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abstract

The final few metres of a retail supply chain may be the most critical. No matter how efficient the
supply chain is before the retail store, inefficient backroom to shelf replenishments will lower the 
total supply chain performance. The motivation for this research came from realisation that there are
possible future technologies that may be used in the retail environment to further enhance product
sensing and information. Such technologies, namely Auto-ID technology, could potentially provide
accurate and timely unique item level information to influence current shelf replenishment operations.
This paper examines current replenishment policies and discusses the factors that may influence 
the effectiveness of these policies. We focus specifically on the timeliness of information, decision 
and operation and analysed the impact of Auto-ID technology on current and alternative policies.
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1. introduction

The adoption of Auto-ID technology [1] in the retail industry seems imminent given the push by major
retailers [2][3][4] and numerous field trials on-going [5][6][7] although admittedly the initial focus is
on pallet and case level rather than item level tagging. The availability of Auto-ID technology provides
accurate and timely unique item level information that are capable of influencing decisions and
subsequently physical operations in supply chains [8][9]. This paper seeks to explore the impact
of having such a technology at the very end of the supply chain – the retail store. The rationale for this
research scope is motivated by both business and academic relevance. 

In the real world, the final few metres of the supply chain may be most critical as no matter how efficient
the backend of the supply chain is, inefficient shelf replenishment 1 will lower the total supply chain
performance. A recent finding by ECR Europe [10] suggests that availability of products deteriorates along
the supply chain from the manufacturer to the retailer in the manner shown in Figure 1. The survey
indicates that the service level within the retail store is significantly lower than the stages before. 
A different survey by Accenture found that almost a third of off-sales2 items could be found in the backroom 
of the retail store  [11]. The focus of this research on replenishment from backroom to the shelf is
therefore important in order to understand the cause behind such the problem. 

In academic inventory control literature, retail supply chains are often examined from the echelons level
[12][13][14] with the assumption that once the retail stores are replenished from the distribution centres,
all the products will be automatically displayed on the retail shelves [15]. In other words, the occurrence
of off-sales is treated to be the same as out-of-stocks. There are various studies on the impact of inventory
accuracy [16][17][18] and delays [19][20][21] on supply chain performance and their approach is useful in
examining the shelf replenishment process within the retail store. However, to limit the scope of this research,
we will focus on the impact of various sources of delays on shelf replenishment policies. This was chosen
with the realisation that even with an accurate inventory system, the timeliness of information, decision
and operation will affect shelf replenishment performance.

There are growing trends in various innovative store replenishment such as Direct-To-Store [22] or One-
Touch-Replenishment [23] [24] that replenishes directly onto the shelf and thereby reducing the role of
the backroom. However, there are various reasons why backrooms may still be an integral part of retail
stores. Theoretically, the backroom should be more space and cost effective than retail shelves. 

In backrooms, products could be stacked higher than on the shelf space of retail shop floor, and the
width of the aisles between storage compartments in the backroom are generally smaller than those
between retail shelves. The backroom also forms an important buffer to cope with delivery uncertainties

retailer dc retail store manufacturer

depot
Backroom Shelves99% 98% 90-93%

service level along the supply chain
Figure 1 

Shelf replenishment in this paper is
defined as the process of restocking
shelves by moving products from the
backroom of the retail store. Store
replenishment is therefore defined
as the process of restocking the
retail store from the warehouse,
distribution centre, manufacturer
or supplier.

Out-of-stock is defined in this paper
as temporarily unavailability of
products in the retail store while 
off-sales is defined as temporarily
unavailability of products on the
retailer’s shelves.

1

2
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especially when the transportation lead time is long. Bulky and high velocity product lines may need
a large shelf space allocation and hence it may not be economical to allocate all of these products on
shelves. Backrooms are also used as buffers to cope with imperfect deliveries such as when the quantity
delivered is higher than the maximum shelf space allocated. 

In the next section, we will examine current shelf replenishment policies with the aim of identifying various
factors that influences the effectiveness of these policies. Section 3 discusses the impact of having Auto-ID
technologies in the retail store on current shelf replenishment. An alternative shelf replenishment policy
will also be presented as a mean of exploiting full Auto-ID deployment within retail stores.

2. current shelf replenishment policies

There are two main replenishment policies used in retail stores during the day and this depends on
whether the first operation of the replenishment process (i.e. physical observation) starts from the 
shelf or the backroom. This is an important distinguishing factor as currently, simultaneous direct
physical observations on both the shelf and the backroom are not possible. We differentiate between 
a “Pull” policy in which physical observation on product shelf level provide the basis for replenishment
from the backroom to the shelf but in a “Push” policy, the physical observation is on the products
in the backroom. Within these two main policies, there may be variations in the length of operation,
frequency of operations, types of staffs involved, replenishment quantities and so on.

2.1. The “Pull” Policy

In this policy, products on shelves are directly observed by manual staffs and compared against the
maximum allocated shelf space for each product types. Only product types that are below a certain
threshold of quantity will be added to a picking list. With this picking list, the staff will determine 
the stock level of the product types in the backroom by actual physical observation in the backroom.
Products that are available in the backroom will be placed in a cage, and will be rolled out to shelves
for restocking. This way, products are “pulled” from the backroom from direct physical observations
of products on the shelves.

More automated variation to this “Pull” policy arises from the use of barcode inventory system. When a
product type is observed to be “low” in quantity, the product identifier (in barcode) will be scanned using 
a handheld barcode reader. At the same time, the quantity of product on the shelf will be manually
recorded on the handheld reader and this information will be sent to the retail inventory system. Instead
of physically counting the quantity of products in the backroom, inventory system will be used to estimate
the quantity of products in the backroom by keeping track of deliveries into the store and the products
registered at checkout counters (Point-of-sales or POS data). If any of these product types are estimated
to be in the backroom, they will be included in the picking list for shelf replenishment.

Detailed UML Activity Diagrams [25] of the two versions of this policy are shown in Figure 2 and Figure 3. 

The diagram in Figure 3 clearly illustrates how this version of the “Pull” policy relies heavily on inventory
system. This inventory system provides an automated decision on whether or not to replenish the different
product types on the shelf. However, any effective automated information system depends on accurate
and timely input data to execute the appropriate decisions [26][27]. As will be discussed in Section 2.4,
inventory system that uses POS data as input data may have an impact on the effectiveness of shelf
replenishment policies.
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2.2. The “Push” Policy

In this policy, a manual worker will directly observe the quantity of products in the backroom. They will
scan through the products in the backroom according to sequence of arrangement using a handheld
barcode reader. The inventory system will indicate if any products need to go onto shelf by estimating 
the stock level on the shelf (based on POS data, quantity of product in the store and the number of
replenishments since the start of the day). Any product lines that are replenished will be recorded to 
the system to update the inventory bookstock. Therefore, products are essentially “pushed” out from 
the backroom to the shelves. For a detailed “Push” replenishment policy, refer to Figure 4. 

When this “Push” policy is compared with the policies shown in Figure 3 and Figure 4, note that the
trigger for shelf replenishment begins from the backroom instead of the retail floor. This eliminates
the walking time from the retail floor to the backroom as well as the time to find a specific product type, 
but the sequence of product replenishment is that of the sequence of arrangement in the backroom, 
and not according to the product types that are “low” on the shelf. As will be discussed in Section 2.4, 
as this policy uses the POS data as input data, it may have an impact on the effectiveness of this policy.
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2.3. Factors Influencing the Effectiveness of Current Policies

There are various factors that influence the performance of shelf replenishment policies. In this section,
we will examine these factors in isolation.

– Observation delay. In the “Pull” policy, observation delay depends on the frequency in which the
quantity of product on the shelf is observed to determine whether that particular product type is
low in quantity or off-sales. Hence, this delay is essentially the time between quantity inspections. 
In the “Push” policy, this observation delay is defined as the time interval between product scanning 
in the backroom.

– Checkout delay. Checkout delay is the time it takes from the moment a product is removed from the
shelf until it is registered as paid at the counter. This delay includes customer walking time (which
may be significant if the size of the store is large) and customer queuing time (which may be long
during peak hours). When the product is finally registered at the checkout counter, it will be recorded
in the POS data to update the inventory bookstock.

– Picking list. A paper-based picking list, whether generated off from inventory system or recorded
manually by the staff workers, records the quantity to be replenished from the backroom to the shelf.
If the execution of operation takes a significant time, this picking list may be obsolete depending on
the rate of product removal on shelf. The quantity in the picking list may not be accurate if it is
manually estimated.

– Locating products in backroom or on shelf. The ability to locate different product types in the retail
store is necessary for a quick and efficient shelf replenishment process. This task may seem trivial on
the retail shopfloor (although multiple shelf displays on different locations may confuse manual staffs)
but in an often cluttered backroom, it may be a non-trivial, time-consuming task.  Even with an accurate
inventory system, manual workers that are working under time pressure may “write-off” unobserved
or misplaced products, thereby setting the inventory level for that product type to zero. Experienced
staffs often rely on their memory or their experience to locate products quickly.

– Physically moving products from backroom to shelf. Once the product to be replenished is located 
in the backroom, it will be put into a cage. Depending on the picking list, there may be various other
product types that need to be put into the cage before the cage could be rolled out. The correct amount
of quantity should be replenished over a single replenishment trigger to avoid double handling.

– Maximum Shelf Allocation. Maximum shelf allocation is the maximum number of product quantity
on the shelf. The allocation of product quantity is usually based on previous sales pattern according 
to marketing requirements and it usually changes by the week.

– Product Removal Pattern. Product removal pattern is the rate in which products are removed from 
the shelf by the customers and is differentiated from the demand pattern. When a customer pays
for a product during checkout, that transaction influences the demand pattern. However, before the
transaction occurs, products are first removed from the shelf and this influences the product removal
pattern. As such, the demand pattern is a function of the removal pattern, customer walking time, 
and customer queuing time at checkout counters. 

Product removal pattern depends on the characteristics of product. Demanding categories such as
detergents, spirits, carbonated soft drinks, ice cream, confectionery and fresh ready meals have higher
off-sales level. Impulse driven products like confectionary are another prime candidate for off-sales.
Promoted products were also surveyed to have higher off-sales [10].
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2.4. Summary of Factors and the Impact on Delays

This section highlights how the different factors introduced in the previous section influence the
effectiveness of current shelf replenishment policies are subjected to delays. In this section, 
we will briefly describe these delays in isolation as shown in Table 1.

Table 1 shows several types of delays that affect decisions and operations of shelf replenishments. 
Any technologies that could reduce the time delays of these factors could potentially have a significant
impact on shelf replenishment performance. Specifically, we examine the impact of Auto-ID system 
in the next section.
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Table 1: Factors Influencing the
Effectiveness of Current Policy

factors impact on current policies

Observation Delay

Checkout Delay

Picking List

Locating Products
in Backroom or
on Shelves

Physically Moving
Products from
Backroom to Shelf

Maximum Shelf
Allocation

Product Removal
Pattern

Observation delay is the trigger for current shelf replenishment policies
and therefore the frequency of observations affect the frequency of shelf
replenishments. Less frequent shelf replenishments may mean lower
on-shelf-availability of products.

Checkout delay is essentially the time when product is removed off from 
the shelf until is registered in the system. Any inventory system that uses
this POS information to infer the state of actual quantity of product on 
the shelf will be inherently inaccurate due to checkout delays. 

Quantity of product to be replenished based on a picking list may be
obsolete if the execution of shelf replenishment operation is significantly
time consuming and the product removal rate is high. 

A timely execution of shelf replenishment process depends on the ability
to find product locations anywhere within the store in a fast and efficient
manner.

The layout of the retail store will determine this delay. Backrooms that
are large or separated into multiple floors will potentially experience
significant delay.

High shelf allocation will increase the time spent on product presentations.
During the start of the week, products may not be shelved although
deliveries have taken place [10].

While there is no specific delay in this factor, if the product removal rate 
is high, shelf needs to be replenished in a shorter time to maintain the
same on-shelf-availability. Currently, product removals are not monitored
directly, but inferred from either physical observations or from demand 
data (POS data).
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3. the impact of auto-id information 

on shelf replenishment

In this section we will first examine the impact of having minimal Auto-ID technology deployment on
current shelf replenishment. We then propose an alternative shelf replenishment policy that exploits
the availability of full Auto-ID technology deployment.

3.1. Impact on Current Policies

In this section, we assume a minimal Auto-ID technology deployment as shown in Figure 5. Specifically,
the areas where tag readers might be deployed permanently to read tagged product are:

– Backroom entrance – Products that arrive from distribution centres will be detected and recorded
automatically on the inventory system

– Backroom shelf –  Products that are stored on shelves in the backroom could be identified automatically
to obtain information about product type and its associated quantity

– Backroom to retail shopfloor door – With the ability to read tagged products in this area, we could
determine which products are being physically moved from the backroom to the shelves after they
are placed on the cages.

We also assume the availability of a handheld tag reader instead of barcode tag reader. With a handheld
tag reader, products on retail shelves could be counted automatically and updated in the inventory system
by moving the tag reader near the products on the shelves. The handheld reader could also provide location
and quantity information about all the products in the store.

retail shop floorbackroom

g g

g

g

Retail Shelves Checkout Counters
Backroom Shelves

Backroom Entrance

Shop EntranceCages

retail store layout with minimal auto-id deployment
Figure 5
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With these configurations, the current shelf replenishment policies could be improved without changing
the process. Specifically, factors that could be improved are summarized in Table 2 in which the impacts
of these factors on current policies are discussed.

Even with just minimalAuto-ID technology deployment in the backroom of retail store, inventory location
determination increases considerably because if products are not detected in the backroom, the
inventory system could assume that all the remaining inventories are located on the retail floor. In any
case, manual workers, often without knowing if products are in the backroom, could eliminate the
amount of time they will spend looking for products in the backroom.

3.2. Alternative Policy

In this section, we discuss implications of having a full Auto-ID deployment in the retail store and the
impact of that on new replenishment policies.

We assume that Auto-ID could be deployed in the manner shown in Figure 6. The shaded area represents
the field where tagged products could be read with tag readers at all times. Specifically, these “extended”
areas from that shown in Figure 5 are:

– Cages – The “cages” shown are mobile, and tag readers that are attached to them will move around
the store together with the cages to provide information about the products inside.

– Retail shelf – Products that are replenished or removed from the shelf will be updated in the
inventory system.

– Checkout Counters – Individual products that are bought by the customers could be recorded and
updated in the inventory system. This is different from POS data as POS data does not record unique
item level information.

Table 2: Impact of Minimal Auto-ID
deployment on current policies

factors impact on current policies

Observation Delay

Picking List

Locating Products
in Backroom or
on Shelves

This delay will be reduced with the ability to automatically count the quantity
of products on the shelf by simply moving the handheld tag readers around
the shelf. Unlike barcode tag reader, manual workers do not need to visually
estimate the quantity of product for each product types and input the quantity
individually into the handheld reader. Besides that, quantity of products
on the shelf could be estimated and recorded into the inventory system for
all the product types, instead of just products that are “low” in quantity.

A manual picking list or generated printouts may not be necessary. Instead,
a picking list shown on the mobile handheld reader could be used to
provide a much more real-time product quantity in the store by taking into
account of incoming deliveries and product movement within the store. 

With tag readers on all the shelves in the backroom, finding the current
product location is almost effortless. Inexperienced staffs need not rely on
familiarity and memory to locate products in the backroom. With visibility
to what is actually in the backroom, inventory system will only include
products that are actually in the backroom into the picking list, instead of
listing all the possible product types may be in the backroom.
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Table 3: Shows the impact of full
Auto-ID deployment on each factor
that influences shelf replenishments.

factors impact on shelf replenishment policies

Observation Delay

Checkout Delay

Picking List

Locating Products in
Backroom/on Shelves

Physically Moving
Products from
Backroom to Shelf

Maximum Shelf
Allocation

Product Removal
Pattern

With the ability to obtain information about products on the shelf directly via
tag readers, physical observation by manual workers will not be necessary.
The time between observations will essentially be the same as the refresh
rates of tag readers on the shelves which may be near real-time. Tagged products
on the shelf will be directly read to obtain unique product information such
as quantity, product type as well as product due-dates.

With tag readers on the shelf, inventory system will be able to obtain quantity
information for each product types on the shelf without inferring from POS
data. Hence, checkout delay will not affect shelf replenishment decisions. 

As described in Table 2.

As described in Table 2.

Having full deployment of Auto-ID on the shelf will not affect the actual 
time to move products from the backroom to shelves. To reduce this time,
the layout of retail stores must be changed.

With timely information of actual product levels on the shelf, total inventory
in the store as well as in the supply chain may be able to alter the maximum
shelf allocation from a periodical basis to almost real-time based on events
for better shelf space management. 

Product removal patterns may no longer be inferred from POS data which 
is subjected to checkout delay. It will be “observed” directly through tag
readers. This information will be used to provide faster response to shelf
and store replenishments and to also to predict future behaviours.
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With full Auto-ID deployment in the retail store, estimation based on POS data and incoming deliveries
into the backroom may not be necessary. Direct sensing or observability of products at the appropriate
locations with subsequent relevant information retrieval about the product will provide faster closed-
loop replenishment control to meet the desired target [8].
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Comparing this policy with current replenishment policies as discussed in Section 2, a distinct difference
is that the trigger for shelf replenishment is not the frequency of observation but rather a decision taken
by the inventory system based on the product removal pattern. In this way, we have moved away from
observation-based shelf replenishment policies to shelf-level based replenishment policy. The decisions
about what and how much to replenish will be decided by the inventory system instead of manual decisions.
In this way, shelf replenishments could be triggered and managed based on different merits, such as:

1. “Remove one, Replenish one” policy
2. Priority-based replenishment for different product types
3. Minimizing replenishment distance for each replenishment
4. Variable replenishment quantity based on dynamic maximum shelf allocations
5. Auction-based shelf replenishment based on bidding of retailers shelf space by manufacturers

4. conclusion and future work

The use of Auto-ID technologies in retail stores provides a new level of product visibility currently not
possible using barcode technologies. The availability of timely and accurate item level information will 
not only improve current shelf replenishments policies but more importantly, it will provide a basis
for altering shelf replenishment processes for incremental and possibly step-change improvements.

Research is still on-going at Cambridge Auto-ID Centre to model, simulate and evaluate the impact of
Auto-ID information on shelf replenishment policies. There will also be a greater focus on the role of
backroom and maximum shelf allocation that may directly impact the effectiveness of these policies. 
This research will ultimately provide a guideline for retailers to adopt the appropriate shelf replenishment
policy based on different operating environment.
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