WSEAS TRANSACTIONS on

INFORMATION SCIENCE and APPLICATIONS Chien-Yuan Su, Jinsheng Roan

Investigating the Impacts of RFID Application on Supply Chain
Dynamics with Chaos Theory

CHIEN-YUAN SU
Department of Information Management, National Chung Cheng University
168 University Road, Min-Hsiung, Chia-Yi, 62102
TAIWAN
jienyien@gmail.com

JINSHENG ROAN
Department of Information Management, National Chung Cheng University
168 University Road, Min-Hsiung, Chia-Yi, 62102
TAIWAN
bmajsr@ccu.edu.tw

Abstract: - Radio Frequency Identification is regarded as the most cutting edge technology for the optimization
of supply chain processes in recent years. Researchers of supply chain management have often suggested that
the measurement of RFID benefits is very important. This research investigated how the different levels of a
multi-level supply chain dynamically behave under the impacts of RFID application and offer insights into how
to manage relevant supply chain factors to eliminate supply chain uncertainty. The study involved the
simulation model to characterize the supply chain with the conventional beer distribution model and some
modifications. We observed the supply chain dynamics under the influence of various factors: demand pattern,
demand information sharing, lead time, and the degree of RFID application through the Lyapunov exponent
calculating. Results of this study showed that the adjustment parameters for both inventory and supply line
discrepancies, RFID application, and lead time are critical factors to influence the supply chain dynamics. To
conclude, this research may be of importance in explaining the effects of RFID application and dynamic
relationship between supply chain factors and the effective inventory, as well as in providing supply chain
managers with an effective supply chain management and strategy of the investment of RFID technology.
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1 Introduction

Recently globalization and work specialization,
enterprises interactions are becoming more
prevalent and intricate. As a result, enterprises are
devoted to enhance efficacy of supply chain through
seeking effective methods to integrate distributed
resources. However, a supply chain is a complex
system which involves a connected series of
multiple entities (e.g., suppliers, original equipment
manufacturer,  distributors, transporters, etc.)
encircling activities of goods shipping and value
adding from the procurement of the raw material
through manufacturing to distribution of end-
products to customers, and this exist several types of
uncertainties (e.g., demand uncertainty, production
uncertainty, and delivery uncertainty, etc.) in this
chain [15]. In order to diminish uncertainties and
promote efficacy in a complex supply chain system,
managers are seeking evidence that these efforts
produce better supply chain performance. Therefore,
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recent years have seen increased attention being
given to supply chains management (SCM), analysis,
and control in the practice and academia [2].

With the increasing usage of information
technology (IT) in business, IT has become a critical
and integral constituent in SCM. Due to operating
cost reduction, efficiency, effective fulfillment of
market demand and competitive advantage
promotion, business-to-business transactions are
increasing on the IT, it is becoming critical for
enterprises to rely on e-supply chains in order to
response real-time market conditions [5,13].
Recently, the Radio Frequency lIdentification (RFID)
technology is receiving great attention in the e-
supply chains field. RFID is an automatic
identification technology which is composed of
three components: tags, reader and RFID
information system (middleware). The tag is formed
by a chip connected with an antenna. The reader
emits radio signals and receives return message
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from tags. And finally, RFID information system
establishes a bridge between reader and enterprise
application systems (e.g., ERP). RFID provide a
real-time communication with considerable objects
simultaneously and without direct contact, so it can
meliorate the goods traceability, promote supply
chain visibility, increase efficiency and accuracy of
operation, and reduce reserves and delivery cost
[10]. As far as these advantages are concerned,
RFID for materiel and products identification and
information management is practicing an increasing
diffusion in supply chain nowadays [12]. Therefore,
the contribution of RFID to supply chains is not
only in improving the efficiency of supply chain
operations but also in asset tracking and inventory
control.

RFID have paid significant attention from supply
chain industries and academics in recent years.
Nevertheless, the literature on RFID in supply
chains is limited, most of the existing researches
were revealed in the recent years. Current researches
of RFID in supply chains mainly concentrates on
logistics, inventory management, environment
sensors, manufacturing, object tracking, etc. [4]. In
these academic papers, researches mainly adopt
simulations [1,3,8,9,20], analytical models [6,18,24],
experiments [21] and case studies [19] to investigate
the impact and potential benefit of RFID on SCM.

In these simulation researches, Lee et al.(2004)
[8] explored the potential benefits of RFID in
inventory reduction and service-level improvement
by a quantitative analysis. They demonstrated that
RFID can diminish the inventory level by 23% and
completely  exterminate  backorders at the
distribution center. However, this study considers
that RFID provide 100% accuracy. Basinger(2006)
[1] established a simulation model of a single item
and three-level supply chain to discuss the impact of
inventory inaccuracy on supply chain performance.
The results indicated that RFID can improve the
accuracy of supply chain inventory. Nevertheless,
Single-setting for the expected demand conditions is
the limitations of this research. Leung et al.(2007) [9]
built a simulation model to explore the impact of
RFID on shrinkage errors in supply chain. The
results showed that RFID can decrease inventory
levels. The originality of this research is that they
elaborate the cost of RFID investment and its
benefits about inventory shrinkage. However, the
main limitation in this study is that they assume
RFID as a perfect technology to completely
exterminate the inaccuracy. Ustundag and
Tanyas(2009) [20] developed a simulation research
to explore the benefits of RFID system integration
on a three-level supply chain and highlighted on the
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demand uncertainty and lead time as the cost factors
to demonstrate that RFID systems can improve the
efficiency, accuracy, visibility, and security. This
result presented that the increase of demand
uncertainty reduces the cost saving and the retailer
gain the highest cost savings from RFID integration.
Besides, the increase of lead time decreases the cost
saving of the retailer. Finally, the increase of the
product value and the decrease of demand
uncertainty magnify almost equally the cost savings
for the distributor and manufacturer. The limitation
of this research is that the assumption is set that
RFID can quite obliterate thefts, misplacements and
shipment errors.

The  above-mentioned  these  simulation
researches consider that RFID can perfectly dispose
of all inaccuracy and inefficiency problems in
supply chains. However, read rate of current RFID
and RFID system integration are not
unexceptionable in the real applications. Concerning
read rate of RFID, due to message transmission of
RFID rely on radio waves, radio waves is interfered
easily by metal, liquid, and other electromagnetic
wave around working space. The RFID reader is
unable to receive return message from tags when
radio waves is interfered. At this time, reading
performances of RFID is disturbed and it leads to
bad effect on the efficiency of supply chain
operations.  Additionally, the RFID system
integration and the degree of fit for business process
and management are crucial for RFID application.

In this respect, this paper intends to investigate
how various factors contribute to the complex
dynamics and chaotic behaviors of supply chain.
This research is interested in a multi-level supply
chains that can be represented by the famous beer
distribution model [7]. Various factors are
considered, such as demand pattern, lead time,
degree of RFID application, and demand-
information sharing with different weight factors
determined through regressive expectation for stock
and supply line and different levels. The simulation
model is developed to observe dynamics,
particularly the inventory across all supply chain
levels and the inventory cost on whole supply chain.
The above-mentioned dynamics and complex
behaviors in a supply chain, this paper intends to
adopt the Lyapunov Exponent that is the celebrated
chaos theory and system dynamics approach to
guantify the degree of chaos in terms of inventory
for all supply chain levels.

The objective of this paper understands how the
different levels of a multi-level supply chain behave
under the impacts of degree of RFID application.
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The remainder of this paper is organized as
follows. We present a general overview of our
simulation model and the Lyapunov Exponent in
Section 2. In Section 3, we describe the major
influence factors such as demand pattern, lead time,
degree of RFID application, and demand
information sharing. The design of experiments for
simulation model is analyzed in Section 4. Section 5
gives the results of simulation experiments. In the
last section, we conclude the paper.

2 The Simulation Model

In this section, we present the famous simulation
model of the supply chain which is named as the
beer distribution model, and explain the dynamics in
the supply chain for beer distribution model to assist
us in model building. Lastly, we describe the
quantitative approach in the chaos theory and
system dynamics.

2.1 The beer distribution model

The beer distribution model is a practical
simplification and simulation of the supply chain for
beer manufacture. It is initiated by MIT Sloan
School of Management in early 1960s [7]. This
model represents a multi-level supply chain and it
includes four levels: Retailer (R), Wholesaler (W),
Distributor (D), and Factory (F), as shown in Fig.1.

Retailer

A Ar
h 4

Wholesaler

A
v Products

Distributor
A

Customers <«—»

Orders

v \ 4
Suppliers <«—»| Factory

Fig.1. The beer distribution model

In this model, customers submit their demand to
the retailer and orders propagate from retailer to the
factory in turn. The retailer fulfils customers’
demand from his inventory and estimates
customers’ demand in the future to place an order to
the wholesaler. The wholesaler provides it out of
current inventory and determines how many units to
order with the distributor. The distributor places an
order with the factory and the production decision of
the factory is based on the distributor’s order and
other related information. On the other hand,
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products flow from the factory to the retailer. The
factory ships products to the distributor. In the
distributor, if its inventory is sufficient, it receives
the products and ships them to the wholesaler. Next
the wholesaler acquires the products and distributes
them to the retailer. Lastly, customers shop the
products from the retailer.

There are important points to deserve to be
mentioned that inventory is held at each supply
chain level, no sharing of the demand information in
the system and each sector does not know the state
of other sectors, and time delays exist in the
transmission of orders, the manufacture and
shipment of products. In respect of time delays, the
default values of orders and shipment transmission
time and production time are one time period and
three time periods. Moreover, the customers’
demand is generated with step function. The
demand pattern is shown that four units per time
period in the first four time periods and is increased
to eight units per time period from the fifth period
till the end of the simulation. Finally, this model is
regulated according to the following rules: (1)
shipments made cannot be returned and placed
orders cannot be cancelled; (2) orders must be filled
if inventory is sufficient; and (3) unfilled orders are
held in backlog and shall be filled when the
inventory is sufficient.

The number of units to be ordered in each period
is main decision variable for all supply chain levels.
This order decision is based on information (e.g.,
expected orders, the desired and actual inventory
levels, incoming shipments, and backlog) to make.
Additionally, each supply chain level managers
must control the inventory to minimize holding
costs and avoid out of stock situations. Therefore,
the objective is to minimize supply chain costs for
each all supply chain levels in this model. This
supply chain cost is composed by the inventory
holding cost and the stock-out cost.

This paper built this beer distribution model and
intermingled with extra supply chain factors.

2.2 A system dynamics model for the beer
distribution

The order decision making is a crucial action for
managers each supply chain levels in the beer
distribution model. The ordering heuristic plays the
critical role of an anchoring and adjustment
heuristic for stock management which applies a
feedback mechanism in the order decision making
[17]. Next, the following notations and equations
are introduced to facilitate the model description:
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o} the order quantity at time t,
10 the indicated order rate at time t,
L, the actual demand at time t,

AS,  the dissimilarity between desired and actual
stock at time t,
ASL, the dissimilarity between desired and actual

supply line at time t,
L the expected demand at time t,

the actual stock level at time t,
the desired stock level,
the actual supply line at time t,
the desired supply line,

@ the weight factor determines how fast
expectations are updated for expected
losses from the stock, 0< @ <1,

A the weight factor at which the discrepancy
between actual and desired stock levels is
eliminated, 0 < A<1,

B the weight factor at which the discrepancy
between actual and desired supply line is
eliminated, 0<B <1,
usually B<A.

The general decision rule of the order quantity at
time t for each supply chain level is defined as [17]:
O, =Max(0,10,) 1

=Max(0, L, + AS, + ASL,) @)

There is the assumption that the decision makers
have adaptive expectations, the expected demand at
time t can be defined as [17]:

=ol ,+(1-0)L 2

The dissimilarity between desired and actual
stock at time t for each supply chain level is
defined as [17]:

AS, =A(S"-S)) 3)

Likewise, the dissimilarity between desired and
actual supply line® at time t for each supply chain
level is defined as [17]:

ASL, =B(SL -SL,) 4)

This paper adopted the changes of the two
weight factors, A and B, the heuristic can express
many variety of ordering decisions, and we can

observe and analyze the dynamic behavior in the
supply chain for each ordering decisions.

2.3 The Lyapunov Exponent

A supply chain is a complex system which involves
multiple entities, various types of uncertainties,
feedback processes triggering interaction between
entities, and time delay therefore supply chain may
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result in a dynamic system that teem with instable,
variable, and non-linear behaviors. Chaos is
irregularity looking long-term evolution existing in
a deterministic nonlinear system; hence chaos
theory is concerned with chaotic behavior in
nonlinear dynamical system with the principles,
mathematical operations, and methodology to
identify chaos [22]. In the chaos analysis, there are
graphical and quantitative methods to identify chaos
or characterize whether a system is stable or chaotic.
The advantage of graphical methods is visually
efficient in trends and patterns exposition; however,
graphical methods are limited in their precision.
According to this limit of graphical methods,
guantitative methods provide a more accurate
alternative. Widely adopted quantitative methods
include the Lyapunov exponent, fractal dimension,
capacity dimension, correlation dimension and
entropy [16]. Especially, Lyapunov exponent is a
proven and universal measure for determining
nonlinear behavior [23].

The Lyapunov exponent analysis measures the
rate at which neighboring trajectories in phase space
disperse and the sensitivity to initial conditions.
There is an assumption that a successive dynamical
system exists in an infinitesimal n-dimensional
phase space. These initial conditions in this n-
dimensional phase space will become an n-ellipsoid
in the long term, as shown in Fig.2. Consider two

near points at step n, X, and Xn+AXn. After a
long term, these points will have diverged at the

next time step, that is * +AX,,
Therefore, the LE is an average rate of dlvergence
or convergence The LE formula is presented as:

Zlnlemll
|AX, |

e
7

Fig.2. The diagram of the Lyapunov Exponent

n+1 and X n+1

()

Naoo N

If the average Lyapunov exponent or the largest
Lyapunov exponent is positive, these near points
become diverge. It implies that the system is chaotic
and unstable. On the other side, the average
Lyapunov exponent or the largest Lyapunov

(1) A supply line is a proper noun on the domain about supply chain management or business administration. This term
indicates that the supportable quantity of material or merchandise to support the next supply chain level.
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exponent is less than zero then the system pulls to a
fixed point or stable periodic orbit. This paper
adopted the widely used algorithm [17] to calculate
the largest Lyapunov exponent.

3 Supply Chain Factors

In this section, we present four major supply chain
factors that include demand pattern, lead time,
demand information sharing, and degree of RFID
application. These factors have impact on the supply
chain dynamics and are considered in the simulation
model.

3.1 Demand pattern
The demand pattern is a crucial factor that drives the
order information flow in the supply chain model. It
presents market state that come from the customers’
order to the retailer. There are varied types of
demand patterns, mainly include the step demand
function and broad pulse function. The step demand
function generally occurs in price reductions or
sales promotions. When the price is reduced or sales
are promoted in an extensive period of time, the
demand may leap to a higher level for an extensive
term. On the contrary, when the demand incentive is
temporary, the demand may increase only for a
short period of time. After the promotion ends, the
demand may come back to the normal level. This
demand pattern of above situation is like a broad
pulse function.

In the step demand function, the demand remains
at an original level and thereafter is augmented to a
shifted level. On the other hand, the demand of
broad pulse function stays at an original level for
some time, then is leapt to a shifted level for a short
term, and eventually returns to an original level.
Two kinds of demand patterns are shown in Fig.3.

Demand .

A Step demand function

Demand ) Time
A Broad pulse function

) ] Time'
Fig.3. The diagram of two demand patterns

In this paper, we still adopted setting values of
traditional beer distribution model that are four units

ISSN: 1790-0832

Chien-Yuan Su, Jinsheng Roan

in the original demand level, eight units in the
shifted level, and the original demand level in the
first four periods for both demand patterns.
Furthermore, the demand is augmented to eight
units from the fifth period till the end of the
simulation for the step demand function. However,
the broad pulse function in this research, the first
shifted level begin from the fifth period and stays at
eight per period for 495 periods and returns to four
units per period for 500 periods, the second shifted
level begin from the one thousandth period and
stays at eight per period for 500 periods and returns
to four units per period for 500 periods, as shown in
Fig.4.

Demand

] —

»
»

5 500 1000 1500 2000 Time

Fig.4. The diagram of the broad pulse function
in this research

3.2 Lead time

The lead time between two seriate levels includes
the shipment delay and orders transmission delay.
This study considered two lead time options, namely,
short lead time and long lead time. This short lead
time is used in the traditional beer distribution
model. The two lead time options differ in the
length of shipment delay. The short lead time has
one time period, and the long lead time has two time
periods.

3.3 Demand information sharing

The original beer distribution model does not
consider the customers’ demand information sharing.
With the increasing usage of IT in supply chain,
sharing information becomes fewer costly and easier.
In this paper, we considered two situations that
include “with demand information sharing” and
“without demand information sharing” in the model.
For the “with demand information sharing”, the
retailer must share demand information to the other
supply chain levels. When the other supply chain
levels make order decision, the decision making will
be based on the customers’ demand information.
Contrastingly in the “without demand information
sharing”, the retailer prohibits the demand
information to be shared to the other supply chain
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levels. Hence, the other supply chain levels can not
obtain the customers’ demand information and
consider this information in their order decision
making.

3.4 Degree of RFID application
The degree of RFID applications in supply chains is
influenced by the read rate and the RFID system
integration that is the degree of fit for business
process and management. The read rate mainly
influences the degree of flowing business in all
supply chain levels. In the beer distribution model,
the degree of flowing business principally reflects
the length of lead time. As for the RFID system
integration, it mainly influences the degree of
accuracy on business process in all supply chain
levels especially for storehouse or inventory. These
research [14,20] surveyed literatures that are about
the inventory management to conclude causes of the
inventory inaccuracy. These causes of the
inaccuracy include theft, misplacement, and
incomplete shipment. The setting values of error
rates in this research [20] are shown in Table 1.
Most researches about exploring the RFID
benefit on the supply chain were only comparing
“with RFID” with “without RFID”. In addition,
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“with RFID” is dropped on the assumption of the
perfect RFID. In this paper, we considered six
situations that include “without RFID”, “with
perfect RFID”, “with better read rate and better
RFID system integration”, “with better read rate and
worse RFID system integration”, “with worse read
rate and better RFID system integration”, and “with
worse read rate and worse RFID system integration”.
Table 2 presents parameters of six situations for the
read rate and error rates on theft, misplacement, and
incomplete shipment.

4 Simulation Design and Analysis

In order to facilitate easy illustration to various
supply chain factors and scenarios, Table 3
summarizes the factors and scenario coding. There
are the two demand patterns, the two lead time
options, the two kinds of demand information
sharing, the six situations of RFID application and
four supply chain levels, thus there are 192
scenarios. This paper adopts the same initial
conditions as the original beer distribution model.
The initial values, the ranges of parameters, and
simulation equations are presented in the appendix.

Table 1
Error rates of without-RFID and with-RFID integrated systems [20]
RFID utilizatioriE o e Theft(%) Misplacement(%6) 5:1?;%?2:?‘52))
With RFID 0 0 0
Without RFID 0.5 2 0.3
Table 2
Parameters of six situations for the read rate and error rates
S|tuag?:r}?30f L0 Read rate(%o) Theft(%) Misplacement(%o) stlw?;%n;r?':(ei )
Without RFID 0 0.5 2 0.3
With perfect RFID 100 0 0 0
With better read rate
and better RFID 80 0.05 0.5 0.03
system integration
With better read rate
and worse RFID 80 0.2 1 0.1
system integration
With worse read rate
and better RFID 30 0.05 0.5 0.03
system integration
With worse read rate
and worse RFID 30 0.2 1 0.1
system integration
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The simulation model in this research was built
with the well-known system dynamics simulation
software, Vensim. In the simulation, the two

decision weight factors, A and B, are studied on
many variety of ordering decisions to observe and
analyze the supply chain dynamic behavior. For
each decision weight factor, 11 dissimilar values
with an increment of 0.1 from 0 to 1 are adopted.
There are 65 ordering decisions in total for each
scenario since B<A. The length of time for each
simulation scenario is 2000 time periods.

This paper focused on the system dynamics
behavior presented in the effective inventory at
different levels. The effective inventory is defined
as the inventory level after fulfilling the backlog. In
each scenario, we assembled the effective inventory
data for each decision weight factors set and
calculated the largest Lyapunov exponent from the
2000 time periods of effective inventory data,
therefore we can obtain 65 largest Lyapunov
exponents. Strictly speaking, we must analyze the
largest Lyapunov exponents calculated from the
effective inventories for 65 decision weight factors
sets in 192 scenarios. Nevertheless, if we analyze
the largest Lyapunov exponents for all decision
weight factors sets in each scenario, the analysis
becomes multifarious to lead the analytic result is
presented arduously. In order to efficient analysis in
this research, we should cluster the decision weight
factors sets into different areas. These criteria of
clustering are based on: (1) the number of areas
should be reasonably manageable; (2), the system
behaviors or the largest Lyapunov exponents of sets
are similar in the same group.

According to the above criteria, this paper
adopted K-means methods to cluster the decision
weight factors sets and used the coefficient of
variation, which is defined as standard deviation
divided by mean, to assure the homogeneity of the
largest Lyapunov exponents in each area. The
number of the decision weight factors sets in each
area is arranged in Table 4 via clustering.

Table 4
The number of the decision weight factors sets in
each area

Areas Number of data

N[O AR WIN(F
NP INOT W
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8 13
9 5
10 6
11 13

5 Evaluation of the Simulation

Results

Of the four major supply chain factors, demand
pattern, lead time, and demand information sharing
each has two levels, whereas the degree of RFID
application has six situations. The response variable
is the average of the largest Lyapunov exponents in
each area for 192 scenarios.

We primarily observe the effects of RFID
application on the effective inventories. The average
of the largest Lyapunov exponents in without RFID
(S1) is shown in the Fig.5(a) and (b). In the without
RFID supply chain, the most of the average of the
largest Lyapunov exponents are positive in Areas 1-
6 (Fig.5(a)), whereas most of them are negative in
Areas 7-11(Fig.5(b)). The positive of average of the
largest Lyapunov exponent implies that the system
is chaotic and unstable. The results show that the
supply chain system is more chaotic in lower areas.
In the Areas 1-6, the decision weight factor A for
inventory ranges from 0.4 to 1.0, whereas the
decision weight factor B for supply line shifts from
0.0 to 0.5. The distance between A and B ranges
from 0.4 to 1.0 in these areas, the disparity in
magnitude between the two decision weight factors
could engender the supply chain system to be
chaotic or unstable. It is usually due to extremely
large or small values of AS,, ASL,, and O, existing

in a repeating fashion. Therefore, decision makers
should choose the decision weight factors in upper
areas (Areas 1-6) where the adjustment for
inventory  discrepancies and  supply line
discrepancies are more comparable in their
magnitude to avoid unstable and chaotic behavior.

To expose the effects of RFID application on the
effective inventories, we illustrated the The average
of the largest Lyapunov exponents in other degree
of RFID applications, which include “with perfect
RFID” (S2), “with better read rate and better RFID
system integration” (S3), “with better read rate and
worse RFID system integration” (S4), “with worse
read rate and better RFID system integration” (S5),
and “with worse read rate and worse RFID system
integration” (S6), in Areas 1-6 (Fig.6) and compared
with the situation of without RFID.

The results show that the most of the average of
the largest Lyapunov exponents are negative in
Areas 1-6 even though it is in the worst situation. In
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addition to the illustration observation, we adopted The result of t-test is shown in Table 5. A p-value
the objective statistical measure that is t-test to <o means that the effects of RFID application are
prove and display the effects of RFID application on significant. The results of t-test showed that the
the effective inventories. This paper examined the significant effect of varied RFID applications on the
significant effect between S1 and S2, S1 and S3, S1 effective inventories in all scenarios.
and S4, S1 and S5, and S1 and S6 through t-test.
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Fig. 5.The average of the largest Lyapunov exponents for the without RFID scenarios and areas
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Table 5
The effect of the degree of RFID applications for each scenario
Scenario Supply | p-Value
chain The degree of RFID applications
levels S2 S3 S4 S5 S6

Demand pattern: The step R 0.0382* 0.0471* 0.0411* 0.0478* 0.0462*
demand; Demand information W 0.0019** 0.0045** 0.0057** 0.0061** 0.0560
sharing: With; Lead time: D 0.0007*** 0.0018** 0.0033** 0.0030** 0.0237*
Short[Scenario 1-24] F 0.0164* 0.0285* 0.0304* 0.0244* 0.0357*
Demand pattern: The step R 0.0013** 0.0165* 0.0209* 0.0229* 0.0187*
demand; Demand information W 0.0012** 0.0030** 0.0044** 0.0031** 0.0058**
sharing: With; Lead time: D 0.0013** 0.0028** 0.0038** 0.0036** 0.0080**
Long[Scenario 25-48] F 0.0073** | 0.0090** |  0.0097** 0.0104* |  0.0060**
Demand pattern: The step R 0.0001*** | 0.0002*** 0.2659 0.1710 0.3170
demand; Demand information W 0.0000*** | 0.0000*** 0.3678 | 0.0002*** 0.0016**
sharing: Without; Lead time: D 0.0000*** | 0.0000*** 0.0093** | 0.0005*** | 0.0008***
Short[Scenario 49-72] F 0.0000*** | 0.0000*** | 0.0000*** | 0.0002*** 0.0016**
Demand pattern: The step R 0.1689 0.0033** 0.0027** 0.0022** 0.0020**
demand; Demand information W 0.0026** 0.0096** 0.0047** 0.0071** 0.0229*
sharing: Without; Lead time: D 0.0000*** | 0.0001*** | 0.0001*** | 0.0001*** 0.0041**
Long[Scenario 73-96] F 0.0006*** | 0.0007*** | 0.0009*** | 0.0014** |  0.0043**
Demand pattern: The broad R 0.0785 0.0048** 0.0075** 0.0101* 0.0642
pulse; Demand information W 0.0122* 0.0203* 0.0218* 0.0270* 0.0642
sharing: W.ith; Lead time: D 0.0002*** 0.0019** 0.0034** 0.0031** 0.0243*
Short[Scenario 97-120] F 0.0000*** | 0.0004*** | 0.0005*** | 0.0005*** | 0.0100**
Demand pattern: The broad R 0.0001*** | 0.0001*** | 0.0001*** | 0.0002*** 0.0084**
pulse; Demand information W 0.0078** 0.0114* 0.0137* 0.0129* 0.0156*
sharing: With; Lead time: D 0.0018** 0.0020** 0.0053** 0.0053** 0.0082**
Long[Scenario 121-144] F 0.0004*** | 0.0012** | 0.0024** |  0.0024** |  0.0033**
Demand pattern: The broad R 0.0016** 0.0013** 0.0048** 0.0101* 0.3096
pulse; Demand information W 0.0010*** | 0.0008*** 0.0067** 0.0054** 0.1751
sharing: Without; Lead time: D 0.0111* 0.0053** 0.0083** 0.0097** 0.0184*
Short[Scenario 145-168] F 0.0006*** | 0.0001*** | 0.0003*** | 0.0002*** 0.0208*
Demand pattern: The broad R 0.1009 | 0.0007*** | 0.0006*** | 0.0006*** | 0.0003***
pulse; Demand information W 0.0009*** | 0.0009*** 0.0036** 0.0037** 0.0261*
sharing: Without; Lead time: D 0.0009*** 0.0021** 0.0025** 0.0026** 0.0026**
Long[Scenario 169-192] F 0.0012** |  0.0028** | 0.0030** |  0.0030** |  0.0032**

*p<0.05, **p<0.01, ***p<0.001
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Next to deep analysis, we were concerned to
understand the main effects of each supply chain
factors on the effective inventories and the
interaction effects about RFID applications. This
analysis is beneficial for the practice of supply chain
management and the strategy of RFID investment.
According to the sparsity of effects principle, the
three-factors and higher-order interactions are
insignificant and thus can be combined as an
estimate of error [11]. The analysis of variance
(ANOVA) is a main statistical analysis instrument
to understand the main effects and two-factor
interactions effects. This paper adopted the ANOVA
to examine the main effects and two-factor
interactions effects in 11 areas. The ANOVA is
calculated and summarized in Table 6 and the result
discussion as follows.

5.1 Effect of Demand pattern

A supply chain system becomes more chaotic when
the market demand follows the step demand
function. This phenomenon is more manifest in the
two lowest areas, which are the Area 1 and Area 2,
where the effect of demand pattern is significant

with p-Value < 0.001. In these two areas, A and B
ranges from 0.65 to 1.0 and from 0.0 to 0.25. Future,
the effects of demand pattern in areas 6-11 are
significant for the broad pulse function demand
pattern. In areas 3-5, the dissimilitude between the
Lyapunov exponents for these demand patterns is
not significant although the supply chain system is
usually more chaotic when the market demand
follows the step demand function.

The above result explanation indicates that the
degree of supply chain system chaos increases when
the impact of customer demand shift is sustained for
a longer period. Decision makers should more
carefully compress the lead time and manage other
factors to avoid the chaotic behavior as presented in
the inventories under the condition of longer
sustained period demand shift.

5.2 Effect of Demand information sharing

With the advance of information technology,
sharing information becomes easier and less costly
in the present supply chain. In this study, the effect
of sharing demand information is insignificant
except for Areas 1, 2, and 5. It is interesting to note
that sharing demand information seems to make the
supply chain more chaotic in Areas 1 and 2, but less
chaotic in Areas 5. It is beneficial to share demand
information only when a fitting decision area, which
is in Areas 5, is adopted. According to this finding,
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it is slightly divergent to the general opinion that
information sharing is absolutely beneficial for
supply chain.

5.3 Effect of Lead time

The effect of lead time is significant in most cases
except for Areas 1, 9 and 10. The benefit of lead
time decreasing is distinctly neutralized by the

largeness discrepancy between A and B in Areas 1.
As to Areas 9 and 10, the supply chain system is
more stable, so the effect of lead time decreasing is
more difficult to be manifested. In general, the lead
time decreasing can diminishes the negative impact
of inventory differences and supply line
discrepancies to promote the degree of chaos of the
supply chain system reduction.

5.4 Effect of Supply Chain Level

The effect of the supply chain level is significant in
all areas. The degree of chaos augments as it goes
upstream in the supply chain. This augmentation of
chaos in inventory is observed in other research
about the bullwhip effect.

5.5 Effect of RFID Application

The effect of RFID application is significant in all
areas in the ANOVA. Through the ANOVA and the
previous t-test analysis, it is demonstrated that RFID
can effectively diminish lead time and the inventory
inaccuracy in the supply chain process. Therefore,
the RFID can promote the degree of stable of the
supply chain system.

5.6 Interactions Effect of RFID Application

The interactions effect of RFID application with
other factors is more significant in the interactions
of RFID application with the lead time and RFID
application with the supply chain level. The benefit
of RFID application for all supply chain level is
significantly obvious. The degree of RFID benefit
augments as it goes upstream in the supply chain.
Additionally, the benefit of RFID application is
significant in the long lead time. A number of
supply chain research have shown the higher the
supply chain level and the longer the lead time, the
more unstable the supply chain system is likely to
be. As a result of interactions, the benefit of using
RFID technology becomes more decided when the
long lead time at upper supply chain levels.
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6 Conclusion

The RFID is the most cutting edge technology for
supply chain and it has paid significant attention
from many commercial applications and industries
in recent years. Thus, it is very important to
accurately measure the benefits of RFID
implementation.

This research investigated the effects of RFID
application, demand pattern, lead time, and demand
information sharing on the supply chain dynamics
through chaos theory perspective. Especially in the
exploring of RFID application, we joined some
imperfect RFID that include “with better read rate
and better RFID system integration”, “with better
read rate and worse RFID system integration”, “with
worse read rate and better RFID system integration”,
and “with worse read rate and worse RFID system
integration”. The imperfect RFID joining in our
simulation model is main contribution in this
research. The simulation model in this research is
based on the widely known beer distribution model
and intermingled with extra supply chain factors.
Through this simulation model, we obtained various
inventories data for each ordering decisions and
analyzed these inventories data by the Lyapunov
exponents calculating. The main of research finding
are summarizing as follow:

The first finding is shown that the supply chain
system become more chaotic when the weight factor
for the inventory discrepancy between actual and
desired stock levels and that for the supply line
discrepancy between actual and desired supply line
are increased. In order to diminish the degree of
chaos in the supply chain system, the weight factor
for the inventory discrepancies and supply line
discrepancies should be more comparable in their
magnitude.

The second finding is shown that the RFID
application can effectively diminish the degree of
chaos in the supply chain system and the benefit of
using RFID technology becomes more obvious
when the long lead time at upper supply chain levels.
Therefore, the investment of RFID technology is
more essential and meaningful.

The finally finding is shown that the chaotic
supply chain system can be diminished when the
impact of customer demand shift is sustained for a
shorter period or the lead time decreasing. This
result can provide suggestion to supply chain
manager that keeping the market demand stability
and reducing the lead time.

The supply chain manager must understand not
only the effect of various supply chains factors on
the supply chain system dynamics behavior, but also
endogenous factors to diminish inventory variability

ISSN: 1790-0832

14

Chien-Yuan Su, Jinsheng Roan

and supply chain system chaos. The above findings
can provide an effective supply chain management
and strategy of the investment of RFID technology
to managers.
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The initial values, the ranges of parameters, and simulation equations

Variable(parameters) and defining equation

Comments

A

0.0-1.0, an increment of 0.1

B, BSA.

0.0-1.0, an increment of 0.1

Backlog = INTEG(bFlow, 0)

Backlog at retailer

Backlog0 = INTEG(bFlow0, 0)

Backlog at wholesaler

Backlogl = INTEG(bFlowl, 0)

Backlog at distributor

Backlog2 = INTEG(bFlow2, 0)

Backlog at factory

bFlow = ORDer - sold

Accumulation of backlog at retailer

bFlow0 = ordered — sold0

Accumulation of backlog at wholesaler

bFlowl = ordered0 — sold1

Accumulation of backlog at distributor

bFlow2 = orderedl — sold2

Accumulation of backlog at factory

coming = ordered 2

Materials in transit to factory

Cost = INTEG(cost increase, 0)

Total supply chain cost

cost increase = 1 x (Backlog + Backlog0 + Backlogl +
Backlog2 ) + 0.5 x (Inventory + InventoryO + Inventoryl +
Inventory?2)

Eff Env = Inventory — Backlog

Effective Inventory at retailer

Eff Inv0 = Inventory0 — Backlog 0

Effective Inventory at wholesaler

Eff Invl = Inventoryl — Backlog 1

Effective Inventory at distributor

Eff Inv2 = Inventory2 — Backlog2

Effective Inventory at factory

In = DELAY FIXED(so0ldO, 4 x (1 — RFID read rate), 4)

Incoming orders at retailer for the short lead
time; RFID read rate(see Table 2)

In = DELAY FIXED(sold0, 8 x (1 — RFID read rate), 4)

Incoming orders at retailer for the long lead
time; RFID read rate(see Table 2)

In0 = DELAY FIXED(sold1, 4 x (1 — RFID read rate), 4)

Incoming orders at wholesaler for the short
lead time; RFID read rate(see Table 2)

In0 = DELAY FIXED(sold1, 8 x (1 — RFID read rate), 4)

Incoming orders at wholesaler for the long
lead time; RFID read rate(see Table 2)

In1 = DELAY FIXED(sold2, 4 x (1 — RFID read rate), 4)

Incoming orders at distributor for the short
lead time; RFID read rate(see Table 2)

In1= DELAY FIXED(sold2, 8 x (1 — RFID read rate), 4)

Incoming orders at distributor for the long
lead time; RFID read rate(see Table 2)

In2 = DELAY FIXED(coming, 4 x (1 — RFID read rate), 4)

Incoming orders at factory for the short lead
time; RFID read rate(see Table 2)

In2= DELAY FIXED(coming, 8 x (1 — RFID read rate), 4)

Incoming orders at factory for the long lead
time; RFID read rate(see Table 2)

Inventory = INTEG(In - sold, 12)

Actual inventory at retailer

Inventory0 = INTEG(InO — sold0, 12)

Actual inventory at wholesaler

Inventoryl = INTEG(Inl —sold1, 12)

Actual inventory at distributor

Inventory2 = INTEG(In2 — sold2, 12)

Actual inventory at factory

ORDer = 4 + STEP (4, 5)

The demand pattern for step demand
function

ORDer = 4 + (4 x PULSE TRAIN(5, 500, 1000 , 1500))

The demand pattern for broad pulse
function

ordered = DELAY FIXED(placed, 1, 4)

In transit orders by retailer

ordered0 = DELAY FIXED(placed0, 1, 4)

In transit orders by wholesaler

orderedl = DELAY FIXED(placedl, 1, 4)

In transit orders by distributor

ordered2 = DELAY FIXED(placed?, 1, 4)

In transit orders by factory

placed = MAX(0, SMOOTH(ORDer, smoothtime) + A x (S -
(Inventory — Backlog) — B x (SL — supplyL)))

Orders placed by retailer without demand
information sharing
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SMOOTHTIME =1, S = 12, SL = 2 x supplyL

placed0 = MAX(0, SMOOTH(ordered, smoothtime) + A x
(S — (Inventory0 — Backlog0) — B x (SLO — supplyL0)))
SMOOTHTIME =1, S =12, SLO = 2 x supplyLO

Orders placed by wholesaler without

demand information sharing

placedl = MAX(0, SMOOTH(ordered0, smoothtime) + A x
(S - (Inventoryl-Backlogl) — B x (SL1 - supplyL1)))
SMOOTHTIME =1, S =12, SL1 =2 x supplyL1

Orders placed by distributor without

demand information sharing

X

placed2 = MAX(0, SMOOTH(ordered1, smoothtime) + A
(S - (Inventory2—Backlog2) — B x (SL2 - supplyL2)))
SMOOTHTIME =1, S =12, SL2 = 2 x supplyL2

Orders placed by factory without demand
information sharing

placed = MAX(0, FORECAST(ORDer, 1, 2) + A x(S -
(Inventory—Backlog) — B x (SL — supplyL)))
S =12, SL =2 x supplyL

Orders placed by retailer with demand
information sharing

placed0 = MAX(0, FORECAST(ORDer, 2, 4) + A x(S
(Inventory0-Backlog0) — B x (SLO — supplyL0)))
S=12,SL0 =2 x supplyLO

Orders placed by wholesaler with demand
information sharing

placedl = MAX(0, FORECAST(ORDer, 3, 6) + A x(S
(Inventoryl-Backlogl) — B x (SL1 - supplyL1)))
S=12,SL1=2xsupplyL1

Orders placed by distributor with demand
information sharing

placed2 = MAX(0, FORECAST(ORDer, 4, 8) + A x(S
(Inventory2-Backlog2) — B x (SL2 — supplyL2)))
S =12, SL2 = 2 x supplyL2

Orders placed by factory with demand
information sharing

sFlow = placed - In

Supply line accumulation for retailer

sFlow0 = placed0 — In0

Supply line accumulation for wholesaler

sFlowl = placedl — Inl

Supply line accumulation for distributor

sFlow2 = placed2 — In2

Supply line accumulation for factory

sold = MIN(Inventory + In, ORDer + Backlog) x((100
(misplacement + theft + incomplete shipment)) / 100)

Crates sold by retailer; misplacement, theft,
incomplete shipment(see Table 2)

sold0 = MIN(Inventory0 + In0, ordered + Backlog0) x((100 —
(misplacement + theft + incomplete shipment)) / 100)

Crates sold by wholesaler; misplacement,
theft, incomplete shipment(see Table 2)

sold1 = MIN(Inventoryl + Inl, ordered0 + Backlogl) x((100 —
(misplacement + theft + incomplete shipment)) / 100)

Crates sold by distributor; misplacement,
theft, incomplete shipment(see Table 2)

sold2 = MIN(Inventory2 + In2, ordered1 + Backlog2) x((100 —
(misplacement + theft + incomplete shipment)) / 100)

Crates sold by factory; misplacement, theft,
incomplete shipment(see Table 2)

SupplyL = INTEG(sFlow, 0)

Supply line for retailer

SupplyL0 = INTEG(sFlow0, 0)

Supply line for wholesaler

SupplyL1 = INTEG(sFlowl, 0)

Supply line for distributor

SupplyL2 = INTEG(sFlow2, 0)

Supply line for factory

INITIALTIME=0

The initial time for the simulation

FINAL TIME = 2000

The final time for the simulation

SAVEPER = TIME STEP

Frequency at which output is stored

TIMESTEP =1

The time step for the simulation
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