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Abstract

This research focuses on the analysis of simulated impact of the radio frequency identification (RFID) system on the

inventory replenishment of the thin film transistor liquid crystal display (TFT-LCD) supply chain in Taiwan. A global

operations and logistics case of a well-known LCD monitor manufacturer in Taiwan has been studied. The pull-based

multi-agents supply chain was accordingly modeled and simulated with AnyLogic. An automatic inventory replenishment

function adopting the (s, S) policy is enabled with RFID or not. The result of the experiment shows that the RFID-enabled

pull-based supply chain can be effectively achieved with a 6.19% decrease in the total inventory cost, and a 7.60% increase

in the inventory turnover rate.

r 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Due to globalization and work specialization,
enterprise interactions are becoming more frequent
and complicated. As a result, enterprise organiza-
tions are trying to enhance competence by seeking
effective ways to integrate resources with the
demand for information exchange. Lee et al.
(1997) indicate that the bullwhip effect is caused
by demand symbol process, batch ordering, price
variation, demand-allocated unit, and several other
factors. Kelle and Milne (1999) conclude that the
bullwhip effect is mainly caused by lead time. So,
for suppliers inventory management can be made
e front matter r 2007 Elsevier B.V. All rights reserved
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more effective by means of batch ordering adopting
the (s, S) policy. Chen et al. (2000) demonstrate that
the bullwhip effect is due to the effects of demand
forecasting and can be reduced by centralizing
demand information. Christopher (2000) defines
market sensitivity as the ability of supply chains to
make immediate response to customer needs.
Therefore, Kaihara (2001) considers the problem
of resource allocation in supply chains to be a
problem of distributed practical decision.

The AMR Research (2004) defines the demand-
driven supply network (DDSN) as a structure
consisting of clients, suppliers, and employees. It
can sense and respond immediately, as well as
integrate operation processes. In the age of con-
sumer economy, the rebuilding of the traditional
push-based supply chain is of critical importance to
business development. Roddy (2003) of AMR
.
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summarizes that in order to gain more profit and
increase customer delivery of goods rate, the DDSN
should be implemented by integrating supply chain
operation, production, marketing, and information
technology. Greg (2005) of AMR in extension
analyzes the fact that most business organizations
know that they have to implement the DDSN to
manage their global supply chains better. However,
as related technology is separately found in different
fields, business organizations should figure out
solutions to integration.

The 96-bits radio frequency identification (RFID)
electronic product code (EPC) was successfully
developed by the MIT Auto-ID Center, in associa-
tion with several large companies of manufacture,
logistics, and information, in 2002. In November
2003, EPCglobal was established to promote the
EPC standard. Moreover, in January 2005, a
successful trial of the RFID/EPC system on pallets
and cases was done by Wal-Mart and its top 100
suppliers. The University of Arkansas analyzes
Wal-Mart’s success and finds that after adopting
the RFID/EPC system, there is a 16% decrease in
the out-of-stock rate (Wal-Mart, 2005). Besides, the
replenishment implementing RFID/EPC is three
times faster than that using the traditional bar code.
Therefore, the integration of the RFID/EPC system
into supply chains becomes a new solution to the
reduction of bullwhip effect and the enhancement of
inventory replenishment management performance.

Kleijnen (2005) surveys four types of supply chain
simulation: spreadsheet, system dynamics (SD),
discrete-event dynamic system (DEDS), and busi-
ness games. The survey concludes that the DEDS
simulation is an important method in SCM.
Borshchev and Filippov (2004) suggest that the
system being modeled contains active objects
(people, products, stocks, business units, etc.) with
timing and event ordering suitable to add the agent-
based model to the DEDS simulation background.

Gunasekaran et al. (2004) conduct a literature
review and empirical study of selected British
companies to develop six categories for supply chain
management (SCM) performance measurement and
metrics (order planning, evaluation of supply link,
production level, evaluation of delivery link, customer
service and satisfaction, supply chain, and logistics
cost). The inventory and information processing costs
are considered as the major elements within the
category of supply chain and logistics cost. It is a
valuable reference for measuring the performance
indicators in RFID-enabled supply chains.
Lee et al. (2004) of IBM analyze experimental
data to simulate the potential benefits of RFID in
reducing stock and enhancing service standard.
However, the research only focuses on three-tier
supply chains. Thus, although it finds the potential
benefits in using RFID, it is unable to completely
simulate the complexity of global operations and
logistics that implements DDSN.

The remainder of this paper is organized as
follows: the current situation and future scope of the
thin film transistor liquid crystal display (TFT-
LCD) industry supply chain is presented in Section
2. The infrastructure of multi-agents-based supply
chain simulation enabled by RFID is depicted in
Section 3. In Section 4, the simulation conceptual
model and formulation based on the company case
are explained in details. The design of experiments
for simulation model is analyzed in Section 5.
Section 6 gives the results of simulation experi-
ments. We conclude the paper in Section 7.

2. TFT-LCD industry supply chain

Before 1995, Japan was in a leading position in
the global TFT-LCD industry. In related industries
like liquid crystal display, key components, or
equipments, Japan was next to none. However,
the competition was becoming fierce as manufac-
turers in Taiwan and Korea joined in. To reduce the
cost and expand the market to large-sized LCD TV,
the size of the next generation’s TFT-LCD is
enlarging, and the amount of investment is becom-
ing much higher.

TFT-LCD is a high-value industry in Taiwan, a
major universal TFT-LCD supplier. Integration of
supply chains is an inevitable trend, in order to
enhance total operation efficiency. The TFT-LCD
industry is sensitive to capacity planning, so the key
point to a successful supply chain operation will be
how to share information instantly, completely, and
correctly in order to lower the risk of over-
production, as well as to pursue the most profit.

Threatened by the rise of Taiwanese and Korean
key components’ industry, Japanese manufacturers
begin to maintain their operational position by
setting up a global market through technological
authorization and establishment of operational
locations abroad. Consequently, Japanese manu-
facturers gradually withdrew from the market of
large-sized TFT-LCD monitors to TFT-LCD TVs
and small-sized LCD panels. With government
support and technological cooperation with Japan
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and Korea, China hopes to attract system producers
and trigger the magnet effect to help the country
enter the TFT-LCD monitor battlefield fast.

The Photonics Industry & Technology Associa-
tion Development Association (PIDA) (2006) re-
ported that the shipments of large-sized TFT-LCD
panels in 2005 from Taiwan took 43.6% of the
market, surpassing South Korea and becoming the
largest producer of LCD panels. A forecast of the
global demand and supply of TFT-LCD panels
from 2005 to 2008 was made by PIDA, as shown in
Table 1

Demand and supply forecast of TFT-LCD panels (million sets)

Year 2005 2006 2007 2008

Note book (1) 64 74 87 98

LCD monitor (2) 108 133 158 173

LCD TV (3) 27 46 69 86

Demand ¼ (1)+(2)+(3) 198 253 304 357

Supply 190 274 346 409
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Table 1. They are categorized as note book, LCD
monitor, and LCD TV. We can find that the annual
supply units exceed the demand units from 2006.
Most of all, the demand units of LCD TVs will
grow by 100% in 2008. In the same year, the
forecasted amount of the 17-in LCD panels will be
130 million, and that of the 19-in/20-in LCD panels
will be 143 million. This implies that the 19-in/20-in
LCD panels will replace the 17-in ones as the
market mainstream.

The quarterly average quotation of 17-in LCD
panels from 2002 to 2005 has been depicted as
shown in Fig. 1, with the average market price of
LCD monitor shown in Fig. 2. Though the market
price is dropping, the long-term demand of the
global market is destined to grow.

The TFT-LCD monitor supply chain constructs
three layers. The upstream layer contains key
components like crystal, color filter, drive IC,
transparent electrode, glass substrate, polarizer,
and back light. The midstream layer consists of
components like high-voltage plate, circuit plate,
case, and LCD panel. The conceptual structure of
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TFT-LCD panel is drawn as shown in Fig. 3. In the
downstream layer, TFT-LCD manufacturers pro-
duce and sell LCD monitors to the customers
through distribution channels.

3. Multi-agents-based supply chain simulation model

The multi-agents-based supply chain model is a
combination of different agents designed for the
operational process and functional requirements of
every tier. The model is composed of the manage-
ment processes of source, make, deliver, and plan,
which are defined on the supply chain operation
reference (SCOR) model (Supply Chain Council,
2005). Based on the structure of RFID/EPC system
and current supply chain process, the conceptual
flowchart of RFID/EPC supply chain application is
shown in Fig. 4. When products are loaded into
trucks and transported to downstream warehouses,
the antenna of the RFID system will read the EPC
tag on cases, retrieve the embedded information,
and transform the data format. Through the
Internet connection, transactions of stocks can be
monitored at any time.

The structure of multi-agents embedded with the
RFID/EPC system has been designed as shown in
Fig. 5. In the figure, the structure of the supply
chain decision making is divided into three levels
from top to bottom. The top level is the supply
chain planning agent, which decides the supply
chain structure and the operational model. It also
evaluates the policy of replenishment adopted by
the supply chain. The middle level is the units
control agent, which mainly deals with information
related to demanding units. Such agents also play
the role of information communication and logical
conditions judgment. The bottom level is the
executive operation agent, which is the actual task
performer.

The agents simulate the behaviors of the supply
chain members in real world. First, the individual
executive operation agent is activated through the
information transmitted by the stock units control
agents. Then, the other agents are activated
according to the results. By repeating the procedure
under the given conditions, the operation of the
supply chain can be simulated properly. The
member structure of the supply chain consists of
seven levels. They are components suppliers, LCD
panel manufacturers, LCD monitor manufacturers,
regional distribution centers, branch warehouses,
retailers, and customers. The number of members in
each level depends on the actual number of supply
chain members and is not limited.

This research establishes a simulated function of
automatic replenishment on the supply chain
enabled with the RFID/EPC system with Any-
Logic, a system simulation tool. The RFID-enabled
pull-based supply chain (RPSC) simulation model
with multi-agents functions designed with Any-
Logic, and the non-RFID-enabled pull-based sup-
ply chain (NRPSC) simulation model also designed
with AnyLogic software, is also shown in Fig. 6.

4. The company conceptual model and formulation

The research is based on the global operations
and logistics case of a 17-in TFT-LCD monitor
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Fig. 7. Structure of global operations and logistics of the company.
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produced by the company, a well-known TFT-LCD
monitor manufacturer in Taiwan. It includes four
LCD monitor factories, three regional distribution
centers, more than 10 branch warehouses, and many
upstream component suppliers located in all con-
tinents. The structure of global operations and
logistics for the 17-in LCD monitor of the company
is shown in Fig. 7.

The model is a multi-tier supply chain model.
There are N supply chain tiers in T simulation
periods, and each tier includes several supply chain
members. The company collects the stock units and
orders information of each tier in its information
management center, in order to integrate the
information and centralize the distributions. There-
fore, the replenishment demand is set depending on
the allocated proportion. Under limitations of
capacity, stock level, distribution capability, and
storage space, it seeks the optimal level of the
throughput in each period, the distribution units,
raw materials on-hand units, and times of purchas-
ing. The prerequisites of the model are as follows:
�
 In T simulation periods, the unit costs of raw
materials and operations, product price, related
parameters, and coefficients are known and
constant.

�
 The upstream raw materials are provided

instantly and unlimitedly.

�
 The (s, S) replenishment policy is being adopted

by each tier of the supply chain.

�
 The finished goods of the upstream are the

incoming raw materials of the downstream,
whether there are manufacturing factories or
not in each tier of the supply chain.

�
 If there is no stock, backorder is permitted, and

out-of-stock units should be issued in the next
period.

�
 The simulation is based on the 17-in TFT-LCD

monitor of the company.
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�
 The reference data of customer demand units are
based on the average of annual ordering units
(forecasted units included) divided by 52 weeks,
and then the statistics distribution model of
customer demand units is analyzed with StatFit,
a probability model analyzing tool. The prob-
ability model is the basis of the customer demand
rate in the system simulation experiment. Then,
the actual number of demand units of the
company is imported to StatFit, and the result
shows that the statistics distribution model
of the company’s customer demand is close to
lognormal (minimum ¼ 55,841 units/week, m ¼
6.77923, s ¼ 0.342473). Thus, the demand gen-
eration function of the supply chain simulation is
set to lognormal.

�
 The key performance indicators (KPIs) are used

for evaluating performances and analyzing de-
viations before and after business process re-
engineering or new methods’ implementation. In
this research, we hope to lower the total
inventory cost of the supply chain operation.
As a result, the accumulated inventory cost of all
tiers and the inventory turnover rate are used as
the KPIs in the simulation model.

4.1. Notations

The following notations are used in the RPSC
and NRPSC simulation model:

N the set of members in each tier of the supply
chain

Dnt the demand units received by the orders
management agent of manufacturer n in
period t

pn the unit price of finished goods produced by
manufacturer n

Qnt the assigned production units of the pro-
duction management agent of manufac-
turer n in period t

vn the issuing operation unit cost of manufac-
turer n

Vnt the issued units by the finished goods agent
of manufacturer n in period t

fn the finished goods unit cost of manufac-
turer n

Fnt the amount of finished goods on-hand units
monitored by the finished goods agent of
manufacturer n in period t
wn the work-in-process cost per unit of man-
ufacturer n

Wnt the work-in-process units of the production
management agent of manufacturer n in
period t

on the raw materials purchasing unit cost of
manufacturer n

Snt the scheduled receipt units monitored by
the stock units control agent of manufac-
turer n in period t

Ont the raw materials purchased units issued by
the orders management agent of manufac-
turer n in period t

dn the raw materials carrying cost per unit of
manufacturer n

hn the raw materials unit cost of manufacturer
n

Int the raw materials on-hand units monitored
by the purchased units agent of manufac-
turer n in period t

un the raw materials dwelled volume per unit
of manufacturer n

Bnt the backorder units recorded by the fin-
ished goods agent of manufacturer n in
period t

bn the backorder unit cost of the finished
goods of manufacturer n

Rn the purchasing units percentage allocated
by the supply chain planning agent for
manufacturer n

Qnt max the maximum production capacity executed
by the production management agent of
manufacturer n in period t

Lnt max the maximum raw materials on-hand units
monitored by the purchased units agent of
manufacturer n in period t

Hnt max the maximum raw materials dwelled vo-
lume of manufacturer n in period t

Vnt max the maximum issuing capability executed
by the finished goods agent of manufac-
turer n in period t

Bnt max the maximum out-of-stock units assigned
by the finished goods agent of manufac-
turer n in period t

Int min the minimum raw materials on-hand units
set by the supply chain planning agent for
manufacturer n in period t

4.2. Total inventory cost

The total inventory cost of the supply chain is the
sum of the total production cost and the total
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replenishment cost for all of the tier’s members:
total inventory cost ¼ total production costfð$ finishedgoods=unitÞ � ððon�handþ shippedÞunitsÞ

þ ðon�hand raw materials unitsÞ

� ð$ðcarryingþ purchasedÞ=unitÞ

þ ð$ work�in�process=unitÞ � ðwork�in�process unitsÞg

þ total replenishment costfð$ purchasing operation=unitÞ

� ðissued units=purchasing orderÞ

þ ð$ purchasing raw materials=unitÞ

� ðraw materials purchasing unitsÞ

þ ð$ backorder cost=unitÞ � ðbackorder unitsÞg

¼
XN

n¼1

XT

t¼1

fpnðQnt þ VntÞ þ Intðdn þ hnÞ þ wnW ntÞg

þ
XN

n¼1

XT

t¼1

ðvnV nt þ onOnt þ bnBntÞ.
The total production cost is the product of the
sum of the current period on-hand units of finished
goods and shipped units by the finished goods unit
cost, which is then added to the product of the sum
of the raw materials carrying cost per unit and the
raw materials unit cost by the on-hand units of raw
materials during the current period. After that, the
previous period’s product will add to the product of
the work-in-process cost per unit by the work-in-
process units during the current period. The total
replenishment cost is the sum of the product of the
unit cost of purchasing operation by the issued units
of purchasing order, the product of the raw
materials purchasing unit cost by the raw materials
purchasing units, and the product of the current
period backorder units by the backorder unit cost.
4.3. Inventory turnover rate

The inventory turnover rate is the ratio of the sales
amount to the inventory cost. The sales amount is the
product of the unit price of finished goods by the
current period delivered units. The inventory cost is
the sum of the cost of raw materials on-hand, the cost
of work-in-process on-hand, and the cost of finished
goods on-hand during the current period:

inventory turnover rate¼ sales amountCinventory cost

¼
XN

n¼1

XT

t¼1

pnDntC
XN

n¼1

XT

t¼1

ðhnInt þ wnW nt þ f nF ntÞ.

(2)
4.4. Model constraints
ð1Þ
�
 Inventory level: The actual amount of finished
goods units is the deduction of the current
period’s finished goods on-hand units and the
backorder units. To be precise, it is the sum of
the last period’s actual finished goods units, the
current period’s raw materials purchased units,
the scheduled receipt units, the raw materials on-
hand units, the work-in-process on-hand units,
and the finished goods on-hand units, minus the
current period’s delivery units:

Fnt � Bnt ¼ Fnt�1 � Bnt�1 þQnt þ Snt þ Int þW nt

þ F nt �Dnt 8n;8t. ð3Þ

The sum of the raw materials on-hand units
and the scheduled receipt units has to be smaller
than the maximum raw materials on-hand units:

XN

n¼1

Int þ SntpLnt max 8n; 8t. (4)

The raw materials on-hand units need to be
larger than the minimum raw materials on-hand
units:

IntXInt min 8n;8t. (5)

The backorder units need to be smaller than
the maximum backorder units:

BntpBnt max 8n;8t. (6)
�
 Delivery capacity: The sales cost is the product of
the sum of the issuing operation unit cost and
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the finished goods unit cost by the issued units:

XN

n¼1

pnDnt ¼
XN

n¼1

ðvn þ f nÞV nt 8t. (7)

Meanwhile, the issued units need to be smaller
than the maximum issuing capability:

VntpV nt max 8n;8t. (8)
�
 Raw materials dwelled volume: The product of
the raw materials dwelled volume per unit by its
on-hand units has to be smaller than the
maximum dwelled volume:

XN

n¼1

unIntpHnt max 8t. (9)
�
 Production capacity: The throughput units equal
the sum of all raw materials purchased units:

XN

n¼1

RnOnt ¼ Qnt 8t. (10)
�
 The throughput units need to be smaller than the
maximum production capacity:

QntpQnt max 8n; 8t. (11)

The sum of allocated purchasing units percen-
tage should be equal to 100%:

XN

n¼1

Rn ¼ 100% 8t. (12)
�
 Decision variable non-zero constraint: All vari-
ables should not be smaller than zero:

Dnt;Qnt;Vnt;Fnt;W nt;Snt;Bnt;Ont;RnX0 8n; 8t.

(13)
4.5. Model running procedure

The major procedure for running the RPSC
simulation model is starting with customer demand
generated by the system based on lognormal
distribution. Then, the order check agent notifies
the customer order management agent after the
demand is confirmed and the finished goods agent
was asked to ship the required TFT-LCD units to
the customer. A real-time monitoring is performed
through the RFID agent simultaneously. The
finished goods stock units control agent obtains
real-time transactions information of the on-hand
finished units. If the on-hand finished units are in
short supply, the existing finished units will be
issued at once. The out-of-stock units will be
recorded as a backorder by the order management
agent and be released first after several days when
newly finished units are received.

The finished goods stock units control agent
monitors the transactions of on-hand units con-
tinuously. If the on-hand units are found to be
smaller than the re-ordering point s, the require-
ments of replenishment are sent to the raw materials
purchasing order management agent and are
recorded as scheduled receipt units. The amount
of the raw materials purchasing units is the
deduction of the amount of the value of the on-
hand goal S and the present on-hand units. When
the purchased raw materials for replenishment
arrive, the raw materials stock units control agent
of each tier will receive the information of the
gaining of on-hand units sent by the RFID agent.
Then, the total of the present on-hand units and the
scheduled receipt units will be checked to see if it
exceeds the amount of the maximum raw materials
on-hand units.

The production management agent of the man-
ufacturing plant tier receives the information of an
out of stock in the finished goods records; it will ask
the production agent to begin fabrication for several
days. The unit of work-in-process increased and the
unit of raw materials units decreased simulta-
neously. The transactions of the raw materials
on-hand units in the manufacturing plant are
monitored by the RFID agent. The purchasing
units agent is responsible for the release and
carrying operation of the raw materials in stock.

In the NRPSC model, the RFID agents in the
procedure above will be replaced with certain
delayed time consumed by manual operations. The
detailed RPSC simulation flow chart is depicted in
Fig. 8.

4.6. Model verification and validation

The effectiveness of the supply chain automatic
replenishment simulation model must be proved
through the model effectiveness test. The test can be
divided into three parts. In the first and second
parts, the model will be tested of its ability to
respond normally to changes in testing conditions.
Therefore, the numerical data for the test are not
limited to those of real-world cases, which will be
used in the third part for experimental reference.



ARTICLE IN PRESS

F
ig
.
8
.
D
et
a
il
ed

fl
o
w

ch
a
rt

fo
r
si
m
u
la
ti
o
n
ru
n
n
in
g
p
ro
ce
d
u
re

o
f
R
P
S
C
.

S.-J. Wang et al. / Int. J. Production Economics 112 (2008) 570–586 581



ARTICLE IN PRESS
S.-J. Wang et al. / Int. J. Production Economics 112 (2008) 570–586582
�

Ta

Sev

Va

Re

Pu

Pu
Stability test: This test focuses on the impact of
external variables on internal system variables in
the simulation process. Through externally emer-
ging factors, the response of the system will be
checked to see if it is proper. And, if the system
status turns stable after external factors are
eradicated, then the degree of effect of the system
is acceptable. At the beginning of the experiment,
the fixed demand rate is adopted, and the
simulation result shows that the system status
can effectively turn equilibrated in the end. To
prove the stability of the system for a second
time, the production function will be activated in
week 5, and this time without any external
factors.

�
 Time phase relationship test: This test will check if

there are cycle oscillation and interior degree of
effect in the system model. First, the amount of
demand per week is set to 2660, with that of the
replenishment units every 6 weeks set to 15,000.
The first replenishment signal will appear in week
5. The demand model of such cycles successfully
proved the response pattern of the system to the
oscillation of cyclic demand.

�

Table 3

Partial design matrix for the company supply chain simulation

experiments

No. Design matrix variables—purchasing level Treatment

group

LCD

panel

factory

LCD

monitor

factory

Regional

DC

Branch

warehouse

Retailer

A B C D E

1 � � � � � (1)

2 + � � � � a

3 � + � � � b

4 + + � � � ab

5 � � + � � c

6 + � + � � ac

9 � � � + � d

17 � � � � + e
Integration test: This part will test the pattern of
oscillation and the cycle time of the model. At the
beginning, the number of the actual demand
units of the company’s 17-in LCD monitor will
be imported to the system, and the output of the
simulation will be compared with the number of
the actual demand units in order to check if it
differs from actual data pattern and to prove the
degree of effect of the simulation forecasting. The
integrated experiment sets the average produc-
tion from weeks 1 to 3 as the number of initial
demand units. The t-value two-tailed test of the
mean of population of the 52-week simulation is
0.015871241, which is less than the critical value
of the 0.025 level of significance, 2.007583728.
The p-value is 0.987399041. Therefore, this fact
shows that there is no significant difference
between the actual and simulated demand units.
ble 2

enteen-inch monitor inventory replenishment level (sets/week) for s

riable LCD panel factory LCD monitor

-ordering point (s) 50,000 49,000

rchasing level (S) high 84,000 76,000

rchasing level (S) low 83,000 72,000
5. Model design and analysis of experiment

In order to seek the best KPI output values (total
inventory cost and inventory turnover rate) for the
RPSC and NRPSC models of this research, five
model entities (variables) are chosen. They are LCD
panel factory, LCD monitor factory, regional
distribution center (DC), branch warehouse, and
retailer. The replenishment decision variables
needed to do the simulation experiment factorial
design and to perform the experiment task are the
levels of the re-ordering point s and the purchase
goal S, as shown in Table 2. Each tier of the supply
chain adopts a combination of high and low values
for its purchase goal, and the re-ordering point of
each tier is a fixed value.

The design of this simulation experiment has 32
combinations of experiment factors, as shown in
Table 3. Each factor will do a 52-week simulation
experiment individually on the RPSC and NRPSC
models. There will be 1920 runs of simulation and
30 replications for each run of the experiment, and
the average output value will be used in the end. The
KPI counting unit of the total inventory cost is US
imulation experiments

factory Regional DC Branch warehouse Retailer

48,000 40,000 31,000

68,000 63,000 58,000

65,000 59,000 55,000
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dollars, and that of the inventory turnover rate is
times.

To compare the operational models of the
RPSC and NRPSC, the KPI values of the results
of the simulation experiment will be permutated
from the largest to the smallest, and the best
combination of supply chain purchase goal
setting will become a reference for the supply
chain planning management. We use P to represent
the NRPSC model and R to represent the RPSC
model.

The result, as shown in Table 4, shows that P1,
which performs best in the NPRSC model, ranks
only fourth. On the other hand, the PRSC, which
has the same result as P1, is among the top eight.
Therefore, the performance of the PRSC is better
than that of the NPRSC.

The variations of means of the inventory turnover
rate for experiments R1, R3, and P1 are shown in
Fig. 9. The Bonferroni approach with paired-t
confidence intervals is used to evaluate our hypoth-
eses for the three alternative designs for the RPSC
and NRPSC models. We wish to evaluate the
Table 4

Mixed ranking of NRPSC and RPSC simulation experiments

Rank Ascending by total inventory cost

No. Total inventory

cost/week

Inventory

turnover ra

1 R1 21,091,613 1.4625

2 R3 21,795,432 1.3689

3 R2 21,908,863 1.3460

4 P1 21,912,988 1.3513

5 R9 22,159,067 1.3268

6 R5 22,165,507 1.3304

7 R4 22,185,655 1.3178

8 R17 22,244,727 1.3032

1.0000

1.2000

1.4000

1.6000

1.8000

1 3 5 7 9 11 13 15

# of simulati

In
ve

nt
or

y 
ra

te

Fig. 9. Comparing inventory turnover ra
hypotheses by letting a1 ¼ a2 ¼ a3 ¼ a/3 ¼ 0.06/
3 ¼ 0.02 significance level with sample size n1 ¼

n2 ¼ n3 ¼ 30.

H0 : mR1 ¼ mR3 ¼ mP1 or mR1 � mR3

¼ mR1 � mP1 ¼ mR3 � mP1 ¼ 0,

H1 : mR1amR3 or mR1amP1 or mR3amP1

_ x̄ðR1�R3Þ ¼ 0:0935 x̄ðR1�P1Þ ¼ 0:1111

x̄ðR3�P1Þ ¼ 0:0176

_ sðR1�R3Þ ¼ 0:0337 sðR1�P1Þ ¼ 0:0968

sðR3�P1Þ ¼ 0:0969,

P½x̄ðR1�R3Þ � hwpmðR1�R3Þpx̄ðR1�R3Þ þ hw�

¼ 1� a1 ¼ 1� 0:02 ¼ 0:98,

hw ¼
ðtn�1;a=2ÞsðR1�R3Þffiffiffi

n
p ¼

ðt29;0:01Þ0:0337ffiffiffiffiffi
30
p

¼
ð2:462Þ0:0337ffiffiffiffiffi

30
p ¼ 0:0151.
Descending by inventory turnover rate

te

No. Total inventory

cost/week

Inventory

turnover rate

R1 21,091,613 1.4625

R3 21,795,432 1.3689

R6 22,392,355 1.3517

P1 21,912,988 1.3513

R2 21,908,863 1.3460

R5 22,165,507 1.3304

R9 22,159,067 1.3268

R4 22,185,655 1.3178

17 19 21 23 25 27 29

on runs

R1

R3

P1

te by experiments R1, R3, and P1.
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The approximate 98% confidence interval is

0:0935&0:0151pmðR1�R3Þp0:0935þ 0:0151

0:0784pmðR1�R3Þp0:1086:

Additionally, we have 0.0676pm(R1�P1)p0.1546
and �0.026pm(R3�P1)p0.0612.

From the result of the Bonferroni experiment, we
can see that there are significant differences between
experiments R1 and R3, for 0 is not included in the
98% confidence interval of m(R1�R3). Also, there are
differences between R1 and P1, for 0 is not included
in the 98% confidence interval of m(R1�P1). How-
ever, there are no significant differences between R3
and P1, for 0 may be included in the 98%
confidence interval of m(R3�P1). These facts prove
that the performance of the RPSC is better than
that of the NPRSC. With the same conditions as the
pull-based supply chain, the RFID-enabled supply
chain will have lower total inventory cost and higher
inventory turnover rate.
6. Analysis of KPI outputs

6.1. RFID system cost

In the RPSC simulation model, one RFID system
is composed of two antennas and one reader. The
cost of an antenna is $290. The cost of a reader is
$995. The total cost of one RFID system is $1575.
The simulation running length is set to be 1 year.
We assume that the RFID system has a 5-year
useful life. Based on the accelerated depreciation
method, the salvage value of one RFID system at
the end of the fifth year will be $1575/10 ¼ $157.5.
The depreciation expense of one RFID system at
the end of the first year equals ($1575�$157.5)�
[(5�1+1)/(1+2+3+4+5)] ¼ $472.5. The annual
maintenance cost of one RFID system is multiplied
by 12% of the cost of one RFID system
$1575� 12% ¼ $189. The annual operating cost
of one RFID system is forecasted to be $1575�
15% ¼ $236.25. The total cost of one RFID system
at the end of first year equals $472.5+$189+
$236.25 ¼ $897.75.

The four-tier members (five TFT-LCD monitor
factories, three regional distribution centers, eight
regional branch warehouses, and eight retailers) in
the TFT-LCD supply chain simulation model, two
RFID systems are virtually installed at the entrance
of purchased units receiving area and the platform
of finished units shipping area separately. For the
five TFT-LCD panel factories, only one RFID
system is virtually installed at the platform of
finished units shipping area.

Moreover, the cost of one piece of RFID tag is
$1. Based on the simulation results, the five TFT-
LCD panel factories have produced 3,626,381 units,
so the cost of RFID tags is $3,626,381. On the other
hand, the five TFT-LCD monitor factories have
produced 3,544,387 units, so the cost of RFID tags
is $3,544,387.

Therefore, the cost of RFID systems 1 year later
at the five-tier member of the TFT-LCD supply
chain is calculated as follows:

Five TFT�LCD panel factories :

$897:75� 1� 5A$4489þ $3; 626; 381

¼ $3; 630; 870.

Five TFT�LCD monitor factories :

$897:75� 2� 5A$8978þ $3; 544; 387

¼ $3; 553; 365.

Three regional distribution centers :

$897:75� 2� 3A5387.

Eight regional branch warehouses :

$897:75� 2� 8A$14; 364.

Eight retailers : $897:75� 2� 8A$14; 364.

6.2. Experiment results

The experiment result shows that the KPI of the
combination of experimental variables in R1 of
RPSC is the highest, as shown in Table 5.

The comparison of the KPIs of R1 in RPSC to P1
in NPRSC based on s 75% and the improvement
on the inventory cost included in the RFID system
cost of each tier are shown in Table 6. The average
total inventory cost of RPSC based on s+5%, s,
and s�5% saves $85,302,240, $41,263,821, and
$28,039,456, respectively, representing reductions
of 6.59%, 3.38%, and 2.74%, respectively. Among
the inventory costs based on s of all tiers, the
regional DCs save $82,734,491 every year, which
means it has a 6.42% decrease and the best
performance.

At the same time, we compare the inventory
turnover rates of the RPSC and NPRSC models
based on s+5%, s, and s�5%, as shown in Table 7,
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and we find that the RPSC has an increase of
6.89%, 7.6%, and 10.78%, respectively. Among the
inventory turnover rates of all tiers, the branch
warehouse has a 14.04% increase in its inventory
turnover rate, which means it has the best perfor-
mance.
Table 5

Optimal value (sets/week) of (s) and (S) for experiment R1

Variable LCD panel

factory

LCD

monitor

factory

Regional

DC

Branch

warehouse

Retailer

(s) 50,000 49,000 48,000 40,000 31,000

(S) 83,000 72,000 65,000 59,000 55,000

Table 6

Comparing the inventory cost (US/year) by five experimental variables

Variable LCD panel factory LCD monitor factory Re

NRPSC

s+(1) 830,014,115 1,237,197,343 1,3

s (2) 802,791,046 1,107,808,442 1,2

s�(3) 790,546,643 1,031,241,511 1,0

RPSC

s+(4) 810,324,438 1,102,462,074 1,3

s (5) 788,698,451 996,585,993 1,2

s�(6) 779,625,464 983,713,917 1,0

RFID COST (7) 3,630,870 3,553,365 8,5

(8) ¼ (1)�(4)�(7) 16,058,807 131,181,904 96

(9) ¼ (2)�(5)�(7) 10,461,725 30,893,056 82

(10) ¼ (3)�(6)�(7) 7,290,309 43,974,229 16

(8)/(1) (%) 1.93 10.60 6.9

(9)/(2) (%) 1.30 2.79 6.4

(10)/(3) (%) 0.92 4.26 1.5

Table 7

Comparing the inventory turnover rate (%) by five experimental varia

Variable LCD panel factory LCD monitor factory

NRPSC

s+(1) 1.3885 1.4639

s (2) 1.3430 1.3108

s�(3) 1.3225 1.2202

RPSC

s+(4) 1.4463 1.5644

s (5) 1.4077 1.4142

s�(6) 1.3915 1.3959

[(4)�(1)]/(1) (%) 3.99 6.43

[(5)�(2)]/(2) (%) 4.60 7.31

[(6)�(3)]/(3) (%) 4.96 12.59
We find that the degree of improvement in the
retailer tier is the lowest. This is because the retailer
tier is at the downstream position of the supply
chain, where the impact of the bullwhip effect is not
apparent and the room for improvement is rela-
tively small. In contrast, the LCD panel and LCD
monitor manufacturers are at the midstream and
upstream positions, so there should be more room
for improvement according to the bullwhip effect
theory. However, the result shows that the degree of
improvement of the two tiers in total inventory cost
or inventory turnover rate is lower than that of the
regional distribution center. For example, there is a
2.79% decrease in the total inventory cost of the
LCD monitor manufacturer. This is because the
LCD panel and LCD monitor manufacturers are
based on 75% s

gional DC Branch warehouse Retailer Average

97,358,879 1,407,588,615 1,300,861,097 1,234,604,010

87,838,537 1,285,672,667 1,213,266,180 1,139,475,374

78,517,946 1,046,107,579 1,007,819,005 990,846,537

00,422,042 1,311,818,657 1,214,243,244 1,147,854,091

05,095,494 1,204,391,607 1,142,114,112 1,067,377,131

61,613,337 986,106,975 995,737,315 961,359,402

52 22,804 22,804 None

,928,285 95,747,154 86,595,049 85,302,240

,734,491 81,258,256 971,577 41,263,821

,896,057 59,977,800 12,058,886 28,039,456

4 6.80 6.66 6.59

2 6.32 0.08 3.38

7 5.73 1.20 2.74

bles based on 75% s

Regional DC Branch warehouse Retailer Average

1.1896 1.3672 1.8855 1.4643

1.0964 1.2488 1.7573 1.3513

0.9182 1.0161 1.4608 1.1752

1.3639 1.5824 1.8857 1.5728

1.2639 1.4528 1.7737 1.4625

1.1134 1.1895 1.5464 1.3172

12.78 13.60 0.01 6.89

13.25 14.04 0.92 7.60

17.53 14.58 1.54 10.78
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tiers that have production plants. If there are
production plants, there will inevitably be work-in-
process on-hand units, and they limit the degree of
improvement on the KPI. Therefore, the agent-
based simulation system established in this research
is relatively close to the real-world supply chain
operation compared with other systems established
according to the bullwhip effect theory.

7. Conclusion

This research is based on the case of a real-world
company and the pull-based DDSN environment,
establishing a RFID-enabled and a non-RFID-
enabled TFT-LCD supply chain embedded with
automatic replenishment simulation systems to
analyze and compare the degree of improvement
in the KPIs of total inventory cost and inventory
turnover rate. The simulation system proves its
effectiveness through stability test, time phase
relationship test, and integration test. After nearly
2500 runs of experiment, we find that there is more
decrease in total inventory cost and more increase in
inventory turnover rate of the RPSC than the
NRPSC. It also finds that due to the existence of
work-in-process on-hand units, the degree of
improvement in the bullwhip effect on tiers with
production plants is limited. As a result, we should
focus on improving the manufacturing process and
the materials process in factories so that a total
improvement in the supply chain can be expected.
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