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Abstract.

In this paper, we assess the level of inventory accuracy that can be reached by adopting radio frequency
identification (RFID) technology for inventory count operations in the fashion retailing. Thanks to an
in-field implementation, we carried out two series of RFID inventory counts and compared the resulting
accuracy level with that obtained exploiting the traditional barcode (BC) technology, so as to highlight the
main pros and cons of the RFID adoption.

As a general conclusion, the findings from the experimental campaigns and the analyses carried out
suggest that RFID inventory counts are more reliable than BC ones. Moreover, under several circumstances,
RFID allows detecting out-of-stock situations that are not evident when using either the BC technology
or the inventory data stored in the company’ information system. From those findings, a trend of the
inventory accuracy as a function of the time required for RFID inventory counts is empirically derived.
Such a trend can be exploited in practical cases to estimate the accuracy level achievable with inventory
counts depending on the time dedicated to those activities.
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1. Introduction

Inventory is “a quantity of goods or materials in the control of an enterprise and
held for a time in a relatively idle or unproductive state, awaiting its intended use
or sale” (Love, 1979). Inventory originates from the differences existing between the
speed of the supply and demand processes and is required at any level of the supply
chain, to provide a buffer between variable, or uncertain, supply- and demand-related
activities (Waters, 2003).

Inventory management has obvious impact on the efficiency of a supply chain,
since it generates several costs, such as the purchasing cost of items, the order cost,
the inventory holding cost and the stock-out (or shortage) cost (Bottani & Montanari,
2011). Depending on the context, further cost can be associated to product obsoles-
cence and related risk, or to opportunity-cost. Overall, the cost of inventory can be
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relevant, reaching, in some cases, 25% of the product value (Fleisch & Tellkamp,
2005).

The targeted level of inventory of a product needs to be carefully determined, to
reach an optimal balance between cost and service. Indeed, maintaining a high inven-
tory level allows avoiding out-of-stock situations, balancing demand and supply and
providing high service level to the customers. Conversely, a lower stock level obvi-
ously decreases the cost of inventory holding, although it can involve higher stock-out
occurrence or, in general, lower service level provided to the customer (Jacobs &
Chase, 2013). To determine the targeted level of inventory at a given supply chain
echelon, however, it is first necessary to gain a precise knowledge of the amount of
product available at that echelon, i.e. the “physical” inventory. In this regard, many
studies argue that pieces of information concerning the physical inventory of items,
retrieved, for instance, from the company’s information system, are often wrong or
imprecise (Kang & Gershwin, 2007; Raman et al., 2001; Gruen & Corsten, 2007).
Inventory accuracy is the typical measure adopted to evaluate the level of correctness
of information concerning the inventory of an item; it evaluates the discrepancies that
exist between the electronic records of the inventory and its physical state (DeHoratius
& Raman, 2008). There are two main categories of inventory inaccuracy. According to
the literature, most of the times the physical inventory of the product is overestimated
compared to the real amount available, generating a phantom inventory or an under-
stock situation; alternatively, the physical inventory can be underestimated, reflecting
a hidden inventory or an overstock situation (Gruen & Corsten, 2007). This latter
circumstance can be due, for instance, to human errors in inventory operations (e.g.,
incorrect operations of stock checks or inventory counts), thefts, damaged products,
or cashier errors (Kang & Gershwin, 2007).

Both underestimated and overestimated inventory can involve significant conse-
quences to a supply chain player. In the case the inventory is underestimated, the
typical consequence is that the supply chain player will experience a relevant cost of
holding stocks, and, depending on the kind of product, may incur in obsolescence risk
and markdown cost. However, the overstock situation is generally the most critical
circumstance; indeed, its direct effect is the out-of-stock occurrence, since the supply
chain player fails to issue an order for the product, on the basis of the overestimated

inventory (Hardgrave, 2009).
Inventory inaccuracy (and, in particular, overestimated inventory) is therefore one

of the direct causes of out-of-stock occurrence. Further out-of-stock causes, as inves-
tigated by Corsten and Gruen (2003), include forecasting errors, ordering errors,
distribution centre issues, manufacturer issues, transport delays, or shelf replenish-
ment issues. This latter circumstance is particularly frequent in the retail field: in
this case, the product is out-of-stock on the store shelf, but it is actually available in
the backroom of the retail store, thus suggesting that the shelf replenishment process
has not been correctly scheduled. Some studies, such as Thiesse and Buckel (2015),
investigate the use of RFID as a tool for improving shelf replenishment processes
in stores. The authors sustain that the performance of RFID-based inventory control
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policies is influenced by a variety of design choices, technology characteristics, and
external factors.

Although out-of-stock situations may occur at any level of the supply chain, they
are particularly crucial for retailers, since the absence of a product at the retail store
means a loss of sales and turnover. Estimates of ECR Europe (2003) indicate that,
on average, approx. 8.3% of products are out-of-stock at the retail store. Nonethe-
less, some circumstances can increase the occurrence of out-of-stock situations. For
instance, out-of-stock occurrence is more critical:

o for fast-moving products, i.e. products whose sale velocity is particularly high
or whose selling season is very short. Conversely, slow-moving items are less
affected by out-of-stock situations;

e for promotional items, since promotions generate a high, less stable and often
unpredicted demand of the product (Bottani et al., 2009a). For promotional items,
out-of-stock occurrence can reach 10-11%;

o during the week-end, since, in that moment, the number of customers at the retail
store can significantly increase.

Fashion items are an example of product whose selling season is very short and that,
therefore, suffers particularly from the out-of-stock occurrence. In fact, for fashion
items, it is vital to ensure that the product is available at the store shelves as quickly
as possible, to avoid sale losses. Moreover, fashion retailers need relevant space
to display products of different styles, sizes and colours; consequently, efficiently
managing the fashion items at retail stores and ensuring that all styles, sizes and
colours are available is a challenging task.

Some recent studies have suggested that both inventory inaccuracy and shelf replen-
ishment issues could be mitigated, or completely avoided, by adopting radio frequency
identification (RFID) technology, given its capability to track and trace items at each
stage of the supply chain. Therefore, RFID is often suggested as a valuable tool to
improve inventory accuracy and decrease out-of-stock occurrence in the fashion field
(Bottani et al., 2009a, b; Bertolini et al., 2012).

In this study, we try to contribute to the literature by investigating, thanks to an in-
field implementation, the level of inventory accuracy that can be reached by adopting
RFID technology for inventory count operations of fashion items. The performance
of RFID is also compared with that of the traditional barcode (BC) technology, to
highlight the main pros and cons of RFID against that technology.

The remainder of the paper is organised as follows. The next section reviews the
relevant literature related to the implementation of RFID to improve inventory accu-
racy in various contexts, with a particular attention to the fashion field. Section 3
describes the experimental apparatus adopted in this study and presents the main
results of the experiments carried out. Section 4 concludes and indicates future
research steps.
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2. Literature review

Numerous studies in literature highlighted the potential of RFID for improving
inventory accuracy, primarily in the fast moving consumer goods field. As regards
the in-field implementations of RFID, an important study was carried out by Hard-
grave et al. (2009a), who monitored 16 Wal-Mart retail stores, for 23 weeks. Starting
from the 11th week, eight of those stores were equipped with an RFID-based inven-
tory management system, while the remaining “control” stores continued to adopt
the original inventory management system. The authors found that the inventory
accuracy of the RFID-equipped stores improved by 13% compared to the control
stores. The same authors (Hardgrave et al., 2006a) also examined the impact of RFID
technology to reduce out-of-stock occurrence. By analysing the replenishment pro-
cess at 24 Wal-Mart retail stores (12 equipped with RFID technology vs. 12 control
stores), they found that the out-of-stock occurrence decreased by almost 15% at the
RFID-equipped stores, on average. Looking at the different product categories, Hard-
grave et al. (2006b) found that the impact of RFID on out-of-stock occurrence varies
significantly depending on the sale velocity of products. In particular, fast-moving
products (i.e., products with a sale velocity between 7 and 15 items/day) experienced
the highest reduction of out-of-stock, which can reach 62%. McCartney et al. (2008)
investigated, by means of tests, the use of RFID technology for packaging of vari-
ous kinds of items, including fast moving consumer goods, fashion items and fresh
products.

Looking at the analytic models, Rekik et al. (2008) considered inventory inaccu-
racies stemming from execution problems, and specifically to misplacement errors,
occurring, for instance, because of replenishment errors or product misplaced on
other shelves by the consumers. They highlighted that significant benefits can be
achieved when the retailer adopts RFID technology to eliminate those errors. In
another study, the same authors (Rekik et al., 2009) investigated the impact of RFID
on the inventory inaccuracy problem induced by thefts. The authors compared differ-
ent approaches that can be used to manage the store inventory in presence of thefts.
In the first approach, the inventory manager is unaware of thefts (and therefore, of the
inventory inaccuracy generated), while, in the antithetic situation, a perfect RFID-
based inventory management system is used to control the inventory at the store.
The authors analytically determined the savings achievable in inventory management
when RFID is deployed. At the same time Fan et al. (2014) studied the use of Radio
Frequency Identification (RFID) as a tool for improving shelf replenishment pro-
cesses in stores. They affirm that the performance of RFID-based inventory control
policies is influenced by a variety of design choices, technology characteristics, and
external factors. Fan et al. (2014) studied the impact of RFID technology adoption
on supply chain decisions with shrinkage and misplacement problems in the Internet
of Thing (IoT).

Some studies addressed the implementation of RFID technology in the fash-
ion and apparel supply chain. Among them, Bevilacqua et al. (2015) discussed
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the implementation of a RFID system for the division of the offices and furni-
ture of an Italian company. Loebbecke et al. (2006) analysed the implementation
of RFID within a case study company; they found that such technology could
significantly improve inventory management in the fashion field. Reynolds et al.
(2006) and IDTechEx (2005) suggested the adoption of an RFID-based stock man-
agement system to help employees identify the fashion items required by the
customer more quickly and accurately. Findings from a pilot project, involving
280 American Apparel fashion stores, confirmed that the in-field implementation
of RFID has potential to improve the sales volume of the fashion retail stores
by almost 15% (RFID Journal, December 12th, 2008), thanks to the possibility
of precisely monitoring the inventory of items at the fashion retail store. This
result is supported also by the pilot implementation by Bertolini et al. (2012),
who found that RFID deployment at the retail store can help sales assistant find
approx. 14% of the items requested by the customers and not available on the
shelves.

Hardgrave (2009) described an item-level RFID implementation at 4 stores (two
RFID-equipped stores vs. two control stores) of the Dillard’s supply chain. The 10-
week study carried out demonstrated that RFID allows improving the accuracy of
the inventory data. Specifically, RFID technology introduced a 4% improvement in
the inventory data compared to the full inventory counts performed by the employ-
ees. A similar item-level RFID implementation was carried out by Hardgrave et al.
(2009b) at Bloomingdale’s. Here, the authors investigated inventory accuracy and
out-of-stocks, and found that RFID deployment can lead to improve the inventory
accuracy up to 27.19%, decreasing the overestimated and underestimated inventory
by 6.18% and 21.01%, respectively. A further RFID pilot implementation was carried
out in the J.C. Penney’s retail channel, where Miles et al. (2010) examined 5 retail
stores (2 stores equipped with RFID vs. 3 stores adopting BC technology). After a
15-week analysis, the authors found that the inventory accuracy of the control stores
was approx. 7.1% lower than that of the RFID-equipped stores. Thiesse et al. (2009)
carried out an RFID project at Galeria Kaufhof, a large European fashion distrib-
utor. They compare the case to a prior trial conducted at the same distributor five
years earlier, without RFID technology. The differences between the lessons that the
company learned in the two projects illustrate the impact of technological advances
and standardization efforts in recent years on the managerial perceptions of RFID
business value.

Overall, the review of the literature presented above suggests that RFID looks
promising to improve inventory accuracy and related issues (e.g., out-of-stock occur-
rence), both in the fast moving consumer goods and in the fashion field. In this regard,
the main contribution of our study is to investigate the correlation between the level
of inventory accuracy enabled by RFID and the corresponding savings in the time
required to collect the inventory data. Starting from that correlation, we also high-
light the improvements in the accuracy level that can be reached when adopting RFID,
compared to the traditional BC inventory counts.
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3. Experimental campaign and results
3.1. Overview

Given the aim described above, the experimental campaign carried out in this
study was expressively designed to test the performance of the RFID technology in
inventory count operations at the retail store, compared with the BC technology. The
experimental campaign consisted of two steps. During the first step (preparation),
fashion items of a pilot retail store of a main Italian fashion brand were RFID tagged,
with a UHF Gen2 paper label, programmed with a unique EPC code. The same
operation was carried out on the fashion items available at the upstream distribution
centre, in the case they should have been shipped to the retail store.

The second step (inventory counts) consisted in carrying out different types of
inventory counts at the retail store, at different times, always when the shop was closed.
Inventory counts were carried out both by scanning the BC of the RFID-tagged items
and by exploiting the RFID tags, which were read by means of a handheld device. The
data collected with the two procedures were then compared, and matched with the
inventory data stored in the company’s information system. From that comparison,
we computed:

1. The reading accuracy, i.e. the percentage of items (or SKUs) read successfully,
as a function of the duration of inventory count operations;

2. The degree of alignment between the different inventory data (RFID inventory
vs. BC inventory; RFID inventory vs. data on the store information system; BC
inventory vs. data on store information system);

3. The out-of-stock level. This latter was computed as the ratio between the number
of SKUs whose stock level was found to be null according to the technology
adopted, but was expected to be positive according to the real inventory data,
and the total amount of SKUs read.

The experimental campaign consisted in two replicates of numerous inventory
count operations, carried out both with the BC and the RFID technologies. RFID
inventories were performed exploiting three types of handheld RFID readers, whose
reading performance were preliminary tested and turned out not to be significantly
different. As regards the type of RFID inventory count operations, we carried out:

e Accurate inventory counts. In this case, employees were asked to move the
SKUs, the items inside each SKU, the hanging clothes, as well as the folded
items placed on the shelves or in the drawers. This procedure is expected to
maximise the reading accuracy, allowing the reader to detect also the hidden
tags of overlapping clothes;

e Quick inventory counts. This kind of inventory was carried out with signifi-
cantly less movements of clothes and SKUs; therefore, the resulting accuracy is
expected to be lower;
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e Very quick inventory counts. In this case, the employees were asked to carry
out the inventory count operations without moving items and SKUs, so as to
maximise their productivity.

For each replicate, an additional inventory count was carried out exploiting the
BC technology. Moreover, each replicate was preceded by a manual count of the
fashion items available in the store and of the corresponding SKUs, aimed to identify
the real number of items and SKUs. These latter, referred to as “expected” values
hereinafter, were used as benchmark to assess the correctness of both the inventory
count operations and the inventory data stored in the company’s information system,
which was not realigned after the manual count. The manual count was carried out
by an employee that was not subsequently involved in BC or RFID inventory counts,
to avoid bias. The store information system and actual inventory was synchronized
immediately before (one day) the tests conduction.

3.2. Analysis of outcomes of the first replication

The first replication of the experimental campaign consisted, overall, of 25 RFID
inventory counts, carried out by 5 store employees in the three main areas of the store;
in particular:

e 9 (i.e., 7 accurate and 2 quick) inventory counts were carried out in the under-
ground warehouse of the store;

e 10 (i.e., 5 accurate, 3 quick and 2 very quick) inventory counts were carried out
in the store shelves;

e 6 (i.e., 2 accurate, 3 quick and 1 very quick) inventory counts were carried out
in the store backroom.

The time required to perform the inventory counts has an obvious direct relationship
with the accuracy level reached. Table 1 provides an overview of the time required to
carry out the inventory count operations described above.

Once the inventory counts were completed, the resulting data were analysed and
compared, to assess the accuracy of the different types of inventory operations. More-
over, the alignment between the inventory levels resulting from the different inventory
counts (i.e., BC vs. RFID) was assessed. As regards the inventory accuracy, when
considering the aggregated results of the 25 inventory counts, the RFID technology
allowed to detect:

e 9,648 items out of 9,698 expected from the manual count (99.5% accuracy); and
e 2,737 SKUs out of 2,782 expected from the manual count (98.2% accuracy).

By means of the BC inventory count, instead, we detected:

e 9,752 items out of 9,698 expected from the manual count (100.5% accuracy);
e 2,781 SKUs out of 2,782 expected from the manual count (99.9% accuracy).
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Table 1
Duration of inventory count operations - first replication
Location Type of Inventory ID Duration Average duration of
inventory count the inventory type
underground warehouse accurate 1 00:03:30 00:03:42
2 00:04:00
3 00:03:15
4 00:03:50
5 00:03:00
6 00:04:00
7 00:04:20
quick 8 00:02:30 00:02:40
9 00:02:50
store shelves accurate 10 00:50:00 00:38:00
11 00:42:00
12 00:27:00
13 00:28:00
14 00:43:00
quick 15 00:16:00 00:22:20
16 00:15:00
17 00:36:00
very quick 18 00:07:00 00:07:00
19 00:07:00
backroom accurate 20 00:42:00 00:50:00
21 00:58:00
quick 22 00:13:00 00:09:00
23 00:05:00
24 00:09:00
very quick 25 00:02:00 00:02:00

With respect to the time required, a BC inventory count requires more than 100
hours to be completed in the three areas of the retail store; conversely, as will
be detailed later, the RFID inventory count requires only some hours, in the most
unfavourable situation.

From the outcomes above, it is immediately observed that the accuracy, in terms of
SKUs detected, is slightly lower for RFID than for BC inventory counts. Conversely,
the same performance parameter, measured on the items detected, shows significantly
different results. More precisely, the RFID inventory count provides a slight (approx.
0.5%) underestimate of the number of items in the retail store, while the BC inventory
count overestimates, of approx. 0.5%, the same value. This is probably due to the fact
that BC scanning can generate multiple reads of the same BC label accidentally.
Unfortunately, there is no mean to identify multiple readings during the inventory
count operations, because the employee is not aware of which items have been read
several times. The same happens for the information system of the retail store, which
is unable to identify the item subject to multiple reads. Therefore, knowing the exact
rate of multiple readings, for instance as a function of the accuracy level, is not feasible
with the BC technology.
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As a further result, we assessed the accuracy level (in terms of SKUs and items)
as a function of the time required for inventory count operations. To this extent, the
RFID inventory counts listed in Table 1 were combined, assuming that the combina-
tion, e.g., of two inventory counts, generates an inventory count with the following
characteristics: (1) its duration is the sum of the durations of the original inventory
count operations; (2) the number of items read is the aggregation of the items read
in the original inventory count operations. Given the high number of RFID inventory
counts carried out, combining all them is not feasible; therefore, Table 2 lists some
of the combinations that can be obtained starting from the set of 25 inventory counts
performed in the first replication. For each combination, Table 2 reports the number
and type of inventory counts used to generate it, the overall accuracy reached (both
at items and SKUs level) and the duration of the inventory count operations. For
instance, combination I was obtained by aggregating:

e 7 accurate inventory counts carried out in the underground warehouse (corre-
sponding to the whole amount of accurate inventory counts carried out in this
part of the retail store, as can be seen from Table 1);

e 5 accurate inventory counts carried out in the store shelves (corresponding to the
whole amount of accurate inventory counts carried out in this part of the retail
store); and

e 2 accurate inventory counts carried out in the store backroom (corresponding
to the whole amount of accurate inventory counts carried out in this part of the
retail store).

The aggregation of the inventory counts listed above leads to an overall duration of
the inventory count of 5:15 hours. Combinations are listed in Table 2 in descending
order of the total duration they generate. As regards the accuracy level, this latter was
assessed by computing the ratio between the number of items (or SKUs) detected
by the combination of inventory counts and their expected value. In the case of
combination I, the overall accuracy reached is 99.42% (related to the items) and
98.20% (related to SKUs).

Figure 1 provides a graphical representation of the outcomes proposed in Table 2.

An expected conclusion from Fig. 1 and Table 2 is that the level of accuracy
reached by inventory count operations depends directly on the time dedicated to
these activities, i.e. the higher the time dedicated to inventory counts, the higher
the accuracy achievable. However, the improvements in accuracy follow a kind of
decreasing returns to scale law, meaning that improvements are marginally less effec-
tive for increasing values of the total inventory duration. For instance, from Table 2
one can see that, moving from combination VIII to combination VII, the increase in
the time required for inventory count operations is 420 s (approx. 7 minutes), while the
corresponding improvement in the accuracy ranges from 4.53%, for items, to 5.24%
for SKUs. Conversely, moving from combination III to combination II, the increase
in the time required for inventory count operations is significantly higher (5,160s,
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Fig. 1. Inventory accuracy as a function of the duration of inventory count operations — first replication.

approx. 1 hour and 26 minutes), while the improvements in the accuracy level is only
0.13% for items and 0.40% for SKUs. The considerations above suggest that, from a
practical perspective, it is paramount to preliminary identify a targeted accuracy level
the inventory count operations should reach. Data in Table 2 can be useful to identify
the most appropriate procedure (i.e., number and type of inventories) to obtain the
targeted accuracy level.

From Fig. 1 itis also easy to see that the accuracy as a function of the time required
for inventories does not always follow a regular trend. This indicates that, under some
circumstances, increasing the time dedicated to inventory count operations does not
generate a corresponding improvement in the resulting accuracy level. In turn, this is
probably due to the particular combination of inventory counts. As a general rule, it is
reasonable that increasing only the number of quick (or very quick) inventory counts
generates an increase in the time required for those operations, but does not improve
the accuracy level significantly, since quick inventory counts can always be sensitive
to reading inaccuracies. Conversely, including at least one accurate inventory count
should improve the accuracy of these operations to a more appreciable extent.

As regards the comparison between the results of the BC and RFID inventory
counts with the inventory data available in the company’s information system, we
found the results proposed in Table 3.

Columns 2 to 4 in Table 4 were obtained by computing, for each SKU, the differ-
ence between the inventory level resulting when exploiting the first system and the
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Table 3

Comparison between the inventory data collected by inventory counts and those available in the
company’s information system — first replication

Information Information BC inventory
system vs. BC system vs. RFID  count vs. RFID
inventory count inventory count inventory count

Correspondence of inventory data 92.18% 90.87% 96.02%

The first system overestimates the inventory 5.44% 7.25% 3.16%
compared to the second one

The first system underestimates the 2.38% 1.88% 0.82%
inventory compared to the second one

Out-of-stock situations neglected by the first 1.10% 1.14% 0.14%

system but detected by the second one

Table 4
Details of the difference between the inventory data - first replication
Amount of the % SKU Amount of the % SKU Amount of the % SKU
difference difference difference BC
Information Information inventory
system vs. BC system vs. RFID count vs. RFID
inventory count inventory count inventory count
-3 0.04% -3 0.00% -3 0.00%
-2 0.14% -2 0.07% -2 0.07%
—1 2.20% -1 1.81% -1 0.75%
0 92.18% 0 90.87% 0 96.02%
1 4.72% 1 6.43% 1 2.88%
2 0.53% 2 0.57% 2 0.18%
3 0.14% 3 0.18% 3 0.11%

second one. For instance, column “Information system vs. BC inventory count” was
obtained as the difference between the inventory registered in the company’s informa-
tion system and that detected by means of the BC inventory count, in terms of items in
each SKU. The first row of the table (i.e., “correspondence of inventory data”) reports
the percentage of SKUs for which the inventory data recorded in the two systems are
aligned. For instance, in the case of information system vs. BC inventory counts, we
found that the inventory data (related to items) provided by the two systems do not
differ for 92.18% of the SKUs examined. The second row reports the percentage of
SKUs for which the first system overestimates the inventory data compared to the
second one. In the case of information system vs. BC inventory counts, we found
that, for approx. 5.44% of the SKUs, the inventory data available in the company’s
information system are overestimated compared to those detected by the BC inven-
tory count. Similar considerations hold for the third row of Table 4, where we report
the percentage of SKUs for which the first system underestimates the inventory data
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compared to the second one. Looking again at the case of information system vs.
BC inventory counts, we found that, for approx. 2.38% of SKUs, the inventory data
available in the company’s information system are underestimated compared to those
detected by the BC inventory count. Finally, the last row of the Table reports the per-
centage of SKUs for which the second system detects an out-of-stock situation, while
the first one does not, meaning that, according to this latter, the available inventory is
greater than zero. Looking at those latter values, we found that:

e Approx. 1.1% of the SKUs that were recorded as available in the company’s
information system, resulted as out-of-stock in the BC inventory count;

e Approx. 1.14% of the SKUs that were recorded as available in the company’s
information system, resulted as out-of-stock in the RFID inventory count;

e Approx. 0.14% of the SKUs that were recorded as available in the BC inventory
count, resulted as out-of-stock in the RFID inventory count.

The above data indicate that the company’s information system probably suffered
from some (pre-existing) inventory inaccuracy errors, which, in turn, could be due to
the limited realignments made with the real inventory data. In the case of inventory
inaccuracy errors, both the BC and the RFID inventory counts can be useful to realign
the inventory data and eventually avoid the occurrence of out-of-stock situations. In
this regard, the above data also indicate that the RFID inventory counts are slightly
more reliable (approx. 0.03%) than the BC ones in identifying inventory inaccuracies
in the company’s information system.

On the basis of the outcomes above, some preliminary conclusions can be drawn.
First, the RFID inventory data and the BC ones coincide for 96.02% of the SKUs
considered, and, therefore, it is reasonable to hypothesise that those data reflect the real
inventory available in the store. Conversely, the correspondence between the inventory
data recorded in the information system and those resulting from the BC inventory
count is lower (92.18%), as well as the correspondence between the inventory data
recorded in the information system and those resulting from the RFID inventory count
(90.87%). This indicates, once again, that the information system was probably not
aligned with the real inventory of the store.

Second, the use of RFID inventory counts allowed also identifying some situations
where the inventory level resulting from the BC inventory count was actually overes-
timated (3.16% of SKUs). The overestimate of stocks, as mentioned, is a serious issue
of inventory management, since it has potential to generate out-of-stock situations;
those phenomena could be reduced when RFID technology is adopted. Finally, the
use of RFID for inventory counts allows identifying some out-of-stock situations that
were not evident with either the BC inventory (0.14%) or data stored in the company’s
information system (1.14%). Therefore, RFID has potentials to reduce the cost related
to out-of-stock situations, by improving items availability on the store shelves and
thus enhancing the turnover of the retail store.
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The data reported in Table 3 can be further detailed, by assessing the number of
SKUs for which a slight difference (from —3 items to 3 items) was observed when
using different inventory data. These details are reported in Table 4.

3.3. Analysis of outcomes of the second replication

The second replication included, overall, 10 RFID inventory counts, carried out by
5 employees of the retail store. Since the procedure followed for the second replication
is the same as that described in the first one, we do not present the detailed outcomes
of each inventory carried out during this replication, for brevity. Rather, we limit
the presentation of the results to the number of inventory counts and their average
duration. In this respect, the second replication included:

e 2 (accurate) inventory counts, with an average duration of 33:30 minutes, carried
out in the underground warehouse of the store;

e 4 inventory counts (i.e., 2 accurate, with an average duration of 35:30 minutes,
and 2 quick, with an average duration of 15:30 minutes) carried out in the store
shelves;

e 4 inventory counts (i.e., 2 accurate, with an average duration of 38:00 minutes,
and 2 quick, with an average duration of 17:00 minutes) carried out in the store
backroom.

As can be seen from the description above, in the second replication very quick
inventory counts were no longer carried out, because of the scarce accuracy of the
outcomes observed in the first replication.

As regards the accuracy, the data collected during the second replication confirm
that, in general, RFID inventory counts are sufficiently reliable. Indeed, when consid-
ering the aggregated results of the 10 inventory counts, the RFID technology allowed
to detect:

e 9,657 items out of 9,721 expected from the manual count (99.3% accuracy); and
e 2,868 SKUs out of 2,870 expected from the manual count (99.9% accuracy).

By means of BC inventory counts, instead, we detected:

e 9,753 items out of 9,721 expected from the manual count (100.3% accuracy);
and
e 2,862 SKUs out of 2,870 expected from the manual count (99.7% accuracy).

As observed in the first replication, the time spent for the inventory counts has an
obvious direct relationship with the accuracy level reached by the inventory opera-
tions. Indeed, in both replications, we found a very similar trend of the accuracy as a
function of the time dedicated to the inventory count, as shown in Table 5 and Fig. 2.

From the data in Table 5, it is immediate to see that the duration of inventory counts
in the second replication was lower than that of the first replication; accordingly, the
accuracy level reached is lower too. However, apart from this preliminary remark, the
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Fig. 2. Inventory accuracy as a function of the duration of inventory count operations — second replication.

two replicates are very similar and both follow the decreasing returns to scale law,
i.e. improvements in the accuracy level are marginally less appreciable for increasing
values of the inventory duration. For instance, moving from combination VI to com-
bination V, the time required for inventory counts increased by approx. 900 s, while
the increase in the accuracy level accounts for more than 16%. Conversely, moving
from combination II to combination I, the increase in the time required for inventory
counts is significantly more relevant (approx. 4,500 s), while the improvements in the
accuracy level are not so appreciable (less than 1.3%). From a practical viewpoint,
these outcomes confirm that it is first necessary to identify a targeted accuracy level
for inventory count operations, and then to define the most appropriate combination
of inventories that allows reaching the targeted accuracy.

As regards the correctness of the inventory data (obtained either by means of BC
or RFID) compared with those available on the company’s information system, we
found the results proposed in Table 6.

From the numerical outcomes in Table 6, it is immediate to see that the inventory
data stored on the company’s information system and those retrieved by means of
BC inventory counts are in agreement for 91.47% of the SKUs examined. At the
same time, however, the company’s information system overestimates the inventory
detected by means of BC scanning for 5.92% of the SKUs and underestimates it for
2.61% of the SKUs. As regards the out-of-stock situations, we found that 1.41% of
the SKUs that were recorded as available on the company’s information system were
actually out-of-stock according to the BC inventory count. That percentage accounts
for 1.27% when comparing the inventory data in the company’s information system
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Table 6
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Comparison between the inventory data collected by inventory counts and those available in the
company’s information system — second replication

Information
system vs. BC

Information
system vs. RFID
inventory count

BC inventory
count vs. RFID
inventory count

inventory count

Correspondence of inventory data 91.47% 89.61% 93.71%
The first system overestimates the inventory 5.92% 8.26% 4.64%
compared to the second one
The first system underestimates the 2.61% 2.13% 1.65%
inventory compared to the second one
Out-of-stock situations neglected by the first 1.41% 1.27% 0.24%
system but detected by the second one
Table 7
Details of the difference between the inventory data - second replication
Amount of the % SKU Amount of the % SKU Amount of the % SKU
difference difference difference BC
Information Information inventory
system vs. BC system vs. RFID count vs. RFID
inventory count inventory count inventory count
-3 0.03% -3 0.28% -3 0.17%
-2 0.14% -2 0.58% -2 0.21%
—1 2.44% -1 7.29% -1 4.23%
0 91.47% 0 89.61% 0 93.70%
1 5.33% 1 2.06% 1 1.51%
2 0.38% 2 0.07% 2 0.03%
3 0.07% 3 0.00% 3 0.03%

with those resulting from the RFID inventory count. Moreover, for 0.24% of the
SKUs, the RFID inventory count allowed to detect an out-of-stock situation that the
BC inventory count did not detected.

Those outcomes support our preliminary conclusion about the pre-existence of
inventory inaccuracies in the company’s information system. Moreover, it is also
confirmed that the accuracy of RFID inventory counts is slightly higher than that of the
BC inventory counts. RFID inventory counts, at the same time, requires significantly
less time to be carried out, compared to the BC inventory counts.

The data reported in Table 7 were elaborated further, by assessing the number of
SKUs for which a slight difference (from —3 items to 3 items) was observed when
using different inventory methods.

4. Discussion and conclusions

In this study, we have analysed the level of inventory accuracy achievable when
adopting RFID technology for inventory count operations in fashion retailing.
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Exploiting an in-field implementation of RFID technology in a pilot retail store of
fashion items, we carried out an experimental campaign, consisting of two series of 25
and 10 RFID inventory counts, respectively. For each inventory count, we computed
the time required to complete it, as well as the level of inventory accuracy reached.
This latter was compared with that obtained by means of a traditional BC inventory
count, and with that resulting when using the inventory data stored in the company’s
information system.

From the experimental campaign and the analysis of the inventory data, the fol-
lowing main conclusions can be drawn:

e A first consideration is that, when assessing the inventory accuracy in terms of
SKUs detected, RFID and BC inventory counts provide almost identical results;

e Looking, instead, at the inventory accuracy in terms of the items detected, RFID
inventory counts are, in general, more reliable than BC ones. More precisely, we
found that RFID inventory counts tend to underestimate (slightly) the real inven-
tory, while BC ones tend to overestimate it, due to the fact that BC scanning can
accidentally generate multiple reads of the same label. We have already remarked
that there is no mean to precisely identify items that are read several times dur-
ing inventory count operations. Nonetheless, overestimate of the inventory is a
more serious problem than its underestimate, since it may cause out-of-stock
situations;

e RFID inventory counts are also more effective than BC ones, as well as of the
company’s information system, in detecting potential out-of-stock situations.
Indeed, we found that, for a limited percentage of SKUSs, both the BC inven-
tory count and the inventory data stored in the company’s information system
indicated the availability of stock, while the RFID inventory count detected an
out-of-stock situation.

e The considerations above confirm that RFID looks promising to improve inven-
tory accuracy and related issues, such as the out-of-stock occurrence, in the
fashion retailing.

Obviously, the level of inventory accuracy has a direct relationship with the time
required to carry out the inventory count operations. In this regard, in this study we
considered three different types of RFID inventory counts, namely accurate, quick and
very quick. We found that very quick inventory counts, carried out by the employees
without moving the items inside the SKUs, can reach a very limited accuracy, although
maximising the employee productivity. An opposite result was found for accurate
inventory counts: in this case, the duration is significantly higher, but the inventory
accuracy increases significantly.

On the basis of this consideration, thanks to the experimental data retrieved in this
work, we have tried to model the trend of the accuracy in inventory operations as
a function of the time spent for inventory counts (in the case RFID technology is
adopted). The trend of the RFID inventory accuracy as a function of time is shown
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Fig. 3. Trend of the items (a) and SKU (b) accuracy of RFID inventory counts — combination of data from
the two replications.

in Fig. 3 for items (a) and SKUs (b) respectively. Obviously, since we exploited the
experimental data of the inventory counts, neither the items accuracy nor the SKUs
accuracy shows a perfectly regular trend in time; therefore, an interpolation was
generated to fit the experimental data (dashed line in both figures). The interpolation
shows a logarithmic trend of the inventory accuracy in time, both for items and SKUs.
This confirms that the inventory accuracy follows a decreasing return to scale law:
it increases significantly when moving, for instance, from 2000 to 4000 s, while its
decrease is significantly lower when moving from 12000 to 14000s.



244 M. Bertolini et al. / The impact of RFID technologies on inventory accuracy

The trend of inventory accuracy as a function of the time is the most relevant
contribution of this study to the existing literature. Indeed, modelling the trend of
inventory accuracy in time could be useful, in real cases, to estimate the time required
for a RFID inventory count to reach a targeted level of accuracy. That trend could
also be exploited to identify the “optimal” accuracy of inventory count operations, as
a compromise solution between the errors made by the system and the time required
for inventory counts.

The exact result of this study, in terms of the specific trend of the inventory accuracy
as a function of the time devoted to inventory count operations, cannot be generalised,
obviously. Indeed, this result has been obtained targeting inventory count operations
in the fashion industry and a specific retail store of fashion items. Nonetheless, the
general idea behind the results proposed could be generalized and, probably, could
hold for several different contexts. Further research activities could be oriented to
repeat the analysis carried out in this paper in different industry fields, to gain further
insights about the relationships between the inventory accuracy and the time required
for inventory count operations.
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