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Abstract—Radio frequency identification is currently in the
stage of system integration. Early signs of business applications
have emerged such as tracking promotions execution. We
explore potential future business applications in supply chain
management that rely on data coming from radio frequency
identifications. In particular, we discuss one-to-one marketing
and inventory management.

I. INTRODUCTION

EVEN though the roots of radio frequency identification

(RFID) date back to the Second World War, the
widespread adoption occurred only in recent years. Just
before the turn of the millennium, the Auto-ID Center at the
Massachusetts Institute of Technology was established with
the backing of several large corporations. The original focus
was in supply chain management and the ability to track
goods through a supply chain. The center experimented with
applying small microchips or tags (called also transponders)
to units of goods. The serial number would be stored on the
transponder and other pertinent information could be stored
in a large database and linked to the serial number. Readers
or interrogators mounted in fixed locations would read the
serial number from a transponder by means of radio waves as
soon as the transponder moves within the read range of an
interrogator. These principles form the basis of modern
RFID. Later the potential usage of RFID was expanded
beyond supply chain management to other areas such as
health care.

After very promising initial experiments and business
cases, the true breakthrough occurred in 2003 when Wal-
Mart, the largest U.S. retailer, and the U.S. Department of
Defense made at that time stunning announcements that in a
few years their largest suppliers must ship their merchandise
with RFID transponders. Under the mandate, the top one
hundred suppliers to Wal-Mart have to tag every pallet
shipped to a retailer’s distribution center. Most of their
suppliers immediately rolled up their sleeves and started
studying this relatively new technology. A few month later
first case studies appeared and the technology had just
entered its first level of maturity, Blossom (2005).

To comply with the mandates, most of the suppliers rushed
with the easiest possible approach of applying transponders
just before leaving a distribution center or warehouse. As a
result, the RFID technology entered its second level of
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maturity, known also as slap-and-ship. Clearly in such a
business practice the suppliers incur only the cost of tagging
with no added value. The sole beneficiary in this case is the
retailer by gaining visibility and improving several business
processes. The best known and documented benefit is the
reduction of out-of-stocks by a stunning 16%, Hardgrave et
al. (2005).

With no return on investment for suppliers by using slap-
and-ship, it was time to refocus and push the tagging process
further upstream in the supply chain. Suppliers gained
additional experience either by establishing internal RFID
labs or hiring external consultants for further testing and
experimenting. Attaching transponders further upstream in
the supply chain could yield new untapped benefits such as
visibility and traceability. The first step in this direction is to
integrate existing enterprise applications with the RFID
infrastructure. Many start-up companies offering middleware
between interrogators and business applications have come
to the market. The technology has entered its third level of
application systems integration, which is by now a fairly
mature market.

The next milestone towards the widespread RFID adoption
and pronounced return on investment is to change, improve,
and align business processes in order to take advantage of the
new data streams coming from transponders. We are
currently in the early stages of this level. Wal-Mart aligned
its store replenishment processes to take advantage of RFID
reads of cases entering a store backroom and sales floor, and
then the box crusher. The consumer pack-aged goods firm
Proctor & Gamble improved its sales promotions by using
real time data from RFID tagged promotion displays and then
changing the underlying business processes to track
promotion effectiveness.

The true return on investment and added value of using
RFID is in the next level of new business applications that
will rely on and exploit the RFID technology. A typical
question faced by many suppliers to Wal-Mart is: “We are
getting all these data from RetailLink , we have a complete
visibility of our shipments to Wal-Mart, but how do we use
these data for better decision making?” (RetailLink
https://retaillink.wal-mart.com/home is the online service
provided by Mal-Wart to its suppliers. Through RetailLink
suppliers can see the status of their shipment, point-of-sale
data, etc.) RFID will generate a tremendous amount of new
data, especially as the tagging granularity increases from
pallets to cases and potentially to item-level tagging. Most
companies are currently aligning their processes to account
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for this new technology. The next big step, and the one that
will provide significant return on investment, is in
developing business applications and analytics that can
exploit these data. Especially item-level tagging, which is
currently in its infancy, provides numerous opportunities for
business applications. Tagging at this scale yields additional
benefits and a much larger variety of possible business
applications.

In this document we discuss selected future business
applications and analytic tools relying on RFID generated
data. We also lay ground to some modeling principles
resulting from this technology. The analysis of such models
is yet to be performed except for a few special cases. In the
following two sections we first discuss potential new real-
time decision support systems. Reads from interrogators
provide real-time information and they enable visibility. As a
result, RFID data is mostly about real-time execution and
operations. Real-time benefits of RFID go beyond supply
chain management into the areas such as preventive
maintenance and sensors, Heinrich (2005). In the second
section we focus on selected business applications and the
underlying models. In particular, we consider marketing and
promotions, and inventory control.

Il. ANALYTICS AND DECISION SUPPORT SYSTEMS

A. RFID in Supply Chains

Traditional supply chains rely heavily on forecasts and as
a result are mostly based on planning. Companies usually
plan their production, distribution, promotions, etc., and
these are well understood and studied areas. While recent
efforts such as collaborative forecasting, replenishment, and
planning help mitigate effects such as the bullwhip effect and
risk, they can-not be complete enablers of a true global
demand driven supply chain. It is recognized that superior
supply chains are agile and adaptable, Lee (2004), however,
this is easier said than done. In agile and demand driven
supply chains is all about being able to adapt and respond to
events. The focus shifts from planning to the actual
execution. The supply chains must become event driven and
not heavily relying on forecasts. In recent years many firms
transitioned their supply chains into a mixture of the push-
pull concept. Upstream in a supply chain the goods are
pushed, while downstream the chain needs to be demand
driven and thus agile, which re-quires employing the pull
strategy, Simchi-Levi et al. (2003). When goods are pushed,
traditional concepts and strategies are well understood. After
all, this is the practice used until recently. The pull strategy is
relatively new and it is all about execution and operations.
While pulling can be achieved without RFID, this technology
definitely facilitates responsiveness and agility and it can
therefore be a major player in future demand driven supply
chains. It allows real time visibility, tracking, and traceability
and it is thus a major enabler for responsive sup-ply chains.

RFID is not about planning, it is about real-time operations

and execution. This paradigm shift from planning to
execution must be present also in analytical tools and
decision support systems. Only recently has this shift started
to materialize. Future software must be able to processes
RFID reads on the fly as the goods transition, quickly
analyze the latest information, perform a decision if
necessary, and visualize the outcome or, for example, raise
an alert in case of an abnormal flow. The traditional model of
querying a “static” database, performing an analysis, and
then displaying the outcome is going to be gradually phased
out.

B. Promotions Execution

This shift can already be observed in several available
products of middleware vendors, i.e., software that links
interrogators with back-end enterprise systems.

Early experiments with promotions tracking have been
very encouraging, Osofsky and Davis (2006), OATSytems
(2005). In a sales promotion, a consumer packaged goods
company sends promation displays to stores. On a given day
these displays should be put on the sales floor. Many times
the displays are not moved on the sales floor on the specified
day or even worse, they have not been received by the store.
As a result, such a behavior can greatly reduce the efficiency
and profitability of the promotion. With real-time visibility
provided by an RFID system these inefficiencies can be
substantially trimmed. Consider promotion displays tagged
with transponders and interrogators installed at receiving
doors of stores and at a point between the backroom and the
sales floor. By analyzing the RFID reads, it is possible to
deduce if a display has been received by the store and moved
to the sales floor in a timely fashion. If it has not been
received, say a week before the promotion date, then the
company could consult the involved store. In addition, if on
the promotion date, a store has not moved the display on the
sales floor but it remained in the backroom, a company
representative might warn the store to remedy the situation.
The underlying software package should process accordingly
such alerts and possibly suggest recovery steps.

Proctor & Gamble has just finished a very successful pilot
by using a promotions management application, Cantwell
(2006). Gillette, a division of Proctor & Gamble, found out
that 38% of the stores did not execute the promotion
correctly. By monitoring the promotion of a stock-keeping-
unit (SKU) and taking proactive correction steps, the
company observed a 20% sales lift of this item.

There are additional opportunities for RFID enabled
decision support systems besides monitoring a promation.
For example, based on the real time inventory availability
within the store during a promotion, shipment quantities can
be dynamically adjusted in real time. Traditionally these
dynamic adjustments are based on the point-of-sales data,
which does not guarantee shelf or backroom availability of
the promoted SKU.



C. Sales Floor Applications

In a retail environment, several other decision support
systems could emerge. By continuously monitoring and
tracking items as they are moved to the sales floor and when
cases are eventually crushed additional added value can be
obtained. Some obvious candidates such as per-forming the
on-shelf availability quickly have already been discussed in
various publications.

A more advanced application on the horizon could be in
handling a product rotation, in particular for produce and
other perishable products in a grocery store. Many products,
and especially produce, require a carefully managed rotation
due to spoilage. Merchandise close to their expiry date is
often markdown due to the reduced visual appeal, customer
service, or possible regulatory issues. If an RFID system is
operational, then it is possible to have an accurate picture of
all the items in the backroom and sales floor. With every
item an expiry date is associated, which can be read by an
interrogator at any point in time and location. A business
application should, in real time, display the current age of all
the available products, including those on the sales floor, and
next analyze these numbers to spot anomalies, provide
statistical information on age, and give the item locations. A
decision support system could also suggest which product to
put next on the sales floor, and suggest a markdown price on
a soon to be-come spoiled product.

Another area calling for an improvement over the current
state of the art is in-store replenishments. In most of today’s
stores, an employee walks up and down the store aisles and
creates a picklist, possibly with a wireless handheld device.
In many cases the device is not even connected with the
information system tracking backroom availability. Such a
process is prone to errors and inefficiencies, from
erroneously estimating the required quantities, to incorrect
availability in the backroom. Clearly a significant amount of
time is spent on creating the list. Let us now assume that
tagged cases of products are received and interrogators are
installed on the receiving docks and between the backroom
and the sales floor. First, the backroom inventory count can
easily be captured at any point in time by the corresponding
information system. By using the information from the
number of received items, the number of items moved from
the backroom to the sales floor, and the point of sale data, a
picklist can be created. From these data the number of items
on the sales floor can be calculated and, for example, a
simple threshold policy can be easily employed. Apparently
such a proactive picklist creation process is already in place
at selected Wal-Mart stores. An RFID enabled application
should gather all this information and automatically create
the picklist and the corresponding reorder quantities. These
can clearly be dynamically adjusted to account for the
differences in demand pat-terns. Even more, the application
could monitor on-shelf and backroom availability and alert if
a stock-out is to happen. It can also recommend backroom
and shelf replenishments concurrently before a critical

inventory level occurs.

An alternative to the presented strategy for shelf inventory
monitoring would be to employ smart shelves. In such a
situation, item-level tagging is required and each shelf has its
own interrogator that at any point in time keeps track of the
corresponding shelf inventory. Such a deployment is much
more costly and at present, due to the relatively high cost of
transponders, unacceptable for many items. The sole
exceptions are high value items such as DVDs and CDs.
However, additional benefits beyond replenishments are
possible. By monitoring what consumers pick from shelves
and then return on the shelf or buy, valuable marketing
research data would be available.

I1l. BUSINESS APPLICATIONS

While traditional planning based models are abundant and
their adoption in business applications is widespread,
stepping down to the execution level requires different
models, tools, and approaches. It also creates new challenges
such as robustness, the need for rule engines, and tractability
of the underlying models and methodologies. We next
elaborate on several applications, where real-time decision
support systems driven by RFID data can have a major
impact.

A. One-to-one Marketing

In one-to-one marketing, marketing material is targeted
and customized for a particular consumer and it therefore
takes into account his or her particular individual needs. As
such, it focuses on economies of scope rather than scale.
While selected forms, e.g., mail-in catalogs, of one-to-one
marketing date back many years, it is in the past few years
that it gained much traction due to advances in information
technology. Consumer tailored email marketing, see e.g.,
Byron (2005), and cross selling through customized web
sites, (Amazon.com is considered a pioneer in this area) are
now established marketing practices.

In its infancy are one-to-one marketing opportunities
exploring the near field communication (NFC) protocol,
which enables secure short range communication among
devices such as cellular phones and terminals. So called
contactless smart cards (e.g., payments are made by simply
waving the card) are slowly penetrating the market. In
particular, cellular phones are well suited for performing
one-to-one marketing tasks. Consider, for example, a
payment made by using an NFC enabled cellular phone.
During the payment communication, the vendor’s NFC
enabled terminal can easily pass along a web site link with
promotional material. Trials have also been performed on
establishing communication between a billboard and a
passing by consumer carrying a cellular phone. Other
applications are listed in O’Connor (2006).

Another, well established and more traditional form of
one-to-one marketing, used by high-low pricing retailers are
coupons. We do not mean manufacturer coupons (e.g., peel-



off or in box coupons, or coupons distributed by newspapers
or magazines), but coupons distributed by the retailers. Using
scan or point of sales data, retailers can target coupons to
individual consumers. A big limitation of such a strategy is
the fact that the coupons are distributed to a consumer either
before the actual shopping experience (mail-in coupons), or
after the shopping trip, i.e., during the checkout process. So
far one-to-one marketing during the actual shopping
experience has been elusive. The potential revenue increase
can be substantial since approximately 60% of the
purchasing decisions by consumers in grocery stores are
made in the store.

RFID enables coupon distribution during a shopping trip.
Consider a store employing item-level tagging together with
smart shelves. Such a prototype store has already been built
in Rheinberg, Germany, www.future-store.org, by Metro, a
German retailer. Interrogators mounted on shelves can query
the items already purchased by a consumer that are in the
shopping cart. An interrogator reads the al-ready purchased
items of the consumer by interrogating the tags attached to
these items in the shopping card. Based on this information, a
different device with a display, attached in the vicinity of the
shelf in question, can then issue coupons to the consumer and
shows her a good route in order to redeem the coupons. Let
us assume that the consumer has already purchased cheese. If
the store has selected wine brands on pro-motions, the
display might issue to the consumer the associated coupons
and show him or her where in the store to find the promoted
brands. (We assume that purchases of cheese and wine are
highly correlated.) If based on the current basket of the
consumer, other related brands in various categories are on
promotions, several coupons can be given and the
corresponding route showing the consumer how to navigate
through the store can be displayed. Clearly, in a potential
implementation of this strategy, only selected locations
(frequently visited and sufficiently far from the store
entrance) in the store should have the coupon issuing
capability.

We next outline the underlying modeling framework
(details and further extensions are given in Klabjan and lo
(2006)). Consider a consumer k at time or shopping trip t.
Most of the modern stores have loyalty programs and we
consider that the consumer is part of the loyalty program. As
a result, past purchases of consumer k are available. Let us
assume that she is standing in front of a coupon issuing
display. Her current items in the shopping cart are read by
the interrogator and let S, be the set of all categories
purchased so far, i.e., those categories that are in the
shopping cart. We want to estimate the probability
proby; (Sy) of an impulse purchase from category i given

Sy - By using the multivariate logit model adopted from

Russell and Petersen (2000) and Boztug and Hildebrandt
(2005) to suit our purpose we have

Proby; (Sy) = (1+e2m(5m) )
_ (1)
Ztki (Stk) = ﬂi + Mlxtkl + HHtki + z thj’
JESy . j#i
where /g is the category dummy variable, Mix,; denotes
the market mix variables (e.g., price), HHy; is the consumer

specific contribution (e.g., loyalty, time since the last
purchase), and Q is the cross category parameter. If the

consumer is not enrolled in the loyalty program, then
attributes such as HH,,; are not considered and the consumer
index is dropped in (1).
Russell and Petersen (2000) suggest using
Mixy; = 7; In(pricey;),

HHy = &, In(time,; +1)+ 5, In (Mj )

n, +1
Quj = Jij +7sizey.
Here pricey; is the average price of the products in category
i purchased over a period of time, time,; is the time since the
last purchase, n, is the number of purchases made so far by
consumer k, ny is the number of purchases from category i,
and size, is the average basket size of consumer k. All of the
parameters such as f;,y;,o; are computed by using standard
multinomial logit maximum likelihood estimation.

In order to find which coupons to display and to
compute the suggested route, we maximize the total expected
profit subject to not stretching the shopping time too much.
Let price,; be the average price of products on promotion in
category i during the trip at time t, and let s; be the
estimated travel time from category i to category j. Note that
these times can be easily computed from the store layout.
The proposed model is to find a subset U < C such that

max Z proby; (Sy) - price;

ieU
ieU, jeU
The set of all categories with a promotion is denoted by C
and ay is the parameter controlling the added shopping

time. Optimization problem (3) is a well studied problem,
known also as the orienteering problem, and several efficient
heuristics and exact algorithms have been proposed in the
past, Fischetti et al. (1998), Feillet et al. (2001).

A business application based on these concepts would
compute the necessary parameters required in (1) and (2) in
predetermined intervals, e.g., overnight. During a shopping
trip of a consumer, when a stop is made before a display,
either the main server or an embedded device could solve (3)
by a fast heuristic and issue accordingly the coupons to the
consumer and recommend the computed route.

As we have already eluded, coupons should not be given

®)
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too often since it would have a negative annoying impact on
consumers. A few selected locations need to be considered.
This location selection process can be facilitated if the
shopping cards are RFID enabled as well. In such a case, a
transponder is embedded in a shopping card and the
interrogators (either on the shelves or implanted in the floor)
can also compute the route of the consumer before reaching
the current shelf. Tracking shopping cards with RFID has
already been experimented with, Sorensen (2003), Larson et
al. (2005).

B. Inventory Control

Complete visibility upstream and downstream in the
supply chain leads to interesting new inventory models and
potential resulting business applications.

1) Upstream Visibility

One of the first benefits of RFID tagging for Wal-Mart
was the visibility of shipments within their own supply chain.
The pallets are for the first time read as they enter the
distribution center and then they are tracked until they are
crashed at a box crusher in a store. There are clear low
hanging benefits of such a visibility, from chargeback
settlements to streamlining warehousing  operations.
However, a potentially greater benefit could be in using the
RFID data to streamline replenishment policies. The current
replenishment policies would be replaced with much more
robust and dynamic policies. Consider placing a
replenishment order by considering a quoted or estimated
lead time. A few days after, through RFID data reads, we
know the precise location of the order within the supply
chain. Suppose that the order due to unexpected disruptions
is further upstream than we have anticipated. Then we can be
proactive in several possible ways. We can

o expedite the order in the supply chain, or

e we can place an emergency order, or

e we can place a new regular order sooner than we
would have otherwise.

On the other hand, if the order is to arrive earlier than
anticipated, we can potentially postpone the next
replenishment order.

The work by Song and Zipkin (1996) provides a modeling
framework for such options. The presented model is adopted
to fit our RFID setting. Let us focus on a single product by a
firm who is using a single supplier and faces exogenous
stochastic demand. We assume a periodic review setting and
backlogging.

Whenever the firm places an order, the order enters the
supply chain. As time progresses, the order moves in the
supply chain, which has a given finite number of
intermediate stages, e.g., major production processes,
distribution centers, ports, etc. The stages can be arranged in
a linear sequence so that an order always moves from a stage
to any downstream stage. Clearly the order can stay put at a
stage. In order to model the stochastic lead time, an order
moves from one stage to another downstream stage, which is
selected randomly based on a given distribution. In our RFID

world, the supplier affixes transponders to an order and the
stages represent locations of readers and the corresponding
read events. Through the reads, the firm knows at any point
in time in which stage the order is located.

To formalize this concept, let us assume there are n stages
labeled from 1 through n. We also assume that placing the
actual order corresponds to being at stage 0, i.e., stage 0
represents that the order enters the supply chain. Similarly,
we add stage n+1 corresponding to the event of the order
arrival to the final destination.

In order to model this as a dynamic program, we define

R, = inventory on hand at time t,

ﬁtk = amount of the outstanding orders at time t and stage k,
X; = the procurement quantity.
The first two quantities above describe the state space and
the last one corresponds to the decision of placing an order.
Figure 1 shows the main concept. For ease of notation we
define R, =(Ry )

efine R =( tk)kzo'

In order to model stochastic transitions, we introduce a
random variable W,. For each realization w; of W, there is a
transition matrix M (w,) that specifies where outstanding
orders at a stage transition next. This matrix has n+2 rows
and columns and it encodes the transitions. In Figure 1 we
show two such possible transitions. Self loops correspond to
the events that the outstanding order stays put at the stage.
For example, under the top realization we have (4) and under
the bottom realization we obtain (5).

Riyina = Ris + Ry

(4)
()

In order to set up the well known optimality equation
for dynamic programs, we introduce the value or cost-to-go

function V.. The value Vt(Rt,FAit) corresponds to the

minimum expected cost from time period t onwards given
that at time period t the current inventory on hand is equal to

R, and the outstanding orders correspond to vector FEI Let
D, be the stochastic demand at time period t and we assume

linear holding and backlogging cost. In addition, the
procurement cost has a fixed cost component, which is
stationary in time, and there is also variable procurement

cost. Let E(®™) denote the expectation with respect to the
two random variables.
The optimality equation reads

Vt(Rtilit):
C (X)) +

o) ht(Rt+(M WoR,)

Vt+l(Rt+l7 Rt+1)

where the procurement and holding cost components are
defined as

Riyis =Ru + Rz

. (6)
min
X;20 | E

—Dt)+

n+1



(X) = 0 X;=0
&)= K+6X, X, >0,
= — /o \t =\t
ht(xt):ht(xt) +pt(_xt) '
and the systems dynamics as
Rt+1=Rt+(M(\Nt)§t)n+l_Dt’

Ria=M (\Nt)(Rt + Xteo)-

Here e, denotes an n+1 dimensional vector with all zeros
except a 1 as the first coordinate and the subscript n+1
denotes the n+1’th coordinate of the underlying vector.

By analyzing (6), Song and Zipkin (1996) were able to
show after some mild assumptions (the most important is the
non crossing order property, which imposes that the
outstanding order transition matrices M inflict that the orders
do not cross in time) that the optimal ordering policy satisfies
the (s,S) property with respect to the inventory position.
Formally, let the inventory position be defined as

n+l
R =R +Z:RIk . Then in every time period there are two
k=0

numbers s; and S;, s, <S,, such that if R, >s,, then we do

not place an order and otherwise we order S, —R, .

A future business application can exploit the presented
model on a rolling horizon basis. We first compute V, over a
certain horizon by estimating the unknown distributions.
Next, from the RFID data, we obtain the inventory position
and the application recommends a replenishment quantity.
Periodically, again based on the RFID data, which give us
the exact knowledge of the past flow of goods and the time
spent at each stage, we update the transitions matrices of
outstanding orders and recompute the value function.

2) Visibility of Distribution Channels

While in the previous section we discuss a model and
business applications as they relate to retailers or
manufacturer, here we focus on the other side of the chain,
i.e., suppliers who tag their products and therefore gain
complete visibility into their distribution chain. Much too
often stories have been written about slap-and-ship. A
supplier to a retailer who had imposed an RFID mandate, in
order to comply with the requirement, applies transponders
to pallets or cases just before they leave the distribution
facility and bound to the retailer. Clearly, there is no added
value to the supplier under such strategy unless the supplier
takes advantage of the visibility in the distribution channel.
The return on investment for the supplier is possible in two
ways.

e The supplier can apply transponders earlier in its own
supply chain. Potentially the tagging process can be
pushed all the way back to production. But even pushing
it back within the distribution facility can yield benefits.
These benefits include improved putaway and picking,
shipping accuracy, automated advance shipping

notification, simplified settling of chargebacks, and
many more (see, e.g., the report by Symbol
Technologies (2004)).

e Based on the visibility of shipments, better decision
making can be made and thus benefits can be gained
even by slap-and-ship. Consider a shipment that is
expected to arrive at a store backroom in five days, but it
is stalled in a distribution center of the retailer for
several days and therefore it is anticipated not to arrive
within the predicted five days. The supplier can then
accelerate the next shipment, even though originally it
was planned to occur a few days from now. Many
retailers already provide systems to exchange RFID data,
e.g., Wal-Mart’s RetailLink and Target’s Partners
Online (See https://retaillink.wal-mart.com/home for
RetailLink and http://www.partnersonline.com for
Partners Online.) are two such services.

Cleary an optimal strategy is the best of the two worlds.
While many firms have realized the benefits of the former,
the latter is yet relatively untapped. Consider the following
case of Ballantine Produce Co. that sells produce to Wal-
Mart and even though not falling under the mandate, it tags
its shipments. As a result the company is able to see the
status of every single container through RetailLink.
However, the company is yet to determine how to use these
data, Douglas (2005).

We next show how a business application can use these
data. Consider a supplier who ships its product to a retailer.
As before, it is assumed that every shipment goes through
several stages (each stage corresponding to a transshipment
point or a distribution center, a backroom, a sales floor, etc.).
RFID interrogators are installed at these points and therefore
at any point in time the supplier knows the location of every
single shipment. The retailer’s demand is stochastic as are
the movements among the different stages. We assume that
the orders can be shipped only once a day, i.e., a periodic
review setting with a finite number of time periods.

We again model the problem as a dynamic program where
the decision to be made is how much to ship and to procure
on a given day. The latter can easily be neglected if so
required. For simplicity we assume that there is no lead time
on the procurement side. We assume that stage 0 denotes the
entering point of the distribution chain and stage n+1 the
point-of-sale event. Thus there are n intermediate physical
locations where the reads happen, Figure 2.

The holding cost is accrued only at the supplier, i.e., the
firm in question, and a backlogging penalty applies as well.
In order to capture the state of the system, we need the
following three state variables:

R; = inventory on hand at time t,

ﬁtk = shippment amount at time t and stage k,

R, = the available amount at the last stage, i.e.,
at the point-of-sale location.
The third variable is required in order to capture the penalty
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cost. There are two decision types: how much to ship and
how much to procure. We denote them as
X, = the amount to ship at time t,

Y, = the amount to procure at time t.

-~ ~ \N+1
As before we denote R =(Rtk )k o The transitions of
shipments are governed by a random variable W, Each
realization w; of W, imposes a transition matrix M (w,),

which specifies the next location of outstanding shipments.
If V, is the value function, then the optimality equation
reads

Vt(Rtnét’ﬁt)z

G (Yp) +s(Xy)
_ hRea + @)
min IR
weoveo) +EOM) B (Ru) +

Vt+l(Rt+l’ R’(+ll IiHl)

The procurement cost function is denoted by c; and the
shipping cost function by s.. As before h, and P, denote the

per unit holding and penalty cost, respectively. The system
dynamics are
R =R +Yy = X,

ﬁm =M (\Nt)(lit + Xte0)7

Ria=R +(M (Wt)Rt)
Note that R;,; >0.

Based on (7) an optimal policy could be computed. To the
contrary to the model presented in the previous section, this
model has not yet been analyzed and therefore the structure
of the optimal policy is not known.

In a business application, this model can be used in a
similar way. A business application based on this model
could significantly contribute to the bottom line of many
suppliers to retailers. It would give a valuable analytical and
decision making tool to Ballantine Produce Co., the company
mentioned earlier.

-D.
n+l t
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Figure 1: Two possible outstanding order transitions
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Figure 2: The flow of shipments
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