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SUMMARY

The objective of this study was to provide declsion rules for deter-
mining optimal purchase quantities and reorder points for hospital supplies,
A deciglon model that considers the following factors was constructed:

1. The distribution of the demand for a single supply item,

2. The distribution of the time to send out and receive

orders (lead time distribution),

3. The purchase cost of the item,

4, The costs associated with ordering the item,

5. The costs associated with carrylng the item in inventory.

Inventory costs were selected as the measure of effectiveness, To
optimize this measure of effectivenegs, hospltal administrators are herein
provided with decision rules which will determine:

l. Economic lot sizes.

2. Reorder points,

3. Protective siock levels,

4, Cost of various inventory policies,

Data was collected at Emory University Hospital, Atlanta, Georgla,
on a gpecific item, surgical rubber gloves, and the operational character-
istics of this model were evaluated.

The demand was found to be approximately normally distributed and
the lead time was found to vary. Insufficilent data on lead time required
that an assumption be made as to the nature of this distribution. The

Poisscn distribution was selected for this purpose,
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With information of the two distributions and other relevant factors,

it was possible to construct a statistical inventory model to optimize the

measure of effectiveness.

in the

Results of this study were as follows:

l., To improve the accuracy of the model all relevant factors
should be considered where possibtle,

2. The inventory records of the hospital frequently lack the
necegsary information for a complete solution by the model.

% 'The decision model can provide an accurate gulde to evaluate
the various inventory policles.

It is recommended that further study be conducted on this subject

areas of's

1, Determining methods for accurately estimating ordering costs
and inventory carrying costs.

2, Extending the table of reorder points calculated from the joint
density function of two Podisson distributions.

3. Calculating tables of reorder points for other typical types of

demand and lead time distributions,



CHAPTER T
INTRODUCTION

The obJjective of this study is to provide decision rules for deter-
mining optimal purchase quantlities and reorder points for hospital supplies.
Inventory costs are used as the measure of effectiveness. Analysis of
pertinent literature and discussions with certain hospital administrators
indicate a need for improving inventory policies.

The administrators of some hospitals apparently have not taken ad-
vantage of even the most elementary inventory tools to help solve their
inventory control problems. Many hospitals determine how much to buy on
the basis of purchase price, i.e., a cost break motivation. Fair (l)l
states in his article, “When is Quantity a Good Buy?".

Price is always the primary factor in determining how large a
quantity of any given item we are buying, since the dollar saving
economics invariably go along with quantity purchases of any sup-
plies or materials by every hospital. But, many an executive has
learned to ais sorrow that price can never be the sole determining
factor. Where nothing else is considered losses invarisbly result.

Fair further points oubt several factors that should be considered in
addition to price. These factors are as follows:

1. Rate of use.

2. Danger of obsolescence.

3. Detericration in storage.

L., Future changes in market price.

lNumbers in parenthesis refer to references listed in bibliography.



5. Earning capacity of capital funds.

6. The storage factor.

T. Added insurance costs.

A second invertory policy, i.e., setting buffer stocks, that has
been observed as common practice in some hospitals 1s that of setting
minimum inventory levels on the experience factor of maximum demand per
time unit. It seems that these reorder points are rarely adjusted‘down-
ward. The usual practice is to set a reorder point which isg maintained
until the demand reaches a new maximum and the reorder point is reset
upward.

It is felt that the present trend in type of hospital supplies2
makes the necessity for correct inventory decisions more acute. The
trend seems to be to eliminate the use of reprocessed type supply items
and increase the use of disposable items. This change in type of supply
items may increase inventories by a factor of from five to twenty, (i.e.,
the reprocessing factor) depending on the kind of supply item.

This change in type of supply item will create a need for the
closer control of inventories because a greater risk of shortage may be
encountered using disposable items. At present, 1f a reprocessable item
is in short supply, the reprccessing schedule can often be shortened to
provide the necessary item when needed, This is not possible with dis-
posable items because they are discarded after use,

To optimize the measure of effectiveness, hospital administrators

2Smalley, Harold E., Tentative Plans for a Study of Hospital Cost
Systems, Bulletin No. 1, Engineering Experiment Station, Georgia Institute
of Technology, Atlanta, Georgia, January 1959.




need decision rules that will determine:

1., Economic lot sizes.

2., Reorder points.

3. Protective stock levels.

4, Cost of various policies.

In the development of inventory declsion models 1t is a common
procedure to assume a constant lead time. On the other hand, the demand
function has been subjected to considerable investigation for both
variable and constant conditions. The assumption of & constant lead
time, under real conditions of uncertainty, can lead to serious errors
in determining the reorder point. Brown (2) has recently proposed a
method for handling variable lead time. Since Brown's method is not well
defined and utilizes a correlation between order quantity and lead time,
it was necessary to develop a new method for this study. The reorder
point model developed in this study is based on a statistical evaluation
of the distributions of both demand and iead time. A Jjoint density func-
tion of the actual demand and lead time is then used to determine the
proper reorder peints at wvarious levels of probability of a shortage.
This reorder point alsc defines the protective stock level.

To evaluate the operaticnal characteristics of this model a typiecal
supply item, surgical rubber gloves, was selected at Emory University
Hospital 1n Atlanta. While complete operating data was not available to
rigorously test this model, it was possible to use certain historical
data to approximate costs associated with the use of this model, The

model can be tested against the control variable of future inventory costs



by collecting operating data concerning this item. The actual testing of
the model is not included as a part of this study.

It 1s massumed that the persons using this model to solve hospital
inventory supply problems will be able to evaluate demand and lead time
distributions statisticaliy.

To understand how statistical inventory control will help 1in an-
swering the hospital administrators' questions of, "How much of a supply
item to buy?," "When to buy this item?," and "How much of this item to
keep on hand?"; one must first understand the general concepts of lnventory
control, These general concepts will be explained in terms of answers to
the above three guestions.

Inventory control answers the question of "How much of a supply item
to buy?" by finding the order size that gives the lowest total cost. These
are the costs assoclated with placing the order (or ordering costs) and
the costs associated with maintaining the inventory. Figure 1 shows how

these costs vary in a typical sltuation.

Dollars

Order Size

Figure 1 - Typical Inventory Costs



The third curve or total inventory cost curve that appears in Figure 1l shows
the sum . of these two opposing costs. Inventory control provides a method
of finding the order quantity which will give the minimum total cost.

The other two questions that inventory control answers are, 'When
should this 1ltem be bought?"' and "How much of this item should be kept on
hand?'. The answers to these questions require information relative to the
demand, to the lead time, and to the level of shortage which will be tol-
erated. With this Information these gquestions can be answered. Inventory
control determines the level of stock (i.e., the reorder point) that must
be on hand when an order is placed to insure that the hospital will not
have a "stock out" more frequently than indicated by a chosen probability
level of a shortage.

Since the early 1950's there has been a remarkable advancement in
the development of tools to answer these and other difficult inventory
questions. The developments prior to the 1950's and until about 1952
have been summarized and augmented by Whitin (3). Arrow, Karlin and
Scarf (L) present a summary of the economic theory involved in inventory
control and develop many new mathematical techniques for handling inventory
problems with a special emphasis on stochastic inventory processes.
Churchman, Ackoff and Arnoff (5) present summaries of the various inventory
models developed between the publication of Whitin's book and the recent
publication of Arrow, Karlin and Scarf. Scme of these models have been
designed to aecommodate variable costs or price breaks as they are normally
called., The majority of these models were developed by people in Operations

Research. More Operations Research has been directed toward inventory



control than toward any other problem area in business and industry.

Bowman and Fetter (6) present a development of inventory mbdels
under two conditions. The first of these conditions is certainty; i.e.,
situations in which inventory control variables are assumed to be constant.
The second condition is uncertainty, i.e., situations in which the inven-
tory control varisbles are ﬁot constant, Morse (T) shows how queueing
theory can be utllized to analyze the effects of the variance of supply
and demand under certain restrictéd conditions. Vasonyi (8) presents a
summary of statistical inventory control and develops the mathematics
necessary to handle the problem of variable demand. He also developes
cost equations similar to those in most of the other literature cited.
Welch (9) has made an attempt to present many of the concepts of inventory
control in the language of elementary mathematics for use by supervisors
in business and industry.

This study inecocrporates many of these principles in the construction
of an inventocry model appropriate for hospital use., Evaluation of the lead
time and demand distributions with subsequent analysis of their joint
density function to predict the probability of a shortage at selected
reorder points is of importance in the development of this inventory model.

The joint frequency function as shown in Figure 5 1s composed of
two components of variation--the distribution, f(x), associated with lead
time (Poisson) and the weight:ad conditional demand distribution f(DX)
given a particular lead time {normal).

The summation of the areas for all of these welghted conditional

3Churchman, op. cit., p. 195



demand distributions (normal) over all possible lead times will equal one.
The area assoclated with any lead time is the probability of that lead time
occurring. For a particular reorder point the summation of the area from
the reorder point over all possible demand in excess of the reorder point

for all possible lead times will gilve the probabllity of a shortage.



CHAPTER IX

EXPERIMENTAL, PROCEDURE

In an attempt to determine if any of the inventory models found in
the current literature were applicable to the hospitals' inventory problem,
it was first necessary to find a hospital in the Atlanta area that would
cooperate in providing the necessary information, then to select a typical
supply item, gather data concerning this item, and investigate the feasi-
bitity of the model seliected.

Selection of Supply Item.-- Emory University Hospital agreed to provide

the necessary information 1f it was available in the existing records of
the hospital. It was felt that a typical item should be selected for this
study. The criteria used to select this typical item were:

1. Intermediate volume of use.

2., Intermediate purchase cost;

5. Necessary information available.
After examining variocus items in use at Emory University Hospital and
determining the availability of the necessary information, surgical rubber
gloves were selected as the supply item to be used in testing the inventory
models,

Data Collection.-~ The demand for gloves was cbtained from requisitions at

the hospital, This information was collected for a continucus period of
66 weeks and was collected for all sizes of gloves. The data was later

enlarged to inelude a period of 170 weeks. An attempt was made to fit the



demand distribution for each size of glove to some theoretical distribution.
It was hoped that each size of glove would fit the same theoretical distri-
bution and would differ only in respect to parameters for each size.

An attempt was made to determine the distribution and variability
of the lead time. This was not successful slnce the purchasing records
were incomplete with respect to lead time data. However, from the existing
information it was found that the lead time does vary. The average of the
lead times for five dated orders that were available was found to be one
week, This was corroborated by the Purchasing Department personnel as
they felt that it took about one week to obtain gloves. The main point is
that the assumption of a constant lead time is not appropriate for this
inventory model.

Other information that was needed was the inventory carrying cost
and the ordering cost, These two costs were estimated with the help of
the hospital persomnel. Exact costs were impossible to obtain for various
reasons., Inventory carryling costs inelude the cost of storage area and
interest on money invested in inventory. These two costs were not known
exactly by the hospital administration. However, 1t is felt that 20 per
cent per year of the first cost of the item being studied was in the right
range.l Emory University Hospital is not an autonomous unit; therefore,
the ordering cost of interest to the hospital persomnnel is only the portion
of the cost borne by the hospital directly. If Emory University were con-

sidered as a whole, this ordering cost would be higher as the actual work

hmitin, op. eit., p. 220
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of sending out, receiving and accepting bids is performed by the purchasing
department of the University. The paper work necessary to pay for the item
once it has been received is also performed by this purchasing department.
However, it was felt that consideration of these factors would only compli-
cate the problem gituation and would detract from the general nature of

the study within the time limits of this study. The ordering cost to be
used in ealculations is arbitrarily set at five dollars. Regardless of

the specific values obtained in practice for inventory carrying cost and
ordering cost the operational characteristics of this model are wvalid.

The last factor investigated was the cost of a shortage. In the
beginning it was felt that it would be important to know the cost of a
shortage, but since this cost was unavailable, it was decided that it would
be more practical to determine the cost of added protection. Hospitals
have a unique problem in determining this cost. For example, what does
it cost to put off an operation or to operate with bare hands if no gloves
are availabie? It could cost the life of the person being cperated upon,
or it could delay this person's recovery. A determination of these costs
on a probability basis is beyond the scope of this study. Therefore, only
the real costs incurred at the various levels of risk of a shortage will
be considered here.

Model Construetion.-- & ehi-square test was used to compare the actual

demand distribution for each size of glove with the theoretical Poisson

distribution having the same mean as the observed data. The hypothesis

that the observed demand distributions were Poisson distributed with the
same mean as the observed data was accepted for five of the seven sizes

of gioves at the five per cent significance level. See Table 18 for

actual demand for gloves during 170 weeks.
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Since a1l sizes of gloves did not fit the same type of distribution,
a different approach was tried. It was observed that the proportion of
each size glove did not vary appreciably, regardliess of the total. demand
for the weelt. Therefore, it was decided to test the hypothesis that the
proportion of each size of glove used each week was independent of the
total demand for the week. A ehi-square contingency table test was used,
e.g. as is presented in Hoel (10). The hypothesis was accepted at the
five per cent significance level; therefore, only the total demand for
gloves per week would be considered at this point. '

With the economic lot size determined for the total gloves needed,
the order was prorated by sizes using the proportions to determine what
amount of the order would be of each size, This is possible because
quantity discounts are based on total gloves ordered rather than on the
total Tor each size. This total demand distribution was compared with
the theoretical Poisson distributicon having the same mean as the observed
distribution. ‘The hypothesis that the observed distribution was from a
Poisson distributed population was rejected at the Tive per cent signifi-
cance level but could be accepted at the two per cent level. The demand
distribution was then compared with the theoretical normal distribution
having the same mean and standard deviation as the observed distribution.
The hypothesis that the observed distribution was from a normally dis-
tributed population could be accepted at the five per cent level of
significance. However, it was felt that the sample size of 66 weeks
was too small to give conclusive results. The sample size was increased

to 170 weeks and the same hypotheses was again tested. The hypothesis that
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the observed total demand distribution was from a Polsson distributed
population was rejected at the five per cent level and up to the onew-
tenth of one per cent level., The normal hypothesls was again accepted at
the five per cent level. With an approximation of the actual demand dis-
tripbution with a theoretical distribution and the informstion concerning
inventory carrying costs and ordering costs, it was possible to use a
"two~bin" inventory model such as the one found in V'azsonyi.2 A "two-bin"
system of inventory control provides an active stock and a lead time
stock. These two stocks need not be physically separated into two bins.
This inventory model shows the level of inventory at which a new order
should be placed. The stock that is on hand when the new order is placed
is known as the reorder point. This stock will fill the demand during the
lead time with a specified probability of a shortage, This model also
provides equations for determining the inventory cost per year.

The model at first appeared to meet all the requirements of the
hospital for solving its inventory problem. However, after observing the
variability that existed in the lead time, it was felt that the reorder
point was incorrect and would produce a much higher level of shortage
than would he tolerated under the assumption of a constant lead time. On
theoretical grounds the distribution was assumed to be Poisson, although
there were insufficient data for testing this hypothesis. On the assumption
that these supply item orders have discrete lead times whose mean value is
constant, e.g., independent of order size, then the further assumption that

the duration of these lead times are random and independent leads to the

2V‘azsonyi, op. cit., pp. 330-338
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use of the Poisson distribution as the model for this variable. With an
assumed theoretical distribution to describe the lead time and another dis-
tribution to describe the demand, the joint density function of the two was
then evaluated to determine the reorder points for variocus levels of prob-
ability of a shortage.

Controls are provided which will show a significant shift in the pro-
portion of each size of glove used. Controls also are provided which will
detect significant shifts in the mean and variability of both the demand
distribution and the lead time distribution. With information on the reorder
point, the protective stock level could then be calculated, and the related
carrying costs evaluated. This completes the information regquired to use
this inventory model.

Calculation of Other Reorder Point Curves.-- In an attempt to provide hos-

pital gdwinistrators with another guide to reorder points, curves were
calculated from the joint density function of two Poisson distributions.
An attempt was made to utilize the IBM 650 computer for compiling this
information. A workable program was written using an interpretive system
but was found to be no faster than a desk calculator when used in conjunc-
tion with Molina's (11) Poisson's Exponential Binomial Limit Tables. Due
to this fact the computer was not used for calculations within the range
of the tables. However, an attempt was made %to utilize the computer for
the calculation of curves beyond the range of the tables. This procedure
had to be abandoned after the calculation of two curves, as the computer
routines immediately accessible do not raise "e" to a sufficiently high

power, Therefore, the range of the tables for conditions of variable demand

and variable lead time was restricted by both the computer program and time.
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CHAPTER TIIT

ANALYSIS OF DATA AND RESULTS

The Demand Distribution.-- The first approach that was used in determining

the demand distribufion was to examine the requisiticus for each size of
giove for the period, December 3T, 1957 - March 30, 1959. The demand for
each gize of glove wasg tabulated by weeks for this 66 week period. This
demand data was firsht plotted by weeks to determine if there were seasonal
Fluctuations in the demand for each size of glove. The demand fluctuations
for each size of glove were comparable tc those for the tohal gloves as
shown in Figure 2. No seasonal fluctuations were observed. An X control
chart was used to check the stability of total demand with respect to time,
and it was found to be in comtrol. (See Figure 7).

The actual demand distribution for each size glove was next compared
with a theoretical Folssor distribublon having the same mean as the ob-
served distriblition. Table 2 shows the observed demand and expected
demand from Poisson distributed population. A chi-square test was used
to test the hypothesis that the observed distributicns were from Poisson
distributed populationz, Ths results are shown in Table 1., With sizes
six and one-half and eight the hypothesis that the actual distribution was
from a Poisson distributed population was rejected at the five per cent
level of significance. With the other sizes the test gave no reason to
reject the hypothesis that the ohserved distributions were from Poisson
distributed populations with the same mean as the observed data at the

five per cent level of slgnificance.
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Table 1. Results of Chi-square Test of Hypothesls that the Demand Dig-
tribution for Each Size of Glove is from Poisson Distributed Population

Size 6 3 T T+ 8 8% 9
%2 actual 0.03 24.00 9,91 6.9L4 12,29 2.55 0.38
xe .05 3.80 11.10 12.59 11.07 11.07 5.99 3.85

Table 2. Observed Demand and Expected Demand from Poisson
Distributed Populations for All Sizes of Gloves for 66 Weeks

Dozens Expected Dozens Expected
of from Peoisson of from Polsson
Pairs Observed Distribution Pairs Observed Distribution
Size 6 Size T
o] 43 L3 0 8 1
1 18 18 1 5 6
2 5 L o 8 11
3 1G 13
Size 6% n 10 13
5 8 10
0 15 i 6 9 6
1 7 11 7 1 3
2 13 15 8 6 2
3 8 15 9 0 1
i 3 10 10 0 0
5 8 6 11 0 0
6 8 3 12 0 0
T 1 1 13 1 0
8 3 1
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Observed Demand and Expected Demand from

. Poisson Distributed Populations for All Sizes of Gloves far 66 Weeks

Dozens Expected Dozens Expected
of from Polsson of from Poisson
Pairs Observed Distribution Pairs Observed Distribution
Size & Size &%
0 5 0 0 43 b1
1 2 1 1 15 20
2 1 3 2 T 5
3 3 6 3 1 1
b S 9
5 4 11 Size 9
6 12 11
i 8 S 0 53 o3
8 18 7 1 11 i5
9 0 L 2 2 1
10 0 3
11 0 1
12 3 1
13 1 0
Size 8
0 16 3
1l 3 9
2 8 14
3 8 15
L 13 12
5 7 T
6 7 L
T 1 2
8 1 1
9 2 0




18

Since all seven sizes did not fit the same Polsson distribution a
different approach was tried. It was observed that the proportions of each
size of glove requisitioned did not vary greatly, regardless of total demand
for gloves for the week. These proportions (Pi)’ where i indicated the 1 th
siz e, were determined and are shown in Table 3 below.

Table 3. Proportion of Total Demand
for Each Size of Glove for 66 Week Period

Size 6 64 7 T+ 8 8% 9

Py 0.0255 0.1692 0.2284  0.3558  0.1811 0.0291 0.0109

A chi-square contingency table test was used to compare the expected

demand for each week of each size with the actual demsnd for each week.

This test is
> Z Z 2
X = : {observed demand - expected demand)
all all expected demand ?

sizes weeks

where the expected demand is the product of the proportion of each size
and the total number of gloves ordered for the week. This equation was
sunmed for all seven sizes and for 66 weeks. The ohi-square value was

found to be

y = U493.19
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The critical chi-square value must be computed as the degrees of freedom

are large. The degrees of freedom are
n = (7 sizes - 1) (66 weeks - 1) = 3%0 .

For large values of degrees of freedom the approximate formula is given

by Dixon and Massey (12), page 385, as follows:

2 / 2 2
x = 7 (? " on * Za 9n:?

where Z 1s the normal deviate and n is the number of degrees of freedom.
a

The critical value was computed to be

X 05 = 272

As the actual ghi-square value is less than the computed value at the

five per cent level of significance, there is no reason to reject the
hypothesls that the proportions of each size of glove are independent

of total demand for the week. Therefore, all sizes of gloves were grouped
and only the total demand for gloves was considered.

The total demand distribution was compared with the theoretical
normal distribution (Figure 3) having the same mean and standard devia-
tion as the observed data. The mean (pd) was found to be 16.89 dozens
of pairs of gloves per week and the standard deviation (Gd) was 8.1
dozens of pairs of gloves per week. Table 4 shows the observed demand
and the expected demand from a normally distributed populetion. The chi-

square test was used to test the hypothesis that the observed distribution
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Table 4. Observed Demand and Expected Demand from
a Normally Distributed Population for Total Gloves for 66 Weeks,

Dozens Expected
of’ from Normal
Palrs Observed Distribution
0~ 3 L 3
Lo 3 ]

8 - 11 9 8

12 - 15 13 12

16 - 19 15 13

20 - 23 8 11

2k - 27 9 7
28 - 31 3 L

32 2 2

was from & normally distributed population. The chl-square value was

found to be

XE = 2,2 .

The critleal value at the five per cent level of significance is

X 057 12.59 .

As the actual chi-square value 1s less than the critilesl x2‘05 value
there 18 no reason to reject the hypothesis that the observed dlstrl-
bution 1s from a normally distributed population,

However, as the dlstribution 1e truncated at zero, it was felt
that the theoretical Polsson dlstribution could possibly approximate the
actual demand distribution, Table 5 shows the observed demand and the

expected demand from & Polsson distribufed population, The chl-square
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Table 5. Observed Demand and Expected Demand from
a Poisson Distributed Population for Total Gloves for 66 Weeks,

Dozens Expected
of from Polsson
Pairs Cbeerved Distribution
0=-3 4 0
L -7 3 Q
8 ~ 11 9 5
12 - 15 13 19
16 - 19 15 ol
20 - 23 8 13
24 - 27 9 14
28 - 31 3 1
32 2 0

teat was used to teat the hypothesis that the observed distribution was

from a Polsson distributed population. The actual chi-square value was

X2 - 5.48 .

The critical chi-square value atl the five per cent level of sgignificance is

.05 = ,7).811- .

As the actual chi-square value is greater than the criticaljxe.o5 value the
hypothesis that the observed distribution is from a Poilsson distributed
population was rejected,

Because the sample size was only 66 weeks, it was felt that the
results were not conclusive, Therefore, the sample was enlarged to 170
weeks by utilizing data from January 1, 1956, in the records at Emory Uni-

versity Hospltal., A new demand distribution was tabulated for this enlarged
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sample. This distribution was compared with both the normal (Figure 4)
and Poisson distributions. Table 6 shows the observed demand and the
expected demand from s normally distributed population. Table T shows the

observed demand and the expected demand from a Poisson distributed popu-

lation. The results were as follows:

Normal Distribution Comparison

by = 16.89

gy = 8.41

X? actual = 7.42
2.

x" o5 = 12.59

As the actual chi~square value is less than the critical Xg 05 value the
hypothesis that the observed distribution was from a normally distributed

population was again accepted.

Poigson Distribution Compariscn

Hy = 16.89

x? actual = 117.68
2

X 05 = 7.82

Since the actual shi-sguare value is greater than the critical XB 05

value, the hypothesis that the observed distribution was from a Poisson

distributed poprulation was again rejected.



Table 6. Observed Demand and Expected Demand from
& Normally Distributed Population for Total Gloves for 170 Weeks.

Dozens Expected
of from Normal
Pairs Observed Distribution
0 -3 9 10
L <17 11 13
g - 11 18 22
l2 - 15 41 30
16 - 19 33 32
20 - 23 27 29
24 - 27 17 18
28 - 31 9 1l
52 - 35 2 )
36 - 39 1 2
40 2 1l

Table 7. Observed Demand and Expected Demand from
a Poisson Distributed Population for Total Gloves for 170 Weeks.

Dozens Expected
of = from Polsson
Palrs Observed Distribution
C -3 9 o]

L -7 11 1

8 - 11 18 1L
i2 - 15 Ll 50
16 - 19 33 62
20 - 23 27 33
2L - 27 27 8
28 - 31 9 1

32 - 35 2 0

36 - 39 1 0

L0 2 0
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Beonomic Lot Slze.-- It is possible to determine the optimum ordering

quentity by using conventionzl economic lot size equations. The economic

lot size (q)JL is found by

where ¥ =

e}
I

C =

AT
= /5

yvearly demand
cost of ordering
inventory carrying cost expressed as a per cent of the unit cost

purchase cost per unlt

The development of this equation is dependent upon the following assump-

tions:

6.
e
Ir

Procurement costs are fixed.

There is no interacticn between protective stock and

economic lot size.

The average time between orders, over an extended period of
time, is used as a constant.

The sverage demand per fixed unit of time is used as =8
constant.

Interest, risks, depreciation, obsolescence and storage costs
may be pooled into one percentage figure.

This percentage is constant.

The inventory is dispersed in small lots . and no back orders allowed,

it were possible to determine the cost of a shortage, the

equation used to determine the economic lot size2 would become

lWhitin, op. cit., p. 33

2Va’zsony:f_, op. cit., p. 337
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q fv/g%- {A+E[L-e(t)])}

where E is the cost of the shortage and [1 - ¢(t)] is the probability of

a shortage. However, as this cocst cannot be determined at the present time
it will be considered implicitly by specifying the tclerated probability

of a shortage.

Price Breaks.,-- The following values were used in the calculationg for the

economic ordéer quantity for gloves when price breaks exist:

Y = 878 dozen pairs
A = $5,00 per order
» = 0,20 per year

The price per unit varies with the order gquantity as follows:

Price Break in Dozen Pairs bl =13 b2 = 37 b5 = 109
Quantity (1-12) dozen (13-36) dozen (37-108) dozen overl(Bdozen
Cost C. = 6.59 , = 5.30 Cy = 4.80 ¢, = 4.70
Following the procedure by Churchman5
1 Compute = 2 2 = 97 dozen pairs of gloves

- P G- 9 = C.2)(4.7C) ~ € )
2. Compute g g, = 2 )AST = 96 dozen pairs of gloves

‘ 3° 53 0.2,(%.80) & :

Since TEKb < TEKq , the purchase quantity which will result in a minimum
3 3

cost is b, = 109 dozen pairs., BSince q5 is greater than b

5

expected cost), which inecludes the variable cost of purchasing the items,

s the TFK (total

5Churchman, op. c¢it,, p. 252



27

is compared where the order quantity is q5 and bB.lL The quantity which

regsults in the smaller cost will he selected,

_ I 1
TEKqB - [CaYJ + [Aq} + (hag + W) Cip}

= [$h21k 4O] + [$45.73 + $59.39]

= $4319.52

AY 1
TBK, = [CAYJ + [E" t (Fog o+ W) Chp:l
3 L3
= [$4126.60]) + [$40.28 + $64,26]
= 8L2z1.1k
Table 8. Optimum Order Quantity for Each Glove Size

Size 6 6L T T+ 8 8L 9
No, pairs 33 216 291 L5l 231 37 1h

When the reorder point is reached, the new order will be placed for the
number of gloves indicated in Table 8, above, When the controls maintained
on the proportions indicate the proportions have changed, a new breakdown of
the economic lot size should be made,

Reorder Point,-- In the first calculations for reorder point the assumpticn

will be made that the lead time is constant (one week),
Let £(d) denote: the probability density function of the demand for
a fixed time period; and R.P. dencte the reorder point. Then the probability

of a shortage during the reorder period is given by
RIPO
P {D > R.P.} = 1 -:[f'(Dx)dDX.

Where f(DX) is the density function of total demand for a constant number

{x) of time periods,

l’L'J'.‘he cost of a shortage is excluded from this comparison and W is
determined subsequently to be 13,86 dozens of pairs of gloves,
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OQut of 340 requisitions examined during the 66 week period there
were found to be 17 shortages. It will be assumed that this is the

shortage level that management will tolerate. Therefore,

R.P.
1-f £(D )dD, = _17 = 0£.05 .
Lo ¥ X300

The demand distribution £(d) is normal with mean (pd) of 16.89 dozen pairs
of gloves and standard deviation (cd) of 8.4 dozen pairs of gloves. Using
the properties of the normal distribution, and recognizing that when x

equals 1 that £{d) equals f‘(Dl) . It follows from above

R.P.
f £(d) dd = 0.95

and therefore R.P. is located at a sigma deviation (t) from the mean ng Of

+tog =+ 1.65 oy

The reorder point (R.P.) is calculated from the equation,

R.P. = Expected demand + Protective
during lead time stock
R.P, = Hg + (t) 95

16.80 + 1.65 (8.4)

n

30.75 dozens of pairs of gloves

It is observed that the insurance against a shortage (W), or protective
stock level, is 13.86 dozens of pairs of gloves.

To i1llustrate how the assumption of constant lead time causes
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higher probasbilities of shortages when the lead time actuslly varies, the
reorder polint will again be calculated assuming that the lead time has a
Poisson distribution with mean (ux) of one week. The same demand distrim
bution will be used as before. The reorder point is calculated from the

equation
o

-]
probabllity of a shortage5 = Ej p(x) JF f(DX|x)d.DX .
X0 RP

These calculations have been made for the range of probabilities of a
shortage from 10 per cent to one-tenth of one per cent. A pictorial
representation of this model is shown in Figure 5. An assumption is that
the wvarisbles of lead time and demand are randomly distributed. These
values heve been tabulated in Table 9, Figure 5 shows these values
plotted.

It will be noticed in compsring the two reorder points that the
assumption of Poisson lead time inecreases the reorder peoint from approxi-
mately 31 dozen pairs of gloves to approximately 53 dozen pairs, and
the level of protective stock has been increased from 13.86 dozen pairs
to 36.11 dozen pairs. If the lead time is actually Poisson distributed
and 31 dozen pairs of gloves were used as the reorder point, the prob-
ability of a shortage would be greater than 12 per cent. To show that
it is possible to make these caleculations using demand and lead time
numbers of smaller magnitude, the demand distribution was recalculated in

terms of gross per week and the calculations for probabilities of a shortage

>
“Bee Appendix A for derivation of this equation.
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Table 9. Tables of Probability of a Shoriage at Various Reorder
Points Where the Lead Time Has a Polsson Distribution with Mean (ux)ofl.
Week and the Demand Distribution is Normal With Mean (“d) of 16.9 Dozen.

Probability of

Probability of

R.P. a Shortage R.P, a Shortage

40 0.11844 73 0.01203
L1 0,11117 Th 001113
Y] 0.10L78 75 01030
43 0.09815 6 0.00952
Ll 0.09208 77 0.00879
L5 0.08695 78 0.00817
L6 0.08122 75 C.00754
L 0.07618 80 0.0C694
L8 0.07107 81 000641
kg 0.06656 82 C.00592
50 0.06227 83 0.00545
51 C.05824 8l 0.00503
52 0.054L5 85 Q.00466
5% 0,05089 86 0.00431
Sl 0.04736 87 0,00398
55 0.0L423 88 Ca00367
56 C.0k116 89 0.00337
57 0.03839 S0 0.00311
58 0.03601 o1 0.02286
59 0.03350 92 0.00264
60 0.03120 93 Q00243
61 0,02902 gl 0.00222
£2 0,02'708 95 0.00206
6% 0.02507 96 Q00188
[ 0.022'73 g7 0.00173
65 0.02185 o8 0.00159
66 0.02034 99 C.00146
67 0.01888 100 Q00133
68 0.01753 101 0.00123
69 0.0162L4 102 000113
70 001506 103 0.00103
71 0.01L05 104 0.00095
2 0.01300

were again performed. Tnese values have been tabulated in Table 10,

Figure 6 shows these values plotted,

It will be noticed that exactly the
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Table 10. Tables of Probability of a Shortage at Various Reorder
Points Where the Lead Time Has a Poisson Distribution With Mean (u Y of 1
Week and the Demand Distribution is Normal With Mean (ud) of 1.408%Gross.

Probability of
R.P, a Shortage

0,14866
C.07107
C.0312¢
C.01300
C.00503
C.00188
C.00066

O D=1 OV A

same_probabilities of shortage were obtained for corresponding reorder
points, For example, it will be noted that for s reorder point of 48
dozen pairs of gloves the probability of a shortage is C.0710T7 and for a
reorder point of 4 gross of pairs of gloves the probability of a shortage
is also 0,07107. This indicates that care should be tzken in choosing
the units for the demand distributicn, so that the magnitude of the
numbers is as small as is practical,

Total Iaventory Costs.-- With the economie lot size and correct protective

stock level determined, the total cost (z) for a year can be calculated

6

from the following equation

Z = AY + (394 + Wa) cp .
a

This equation is used to determine the cost of varlious inventory policiles,
where Wa 1s the protective stock necessary to insure a probability of o

of not having a shortage. The example of gloves shows that for a level of

6Vazsonyi, op. cit., p. 333
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shortage of five per cent the appropriate level of protective stock is
36.11 dozen pairs of gloves. Therefore, the total annual cost associated
with ordering and maintaining the Ilnventory with a probabllity of a short-
age of five per cent is

Z = (5.00) 878 + (109 + 36.11) (4.80) (0.20)
109 .

= 40,28 4+ 85.17
= $125,45.

However, this figure may not be meaningful., The figure that most hospltal
administrators would be Interested In 1s the cost per pair of gloves., This

cost 1s

cost per pair = $125.45 = $0.0119 per pair of
J78 dozen x 12 palr/dozen gloves.

This flgure can be compered with the cost of other inventory policies.
For example, the hospifal administrator intuiltively may feel that five
pe¥ cent 1s too high a probabllity of a shortage to tolerate., The asd-
ministrator may want to Investigate the ineremental inerease is cost that
would be assoelated with lowerlng the probability of & shortage to one
per cent and to one-tenth of one per eent. From Figure 6 the reorder
.point iz found to be approximately 76 dozen pailrs of gloves for a one
per cent probabllity of a shortage and approximately 104 dozen palrs of
gloves for a one~tenth of one per cent probabllity of a shortagea This
means that the protectlve stock level is now 59.11 dozen pairé of gloves
for a one per cent probabillity of a shortage and 87.11 dozen pairs of

gloves for a one-tenth of one per cent probability of a shortage. The


http://36.ll

35

total cost would now be as follows:

(1) where the probability of a shortage = 1%

Z -= 5.00 (878) + (109 + 59.11) (4.80) (0.20)
109 2

40,28 + 106.77

$lll'7 - OTJ

and the cost per pair of gloves would be

$147.07 = $0,0140 per pair of gloves.
B78 x 12

(2) where the probebility of a shortage = 0.1%

A 5.00 (878} + (109 + 87.11) (4.80) (0.20)
"109 2

40,28 + 133,11

Il

$17%.39,

and the cost per pair of gloves would be $173.39 = $0.0165 .
878 x 12

The hespital administrator is thus able to evaluate the various
inventory policies in terms of "out of pocket'" costs relative to selected
probability levels of a shortage and guantitatively determine what level
of protecticn the hespital can afford.

Detectlon of Changes in the Model.-- If the proportion of a size of glove

used or the total demand or lead time for gloves changes, economic lcot
size, reorder points and the protective stock level calculations based
on these values would not give accurate results. Tco detect any signifi-
cant shifts in any of these values contrel charts have heen constructed

(Figures 7, 8, 9, and 1C) using techniques presented by Duncan (13),
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7 that will detect any significant

Figure 7 illustrates an x chart
shift in the mean of the total demand distribution for gloves. The demand
per week for gloves for the period January T, 1957 - August 5, 1957 has
been plotted to illustrate how the chart is used. To detect any shifts in
the variance of the total demand distribution, a o chart8 could be cone
structed,

Figure 8 iliustrates a E'chart9 that will detect any significant
shift in the mean of the lead time distribution.

Figure 9 illustrates a E'Charéijthat will detect any significant
shift in the proportion of the size of glove used. This chart has heen
constructed for size seven gioves. In sctual practice i1t would be
necessary to have six of these charts as the provortions of all sizes
would need to be examined for shifts in the proportion used. The upper
control limit (UCL) for various total numbers (N) of gloves requisitioned
per week are shown. Figure 10 shows the proportion of size T gloves
requigitioned per week for the period January 7, 1957 = May 20, 1957.

This control chart was constructed to illustrate the use of this type
of control chart.

To determine if there were significant shifts in any of the
values being examined the control charts would be analyzed for runs in

1
addition to points out of control.

7Duncan, op. cit., pp. 363-70

Toid., pp. 376-77
~ Ibid., pp. 350-52
o

Ibid., pp. 330-35

11
Ibid., pp. 117-22

O 0
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Calculation of Other Reorder Point Curves.-- In an attempt to provide

hospital administrators with a guide to reorder points when the demand
distribution is other than normal, reorder point curves have been calcu-
lated from the joint density function of two Polsson distributions. 4n
attempt was made to utilize the IBM 650 computer for these calculations.

A workable program was written, using an interpretive system (Figure 11),
but this was found to be no faster than the use of a desk calculator, when
used in conjunction with Molina's Tables. Because of this fact, the use
of the computer was discontinued for calculations within the range of

the tables. The following curves were calculated:

b = Lyug=1,2, 3 4, 5, 6, 7, 8, 9, 10, 1112
b o= 2u=1,23 45,6, 7, 8

b, o= 3 ug=1,2 3k 5, 6

L= bpg=1,2 3456

b = S, ug=1,2, 3 k4 5

me = 6, ug=1,2,3, 4 5

b= Toug=1, 2 3k 5.

Figures 12, 13, 1%, 15, 16, 17, and 18 show the results of these calcu~
lations and Tables 11, 12, 13, 1k4, 15, 16, and 17 present these results
in tabulsy form. To utilize these curves it will be necessary to choose
the units for the distributions so that they fall within the range of
these curves. Appendix B shows a sample calculation for one point on

= 6.

the curve Hy = 2, Hg

lECalculated on IBM 650 computer.
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COMPUTE p (0, o),
ANSWER IN LOCATION 980,
PLACE ANSWER IN
LOCATION 201

15p(n’, m"

YES

[

<p(n’-1, m)

NO

]
ADD1TON

COUNT n' |

5TOP -4———
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ADD 1 TO 201

GO TO
INSTRUCTION 113

RESET 1IN LOCATION 054,
REST 201, 301 IN
INSTRUCTION 121, ADD 1
TO LOCATION 053

NO

15p(n, m)
<1p-¢

MULTIPLY py* %
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055

NO

ADD 1 TO x
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COMPUTE p {n; m),
ANSWER [N LOCATION
000,981

SUBTRACT 1 = p (n; m)
PLACE ANSWER IN
LOCATION 301

IS5x<n

ADD 1 TO 301

ISE<10-%

Figure 12.

PRINT OUT ANSWER

NO

y

MULTIPLY 201 - 301,
202 *+ 302, DO THIS n' TIME
£ IN LOCATION 058

FROM LOCATION 058

Flow Chart for the IBM 650 Computer Routine.
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Teble 11. Tables of Probability of a Shortage at Various Reorder Points where the ILead Time
has a Poisson Distribution with Mean (u.) of 1 Week and the Demand Distribution
is Poisson with Means (ug) of 1 through 11 Dozen.

p,x=l

Recrder pg =

Point 1 2 3 Y 5 6 7 8 9 10 11
1
2 0.13930
3 0.0663h
4 0.03196 0.14884
5 0.01322%0. 09514
6 0.00559%3.05992
T 0.00229 0.03683 0.11048
8 0.00092 0.02218 0.0793%6
9 0.01312 0.05619 0.11988
10 0.00764*0.03926 0.09270
11 0.004%5%0.02712 0.07091
12 0.00248 0.01853%0,0537h 0.10237
13 0.0013% ©.01255%0.04041 0.08355
1k 0.00076 ©.00842 0.03182 0.06652 0,10969
15 0.00559 0.02239 0.05199 0.09100
16 0.0039 0.01650 0.04106 0.07513 0.11541
17 0.00241 0.01208 0.03%227 0.06181 0.09803%
18 0.00156 0,00879 0.02524 0.05071 0.08298
19 0.00101 0.00635 0.01965 0.04148 0.07009 ©.10373
20 0.0006% 0.00457 0.01521 0.03380 0.05911 0.089L6
21 0.00326 0.01172 0.02744 0.04977 0.07708 0.108L44
20 0.00232 0.00899 0.02218 0.04179 0.06637 ©.09488
23 0,00164 0.00687 0.01785 0.03499 0.05712 0.08300 0.11237
ol 0.00116 0.00522 0.01431 0.02918 0.0Lo0T 0.07264 0.09945
o5 0.00081 0.00396 0.0114L 0.02425 0.0L206 0.06358 0.08805
26 0.00299 0.00911 0.02008 0.03594 0.00562 0.07805 0.103%2

»*
Computed on IEBM 650 (Cont.)
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Table 11 (Cont.).

Tables of Probability of a Shortage at Various Reorder Points where the Lead Time
has a Poisson Distribution with Mean (uy) of 1 Week and the Demand Distribution
is Poisson with Means (ug) of 1 through 11 Dozen,

b =1
Reorder Mg =
Point 1 o % N 5 6 7 8 g 10 11
27 0.00225 0.00723 0,01658 0.03061 0.04857 0,06925 0.09238
28 0.00168 0.00573 0.01365 0.02598 0.04231 0,06145 0,08273
29 0.00126 0.00452 0,01210 0.02198 0.03674 0.05548 0.07421
30 0.00094% 0,00356 0.00919 0.01855 0.03180 0.04821 0.06663
31 0.00279 0.00751 0.01563 0.027h4k 0,04269 0,05981
32 0.00219 0.00613 0,0131k 0.02361 0.03742 0.053%61
33 0.00171 0.00499 0,01102 0.02028 0.03281 0.04T795
3k 0.00133 0.00405 0.00924% 0.01738 0.02869 0.04276
35 0.00103 0.00328 0.00773 0.01488 0.02502 0,03801
36 0.00080 0.00265 0,00645 0.01273 0.02179 0.03368
37 . 0.00214 0.00538 0.01087 0.01895 0.02976
38 0.00172 0.,00447 0.00928 0,01645 (.02613
39 0.00139 0.00371L 0,00790 0.01429 0.02305
Lo 0.00110 0.00307 0.00672 0.01240 0.02030
L1 0.00088 0,00254 0.00571 -0.01075 0.01787
Lo 0.00209 0.00483 0.00931 0.01571
43 0.00173 0.00%09 0.00805 0.01381
iy 0.00142 0,00345 (0.00695 0.01213
L5 0.00117 0.00291 0.00599 0.01065
L6 0.00096 0.00245 (.00515 0.00934
W7 0.00206 0.00443 0.00817
43 0.00173% 0.00380 0,00715
Lo 0.00145 0.00325 0.0062k
50 0.00121 0.00238 0.00543
paS 0.00102 0.002C3 0.00473
52 0.00085 0.00173 0.00L06

(Cont.)
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Table 11 (Cont.).

Tables of Probability of a Shortage at Various Reorder Points where the Lead Time

has a Poisson Distribution with Mean (

is Poisson with Means (u

us()

of 1 Week and the Demand Distribution

of 1 through 11 Dozen,

Reorder

|_1 =
Point dl 2 3 Y 5 6 7 8 9 10 11
5% 0.001L48 0,00%5%
S5h 0.00126 Q,00307
55 0.00107 0,00267
56 0.00091 0,00231
57 0,00200
58 0,00173
59 0,00150
€0 0,00129
61 0,00111
62 0,00096
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Table 12.
has & Poisson Distribution with Mean (

Tables of Probability of a Shortage at Various Reorder Points where the Lead Time
ux) of 2 Weeks and the Demand Distribution
is Poisson with Means (ug) of 1 through 8 Dozen.

My = 2

Reorder ng =

Point 1 2 3 R 5 6 i
1

2

3

I 0, 11470

5 C.06311

6 0,03%27*

7 0.01697

8 C,00839  0.10872

g C,00403 0.07572

10 0,00189  0.05183%

11 0,00087  0,03523%

i2 0.02342 Q.10L8T*

13 0,0153k 0.08071*

Ak 0.00978 0.06151*

15 0.00624 0.0L 6L L»

16 0.00393 0034 75% 0.10241.

AT 0.00245 0.02579%  0.08335

18 0.00151 0.01898%  (.067L41

19 0.00092 0,01386*%  0,05L419

20 0.01005%  0,0434L 010070

21 0.00723*  (O3LLL 0.08497

22 0.00517*  (,02720 007137

23 0.00367*  (0.02138 0.05970 C.11455
2l 0.00259*%  0,01672 0.04973 009958
25 0,00182%  0.01301 0.0%126 0.08605
26 0.00127*  0.01008 0.03410 0.0The2
27 0.00088*%  0,00777 002807 0.06273 0.111k2
28 0,00060 0.00596 £.02302 Q05470 009848

(Cont.)
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Table 12 (Cont.).

Tables of Probability of a Shortage at Various Reorder Points where the Lead Tine
has a Poisson Distribution with Mean (u ) of 2 Weeks and the Demand Distribution

is Poisson with Means (ud) of 1 through 8 Dozen.

by = 2
Reorder Mg =
Point 1 ) 3 L 5 6 7 8

29 0.00456 0.01881 0.0L6Th 0.08683

30 0.003L47 0,01532 0.03982 0.0763T

31 0.00263 0.0124h3 0.033%83% 0.06700 0,10903
30 0.00198 0.01005 0.02866 0.05864 0.09773
33 0,001Lk9 0,00810 0,02421 0.05120 0.08743
3l 0.00112 0.00651 0,02039 0.04460 0.07806
35 0.00083 0.00521 0.01713% 0.03876 0.06955
36 0.00416 0.01436 0.03361 0.06227
37 0.00332 0.01.200 $.02908 0.05488
38 0.00263 0,01001 0.02511 0.,04861
39 0.00208 0.00833 0.02163 0.04265
40 0.0016k4 0,00691 0.QL860 0.03793
41 0.00130 0,00572 0.01596 G.03342
Lo 0.00102 0.00L485 0.01367 0.02939
43 0.00080 0.00389 0.01168 0.02581
L 0.00320 0.00997 0.02262
45 0,00263 0.00849 0,01980
46 0,00215 0.00721 0.01730
L7 0,00176 0.00612 0.01509
L8 0,00143 0,00518 0.0131k4
49 0.00117 0,00438 0.,01143
50 £.00095 0.00370 0.00992
51 X 0.00311 0.00860
52 0.00262 0.00745
53 0.00220 0,0064L
54 0,00184 0.00556
55 0,0015k 0.00479

(Cont .}



Table 12 (Cont.). Tables of Probability of a Shortage at Various Reorder Points where the Lead Time
has a Poisson Distribution with Mean (p_ ) of 2 Weeks and the Demand Distribution
is Poisson with Means (b3) of 1 through 8 Dozen.

M =2
Reorder Mg =
Point 1 2 3 Iy 5 6 7 8
56 0,00126  0,00112
57 0.00103  0,00355
58 0,00090  C,0030h
59 0,00261
60 C,00223
61 0.00191
62 0.00163
63 0,00139
6k 0.00119
65 0.00101
66 0.00086
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Table 13,
has a Poisson Distribution with Mean (

Tables of Probability of a Shortage at Various Reorder Polnts where the Lead Time
i) of 3 Weeks and the Demand Distribution
is Poisson with Means (pd) of 1 through 6 Dozen,

My =
Reorder Hg =
Point 1 2 3 I 5 6
5 0.15045
6 0.09152
T 0,05367*
8 0.03046%
9 0.01678
10 0,00899
11 0.00470 C.10332
12 0,00241 0,07907
13 0,00120 0.05710
1k 0.00059 0,0L067
15 0,02860
16 0,01987 0,11440
17 0.01364 0.09172
18 0.00926 0.07292
19 0.00623 0,05753
20 0.00414 0.04505
21 0.00273 0.03502 0,11786
22 0,00178 0.02703 0.09926
23 0,00115 0,02073 0,08315
24 0,0007T4 0.01579 0.06931
25 0.01195 0,05749
26 C,00899 0.04TL5
27 0.00673 0.03899 0.10k27
28 0.00500 0.02880 0,09027
29 0,00370 0.02596 0.07789
30 0,00272 0,02105 0,06693
31 0.00199 0,01700 0.05734
32 0.001k45 0.01367 0.04896 0,10784

(Cont.)
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Table 13 (Cont.). Tables of Probability of a Shortage at Various Reorder Points where the Lead Time
has a Poisson Distribution with Mean (“x) of 5 Weeks and the Demand Distributiaon
is Poisson with Means {py) of 1 through 6 Dozen.

Hx = 3
Reorder Mg =

Point 1 2 3 Iy 5 6
33 0,00105 C.0109k 0.0L167 0.095149
34 0.00076 0.,00873 0.03535 0.08427
35 .0069L 0.02990 0.07h2T
36 C.005kg 0.02521 0.06525
37 0.00433 0,02119 0.05719
38 0.00341 0,01776 0.0L999
39 0.00267 0.01484 0.04360
Lo 0.00208 0.01237 0.03794
L1 .00162 0.,01028 0.03253
L2 0,00126 0.00852 0.02852
L3 0.00097 0,00705 0,02465
Lh 0,00581 0.02125
45 0.00478 0,01829
L6 0.00392 0.01570
L7 0.00321 0.01345
48 0.00262 0.01150
kg 0.00213 0.00981
50 0.00173 0.0083%6
51 0.00141 0.00710
b2 0.00114 0.00603
53 0.00918 0.00510
5k 0.00L431
55 0.0036k
56 0.00306
57 0.00257
58 0.00216
59 0.,00181
60 0,00151
61 0.00126
62 0.00105

53 . : 0.00088
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Table 1k.
has a Poisson Distribution with Mean (

Tables of Probability of a Shortage at Various Reorder Points where the Lead Time
“x) of I Weeks and the Demand Distribution
is Poisson with Means (jg3) of 1 through 6 Dozen.

by = b
Reorder Mg =
Point 1 2 3 b 2 6
7 0,11574
8 0.07277
9 C.04L38
10 0.02631
11 0.01520
12 0.C0857
13 0.C04T73
1k 0.00256 0.10280
15 0.C0136 0.07767
16 0.C00T1L 0.05796
17 0.04275
18 C.03117
19 0.02249
20 0.01606 C.11723
21 0.01135 0.09635
22 0.00795 0.07864
23 0.00516 C.06375
24 0.00379 0.0513k
25 0.00259 0.04109
26 0.00175 0.03269
27 0.00118 0.02505 0.10809
28 0.00078 0.02032 0.09253
29 0.01588 0.07887
30 0.01235 0.06693
o1 0.00955 0.05657
32 0.00735 0.0k 762
33 0.00562 0.03995 0.11613
3L 0.00428 C.03335 0,10240

(Cont.)



Table 14 {Cont.). Tables of Probability of a Shortage at Various Reorder Points where the Lead Time
has a Poisson Distribution with Mean (u.) of L4 Weeks and the Demand Distribution
is Poisson with Means (pd) of 1 through 6 Dozen.

Bx =
Reorder Mg =
Point 1 P 3 L ) 6

35 0.00325 0.0277k 0.08592

36 0.00245 0,02300 0.07889

37 0.00184 0.01899 0.06894

38 0.00138 0.01563 0.06008

59 0.00102 0.01282 0.05220

40 0.00076 0.01048 0.04523 0.10973
L1 0.00854 0.03909 0.09850
Lo 0.00693 0.03369 0.08823
L3 0.00561 0.02896 0.07885
Ll 0.0045% 0.02483 0.07033
45 0.0036k 0,02123 0.06259
TS 0.00292 0.01811 0.05558
L7 0,00233 0,01541 0.0Lkge6
48 0.00186 0.01308 0.04358
49 0,00148 0.01108 0.03847
50 0.00117 0,009%6 0.03389g
51 0.00093 0.00789 0.02980
50 0.,00664 0.02615
53 0.00557 0.02291
54 0,00466 0.0200%
55 0.00390 0.01748
56 0.00325 0.01523%
o7 0.00270C 0.01325
58 0.0022L 0,01150
29 0.00186 0.00997
€0 0.0015% 0.00862
61 0.00127 0.00745
62 0.00105 0.00642

(Cont.)



Table 14 (Cont.). Tables of Probability of a Shortage at Various Reorder Points where the Lead Time
has a Poisson Distribution with Mean (. ) of 4 Weeks and the Demand Distribution
is Poisson with Means (hy) of 1 through 6 Dozen.

e = 4
Reorder g =
Point 1 2 3 L 5 6
63 0.00086 0.00553
64 0.00k47s5
65 0.00408
€6 0.00349
67 0.00299
68 0.00255
69 0.00218
70 0.00185
71 0,00158
T2 0.,00134
> 0.001153
T4 0.00096
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Table 15.

Tables of Probability of a Shortage at Various Reorder Points where the Lead Time
has a Poisson Distributicn with Mean (u ) of 5 Weeks and the Demand Distribution
is Poisson with Means (u ) of 1 through 5 Dozen.

W, = 5
Reorder Mg =
Point 1 2 3 L 5
8 0.12hhT
9 0.09022

10 0.05800

11 0.03630

12 0.02218

13 0.01325

1l 0.00775

15 0.0044k4

16 0.00250 0.12319

17 0.00138 0.,09626

18 0.00075 0.07h2T

19 0.05669

20 0.04283%

21 0.03203

22 0.023753

23 0.01742

ol 0.01267 0.11682

25 0.0091k% 0.09766

26 0.00654 0.0811k4

27 0.00464 0.06703

28 0.,00327 0.05505

29 0.00229 0,04496

30 0.00159 0.03%653

21 0,00109 0.02951

52 0,00075 0.02372 0.11293
33 0.,01897 0,05812
34 0.01510 0.08492
35 0.01196 0.07323

(Cont.)
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Table 15 (Cont.).

Tables cf Probability of a Shortage at Various Reorder Points where the Lead Time

has a Poisson Distribution with Mean (u ) of 5 Weeks and the Demand Distributicn

is Poisson with Means (ud) of 1 through 5 Dozen.

Mg = D
Reorder g =
Point 1 2 3 n 5

36 0.00943 0.06292

37 0.00740 0.05386

38 0.00578 0.04595

39 0.00450 0.03906

Lo 0.00345 0.03310 0.11037
41 0.00269 0.02795 0.09829
Lo 0.00207 0.02353 0.08731
43 0.00158 0.0197k 0.07735
L 0.00121 0.01651 0.06836
45 0.00092 0.01377 0.06026
L6 0.01145 0.05298
L7 0.00949 0.04649
48 0.00785 0.0Lk068
49 0.006L7 0.03552
50 0.00532 0.03092
51 0.00436 0.02690
52 0.00356 0.02333%
53 0.00291 0.02019
5k 0.00236 0.01743
55 0.00192 0.01502
56 0.00155 0.01251
57 0.00125 0.01108
58 0.00101 0.009%9
59 0.00081 0.00811
60 0.00692
61 0.00589
62 0.00500
€3 0.00L2k

(Cont.)
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Table 15 (Cont.).

Tables of Probability of a Shortage at Various Reorder Points where the Lead Time

has a Poisson Distribution with Mean {u,) of 5 Weeks and the Demand Distribution

is Poisson with Means (pd) of 1 through 5 Dozen.

By =5
Reorder ng =

Point 1 2 5
6L 0.00359
65 0.00304
66 0.,00256
67 0.00216
68 0.00181
69 0.00152
70 0.00127
71 0.00107
T2 0.00089

19



Table 16.

Tables of Probability of a Shortage at Various Reorder Points where the Lead Time
has a Poisson Distribution with Mean (u_ ) of 6 Weeks and the Demand Distribution
is Poisson with Means (pd) of 1 through 5 Dozen.

by =
Reorder Mg =

Point 1 2 3 5
10 0.10600%

11 0.07095%

12 0.04635%

13 0.02956%

1k 0.,018L46%

15 0,0112G*

16 0.,0067T*

17 0.00399%

18 0.00231%

19 0.00132 0.11290

20 0.0007h 0.08933

21 0.06999

22 0.,05431

23 0.0L176

ol 0.03182

25 0.0240L

26 0,01800

27 0.01338

28 0.00986 0.11463
29 0.00721 0.09703
30 0.0052k4 0.08169
31 0.00378 0.06841
52 0.00270 0.05700
33 0.00192 0.04726
3l 0.00136 0.03899
35 0.00095 0.03201
36 0.02612
57 0.02127

(cont.)
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Table 16 (Cont.). Tables of Probability of a Shortage at Various Reoprder Points where the Lead Time
has a Poisson Distribution with Mean () of © Weeks and the Demand Distribution
is Poisson with Means (“d) of 1 through 5 Dozen.

Hx =
Reorder Mg =
Point 1- 2 3 1 5
38 0.01723 0.10125
39 0.01389 0.08862
40 0.01115 0.07732
41 0.00891 0.06724
La 0.00709 0.05828
L3 0.00562 0.05036
Ly 0,00k 0.04338
L5 0.,00349 0.,03725
L6 0.0027h 0.03189
L7 0.0021k 0.02722 0.10391
L8 0.00129 0.02317 0.09321
hg 0.00099 0.01967 0.08342
50 0.01665 0.07449
51 0.01405 0.06637
52 0.01182 0.05901
53 0.00992 0.0523k
5k 0.00831 0.04634
55 0,0069% 0.04093
56 0,00578 0.03608
57 0.00480 0,0317k
58 0.00398 0.02786
59 0.00329 0.02441
60 0.00271 0,02134%
61 0.00223 0.01862
62 0.00183 0.01622
63 0.00150 0.01410
6 0.001.22 0.0122%
65 0.00100 0.01059

(Cont.)
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Table 16 (Cont.).

Tables of Probability of a Shortage at Various Reorder Points where the Lesd Time

has a Poigson Distribution with Mean (u,) of 6 Weeks and the Demand Distribution

is Poisson with Means (ug) of 1 through 5 Dozen.

w, =6
Reorder Hg =

Point 1 2 ) 5
66 0.00916
67 0.00790
68 0.00681
69 0.00585
T0 0,00502
1l 0.00430
2 0.00368
73 0.00314
Th 0.00268
5 0.00228
76 0.00194
T7 0.,0016k
78 0.00139
T9 0.00118
80 0.00099
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Table 17.

Tables of Prcobability of a Shortage at Various Reorder Polnts where the Lead Time
has a Poisson Distribution with Mean (uy) of 7 Weeks and the Demand Distribution
is Poisson with Means (ud) of 1 through 5 Dozen.

e =7
Reorder Hg =
Point 1 2 3 5
11 0.12029
12 0.08318
13 0.05619
14 C.03T1h
15 0.02403
16 0.01526
17 0.00951
18 0.00582
19 0.00351
20 0.00208
21 0.00121
20 0.00070 0.10321
23 0.08255
24 0.06545
25 0.051k44
26 0.04009
27 0.03099
28 0.02377
29 0.01809
30 0.01367
31 0.01025
3p 0.,00T764 0.11151
33 0.00565 0.09530
34 0.00415 0.08106
35 0.00303 0.06861
36 0.00220 0.05781
A7 0.00158 0.0484g
38 0.00114 0.04049

(Cont.)
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Table 17 {Cont.}. Tables of Probability of a Shortage at Various Reorder Points where the Lead Time
has a Poisson Distribution with Mean (u ) of 7 Weeks and the Demand Distribution
is Poisson with Means (ug) of 1 through 5 Dozen.

Me = 7
Reorder ;J,d =
Point 1 2] 3 4 5

39 0.00081 0.03366

Lo 0,02786

42 0.02257

42 0.01885

L3 0,015k 0.10279*

4 0.01255 0.0907T7#*

45 0.01018 0.07991%

L6 0.00823 0.070Lk*

b 0.00662 0.06139%

L8 0.00531 0.05358%

LS 0.00L2k4 0.0LEE3*

50 0.00338 0,0LoLT*

51 0.00269 0.03502%

52 0.00212 0.03023% 0,11891
53 0.00167 0.02602* 0.10771
54 0.00131, 0.0223)% 0.09737
55 0.00103 0.01913* 0.08773
56 0.00080 0,01634% 0,07901
57 0.013%2#% 0.07080
58 0,0118%* 0.06367
56 0.01003* 0.,05698
60 . 0,008l 0.05089
61 0.00716% 0,04526
62 0..00602 0,04030
63 , 0.00506 0.03580
S 0.00424 0.0317Tk
65 0.00354 0.0280%
66 £.00295 0,02481

(Cont.)
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Table 17 (Cont.) Tables of Probability of a Shortage at Various Reorder Points where the Lead Time
has a Poisson Distribution with Mean (u,) of 7 Weeks and the Demand Distribution
is Poisson with Means (la) of 1 through 5 Dozen.

b =T
Reorder Mg =
Point 1 2 3 L 5
67 0 .,00246
68 0 .00204
69 0.0016%
70 0 .00140
71 0 .00115
72 0 .00095

oL
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Demand for All Sizes of (Gloves by Weeks for

Table 18.

170 Weeks, January 2, 1956 - March 30, 1959.

Glove Size

Week Ending
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Table 18 (Cont.). Demand for All Sizes of Gloves by Weeks for
170 Weeks, January 2, 1956 - March 30, 1959.

Week Ending Glove Size
Date 6 6+ 7 7+ 8§ 8% g Total

T-2-56 0 1 1 5 3 0 0 10

7-9 2 4 s56/12 5 5  2/12 0 19 8/12
7-16 0o 3 5 6 2 2 2 20

T-23 o 2 - 2 8 2 0 1 15

T7-30 1 2 3 83/12 L 2 0 20 3/12
8-6-56 o 3 7 8612 L 1 1 24k 6/12
8-13 0 0 0 L 0 1 0 5

8-20 ok 1 3 5 0 1 1h

8-27 o 7 L 51/12 1k 2 0 32 1/12
9-3-56 0 2 2 9 5 2 0 20

9-10 2 0 5 76/12 1 1/12 0 15 7/12
917 0 4 1 6 1 0 0 12

9-2h 2 4 5 7 Y 0 0 op
10-1-56 0 6 i 6 0 0 0 13

10-8 0 3 i 2 Y 0 2 15
10-15 o 1 5 0 Y 0 1 11
10-22 0 2 2 2 0 0 0 6
10-29 o &4 4 20 1 0 0 29
11-5-56 2 6 5 7 5 0 0 25
11-12 2 35 0 7 6 21z 0 18 2/12
11.-1.9 0 1 6 1412 % 1 1 1k /12
11-26 0 6 6 8 0 1 0 21
12-33%-56 0 6 6 8 6 1 2 29
12-10 1 6 5 7 5 2 1 27
1217 ok 3 8 5 Q 0 20
12-24 0 0 0 0 0 0 0 0
12-31 0 0 6 0 0 0 0 6

(Ccont.)
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Demand for All Sizes of Gloves by Weeks for

170 Weeks, January 2, 1956 - March 3C, 1959.

Table 18 (Cont.).

Glove Size 1
1 Tx 8 85 9
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Date
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Demand for All Sizes of Gloves by Weeks for

170 Weeks, January 2, 1956 ~ March 30, 1959.

Table 18 (Cont.).

Glove Size

Week Ending

Total
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Table 18 (Cont.} Demand for All Sizes of Gloves by Weeks for

170 Weeks, January 2, 1956 - March 30, 1959.

Glove Size

Week Ending

Total

e

8

2!

Date

NGO O I\ 575”_5260658460597120
HH AN AH A Ql A AN LA Ao i
COO0O0O0OOCOoOHOCCOONHAHAOOOOAOOD O

cCNCCOHHOOHOHOMNOHHOHOOMNOOO O
NN HOAMINOCOCNUNMINTFTOFTOVOOUNO WO

= o M~ W =4\ —\0 NGO 00O H_J.R.OR/OO/OL,.

U U0 O ~O Ny H i D 5086056602

MG NHYFOODUNNMNO OO OO MO AN QNN

ANNOOHONOHOOHHHOHNOOOOOOQOOOO

1-6-58
1-1%
1-20
1-27
2-3.58
2-10
2-17
-2l
3-%-58
5-10
3=17
3-2h
35-31
4-7-58
byl
b1
L-28
5-5-58
5-12
5-19
5-26
6-2-58
6-9
6-16
6-2%
6-30

(Cont.)
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Table 18 {Cont.). Demand for All Sizes of Gloves by Weeks for
170 Weeks, January 2, 1956 - March 30, 1959.

Week Ending Glove Size

Date 6 6+ 7 74 8 81 9 Total
7-7-58 0 2 3 N 3 0 0 12
T-14 0 2 8 6 6 3 0 25
T-21 2 6 8 12 3 0 0 31
7-28 0 6 1 5 2 1 o 15
8-4-58 0 8 3 T 2 0 0 20
8-1 C 5 4 8 0 0 0 17
8-18 1 1 h 8 2 0 0 16
B-25 0 L I 6 5 0 0 19
9-1-58 0 5 5 8 8 2 0 28
9-8 1 2 3 6 2 0 0 1k
9-15 0 6 5 8 I 0 0 23
9-22 0 3 3 i 3 0 0 13
9-29 0 6 L 12 9 0 0 31
10-6-58 1 3 5 3 6 0 0 18
10-15 0 2 2 1 0 0 0 5
10-20 1 2 2 5 1 0 0 11
10-27 0 0 0 G 0 2 0 2
11-3-58 0 3 2 L 0 1 0 10
11-10 1 5 3 6 I 1 0 20
11-17 1 0 1 6 0 1 1 10
11-2k 0 6 3 b 5 1 1 20
12-1-58 1 3 5 7 3 0 ¢] 19
12-8 ¢ 1 b 7 5 0 0 17
12-15 1 1 O I 0 0 0 6
le-p2 0 0 1 0 0 0 0 1
12-29 1 2 3 8 1 0 0 15

(Cont.)
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Demand for All Sizes of Gloves by Weeks for

170 Weeks, January 2, 1956 - March 30, 1959.

Table 18 (Cont.).

Glove Size

&3

Week Ending

Total

i
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The following example illustrates the use of these curves. The
lead time distribution has been examined and found to be Poisson dis-
tributed with a mean (px) of 2 weeks. The demand distribution has been
examined and found to be Poisson distributed with a mean (ud) of 6
gross per week, The tolerable level of shortage that management will
permit is two per cent. ¥From Figure 135 the reorder point is found to
be 34 gross. This means that when the inventory level reaches 34 gross,

an order should be placed for the economic lot size,
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CHAPTER IV

CONCLUSIONS AND RECOMMENDATIONS

Conclusions .~~ The conclusions that can be drawn from this study are as
follows:

1. Factors, in addition to price, should be considered when
determining the proper quantity of an item to buy.

2. The lead time distribution should be considered when determin-
ing protective stock levels as this lmproves the accuracy of
the inventory model. In particular the assumption of con-
stant lead time leads to underestimate of requisite pro-
tective stock.

5. Protective stock levels can be set for hospital use by the
statistical evaluation cf demand and iead time distributions.

4, The inventory records of the hospital frequently lack the
necessary information for a complete solution by the model.

5. The model constructed in this study can provide an accurate
guide to evaluate the costs of various inventory policies,
when the required information is available.

Recommendations .-~ In view of the limitations, results, and conclusions

of this study, the following recommendations are made with regard to
further methodclogical and further computational studies:
1l. Methodological Studies
a. The cost of various types of shortages, on a probability

basis, should be investigated.
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b. Methods for accurately estimating the ordering cost and
inventory carrying costs should be investigated.

2. Computational Studies

a. The table of reorder points calculated from the joint
density function of two Poisson distributions should be
extended.

b. A method of interpclating between calculated values in
the table of reorder points should be determined.

c. Tables of reorder points should be calculated for typical
types of demand and lead time distributions, other than
from combinations of normal and Poisson distributions.
Typical distributions that should be considered are:

(1) Log Normal
(2) Chi-square
(3) Erlang.

Hospital administrators are encouraged to utilize this decision
model to effect real savings in inventory costs. In addition to the cost
savings there are other definite advantages in that data‘required for this
model provides an opportunity for administrators to exercise Jjudgement and
control over factors which are hidden at present.

It is apparent that the inventory model developed in this study
also can be used in industries other than hospitals. Objective decision
models of this type are playing an ever increasing role in the reduction

of costs and in the improvement of continuity of operations.
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AFPENDIX A

Derivation of Joint Density PFunction for the Calculation of Reorder
Points for Specified Probability of a Shortage

oo L+
Probability of a shortagel = Z; §;, plx) p(Dxix),
b Dx R.P.

where x = random variable lead time and

mear. lead time,

My

Under the assumption of Poisson distributed lead time

e X X
plx) = °__¥x
x!

where d = random variable (number of units per time unit),

1l

mean demand per time unit,
o, = standard deviation of demand,

and the total demand (Dx) during lead time is

Dx = dl + d2 + d5 + .. .+ dx

with mean = Hy »
For the normal distributed demand

the standard deviation (GD) is

lCourse Notes - Special FProblem Course I.E. 705, Dr. J. J. Meder,
Professor of Industrial Engineering, Georgia Institute of Technology, 1959.
See also Harling and Bramson (14).
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and p(Dx]x) = f(Dxlx) D .
The prcbability of a shortage, for the conditions stated, becomes

probability of a shortage = E(; p(x) Rf f(Dx|x) dp_
X= P.

o] - N
e XX o0 ) -xut
= Z _—__X'_x J .._.__J.'_..__ e 2 _%_i_. de.
X= v L. oo s En D
Dx X

However, for the condition of a Poisson distributed demand

e-xud (x pd) Dx

p(D, |x) =

and
by z o x

e H
Probability of a shortage = Z\; Z <7 X . D
x=0 D_'SR.P. ’ x’
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APPENDIX B

A Sample Calculation for One Point on the Curve
b = Z, By = 6, with Demand and Lead Time
Poisson Distributed

(o)

® =

10

1l

12

g = 6 R.P, = 3L D, = 35
_P(x) P(D, |x)
0.270671 0.000000 0.00000000
0.270671 0.000000 000000000
0.180447 0.000248 0 .0000U4T5
0.090224 0.020570 0.00185591
0.036089 0,202692 0.00731495
0.012030 0.588503 0.00707696
0.003437 0.878581 0400301968
0,000859 0.978679 0 ,00084069
0.000191 0.997593 0.00019054
0.000038 0.999812 0.00003799
0.000003 0.999989 0.00000700
0,000001 0.959999 0 .00000100

0 .02039220
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