed out that systems
based on lot sizes and safety allowances are not necessarily optimal.
They considered the problem of what quantities of goods to stock in
anticipation of future demand. Loss is caused by inability to supply
demand or by stocking goods for which there is no demand. They tried
to strike a balanc# between over=stocking and under-stocking. In ths
first part of the paper they treated the case when the demand was given
by completely specified probability distribution functicns. In the
second part.jo they dealt with the case of unknown diatribution of de-

3

mend. In 1953, they presentad another paper ¥ which deacribes the

necessary and sufficient conditions for the validity of (s,3) policy.

291. Dvoretzky, J. Kiefer, and J. Wolfowitz, The Inventor
Problem, Econometrica, Vol. 20, no. 2, April 1952, pp. 187-222.

®1bid., Vol. 20, no. 3, July 1952, pp. 450-466.
3]‘A. Dvoretzky, J. Kiefer, and J. Wolfowitz, On the Optimal

Character of the (8,5) Folicy in Inventory Theory, Econometrica,
October 1953, pp. 506=596.
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i recent book by Arrow, Karlin, =md “-carf32 is mostly concerned with
additional mathematical concepts and implications of the (s,S) policy.
The (s,S) policy has received more analytical tresatment of a general
nature than any of the other policies. The (s,S) poliey with

0 <s <& is implemented as follows.

Whenever tlie stock level falls below s, the ordering rule calls
for replenishing stock to the level S. When tlie quantity of goods in
Bupply exceeds B, no ordering is done. Delivery of goods when ordered
is aszumed to b# immediate. Decisions whether to order or not are to
be made at the start of succassive periods. The state of the system
at the start of each period is described by current stock level.

Several other techniques for analyzing inventory control prob-
lems have been formulated. Most important of them is linear program-
ming. The linear programming models are dasigned primarily for situa-
tions with important seasonal fluctuations in demand from period to
period. If fluctuations in production are reduced, costs involved in
overtime production are lowered, but only at the expense of increased
carrying charges. The linear programming model finds the level of pro-

duction for each period that minimizes combined overtime and carrying

3ZK. J. Arrow, S. Karlin, and H. Scarf, Gtudies in the Mathe-
matical Theory of Inventory and Froduction, Stanford University FPress,
Stanford, California, 1950.
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charges. Charnes, Cooper, and Farr33 have applied linear programming
to setting over-all production levels where there are significant
seasonal fluctuations in demand and where demand is assumed to be
known.

He F. DickilBh recommended six steps as necessary for better in-
ventory management. These are:

l. recognizing nesed for control

2. determining optimum turnover

3. analyzing problem

4, economical ordering

5. minimizing work-in-process

6. educating personnel

G. Neo Hackett35 while working at Thompson Products, Inc.,
Cleveland, Ohio, applied certain standards to control of investment in
inventory. He established standards for raw materials, supplies, work-

in-process, and finished goods.

33A. Charnes, W. W. Cooper, and D. Farr, linear Programming
and Profit Freference Scheduling for a Manufacturing Firm, Journal of
Operations Research Society of America, Vol. 1, no. 3, May 1953, pp.
114-129.,

3"H. F. Dickie, Six Steps to Hatter Inventory Management,
Factory Management and Maintenance, Vol. 111, no. 8, August 1953, pp.
96~100.

35G. l. Hackett, Standards for Inventory Control, Furchasing,
Vol. 36, no. 1, January 1954, pp. 95-96.
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B. Grad and RE. C. Hnrtigan36 described a me#thod for determining
the cost of carrying inventory in a plant. This analysis is based on
certain basic factors such as:

l. possession costs

2. value losses

3« return on investment

L4, general business influences

37

George L. ifukes”' came up with a solution for the problem of pur-~
chasing and using of bulk #xpendable materials at Cadillac=Cleveland
Tank Flant, Claveland, which resulted in low inventory and less stor-
age space.

Mast inventory control systems are based on predetermined order
points. They signal when to place orders for materials and parts nor-
mally carried in stock. When the quantity of any material on hand
drops below its order point, it is time to order more. But the problem
with most systems is that the quantities are only correct when produc-
tion requirements and parts-delivery schedules remain fairly conatant-=
which they seldom do.

This problem was solved at Reynolds Metals Compumy's aluminum

foil plant in louisville using a system developed by E. Ken Hedrick38

36B. Grad, and R. C. Hartigan, Keep Your Inventory Carrying Coat
Down, Mill & Factory, Vol. 54, no. 4, April 1954, pp. 79<81.

37George L. Sukes, Hetter Bulk Buying, Factory Menagement and
Maintenance, Vol. 113, no. 7, July 1955, pp. 138=141.

38E. Ken Hedrick, How Much to Re-order When, Factory Management
and Maintenance, Vol. 113, no. &, August 1955, pp. 110-111.
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the plant industrial engineer. It keeps order points tied closely to
the ups and downs in usage and delivery schedules. This system which
is based on the flexible order points has resulted in a more balanced
inventory and reduced investment. Under this flexible order=point
system, Hedrick used threm control factors.

l. Estimate of actual usage as compared with normal usage.

2. Normal and maximum delivery times.

3. Degree of protection against shortages required at the time.
The last--number 3--is perhaps the key to the system. Degrees of pro-
tection were established for the purpose of guarding against certain
conditions, such as excess usage, excess usage and a slight delivery
delay, excess usage and maximum delivery delay and protection against
maximum delivery deley only.

C. G McCab039

developed a new machine-inventory system for
Solar Aircraft Company, San Diego. It identifies equipment, keeps
records updated, helps to plan the work load and tracks down mainte-
nance needs and costs. The system requires a lot of paperwork, but
results in a far better job.

Ee Do Lucas“o discussed the possibilities of using an electronic

system for handling inventory so as to keep it at a minimum safe level,

39C. G. HcCabe, Better Machine Inventory, Factory Hanagement and
Maintenance, Vol. 113, no. 9, September 1955, pp. 134-13%6.

ko

E. D. Lucas, Automatic Production Invento Control, Control
Engineering, Vol. 2, no. 9, September 1955, pp. 33-7}.




to mamintain mccessible record of all inputs to and withdrawals from in-
ventory to provide necessary printed reports, to reduce load on cleri-
cel staffs, and to secure other benefits.

G. Jo EtVanshl suggested a method of using 3-mtudb tag system
with serially numbered receiving ticket in triplicate for control of
30 different grades of incoming scrap at Robert Gair Company, manu-
facturers of paper board and paper products.

M. D. 'I‘riouleyrel"2 developed an improved system for better
physical and accounting control when he was working for Shawinigan
Reains Corporation, Springfield, Mass. About 4,000 different items
were carried in the storerocom at an inventory value of §230,000 and
3,500 withdrawals were made# on 1,400 stores requisitions per month.
Under new plan, supplies at $22,000 were issued monthly using 800
requisitions.

We F. Honrhing"3

explained the funetions, objectives and charac-
teristica of stores inventory account. He employad probability theory
and statistical methods to maximize return-on-assets ratio at Westing-

house Elsctric Corp., Sharon, Pa. He& explained the application of this

416. J. Bavans, Simple Inventory System Increases Productivity,
Paper Industry, Vol. 38, no. 3, June 1956, pp. 222-223.

AZH. D. Triouleyre, Bstter Control of Supplies--With Egonomy,
National Association of Cost Accountants, Vol. 3%, no. 5, Janu ry 1957,
pp ° 6".7“656 °

ABH. F. Hoehing, Statistical Inventory Control, Industrial
Quality Control, Vol. 13, no. 7, Janusry 1957, pp. 7-13.
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m&thod to one of the factors that can cause stockouts ms well as gen-
erzl operation of procedures introducing two other factors, namely
size of demand and delivery time.

W. Karush.h# in 1957, considered the problem of allocstion of
inventnry dollars among various competing commodities, so as to mini-
mize over-all lost sales dollars. He found out an explicit mathemati-
cal solution showing the relationship between lost sal#s and inventory
levels.

C. C. Holt“s designed an analysis to facilitats decision making
for the allocation of inventory to lots. He made an attempt to remove
some of the limitations of the traditional lot-size analysis.

L. Be Kalm.l’6 in his paper, introduced concept of controlling
turnover of multistock inventory, using index of activity as measure of
inventory turnover for each of stock items comprising total inventory.

A simple formula was used which made possible ready and immediate

knowledge of turnover through use of electronic computer,

hhw‘ Karush, Queuing Model for Inventory Problem, Operations Re=

search, Vol. 5, no. 5, October 1957, pp. 693-703.

“50. C. Holt, Decision Rules for Allocating Inventory to lLots
and Cost Functions for Making Aggregate Inventory Decisions, Journal of
Industrial Engineering, Vol. 9, no. 1, January-February 1953, pp. 4=10.

hﬁL. B. Kahn, ality Control of Inventory Turmover, Industrisl
quality Control, Vol. 1&, no. 10, april 1958, pp. L=7.
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E, Naddor.u7 and . Saltzman suggested & method for the deter-
mination of how fraquently orders should be initiated amd how many dif-
ferent iteme should be listed on orderas, so as to minimize the sum of
coste of carrying inventories and costs of ordering.

M. B. frchupeazcku8 made an attempt to apply operation research
techniques to solve inventory problems. He extended simplest economic
lot=-size formula, containing only carrying costs and ordering costs, to
include the case of seasonal demand. But, no allowance was made for
shortages and uncertainty. The key step in this attempt was fitting of
analytical function to seasonal demand pattern by mesans of harmonic
analysis.

Hobert G. Brownh9

discusssd the problems of minimizing and
measuring the uncertainty of demand facing a company. For the first
time, he showed that it is possible and practical to measura the cur-
rent distrihution of error in the forecast, by item.

50

K. Fo Simpson” developed mathamatical models and formulas for

u7L. Naddor, ~nd S. Saltzman, Optimal Heorder Periods for Inven-
to Systemrm With Variable Costs of Ordering, Operations Research, Vol.
8, no. 5, September- ctober 1958, pp. 676-692.

48H. B. 3chupack, Economic Lot Sizes With Seasonal Demand,
Operations Hesearch, Vol. 7, no. 1, January-February 1959, pp. 45=57.

thobe”t Ge Brown, Less Risk in Inventory Estimates, Harvard
Business Keview, Vol. 37, no. 4, July-August 195G, pp. 104-116.

5OK. F. Simpson, Theory of Allocation of Stocks to Warehouses
Operations Research, Vol. 7, no. 6, November-December 19)9. PPe 797-

805.
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distribution to number of warshcuses of certain quantity of material
which has just been received, or is about to be received by the central
agency, while another quantity is. expected to be received at known time
in future.

A. Bhatia, and A. Garg51 showed that the dynamic programming
technique can be employed for efficient handling of inventory control
problems with known but variable requirements at discrete points of
time and having objective function with fixed and variable portion.

The method presented offers subatantial savings in computation.

52 discussed the following aspects, giving examples

L. G. Spencer
of practice in the Flastics Department of General Electric Company's
plant at Decatur, Illinois.

l. Direct and indirect inventory responsibilities.

2. Control procedures.

3. Tabulating routines, and forecasting techniques.

k., Control through standardization.

5. Role of reports in inventory control.

6. Measuring performance.

7. Checking up through audit.

8. Education in inventory control.

£

)lA. Bhatia, and A. Garg, Application of Dymamic Programming to
Class of Problems in Inventory Control, Journal of Industrial Engi-
neering, Vol. 11, no.-g. November-December 1960, pp. 509«512.

52L. G. Spencer, Mzny Facts of Sound Inventory Control,
National Association of Accountants, Vol. 41, no. 12, Aupust 1960,

pp . 5"’1‘* °
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P. R. Hinter553 describad the way of handling inventory deci-
sions as to when to make more (trigger point) and how much to make
(lot 2ize) and developed models for triggering production run of joint
lot, depending on inventory situation at different warehouses of the
factory.

S, Eilonsh discussed iiodels both for continuous and instanta-
n&ous demands and showed that minimizing cost dus to uncertainty of
demand is a special case of criterion of profit maximization.

William J. Frink55 applied dynamic quantity control to produc-
tion planning and inventory control in a chemical plant. He showed how
accurately gathered and properly employed inventory information acts as
a throttle on production to optimize total operation. Any failure or
upset in any manipulated variable like reorder point, production and
shipmants, scheduling and saless forecasting reflects somewhere as a
change in inventory lavel which is a controlled variable. Thus when
inventory remains within control limits the manufacturing cycle is cor-
rect and stable. He deascribed a production planming and inventory in-

formation system which resulted in considerable savings at Union Carbide

53P. R. winters, Multiple Triggers and Lot Siszes, Cperations
Research, Vol. 9, no. 5, September-October 1961, pp. 621=634.

5“5. Iilon, Two Inventory Control Models, International Journal
of Production Research, Vol. 1, no. 1, Novamber 1961, pp. 48-55.

5%4$111am J. Frink, D g C in Chemical Plants, Control Engl-
neering, Vol. 9, no. 9, September 1962, pp. 134-138.
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Chemicals Compeny. This system connected eight bulk plants, five bulk
terminals and seventy field warehouses throughout the country and pro-
duction control was executed through independent but highly inter-
related inventory data processing networks.

H. Chestnut, T. F. Kavanagh, and J. E. Munigan56 showed that
inventory control has muich in common with the control of a physical
process. They applied tools like forecasting, simulation, and optimi-
zation to design automatic ordering systems that minimize costs while
keeping up customer service. To test forecasting techmiques, the
authors developed a simulation program, making use of a GE 225 com-
puter.

Ruddall Reed, and Walter E. Stanley,5 7 working on a graduate
project in the Department of Industrial Engineering, University of
Florida, designed a procedure for improved economic control of hospital
general inventories. According to the authors, the design is practi-
cal, efficient and readily adaptable to existing hospital situations.
Emphasis was placed on determining the order point and order quantity

for mtorage items.

56 H. Chestnut, T. F. Kavanagh, and J. E. Mulligan, Applying
Control to Inventory Management, Control Emgineering, Vol. 9, no. 9,
September 1962, pp. 96-102.

57Rnddell Reed, and Walter F. Stanley, Optimizing Control of
Hospital Inventories, Journal of Industrial Engineering, Vol. 13,-50.
1, January-February 1965, pp. 48-51.
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™~

Sumnary

From this review of literature, it 1s quite clesr that much more
attention is needed on production planning and inventory control prob-
lems than what has been given in the past. Tha next faw years should
bring about much additional research which will help in deciding to
what extent industrial application of the various inventory control
systems will be profitable.

An attempt will be made in this thesis to consider the effect of
certain limitations or constraints, such as warehousa& capacity, avail-
able capital, and available machine time, on economic production

quantities for establishing an improved inventory control system,
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CHAPTER III

PRODUCTION PLAKNING AND CUNTROL

Production is generally thought of as the output of a plant or
the flow of product through the plant. Our concept of inventories is
that they are reservoirs attached to the flow of production for the
purpose of k¢eping the product-supply pipeline full and the flow
through it continuous at a level consistent with sales demand. The
essence of management is planned and controlled activity. Therefore,
we can say that the primary operational function of production plan-
ning and control is to manage production and inventory skillfully.

This requires participating in the sales forecastj coordinating
inventory and production levels with the sales forecast; planning the
mix of product; controlling production, which includes scheduling and
follow=up of work-in-process to meet mcheduled delivery promises; con-
trclling proiuction materials and supplies inventories and requisi-
tioning those materials and supplies for purchmsme and delivery on
specified dates; maintaining physical control of all production mate-
rials and supplies, work-in-process, and finished-goods inventories;
providing customer service including promises to customers and informa=
tion regarding customer'®s orders; and last, controlling shipments and
internal and external transportation. These mctivities must all be
coordinated in any plant, large or small, to achieve good plant per-
formance. The most effective coordination is achieved whan it is under

one management, production planning and control.



30

The task of mansging production and inventories can be broken
into three major functional areas: prcduction planning, production

control, and material management.

Production Planning

The necessity for careful planning of production operations
arisee from four importint factors:1

l. The increassd complexity of production and distribution
systems.

2e The need for careful timing of interrelated activities.

3. Th# necessity for anticipation of changes and orderly re-
action to them.

L, The desire to achieve the most economical combination of
resources.

A production plan must provide the required quantities of prod-
uct at the proper time and at a minimum total cost consistent with
quality requirements. The plan should be ths bmmis for the establish-
ment of many of the operating budgets. It should establish manpower
requirements and hours to be worked, both regular time and overtime.
Further, the production plan &stablishes the equipment requirements and
the level of the anticipated inventories.

In setting up the production plan, we must keep in mind that if

lGordon Be. Carson, Production Handbook, The Ronald Press Com-
pany, New York, 1958, p. 2.9.
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demand must be met when it occurs, there are three sources that can be
used:

1. Current production.

2. Inventory on hand.

3. Current production and inventory.

If back orders are permissible, the current demand may be defarred to
some time in the near future. When materials c¢an be back-ordered, we
have a situation which can be compared to something between a con-
tinuous manufacturing operation and an intermittent manufacturing opera=-
tion. It does provide flexibility, but it should not be relied upon to
avoid the problem of meeting demand when it occurs.

Another factor that should be considered in production plamning
ia the stability of the work force. The more highly skilled the em-
ployees, the more important a stable work force becomes. When demand
is nearly constant throughout the year, the necessity for a stable work
force creates no sérious problem. If demand is cyclic, one must either
vary the size of the work force or use inventories to meet demand. The
use of inventories and a level work force to meet a e¢yclic demand re-
sults in a lower investment in plant and #quipment. If demand is in-
creasing, an expansion in the size of work force, increasing efficien-
cy, or some other means of reducing the number of hours per unit is
called for. A decreasing demand usually requires a reduction in the
size of the work force if efficiency is to bes maintained. Thus, plan-
ning under thes# conditions must be conmistent with demand, company

policies, and economic production.



Production planning can be subdivided into two ssctions:
1. Long-range planning.

2+ Current planning.

l. Long-range planning:

Long=-range planning is the development of a program of more than
a year's duration which estimates specific market potentials for a
given product or group of products using various estimating techniques.
Once the market potentials have been determined, the organization plans
are evolved for attaining the established potentials. The long=-range
planning process could be compared to a blueprint. However, one of the
basic differences is that where the engineer has to follow the blue-
print dimensions with the utmost exactness in order to accomplish the
desired objective, management, once it has established a basic ap-
proach, should be flexible in order to meet the changing environment
due to anticipated actions of competition. Long-range planning is
usually divided into three different areas of planning: long-term
plans, short-term plans, and new=product introduction. Long=term plans
usually cover a period of three to five ymars ahead of the current
dats. Some companies extend their future planning to ten or even
twenty ysars from the current date. The period covered is usually de-
termined by the time requirements of the project to be accomplished.
For example, a manufacturer of large power generators for electric
companies might plan its sales ten years ahead, based on population
growth and future power consumption. It must determine if it has suf=-

ficient capacity in ita present plant to produce enough generatora to
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meet the future demands caused by population growth. If it finds that
it do#s not have enough plant capacity to meat the anticipated demand,
it will then make plans for plant expamsion to meet the demands cor-
rectly as they will occur in future.

It is very hard to predict sales and production plans for the
next ten years on the basis of population growth. But many companies
are extending their plans for ten years ahead, with the help of econo-
mists and market researchers. These plana are them altered annually to
include the latest changes in corporate thinking and projectsd
conditions.

More common practice is to plan from three to five years ahead.
Factors considered in making plans for this period include the general
economic condition, an estimate of the areas in which the consumer is
likely to spend his income during those years, the trend of product
styles, volume and prices within the industry, consumsr reactions to
the company's present or planned product styles and prices, company
sales tresnds, and current demands. When the sales forecast has been
established in units and decllars for each proiduct lin@, general inven-
tory and production plans can ba evolved which will indicate whether
there will be a need for additional machinery and plant facilities.
Plans can then be made for tha timing of the @cquisition of land,
eraction of the plant, and the purchas@ and instsllation of equipment.
The firmness of these plans will depend entirely upon tha astimated
reliability of the sales and demand forecast.

For production planning purposes it is particularly important



to dismtinguish between foracasts of demand amd forecasts of sales.
ihereas forecasts of salem may be important for estimating revenue,
cash requirements, and expenses, 3 production planning system is de=
signed primarily to rezct to the customer demand. Demand may differ
from sales for & variety of reasons. For exmmple, sales may understate
demand to the extent that the manufacturing and distribution system
would be unable to cope with the volume of customer orders placed. In
other words, sales represent an output from, rather than an input to,
the production and inventory control system.

Having distinguished between sales and demand forecasts, we will
now discuss some of the important characteristics of production plan-
ning forecasts. Forecasts of customer demand are fundamental to the
operation of a business. Any company is in buginess primarily to serve
its customer's needs in some way. Its survival depends on its ability
to adapt its operations to customer®s needs and to serve ite customers
adequately and efficiently when tha need arises. The demand foracast
is the 1link between th& evaluation of sxternal factors in the economy
which influence the business and the management of the company‘'s inter-
nal affairs. i forecast of sales or demand of some type exists when-
ever the company management makes a decision in anticipation of future
sales or demand. This decision may be either to build a new plant or
to manufacture another run of & particular item to restore inventory
balances. Thus, we see that th& sales and demand forecast should be
reliable in order to reduce planning costs. Hamny times management

fails to recognigze that forecasts are made at various levals in the
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production and inventory control system. Fraquently, one finds that
forecasting decisions which have an important influence on production
planning operations are made by store keepers or stock-room clerks with
no definite procedure or policy being followed. Determination of the
types of forecasts required and eatablishment of proceduras to make
these forecants are fundamenial steps in the orgamigation of a preduec-
tion and inventory conirol system. In short, the characteristics of
forecasts related to preductior and inventory control can be mummarized
ag the timing, detail and relisbility of forecasts, and ths sssignment
of responsibility for making forecmsts and controlling or improving
their quality.

Setting up procedures for making required forecamts is only the
first step. Another part of tie forecasting job, and an important one,
is to establish procedures for reviewing forecasts made. This review=
ing of forecasts can be divided into two parts:

1. Determination of whether the forecaste are being made ac-
coriding tc the procedures established.

2. Measurement of the accuracy cof forecsats made and determina-
tion of causes for major errors, as a basis for improving the quality
or the effectiveness of foreecasting procedures.

Short-term plans cover the next one to three years. Ususlly,
these are moving plans which are adjusted quarterly for the firmt
future year and semiannually or annually for the second and third
future years. ~Again, the sales forecast is hased on the general eco-

nomic pieture, industry ard company market studies, company sales
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trends, and current demands. Specific plans are made which project a
continuation of the current year's plan. Using the sales forecast as a
base, levela of inventory, production, and manpower are planned for
Bpecific products. The production plans are then used ms the basis for
detailed estimates of machine loads, and for specific determinationz of
the productive capacities of machinery and plant facilities. Firm de-
cisions ars made about additicnal machinery and plant facilities. The
orders are then placed so there is coordination between delivery time
and the plan mada. Particularly important is the balancing of sales
and production plans with the finamcial requirements for inventory,
machinery, and plant facilities. As a matter of fact, finance is the

dominating factor in making plans and decisions.

New-Product Introduction:

In u competitive economy, few products can maintain their
places in the market without change or improvement. The products pur-
chased and usad by individuals, usually termed consumer products, must
be changed according to the latest technological developments so as to
satisfy the public taste. New models of highly fabricated products,
such as automobiles, telavision sets, #nd refrigerators are introduced
yearly to win consumer favor. Often, the most successful industrial
firms are those that have bmen able to use research to produce new
produets.

The idea of new product introduction starts from research and
development. This ideam is then discussed between the males department

and research and development. The estimates of manufacturing cost,
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s2lling price, profit, and investment which will ba raquired for new
machinery and plent facilities are made. Market research is done to
find out sales potential and possible competition. The production
planning and control depertment is aware of all these developments.
When it is agreed that the new product can be mrde and sold for profit,
closer estimates are made of the sales potential, manufacturing costs,
selling price, profit, and required plant investment. At this point,
production planning and control estimmtes the required investment in
inventories of raw materials, workeineprocess, and finished product
that are necemsary to back up the estimated salem. Resmarch and de-
velopment checks its final design with manufacturing to make sure that
the product can be made and specified tolerances maintained. At the
same time production planning and control checks with purchasing to be
sure that all thé materials required for the new product are available.
All these estimates are combined into a recommeéndation to top manage- -

ment to manufacture the naw product.

2+ Current planning:

Current plans are made for a period of one year or less. They
are of two types: fixed plans and moving plans.

The fixed plan is sat up for a calendar or fiscal year by quar-
ters. The plan remains constant throughout the entire year unless
actual performance deviates from the planned performance to an extent
that the plan becomes usieless. The fixed plan is realistic, but at the
samg time it has a disadvantage of not bming adjustable to changing

conditions.



The moving plan is made for a fixed period of time, such as
three or twelve months, and is revised every three months to extend the
plan for the full period of time. The first threa months of a twelve-
month period is considered firm, with the other nine wonths tentative
and subject to change. Naturally, this type of plan reflects changes
in conditions and the thinking of the planners every time it is re-
vised. Therefore, the moving plan has the advantage of being mores cur-
rent, but it has the disadvantage of a shorter firm period.

Current plans are much more detailed than short-term or long=
term plans and take into account each product and the salas forecast,
inventory, and production requirements for that item. The current plan
takes into consideration the total sales forecast, current inventory of
products, production requirements, capacity of the existing plant and
equipment, and the level of manpower needed for the required production.

The sales forecast that is us#d for current plans is based on a
composite estimate of sales from the field. The total dollars of this
forecast become the basis for a general plan of production and inven=
tories. The total units of each product are used to plan the produc-
tion and inventory for that item, if the forecasts for individual items
arg considered to be sufficiently reliable. A number of companie® have
found from experience that formcasts can be made more reliable if pro-
duction planning and control personnel review them with the salems
manager before they are finalized.

It is also the responsibility of production plamning and control

to measure the plant capacity against the sales forecast periodically
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so that they can recommend the purchase of needed mdditional equipment
or plant facilities in time to prevent shortages of capacity. A cur-
rent plan for the management of productimn and inventorieam should be an
integrated statement which coordinates with the sales forecast the
planned levels for finished-goods inventory, work-in~process inventory,
manpower, and raw-miaterials inventory.

Let us suppose that we are planning the operations of a plant
making a line of stock and special-order products. A forecast of de-
mand, separately for stock items and special-order items, has been made
and converted into production requirements and is shown in Table 1.

Let us assume that it has been decided to plan for uniform pro-

duction throughout the year. This means that we must plan the opaer-

ating level at 121,000 units - 500 units per day.
2k2 production days

production plan as shown in Table 2. The cumulative production plan is

This gives a

shown in the second column. From this the allowance for the forecast

production requirements for apecial orders is subtracted, since these

cannot be produced to inventory. The remainder, thus obtmined, is the
cumulative production plan for stock items. The cumulative production
resuirements for stock items subtracted from the cumulative production
plan for these items gives the planned seasonal inventory for stock

items, shown in the last column.

Production Control

Production control is a term applied to a group of interrelated

management technigues. These techniques were developed with the growth



Table 1

Demand Forecast Converted to Production Requirements

Cumulative Stock Special Items Total

Froduction Items Cumulativa
Month Days Cumulative Monthly Cunulative Requirements
January 22 5,500 1,100 1,100 6,600
February L1 9,000 200 1,800 10,800
March 62 11,600 400 2,200 13,800
april 83 16,000 1,000 34200 19,200
May 105 224500 1,800 59000 274500 °
June 125 32,000 1,900 6,900 38,900
July 137 43,500 2,000 8,900 52,400
fugust 159 55,700 24300 11,200 66,900
September 179 68,900 34500 14,700 83,600
October 202 80,700 2,300 17,000 97,700
November 221 91,500 2,000 19,000 110,500

December 242 100,000 24000 21,000 121,000




Table 2

Production Flan

Cumulative Cumulative Cunulative Cumulative Planned
Cumulative total allowance production production seasonal
production production special-order plan requirements inventory
Month days plan items stock items stock items stock items
January 22 11,000 1,100 9,900 5,500 4,400
February 1S 20,500 1,800 18,700 9,000 9,700
March 62 31,000 2,200 28,800 11,600 17,200
April 83 41,500 3,200 38,300 16,000 22,300
May 105 524500 5,000 47,500 224500 25,000
June 125 62,500 6,300 55,600 32,000 23,600
July 137 68,500 8,900 59,600 43,500 16,100
August 159 79,500 11,200 68, 300 55,700 12,600
September 179 89,500 14,700 74,800 68,900 54900
October 202 101,000 17,000 84,000 80,700 34300
November 221 110,500 19,000 91,500 91,500 o
December 242 121,000 21,000 100,000 100,000 0

T4
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of the Industrial Revolution.

Although men like Frederick W. Taylor and Henry L. Gantt have
made great contributions to this field of activity, it would not be
possible to list the names of all those individuals who deserve credit
for the development of production control. Each day someone in in-
dustry produces a better means of recording data, a better duplicating
process, an improved filing system, a different orgamizatisnal struc-
ture, a better memns of communication, or in some other way adds to our
knowledge and skill in production control techniques. This i tha man-
ner in which production control develops, constantly striving for ad-
Justment to each problam as industry expands.

The control of the flow and processes of manufacturing by means
of an affective production control program is on# of the most import:at
factors in the successful operation of any industrial enterprise. The
production control department itself ie the lifeline of the industrial
organization. It is due to this department and to an effective produe-
tion control program that the organization is able to:

l. Meat production schedules

2. Maintain control of inventories

3 Utilize production facilities teo their fullest capacity

4L, Coordinate the introduction of engineering and manufac-
turing changes into the production program.

The primary objective of a modern factory is the production of
economic goods of the proper quality and quantity, utilizing the least

expensive methods, and meeting a necessary time schedul& for completion.
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In order to achieve the#s# #nds, the factory must have a mgdium for co-
ordinating its activities into a single organized effort.

Production control is a group of physical activities, based
upon modern management principles and concepts, and designed to guide
production employees, machines, and materiamls to the fullset realiza~
tion of their primary objectives. It is the technique of determining
what items are to be produced and in what sequence the production oper-
ations must be applied to them. It also determines the quantities, the
location, the time, and the order in which the components of a product
must be processed. Production control furnishe#s the factory with the
forms, specifications, and detailed instructions that must be followed
in order to carry out the predetermined plan. Following this, produc=-
tion control performs a check on the factory's progrea=z by means of
current records and reports that reveal troubled areas and also furnish
valuable data for future production planning.

It is not sufficient for the production control system simply to
detmct and repair such troubles as material shortages and machine
breakdown. A properly organized and manageil production control pro=-
gram will include means for anticipsting production bottlenecks so that
action may be taken to avoid or minimize the adverse affacts of emer-
gency situations.

Production control, then, consists of a group of mtaff or serve
ice functions which is intended to furnish msmagement with the nsces-
mary systems, procedures, and forms required for the planning and

control of production operations. It is no Exaggeration to state that
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the Bucctéis or failure of an industrial enterprise may depend upon the
design and operation of its production control program. Inadequate
control means production shut-downs for lack of materials, large in-
ventories that are not necessary, failure to incorporate engineering
and manufacturing changes at the required time and constant pressure
of rush orders. On the other hand, a production control program that
has been carefully organized and well-planned and is subject to fre-
quent scrutiny for the purpose of further improvement, serves both the
industry and the consumer by effecting full utilization of all produc-
tion facilities.

In general, successful production control depends on the satis-
factory performance of several types of functions. These are:

l. Forecasting and planning

2. Inventory control

3. Control of production operations

L, Process engineering

The size and character of a production control organization will

dep#nd on:

1. The dutiem specifically delegated to the preduction control
group.

2. The degree of control required.

3. The size of the company involved.

A production control rule given by Magee2 for replenishing

2John F. Magee, Production Planning and Inventory Control,
McGraw-Hill Faok Company, Inc., New York, 1953, p. 317.




wirehouse inventories is as follows:

U+1 L]
q(i) = E d(i+k) - — q(i-k) - | I(i) - I*
k=1 k=1

where U = lead time (in periods)

q(i) = amount ordered at the end of period i, available at the

beginning of period i + U + 1

d(i) = forecast demand for period i

I(i) = inventory at the end of period i

I* = planned inventory level
Under this rule, the warehouse would place an order in each period
equal to anticipated i1equirements over the lead time plus the reordsr
period, less the amount on order, plus th& amount by which the desired
inventory on hand and on order exceeds actual. This rule was set up
on the assumption that there is no cost of changing the size of order
from period to period. For example, suppose we ars setting up a
schame to control the operating hours of a packaging line. The demand
forecast for the coming thirteen weeks (expressed in hours of line
operation) is shown in Table 3. Demand in a given week might vary
118 hours from forecast, and over two weeks it might wvary +25 hours
from forecast.

froduction is to bi# adjusted weekly, and because of the work
notice to employees, it takes one week for a decision (to change the
production levels) to become effective. Thus, the sum of the lead time
and review interval equals two weeks. The inventory fluctuations will

be equal to the fluctuations between actual and forecast demand during
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Thirteeneweek Damand Forecast,
Hours of iProduction Fer Yeek

——————.s . — e ——— ]

Forecast demand

Forecast demand

Week (hours of production) Week (hours of production)
3 21.0 8 36.5
2 24.5 9 k2.5
3 2k.5 10 52.0
4 28.0 11 S54.5
5 28.0 12 bs5.5
6 31.5 13 3545
? 31.5
Total 13 weeks 455.0

this interval. Since these fluctuations can run up to + 25 hours over

a two-wgek span, planned inventories cannot be less than the aquiva-

lent of 25 hours of production.

Let us suppose that there were the equivalent of 38 hours in in-

inventory. Then, the production requirements over the pariod

55 + 25 - 38

442 nours or 34 hours per week.

L]

(demand) + (minimum planned inventory) = (on~hand inventory)

A check will show that a uniform planned rate of 34 hours psr wesmk will

meet the forecast. The cumulative forecast demand, planned production,

and planned inventories, which might be arrived at, are shown in

Table 4. It should ba noted that this plan is in terms of production



Table 4

Thirteen=week Operating Plan
_

Cumulative Planned Flanned
forecast weekly cumulative Planned
Week + demand production production inventory

+ inventory

Opening stock - - 28.0 -
1 21.0 34.0 7240 51.0
2 45.5 34.0 106.0 60.5
3 70.0 34.0 140.0 70.0
4 98.0 zh 0 174.0 76.0
5 126.0 34.0 208.0 82.0
6 157.5 3440 2k2.0 84.5
7 189.0 34.0 276.0 87.0
8 225.5 54,0 310.0 84.5
9 268.0 34.0 344.0 76.0

10 320.0 34.0 378.0 58.0
11 374.5 %k ,0 h12.0 37.5
12 k20.0 340 446.0 26.0
13 bss.0 3440 480.0 - 25.0

— ==




hours, not physical product units. Zince one week's notice to em-
ployees is required, production for the first two weeks is fixed by the
original plan. Howitver, at the end of the first week, the first re-
view period, we have a chance to adjust the production rate. Suppose
that the demand during thi# first week was equivalent to only seventeen
hours, four hours less than the forecast demand of twenty~one hours.
Then, if production were on plan, the inventory at thes end of the waek
would be equivalent to fifty-five hours. Now, the control rule will be
as follows:
Production level
in the third week = praliminary budget for the week being
planmed
# the amount by which originally budgeted
production during the intervening period
(week 2) exceeds scheduled amount
+ the amount by which budgeted inventory on
hand exceeds actual
= 34,0 + (34.0 = 34.0) + (51.0 = 55.0)
= 30,0 hours
Then the production level planned for the third week would be 30.0
hours. The full difference between forecast and actual sales in the
first week was taken up by an adjustment in production in the third
week .
The important problems of production control are somewhat de-

pendent upon the industry and the company under consideration. The



types of data available, the types of data necessary, the character-
istics of the processing or the manufacturing operation, the smervice
demanded by the customer, the characteriastica of the product, etc.,
will vary from one situation to another.,

In the processing industries there are instances where raw
materials cannot be stored but the fimished product iz capable of al-
most indefinite storage. An example is the canning of vegetables and
fruit. In other situations tlue raw materials are capable of relatively
long~term storage but the finished product is not. An example of this
situation is the ready-mix concrete plant. Still other cases present
s problem of limited procurement periods.

Similar situstions are present im the manufacturing and service
industries. The grocery store is an example of a service industry
where goods with both long and short storage lives can be purchased.

These factors determine whiére the major emphasis on production
control must be placed. Exmxination of the production control require-
ments in a continuous manufacturing operation reveals that the emphasis
should be placed on the availability of the correct kind and quantity
of raw materizls at the sppropriate times, the prevention of bottle-
necks in the production line, and the removal of the finished product
from the line and its distribution to the point of storage or sale.
Much of the control is built into the preoduction line.

In intermittent manufacturing, other problems arise. In such an
activity, there is no predetermined manufacturing process. Usually, a

ney and different process is required for each order. Stopprages or
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shortages &t a limited number of puints do not stop the entire flow of
production. Since each item is built to a specific order, the finished
product is usually shipped directly- to the customer. In this type of
manufacturing, the responsihility for balancing the production opera-
tions falls to the production control group. In continuous manufac-
turing this responsibility lies with the engineering group that designs
the manufacturing process. Once established, it remains the same until
ma jor produet changes or equipment replacements occur.

The major advantages of a successful production control program
may be listed as follows:

1. Requested delivery dates are met. This means satisfied
customers and more future orders.

2. Shop foremen are amsisted in solving their production
schedule problems by trained production control specialiste who furnish
records, reports, and other clerical services.

3, Available manpower and equipment are more thoroughly and ef-
ficiently utilized. Production mctivities tend to be leveled, elimi-
nating costly peaks and depressions in the volume cof work.

4, Raw material, work-in-proces#, and finished=good inventories
are maintained at an optimum level which minimizes material shortages
without needlessly tying up working capital in excessive inventories.

5. [Froduction bottlenecks are foreseen in time to be avoided.

6. Employees are seldom required to wait for tools or mate-

rials not readily available befcre starting the next job.
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7. ‘Work-in-process iz not permitted to accumulate on the shop
floor %hile waiting for the next operation.

8. Material procurement from outside vendors is carefully
planned so that errors and rush orders seldom occur.

9. FProduction goals are attained in an orderly manner. The
personal satisfaction and high morale in employees who have experienced
a job well done is one of the most important attributes of a progres-

Bive organization.

Material Mansgement

To any manufacturing entervrise, material is one of the most
important factors in the operation. It is the substance from which the
finished products and all of their constituent parts are made. It is
the material which is subjected to the various factory processes as it
travels from the beginning of the manufacturing cycle to the end. The
economic importance of the material varies from one product to another,
but it is not mt all uncommon to find products in which materials con=-
stitute more than one-half of the total cost of production.

Material control is the term generally given to the functions
of:

l. Placing orders with the Furchasing Department for materials
needed in the manufacturing process in sufficient time snd in suffi-
cient quantity to meet scheduled requirements.

2. Storing materials for manufacturing until they are ready to

be used.

3, Maintaining adequate records and controls on these materials



to avoid the wiste of invested capital in:

a) Overstocked or understocked storerooms.

b) Improper inventory turnover.

c¢) Lost, damaged, stolen, deteriorated, or obsolete materials.
In certain types of industrial organizations, the matasrial-control
activity may include# other functions, such as those of purchasing or
receiving.

The first step in underatanding the function of material control
is to understand the classifications of inventory. In the broad sense
of the word, '"inventory" refers to all materiala owned for the purpose
of development or manufacturing a saleable product or servica. For the
manufacturing industry, such materials may be used directly by inclu-
sion in the end product, or they may be used indirectly to facilitate
the# manufacturing operations and controls.

Following is a list of several kinds of inventory accounts which
may be found in a typical manufacturing company:

1. Raw Materials. Thé#se are direct materials obtained from
some outside source, and are destined for furthier processing before be-
coming a part of the end product.

2. Detail Parts. These are also known as component parts or
piece parts. These parts are the finished elements which will be as-
sembled to make up the final or end product. Details or components may
be purchased as stock items from an outside mocurce, or they may be
parts that were manufactured from raw materials in the company's manu-

facturing departments.



5. ¥ork-in-Process. This consists of all direct matarials that
exist in some transitory condition between tha raw material or detail-
parts state, and the finished-gnod state. They may be progresming from
one operation to amnother. They may be temporarily held in a storage
bank waiting for the next opermtion, or they may be undergoing a manu~
facturing operation.

4., TFinished Goods. These are the parts, units, or assemblies
that have completed the manufacturing cycle, and are raady to be de-
livered to the customer or to a distributing agency.

5. Indirect Items. These are used in the manufacturing process
but do not form a part of the finished product. Such supplies are
usually purchased. They include cutting and lubricating oils, cleaning
or pickling sclutions, waste and wiping rags, Jjanitor's supplies,
office supplies, construction materials, repair parts from machine and
ejguipment, other maintenance items, etc.

Material control, as one of the major functions of production
planning and control, is generally divided into two areas of functional
responsibility: planned control and physical control. Flanned control
has the responsibility of maintaining a constantly available supply of
required raw materials, purchased parts, and supplies. Fhysical con-
trol has the primary reaponsibility for the proper receipt, storage,
protection, and issuance of materials from inventory amd for estab-

lishing appropriate controls for safeguarding those materials.

Planned Control

ilzpned contreol is the activity of constantly msintaining an



Bdequiite but not exce#ssive supply of each of the raw materials, pure
chased ports, and supplies that are required for the manufacture of the
product. It is the making of daily decisions of "how much" and "when'"
to order these materials to keep the supply pipeline filled at all
times. These are reéplenisiment decisions which are combined with the
interpretation of usage trends and some anticipation of the usage that
mEy occur during delivery time. Lead time is an important influence on
these replenishment decision=. This is the total amount of time re-
quired to procure a material--from the time a purchase requisition is
written by the material control department until the material is ree
ceived in the plant. It is the rasponsibility of the purchasing de-
partment to provide material control with a remlistic statement of lead
times for all production materials and supplies.

In order to maintain m constant supply of materials, it is nec-
essary to maintain inventory records which will permit analysis by
showing the facts required for a replenishment decision. These are re-
ceipts, usage, inventory balance, aasignments, available inventory
balance, a summary of usage for each month in ths past, order quantity,
nunmber of orders to be placed per year, lead time, and inventory re-
servg expressed in number of days or weeks of supply. These facts
should be shown on one record to simplify the making of a decision.
When the decimion is made, it is the obligation of material control to
place the purchase requisition with the purchasing department.

An important part of the planned control of materials ia the

verification of records. It is essential that the inventory balances,
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average usage, and lead times be verified periodically to assure order-

ing the eorrect guantity at the right time and to pravent depletion.

Physical Control

The physical control of prodﬁction materials is accomplished in
the two major plant activities of receiving and storeskeeping. Al-
though the storeskeeping activity will sometimes include receiving, its
major résponsibilities are for storage, protection, issue and physical
count.

The receiving department has the responsibility for making an
accurate count and correct statement of all materials that are received
in the plant.

The function of the storeskeeping department is to carry out the
storage, protection, and issuance of production materials and supprlies
in accordance with the plan developed by the planned-control section of
material control.

In order to secure fully the advantages of proper materials con-
trol it is necessary to think through and set up policies, procedures,
and m suitable organizational structure. Unless this is properly done
the various phases will not be coordinated into the most effective oper-
ation. 5Some of the steps for an effective system of materials control
are as fnllows:3

le set policies necessary to guide tlie materials and inventory

control program.

3Gordon B. Carson, I'roduction Hamdbook, The Ronald Fress
Company, New York, 1958, p. 4,3,




2. Detérmine the most approprimte organization structure to

carry out thess policies.

3. bstablish the basis for memterianls control according to the

method of manufacturing and the type of material.

k. Plan the availability status of each class of materizl and

modify control me#thods to suit the value classificaticn.

5. Set up records and procedures for properly ordering matari-

ale required and for controlling same.

6. Eatablish suxlliary procedures, including standardization

of matsrials and parts.

7. Establisii a procedure for physical verification of records.

8. Provide storage and physical handling facilities.

9. Provide snd train manpcwer for effective operation of the

gysteme.

The responsibility for material inventory policies lies on top
managsment. Unless the bromd and basic policies are laid down by top
management, the detailed opmrating policies and procedures necessary
for effective provision and countrol of materials caanot be developed
properly by the manufacturing organization.

Policies set up hy top management will vary with tha type of in-
dustry, type of compmmy, characteristice of the product line, and the
current state of business. The current financial eondition of the par-
ticular company and ths mmount of capital available also may cause

variations in policy.

For exammple, in some of the process industries, such as steel
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and chemicals, where the price of raw materials procured has a certain
known effect on the profit-and-loss statement, the company may engage
in a certain amount of speculative or forward buying. ZSince this is a
vital factor in the profit of the business, the decision as to when and
how much raw material to buy is usually made by top management. In job
shop operations, on the other hand, the usual procedurs is to do as
little speculative or forward buying as possible.

There are many advantages for a company in properly providing
for and controlling materials. Some of these are:

1. Reducing the possibility of nonaccomplishment of customer
delivery promises. This is one of the moat important factors in main-
taining customer good will and sales position and therefore the ulti-
mate profits of the company.

2. Reducing the possibility of shutting down production lines
or other manufacturing activities by not hmving material on hand.

3. Raducing material waste due to theft, breakage, detariora-
tion, spoilage, mnd obsolescence.

4, Reducing the cost of manufacturing by having proper parts on
hend when needed so that it is not necessary to substitute other parts
or material.

Companies which have established strong materials control
activities under the direction of intagrated production planning and
control departments have usually reduced inventories, storage times,

and handling costs, and have often increased their volume of output.



CHAFTER IV
ECONOMIC PRODUCTION QUANTITY

Deciding how many items to make for stock at one time is one of
the most common =afid still frequently unresolved queastions of inventory
manafement that businessmen face. It happens alsc to be a question
that has received early anid continuous attention in the literature of
inventory control over the period since 1920-1 Eecause it is so fre-
quently found, the lot-size problem serves as a useful starting point
to discuss inventory functions and methods for analyzing them.

The prollem arises because of the need to produce or purchase in
quantities greater than will be sold or used at the moment. Thus,
businessmen buy raw materials in eizable quantities in order to reduce
the costs connected with purchasing and control, to obtain a favorable
price and to minimize handling and transportation costs. They replen--
ish factory in-procmss stocks of parts in sizable quantities to avoid,
where posmible, the cost of equipment sete-up and clerical routine.
Iikewise, finished stocks maintained in warehouses usually come in
shipments substantially greater than the amount sold in one order, the
motive being, in part, to avoid equipment set-up and paper-work cost
and, in the case of field warehouses, to minimize shipping costs.

In all these casem the prectice of replemishing in sizable

1John F. Magee, Froduction Flanning and Inventory Control,
McGraw-Hill Book Co., Inc., Ne York, 1953, p. bh.
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quantities compiafed with the typical usage quantity means that inven-
tory has to be carried; it makes it possible to spread fixed costs

(e.. set-up and clericuzl costs) over many units and thus to reduce the
unit cost. However, one cannot carry thias principle too far, for if the
replenisiiment orders become too large, the resulting inventories get out
of line, and tlhie capital and handling costs of carrying these inven-
tories more than offset the possiltle @mving in production, transporta-
tion, and clericel costs. Here is the matter again, of striking a bal=
ance between these conilicting conditions.

Even though formulas for selecting the optimum lot size appeared
in the literature as early as 1920, few companiws make any attempt to
arrive at an explicit quantitative balance of inventory and change-over
or set-up costs. Franklin G. Moor02 has concluded that their use is
declining for thesa reasons:

Hast companies tciuay probably no longer compute economic-
lot sizes. At the Hawthorne plant of the iestern Electric Com-
pany, for example, & whole department was once engaged in com-
puting economic lots. Today it has disappeared and very little,
if any, such computation is carried on. Perhaps part of the
reason for the general decline in interest in economic lots has
been the cost of computation. Furthermore, only approximate re-
liability of a computed answer can be cocunted on, sinca& it is
often impossible to forecast future needs and the possibility of
obsolescence; also economic lots have only transitory wvalidity
because chang#s occur in demand, conts and other factors.

General operational policies play am important part in

actual lot size determination today. Quantities larger than
the economic lot may be produced during temporary slack periods

2L-"ranklin G. Hoore, Production Control, McGraw-Hill Book Co.,
New York, 1951, pp. 178=183.




in order to level out production. Fresent and prospective price
trends ar# important and play a part. The financial position of
th® company may limit inventory investment regardless of economic
lots. Equipment limitations may force short runs to permit a
variety of items to be produced on the machines available. Man-
agement may not know that production is being carried on in
economic lots or may not fully appreciate the costliness of un-
economic lots.

If setting up is done by special set-up men, the machine
operator must be put on other work while the machine is being
Bet up. Often work of equal calibre is not available, and the
operator is idle or is used on lower grade work. Short runs
cause extrms costs in getting jigs, fixtures, or patterns from
storage and returning them. These coste are rarely charged to
the order. In some companies the accounting procedures charge
set-up costs also to an overhead account rather than to orders.
This practice of charging machine accessory handling time and
set-up time to over~head accounts reduces the reported unit
cost on short runs and tends to misinform management az to the
costliness of uneconomic lots.

The ccmputation of optimal lot sizes is not & serious difficulty
if electronic computers are available. Amother objection raised by
Moore is that the optimal lot-size formulas do not take into account
enough relevant factors.

Despite the difficulty in measuring costs and indeed because of
such difficulty, it is worthwhile to look at the lot=size problem ex-
plicitly formulated. The value of an analytic solution does not rest
solely on one's ability to plug in precise cost data to get an answer.
Even when the data available for use are crude, an analytic solution
often helps in clarifying questions of principle.

The lot-size decision rules are used to find the total cost as
a function of the aggregate inventory and the sales rates. This func-
tion may be added to the ovartime, payroll and other quadratic cost

functions needed to find tlie production and employment scheduling
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rules. The production rule thien determines the total inventory level
widich serves as the constraint on the lot mizes of the indfvidual

products.

Lot 5ize Model--No Stockouts

First we will consider a relatively simple inventory-control
problem in order to make the general approach as clear as possible.
The problem is to determine the& optimum lot sizes when the demand for
each item is deterministic and is constant (independsnt of time).>
When the inventory of a product declines to a specified leval, an im-
mediate order for production of a lot is placed. The only umknown is
the size of the lot. Furthermore, it will ba assumed that the entire
quantity produced is delivered as a single package, i.e., it never
happens that an order is split so that part of it arrives at one time
and part of it at another time. We shall imagine that the item can be
inventoried indefinitely, and that it will never become obsolete. Then
it is convenient to assume that the system will continue to operate for
all time and the system is never out of stock when a demand occurs.

The basis of inventory theory is to write an appropriates coat
equation that includes all possgible costs such ms set-up costs, raw
material, labor, stormge and so on. Further, we proceed to minimize

this total cost equation. Thus:

3¢c. c. liolt, Decision Rules for Allocating Inventories to lots,
The Journnl of Industrial Engineering, Vol. 3, no. 1, January-
February 1958,
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Number of lots to be manufactured per year = i
4
(for symbols, see Appendix A)
Totml yearly set-up cost = ZE . 8, (1)
* L] Qi

where { = 1, 2, ====p

We will assume that on=hand inventory at the time of arrival of
a procurement is zero, i.e., the system just runs out of stock as the
new procurement arrives. In other words we are assuming that the szles
or withdrawals from inventory are made uniformly over each period, the
inventory of product i will go from a maximum of Q1 to a minimum of
gero as shown in Figure I. Thus:

The average level of inventory = Hi

3

The average value of inventory for product i = ini
4

b

1 |
s
. T _4 t1-mTq

Figure I. Units in inventory as a function of time
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Hence the total carrying cost = I - 4y (2)
2

Where i = 1. 2' el | Pl
Total variable cost = Total éet-up cost + Total carrying cost

nf_i_._-siirI'ini (3)

QY 2

where { = 1, 2, ===-, p.

ot

We can write the total variable cost for all products as:

p p : P
Y, 5
€23 ¢ "=k ¢ L° S 4Y (1)
i=1 i=1 Sy 2 i=1

Our object is to find the values of Q1:> O which minimize the
total cost "C'"'. We can minimize this quantity in a number of ways:
1. Ye can take the derivative of total cost with respect to Q1

and set the quantity equal to zero (that is de = O) in order to deter-

in

mine the point at which zero slope and minimum total cost occurs.

Assuming that demand is continuous, Qi can also be treati&d as a con-

tinuous variable. Differentiating equation (3) with respect to Qi’ we

gat:
%E- - _Yisi + Ivi = 0 (5)
Y Z 2
%

The calculus tells us that if the optimal 41 (denoted by Q;) lies in
the interval O<(Qi<:c£>. then it is necessary that Qi should satisfy

the above squation. Thus:



g - /2:‘!;\"1 where 4 = 1, 2, weae, p, (6)
i

This is the minimumecost production order guantity. This can be seen
by differentiating the equation (5) agnin.

dzc = 2’1%;
-] % )
&y 4

The above quantity ie positive for all Q£:>O and hence the Q1 deter-

wined from equation (5) yields the absclute minimum value of C.
2. e can use a graphical method. This requires plotting each
coat component.

Cost

R* Lot Size

Figure 1I. Cost as a funotion of lot size
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Figure II illustrates ti.e inventory manager's dilemm..u The curve "A"
rapresents the set~up cost, which dscrsases ms the number of parts pro-
duced on one run increasss. Curve ''B" represents the carrying cost,
widch increases as the number of parts produced on one run increases.
Curve "C" represents the Total cost, i.e., th# sum of A and B. The
objective of minimizing the total cost is fulfilled by selecting the

strategy of producing Qi parts on one run where Q; is determined from

the minimum of the total cost curve, C. The figure shows clearly that

the 5{ which yields the minimum is unique. It might be noted that the
optimal Qi occurs at the points where the slope of the set-up cost

curve is the negative of the slope of the inventory carrying cost

curve. It should alsoc be noted that the two curves intersect at the

point qi = Q{.

It =hould be noted that such opposing costs always exdst. If
there were no costs which increased as the number produced in one set-
up increased (curve B) then it would be most reascnable to produce an
enormous amount in advance, perhaps ten year's supply. If there were
no costs which increased as the numbar produced in one set-up decreased
(curve A) then it would be most reasonable to produce each part as it

was needed. The unreascnableness of these twe possibilities in almost

4H. Chestnut, T. F. Kavanagh, and J. E. Mulligan, Applying

Control to Inventory Hamagement, Control Engineering, Vol. 9, no. 9,
September, 1962, p« 96.
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all cases is dus to the existence nf both kinds of costs.

S0, the decision problem in question iam solved a= soon as the
two curves in quzstion are obtained.and summed to get the total cost
curve C. The shape of the curves given in Figure II is arbitrary and
is only meant to illustrate the general situation. For each specific
problem the actual shape of these curves must be determined.

3. We could use trial and error methods, by substituting dif-

ferent values of Q1 into the total cost equation until the minimum

total cost was obtained.

4, Further, another method to minimize the total cost is as
follows: The minimum total cost will occur, for this equation, when
the total carrying cost is equal to the total set-up cost. This is
an aprlication of the marginal principle which is basic to most eco-
nomic thinking. An economist, if presented this problem, would im-

mediately set out to find the value of Qi for which the marginal cost

of set-up equalled the marginsl cost of carrying stock in inventory.

i@ would, upon solving for Yo get t':@ same result as equation (6).

Datermination of Reeorder Foint

Let t, = lead time (in units of time), the interval of time

elapsing between the point of time at which the item is triggered for
production and the point of time at which the production of it is com=-

pleted and it becumes available.

Tq = lot time, tie interval of time within which a lot is con-

sumed by sales.



m = largest integer less than or asqual to :&.

T
q

Th.n’ T =
q

T

Thus, if we place an order for production of product i when the on-
hand inventory reaches the level
r, = Yi (tl - mTq)

= Yitl = in

= Dl - mQ; (?)

Where D, = Y,t is the lead time demand (i.e., the number of units de-

manded from the time a production order is placed until it arrives).
The on-hand inventory will be zero at the time production is completed.

The number ry is called the reorder point; each time the on-hand inven=-

tory in the system reaches r, an order for the production of Qi units

i
is placed. Thie is illustrated graphically in Figure I.

The problem of determining how to operate the system has now
been solved. The reorder point, given by equation (7?) tells us when an

order for production should be placed.

Lot-size Model in Casme of a Finite Production Rate
The assumption that the order is received and placed into inven-

tory all at one time is often not true in manufacturing runs. The

formula derived in the previous case, i.e., Q{ = [ayidi assumes the
Iv
i

general inventory pattern shown in Figure 1 where the order quantity Q{
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is received into inventory all at one time. The inventory i then
drawn down at the usage rate, Eubsequent orders being placed with suf-
ficient lead time so that their receipt coincides with zero (or mini~
mum stock) inventory.

For many manufacturing situations the production of the total
order quantity Qi takes place over a period of time and the parts go
into inventory, not in one large batch, but in smaller quantities, as

production continues. This results in an inventory pattern similar to

Fgure III.
|
)
5
= &
: A
& RN ;
ol »'7~ | \ Y
g & Qi(l'ﬁi) N,
'|= Ol : p B .‘l'l.
O |
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f=— t —»L— t E— Time .
P d
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Figure III. Inventory balance when ii* is received over a period of time

Thus the inventory, in this case, will not increase by the full amount

of order or run quantity at one time. It will increase &lowly over the
course of the run, while production going into inventory exceeds usage

going out. It will reach a maximum at the end of the run. If the

length of the run extends over a subatantial period, for example if the
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item is in production half the time, more or les=, this can have a sub-
atantial effect on the maximum inventory build-up and on the size of
the economical run quantity. This can be seen as follows:

Let Yi 2 sales rate in units per day for product i.

Ri = production rate in units per day for product i.

It is supposed that demands are deterministic and are incurred at the

factory warehouse at a rate of Y, units per day. Once the factory is

i
set up to produce a lot, it will be imagined that the production rate

is R, units per day (independent of the size of the lot). It is quite

i

clear that the system cannot operate unless Ri::>Yi.

During the production period, the inventory ia increasing at a

rate of (Ri - Yi)' The on-hand inventory in the factory warehouse

reaches its maximum value just as production is cut off at the factory

after tp days, where tp is the length of time to produce a lot and is

equal to Ei. The maximum on-hand inventory = tp (Ri - Yi)

Ry

agi_(Ri-Yi)
 §

Y

= (1-24)

- el

i
Y ¢
The mverage on-hand inventory = 1 (1 - _i) (assuming that the system
2 R
i

Just runs out of stock as the new procurement arrives). Let td = time

required to deplete tha on~-hand inventory at the warehouse. Then,



$, ;i__ 1 - ;_;_). The length of the cycle = T =t +t,
S UL 4Gy
R, 1, R,
= Y
i
det-up cost = 31 . Si where i =1, 2, ——--, p.
o
Inventory carrying cost = I » V, S& (1 - I&)
2 Ry

The average total cost of set-up and holding inventory for product i:

Y, . Y
ci‘;i—"i"”i'%—(l'ﬁi) (8)
5

Differentiating the above equation with respect to Qi and setting the

derivative equal to zero, we get the optimal value Q (denoted by Qi).

Thuss
dog % . T acTpyao
d41 Qi 2 R1
which has the uniqua positive &@olution
w__‘l./ﬂisu R ) (9)
IVi R1 -~ Yi

Ir Yi is almost equal to Ri' then Qi becomes very large, ap-

proaching infinity as the difference between Yi and Ri approaches zero.

This result makes sense. In effect it states: if the demand rate is

as great as the production rate, then run the process continuously. On



the other hand, if R, is very much greater tham Y,, i.e., R{>§>:>Y :

i i

then Qf given by equation (9) will be equal to that given by equation

(6) in the previous case. This result is also reasonable.

In many circumstancas, of course, the total order guantity is
produced in a relatively short time compared with the time between
runs. In such a case also, the difference between equations (6) and

(9) is negligible (since Ei is close to zero). The utility of this

Ry

model can be seen by considering a numerical example.

Example:

4 manufacturer for automobile accessories makes several parts.
These parts are supplied to the customers from the factory warehouse.
One particular part has the following properties: The demand rate can
be assumed to be known with certainty and to be constant at 1,500 umnits
per year. The fixed cost of set-up for each production run is #8.33.
The cost per unit is $§5.00. Inventory carrying charge is 0.02 per
dollar per year. The production rate is 48 units per day. A period
of 20 days is required from the time that a production requisition is
received at the factory until finished units begin to come off the
production line. It is desired to determine the optimal lot size and
the warehouse re-order point based on the assumption that stockouts
are not permitted. Assume the number of werking days in a year to be

250. The optimal lot size, 2*, would b#:
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)
I i i
. 2 (8. §? 1,500) - - (48) (250) i
0.02 5 250) - (1,500
= 534 units

A computer program written in the form shown in Appendix B can be used
for solving this problem. The time required to produce this lot

=t
P

Y

Ry

%’? = 11.15 days

The time between runs:

]

The on»hand inventory in warehouse reaches a maximum value of

[ 1 O-——
= 535 (1 - 250)

= 468.125 units

The demand per day = léggg

= 6 wnits

Therefore, the time required to deplete the on=hand inventory at the

warehouse = td

~ 468,125

= 78.02 days
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(]
(24

+ t

Thereforz, tctal cycle time » a

11.15 + 78,02

]

89.17 days
that is, there would be one run every S0 days. The average annual cost
of set-up and holding inventory is:

1.8

e =LV o Q- Iy
Q2 _— R,
i £ i
l:l )) 8- 2 . ] - 1y
. 2 )Og;h( 33) , (0.02) (5.0) (zz;gu) (1 —-'-59—0-12'000)

= 3%076
Since the lead time = 20 days, it follows that the re-order point based

on the on-hand inventory is:

ri = (lead time) (demand rate)
= (20) (6)
= 80 unitis

CONSTRAINTS

General Explanation

Inventories are seldom composed of a single item. Usually, many
different items are carried in stock. Even for a single item, it is
not unusual to have many associated stock-keeping units. For example,
in the category "screws," a typical manuvfacturer's inventory will in-
clude various lengths, diamelers, number of threads to an inch, wood
screws, machine screws, brass screws, steel screws, and so on. In the

same way 2 department store wlll carry meny different sizes, colors,
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miterials, and styles of socks, and the supermarket stocks a great
variety of soups and soaps.

We can, if we have enough information, obtain the optimal lot
size for each stock~keeping unit. This would give us the minimum over-
all totel cost system. However, two factors intervene:

1. It costs money to study inventories and to develop policies
for each item. From the point of view of a bresk—-even chart, the cost
of the inventory study increases fixed costs. The savings obtained
from the study decrease variable costs. The result must represent a
sufficient return on the capital invested in the inventory study to
meke this investment preferable to alternative investments in bonds and
stocks, machinery, or additionsl perscnnel. Because this criterion
underlies all inventory studies, companies seldom undertake inventory
studies of all items that are needed. Instead, the items are divided
into categories, frequently called a=b~c. The "a" items represent the
highest dollar-volume group. The "b" and "c" groups are proportion=-
ately lesser participants in dollar volume. Figure IV shows a typical

> de see that only 25 per cent of the total number of

a-b-c breakdown.
items carried contributes over 75 psr cent of the total dollar volume
for this example. Because savings to be realized are a function of the

dollar volume, it is clear why '"a" items should be singled zut for at-

tantion before thes others.

5H. K. Starr, Production Management, Frentice-Hall, Inc.,

New Jersey, 1564, p. 322.
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Per cent of dollar demand

Flgure IV. A representative a-b-c breakdown

2. The company's resources are limited. It is frequently un-
reasonable to carry the total average dollar inventory that the indi-
vidual item's optimal policies would require. The capacity of the
ordering department may be over-taxed; storage facilities may be filled
to capacity; the amount of capital invested in inventory may exceed the
amount that the company has available. These limitations, if they
exist, require a modification of inventory policy. That is, the theo-
retical system's optimal is not feasible because it violates other
practical system's constraints.

Let us consider equations (4) and (6) which represent the total

variable cost and optimal lot size. That is,



v P P
Ca> o= > 4.1 QV, (b)
i1

i=1 Qi 2 i=l

IVi

For any value C of zci. we can imagine surfaces

c (le "n.'2o ———= Qp) = C
of Qi values in p-dimensional space. These surfaces will constitute
the locus of Q1 values yielding the same cost "C" and are called con-

straint surfaces. In the case of only twoc variables they constitute

C = constant lines, as shown in Figure V.

Mgure V. Iso-cost curves for pmirs of lot sizes

In this figure, the solid lines represent the ¢ (Ql, Qz) = C curves.
In other words ther connect pairs of lot-size points which yield equal

costs. These are sometimes referred to as Iso=-cost lines and the



dottfd lines represent their orthogonal trajectories, showing the di-

rection of the minimum variation of "C" in the plane Ql’ e The

curve ¢, = C* is reduced to the stationary point P (Qi, Qé) where C*

i

is the minimum cost obtained by substituting Q; for qi in equation (4).

Thus the point P is the pair of lot sizes Qi, and Qs that minimize

total coste. The Iso-cost lines represent higher and higher costs as
one poes farther and farther from P.

Now let us consider a group of m constraints.
Gj () =0 i=1, 2, ===, Pe (103

J=1, 2y ===, .

These constraints will be represented by surfaces in the Qi space. e
want to find the absclute minimum of C in the region O ql »

i=1, 2, ===, p., subject to constraint (10). Thus, we are con=-
fronted with a non~linear programs:

:Min (C) &1 o i = 1' 2' bl L p.

Gj (-..,-i) =0 1 =1, 2y ~===, Puy J =1, 2, ====, me
First we will solve the problem ignoring the constraint, i.e., we min-

imize over each Yy separately. This yields:

Y = d_Y_:Li i=1, 2y ====, Do

T
..Vi

If the ":l. glven by this equntion satisfy constraint (10), then these
41 are optimal and the constraint, in such a case, is said to be in-

active. On the other hand, if the Qi given by the above equation do



not satisfy (10), then the constraint is active and these Qs are

not optimal. To find the optimal Qi’ the lLagrange multiplier tech-
nique can be used.

In coses where the constraints are stated in the form of in-
equitions, we must add to the corresponding "G" function an appro-

priate slack variable.

We form a new function:

m
= G.(Q,
J c+jE=1 93 J(Ql)
=M. = =~
= iui + 1 +
T-17q 21i=1 . iy TR v I'é9jG3(Qi) (11)
where the parameters 2 j are called Lagrange multipliers. Then the set

of r"l'i y i =1, 2, ==--, p.y Which yleld the absolute minimum of C

subject to constraint (10) are solutioms to the set of equations:

94 1,1 L G, =0 ¢
—e = - - L] L4 =S 12)
79y Qf 2 ] 3

94g .0
993 = Gj (Q‘i) (13)

Vhel‘e i = 1' 2’ L po
J = 1. 2' epemT=9 me

Equstions (12) and (13) give the stationary points. Out of these, we

6(;. ladley and T. M. Whitin, Analysis of Inventory iystems,
Prentice=iall, Inc., New Jersey, pp. E}Sﬁ} 8



have to find the one that satisfies the constrainta and rendera "C"

minimum. From equation (12) we get

0% = ! Zyi'i . (14)

i
I IV, +28% « G
e Wt Y
where€93 is the value of 93 such that the qi of (14) satisfy the equa-

tion (13). The procedure of determining the conditions satisfied by

the {i. i=11 2, ===~, pey that minimize C subject to the constraints
GJ (Qi) = Oy by forming the function *J" and setting the partial de-

rivatives of '"J'" with raspect to Qi and O, equal to zero, is refeirred

J

to as the method of Lagrange multipliers.
This approach, which requires computation of all the stationary

points, becomes extremely difficult as th& number of Qi vaeriables be-

comes very graat and with each additional constraint which is imposed
on the system. It must be admitted that there is no '"step-by-step"
method for non-linear programs which would permit finding the optimum
by means of an algorithm of the kind used in the simplex method of
linear programminge.

Let us take a few examples to show the ways in which inventory
problems with constraints may appear.

Case-1:

wWhere there is an upper limit to th& total investment in inven-
tory. Conaider a company which produces and stocks five items. The
management desires never to have an investment in inventory of more

than §3,000. The items are produced in lots. The demand rate for #ach
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item is constant and can be assumed to be deterministic. No back

orders are to be allowed. The pertinent data for the various products

areg given in Table 5. The carrying.charge on each item is I = 0.12,

Demand rate (units 600 900 2,00 22,000 18,000
per year) Y1

Variable cost (dollars 3 10 5 5 1
per unit) Vi

Set-up cost per lot 10 10 10 10 10
(dollars) S,

Neglecting the constraint, the optimal lot sizes are given by:

Q {ayisi
A
__[2x600x10
% = Vo.12x3
183 units
2x900x10
% = \/3.12x10
123 units

- Vég.@
43 = \[0.12x5

283 units

2x12,000x10
u"' 0.12x5

632 units
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.. [2x18,000x10
%5 % Jo.12x1

= 1,732 units

Since the average inventory for eacﬁ item is simply one-half the order
size, the optimal average inventory investment will be:
C = %(183)(3) + 1(123)(10) + %(283)(5) + %(632)(5) + %(1732)(1)

= §4,043
But due to shortage of working capital, the company camnot afford to
maintain the indicated optimal average inventory investment of §4,043.
What then should be done? The cash limit prevents the use of the indi-
vidual item optimal lotesize quantities. How should these be changed
to minimize the total cost under this restriction? The restriction in

this case can be written mathematically as

'F
& ;ii%; VyQ < 34000

We can use squation (1l4) for calculating the optimal Qi’s under this

situation,
q; = ZYibi
*e
IVi+2 93 Gj
By analogy we see that GJ = Vi. then
- (15)

" V;ZI+2 o%) i=1, 2, 3, 4, 5.

5ince we are considering only one constraint, there will be only one

Lagrange multiplier. Then, we have to find the value of O *:
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5
2Y. 8
¥ o ! « V, = 3,000
ZI+26*) i -
Z 554 o 6,000
= 1 I+29"

Substituting the values, we have

x600x10x

[2x600x10x 5

0.2+ O *

[2x12,000x10x5
V0.12+6 *

2x2 , 400x%10x5
0012+ 2] o

p [2x900x10x10 B
0.,12+ 6 *

[ 2x%18,000%x10x1

Vo.12+ 0% = 6,000

\/O-O6+9: =

or

Then, the

¥

U #

0.314621
e* = 0.043837
optimal Q, are given by equation (14)

2x600x10 =
= V3(0.12+2x0.048837)

136 units

é_x%o_x_lo
\/10 0.12+2x0.043837)

91 units

f2x2, 400x10
= \/5(0.12+2x0.048837)

210 units
_ [2x12,000x10
= \/5(0.12+2x0.048837)
4720 units

|"2x18 000x10

\/ 1{0.12+2x0. 058337)

1,286 units

1]
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The minimum cost of Zet=-ups and holding inventory for the five items in

the absence of any con&traint on investment in inventory is
5
c= Ji51) + 184Y
i=1 qi 2

600x10 0.12x183x3 x10 = 0.,12x123x10
. ) (299=== )
183 ¢ 2 Al - ;i 2 ¥

. (2.g§gx10 o 0:12x283x5,  (12,000x10 _0.12x632x5,
2 632 M 2 1

. (181000x]=.0 - OolszQZZXI)
1,732 2

= §970.00

The corresponding minimum cost in the presence of the constraint is

600x10 , 0.12x3x136, , (900x10 , 0,12x10x91,
= g ¢+ 2 * v 2

,2,400x10 . 0.12x5x210 12,000x10 , 0.12x5x470,
bl 7 2 A e 2

. (181000x10 - 0.12x1x1,286,
1,286 2 ’

= $1,013.00

It will be se#n that the total cost has gone up as compared to the
optimal policy naglecting the constraint. However, for an increase in
total cost of only §43.00 the company has accomplished its purpose of
cutting its average inventory investment by §1,043. The program
written to achieve this objsctive is given in Appemndix C.

While inventory was limited in this @xample in terms of inven=

tory value, identical treatment would be used on problems imn which
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available space, number of units, or any other linear function of lot
sizes was limited.

Case=2:

Now we shall consider a case where there are two constraints im-
posed on the system. Let these constraints be on

1. Varehouse capacity

2. Availability of machine time

Warehouse space limitations, as we have seen in the previous
case, are linear restrictions on the lot sizes. Another common re-
striction on lot sizes is the availability of machine time. In addi-
tion to the actual cost of set-up, a certain amount of time is required
for set-ups during which production im stopped amd it should be noted
that this is a non-linear restriction,

Restriction on the warehouse capacity results in a reduction of
lot sizes. Conseguently set-ups are increased in number and set-up
time requirements are thereby increased as smaller lots require more
frequent set-ups than do larger lots, leaving less time for production.
5imilarly, if we want to reduce the number of set~ups, we will have to
increase the lot sizes thereby increasing the space requirements. We
now require that lot sizes change in such a way that warehouse space
and set-up time requirements are both reduced.

Let F be the total available space.

fi be the space occupied by the product i.

Ts be the total time available for sateups.

tsi be the time required to set-up for product 1.
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ince the average inventory level of esmch product equals half the lot

size, the average space required by the product "i" will be % - fi . qi.

P
Thus the total space requirement = % EEE fi . Qi' The constraint
i=1

fl

can then be written as

p
% %fi-qigr‘ (16)
Similarly, since the average number of set-ups for product i = zi. we

Y

can write the constraint as

P
==l <t (1?)
i=1 Qi

We know that the total variable cost is given by equation (4), that is:

C s:EEj i i o+ :ZEE; le

We wish to find the minimum cost satisfying the inequations (16) and

anr.
To find the optimal solution we shall make use of a special

7

method suggested by EBeckmann,’ which ies essentially an adaptation of

the technique of Lagrangian multipliers. Let us introduce two para-
meters \ and fsuch that:
A<O for F = = ¢ 1Q = O 18)

70. e Churchman, R. L. Ackoff, and E. L. Arnoff, Introduction
to Operations Regearch, John Wiley & Sons, Inc., New York, 1957,
Pe églo
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>\: O for F-%=>1fQ >0 (19)
/* < O when T_ Esiiso (20)
M4 = O when T_ -ztgiyi>0 (21)

4

Since F - %Zfiqi <0 and T - 2 te1ly <0 18 not admissible, it

not need be considered. Then, >\ (F - %Zfiqi) and M (T8 - § tails)
Y

are botin identically equal to zero in the domain where the constraint
is satisfied and we can add it to "C'" without changing its value in
this domain. This, then gives us:

P Y.< >\
C= :I.i+I QV, + (F =% )
= v, = 14,

i= O

+ i, Fhsa') (22)
Taking the derivative of this squation withk respect to Q'i' we obtain:

g—g-g-yisi+fij_.->\fi+/u-tsiYi {21 20 ce—e
Y "> 2 2 2 il ' Pe
A + (23)

Setting the derivative equal to zerc and solving for the optimum Q{, we

I.‘I'I = | ?Yii - >\/:.- tsi) i = 1' 2' m=meay Pe (2‘.)
3 i

The method consists of computing Qi for >\ = O and /OL = 0, and

obtain:




substituting the valuez thus found into (16) and {17). If the con-
straints are satisfied, we have the solution we are looking for; if it
is not, we assign to (-/X ) and (- /) increasingly large positive
values, and tabulate the result. With thess values, we construct the
curves ,x = constant and /L = constant. Next, we interpolate for the
values of %‘and /A that surround the first point of contact with the
area in which the constraints are satisfied.

To illustrate the procedure mentioned above, we will consider a
numerical example.

Let there be two products P1 and P2 for which the following data

are given in Table 6.

Table &
e ——————————— e ——————— )
N v, ($) 5 (8) f t, (nours
I'roduct (units) (cu. ft.) per lot)
Py 200 10,000 100,000 1.0 o)
P, 800 8,000 245,000 1.0 5
I = 00025

The constraints are:
F = Total available space = 1,500 cubic feet.
T = Total available time = 20 hours/month.

The optimal lot sizes in the =absence of comstraints are given by




88

o = [2R200:106,000
1~ V0.025x10,000

400 units

Q. = /2x800x245,000
2 = V0.025x8,000

= l,‘-lﬂO ‘mits
We can write the constraints in the following manner:
Ql + QZ < 1,500
(200)(h0) (800)(5) <20

9 9
or 81020 | By000 <20
% w2

Using the formula (16) to find the optimal lot sizes under the given

conditions, we obtain:

/2(200)(100,000 = 40 A )

9 = V7{0.025)(10,000) = X

126.5 |/ 5292

it

Himilarly, Qé

: 49,000 = /&

Using these equations we can calculate Qi and Qé for different values

of /A,and A . These are shown in Table 7. Thase pairs of lot sizes
are then plotted in Tigure VI, It should be noted that the set-up time

restriction 8,000 + 4,000 = 20 represents a Hyperbcla. We see that the
q Q
o 1 2




- /M\‘ 0 50 100 150 200 250 300 350 koo 450
% 400 365 238 315 298 283 270 258 248 239
1400 1250 1142 1058 970 932 884 843 808 776
1.000 L7k 422 koo 374 353 335 319 3C5 294 283
5 1413 1265 1155 1070 1000 942 8ok 852 816 784
>.000 537 490 LSk 42k koo 379 362 346 333 321
Ly 1428 1276 1167 1080 1009 952 903% 860 824 792
3,000 593 Sh2 502 469 kh2 W9 400 383 367 355
> 1450 1290 1176 1089 1020 960 911 870 833 799
4000 645 90 545 510 480 Lsg 435 416 4oo 385
4 1455 1204 1188 1101 1029 971 920 877 840 806
D 693 672 585 546 516 490 467 447 k26 b1h
. 1470 1315 1200 1116 1039 980 928 885 847 815
6.000 738 673 624 583 550 522 k97 477 457 by
p pUEY 1327 1211 1120 1048 990 938 894 856 822
7. 000 780 711 658 616 532 552 526 5ok b3k hib
. 1496 13%0 1222 1131 1057 997 9ké 902 86k 829
& &% 820 748 684 649 611 580 553 529 508 ho1
3 1508 1350 1230 1140 1067 1003 955 910 870 836

68
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Figure VI. /lalra of lot aizes that satisfy warehouse space mnd set-up
time reatrictions

eclution ,41 = %00 and % = 1,400 does not satisfy the restrictions and

therefors the point I representing these lot mizes liesm cutside the
shaded area where both the conditions are satisfied. Thus, the shaded
area contzainm the pairs of lot sizes which matisfy bhoth restrictions.
Wa can sss from Table 7 that we cannot got m point in the shaded area

1!*:» 0 and (= 0. lience both must be negative, and so

-Z sii=0

Fet$ Zfi‘;i O
Now, we construct tha curves N = constant and M conatant., Next, we

int.rpolate for the vulues of A and AL that surrcund the firet woint

of contact with the ares in which the conditions are satisfied. From



91

Figure VI, we may observe that this intersection takes place at about
Lj.l = 500, Q2 = 1,000.

Checking our results, we see that these lot sizes require
(1)(500) + (1)(1,000) = 1,500 cubic feet of warehouse space. Further-

more, tha set-up time required is

8,000 . 4,000
500 1,000

Hence, the lot sizes that minimize cost and still satisfy the restric-

= 16 + & = 20 hours

tions on available warehousé# space and set-up time are
. "i = 500
From these values of Q]'_ and Qé. we can calculate the implicit values of
>\ and /L(
500 = 126.5 \/ w.i_ﬁ_
[ ] 2% -

and 1,000 = B9.4 \[421000. =/

Solving these two equations for >\ and //L s We have
A = =231.5
/= =4937.5
It may be seen in Figure VI that the values of >\ and/f‘ lie be-
tween -200 and =250, and ~4,000 and =-5,000 respectively. These cal-
culated values lie within those limits.

A computer program for this type of problem is given in

Appendix D.
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CHAPTER V
COMPUTING METHODS IN INVENTORY

For the first time, Industrial Engineers have a tool, the com-
puter. This tool will allow them to fulfill their charter, which was
established by such men as Taylor and Gilbreth, to aid management in
exerting efficient control over men, materials, and machinea.1

During the last 13 years, the computer has become one of the
most accepted tools of modern industry. The adoption by industry of
this device has resulted in tremendous changes in the traditional prac-
tice of business management. Its ability to accept and manipulate data
at electronic speeds has made it possible to create large scale infor-
mation systems, which not only replace clerical labor, but also provide
the information for management decision making. For instance, the
United States Steel Company Magazine of January, 1958 reported that
datg processing equipment saved the Corporation an eatimated 100,000
engineering man-hours during 1957 alone and looked hopefully to in=
creased savings in the future. Some of the advantages for applying
computers to engineering calculations are:2

1. Information can be obtained faster, hence earlier.

lRichard L. Smith, Impact of Computers cn the Practice of
Industrial Engineering, The Journal of Industrial Engineers, Vol. 15,
no. 5, September-October 1964, pp. 277-280.

2w1111am A. Smith, Engineers and Computists, The Journal of
Industrial Engineers, Vol. 12, no. 2, March-April 1961, pp. 94-96.
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2. Fore useful information can be analyzed or assembled.

3. Mathematical models can be more accurate.

4. Alternative solutions can be more readily achieved.

5. Standardization of approach can be achieved.

6. Reliability of results is greater than for manual methods.
7. Better methods are available to inexperienced personnel.

8. Drudgery of engineering work can be lightaned.

Development of Information Systems

Computers are not in themselves an information system. Rather,
the computer is but one important component in a system that generally
contains human as well as electronic and mechanical components. When
the right configuration of these components interacts to handle th# in-
formation flow of an organization, an information system is formed.

The task of bringing these components together should be the prime task
of the Industrial Ingineer.

An approach, which industry is finding useful, required to
develop such systems embodies a concept of '‘total systems." The phi-
losophy of the total systems concept has been stated by Peter Drucker:3

The whole of a system is not necessarily improved if one
particular function or part is improved or made more efficient,
In fact, the system may well be damaged, thereby, or even de-

stroyed. In some cases, the best way to strengthen the system
may be to weaken a part; for what matters in all systems is the

performance of the whole.

3Peter Drucker, Thinking iAkead, larvard Business Review,
Vol. 33, no. 1, January-February 1959, p. 67.
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The relationship and value of this concept to an industrial organiza-
tion are apparent., /iy complex organization is a system of many func-
tions, all acting together in their respective ways to carry out the
purpose cf the whole. The separate functions of an organization, such
ac marketing, manufacturing, and engineering, are all recognizable in-
dividually and as a part of the organization. Yet, it is only when
the relationship of each individual part to all of the others has been
defined that their true role msy properly be assessed in terms of the
purpose of the total organization. In summary, the total system con-
cept is essentially a philosmophy and requires strict enforcement in
order to be applied effectively. In the design of an information
system, the total systems approach embodies the following three steps:

1. System requirements.

2. System design specifications

3. System implementation.

Although these steps could be applied independently to any subfunction
within a business, maximum benefits are derived when they are zpnlied
to the business as a whole within the total system concept,

The "systems requirementa'’ phase of the total systems approach
is primarily concerned with the formulation of the problem and con-
sists of the following:

l. Decision e¢riteria.

2. The objectives of the system.

3. n definition of the system requirements relmting to tha

system components, which are:
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a. Management
b. Men
c. Materizls
d. Machines
e. Operating environment
The formulation of systems requirements is the most important step of
the total systems approach. Incorrect solutions, no solutions, or at
least inefficiencies in finding & solution will occur unless the system
components stated above are described accurately. The establishment of
systems requirements is a time-consuming task and requires constantly
directed attention to the needs of the total system. '"iystems design"
involves three substeps in the total systems approach:
1. iypothesis of solutioms.
2. Evaluation of solutions.
3, Selection and detailed specification of the best solutiom.
Each of the steps of the systems-design phase reliez on the availability
and accuracy of the systems requirements information obtained in phase
one. '"Systems implementation" relates to two often-overlooked sub-
steps in the total systems approach, namely:
1. Implementation of the best solution.
2. Monitoring of the implemented solution.
In this phase, theory is checked against practical considerztiomns, and
medifications are made to correct inconsistencies in the implemented
system. Monitoring of the implemented system is also important because

systems requirements change with time and the system must be



modified accordingly.

Mechanizing Production and Inventory

The capabilities of electro;ic data-processing equipment can
often be utilized to perform major portions of the clerical work in-
volved in a production and inventory control system. This is not to
say that every production and inventory control system needs te be
mechanized to be effective or that every production and inventory cone
trol system will be effective if it is mechanigzed. Nor is it intended
to intimate that punched=card and electronic equipment is the only
effective means of mechanizing production and inventory control func-
tions. There are other devices and techniques like bookkeeping
machines, duplicating techniques, and Gantt-type charts, whick have
their own attractions,

Why should companies mechanize their production and inventory
control systems? What are the key objectives they can accomplish more
easily with punched=card or electronic equipment? Some of the impor-
tant objectives are as follows:

l. Mathematical abilities of the machines can be utilized to
handle the extremely large number of additions, subtractions, and
multiplications required to control inventories and production.

2. A mechanized system can print out information which it re-
tains or has produced in mechanical form in order to prepare various
lists, reports, instructions, requisitions, and purchase orders which

are needed.

3., Machines can perform certain kinds of "thinking operations":
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a. They can detect mutomatically certain situations re-
quiring attention and report omly am these.

be They can be made to act more preciaely (sometimes with
the help of the mathematical techniques of operations re-
search) by giving consideration to a number of factors
which can only be tremted genarally when computers are not
available.

4, The clerical work of a production and inventery control
system can be integrated more clomely with the c¢lsrical work involved
in related areas like purchasing, production reporting and incentive
payroll, order entry and so on, to make them part of = continuous
clerical process.

Se A mechanized system can be used to shorten ths tims re=
quired to alter production patterns ms sales regquirements change.

The production and inventory control system inm use in a spacific
company mirt be geared to thes needs of that company if it is to be
guccassful. Deguiiss sales patterns and produstion fasilitica vary so
grastly, there is, probably, no sugh thing as a "typical" system. How-
aver, = mechanized system would perform all the following major fumc-
tions amd perhaps wore:

1. Maintenance ol inventory records,

2. Determination of gross requirementm for purchased and
manufactured items.

3, Deternmination of net requirementms for purchased and manu-

factured itema,
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b, Development of manufseturing schedules for plants, depart=
ments, mkops, and machines.

A master card or tape file is prepared to show the parts re=
quirements for such product. This information is worked dowm through
subassemblies into the basmic purchased and manufactured parts. It is
updated as a result of engineering and specificatiom changes. The
master lile will usually contain the following:

l« Part number (or assembly number).

2¢ Fart name.

3. Pieces rejuired.

4, Bource--whether purchased or manufactured.

5« Laud time.

6. GSupplier name.

7« Dapartuent manufacturing and time allowance.

8. Haw material required to be purchased and guantity needed.

9. Location in stockroom.

The matbeuatical computation involved in determining gross re=-
quiresents can be extremely nuserous. The increasing speed of the more
highly pouered computing equipment can, therefore, shortén the time
slapsing bastween relgase of the final achedule and determination of re=~
quiramentse. In srrivimng at met production er purchase requirements for
parts, scveral additionsl factors &hould be given consideration, such
i

le .uantities om hand.

2. ‘usntities on order (for purchase or manufacture).



3. Desired minimum inventory.

he Leonmomic order quantity,
Matching the gross recuirements for parts with the amounts on hand and
ol order anl the cther factors relating to availability will mcke it
posaible for a net-requirements schedule o be preduced, This can be
done mechanically 4f the data concerning inventory on hand, outstanding
orders, etc., are maintained in mechanicel forme The machine systenm
will then produce not only the achsdules of net requirements but also
reny of the documents necessary to take action:

l. Msnufacturing orders,

Pe Recuisitions to »urchase.

3. Schedules of revised delivery dates,

The mechanized syatem will also compute the raw material re-
quirements, gross and net, mlong the same procedural lines. Figures
ViI - x“ show how un electronic mystem might handls some of the major

production and inventory control operationa.

“E. D. lucas, Automatic Production Inventory Control, Contreol
tnpineering, Vol. 2, no. 9, September 1955, pp. 75
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CHAPTER VI

CONCLUSIONS

In order to make the approach as clear as possibla, a simple
mathématical model was considered first, for controlling inventory in
situations where it was not necessary to consider any restrictions on
production facilities, storage facilities, time or money. khen such
restrictions are introduced in situations involving more than one prod-
uct, it is necessary to allocate the limited available resources among
the products. The method suggested in this thesis enables us te de-
termine how much of each item to produce under the specified restric-
tions. From the results of the examples considered, we may summarize
the effects of the restrictions on lot sizes and costs as follows:

l. Compared to the unrestricted condition, the warehouse re=
striction lowers lot sizes, while the machine time restriction raises
lot sizes.

2. Each restriction increases costs independently.

It is interesting to note that we have considered a case where
ngither warehouse capacity nor the machine time was sufficient to per-
mit us to usg the unrestricted optimum lot sizes. It was possible to
find a solution without acquiring additional warehouse space or
machinery. The work should be carried out further for cases where the
number of restrictions is more.

In conclusion it is hoped that the method proposed in this
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thesis will contribute to the understanding and practical solution of

production and inventory problems.



106

BIBLIOGHAPHY

Albin, J., Fewer Dollars on 5helf, Purchasing, Vol. 25, no. &4,
October 1943, pp. 90-9%,

Arrow, K. J.o, T. Harris, and J. Marschak, Optimal Inventory Policy,
¥conometrica, Vol. 19, no. 3, July 1951, pp. 250-272.

Arrow, K. J., Se. Karlin, and H. Scarf, Studies in the Mathematical
Theory of Inventory and P*oduction. Stanford'?niveraity Press,
utanfo”d, California, 1950.

Bevans, Ge. J., Simple Inventory System Increases Productivity, Paper
Industry, Vol. 33, no. 3, June 1956, pp. 222=223.

Bhatia, A., and A. Garg, Application of Dynamic Programming to Class
of Froblems in Inventory Control. Journal of Imdustrial
Englneerlng. “Vol. 11, no. 6, November-December 1960, pp. 509-

512.

Borden, J. C., What Close Control of Inventory Means to Management,
Factory Management and Maintenance, Vol. 105, no. 2, February
1947, pp. 105-108.

Bowles, He L., Controlling Raw Materials to Meet Varying Production,
Factory Management and Haintenance, s Vole 105, no. 1, January

1947, pp. 94=96.

Brown, R. Ge.y Less Risk in Inventory Estimates, Harvard Business
Review, Vol. 37, no. %, July-August 1959, pp. 104=116.

Carson, G« Bey Production Handbock, The Ronald Press Company,
New York, 1958, Pe L.3.

Charness, /ey We e Coopery, and De Farr, lLinear Programming smd Profit
Preference icheduling for a Manufacturing Firm, Journal of
Operations Research Society of America, Vol. 1, no. 3, May
19510 ppo lll"’ 29.

Chestnut, H., I'. e Kavanagh, and J. E. Mulligan, Applying Control to
Inventory Management, Control Engineering, Vo%. 9, no. 9,

September 1962, pp. 96=102.

Churchman, C. Wey Re L. Ackoff, and E. L. Arnoff, Introduction to
Operations Research, John Wiley & Sons, Inc., New York,

1957, pe 260.




107

Collier, “., and R. Blair, Inventory Control Reduces Maintenance
Stocks 60 Per Cent, Factory Management and Maintenance,
Vol. 107' noe. 3' April 19"‘9. PPe 68"700

Cooper._ﬂ. Wey A Proposal for Mktending the Theo of the Firm,
wuarterly Journal of Economics, Vol. 65. February 1951, pp. 87~

109.

Davis, Ralph C., Methods of Finding Minimum~Cost Quantity in Manu-
facturing, Manufacturing Industries, Vol. 9, no. 4, September
1925, pp. 353=356.

Dickiey He F., Six Steps to Better Inventory Management, Factory
Management and Maintenance, Vol. 111, no. 9, August 1953,
ppe 96-100.

Dvoretzky, A., J. Kiefer, and J. Wolfowitz, The Inventory Problem,
Econometrica, Vol. 20, no. 2, April 1952, pp. 187-222.

Dvoretzkyy A., J. Kiefer, and J. Wolfowitz, On the Optimal Character
of the (3,S) Policy in Inventory Theory, Econometrica,
October 1953, pp. 586-596.

Eilon, S.y Two Inventory Control Models, International Journal of
Production Research, Vol. 1, no. 1, November 1961, pp. 48-55.

Frink, William J., D Q C in Chemical Plants, Control Engineering,
Vol. 9, no. 9, September 1962, pp. 134=138.

Fry, Te Co, Frobability and Its Engineering Uses, Van Nostrand %
Company, New York, 1920, pp. 229=232.

Grad, B., and R. C. Hartigan, Keep Your Inwventory Carrying Cost Down,
Mill & Factory, Vol. 54, no. 4, April 1954, pp. 79-81.

Hackett, G. N., Standards of Inventory Control, Purchasing, Vol. 36,
no. 1, January 1954, pp. 95-96.

Hansen, Avin H., Business Cycles and National Income, W. W« Norton &
Co., New York, 1951, Chapter 22.

Hedrick, E. K., How Much to Re-Order When, Factory Management and
Maintensnce, Vol. 113, no. 8, August 1955, ppe 110-111.

Henderson, B. D., Purchasing Profits Through Inventory Control
Purchasing, Vol. 23, no. 2, August 1947, pp. 92-93.

Hoehing, . F., Statistical Inventory Control, Industrial Juality Con-
trol, Vol. 13, no. 7, Jamuary 1957, pp. 7-13.




108

Holt, C. C., Decision Rules for Allocating Inventory to Lots and Cost
Functions for Making Aggregate Inventory Decisions, Journal of
Industrial Engineering, Vol. 9, no. 1, January=-February 1958,
PP 4=10.

Holtz, H. J., Inventory Control System Saves Floor Space, Cuts Over~
head Costs, Steel, Vol. 127, no. 8, August 1950, pp. 96=98.

Hradesky, L. A., Good Inventory Vs Bad Inventory, Mill & Factory,
Vol. 43’ Nnoe. K’ October l§x8, PPoe 107“110.

Kahn, L. B., Quality Control of Inventory Turnover, Industrial ‘uality
Contrel, Vol. 14, no. 10, April 1958, pp. 4=7.

Problems, Operations Research,
95705«

Karush, W., Queuing Model for Invento
Vol. 8, no« 5, October 1957, ppe

Koepke, Charles A., Flant Production Control, John Wiley & Sons,
New York, 1949, pp. 41ha415,

Lisberger, D. Sy It Pays to Sell Inventory Control, Americamn Machin-
ist, Vol. 9%, no. 4, February 1950, pp. 106=109.

Lucas, E. D., Automatic Production Inventory Control, Control Engi-
neering, Vol. 2, no. 9, September 1955, pp. 68=73.

Magee, John F., Production Planning and Inventory Control, McGraw-
Hill Book Co., Inc., New York, 1958, p. 317,

McCabe, C. G., Better Machine Inventory, Factory Management and Main-
tenance, Vol. 113, no. 9, September 1955, pp. 134=136.

Mellen, George F., Practical Lot Quantity Formula, Management and
Administration, October 1925, p. 155.

Melnitsky, B., Management of Industrial Inventory, Conover-Mast
Publications, New York, 1951, p. 3.

Naddor, E., and S. Saltzman, Optimal Reorder Periods for Inventory
System With Variable Costs of Ordering, Operations Research,
Vol. &, no. 5, September-October, pp. 676-692.

Newman, F. B., Method of Inventory Control, Industrial Quality Control,
Vol. 7, no. 6, May 1951, ppe. 29=31.

Owen, H. S., How to Maintain Proper Inventory Control, Industrial
Management, Vol. 69, no. 2, February 1925, pp. 83~85.




109

Peloubet, M. E., Choice of Inventory Methods Depends on Specific Needs
of Each Business, “Journal of Accountancy, Vol. 91. no. 1,
January 1951, ppe. 70=77.

Phillips, M. B., Integrating Purchase Practices With Fiscal Folicies,
Furchasing, Vol. 21, no. t, October 1946, pp. 109-111.

Raymond, F. E., Quantity and Economy in Manufacture, McGraw-Hill Book
Co., New York, 1931, PPe 121-122.

Reed, Ruddell, and W. E. Stanley, Optimizing Control of Hospital Inven-
tories, Journal of Industrial Engineering, Vol. 16, no. 1,
January-February 1965, ppe 48=51.

Reinfeild, Nyles V., Eroduction Control, Prentice-=Hall, Inc.,
New Jersey, 1933, pe 222.

Roming, W. M., How to Cut Cost Corners Through Inventory, Industrial
Management, Vol. 63, no. 2, February 1922, ppe. 86=87.

Schubert, C. R., Low Cost Inventories Through Close Controls, Factory
Management and Maintenance, Vol. 105, no. 11, November 1947,
PPe 102"10‘* °

Schupack, M. B., lconomic Lot Sizes with Seasonal Demand, Operations
Resesrch, Vol. 7, no. 1, January-February 1959, pp. 45-47,

Simon, Herbert i., On the /pplication of Servomechanism Theory in the
Study of Production Control, Econometrlca. Vol. 20, no. 2,
April 1952, pp. 2L7-268.

Simpson, Ke Fey, Theory of Allocation of Stocks to Warehouses, Opera-
tions Research, Vol. 7, no. 6, November-Llecember 1959, ppe. 797~
8os5.

Smith Richard L., Impact of Computers on the Practice of Industrial
Engineering, The Journal of Industrial Engineering, Vol. 15,
no. 5, September-October 1964, pp. 277=-280.

Smith, william A., Engineers and Computists, The Journal of Industrial
Engineers, Vol. 12, no. 2, March-April 1961, pp. 94=-96.

Spencer, L. G., Mc Facts of Sound Inventory Control, National /sso-
ciation of Accountants, Vol. bl, no. 12, August 1960, pp. 5-1k4.

stillman, Kenneth We., Quantities for lot Manufacture, Industrial
Management, Vol. 65, no. 2, February 1923, pp. 84~86.

Stoughton, We V., Physical Inventory Day=by-Day, National /Asgociation
of Cost Accountants, Vol. 32, no. 3, November 1950, pp. 280-285.




110

Sukes, (George L., Better Bulk Buying, Factory Management and Maine
tenance, Vol. 113, no. 7, July 1955, pp. l}g-lhl.

Triouleyre, M. D., Better Control of Supplies--~With Egonomy, National
Association of Cost Accountants, Vol. 38, no. 5, January 1957,
pp. 647-656.

Vinor, Jacob, Studies in the Theory of International Trade, Harper &
R?OSQ’ NQU York. 1937| p‘ 20.

Welch, W. E., Tested Scientifi¢ Inventory Control, Management Publish-
ing Corp., Greenwich, Conn., 1956, p. 121l.

whitin, T. M., Theory of Inventory Management, Princeton University
Praess, New Jersey, 1953, p« 3.

Whitin, T M., Erich Schneider's Inventory Control Analysis, Journal
of Operatinns Research Society of America, Vol. 2, no. 3,
August 1954, pe 331.

Wilson, R. He, A Universal System of Stock Control, Purchasing, Vol.
11, no. 3, March 19%1, pp. 30-36.

Winters, P. R., Multiple Triggers and Lot Sizes, Operations Research,

Vol. 9, no. 5, September-October 1961, pp. 621-63k.




n

APPENDIX A

LIST OF SYMBOLS
demand for product i (;nits)
set-up cost per lot for product i (%1 lot)
cost per unit of product i (51 unit)

inventory carrying factor (expressed as a percentage
of total inventory jinvestment)

lot size for product i
nininum=cost production order quantity for product i
total variable cost for product i

total variable cost for all products
number of products

Lagrange multipliers

number of constraints
total available space

space occupied by the product 4

total time available for set-up

lot time

time required to set-up for product %

lead time

lead time demand

re-ordsr point
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APPENDIX B

1 FORMAT (1HO,16X,8HLOT SIZE,6X,22HTOTAL VARIABLE COST (8) )
2 FORMAT (1HO,13X,F8.1,12X,F10.2)
3 FORMAT(1HO,5X,13HOPT LOT SIZE=,15,18HMIN TOT VAR COST=$%,F10.2)
BIGNR=999999.9
DPY=1500.0
STC=8.33
UHC=0.02
CPU=5.0
PDR=12000.0
PUNCH1
DO 4 IQ=1,9999
Q=Ig
TVC=DPY*STC/Q+UHC*CPU*Q/2.0*(1.0-DPY/PDR)
PUNCH 2,Q,TVC
IF(TVC-BIGNR)4,5,5
4 BIGNR=TVC
5 IQ=Ig-l
PUNCH3, IQ, BIGNR
DO 6 I=1,10
Q=q+l.
TVC=DPY*STC/Q+UHC*CPU*Q/2.0*(1.0-DPY/PDR)
6 PUNCH 2,Q,TVC

END

OPT LOT SIZE = 534 TOT VAR COST = §46.76
END OF PROGRAM AT STATEMENT 0006 + OO LINES
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APPENDIX C

1 FORMAT(3HL 1,3X,3HL 2,3X,3HL 3,3X,3HL 4,3X,3HL 5,3X,6HCOST §)

2

3
IN

10

11

12

FORMAT(5F6.0)

FORMAT(8HTHETA = ,F10.8)
FORMAT(FS540,3XyF5.04 33Xy F5.0,3X, F5.0,2X, F6.0, 3X, F10.2)
DIMENSION DPY(5),CPU(5),STC(5),Q(5)

READ 2,DPY(1),DPY(2),DPY(3),DPY(4),DPY(5)

READ 2,CPU(1),CPU(2),CPU(3),CPU(4),CPU(5)

READ 2,87C(1),STC(2),STC(3),STC(4),STC(5)
UHC=0.12

T8=0.

DO 10 I=1,5

TS=TS+SQRT(2.*DPY(I)*CPU(I)*STC(I) )
TH=(TS*TS-36.B6*UHC)/(2.*36.E6)

PUNCH 3,TH

DO 11 I=1,5
Q(I)=SQRT(2.*DPY(I)*STC(I)/(CPU(I)*(UHC+2.*TH)))
C=0.

DO 12 I=1,5
C=C+DPY(I)*STC(X)/Q(I)+VHC*CPU(I)*Q(I)/2.

PUNCH 1

PUNCH 4,Q(1),Q(2),Q(3),Q(4),Q(5),C

END



600. 900, 2400. 12000. 18000.
3' lo" 5' 50 1-
10. 10. 10. 10. 10.

THETA = 04883786

L1 L2 b ¥ L& LS Cost §
136. o1. 210. k70, 1286, 1013.03

END OF PROGRAM AT STATEMENT 0012 + O2 LINES
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APPENDIX D

1 FORMAT(7H-LAMBDA,6X,3H=MU, 5X,5HLOT 1,5X,5HLOT 2,3X,10HVAR COST *)
2 FORMAT(F6.0,3X,F6.0,2F10.1,3X,F10.2)
UHC=.,025
UHC1l=,025
UHC2=.,025
DPY1=200.
DPY2=800.
CFU1=10000,
CPU2=8000,
STC1=100000,
STC2=245000.
Fl=1.
F2=l.
THC1=40.
THC2=5.
PUNCH1
DO 10 I=1,19
X=1*25=25
DO 7 J=1,17
Y=J~500-500
QaSgRT((2,*DPY1*(STC1+Y*THC1) )/ (UHC1*CPU1+X*F1))
42=SgRT( (2. *DPY2* (STC2+Y*TNC2) ) /(UHC2*CPU2+X*F2))
IF(51+Q2-1500.)5,5,7
5 IF(8000./1+4000./Q2=20.)9,9,7
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c

TVC=DPY1*STC1l/Q1+UHC*Q1/2,*CPULl+DPY2*STC2/Q2+UHC* Q2/2.*CPU2

PUNCH 2,X,Y,1,42,TVC

CONTINUE

CONTINUE

END

C  MARCH 17,1966

-MBD-'

250.
275.
275.

325.
325.
3254
350.
350.
3?75.

-MU

5500.

6500.
6500,

7000,

IOT 1

506 .0
509.0
5237
511.7
5257
539.4
514.1
5275
540.5
516.4
529.2
518.5

LOT 2
984.3
962.5
966.8
942.3
946.6
950.8
923.8
927.9
932.0
906.5
910.5
890.5

END OF PROGRAM AT STATEMENT O01lO + OO LINES

VAR COST *
400328.12
402807.74
L03062.15
Lo5274.18
Losk77.22
Los724 .42
407720.09
407875.27
408071.01
410140.00
410250.53
412529.94
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