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Summary

Inventory decisions are both high risk and high impact throughout the supply chain.
Inventory committed to support future sales drives a number of anticipatory supply
chain activities. Without the proper inventory assortment, lost sales and customer dis-
satisfaction may occur. Likewise, inventory planning is critical to manufacturing. Mate- -
rial or component shortages can shut down manufacturing or force production schedule E
modification, added cost and potential finished goods shortages. Just as shortages can '
disrupt marketing and manufacturing plans, inventory overstocks also create operat-

ing problems. Overstocks increase cost and reduce profitability as a result of added
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warehousing, working capital, insurance. taxes. and obsolescence. Management of
inventory resources requires an understanding of functionality, principles, cost. impact.
and dynamics.

ality and Definitions

Inventory management involves risk which varies depending upon a firm's position in the
distribution channel. The typical measures of inventory exposure are time duration, depth.
and width of commitment.

For a manufacturer. inventory risk is long-term. The manufacturer’s inventory commit-
ment begins with raw material and component parts purchase. includes work-in-process.
and ends with finished goods. In addition. finished goods are often positioned in ware-
houses in anticipation of customer demand. In some situations, manufacturers are required
to consign inventory to customer facilities. In effect. this practice shifts all inventory risk
to the manufacturer. Although a manufacturer typically has a narrower product line than
a retailer or wholesaler. the manufacturer’s inventory commitment is deep and of long
duration.

A wholesaler purchases large quantities from manufacturers and sells smaller quantities
to retailers. The economic justification of a wholesaler is the capability to provide cus-
tomers an assortment of merchandise from different manufacturers in specific quantities.
When products are seasonal. the wholesaler may be required to take an inventory position
far in advance of the selling season. thus increasing depth and duration of risk. One of the
greatest challenges of wholesaling is product-line expansion to the point where the width
of inventory risk approaches that of the retailer while depth and duration of risk remain
characteristic of traditional wholesaling. In recent years. powerful retailers have driven
a substantial increase in depth and duration by shifting inventory responsibility back to
wholesalers.

For a retailer, inventory management is about the velocity of buying and selling. Retail-
ers purchase a wide variety of products and assume substantial risk in the marketing pro-
cess. Retail inventory risk can be viewed as wide but not deep. Because of the high cost
of store location, retailers place prime emphasis on inventory turnover. Inventory turnover
is a measure of inventory velocity and is calculated as the ratio of sales for a time period
divided by average inventory.

Although retailers assume a position of risk on a wide variety of products. their position
on any one product is not deep. Risk is spread across more than 30,000 stockkeeping units
(SKUs) in a typical supermarket. A mass retailer offering general merchandise and food
often exceeds 50.000 SKUs. Faced with this width of inventory. retailers attempt to reduce
risk by pressing manufacturers and wholesalers to assume greater and greater inventory
responsibility. Pushing inventory back up the channel has resulted in retailer demand for
fast delivery of mixed-product shipments from wholesalers and manufacturers. Specialty
retailers. in contrast to mass merchandisers. normally experience less width of inventory
risk as a result of handling narrower assortments. However. they must assume greater risk
with respect to depth and duration of inventory holding.

If a business plans to operate at more than one level of the distribution channel. it must
be prepared to assume the associated inventory risk. For example. a food chain that oper-
ates a regional warehouse assumes risk related to wholesale functionality over and above
normal retail operations. To the extent that an enterprise becomes vertically integrated.
inventory must be managed at multiple supply chain Jevels.
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TABLE 7.1
Inventory
Functionality

inventory Functionality

From an inventory perspective. the ideal situation would be a response-based supply chain.
At various points in early chapters. the practicality of implementing a fully response-based
supply chain was discussed in terms of the total costs and timeliness of customer support.
While a zero-inventory supply chain is typically not attainable, it is important to remember
that each dollar invested in inventory is a trade-off to an alternative use of assets.

Inventory is a current asset that should provide return on the capital invested. The
return on inventory investments is the marginal profit on sales that would not occur with-
out inventory. Accounting experts have long recognized that measuring the true cost and
benefits of inventory on the corporate profit-and-loss s difficult.” Lack of measurement
sophistication makes it difficult to evaluate the trade-offs between service levels, operat-
ing efficiencies. and inventory levels. While aggregate inventory levels throughout sectors
of the economy have decreased, many enterprises still carry more inventory than needed
to support actual business requirements. The forces driving this generalization are under-
stood better through a review of the four prime functions of inventory. Table 7.1 summa-
rizes inventory functionality.

These four functions. geographical specialization, decoupling, balancing supply and
demand, and buffering uncertainty, require inventory investment to achieve operating
objectives. While logistics. as discussed in Chapter 2. has made significant progress in
reducing overall supply chain inventory. inventory properly deployed creates value and
reduces total cost. Given a specific manufacturing/marketing strategy. inventories planned
and committed to operations can only be reduced to a level consistent with performing the
four inventory functions. All inventory exceeding the minimum level represents excess
commitments.

At the mimmum level. inventory invested to achieve geographical specialization and
decoupling can be modified only by changes in network facility location and operational
processes of the enterprise. The minimum level of inventory required to balance supply
and demand depends on ability to estimate seasonal requirements. With increased experi-
ence over a number of seasonal periods. the inventory required to achieve marginal sales
during periods of high demand can be projected fairly well. A seasonal inventory plan can
be formulated on the basis of this experience.

Douglas M. Lambert, The Development of an Inventory Costing Methodology (Chicago: National Council of Physical
Distribution Management, 1976), p. 3: and Inventory Carrying Cost, Memorandum 617 (Chicago: Drake Sheahan/Stewart
Dougall, Inc.. 1974)

Geographical Specialization Allows geographical positioning across multiple manufacturing
and distributive units of an enterprise. Inventory maintained at
different locations and stages of the value-creation process

allows specialization.

Decoupling Allows economy of scale within a single facility and permits
gach process to operate at maximum efficiency rather than
having the speed of the entire process constrained by the

slowest.
Supply/Demand Balancing Accommodates elapsed time between inventory availability
(manufacturing, growing, or extraction) and consumption.
Buffering Uncertainty Accommodates uncertainty related to demand in excess of

forecast or unexpected delays in order receipt and order
processing in delivery and is typically referred to as safety

stock.
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Inventories committed to safety stocks represent the greatest potential for improved
logistical performance. These commitments are operational in nature and can be adjusted
rapidly in the event of an error or policy change. A variety of techniques are available to
assist management in planning safety stock commitments. The focus of this chapter is the
analysis of safety stock relationships and inventory policy development.

Inventory Definitions

In designing inventory policy. specific inventory relationships must be considered. Man-
agement must understand these relationships to determine inventory policy with respect to
when and how much to order. The inventory policy drives desired inventory performance.
The two key indicators of inventory performance are service level and average inventory.

Inventory Policy

Inventory policy consists of guidelines concerning what to purchase or manufacture. when
to take action. and in what quantity. It also includes decisions regarding geographical
inventory positioning. For example. some firms may decide to postpone inventory posi-
tioning by maintaining stock at the plant. Other firms may use a more speculative strategy
of positioning product in local markets or regional warehouses. The development of sound
mventory policy is the most difficult dimension of inventory management.

A second aspect of policy concerns inventory management practice. One approach is
to independently manage inventory at each stocking facility. At the other extreme is cen-
tral inventory management of all stocking locations. Centralized inventory management
requires effective communication and coordination. The increased availability of infor-
mation technology and integrated planning systems allows more firms to implement cen-
tralized inventory planning. Centralized inventory planning systems can reduce demand
uncertainty between distribution locations.

Service Level
Service level is a performarnce rarget specificd by managcement. It defines invenrory perfor-
mance objectives. Service level is often measured in terms of an order cycle time. case fill
rate, line fill rate. order fill rate. or any combination of these. The performance cycle is
the elapsed time between the release of a purchase order by a buyer to the receipt of ship-
ment. A case fill rate is the percent of cases or units ordered that are shipped as requested.
For example, a 95 percent case fill rate indicates that. on average. 95 cases out of 100 are
filled from available stock. The remaining five cases are back-ordered or deleted. The line
fill rate is the percent of order lines filled completely. Order fill is the percent of customer
orders filled completely.

Inventory management is a major element of supply chain logistics strategy that must'be
integrated to achieve overall service objectives. While one strategy to achieve a high service
level is to increase inventory. an alternative approach may be the use of faster or more reliable
transportation and collaboration with customers and service providers to reduce uncertainty.

Average Inventory

The materials, components. work-in-process. and finished product typically stocked in the
logistical system are referred to as inventory and the typical amount across time is referred to
as average inventory. From a policy viewpoint. target inventory levels must be planned for
each facility. Figure 7.1 illustrates the performance cycles for one item at one location. At the
maximum. the facility has in stock during the normal performance cycle $70.000 and a mini-
mum of $30.000. The difference between these two levels. $40.000 ($70.000 — $30.000), is
the order quantity. resulting in a cycle inventory of $20.000. Cycle inventory or base stock
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FIGURE 7.1
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is the portion of average inventory that results from replenishment. Stock level is at a maxi-
mum following stock receipt from the supplier. Customers deplete inventory until the stock
level reaches its minimum. Prior to the stock level reaching the minimumn, a replenishment
order is initiated so that inventory will arrive before an out-of-stock occurs. The replenish-
ment order must be initiated when the available inventory is less than or equal to forecasted
demand during the performance cycle time. The amount ordered for replenishment is termed
the order quantity. Given this basic order formulation, average cycle inventory or base
stock equals one-half order quantity.

The transit inventory represents the amount typically in transit between facilities or
on order but not received. The obsolete inventory is the stock that is out-of-date or that
has not experienced recent demand. Eventually. it is donated. destroyed, or sold at a loss.
Speculative inventory is bought prior to need to hedge a currency exchange or to take
advantage of a discount.

The remainder of inventory in the typical logistics system is safety stock. Safety stock is
maintained in a logistical system to protect against demand and performance cycle uncertainty.
Safety stock is used only near the end of replenishment cycles when uncertainty has caused
higher-than-expected demand or longer-than-expected performance cycle times. Thus, typi-
cal average inventory is one-half order quantity plus safety stock and in-transit stock.

Average Inventory across Multiple Performance Cycles

In initial policy formulation. it is necessary to determine how much inventory to order at
a specified time. To illustrate. assume the replenishment performance cycle is a constant
10 days and daily sales rate is 10 units per day. Also assume the order quantity is 200 units.

Figure 7.2 illustrates this relationship. This type of chart is referred to as a sawtooth
diagram because of the series of right triangles. Since complete certainty exists with
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respect to usage and performance cycle. orders are scheduled to arrive just as the last unit
is sold. Thus. no safety stock is necessary. Since the rate of sale in the example is 10 units
per day and it takes 10 days to complete inventory replenishment. a sound reorder policy
might be to order 200 units every 20 days. Given these conditions. common terminology
related to policy formulation can be specified.

First, the reorder point is specified as 100 units on hand. The reorder point defines when a
replenishment order is initiated. In this example, whenever the quantity on hand drops below
100. an additional order for 200 units is placed. The result of this policy is that daily inventory
level ranges from a maximum of 200 to a minimum of zero over the performance cycle.

Second, average inventory is 100 units. since stock on hand exceeds 100 units one-half
of the time, or for 10 days. and is less than 100 units one-half of the time. In fact. average
inventory is equal to one-half the 200-unit order quantity.

Third, assuming a work year of 240 days. 12 purchases will be required during the year.
Therefore, overaperiod of 1 year. 500 units will be purchased 12 times foratotal of 2400 units.
Sales are expected to equal 10 units per/day over 240 days for a total of 2400 units. As
discussed above, average inventory is 100 units. Thus. inventory turns will be 24 (2400
total sales/100 units of average inventory).

In time. the sheer boredom of such routine operations would lead management to ask
some questions concerning the arrangement. What would happen if orders were placed
more frequently than once every 20 days? Why not order 100 units every 10 days? Why
order as frequently as every 20 days? Why not reorder 600 units once every 60 days?
Assuming that the inventory performance cycle remains a constant 10 days. what would
be the impact of each of these alternative ordering policies on reorder point, average base
inventory. and inventory turnover?

The policy of ordering a smaller volume of 100 units every 10 days means that two
orders would always be outstanding. Thus. the reorder point would remain 100 units on
hand or on order to service average daily sales of 10 units over the 20-day inventory cycle.
However, average inventory on hand would drop to 30 units. and inventory turnover would
increase to 48 times per year. The policy of ordering 600 units every 60 days would result
in an average base inventory of 300 units and a turnover of approximately eight times per
year. These alternative ordering policies are illustrated in Figure 7.3.

The figure illustratec that average inventory is a function of the reorder quantity.
Smaller replenishment order quantities do result in lower average inventory. but there arc
other factors such as performance cycle uncertainty. purchasing discounts. and transporta-
tion economies that are important when determining order quantity.

E73 Alternative Order Quantity and Average Inventory
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An exact order quantity policy can be determined by balancing the cost of ordering and
the cost of maintaining average inventory. The Economic Order Quantity (EOQ) model
provides a specific quantity balancing of these two critical cost components. By determin-
ing the EOQ and dividing it into annual demand, the frequency and size of replenishment
orders minimizing the total cost of cycle inventory are identified. Prior to reviewing EOQ, it
is necessary to identify costs typically associated with ordering and maintaining inventory.

|
llnventory Carrying Cost )

~

Inventory carrying cost is the expense associated with maintaining inventory. Inventory
expense is calculated by multiplying annual inventory carrying cost percent by average
inventory value. Standard accounting practice is to value inventory at purchase or standard
manufacturing cost rather than at selling price.

Assuming an annual inventory carrying cost percentage of 20 percent, the annual inven-
tory expense for an enterprise with $1 million in average inventory would be $200,000
(20% x $1.000,000). While the calculation of inventory carrying expense is basic, deter-
mining the appropriate carrying cost percent is less obvious.

Determining carrying cost percent requires assignment of inventory-related costs.
Financial accounts relevant to inventory carrying cost percent are capital, insurance, obso-
lescence, storage, and taxes. While cost of capital is typically based on managerial policy,
expense-related taxes, insurance. obsolescence. and storage varies depending on the spe-
cific attributes of individual products.

Capital

The appropriate charge to place on capital invested in inventory varies widely. Capital
assessments range from the prime interest rate to a higher managerially determined per-
cent. The logic for using the prime interest rate or a specified rate pegged to the prime rate
is that cash to replace capital invested in inventory can be obtained in the money markets
at that rate. Higher managerially specified capital costs are based on expected or target
return on investment for capital deployed. Such target rates are typically termed hurdle

rates.
The cost of capital may vary significantly by firm and industry. Firms that are aggressive

in uses of cash will typically employ a higher cost of capital percentage. Similarly, indus-
tries with high value or short life cycle product will employ a higher cost of capital to drive
lower inventories.

Confusion often results from the fact that senior management frequently does not establish
a clear-cut capital cost policy. For supply chain logistics planning, the cost of capital must
be clearly specified since it has significant impact on system design and performance.

Taxes

Local taxing authorities In many areas assess taxes on inventory held in warehouses. The
tax rate and means of assessment vary by location. The tax expense is usually a direct levy
based on inventory level on a specific day of the year or average inventory level over a
period of time.

Insurance

Insurance cost is an expense based upon estimated risk or loss over time. Loss risk depends
on the product and the facility storing the product. For example, high-value products that
are easily stolen and hazardous products result in high insurance cost. Insurance cost is
also influenced by facility characteristics such as security cameras and sprinkler systems




——

TR 8

e L T T —

3

Bl

TP o T T

T R TS A R T A

Chapter 7 fmenrorr 163

that might help reduce risk. Since September 11. 2001. issues related to terrorist risk have
become of greater concern in supply chain design.

Obsolescence

Obsolescence cost results from deterioration of product during storage. A prime exam-
ple of obsolescence is product that ages bevond recommended sell-by date. such as
food and pharmaceuticals. Obsolescence also includes financial loss when a product no
longer has fashion appeal or no longer has any demand. Obsolescence costs are typically
estimated on the basis of past experience concerning markdowns. donations, or quantity
destroyed. This expense is the percent of average inventory value declared obsolete each
year.

Storage

Storage cost is facility expense related to product holding rather than product handling.
Storage cost must be allocated on the requirements of specific products since it is not
related directly to inventory value. In public or contract warehouses, storage charges are
billed on an individual basis. The cost of total annual occupancy for a given product can
then be assigned by multiplying the average daily physical space occupied by the standard
cost factor for a specified time. This figure can then be divided by the total number of
units of merchandise processed through the facility to determine average storage cost per
merchandise unit.

Table 7.2 illustrates the components of annual inventory carrying cost and typical range
of component costs. It should be clear that the final carrying cost percent used by a firm is
a matter of managerial policy. Decisions regarding inventory cost are important because
they trade off against other logistics cost components in system design and operating
decisions.

‘LPIanning Inventory D

TABLE 7.2
Inventory Carrying
Cost Components

Inventory planning consists of determining when and how much to order. When to order is
determined by average and variation in demand and replenishment. How much to order is
determined by the order quantity. Inventory control is the process of monitoring inventory
status.

When to Order

As discussed earlier. the reorder point defines when a replenishment shipment should be
initiated. A reorder point can be specified in terms of units or days" supply. This discussion
focuses on determining reorder points under conditions of demand and performance cycle
certainty.

Element Average Percent Percent Ranges
Cost of capital 10.00% 4-40%
Taxes 1.00 5-2
Insurance .05 " 0-2
Obsolescence 1.20 . 52
Storage 2.00 04

Totals 14.25% 5-50%
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Most Ordering

economical
number of
orders

Total dollars

Maintenance cost

0 Number of orders per year

The most efficient method for calculating EOQ is mathematical. Earlier in this chapter
a policy dilemma regarding whether to order 100, 200, or 600 units was presented. The
answer can be found by calculating the applicable EOQ for the situation. Table 7.3 con-

tains the necessary information.
To make the appropriate calculations, the standard formulation for EOQ is:

2C,D
BOQ = .
Q U
where
EOQ = Economic order quantity:
C, = Costper order:
C= Annual inventory carrying cost.

D = Annual sales volume, units: and

’2 % 19 x 2400

EOQ = [———7—

Q 0.20 % 5.00
91.200

= 302 (round to 300).

[/ = Cost per unit.

Substituting from Table 7.3.

Il

Total ordering cost would amount to $152 (24007300 % $19.00). and inventory carrying
cost to $150 [300/2 X (5 X 0.20)]. Thus, rounding to allow ordering in multiples of 100
units. annual reordering, and inventory carrying cost have been equated.

Annual demand volume 2400 units
Unit value at cost $5.00
Inventory carrying cost percent 20% annually

Ordering cost $19.00 per order
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To benefit from the most economical purchase arrangement, orders should be placed
in the quantity of 300 units rather than 100, 200, or 600. Thus, over the year, eight orders
would be placed and average base inventory would be 150 units. Referring back to
Figure 7.4. the impact of ordering in quantities of 300 rather than 200 can be identified. An
EOQ of 300 implies that additional inventory in the form of base stock has been introduced
into the system. Average inventory has been increased from 100 to 150 units on hand.

While the EOQ model determines the optimal replenishment quantity, it does require
some rather stringent assumptions. The major assumptions of the simple EOQ model
are: (1) all demand is satisfied: (2) rate of demand is continuous, constant, and known;
(3) replenishment performance cycle time is constant and known: (4) there is a constant
price of product that is independent of order quantity or time: (5) there is an infinite plan-
ning horizon: (6) there is no interaction between multiple items of inventory; (7) no inven-
tory is in transit; and (8) no limit is placed on capital availability. The constraints imposed
by some of these assumptions can be overcome through computational extensions; how-
ever, the EOQ concept illustrates the importance of the trade-offs associated with inven-
tory carrying and replenishment ordering cost.

Relationships involving the inventory performance cycle. inventory cost, and economic
order formulations are useful for guiding inventory planning. First, the EOQ is found at the
point where annualized order placement cost and inventory carrying cost are equal. Second,
average base inventory equals one-half order quantity. Third, the value of the inventory
unit, all other things being equal. will have a direct relationship with replenishment order
frequency. In effect. the higher the product value, the more frequently it will be ordered.

While the EOQ formulation is relatively straightforward, there are other factors that
must be considered in actual application. These factors refer to various adjustments neces-
sary to take advantage of special purchase situations and unitization characteristics. Three
typical adjustments are volume transportation rates. quantity discounts., and other EOQ
adjustments,

Volume Transportation Rates

In the EOQ formulation, no consideration was given to the impact of transportation cost
upon order quantity. Regardless of whether product is sold on a delivered basis or owner-
ship is transferred at origin. the cost of transportation must be paid by supply chain partici-
pants. Collaborative efforts to order in quantities that minimize total cost are essential to
sound logistical arrangements.

As a general rule, the greater the weight of an order. the lower the cost per pound of
transportation from any origin to destination.” A freight-rate discount for larger shipments
is common across all transportation modes. Thus. all other things being equal. supply chain
arrangements should facilitate quantities that offer maximum transportation economies.
Such quantities may be larger than the EOQ purchase quantity. Increasing order size has
a twofold impact upon inventory cost. Assume for purposes of illustration that the most
desirable transportation rate is obtained when a quantity of 480 is ordered. as compared to
the EOQ-recommended order of 300 calculated earlier. The first impact of the larger order
is to increase the average base inventory from 150 to 240 units. Thus, ordering in larger
quantities increases inventory carrying cost.

The second impact is a decrease in the number of orders required to satisfy annual
requirements. Decreased number of orders increases the shipment size, facilitating lower
per-unit transportation cost.

To complete the analysis it is necessary to formulate the total cost with and without trans-
portation savings. While this calculation can be directly made by modification of the EOQ
formulation, direct comparison provides a more insightful answer. The only additional data

- To determine transportation rates, the unit quantity must be converted to weight.

%
:
i
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TABLE 7.4

EOQ Data
Requirements for
Consideration of
Transportation
Economies

TABLE 7.5

Volume
Transportation Rate
Modified EOQ
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Annual demand volume 2400 units

Unit value at cost $5.00

Inventory carrying cost percentage 20% annually
Ordering cost $19.00 per order
Small shipment rate $1.00 per unit
Large shipment rate $0.75 per unit

required are the applicable freight rate for ordering in quantities of 300 and 480. Table 7.4
provides the data necessary to complete the analysis.

Table 7.5 illustrates total cost analysis. Reducing total annual cost by purchasing 480 units
five times per year rather than the original EOQ solution of 300 units eight times per year
results in approximately a $570 savings.

The impact of volume transportation rates upon total cost of procurement cannot be
neglected. In the example above. the equivalent rate per unit dropped from $1 to $0.75. or
by 25 percent. Thus, any EOQ must be tested for transportation cost sensitivity across a
range of weight breaks.

Another point illustrated in the data in Table 7.5 is the fact that rather substantial changes
in the size of an order and the number of orders placed per year result in only a modest
change in the total ordering and inventory carrying cost. The EOQ quantity of 300 had
a total annual cost of $302. whereas the revised order quantity had a comparative cost of
$335.

EOQ formulations are much more sensitive to significant changes in order cycle or fre-
quency. Likewise. substantial changes in cost factors are necessary to significantly change
the economic order quantity.

Finally, two factors regarding inventory cost under conditions of origin purchase are
noteworthy. FOB (Free On Board) origin purchase means that the buyer is responsible for
freight cost and risk while the product is in transit. It follows that any change in weight
break leading to a shipment method with a different transit time should be considered.
using the added cost or savings as appropriate in a total cost analysis.

Second, the transportation cost must be added to the purchase price to determine the
value of goods tied up in inventory. Once the inventory has been received, the cost of the
product must be increased to reflect the inbound transportation.’

Quantity Discounts

Purchase quantity discounts represent an EOQ extension analogous to volume transporta-
tion rates. Table 7.6 illustrates a sample schedule of discounts. Quantity discounts can be
handled directly with the basic EOQ formulation by calculating total cost at any given
volume-related purchase price. as in the process used in calculating transportation rate
impact, to determine associated EOQs. If the discount at any associated quantity is suffi-
cient to offset the added inventory carrying cost less the reduced cost of ordering, then the
quantity discount is a viable choice. It should be noted that quantity discounts and volume

3 Pricing is discussed in greater detail in Chapter 8.

Alternative 1: Alternative 2:

EOQ, = 300 EOQ, = 480
Inventory Carrying Cost $150 $240
Ordering Cost $152 $95
Transportation Cost $2,400 $1,800

Total Cost $2,702 - $2,135
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TABLE 7.6 . Cost Quantity Purchased
Example of Quantity
Discounts $5.00 1L

450 100-200

4.00 201-300

350 301400

3.00 401-500

transportation rates each drive larger purchase quantities. This does not necessarily mean
that the lowest total cost purchase will always be a larger quantity than would otherwise be
the case under basic EOQ.

Other EOQ Adjustments

A variety of other special situations may justify adjustments to the basic EOQ. Examples
are (1) production lot size, (2) multiple-item purchase, (3) limited capital, (4) dedicated
trucking, and (5) unitization. Production lot size refers to the most economical quanti-
ties from a manufacturing perspective. Multiple-item purchase refers to situations when
more than one product are bought concurrently, so quantity and transportation discounts
must consider the impact of product combinations. Limited capital describes situations
with budget limitations for total inventory investment. Since the multiple product order
must be made within the budget limitations, order quantities must recognize the need to
allocate the inventory investment across the product line. Dedicated trucking can influence
order quantity since the truck has a fixed cost consideration.* Once it is decided to use a
dedicated fleet to transport replenishment product, the enterprise should try to purchase
in quantities that fully use available capacity. Back haul capacity availability may justify
purchasing products earlier than otherwise determined by EOQ considerations.

Another consideration when determining replenishment order quantity is unitization.
Many products are stored and moved in standard units such as cases or pallets. Since
these standardized units are often designed to fit transportation vehicles, there may be
significant diseconomies when the EOQ does not reflect standard units. As an example,
suppose that a full pallet quantity is 200 units of a specified product. Using an EOQ
of 300 units would require shipments of 1.5 pallets. From a handling or transportation
utilization perspective, it is probably more effective to order either one or two pallets
alternately or permanently.

|
Managing Uncertainty )

To understand basic principles, it is useful to understand inventory relationships under
conditions of certainty. Formulation of inventory policy must consider uncertainty. Two
types of uncertainty directly impact inventory policy. Demand uncertainty is rate of
sale during inventory replenishment. Performance cycle uncertainty involves inventory
replenishment time variation.

Demand Uncertainty

Sales forecasting estimates unit demand during the inventory replenishment cycle. Even
with good forecasting. demand during replenishment cycle typically exceeds or falls short
of what is planned. To protect against a stockout when demand exceeds forecast, safety

+ See Chapter 9. In such situations, the cost of money invested in inventary should be appropriately charged when the goods
are paid for at the origin.
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stock is added to base inventory. Under conditions of demand uncertainty, average inven-
tory represents one-half order quantity plus safety stock. Figure 7.5 illustrates the inventory
performance cycle under conditions of demand uncertainty. The dashed line represents the
forecast. The solid line illustrates inventory on hand across multiple performance cycles.
The task of planning safety stock requires three steps. First, the likelihood of stockout must
be gauged. Second, demand during a stockout period must be estimated. Finally, a policy
decision is required concerning the desired level of stockout protection.

Assume for purposes of illustration that the inventory performance cycle is 10 days.
History indicates daily sales range from 0 to 10 units with average daily sales of 5 units.
The economic order is assumed to be 50. the reorder point is 50. the planned average
inventory is 25. and sales during the performance cycle are forecasted to be 50 units.

During the first cycle. although daily demand experienced variation, the average of
5 units per day was maintained. Total demand during cycle 1 was 50 units, as expected.
During cycle 2. demand totaled 50 units in the first 8 days. resulting in a stockout. Thus. no
sales were possible on days 9 and 10. During cycle 3. demand reached a total of 39 units.
The third performance cycle ended with 11 units remaining in stock. Over the 30-day
period total sales were 139 units, for average daily sale of 4.6 units.

From the history recorded in Table 7.7. it is observed that stockouts occurred on 2 of 30
total days. Since sales never exceed 10 units per day. no possibility of stockout exists on
the first 5 days of the replenishment cycle. Stockouts were possible on days 6 through

10 on the remote possibility that demand during the first 5 days of the cycle averaged

Forecast Cycle 1 Stockout Cycle 2 Overstock Cycle 3
Day Demand Accumulated Demand Accumulated Demand Accumulated

1 9 9 0 0 5 5
2 2 n 6 6 5 10
3 1 12 5 n 4 14
4 3 15 7 18 3 17
5 7 22 10 28 4 21
6 5 27 7 35 1 22
7 4 kil 6 41 2 24
8 8 39 9 50 8 32
9 6 45 Stockout 50 3 35
10 5 50 Stockout = 50 a4 39

it = R S R N s s i g

b
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TABLE 7.8
Frequency of
Demand

10 units per day and no inventory was carried over from the previous period. Since during
the three performance cycles 10 units were sold on only one occasion, it is apparent that
the real risk of stockout occurs only during the last few days of the performance cycle, and
then only when sales exceed the average by a substantial margin.® Some approximation is
possible concerning sales potential for days 9 and 10 of cycle 2. A maximum of 20 units
might have been sold if inventory had been available. On the other hand, it is remotely
possible that even if stock had been available. no demand would have occurred on days
9 and 10. For average demand of 4 to 5 units per day. a reasonable appraisal of lost sales
is 8 to 10 units.

It should be apparent that the risk of stockouts created by variations in sales is limited
to a short time and includes a small percentage of total sales. Although the sales analysis
presented in Table 7.7 helps achieve an understanding of the opportunity, the appropriate
course of action is still not clear. Statistical probability can be used to assist management
in planning safety stock.

The sales history over the 30-day period has been aggregated in Table 7.8 as a fre-
quency distribution. The main purpose of a frequency distribution is to observe variations
around the average daily demand. Given an expected average of 5 units per day, demand
exceeded average on 11 days and was less than average on 12 days. An alternative way of
illustrating a frequency distribution is by a bar chart, as in Figure 7.6.

Given the historical frequency of demand. it is possible to calculate the safety stock
necessary to provide a specified degree of stockout protection. Probability theory is based
on the random chance of a specific occurrence within a large number of occurrences. The
situation illustrated uses a 28-day sample. In actual application. a larger sample size would
be desirable.

The probability of occurrences assumes a pattern around a measure of central tendency,
which is the average value of all occurrences. While a number of frequency distributions
can be used in inventory management, the most common is the normal distribution.

A normal distribution is characterized by a symmetrical bell-shaped curve, illustrated in
Figure 7.7. The essential characteristic of a normal distribution is that the three measures
of central tendency have equal value. The mean (average) value, the median (middle)
observation. and the mode (most frequently observed) all have the same value. When
these three measures are nearly identical, the frequency distribution is normal.

> |n this example, daily statistics are used. An alternative, which is technically more correct from a statistical viewpoint, is
10 utilize demand over multiple performance cycles. The major limitation of order cycles is the length of time and difficulty
required to collect the necessary data

Daily Demand (in units) Frequency (days)

Stockout 2
0 1

1 2

2 2

3 3

4 4

5 5

6 3

7 3

8 2

9 2

10 1

ssslimsmnp b
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The basis for predicting demand during a performance cycle using a normal distribution
is the standard deviation of observations around the three measures of central tendency.
The standard deviation is the dispersion of observations within specified areas under the
normal curve. For the inventory management application, the observation is unit sales per
day and the dispersion is the variation in daily sales. Within 1 standard deviation, 68.27
percent of all events occur. This means that 68.27 percent of the days during a performance
cycle will experience daily sales within = 1 standard deviation of the average daily sales.
Within + 2 standard deviations, 95.45 percent of all observations occur. At = 3 standard
deviations. 99.73 percent of all observations are included. In terms of inventory policy. the
standard deviation provides a method of estimating the safety stock required to achieve a
specified degree of out-of-stock protection.

The first step in setting safety stock is to calculate the standard deviation. Most calcula-
tors and spreadsheets calculate standard deviation, but if one of these aids is not available.
another method to compute the standard deviation is:

‘IGURE 7.7

Normal Distribution

68,27
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TABLE 79
Calculation of
Standard Deviation
of Daily Demand

where
o = Standard deviation:
F = Frequency of observation i}
b= Deviation of observation from mean for observation i; and
n = Total observations available.

The necessary data to determine standard deviation are contained in Table 7.9.

The standard deviation of the data in Table 7.9 is rounded to 3 units. When setting
safety stocks, 2 standard deviations of protection, or 6 units, would protect against 95.45
percent of all observations included in the distribution. However. the only situtations of
concern in determining safety stock requirements are observations that exceed the mean
value. No problem exists concerning inventory to satisfy demand equal to or below the
average. Thus, on 50 percent of the days. no safety stock is required. Safety stock pro-
tection at the 95 percent level will. in fact. protect against 97.72 percent of all possible
observations. The 95 percent coverage will cover all situations when daily demand is * 2
standard deviations of the average plus the 2.72 percent of the time when demand is more
than 2 standard deviations below the mean.This added benefit results from what is typi-
cally called a one-tail statistical application.

The above example-illustrates how statistical probability can assist with the quantifica-
tion of demand uncertainty. but demand conditions are not the only source of uncertainty.
Performance cycles can also vary.

Performance Cycle Uncertainty

Performance cycle uncertainty means operations cannot assume consistent delivery.
The planner should expect that actual performance cycle experience will cluster near the
expected value and be skewed toward delayed delivery.

Table 7.10 presents a sample frequency distribution across multiple performance cycles.
Although 10 days is the most frequent, replenishment experience ranges from 6 to 14 days.
If the performance cycle follows a normal distribution. an individual performance cycle
would be expected to fall between % and 12 days 68.27 percent of the time.

Deviation from Deviation Squared

Units Frequency (F) Mean (D) (D?) FD?
0 1 -5 25 25
1 2 —4 16 32
2 2 -3 9 18
3 3 =2 4 12
- 4 =1 1 L
5 5 0 0 0
6 3 +1 1 3
1 3 +2 4 12
8 2 +3 9 18
9 2 +4 16 32
10 1 +5 25 25

n=128 §=5 ZFJDEZ =181
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Deviation Squared

Performance Cycle Frequency Deviation from
(days) (F) Mean (D) (07) F.0?
6 2 —4 16 32
) 4 -3 9 36
] 6 -2 4 24
9 8 -1 1 8
10 10 0 0
n 8 +1 1 8
12 6 +2 4 24
13 4 +3 9 36
14 2 +4 16 32
Y FD} =200
N=50 t=10

a:\)—N—# ?d—sm—Zdays

I . NN,

From a practical viewpoint, when cycle days drop below 10, there is not any need
for safety stock. If the performance cycle were consistently below the planned perfor-
mance cycle. then adjustment of expected duration would be in order. The situation of
most immediate concern 0Ccurs when the duration of the performance cycle exceeds
10 days.

From the viewpoint of the probability of exceeding 10 days. the frequency of such
oceurrences, from the data in Table 7.10. can be restated in terms of performance cycles
greater than 10 days and equal to or less than 10 days. In the example data, the standard
deviation would not change because the distribution :s normal. However. if the actual
experience has been skewed in excess of the expected cycle duration. then a Poisson dis-
tribution may have been more appropriate. In Poisson frequency distributions, the stan-
dard deviation is equal to the square root of the mean. As a general rule, the smaller the
mean. the greater the degree of skewness.

Safety Stock with Combined Uncertainty

The typical situation confronting the inventory planner is illustrated in Figure 7.8, where
both demand and performance cycle uncertainties exist. Planning for both demand and
performance cycle uncertainty requires combining twWo independent variables. The dura-
tion of the cycle is, at least in the short run, independent of the daily demand. However, in
setting safety stocks. the joint impact of the probability of both demand and performance
cycle variation must be determined. Table 7.11 presents a summary of sales and replenish-
ment cycle performance. The key to understanding the potential relationships of the data in
Table 7.11 is the 10-day performance cycle. Total demand during the 10 days potentially
ranges from 0 to 100 units. On each day of the cycle. the demand probability is indepen-
dent of the previous day for the entire 10-day duration. Assuming the full range of poten-
tial situations illustrated in Table 7.11. total sales during a performance cycle could range
from 0 to 140 units. With this basic relationship between the two types of uncertainty in
mind. safety stock requirements can be determined by either numerical or convolution
procedures.

The numerical compounding of two independent variables involves multinominal
expansion. This type of procedure requires extensive calculation. A direct method 18 t0
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TABLE 7.11
Frequency
Distribution—
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determine the standard deviations of demand and performance cycle uncertainty and then
to approximate the combined standard deviation using the convolution formula:

o =IS? + DS,

Demand Distribution
Daily Sales Frequency
0 1

1 2
2 2
3 3
4 4
5 5
6 3
7 3
8 2
9 2
10 1

Bl ~

Moo
4

Replenishment Cycle Distribution

Days Frequency
6 2
7 4
8 6
9 8
10 10
1 8
12 6
13 4
14 2

n=50

T=10

§=2




[ABLE 7.12
Average Inventory
Impact Resulting
from Changes in
EOQ
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where

o .= Standard deviation of combined probabilities:
T = Average performance cycle time:

8, = Standard deviation of the performance cycle:
D = Average daily sales: and

5= Standard deviation of daily sales.

Substituting from Table 7.11.

10.00(2.54)° + (5.00°(2)°

= J64.52 + 100 = J164.52

= 12.83 (round to 13

I

O¢

This formulation estimates the convoluted or combined standard deviation of T days with
an average demand of D per day when the individual standard deviations are S and S,
respectively. The average for the combined distribution is the product of T and D. or 50.00
(10.00 X 5.00).

Thus, given a frequency distribution of daily sales from 0 to 10 units per day and a
range in replenishment cycle duration of 6 to 14 days. 13 units (1 standard deviation mul-
tiplied by 13 units) of safety stock 18 required to protect ’4.14 percent of all performance
cycles. To protect at the 97.72 percent level. a 26-unit safety stock is necessary. These
levels assume 2 one-tail distribution since it is not necessary t0 protect against leadtime
demand below average.

It is important to note that the specific event being protected against is a stockout
during the performance cycle. The 84.14 and 97.72 percent levels are not product avail-
ability levels. These percentages reflect the probability of a stockout during 2 given
order cycle. For example. with a 13-unit safety stock. stockouts would be expected to
occur during 15.86 (100 = 4.14) percent of the performance cycles. Although this per-
centage provides the probability of a stockout. it does not estimate magnitude. The rela-
tive stockout magnitude indicates the percentage of units stocked out relative to overall
demand.

Still assuming the replenishment order quantity of 50 units. average inventory require-
ments would be 25 units if no safety stock were desired. The average inventory with
2 standard deviations of safety stockis 51 units [25 + (2 X 13)]. This inventory level would
protect againsta stockout during 97.72 percent of the performance cycles. Table 7.12 sum-
marizes the alternatives confronting the planner in terms of assumptions and correspond-
ing impact on average inventory.

Order Quantity Safety Stock Average Inventory

Assume constant S sales and constant T

performance cycle 50 0 25
Assume demand protection +20 and

constant Tperformance cycle 50 ] 3
Assume constant demand and +20

performance cycle protection 50 20 45

Assume joint +2o for demand and .
performance cycle 50 26 51
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FIGURE 7.9 Impact of Order Quantity on Stockout Magnitude

Order
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The fill rate is the magnitude rather than the probability of a stockout. The case fill rate
is the percentage of units that can be filled when requested from available inventory.
Figure 7.9 graphically illustrates the difference between stockout probability and stockout
magnitude. Both illustrations in Figure 7.9 have a safety stock of 1 standard deviation or
13 units. For both situations, given any performance cycle, the probability of a stockout
1s 31.73 percent. However, during a 20-day period, the figure illustrates two instances
where the stock may be depleted. These instances are at the ends of the cycle. If the
order quantity is doubled, the system has the possibility of stocking out only once during
the 20-day cycle. So, while both situations face the same demand pattern, the first one
has more stockout opportunities and potential. In general, for a given safety stock level,
increasing the replenishment order quantity decreases the relative magnitude of potential
stockouts and conversely increases customer service availability.
The mathematical formulation of the relationship is:

>

SL =1 -

where

SL = The stockout magnitude (the product availability level);

fk) = A function of the normal loss curve which provides the area in a right tail of a
normal distribution:
o, = The combined standard deviation considering both demand and replenishment
cycle uncertainty; and
QO = The replenishment order quantity.

To complete the example, suppose a firm desired 99 percent product availability or case
fill rate. Assume the Q was calculated to be 300 units. Table 7.13 summarizes the required
information.

TABLE 7.13

Information for
Determining Required . 13
Safety Stock - 300

Desired Service Level 99%
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Since flk) is the term used to calculate safety stock requirements, the above equation
must be solved for f{k) using algebraic manipulation. The result is:

flk) = (1 = SL) X (Q/o.).
Substituting from Table 7.13,

flky = (1 - 0.99) X (300/13)
0.01 X 23.08 = .2308.

The calculated value of f{k) is then compared against the values in Table 7.14 to find the
one that most closely approximates the calculated value. For this example. the value of &
that fits the condition is 0.4. The required safety stock level is:

SS =k X o..

where
SS = Safety stock in units:
k = The k factor that corresponds with fk);

o _ = The combined standard deviation.

So, substituting in for the example.

8§ =k X o,
.04 X 13 = 5.2 units.

Il

The safety stock required to provide a 99 percent product fill rate when the order quantity
is 300 units is approximately 5 units. Table 7.15 shows how the calculated safety stock and
average inventory levels vary for other order quantities. An increased order size can be
used to compensate for decreasing the safety stock levels, or vice versa. The existence of
such a trade-off implies that there is a combination of replenishment order quantities that
will result in desired customer service at the minimum cost.

E7.14

[ntegral for k ik k fik

lardized Normal 0.0 .3989 16 0232

bution 0.1 23509 17 0182
0.2 .3068 18 0143
03 .2667 1.9 01
0.4 .2304 2.0 .0085
05 1977 21 .0065
0.6 .1686 2.2 .0049
0.7 1428 23 .0037
08 1202 24 .0027
09 .1004 25 .0020
1.0 0833 26 0015
1.1 .0686 27 001
1.2 .0561 28 .0008
1.3 0455 29 .0005
14 0366 3.0 .0004 -

15 0293 3.1 .0003
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TABLE 7.15
Impact of Order

Quantity on Safety

Stock

Ord;r Quantity (Q) k Safety Stock Average Inventory
300 0.40 5 155
200 0.70 8 108
100 1.05 14 64
50 1.40 18 43
25 1.70 22 34

Dependent Demand Replenishment

With respect to dependent demand replenishment. inventory requirements are a func-
tion of known events that are not generally random. Therefore, dependent demand does
not require forecasting because there is no uncertainty. It follows that no specific safety
stock should be necessary to support a time-phased procurement program such as mate-
rials requirements planning (MRP).® The basic notion of time phasing is that parts and
subassemblies need not be carried in inventory as long as they arrive when needed or
just-in-time,

The case for carrying no safety stocks under conditions of dependent demand rests
on two assumptions. First, procurement replenishment to support planning is predict-
able and constant. Second. vendors and suppliers maintain adequate inventories to satisfy
100 percent of purchase requirements. The second assumption may be operationally
attained by use of volume-oriented purchase contracts that assure vendors and suppliers
of eventual purchase. In such cases the safety stock requirement still exists for the overall
supply chain. although the primary responsibility rests with the supplier.

The assumption of performance cycle certainty is more difficult to achieve. Even in
situations where dedicated transportation is used, an element of uncertainty is always
present. The practical result is that safety stocks do exist in most dependent demand
situations.

Three basic approaches have been used to introduce safety stocks into dependent
demand situations. First. a common practice is to put safety time into the requirements
plan. For example. a component is ordered earlier than needed to assure timely arrival. A
second approach is to increase the requisition by a quantity specified by some estimate of
expected plan error. For example. assume that plan error will not exceed 5 percent. This
procedure is referred to as over-planning top-level demand. The net result is to increase
procurement of all components in a ratio to their expected usage plus a cushion to cover
plan error. Components common to different end products or subassemblies covered by
the overplanning will naturally experience greater quantity buildups than single-purpose
components and parts. The third method is to utilize the previously discussed statistical
techniques for setting safety stocks directly to the component rather than to the item of
top-level demand.

Inventory Management Policies

Inventory management implements inventory policy. The reactive or pull inventory
approach uses customer demand to pull product through the distribution channel. An alter-
native philosophy is a planning approach that proactively allocates inventory on the basis
of forecasted demand and product availability. A third, or hybrid. logic uses a combination
of push and pull.

* These concepts are discussed later in this chapter under Requirements Planning.
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where
I, = Average inventory in units:
O = Order quantity in units:
P = Review period in days:
D = Average daily demand in units:
§S = Safety stock in units.

For the preceding example. the average inventory is calculated as:

= Oﬁ2+{P><D]‘2+SS

= 30012 +(7x10)/2+0= 150 + 35 = 185 units.

Lavg

Because of the time interval introduced by periodic review. periodic control systems gen-
erally require larger average inventories than perpetual systems.

Reactive Methods

The reactive or pull inventory system. as the name implies. responds to a channel mem-
ber’s inventory needs by drawing the product through the distribution channel. Replen-
ishment shipments are initiated when available warehouse stock levels fall below a
predetermined minimum or order point. The amount ordered is usually based on some lot-
sizing formulation. although it may be some variable quantity that is a function of current
stock levels and a predetermined maximum level.

The basic perpetual or periodic review process discussed earlier ex emplifies a typical reac-
tive system. Figure 7.10 illustrates a reactive inventory environment for a warchouse serv-
ing two wholesalers. The figure shows the current inventory (/). reorder point (ROP). order
quantity (Q). and average daily demand (D) for each wholesaler. A review of the wholesaler
inventory indicates that a resupply order for 200 units should be placed by wholesaler A
from the warehouse. Since current inventory is above ROP for wholesaler B. no resupply
action is necessary at this time. However. more thorough analysis illustrates that the indepen-
dent actions by wholesaler A will likely cause 2 stockout at wholesaler B within a few days.
Wholesaler B will likely stock out because inventory level is close to the reorder point and
the supplying warehouse center will not have enough inventory to replenish wholesaler B.
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For the previous example. a replenishment order of 200 is placed whenever the sum of
on-hand and on-order inventory is less than or equal to 200 units. Since the reorder point
equals the order quantity. the previous replenishment shipment would arrive just as the
next replenishment is initiated. The average inventory level for a perpetual review systerr

152

= la\'g = Q;’ + SS.

where
/ = Average inventory in units:

ag -~

Q = Order quantity units: and

SS = Safety stock units.
Average inventory for the previous example 1s calculated as:

]a\'g = Q2 + SS
= 300/2 + 0 = 150 units.

Most illustrations throughout this text are based on a perpetual review system with
fixed reorder point. The reorder formulation assumes purchase orders will be placed whe
the reorder point is reached. and the method of control provides a perpetual monitoring ¢
inventory status. If these two assumptions are not satisfied, the control parameters (RO
and Q) determining the perpetual review must be refined.

Periodic Review

Periodic inventory control reviews the inventory status of an item at regular intervals suc
as weekly or monthly. For periodic review. the basic reorder point must be adjusted
consider the intervals between review. The formula for calculating the periodic revie

= reorder point is:
ROP = D(T + P/2) + SS,

where
ROP = Reorder point:
D = Average daily demand:
T = Average performance cycle length:
P = Review period in days: and
SS = Safety stock.

Since inventory counts occur periodically. any item could fall below the desired reor
point prior to the review period. Therefore. the assumption is made that the inventory v
fall below ideal reorder status prior to the periodic count approximately one-half of
review times. Assuming a review period of 7 days and using conditions similar to those
the perpetual example. the ROP then would be as follows:

ROP = D(T + P/2) + SS
20010 + 7/2) + 0 = 20(10 + 3.5) = 270 units.

The average inventory formulation for the case of periodic review is:

Lz = 0/2 + (P % D)/2 + 88
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Classical reactive mventory logic is rooted in the following assumptions. First, the sys-
tem is founded on the basic assumption that all customers, market areas, and products
contribute equally to profits.

Second. a reactive System assumes infinite capacity at the source. This assumption
implies that product can be produced as desired and stored at the production facility until
required throughout the supply chain.

Third. reactive Inventory logic assumes infinite inventory availability at the supply
location. The combination of assumptions 2 and 3 implies relative replenishment certainty.
The reactive inventory logic provides for no back orders or stockouts in processing replen-
ishment orders.

Fourth. reactive decision rules assume that performance cycle time can be predicted and
that cycle lengths are independent. This means that each performance cycle is a random
event and that extended cycles don’t generally occur for subsequent replenishment orders.
Although reactive logic assumes no control over cycle times, many managers are, in fact,
able to influence performance cycle length through expediting and alternative sourcing
strategies.

Fifth. reactive inventory logic operates best when customer demand patterns arc rela-
tively stable and consistent. 1deally, demand patterns should be stable over the relevant
planning cycle for statistically developed inventory parameters to operate correctly. Most
reactive system decision rules assume demand patterns based on standard normal, gamma,
or Poisson distributions. When the actual demand function does not resemble one of the
above functions. the statistical inventory decision rules based on these assumptions will
not operate correctly.

Sixth. reactive inventory systems determine each distribution warehouse’s timing and
quantity of replenishment orders independently of all other sites, including the supply
source. Thus. there is little potential to effectively coordinate inventory requirements across
multiple distribution warehouses. The ability to take advantage of inventory information is
not utilized—a serious defect when information and its communication are among the few
resources that are decreasing in cost in the supply chain.

The final assumption characteristic of reactive inventory systems is that performance
cycle length cannot be correlated with demand. The assumption is necessary to develor
an accurate approximation of the variance of the demand over the performance cycle. For
many situations higher demand levels create longer replenishment performance cycle:
since they also increase the demands on inventory and transportation resources. Thi
implies that periods of high demand should not necessarily correspond to extended perfor
mance cycles caused by stockouts or limited product availability.

Operationally. most inventory managers constrain the impact of such limitations throug
the skillful use of manual overrides. However. these overrides often lead to ineffectiv
inventory decisions since the resulting plan is based on inconsistent rules and manageri

policy.

Planning Methods

Inventory planning methods use a shared database to coordinate inventory requiremer
across multiple locations or Stages in the supply chain. Planning activities may occur att
plant warehouse level to coordinate inventory allocation and delivery to multiple destit
tions. Planning may also coordinate inventory requirements across multiple channel pe
ners such as manufacturers and retailers. The Advanced Planning and Scheduling (AL
systems discussed in Chapter 5 illustrate the capability of planning applications. Wi
APS systems computerize the process. it is important for logistics managers to understi
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the underlying logic and assumptions. Two inventory planning methods are fair share allo-
cation and Distribution Requirements Planning (DRP).

Fair Share Allocation

A simplified inventory management planning method that provides each distribution
facility with an equitable distributor of available inventory is called fair share allocation.
Figure 7.11 illustrates the network structure, current inventory level. and daily require-
ments for three warehouses served by a single plant warehouse.

Using fair share allocation, the inventory planner determines the amount of inventory that
can be allocated to each warehouse from the available inventory at the plant. For this exam-
ple, assume that it is desirable to retain 100 units at the plant warehouse: therefore, 500 units
are available for allocation. The calculation to determine the common days supply is:

A0 + i“g
j=1

2D
i=1

DS =

where
DS = Common days supply for warechouse inventories:
AQ = Inventory units to be allocated from plant warehouse:
/.= Inventory in units for warehouse j: and

D, = Daily demand for warehouse j.

In this example.

500 + (50 + 100 + 75)

DS =
10 + 50 + 15
49
= o Bl 7'5 2 9.67 days.

Plant Warehouse
Inventory 600 units

]

Warehouse 1 Warehouse 2 Warehouse 3

Inventory 50 units Inventory 100 units Inventory 75 units
Daily use 10 units Daily use 50 units 1 Daily use 15 units




184 PartTwo Supply Chain Logistics Operations

The fair share allocation dictates that each warehouse should be stocked to 9.67 days of
inventory. The amount 10 be allocated to each warehouse is determined by:

4, = (DS — [/D;) X D,

where
4 = Amount allocated to warehouse j.
DS = Days supply that each warehouse is brought up to;

| = Inventory in units for warehouse j: and
D = Daily demand for warehouse J.
The amount allocated to warehouse | for this example is:
4 = (9.67 — 50/10) X 10

= (9.67 — 5) % 10
4.67 X 10 = 46.7 (round to 47 units).

The allocation for warehouses 2 and 3 can be determined similarly and is 383 and 70 units,

respectively.
While fair share allocation coordinates inventory levels across multiple sites, it does
not consider specific factors such as differences in performance cycle time, EOQ, or safety

stock requirements. Fair share allocation methods are therefore limited in their ability tc

manage multistage inventories.

Requirements Planning

Requirements planning is an approach that integrates across the supply chain, taking int
consideration unique requirements. Requirements planning is typically classified as Mate
rials Requirements Planning (MRP) or Distribution Requirements Planning (DRP). Ther
s one fundamental difference between the two techniques. MRP is driven by a productio
schedule. In contrast, DRP is driven by supply chain demand. So, while MRP generall
operates in a dependent demand situation, DRP is applicable to an independent demar
environment where uncertain customer requirements drive inventory requirements. MR
coordinates scheduling and integration of materials into finished goods, and so contro
inventory until manufacturing or assembly is completed. DRP takes coordination respo
sibility once finished goods are received in the plant warehouse.

Figure 7.12 illustrates the conceptual design ofa combined MRP/DRP system that integrat
finished goods, work-in-process. and materials planning. The top half of the figure illustral
an MRP system that time-phases raw material arrivals to support the production schedule. T
result of MRP execution is finished goods inventory at the manufacturing site. The bott¢
half of the figure illustrates the DRP system that allocates finished inventory from the mai
facturing site to distribution warehouses and ultimately to customers. DRP time-phases
movements to coordinate inventory arrivals to meet customer requirements and commitme!
The MRP and DRP systems interface at the manufacturing site. Close coordination betw:
the two systems results in minimal need for safety stock. DRP coordinates inventory lev
schedules. and when necessary. reschedules inventory movement between levels.

The fundamental DRP planning tool is the schedule, which coordinates requirems
across the planning honzon. There is a schedule for each SKU at each warehouse. Sct
ules for the same SKU are integrated to determine the overall requirements for replen
ment facilities such as a plant warehouse.

Figure 7.13 illustrates DRP planning schedules for two warehouses and a central sy
facility. The schedules are developed using weekly time increments known as time bucl
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FIGURE 7.12
Conceptual Design
of Integrated MRP/
DRP System

Chapter7 [nventory 185

Raw materials

Module |

Assembly operation

‘ Plant warehouse

e ok S ‘

i Regional warchouse i ‘ Direct warehouse

Local Local
warehouse A warehouse B

! :

Retailers/customers

Each bucket projects one period of activity. Although weekly increments are most common.
daily or monthly :ncrements can be used. For each site and SKU. the schedule reports cur-
rent on-hand balance. safety stock. performance cycle length. and order quantity. In addi-
tion. for each planning period. the schedule reports gross requirements. scheduled receipts.
and projected inventory on hand. Using the combination of requirements and projected
availability. DRP determines the planned orders necessary to meet anticipated requirements.
Gross requirements reflect customer demand and other distribution facilities supplied by
the site under review. For Figure 7.13. the gross requirements of the central supply facility
reflect the cascading demands of the Eastern and Western warehouses. Scheduled receipts
are the replenishment shipments planned for arrival at the distribution warehouse. Projected
on-hand inventory refers to the anticipated weck-ending level. It is equal to the prior week's
on-hand inventory level less the current week's gross requirements plus any scheduled
receipts. While planning approaches to inventorv management offer significant benefits,
they have some constraints.

First. inventory planning systems require accurate and coordinated forecasts for each
warehouse. The forecast is necessary 1o direct the flow of goods through the supply chain.
Ideally. the system does not maintain excess inventory at any location. so little room for
error exists in a lean inventory svstem. To the extent this level of forecast accuracy is pos-
sible. inventory planning systems operate well.

it i anTa deila e MG
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Eastern Warehouse

| S 2 N

\ FIGURE 7.13  Distribution Requivements Planning Example

Safety stock: 100
Order guantity: 400
Leadtime: 2 weeks |

Projected on hand 400 300 180 430 300 200 450 360

e T T ol i e[l o ol ®

Safety stock: 100
Batch size: 600
Leadtime: | week

Western Warehouse ;

Safety stock: 50
Order quantity: 150
Leadtime: 1 week

]| | w e w| w[ | u] ¥
e Y A B B B I B e
Projected on hand 200 160 m 200 110 m 240 170 Shipment
i | o ] o[ [ | | o ©

Second. inventory planning requires consistent and reliable product movement betwee
warehouse facilities. While variable performance cycles can be accommodated throug
safety leadtimes. such uncertainty reduces planning system effectiveness.

& Third. integrated planning systems are subject to system nervousness, or freque
rescheduling. because of production breakdowns or delivery delays. System nervousne
leads to fluctuation in capacity utilization, rescheduling cost, and confusion in deliveri
This is intensified by the volatile operating environment characteristic of supply cha
logistics. Uncertainties such as transportation and vendor delivery reliability can cause
extreme DRP nervousness.

i bl
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Collaborative Inventory Replenishment

In Chapters 5 and 6 CPFR was introduced and discussed as a major collaborative effort
between supply chain trading partners. Several collaborative initiatives focus only on inven-
tory replenishment. Replenishment programs are designed to streamline the flow of goods
within the supply chain. There are several specific techniques for collaborative replenishment,
all of which build on supply chain relationships to rapidly replenish inventory on the basis of
joint planning or actual sales experience. The intent ‘s to reduce reliance on forecasting when
and where inventory will need to be positioned to demand on a just-in-time basis. Effective
collaborative replenishment programs require extensive cooperation and information sharing
among supply chain partners. Specific techniques for collaborative inventory replenishment
are quick response, vendor-managed inventory. and profile replenishment.

Quick Response

A technology-driven cooperative effort between retailers and suppliers to improve inventory
velocity while providing merchandise supply closely matched to consumer buying patterns
is quick response (QR). QR is implemented by sharing retail sales for specific products
between supply chain participants to facilitate right product assortment availability when
and where it is required. Instead of operating on a 15- to 30-day order cycle, QR arrange-
ments can replenish retail inventories in a few days. Continuous information exchange
regarding availability and delivery reduces uncertainty for the total supply chain and creates
the opportunity for maximum flexibility. With fast, dependable order response. inventory
can be committed as required. resulting in increased turnover and improved availability.
WalMart*'s system is a prime example of the power of sharing sales to facilitate QR.

Vendor-Managed Inventory

Vendor-managed inventory (VMI) is a modification of quick response that eliminates the
need for replenishment orders. The goal is to establish a supply chain arrangement so flex-
ible and efficient that retail inventory is continuously replenished. The distinguishing factor
between QR and VMI is who takes responsibility for setting target inventory levels and
making restocking decisions. In QR. the customer makes the decisions. In VML. the supplier
assumes more responsibility and actually manages a category of inventory for the customer.
By receiving daily transmission of retail sales or warehouse shipments. the supplier assumes
responsibility for replenishing retail inventory in the required quantities, colors. sizes, and
styles. The supplier commits to keeping the customer in stock and to maintaining inventory
velocity. In some situations. replenishment involves cross-docking or direct store delivery
(DSD) designed to eliminate the need for warehousing between the supplier and customer.

Profile Replenishment

Some manufacturers. wholesalers. and retailers are experimenting with an even more
sophisticated collaboration known as profile replenishment (PR). The PR strategy extends
QR and VMI by giving suppliers the right to anticipate future requirements according to
their overall knowledge of a merchandise category. A category profile details the com-
bination of sizes. colors. and associated products that usually sell in a particular type of
retail outlet. Given PR responsibility. the supplier can simplify retailer involvement by
eliminating the need to track unit sales and inventory level for fast-moving products.

Many firms. particularly manufacturers. are using DRP and even APS logic to coor-
dinate inventory planning with major customers. The manufacturers are extending their
planning framework to include customer warehouses and. in SOME cases. their retail stores.
Such integrated planning capabilities facilitate manufacturer eoordination and manage-
ment of customer inventories.
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TABLE 7.17

Comparative Service

and Inventory

Characteristics for
Anticipatory versus
Responsive Inventory

Systems

Source: Adapted from Da\:d

J. Closs etal.. "An Empirical
Companson of Anticipatory
and Rc:ponsc-auscd Supply
Chain Strategies.” The
Iternational Jowrnal of i
Logistics Manugement 9.no. 2
{19981, pp. 21-34. Used with

permission.

ogistics Operations

i igh Uncertainty
Low ; High Uncertainty  High Uncer.
: Low Uncertainty e Responsive
99.29
Customer Service 5 99.66 96.44
Fill rate percent 97, o -
{nventories i 13.24 1:.03 m
Supplier inventory ' 812 | o
Manufacturer inventory 522 5,86 5.04 b
Distributor inventory 5.84 1579 32.86 g
Retailer inventory 30. 4101 59.76

System inventory 55.15

i ilability between
nv ements and avallablllty‘

Collaborative planning effectively shares m\’entory re?m;” o e secice .
su I?f chain parters. thus reducing uncertainty. Tab.c? ; 1 Py uncemmty'y
;»iiforv impact in a simulated environment under conditions of low and nig

Table 7.18 illustrates managerial considerations that drive adaptations of control logic.

/
ﬁnventory Management Practices

TABLE 7.18
Suggested Inventory
Management Logic

An integrated inventory management strategy defines the policies and process used to deter-
mine where to place inventory and when to initiate replenishment shipments, as well as how
much to allocate. The strategy development process employs three steps to classify prod-
ucts and markets, define segment strategies. and operationalize policies and parameters.

Product/Market Classification

The objective of product/market classification is to focus and refine inventory management
efforts. Product/ market classification. which is also called fine-line or ABC classification,
groups products. markets. or customers with similar characteristics to facilitate inventory
management. The classification process recognizes that not all products and markets have
the same characteristics or degree of importance. Sound inventory management requires
that classification be consistent with enterprise strategy and service objectives.
Classification can be based on a variety of measures. The most common are sales,
profit contribution, inventory value. usage rate. and item category. The typical classifica-
tion process sequences products or markets so that entries with similar characteristics are
grouped together. Table 7.19 illustrates product classification using sales. The products
are classified in descending order by sales volume so that the high-volume products are

"David J. Closs et al.. “An Empirical Comparison of Anticipatory and Response-Based Supply Chain Strategies.” The
International Journal of Logistics Management 9. no. 2 (1998), pp. 21-34.

Use Planning Logic under Conditions of Use Reactive Logic under Conditions of

Highly profitable segments
Dependent demand
Economies of scale

Supply uncertainty

Source capacity limitations
Seasonal supply buildup

Cycle time uncertainty
Demand uncertainty
Destination capacity limitations
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LE7.19

Product Annual Sales Percent Total Accumulated Classification
luct Market dentification {in 000s) Sales Sales (%) Products (%) Category
isification (Sales)
1 $45,000 30.0% 30.0% 5% A
2 35,000 233 53.3 10 A
3 25,000 16.7 70.0 15 A
4 15,000 10.0 80.0 20 A
5 8,000 53 85.3 25 B
6 5,000 33 88.6 30 B
7 4,000 21 91.3 35 B
8 3,000 20 93.3 40 B
9 2,000 13 94.6 45 B
10 1,000 07 95.3 50 B
1 1,000 0.7 96.0 55 (5
12 1,000 0.7 96.7 60 [
13 1,000 0.7 974 65 C
14 750 05 979 70 C
15 750 0.5 98.4 75 C
16 750 0.5 98.9 80 [
17 500 0.3 99.2 85 c
18 500 03 995 90 C
19 500 0.3 99.8 95 C
20 250 0.2 100.0 100 C

$150,000

listed first, followed by slower movers. C lassification by sales volume is one of the old-
est methods used to establish selective inventory policies. For most marketing or logistics
applications, 2 small percentage of the entities account for a large percentage of the vol-
ume. This operationalization s often called the 80/20 rule or Pareto’s law.: The 80/20
rule, which is based on widespread observations. states that for a typical enterprise 80
percent of the sales volume is typically accounted for by 20 percent of the products. A
corollary to the rule is that 80 percent of enterprise sales are accounted for by 20 percent
of the customers. The reverse perspective of the rule would state that the remaining 20
percent of sales are obtained from 80 percent of the products. customers, etc. In general
terms, the 80/20 rule implies that a majority of sales result from a relatively few products
or customers.

Once items are classified or grouped, it is common to label each category with a char-
acter or description. High-volume. fast-moving products are often described as A items.
The moderate-volume items are termed the B items. and the low-volume or slow movers
are known as Cs. These character labels indicate why this process is often termed ABC
analysis. While fine-line classification often uses three categories, some firms use four or
five categories to further refine classifications. Grouping of similar products facilitates
management efforts 10 establish focused inventory strategies for specific product seg-
ments. For example, high-volume Ot fast-moving products are typically targeted for higher
service levels. This often requires that fast-moving items have relatively more safety stock.
Conversely. to reduce overall inventory levels. slower-moving items may be allowed rela-
tively less safety stock. resulting in lower service levels.

In special situations, classification systems may be based on multiple factors. For exam-
ple, item gross margin and importance 1o customers can be weighted to develop a com-
bined index instead of simply using sales volume. The weighted rank would then group
items that have similar profitability and importance characteristics. The inventory policy.
including safety stock levels. is then established using the weighted rank.
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TABLE 7.20
Integrated Strategy

Fine-Line Service Forecasting Review Inventory Replenishment
Classification Objective Procedure Period Management Monitoring
A (Promotional) 99% CPFR Perpetual Planning—DRP Daily
A (Regular) 98 Sales histary Perpetual Planning—DRP Daily
B 95 Sales history Weekly Planning—DRP Weekly
C 90 Sales history Biweekly Reorder point Biweekly

The classification array defines product or market groups to be assigned similar inven-
tory strategies. The use of item groups facilitates the identification and specification of
inventory strategies without requiring tedious development of individual item strategies.
It is much easier to track and manage 3 to 10 groups instead of hundreds of individual
items.

Segment Strategy Definition

The second step is to define the inventory strategy for each product/market group or segment.
The strategy includes specification for all aspects of the inventory management process,
including service objectives. forecasting method, management technique, and review cycle.

The key to establishing selective management strategies is the realization that product
segments have different degrees of importance with respect to achieving the enterprise
mission. Important differences in inventory responsiveness should be designed into the
policies and procedures used for inventory management.

Table 7.20 illustrates a sample integrated strategy for four item categories. In this case,
the items are grouped by ABC sales volume and as a promotional or regular stock item.
Promotional items are those commonly sold in special marketing efforts that result in con-
siderable demand lumpiness. Lumpy demand patterns are characteristic of promotional
periods with high volume followed by postpromotion periods with relatively low demand.

Table 7.20 illustrates a management segmentation scheme based on service objectives,
forecasting process. review period, inventory management approach, and replenishment
monitoring frequency. Additional or fewer characteristics of the inventory management pro-
cess may be appropriate for some enterprises. Although this table is not presented as a com-
prehensive inventory strategy framework, it illustrates the issues that must be considered.
The rationale behind each element is presented on the basis of the full-line classification.

Policies and Parameters

The final step in implementing a focused inventory management strategy is to define detailed
procedures and parameters. The procedures define data requirements, software applications,
performance objectives, and decision guidelines. The parameters delineate values such as
review period length, service objectives, inventory carrying cost percentage, order quanti-
ties, and reorder points. The combination of parameters either determines or can be used to
calculate the precise quantities necessary to make inventory management decisions.

Inventory typically represents the second largest component of logistics cost next to trans-
portation. The risks associated with holding inventory increase as products move down the
supply chain closer to the customer because the potential of having the product in the wrong
place or form increases and costs have been incurred to distribute the product. In addition
to the risk of lost sales due to stockouts because adequate inventory is not available, other
risks include obsolescence, pilferage, and damage. Further, the cost of carrying inventory
is significantly influenced by the cost of the capital tied up in the inventory. Geographic
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specialization. decoupling. supply/demand balancing. and buffering uncertainty provide
the basic rationale for maintaining inventory. While there is substantial interest in reducing
overall supply chain inventory. inventory does add value and can result in lower overall
supply chain costs with appropriate trade-offs.

From a supply chain logistics perspective, the major controllable inventory elements
are replenishment cycle stock. safety stock, and in-transit stock. The appropriate replenish-
ment cycle stock can be determined using an EOQ formula to reflect the trade-off between
storage and ordering cost. Safety stock depends on the mean and variance of demand and
the replenishment cycle. In-transit stock depends on the transport mode.

Inventory management uses a combination of reactive and planning logics. Reactive
logic is most appropriate for items with low volume. high demand. and high performance
cycle uncertainty because it postpones the risk of inventory speculation. Inventory plan-
ning logic is appropriate for high-volume items with relatively stable demand. Inventory
planning methods offer the potential for effective inventory management because they take
advantage of improved information and economies of scale. Adaptive logic combines the
two alternatives depending on product and market conditions. Collaboration offers a way
for parties in the supply chain to jointly gain inventory efficiency and effectiveness.

ange
tions

1. How does the cost of carrying inventory impact the traditional earnings statement of

the enterprise?

_ Discuss the relationship between service level. uncertainty, safety stock, and order

quantity. How can trade-offs between these elements be made?

3. Discuss the disproportionate risk of holding inventory by retailers, wholesalers. and
manufacturers. Why has there been a trend to push inventory back up the channel of
distribution?

4. What is the difference between the probability of a stockout and the magnitude of a
stockout?

5. Data suggest that while overall average inventory levels are declining, the relative per-
centage being held by manufacturers is increasing. Explain why you think this obser-
vation is either true or false. Describe how such a shift could benefit the operations of
the entire channel and how manufacturers could take advantage of the shift.

rJ

6. Discuss the differences between reactive and planning inventory logics. What are the
advantages of each? What are the major implications of each?

7. Tllustrate how fine-line inventory classification can be used with product and mar-
ket segments. What are the benefits and considerations when classifying inventory by
product, market, and product/market?

8. What advantage does DRP have over a fair share method of inventory deployment?

9. Discuss the importance of collaboration in the developing of supply chain inventory
strategies. Provide an example.

10. Customer-based inventory management strategies allow the use of different availabil-
ity levels for specific customers. Discuss the rationale for such a strategy. Are such
strategies discriminatory? Justify your position.




