Target Inventory Levels for a Hospital Blood Bank
or a Decentralized Regional Blood Banking System

M. A. CoHEN AND W. P. PIERSKALLA

From the University of Pennsylvania, Philadelphia, Pennsylvania

For any blood type, there is a complex interaction
among the optimal inventory level, daily demand level,
the transfusion to crossmatch ratio, the crossmatch
release period and -the age of arriving units that
determine the shortage and outdate rate. The blood
bank administrator should establish optimal target
inventory levels based on a simple equation (decision
rule) relating these factors. Evaluation of this rule
indicates that its implementation can lead to a very low
shortage rate and a reasonable low outdate rate if the
blood bank administrator makes efforts to control the
crossmatch release period and the average transfusion to
crossmatch ratio.

THE MAJOR responsibility of a hospital
blood bank is to administer the collection,
processing, storage and distribution of
whole blood and blood products throughout
the hospital in a manner that ensures all
blood-related demands are met. In addition
to this primary goal, the hospital blood bank
is also concerned with the minimization of
wastage through outdates and spoilage, the
maintenance of high quality standards and
the reduction of shortages that require either
emergency shipments from other blood
banks, emergency demands on donors, ap-
peals to the hospital staff for donations or
the delay of nonemergency and elective
medical procedures. These same responsi-
bilities and objectives apply to a regional
blood bank as well. In order to achieve these
goals, it is important for both the hospital
and the regional blood banks to set inven-
tory levels which trade off shortage versus
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outdate rates and minimize total operating
costs.

Brodheim, Hirsch and Prastacos?, de-
veloped curves relating recommended whole
blood/red blood cell inventory levels and
mean daily demand for various specified
shortage rates.*

This paper extends the analysis to establish
a simple decision rule which yields the opti-
mal inventory level for each blood type as
a function of various factors in the blood
bank environment. In using this rule, it is
not necessary for the blood bank adminis-
trator to choose a shortage rate for system
operation since the inventory level recom-
mended by the rule reflects the optimal
trade-off between shortages and outdates.
The elimination of the requirement to pick
and justify a shortage rate exclusive of other
system outcome measures greatly simplifies
the administrator’s decision problem.

For any given inventory level it is possible
to compute the anticipated shortage rate
when operating at that level. When using
the inventory level obtained from the opti-
mal decision rule, the ‘‘implicit’”’ shortage

* Throughout this paper we use the definitions:
Demand: The number of blood units of any one type
that are set aside for possible transfusion (i.e., cross-
matched) on a given day. Shortage: A situation when
the demand exceeds the number of units of blood in
inventory. Shortage rate: The long-term fraction (or
percentage) of days on which a shortage occurs. Usage:
The number of blood units of any one type transfused
on a given day. Outdate: A blood unit discarded be-
cause of exceeding the maximum age of 21 days. Out-
date rate: The ratio of mean number of blood units
outdated to mean number of blood units transfused

plus those outdated.
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rate is near .001 for large volume blood types
and .01 for rarer or small volume types. On
the other hand, the outdate rate is shown,
in general, to be quite sensitive to certain
specific factors in the blood bank manage-
ment and environment (age of supply, trans-
fusion to crossmatch ratio, and the cross-
match release period). Depending on these
factors, the rule yields outdate rates which
‘vary from .001 to .07. The rule is simple to
use because it can be completely described
by the mean value of the daily demand, the
length of the crossmatch release period and
the ratio of total units transfused to total
crossmatched. The unused, crossmatched
units are eventually released from the
assigned to the unassigned inventory after a
delay of a number of days. This delay time,
which we call the ‘‘crossmatch release
period,’’ will be denoted by the variable D.
For a hospital blood bank, D is usually one
or two days.

We also considered the breakdown of the
mean demand into the two factors used by
Elston and Pickrel®7: 1) the mean daily num-
ber of patients for whom blood is cross-
matched, and 2) the mean number of blood
units crossmatched per patient, as well as
other factors such as the order (age se-
quence) of issuing the units and the ages of
units coming from external suppliers. It was
found that the optimal decision rule defined
in terms of these two demand factors was
not significantly better than the decision rule
defined in terms of the mean daily demand.
Moreover, the extra cost and effort of esti-
mating these two factors (as opposed to esti-
mating mean daily demand) further miti-
-gated against their use. The other factors
mentioned above were also found to be not
significant in the determination of the opti-
mal inventory levels.

The primary use of the optimal decision
rule will be to establish minimum cost in-
ventory levels for whole blood and red blood
cell inventories for a hospital blood bank
or a transfusion service. However, the rule
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will also be applicable to those regional
blood banks where the central bank must
meet all orders placed by the local member
banks and control of the units passes to the
member banks. For a hospital blood bank,
the administrator would merely compute the
mean daily demand for each blood type, the
length of the crossmatch release period and
the average transfusion to crossmatch ratio,
and then apply the optimal decision rule to
compute the optimal target inventory level.
For a regional blood bank that relinquishes
control of the units to its member banks, the
administrator would compute the same
numbers, i.e., the mean daily demand by
type, the crossmatch reserve period and the
average transfusion to crossmatch ratio, for
each member in the regional system and
then use the rule to compute the target
inventory levels for his member transfusion
locations. The regional administrator could
then adjust his donor scheduling to achieve
these target levels.

The literature on setting target inventory
levels for blood banks is extensive, but only
in the past decade or so has inventory theory
been used in these determinations. Brod-
heim et al.? have reviewed the work of
Rockwell et al. ,'* Jennings,® Yahnke et al.,*®
and Hirsch and Schorr® regarding the rela-
tionship between mean demand and inven-
tory levels. The work of Elston and Pickrel®’
was also described there in some detail.?
We briefly note some further work regarding
inventory levels. Yen,'¢ extending the work
of Jennings,!° analyzed the effects of various
allocation policies, transshipment policies
and inventory levels on shortages and out-
dates in a centralized blood bank or com-
munity blood center. He derived several
equations for computing the expected short-
ages and outdates at the central bank
and the shortages at the member banks.
Based on Yen’s work, we are currently
conducting further research to obtain the
optimal target inventory levels for a
community blood center which maintains
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FiG. 1. Average shortage plus outdate costs and
order quantity (FIFO issuing, a 300 day simulation pe-
riod, dy = 12, p = 0.5 and A = 6).

control over the units at the member loca-
tions. It appears that for such systems the
target levels are somewhat lower than for
decentralized systems because it is easier
to transship units if necessary. These results
will be presented in a later paper.

Methods

Data from Rush-Presbyterian-St. Luke Medi-
cal Center, Evanston Hospital and the North
Suburban Blood Center in the metropolitan Chi-
cago area were used in the analysis. In addition,
some of the data published by Brodheim, Hirsch
and Prastacos? were used as a basis for compar-
ing the shortage rates, inventory levels, mean
daily demand and the demand distribution in this
study. )

The methods of analyses involved various sta-
tistical estimation techniques, economic model-
ing, simulation and inventory operations-analy-
sis. As mentioned in our earlier paper,® changes
in operating policy will clearly have an impact
on the performance of the blood bank. Because
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the target inventory level is affected by many
environmental factors, it was necessary to con-
struct a model of the blood bank in order to test
the complex interactions and effects of these fac-
tors. An expanded version of the basic model
structure of our earlier paper (which was exten-
sively validated in Pinson'?) is used in this paper.
The model requires specification of input factors
relating to system environment and control pol-
icy. The factors considered in this analysis in-
cluded: parameters to specify the daily demand
process, parameters to specify the age (of units
arriving at the bank) process, the transfusion to
crossmatch ratio p, target inventory levels, issu-
ing policy, crossmatch release time D, shortage
cost and outdate cost.

Model outputs include a detailed record of all
inventory transactions and the trajectory of the
age distributions of both assigned (crossmatched)
and unassigned inventories. For the purposes of
decision making we seek to minimize mean daily
shortage plus outdate costs. Thus a cumulative
record of total outdates and shortages is kept.
Upon multiplication by the appropriate unit cost
and division by the number of days in the run,
the desired average cost is obtained. The genera-
tion of average outdate plus shortage costs for a
fixed set of inputs over a range of different values
for target inventory levels (S) yields an average
cost curve. Figure 1 illustrates a typical set of
such curves for a range of different values of D,
the crossmatch return parameter (the transfusion
to crossmatch ratio is fixed at .5). These curves
indicate the stability on the part of the optimal
target inventory level with regard to D as was
previously noted.® That is, even as D increases
from 2 to 5 to 7 days the optimal inventory level
(S*) which minimizes the costs remains between
30 and 40 units. Furthermore, as noted in Figure
1, the cost function is relatively flat over a wide
range of inventory levels; essentially from S
=30 to S = 50 the costs do not vary greatly
especially for the more reasonable value of D
= 2. This flatness is caused by the fact that as
S increases beyond 30 the number of shortages
drops to zero and although the number of out-
dates increases as S increases they increase very
slowly until S passes 60. This slow increase in
outdates is caused by the fact that there are 21
days in which to transfuse a unit and for S below
60 it is possible to transfuse most units before
they outdate. As either the transfusion to cross-
match ratio decreases to .25 or as the crossmatch
release time (D) increases to 5 or 7, the response
of outdates to an increase in the value of S is
more rapid. S is the target daily inventory level,
not the amount ordered each day. The amount
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ordered is only the amount of transfusions plus
outdates of the previous day which will then
bring the inventory back up to S.

Figure 2 gives the number of shortages and
the number of outdates for the case in Figure
1 when D = 5. Figure 3 plots the cost curves for
shortages and for outdates and their sum which
is the total cost. The implications of these ob-
servations are as follows: 1) The effect on short-
ages and outdates of the ordering policy is mini-
mal for S’s in the neighborhood of the optimal
S*. The insensitivity of the S’s in the neighbor-
hood of S* is important because a blood bank
cannot always achieve S* each day. Indeed, large
drawings of blood through donor plans can often
disrupt a policy of achieving S* on a daily basis
and the hospital blood bank administrator must
seek an average S* over time, and 2) The opti-
mal inventory level is relatively insensitive to the
value of D. This means that the blood bank ad-
ministrator can set S* and then concentrate in-
ventory management control on reducing D
knowing full well that S* will not change sig-
nificantly.

Optimal Decision Rule

There are many exogenous and policy control
factors associated with any blood banking sys-
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tem. The exogenous factors identified for the pur-
poses of this discussion include the parameter
specifying the mean daily demand, the param-
eters specifying the age of units supplied for distri-
bution, the per unit shortage and outdate costs
and the fraction of total daily demand which is
transfused. The control factors for the system
include the issuing policy, the crossmatch release
period (D) and the inventory level (S).

The functional relationship between S* and the
various control and exogenous factors will be
called the ‘*optimal decision rule.”” A statistical
experiment was carried out. The assorted
factors were varied throughout their range
and the simulation model was used to compute
the S* value associated with each factor value
configuration. The results of this experiment
were then used in a curve fitting analysis to iden-
tify the desired functional relationship (i.e., the
appropriate optimal response surface). It is im-
portant to note that the average cost surface is
not being identified, but rather the surface of cost
minimizing values of S.

The function we seek can in general be written
as equation:

S* = f(dl,d29 v sAl’A29 s 1p’CS,CO,D’I) [1]
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= parameters describing the demand proc-
ess;

A, = parameters describing the age of sup-
ply process;

p = fraction of total daily demand trans-
fused (i.e., the transfusion to cross-
match ratio);

Cs = unit shortage cost;

Co, = unit outdate cost;

D = crossmatch release period;
I = issuing policy indicator.

Due to the previously observed® domination
of first-in first-out (FIFO) as the best issuing
policy for D = 5 and p = .25, the experimental
design was restricted to the following factors.

1. Mean Daily Demands, dy
dy takes the values {2,3,12,16,18,24,32,48}
2. Mean Age of Supply, A
A takes the values {1,6.03}
3. Crossmatch Release Period, D
D takes the values {1,2,4}
4. Shortage Cost, Cg
C; takes the values {$35,$55}
5. Transfusion to Crossmatch Ratio, p
p takes the values {.25,.5}.

The lower values 2 and 3 of mean daily de-
mand correspond to rarer types of blood or to
transfusion locations with low daily demands for
common types. The large values 32 and 48 cor-
respond to daily demands at large hospitals or a
community biood center for more common types
of blood. The age composition of arriving sup-
ply was drawn from two classes of distributions.
An empirical distribution estimated from hos-
pital data (with a mean age of supply of 6.03
days) and a degenerate uniform distribution
yielding fresh supply were considered. Other
distributions had been tested in previous work?®'?
and were found to provide no additional infor-
mation or policy changes.

Outdating cost was fixed at $25, issuing policy
was set to be first-in first-out (FIFO) and the
transfusion fraction was set at .25 and .5. The
actual costs of $25 for outdates and $35 or $55
for shortages are not important in absolute value
for determining S*. What is important is their
ratio or relative value.'?'® The absolute quanti-
ties merely reflect the estimated average cost of
outdates and shortages. The target inventory
level S* is not sensitive to reasonable ranges of
the ratio of outdate to shortage costs.

A full factorial design for this experiment
would involve 192 separate simulation-optimiza-
tion runs. A ¥ factorial design® was chosen and
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thus 96 separate observations of S* were gen-
erated. The actual design and the results of the -
experiment are indicated in Cohen and Pierskalla.*
These results were analyzed by standard regres-
sion techniques to determine which input param-
eters were significant in the computation of S*
and what the functional form of the decision func-
tion should be. Both linear and log-linear func-
tional forms were investigated. The log-linear
function gave significantly better results and the

~results of the regression run are presented in

Table 1.

The most significant explanatory variable is
the mean daily demand, (dy). However, the
transfusion/crossmatch ratio (p) and the cross-
match release period (D) are also significant, but
their coefficients of 0.12159 and —0.06769, re-
spectively, in the regression equation indicate
that their influence on the optimal S* is not nearly
as large in magnitude as that of dy. The other
two independent variables, A and Cg, are not sig-
nificant and also their coefficients are small. Con-
sequently, these last two variables were dropped
and the regression was run again using only the
significant variables. In the second regression the
intercept term changed but all other coefficients
and statistics coincided to at least three signif-
icant digits. Using the results of the second re-
gression, the optimal decision rule can be written
by equation:

In S* = 1.7967 + 0.7604 In (dy)
+ 0.1216 In (p) — 0.0677 In (D) [2]
or equivalently by equation:
§* = 6.03(dy) *™(p) D)~ [3]
where

d,, is the mean daily demand for a blood type;

p is the average transfusion to crossmatch
ratio, and

D is the crossmatch release period.

In Figure 4, this optimal decision rule is
graphed for the case when p = .25 and p = .5
and D = 1 day. Figure 5 presents the optimal
decisionrule forp = .25andp = .5when D = 2
and 4. For fixed p and D it is interesting to note
from Figure 4 that a positive coefficient of 0.7604
for mean daily demand in the optimal decision
rule indicates a concave shape to the rule. For a
blood bank this would mean that if, for example,
as the mean daily demand is increased, then a
less than proportional increase in the order quan-
tity would be optimal. Or another way of viewing
the rule is that a blood bank which doubles its
size (in terms of mean daily demand) should in-
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Table 1. Blood Decision Rule All Variables (Log-Linear)*
Statistical
Variable Coefficient Error t Value
in (dy) 0.7604 0.00972 78.24
in (p) 0.1216 0.02925 4.16
in (D) -0.0677 0.01791 -3.78
In (A) -0.0138 0.01128 -1.22
In (Cy) 0.0520 0.04485 1.16
Intercept 1.61248
Regression Error
Degrees of Freedom 5 Degrees of Freedom 90
Sum of Squares 60.72035 Sum of Squares 0.88765
Mean Square 12.14407 Mean Square 0.00986
SE of Estimate 0.09931
F-Vaiue 1231.3
Multiple R-Squared 98.56

* Logarithms are natural or Naperian.

crease its optimal inventory level by less than 70
per cent (provided the p’s and D’s remain the
same). Using equation (2) or (3), the blood bank
administrator can compute the optimal target in-
ventory level for each blood type merely by in-
serting the mean daily demand for each blood
type, the average transfusion/crossmatch ratio,
p and the crossmatch release period, D.

Evaluation of the Decision Rule

The mean daily amount of blood transfused
(usage) is determined by the transfusion to cross-
match ratio times the mean daily demand. A
range of about 1 to 25 units transfused per day
were considered in the experimental design. This
corresponds to an annual volume of between 300
to 10,000 transfusions. Because almost all blood
banks have type specific mean demand volumes
which fall into these ranges, it was felt that testing
the extrapolation of the decision rule for even
larger volumes was not necessary.

A more important evaluation is how do the re-
sults of using the decision rule compared with
the data from the Chicago area and by Brodheim,
Hirsch and Prastacos.? We have already shown
in Figures 2 and 3 that use of the optimal target
inventory level at Evanston Hospital for O*
blood results in virtually zero shortages and a
very low outdate rate. The actual shortage rate
is less than .004 for this particular blood type
and the outdate rate is less than .02.

Tables 2 to 5 show the target inventory levels
and their corresponding shortage and outdate
rates for a large range of mean daily demands
for varying p and A (the mean age of arriving
units). When the mean daily demand for cross-

-k

matching a particular blood type is two units (p
= .5, A = 1and D = 1) then the optimal target
inventory to maintain on hand each day is eight
units. By maintaining this level the blood bank
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will experience a shortage rate of about .022 and
an outdate rate of about .013. As the volume of
activity increases, i.e., mean daily demand is
larger, the statistical law of large numbers comes
into play. When the mean daily demand is 16
units and the optimal target inventory level of
38 units is maintained, the shortage rate and out-
date rate virtually drop to zero (both are less than
.006) when D = 1 or 2.

Even if the blood bank administrator operates
at the optimal target inventory level (S*) it is still
necessary to control the crossmatch release pe-
riod (D) the average transfusion to crossmatch
ratio (p) and the average age of arriving units
(A) in order to keep shortages and outdates

Table 2. Shortage and Outdate Rates Using the
Optimal Decision Rule for Given p = .5
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Table 3. Shortage and Outdate Rates Using the
Optimal Decision Rule for Given p = .5

and A=6
Shortage Outdate
S* Rate Rate
dy D=1 D=2 D=1 D=2 D=1 D=2
2 8 8 .022 022 .068 .155
16 38 36 .003 .006 .005 .027
32 64 61 .002 .004 .005 .019
48 88 84 .001  .003 .004 019

down. This control is especially important for
transfusion locations where the mean daily de-
mand for a blood type is small. The worst case
shown is in Table 5. Fordy,, = 2,D =2,p = .25
and A = 6, the optimal S* is 7. However, at
this S* the shortage rate is 3.7 per cent and the
outdate rate is 44.7 per cent. On the other hand,
from Table 2 holding d;, = 2 but reducing Dto 1,
A to 1 and increasing p to .5, the optimal S*
= 8 but more importantly the shortage rate is 2.2
per cent and the outdate rate is 1.3 per cent.
This drop in the shortage rate occurs because
there is one more unit on hand each day, i.e.,
S* = 8 versus S* = 7. The very significant drop
in the outdate rate occurs because the units are
available in unassigned inventory more fre-
quently since D =1 versus D=2 and A =1
versus A = 6 and the probability of transfusion
at each crossmatch p is higher p = .5 versus p
= .25.

Indeed, by looking at Tables 2 to 5 it is possible
to isolate the effects of any single parameter
holding the other parameters constant. One of
the most important control parameters for the
administrator is the crossmatch release period
(D). It is also one of the most significant param-
eters in reducing outdating. Less easily con-
trolled parameters are p and A. However, if the
administrator can reduce A and/or increase p,
then the outdate rate will also drop significantly.

Table 4. Shortage and Outdate Rates Using the
Optimal Decision Rule for Given p = .25

and A =1 and A=1
Shortage Outdate Shortage Outdate
S* Rate Rate S* . Rate Rate
dy D=1 D=2 D=1 D=2 D=1 D=2 dy D=1 D=2 D=1 D=2 D=1 D=2
2 8 8 022 .022 .013 .064 2 7 7 .037 .037 220 .357
16 38 36 .003 .006 .001 .004 16 35 33 .008 .014 .020 120
32 64 61 .002 .004 .0001 .002 32 59 56 .006 .012 .009 .082
48 88 84 .001 .003 .0001 .001 48 81 77 .006 .012 .009 .081
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The parameters D, p and A have less impact
on the shortage rate. In fact, the optimal target
inventory level (S*) plays the major role with
regard to reducing the shortage rate. As was men-
tioned earlier, the S* tends to be the inventory
level at which the shortages are virtually zero
especially when D, p and A are in good control.

It should be reiterated here that if the admin-
istrator chooses to operate above the optimal
S*, as shown in Figures 1, 2 and 3, the outdates
(and costs) will rise with little additional impact
on reducing shortages. Conversely operating be-
low S* means that outdates will drop but short-
ages (and costs) will rise. Fortunately, when D
is small (say, D = 1) and p is large (say, p = .5),
then the cost curves are relatively flat near S*
so there is a considerable amount of flexibility
in achieving S* on a day-to-day basis.

A final important fact to notice concerns the
parameter A, the average age of arriving units
at the transfusion location. Tables 2—35 indicate
the larger that A becomes the significantly larger
is the outdate rate. When a transfusion location
depends upon a central bank or supplementary
sources for its supply, it may not be able to con-
trol the ages of arriving units. For large volumes
of demand, this lack of control does not greatly

impact outdating if the administrator maintains

D = 1 and p = .5. However, for small daily de-
mand levels such as dy, = 2 (especially with large
D and/or small p), the control of A is very im-
portant. Often small blood banks have such small
daily demand levels. For such locations the sup-
plied blood should be as fresh as possible. For
optimal efficiency these small banks should have
their blood inventory periodically replaced with
all fresh units and the unassigned old units re-
turned to the regional supplier.

Discussion

Brodheim, Hirsch and Prastacos? give a
series of inventory level curves based on
shortage rates of .2, .1, .05, .02 and .01.
They suggest that the blood bank adminis-
trator should choose the shortage rate at
which to operate the blood bank. The ad-
ministrator can read off the inventory level
from the appropriate curve using the mean
daily demand for each blood type. Our results
indicate that it is not necessary for the blood
bank administrator to choose a shortage
rate. In fact a shortage rate much above
.01 or .001 (depending on the mean daily
demand p and D) will result in an extremely
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Table 5. Shortage and Outdate Rates Using the
Optimal Decision Rule for Given p = .25

and A =6
Shortage Outdate
S* Rate Rate
dy D=1 D=2 D=1 D=2 D=1 D=2
2 7 7 .087 .037 340 447

16 35 33 .008 .014 081 204
32 59 56 .006 .012 .049 171
48 80 77 .006 .012 .049 .164

high cost nonoptimal level. It is true that
a shortage rate of .2 the outdate rate will be
lower than at a shortage rate of .01. How-
ever, it will not be very much lower because
outdates are essentially caused by two fac-
tors, one of which is only slightly affected
by the shortage rate. The first factor is that
the supply of arriving stocks of blood at the
bank is variable. On days of mobile draw-
ings or a donor recruiting campaign the sup-
ply of blood jumps up and on other days
it is significantly lower. The second factor
is the random crossmatch demands and ac-
tual transfusions resulting therefrom. There
is a significant daily fluctuation in demands
and transfusions. In those periods of time
where the supply is higher on the average
and demand is lower on the average, out-
dating will occur regardless of fairly large
differences in the average shortage rate
chosen by a blood bank administrator. Con-
sequently, choosing a high shortage rate will
not reduce outdating by much since outdat-
ing tends to occur in batches but it will sig-
nificantly increase shortages at the other
times when supply is low and demand is av-
erage or above average (see Figure 2).
The preceding analysis demonstrates that
the choice of a target inventory level is de-
termined by trading off the cost of shortages
with the cost of outdates. We have also seen
that it is possible to associate an expected
shortage rate with each possible value of
the target inventory. The range of costs con-
sidered in the estimation of the decision
function resulted in shortage rates at the
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optimal target inventory level of about .01
or less when D, p and A are at reasonable
levels.

It is interesting to consider the conditions
under which target inventory levels yielding
a shortage rate of .05 or .1 would be optimal.
In particular, one may wonder at the relative
value placed on outdates and shortages by a
manager who in setting a target inventory
level chooses a higher shortage rate. It is
important to note that each possible value of
target inventory (and its corresponding
shortage rate) has associated with it an ‘‘im-
puted’’ cost of shortage which would make
that inventory level optimal.

Figure 6 illustrates the range of such im-
puted costs for a large blood bank. In a sys-
tem where the ratio has a value of 500 an
outdated unit would be 500 times more
costly than a shortage unit. Similarly, a
value of .5 means that an outdated unit costs
one-half times the cost of a shortage unit.

o worst case*

330+
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In earlier studies®!%:16 it was observed that
in 1973 and 1974 an outdated unit cost ap-
proximately $25 (primarily lost processing
cost) and a shortage unit cost about $35 to

'$55 (primarily telephone calls and emer-

gency transportation or the cost of the freez-
ing and thawing process for a frozen unit).
Consequently, realistic ratios of outdate to
shortage costs would be in the range $25/$35
= .714 to $25/$55 = .455. Ratios in excess
of 1 make very little realistic sense since
such ratios mean outdates cost more than
shortages. However, as can be seen from
the average case in Figure 4, if the blood
bank administrator were to choose to op-
erate at shortage rates of .2, .1, .05 or .01,
he would be implicitly saying that he views
outdates 367, 207, 110 and 31 times more
important than shortages, respectively. In
fact, at the optimal target inventory level
S* for this volume and common blood type,
the shortage rate is .001 when the outdate

{606)

FiG. 6. Imputed cost ra-
tio of outdate cost/shortage
cost when operating a large
hospital blood bank (dy
= 48) at different shortage
rates.

J
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cost to shortage cost ratio is .5, i.e., an out-
dated unit costs about one-half of a shortage
unit in time and/or money.

The imputed cost ratios of operating at
any shortage rate for any level of mean daily
demand can be computed to generate curves
similar to the ones in Figure 6. We have
carried this out for a large number of such
cases. In each case, we observed that al-
though the imputed ratios for shortage rates
at .2, .1, .05 and .01 differ for each blood
type and mean daily demand level, the ratios
were all far in excess of 1. This means that
a hospital administrator choosing a target
inventory with these large shortage rates is
implicitly saying that an outdated unit is far
more important than a shortage unit. Our
exposure to the Chicago area blood banking
system indicates that in fact the converse is
true, namely, a unit short is far more impor-
tant and more costly than a unit outdated.

This analysis indicates the inconsistency
of choosing to operate a blood bank at what
appear to be reasonable shortage rates of
.1 or .05. By selecting a target inventory
level according to equation (3) the blood
bank manager can achieve far better per-
formance for all reasonable values of the
outdate shortage cost ratio.

A final issue which was considered was
the relationship between the decision rule
results and the ordering rules which have
been observed in practice. Many blood bank
administrators keep sufficient blood on hand
to meet anticipated needs for six to eight
days. It is possible to compute the number
of days of transfusion supply on hand from
the order-up-to quantity as follows:

Number of days of g*
transfusion supply = .
p-dy

Figure 7 is a graph of the number of days
of transfusion supply on hand versus mean
daily usage p-dy. As the system scale in-
creases, the optimal number of days of
transfusion supply on hand decreases. This
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Fi1Gc. 7. Number of days transfusion supply versus
the mean daily transfusion requirements when p = .5
and D = 1.

i1s another example of scale economies.!
Moreover, the curve is convex, and is rela-
tively flat at a value of approximately six
days of transfusion supply for a broad range
of system scales.
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