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PRICING STRATEGY AND PRODUCT SUBSTITUTION OF BULLWHIP
EFFECT IN DUAL PARALLEL SUPPLY CHAIN: AGGRAVATION OR
MITIGATION?

JUNHATI MA'®, WANDONG Lou?%* AND ZONGXIAN WANG!*

Abstract. The bullwhip effect affects not only the revenue of the retailer but also the revenue of the
manufacture and weakens the performance of the whole supply chain. In this research, the bullwhip
effect influenced by pricing strategy is studied for the first time in two parallel supply chains distributing
price-sensitive and substitutable products. The analytical expression of bullwhip effect based on pricing
strategy and product substitution is derived for the first time. The effects of pricing strategy and
product substitution on the bullwhip effect are studied through simulation. The analytic results and
the simulation results show that the bullwhip effect of the two parallel supply chains will be affected
by lead time, product substitution rate, and pricing coefficient. The interesting finding is that the
bullwhip effect can be efficiently alleviated by adopting a price strategy with many correlations and a
small coefficient of autocorrelation.
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1. INTRODUCTION

Considering the worldwide high popularity of e-commerce and increasingly fierce commercial competition, it
is challenging for a firm to survive as one independent entity. Moreover, companies forming one supply chain are
gradually working together to compete with companies in another supply chain. The supply chain management,
therefore, becomes extremely significant, it concentrates on all costs-related and consumer-related factors with
the ultimate goal of maximizing overall value as well as enhancing efficiency. Among all these elements affecting
supply chains, the bullwhip effect (BE) is an important factor which has a profound influence and reflects the
supply chain performance. When demands fluctuate, orders are amplified as they travel up the supply chain
resulting in excessive overstocking. Especially, in the market of alternative products, the price competition
strategies of both sides often lead to frequent demand fluctuations which are likely to induce bullwhip effect.

In the smartphone market, using the pricing strategy to drive sales is very common. The retailers usually
take price promotions to attract more consumers during the sales season, such as Double 11 shopping festival
and Black Friday. There are plenty of cases, such as Samsung, iPhone and Xiaomi. Hoarding products based

Keywords. Product substitution, bullwhip effect, price process, price-sensitive demands.

1 College of Management and Economics, Tianjin University, 300072 Tianjin, P.R. China.

2 Business School, Shandong Normal University, 250014 Jinan, P.R. China.
*Corresponding author: wd11602110@126.com; zongxianw2017090126.com; mjhtju@aliyun.com.

© The authors. Published by EDP Sciences, ROADEF, SMAI 2022

This is an Open Access article distributed under the terms of the Creative Commons Attribution License (https://creativecommons.org/licenses/by/4.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.


https://doi.org/10.1051/ro/2021180
https://www.rairo-ro.org
https://orcid.org/0000-0002-0827-5143
mailto:wdl160211@126.com; zongxianw201709@126.com; mjhtju@aliyun.com.
https://creativecommons.org/licenses/by/4.0

2094 J. MA ET AL.

on price expectations eventually leads to excess inventory throughout the supply chain. In this paper, we seek
to explore the BE about the pricing strategy and product substitution. Obviously, in the complicated supply
chain net, both the internal coordination of supply chain nodes and the competition between supply chains will
inevitably affect the performance of a supply chain. To gain much more profit and market share, competing
retailers are always involved in a price war rather than adopting other appropriate measures. The BE, resulting
from price variability, however, always leads to unexpected loss. While the BE can be diminished by the demand
substitution in most cases Li et al. [15], it can also be aggravated by the demand variability caused by price
fluctuation. For supply chains with alternative products, the BE is affected not only by product price changes,
but also by its replacement products [11].

Recent researches have investigated the impact of the BE on the supply chain and how it could be reduced.
However, past researchers scarcely pay attention to the impact of pricing strategies on the BE in supply chain
management with alternative products. To make up the gap as well as widen our knowledge about the BE, we
construct a model consisting of two parallel supply chains to further probe the impact of the product substitution
and price competition BE. As revealed by Ma et al. [20], there is a possibility that their interaction can dampen
BE when the two parallel supply chains are rivals. Therefore, we mainly investigate how pricing strategy and
product substitution affect the BE. Accordingly, we also propose an effective way to reduce BE.

This study examines a model of two parallel price-sensitive supply chains with two substitutable products,
where retailers take the first-order vector autoregressive VAR(1) price-setting process. The assumptions of our
model conform to many industries. In the mobile phone industry, each enterprise and its downstream distributors
form a supply chain, and supply chains share the same demand market. There are interactions BE between their
products’ pricing process. In other words, take Samsung and iPhone for instance, Samsung retailer makes pricing
decisions referring to not only the Samsung phone’s previous price but also that of the iPhone. As indicated by
these practical examples, it is necessary to quantify BE to analyze its impact, probe its causes, and decrease
its barriers to better performance of the supply chains. Generally, BE can cause high inventory and low service
levels in the supply chain. What’s more, BE also leads to inventory backlog, poor service, low-quality products as
well as high manufacturing and transportation costs, which are contrary to supply chain member’s demand for
low-priced and high-quality products. Therefore, much attention should be paid to investigate how to alleviate
the negative impact of BE.

In this paper, we commit to reveal how pricing strategy and product substitution exert an impact on BE,
which is seldom involved before. Specially, we explore the way how BE is affected by the pricing strategy and
product substitution in two parallel price-sensitive supply chains. Firstly, two supply chains are considered, one
of which distributes the focal product and another distributes the substitute product. Secondly, we develop an
analytical model to evaluate the impact of price-sensitive demand on BE in two parallel supply chains, and
supply chains subject to pricing strategies and product substitution based on the assumptions of two retailers
using the order-to-inventory strategy and the MMSE forecasting method. The demand of the supply chain is
sensitive to price, while their price-setting processes submit to VAR(1) process.

The structure of the following sections can be summarized as follows: a literature review is shown in
Section 2, including the history of BE, demand patterns, and forecasting method, and our models are expanded
by comparing the differences between them. Then in Section 3 we develop a basic supply chain model with
some setting, which is composed of the inventory policy, forecasting method, demand pattern, and the price-
setting decision; in Section 4, we investigate BE in two parallel supply chains with substitute products under
VAR(1) price process; a numerical simulation is conducted in Section 5 to explore the impact of the substitu-
tion effect and the price strategy on BE; Section 6 draws the main conclusions and present some managerial
insights.

2. LITERATURE REVIEW

This paper mainly involves the literature of three research fields: bullwhip effect, pricing strategies and
complexity in supply chain. The following is mainly to review the literature from these three aspects.
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2.1. Bullwhip effect

The BE reveals that the fluctuation of demand is magnified when demand order is delivered step by step from
the customer to the supplier. There is a gap between the time it was discovered and the time it was applied
to research. Specifically, the phenomenon was firstly discovered in 1961, was formally named BE by Procter &
Gamble in the 1990s. And its academic concept was defined in 1997 [14]. Since then, more scholars are actively
involved in studying the BE.

The existing work on the BE has concentrated on three aspects, namely the existence of the BE, the mea-
surement of the BE, and the mitigation and control of the BE. Dooley et al. [10] studied whether there was a
BE in US manufacturing under the economic crisis and further analyzed its impact on the supply chain. Naim
et al. [25] studied the BE of a complex production and inventory control system by using a single-echelon model,
which was a production-distribution system proposed by Forrester [13]. Nagaraja and Mcelroy [24] developed a
multi-variate BE expression of products with an order-up-to inventory policy. Chen et al. [8] pointed out that
the BE measured by the material-flow data was always greater than measured by the information flow. Bray
et al. [5] established a dynamic discrete selection model of the supply chain including a single supplier and 73
stores to study the BE. According to a known VAR(1) process based on unknown parameters, Pastore et al. [27]
developed a two-echelon and single-product supply chain considering final demand distributed and analyzed the
accuracy of the analytical approximation.

As mentioned before, the demand process has a direct impact on the BE. Another critical issue affecting
BE is the forecasting methods and the ordering strategies, arousing intense scholarly interests [31]. Various
prediction methods under different ordering strategies, thus, were studied in the field of BE related literature.
These prediction techniques are user-friendly so that they have been widely adopted in the industry. Most of
the research studying BE merely considered a single chain or a one retailer supply chain. The real economic
system, however, is more complex. As an expansion to prior research, Ma et al [17] sheds light on the BE under
a more complicated supply chain structure. The study gave a comparison of BE in the supply chain with two
retailers under MMSE, MA, and ES forecasting techniques, also proposed the measure of BE considering the
market competition between two retailers with different VAR.

Numerous papers address demand substitution in the supply chain over the decades. Li et al. [15], to our
knowledge, is the first one who studied BE and demand substitution. Crucially, Duan et al. [11] explored the BE
under substitute products via empirical research, making it more practical. They found that BE was influenced
by its factors as well as its substitute products.

2.2. Pricing strategies related to the BE

Price strategies have also drawn considerable attention from academic fields and practical fields, for the price
fluctuation of own products and substitute products are closely related to BE. Specifically, there is a negative
correlation between the focal products’ price and the BE, and a positive correlation in terms of the price of
the substitute products. From the perspective of operation management, BE results from demand forecasting,
order lead time, bulk ordering, shortage game, and price fluctuation.

As investigated by Duan et al. [11], not only the own product prices but also the replacement product prices
will affect BE due to the alternative products in a supply chain. What’s more, Wang and Disney [38] hold that
future research into the influence of prices on BE should incorporate price-setting and negotiation processes.
Since price fluctuation is one of the main reasons for BE, the price-sensitive demand function is generally
used as a specification to construct a model for BE research by many scholars [16,17,19,22,23]. For example,
Ma et al. [20] proposed an analytical framework that consisted of two parallel supply chains with interacting
price-sensitive demands, explored how the interactions exert effects on BE.

Most of the existing literature on BE in two parallel or two retailers supply chains with a substitutable product
focus on the demand process or forecasting methods. Research about how fluctuation in prices influences BE,
however, is seldom involved. Price fluctuation will lead to demand changes, suggesting that BE will be affected
ultimately. Inspired by Ma et al. [20] and Duan et al. [11], we construct a model, which consists of two parallel
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supply chains, to explore the relationship between BE and price fluctuation. Differing from the work of Ma et al.
[20], we assume that the retail price is affected by both its previous price and its substitute product’s price.
Also, the price-setting process submits to the VAR(1) process. Ozelkan et al. [26] investigated the reverse BE
with joint replenishment and pricing decisions in supply chains. Ma et al. [22] studied the BE in a multi-channel
supply chain which included a manufacturer, a dual-channel retailer, and an online retailer.

2.3. Complex supply chain

For better depicting the actual situation, a more complex supply chain, which has more significance in practice,
is explored expecting to obtain more practical insights. For example, Vanovermeire and Sorensen [37], working
with simple heuristics to solve an integrated collaboration model, integrated the cost allocation approach into
operational planning issues in the context of horizontal logical collaboration; and considered the optimization
of allocation work and the allocation of costs or benefits as a single decision. Besides, Rezapour et al. [30]
proposed a method of planning supply chain production, which took the multi-level of the supply process, the
unreliability of production equipment and the uncertainty of the market into consideration. In this study, the
salient features of uncertainty propagation in the supply chain were introduced and the impact was quantified
using test questions from the automotive industry. In the research of Tachizawa and Wong [32] considered
the complex interaction between the management governance mechanism of the green supply chain, supply
network structure, and environmental performance. Ye and Hu [40], convergence properties for the proposed
Nash seeking strategies were developed. They found that network structure and complexity of the supply chain
greatly influence GSCM effectiveness, but the effects depend upon the type of governance mechanism.

Besides those models assuming complicated context in the supply chain, other models in various industries,
providing some practical and simple researches, are proposed and analyzed as well. The price decision will be
affected by the supply chain buyback contracts and government subsidies [2,39]. Zhu et al. [42] pointed out
Companies will adopt green technology to reduce environmental pollution. Cui et al. [9] studied a two-echelon
supply chain where suppliers serve terminals of uncertain final demands. Ponte et al. [28] quantified the average
financial impact and the variability of production and transportation lead times to multi-level supply chains.
Biswal et al. [3] explored the impact of RFID on non-profit supply chain scenarios to examine the impact of
available ordering rates and shrinkage rates on total warehouse-level costs. Zou et al. [43] proved that there is
a unique equilibrium in the decision process and that the proposed parallel pricing strategy has a unique Nash
equilibrium. Ma et al. [22] examined the pricing mechanism with the non-cooperative game and revenue-sharing
contracts in the electricity market. Ponte et al. [29] proposed four order and inventory variance amplification
models with different information transparency and solved the expression of the most profitable rate of return.

Based on the above three research streams, two parallel supply chains distributing two substitutable products
with price-sensitive demands are considered. The academic contribution of this paper is to reveal how pricing
strategy and product substitution exert an impact on BE, which is seldom involved before. Specially, we explore
the way how BE is affected by the pricing strategy and product substitution in two parallel price-sensitive
supply chains.

3. THE BASIC MODEL AND THE ANALYSIS OF OPERATION MECHANISM

In this section, we firstly describe the research problem of this paper in detail. Then, the basic game model
is constructed and the operation mechanisms about the pricing strategy, order policy and forecasting technique
are analyzed for the two parallel supply chain in the following sections.

3.1. Problem description

In two parallel supply chains, the price-sensitive interactions have more complex impact on the bullwhip
effect compared to a single supply chain [20].
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TABLE 1. A comparative assessment of the previous literatures.

Article Single Dual (Multi) Pricing Model &

channel channel simulation

Chen et al. [6] v
Vanovermeire et al. [37]
Fang et al. [12]

Bao et al. [43]

Ma et al. [20]

Duan et al. [11]

Ma et al. [20]
Taleizadeh et al. [34]
Taleizadeh et al. [33]
Xie et al. [39]
Taleizadeh et al. [35]
Ma et al. [22]

Basban et al. [1]

Ponte et al. [29] v

Current study v v
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FIGURE 1. Supply chain structure.

3.2. Model construction

Based on [18-20] work, we construct a similar model to explore the different stories. As shown in Figure 1,
two supply chains are considered, and each one is comprised of a manufacturer and a retailer, denoted by M; and
R; (i = 1,2), respectively. In this paper, i = 1 represents the first supply chain, and ¢ = 2 represents the second
supply chain. The retailers face the same market with price-sensitive demand for two alternative products. They
also make and send orders to their manufacturers according to the demand received from consumers. Table 2
reports the variables and parameters related to operation management in the proposed supply chain model.

3.3. Demand pattern

We hold that the demand for each product, as a result of product price sensitivity and substitutability, is
affected by not only the price of the product itself but also the demand for its substitute product. Therefore,
we assume that the two manufacturers produce the same products and that the products can be replaced with
each other. In this case, product demand will be affected by the retail price set by two downstream retailers in
two parallel supply chains.
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TABLE 2. Notation.

Variables

d The market demand of retailer 4 (¢ = 1,2) at time ¢

pt The price of retailer ¢ (i = 1,2) at time ¢

P, The price vector of retailers at time ¢

q. The order quantity of retailer ¢ at time ¢

S¢ The order-up-to point of retailer ¢ at time ¢

DF The estimated vector of the lead-time demand at time ¢

Ein Disturbance factor for the pricing process of retailer i (i = 1, 2)

Parameters

a; The base demand level for the product of the ith supply chain (i = 1,2)

bii The price sensitivity coefficients for the ith supply chain (i = 1, 2)

bis The substitution degree of product j to product i. (i,7 = 1,2,7 # j)

Gii The autocorrelation coefficient of the ith supply chain’s pricing process.
ij The mutual-correlation coefficient

E The stable set of the price decision-making coefficients

L The lead time

z The safety factor vector

B The price-sensitive coefficient matrix

Statistics

o? The variance of normally distributed price shock

52 The variance of price process for R;

d12 The covariance of price processes for retailers

The demand function models for two alternative products can be described as follows [20,22]:

{ d} = a1 — biip} + biap? (3.1)

d? = ag — baop? + bo1p}

where a;(a; > 0,i = 1,2) represents the basic demand of product i, determined by the brand, credit and con-
sumer preference, except their prices, b;;(b; > 0,7 = 1,2) is the price elastic coeflicient for the product of the ith
supply chain, b;;(i =1,2,j =1,2,i # j) is the substitution coefficient that measures the degree of substitution
of product j to product i. Different from Ma et al.’s paper, this paper mainly studies the alternative supply
chain, so b;;(i # j) is non-negative. p is the price of retailer i(i = 1,2) at time ¢, its variance is 67 (var (pi) = 51»2),
the covariance between two supply chains is 019 (cov (p%7 p?) = (512).

For ease of representation and derivation, we use vector and matrix methods to represent the variables and
parameters of the two retailers. a is the base demand vector, a = (aq, ag)T. dy is the demand vector and p; is

. . . T T . . o .
the price vector for products in period t. d; = (d},d?)” and P, = (pf,p?)” . B is the price-sensitive coefficient

matrix for demands, B = —bu b2 .
b21 —baa

So that equation (3.1) can be represented in the vector form:
dt = CL+BPt. (32)

Based on the nature of the time series model, we can infer that the variance of each demand process can be
expressed as follows [4]:

{var(d}) = b3,07 4 b1503 — b11b12612 53)

var(d7) = b3,0% + b3503 — ba1ba2d1a.
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3.4. Pricing strategy

The pricing strategy of retailer is that the price of the period ¢ is determined by their own previous price and
the price of the substitute product. The price-setting process can be written as:

1 1 2
=+ Pty + drap?y +
{Pt p1+ d11pi_q + G12pi 1 + &1t (3.4)

PP = po + G21pi_q + G2opi_1 +Eoy

& 1(i = 1,2) is the disturbance factor for the price decision-making process, which meets E(§; ;) = 0, var(§; ¢) =
02(i=1,2), and cov(£1 4, &24) = 0. ¢i; (i = 1,2) is the autocorrelation coefficient of the ith supply chain’s pricing
process. The value of ¢;; represents the importance of his historical price information in the price-setting process.
¢:5(i,5 = 1,2,1 # j) is the mutual-correlation coefficient in the price-setting process. The value of ¢,; represents

d)ll ¢12

the importance of the rival’s historical price information in the price-setting process. et ¢ = o1 ¢22> and

& = (2.5 fu)T. ¢ is the price decision-making coefficient matrix, and & is the disturbance vector, then equation
(3.3) can be rewritten as the first-order vector autoregressive process (VAR(1)):

Pt = [L—F ¢Pt_1 + £t~ (35)

3.5. Table analysis of the price-setting process

According to the stability judgment basis, the condition for stationarity of the VAR(1) price-setting process is
that all eigenvalues of ¢ are less than one in absolute value, while eigenvalues of ¢ are all roots of det(AI —¢) = 0.

Because the eigenvalues of the matrix ¢ are A\ o = % 011 + P22 = \/(¢11 — (;322)2 + 4(;512(;521) , the price decision-

making coeflicient matrix should meet the following condition:

($11 — h22)” + dd1ado1 < (4 — 11 — $22)°, (3.6)

then, based on equation (3.6), we can obtain the stable set of the price decision-making coefficients in equation
(3.7):

B = { (611, 612,621, 62)| (4 = b1 = 922)° — 4120 — (911 — 922)> >0, 655> 0,i=1,2,j =12}, (3.7)

Figure 2 shows the stable region of the VAR(1) price-setting process ¢12 = {0,0.5,0.8,1.0}. We find that the
increases of the parameters ¢12 and ¢9; narrow the stable region of the supply chain system, and the growth of
one parameter at the boundary of the stable region will result in a decrease in the other parameter. It suggests
that that when the retailer pays more attention to the price of the opponent, the stable area of the price decision
will be reduced.

In the stable region, the price-setting process will be stationary, and the variance and the covariance are
fixed.

var(p;) = var(p,_,) = var(pj_y) = -+~ =6} (3.8)
var(pf) = var(pf_l) = var(pf_Z) =...=42 (3.9)
COV(p%aptZ) = Cov(ptl—lvptz—l) = COV(ptl—zap?—Q) = =012 (3.10)

Based on equations (3.8)—(3.10), the variance of the stationary price-setting process can be derived as follows:

—03075 (11022 — Pr2¢21 + 1) + 07 (—P11055 + daz(P11 + P22) + Praga1 (¢35 + 1) — 1)
1 — ¢11¢22 + ¢12021)(—1 — P11¢22 + P11 + P12¢21 + P22) (1 4 P11¢22 + P11 — P12P21 + P22)
—01931 (11022 — d12021 + 1) + (—d220%) + d11(d11 + P22) + Pr2¢21 (67, + 1) — 1)
1 — ¢11022 + P12¢21)(—1 — dr1d22 + 11 + P12021 + P22) (1 + 11022 + D11 — P12h21 + P22)

(3.11)

var (pt ) = (

var (p7) = ( (3.12)
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FIGURE 2. Stable region.

and the covariance between two supply chains is expressed as follows:

cov(pl.p?) = 01da1 (P11032 — 12021022 — d11) + 03012(P220F; — 11012021 — Po2) '
(1 = dridan + dr2021) (—1 — dr1daz + P11+ dr2d2 + da2) (1 + Pr1daz + P11 — 12 + ¢%2) )
3.13
The analytic expressions of the variance and the covariance (equations (3.11)—(3.13)) are the important

conditions for deriving analytical formula of bullwhip effect.

3.6. Order-up-to inventory policy

As a general ordering algorithm in many ERP systems, the order-up-to inventory policy is for customer
service, balancing inventory, and capacity investments. It is supposed that the inventory system is managed
and researched at each time, and both retailers adopt an order-up-to inventory strategy. Retailer’s demand is a
stochastic parameter at period ¢, and the distribution center is ignorant of that. It is supposed that the periodic
review is done at the beginning of every period ¢. Retailers know exactly their demands of the last period d;_;.
Their order-up-to point S is, thus, estimated, and the order ¢; was sent to their manufacturer. The order vector
under an order-up-to policy is given by the following equation:

g =St — Si—1 +di—1. (3.14)

In equation (3.14), S; is the order-up-to point vector of retailers at period ¢. It should be noted that in this
policy, it is assumed that the customer will not accept out of stock during the term or at the end of the period.
We postulate that the two retailers both have the same lead time L for orders, so the order-up-to point vector
can be written as:

S, = DL+ z6L. (3.15)

N ~ ~ /!
In equation (3.15), DF = (th Dét) is the estimated vector of the mean demand of retailers during the

lead-time which depends upon the demand forecasts of the next period and the lead time. &7 = (61, 6%,)’

represents the standard deviation of lead-time demand forecast error. z = (21, 22)' represents a constant vector
chosen by retailers to meet the expected service level [7].

3.7. Forecasting technique

In this paper, certain forecasting methods are adopted to estimate these factors, which are significant for
calculating the mean and variance of demand during delivery. We have proposed a scenario where the supply
chain uses MMSE forecasting technology. Since the demand information of retailers is hard to access, we assume
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that retailers in each supply chain apply an order-up-to inventory policy. Supposing that retailers employ the
same inventory strategy and forecasting techniques, we can explore the unique impact of price strategies on BE,
ignoring the impact of different inventory strategies and forecasting methods BE between supply chains. Since
both retailers use MMSE forecasting technology to predict lead time requirements, we can formulate that:

R A . L—-1
Dl =di+diy1+ - +diyp 1 = Zi:o diti (3.16)
where citﬂ' is the demand forecast of period ¢ + 4, and can be expressed as equation (3.17):
divi = Eldiyildi—1,ds—2,---]. (3.17)

Based on the above supply chain model and operation mechanism, supply chain managers can start from
price decision to complete demand prediction, to make orders, inventory and other businesses.

4. QUANTIFYING BE IN TWO PARALLEL SUPPLY CHAINS
The measure of BE for each supply chain will be derived by the MMSE forecasting method in this section.

4.1. Retailers’ ordering decision

As a conventional strategy and for ease of understanding, the safety factor z can be assumed to be equal to
0. This assumption is insufficient to imply a low level of service, and the BE enables the retailer to increase the
lead time to achieve the expected service level [6]. Combining equations (3.14) and (3.15), the order vector at
the beginning of ¢ period of the retailer can be expressed in the following form:

qt = DtL — DtL;l + dtfl. (41)

Substituting equations (3.2) and (3.17) into (3.16), the estimated vector of the lead-time demand can be deter-

mined as
L—1

DF =" (a+BPy;), (4.2)
j=0

where, Ptﬂ- is the retailers’ price vector at period ¢ + j, which is determined by the actual prices of retailers for
period t. After several iterations of equation (3.5), P,y; can be represented as

J J
Py =) "+ P+ ¢FG

k=0 k=0
Considering E(&,;) = E(§2,1) = 0, then,

J
Py = Z pe® + ¢ Py (4.3)
k=0

Using (4.3) in (4.2), we can derive the demand forecast vector in the lead-time:

L—1 j

Df=>" (wBZwk +B¢>j“Pt_1>. (4.4)
j=0 k=0

Consequently, the retailers’ order vector determined by P;_; and P;_5 can be derived in equation (4.5).

L—-1 L-1 L—-1

L-1
qt = Z dt—i-j - Z CZt—i—j—l + dt—l = Z B(Pt—i-j — Pt+j—1> + dt—l = Z B¢j+1(Pt_1 — Pt_z) + dt—l- (45)
j=0 7=0 7=0 j=0
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Proposition 4.1. In two parallel supply chains with price-sensitive demand, if the retailers use VAR(1) price
strategy and order-up-to inventory strategy, the order quantity of period t under the MMSE forecasting method
from retailer i (g;+,%=1,2) can be given as:

g4 = hia (p%—l _ptl—z) + hio (pg—l - pf—2) +dy_ 1, (i=1,2) (4.6)
where,
—b11(T1(0—¢11+d22)+72(0+P11—P22)) —2¢21b12(T1—=72) bi2(71(0+P11—h22)+72(0—P11+¢22))+2¢h12b11 (11 —72)
(hzj)2><2 = ( b21(~r1(9—¢11+¢22)+7’2(9+225?1—¢22))+2¢2lb22(ﬁ—7'2) b12(7'1(9+¢11—¢22)+"'2(9—}:114'@2))4'24’121711(7'1—7'2) )
and 0 = /37, + Ap1adar — 2p11dm + 0By 7 = DI AT = 2N (g g
Proof. See Appendix A. a

4.2. BE for each supply chain

According to Chen et al. [6], the metric of the BE for each supply chain can be calculated by equation (4.7).
When the ratio exceeds 1, there is a BE. In the case of a univariate, the BE metric in equation (4.7) is naturally
defined as the ratio of the order variation Var(g}) to the future demand variable Var(d}).

,: Var(q;)
Y Var(d))’

BE (i=1,2). (4.7)

Substituting equations (3.1) and (4.6) into equation (4.7), respectively, the BE for each supply chain can be
derived from a series of derivation, its expression is given in Theorem 4.2.

Theorem 4.2. In two parallel supply chains with price-sensitive demand, if the retailers use VAR(1) price
strategy and the order-up-to inventory policy, under the MMSE forecasting method, the BE expression in supply
chain i(i = 1,2) can be expressed as the following:

5162 + 5205 + S3012

BE; =1+ ld ) (4.8)
here, S1 = 2((—1)i(521(1 — ¢11) + Gaabiz)hir + (1 — ¢11)hi; — ¢21hi1hi2>a
Sy = 2((—1)i_1(¢12b21 + (1 = ha2)b22)hig — dpr2hihiz + (1 — ¢22)h32),
S3 = 2((*1)i_1((¢12b11 + (1= @22)bi2)hir — ((1 = d11)bir + Pa1biz)hiz)
+(2 = ¢11 — d22)hithiz — da1hZ, — d12h%).
Proof. See Appendix B. |

Spreading out the formula of the BE, we can find that the BE; (I = 1,2) is a function of ¢;; (¢, = 1,2),
bij (i=1,j=1,2), 0; and L. Therefore, we can conclude that the BE is affected by price sensitivity and price
setting of both parties, its pricing factors, and the impact of two supply chains’ lead time.

5. THE IMPACT OF THE PRICING STRATEGY AND LEAD TIME ON BE

After deriving the bullwhip effect for each retailer in the dual supply chain, we are now turning to explore its
properties, focusing on the fixed demand model. The following sections analyze the impact of lead time, pricing
strategy, and product substitution on the BE by numerical simulation on the basis of equation (4.8). Without
loss of generality, we take the first retailer as an example to explore how the pricing strategy, lead time, and
product substitution impact the BE. For simplicity, 07 = 1,02 = 1 are set in the following sections, while the
relevant literature gives the same value of o7 (i = 1,2) [20].
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FicUre 3. BE; increases as the growth of the lead time.

5.1. BE affected by the lead time

For a single supply chain, the crucial measure for reducing the BE is to reduce the lead time. The effect of
lead time on BE in the dual parallel supply chain will be studied in this section. We set the fixed pricing strategy

8§ 83 in the stable region (According to equation (3.7), (0.2,0.3,0.3,0.2) € E).

Figure 3 shows that the BE; increases with the growth of the lead time for a fixed price strategy. As L increases
from 0 to 2, the BE varies markedly. When L is larger than 2, the BE grows smoothly. As L grows larger than 3,
the BE slightly augments until L takes the value of 8. To further explore the effect of the interaction between lead
time and pricing strategy on pricing, we conducted a new set of simulation experiments. We vary the parameters
L e€{1,2,3,8}, as {1,2, 3,8} are inflection point of L to affect the value of BE, when ¢21 = 0.4, ¢22 = 0.5, ¢11
and ¢12 are considered in the stable region (determined by equation (3.7)).

Figure 4 shows the BE; affected by the interaction of pricing strategy in different lead time, where b;; = 1
and b1o = 1.5 respectively. As depicted in Figure 4, the color surface is the BE of retailer 1 and the green plane
is the reference plane which equals to one. The increase of lead time will not only lead to an increase of the
BE with the same pricing strategy but also gradually reduce the area without the BE until it disappears, and
invalidate the effective pricing strategy. From the perspective of management, shortening the delivery time can
provide retailers with a more diversified pricing mechanism and enable retailers to maintain a lower BE or even
eliminate the BE.

with parameters ¢ =

5.2. BE affected by own pricing strategy and product substitution

First, we consider a basic scenario where the first retailer uses a pricing factor as a variable while his competi-
tors adopt a certain balancing strategy. We assume that the products in the two supply chains can be entirely
replaced with each other. Therefore, we set parameters ¢o; = 0.5, 920 = 0.5,b11 = 1,013 = 1,bo1 = 1,b35 =
1, L = 2, in the following sections, unless otherwise specified. We calculate the BE of retailerl as ¢;1, varying
from 0 to 1, and @12, varying from 0 to 1, which are in the stable region (determined by equation (3.6)). We
get to know some properties about the change of the BE; affected by our pricing strategy via the 3D plot.
To determine the existence of the BE, we will plot a green plane where the BE is equal to 1 as a criterion of
judgment.

Figure 5(a) shows the BE; affected by its pricing factor under the previous condition. We can see that the
increase in the weight of the competitor’s price factor may reduce or even eliminate the BE of its first supply
chain. Note that this finding is limited to a determinative scenario where the price sensitivity coefficients of the
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FIGURE 4. 3D color surface figure of BE; affected by the interaction of pricing strategy in
different lead time.

two products have the same value in the first demand model, indicating that retailers will achieve better supply
chain management if they pay more attention to competitors. The performance price is better than the price
of the product when the products are consubstantial b1o = bay.

After that, we consider another scenario in which a competitive product has a higher degree of substitution.
We investigate the BE affected by ¢1;,j = 1,2 when bi2 = 2. In Figure 5(b), a larger BE is found regardless of
the value of the own price-setting coefficients, and the region without BE disappears in contrast to bjo = 1. As
the parameter ¢;; grows from 0 to 1, the BE gradually decreases to 1. This means the BE will be eliminated.

Therefore, we can conclude that a higher degree of substitution of competitive products (b2 in this case),
may lead to greater BE. Also, increasing the price weight of competitors in the decision-making process is an
effective method to reduce BE in the alternative supply chain.

5.3. BE affected by the opponent’s pricing strategy

Observing the expression of the BE;, we can find that the BE of the supply chain is not only affected by its
pricing strategy but also affected by the opponent’s pricing strategy. We set the value of (¢a1, P22) = (0.2,0.8),
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(a) (b)

FI1GURE 5. The 3D plot of BE; affected by their pricing-making coefficients.

(0.8,0.2), (0.2,0.2), and (0.8,0.8) to investigate the impact of opponent’s pricing strategy on BE in the stable
region (determined by equation (3.6)), as shown in Figure 6.

Figure 6(a) shows the state in which the second retailer severely adopts the autocorrelation price coefficient,
but the price coefficient associated with each other is slight. In this state, the first supply chain suffers more BE
than the preceding situation illustrated by Figure 5(a). Therefore, a large self-correlation price coefficient and
a small mutual-correlation price coefficient will make the opponent face a larger BE.

Figure 6(b) shows a state where the second retailer slightly adopts the self-correlation price coefficient, but the
mutual-correlation price coefficient is larger. As shown, in most stable regions, the BE of the first supply chain
is less than 1, i.e. BE disappears, so a minor self-correlation price coefficient and a larger mutual-correlation
price coefficient will reduce or even eliminate competitor BE.

Figure 6(c) shows a scenario where the self-correlation price coefficient and the mutual-correlation price
coefficient are both evaluated at a low level by the second retailer. From the graph, we can find that the stable
region is expanded compared to Figure 5(a).

Figure 6(d) shows a state where the self-correlation price coefficient and the mutual-correlation price coeffi-
cient are both evaluated at a high level by the second retailer. As can be seen from the graph, the stable region
reduces compared with Figure 5(a).

In this section, we examine how the competitors’ price strategies influence the BE and the price strategy
for R;. Generally, the rival price strategy with a minor self-correlation price coefficient and a large mutual-
correlation price coefficient is likely to enable the first supply chain to decrease or even eliminate the BE.
Conversely, the focal supply chain may suffer a much more BE. Still, when the supply chain makes price
decisions, it can mitigate its BE by increasing the mutual-correlation coefficient.

5.4. The impact of the self-correlation coefficient in the price-setting process

In this part, we investigate how the self-correlation coefficients affect the BE in the price-setting process when
the mutual-correlation coefficients are determined.

As illustrated in Figure 7, when the mutual-correlation coefficients keep ¢12 = ¢9;1 = 0.5 for homogeneous
products (bj2 = ba; = 1), the simultaneous low self-correlation coefficients of both sides will decrease or even
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FIGURE 6. The 3D plot of BE; affected by the rival pricing-making coefficients. (a) ¢o1 =
0.2, (bgg = 0.8. (b) ¢21 = 0.8, (Z)22 =0.2. (C) ¢21 = 0.2, ¢)22 =0.2. (d) ¢21 = 0.8, ¢22 =0.8.

eliminate the BE. The following simulations display how the self-correlation coefficient of substitution with
different degree affects the BE in the first supply chain in the stable region (determined by equation (3.6)).

We set b12 as 2 and 0.5, respectively, in the two different simulations, and the 3D graphs of BE affected by the
self-correlation coefficients are shown in Figure 8. As shown in Figure 8(a), the reduction of ¢ is also effective
to prevent the BE of the first supply chain while the variation of ¢1; merely attenuate BE. As a contrast, we
can notice, from Figure 8(b), that the decrease in ¢1; can dramatically alleviate BE while the alteration in ¢a9
has done little to reduce the BE.

Therefore, when the mutual-correlation coefficients are fixed, the fluctuation of the self-correlation coefficient
scarcely impacts the BE; the reduction of the rival self-correlation coefficient can decrease or even eliminate the
BE when the rival product is of high substitutability. Contrary to the previous scenario, the change of the rival
self-correlation coefficient hardly influences the own BE; the reduction of the own self-correlation coefficient can
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F1GURE 8. The 3D plot of BE affected by the self-correlation coefficient. (a) b1z = 2. (b) b12 = 0.5.

decrease or even eliminate the BE when the rival product is of low substitutability. In other words, the degree
of product substitutability determines whether the own self-correlation or the rival self-correlation coefficient
can reduce the BE.

5.5. The impact of the mutual-correlation coefficient in the price-setting process

In this part, we will probe into the impact of the mutual-correlation coefficients in the price-setting process
on the BE when the self-correlation coefficients are determined.

As shown in Figure 9, when the self-correlation coefficients keep @11 = ¢p22 = 0.5 for consubstantial products
(bi2 = ba; = 1), any mutual-correlation coefficient of both sides has a negative correlation with the BE.
Any supply chain that increases the number of mutual-correlation coefficient in the price-setting process will
alleviate BE.
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FiGURE 9. The 3D plot of BE affected by the mutual-correlation coefficient.
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FIGURE 10. The 3D plot of BE affected by the mutual-correlation coefficient. (a) b12 = 2.
(b) b1z = 0.5.

The following simulations illustrate how the BE varies with the variation of mutual-correlation concerning
different substitute levels in the stable region (determined by equation (3.6)).

We assign b12 to 2 and 0.5 respectively in two different simulations and plot the 3D of the BE affected by the
autocorrelation coefficient in Figure 10. A blue plane was plotted where BE is equal to 1.3 as another criterion.
As shown by Figure 10(a), compared with ¢91, the increase of ¢15 has a bigger effect on preserving the BE of
the first supply chain. In contrast, Figure 10(b) also shows that the increase in ¢12 scarcely prevents the BE
while ¢27 plays an important role.

5.6. Managerial insights

From the above analysis, some managerial insights can be proposed for the supply chain manager. Gener-
ally, the rival price strategy with a minor self-correlation price coefficient and a large mutual-correlation price
coefficient is likely to enable the first supply chain to decrease or even eliminate the BE. Conversely, the focal
supply chain may suffer a much more BE. Still, when the supply chain makes price decisions, it can mitigate
its BE by increasing the mutual-correlation coefficient.
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6. CONCLUSIONS

In this paper, we study the pricing strategy and substitution effect in a competitive environment where
two supply chains provide similar products. A two parallel supply chains model was developed to investigate
the pricing strategy and substitution effect on the BE. Also, we make it clear that how mutual-correlation
and substitution coefficient influences the BE. Consumers’ price-sensitive requirement is also considered to
determine the characteristic of the BE. Intuitively, each retailer’s pricing decision, which we use to characterize
price strategy, is affected not only by its previous price but also by that of its rival. We present the analytical
metrics of the BE for each supply chain in the VAR(1) price decision process by statistical derivation. From
the expression of the BE we induced, we find that differences in price strategy and product substitution may
increase or inhibit the BE in the supply chain of different alternative products.

Our results generate several insights into controlling the BE for accomplishing better supply chain perfor-
mance. Our conclusions are listed as follows:

(1) The lead time somewhat attenuates the positive effect of the pricing strategy. Especially, when supply chain
members apply the same pricing strategy, the more lead time will lead to the more BE. What’ more, the
increase in the lead time will gradually reduce the range without the BE. In other words, the increase in the
lead time to some extent makes the price strategy useless. From the perspective of management, shortening
the delivery time makes it possible for retailers to reduce or even eliminate the BE by adopting a more
diversified pricing mechanism.

(2) As illustrated in our analyses, the BE seems more serious and vital if the own products are more similar to
the competitor’s products. Thus, more emphasis should be paid to the price-making process when its own
products are more easily replaced by others. In terms of price decisions, increasing the weight of competitors’
previous prices in the decision-making process is an effective method to reduce the BE in two parallel supply
chains with alternative products.

(3) Due to the existence of interaction, the competitor’s pricing strategy will also affect the BE of the focus
supply chain. The rival’s pricing strategy with a minor self-correlation price coefficient and a large mutual-
correlation price coefficient is likely to decrease or even eliminate the BE of the focal supply chain. If
the rival’s pricing strategy is the opposite, the focal supply chain will, however, suffer a much more BE.
Nevertheless, the focal supply chain can also mitigate its BE by increasing the mutual-correlation coefficient
in its price-setting process.

(4) In a word, adopting a higher mutual-correlation coefficient is an effective means of easing the supply chain
BE for focal firms in two parallel supply chains with alternative products. In particular, the mechanism
works better for the focal supply chain when competing products are rather similar, or in other words, the
degree of substitution is high.

As we select a simple VAR(1) process only, there are some limitations in the current model. In practice,
retailers will also adopt some other pricing strategies to ensure the optimal profit rather than choosing a simple
VAR(1) process only. Also, we focus on two parallel substitute product supply chains. However, the number
of substitute products is more than two in reality and their interaction is more complex. Therefore, future
research could be devoted to exploring the impact of a more practical pricing strategy on the BE, as well as
the relationship between the BE and the profit of supply chains. Due to a lack of data, empirical analyses were
not carried out in our paper. If possible, the combination of empirical analysis and theoretical analysis could
be considered in the future.

APPENDIX A. PROOF OF PROPOSITION 4.1

The eigenvalues of the matrix ¢ are \; = ;<¢11+¢22\/(¢11¢22)2+4¢12¢21> and Ay =

§<¢11 + @22 + \/(qbu — ¢22)2 —|—4<z§12r,i>21)7 (A1 # A2). The matrix ¢ is not only invertible, but also can
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bullwhip effect diagonalizable in the stable region, so there is an invertible matrix 7 which can meet ¢ = TAT !,

here A is a diagonalizable matrix A = <)\1 0 )

0 Ao
7—¢11+¢22+\/¢%1+4¢12¢21—2¢11¢22+¢§2 7—¢11+¢22—\/¢%1+4¢12¢21—2¢11¢22+¢§2
T = 2¢21 2¢21 (A 1)
1 1
o b21 _—¢11+¢'22—\/¢%1+4¢12¢21—2¢11¢22+¢§2
T_1 - \/¢f1+4¢12¢21—2¢11¢22+¢§2 2\/¢f1+4¢12¢21—2¢11¢22+¢§2
Po1 *¢'11+¢22+\/¢'§1+4¢12¢21*2¢11¢22+¢§2
\/¢%1+4¢12¢21*2¢11¢22+¢§2 2\/¢%1+4¢12¢21*2¢11¢22+¢§2
therefore,
Jj+1
¢j+1 _ T(A)jJrlel T )\1 0 71 (A 2)
B o At '
2
/LlBT M0 TP, Pi_s)+d
qt = ; t—1 — Lt—2 t—1
§=0 0 A
L=t ANFE 0 .
([ I AT A A
j=0 \0 )
L-1yj+1
j— 1 _
=pr| 77" o |TT Py = Pig) 4 di o = H(Poy — Pro) +dia (A.3)
0 iy
7=0
—1 i+1
TN 0 0
H= (Z“ Z”) _pp( oM L T :BT< ' )T—1 (A.4)
21 22 0 jjj:() )\% 0 To
=1 yj4+1 _ A(=14AE =1 \j4+1 _ Aa(—14AE
Where T1 = j:j:O )\‘{ = %’ 5 = j:j:O )\‘; = ZST)\QZ)’

( —b11(11(0—¢11+¢22)+72(0+P11—¢22)) —2¢21b12(T1 —T2) b12(T1(0+P11—¢22)+72(0—011+P22))+2¢12b11 (71 —T2)
H 20 20 )

bo1 (T1(0—d11+¢22)+T2(0+011—P22))+2¢21b22 (71 —T2) b12(71(0+ P11 —¢22)+T2(0—d11+¢22))+2¢h12b11 (71 —T2)
260 260
(A5)

here 6 = \/(15%1 + 4d12¢21 — 2011022 + B34, SO, we can obtain the ordering decision of retailers.

(%&1) _ <h11(17%—1 —pi_g) +hi2(pi ) —pi o) +di, > (A.6)

q; hoi(pt_y — pi_o) + ho2 (p7_y — P o) +d7 5
The ordering decision of each supply chain can be written as:
qi = hz‘l(PLl —PL2) + hi2 (P?q —ngz) + difh =12 (A7)
This completes the proof for Proposition 4.1. |
APPENDIX B. PROOF OF THEOREM 4.1

According to equation (3.16), we can get the order of retailer 4.

Qti = hﬂ(pth _p%72) + hig (pf,l —pffz) + difh (i=1,2). (B.1)
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Firstly, we give the proof of the expression of BE; for the first supply chain. Based on the statistical properties,
the order quantity variance of retailer 1 can be written as:

var(q;) = hiyvar(pi_y — py_y) + hiyvar(pi_y — pi_s) + var(d;_y) + 2hiicov((pi_y — pi_s).di_1)

+ 2h12COV((pt271 - pt272)ad%fl) + 2h11h1200V((pt171 - p%,g), (Pffl - pffz)) (B.2)

where
Var(p%fl - pifz) = var(p%fl) —+ var(ptlﬂ) - 2cov(p,},1,pi,2) = 25% - 2COV(p%717pt172) (B.3)
Var(p?fl - piz) = Var(pffl) + Vaf(pt{z) - 200"(20%71,17?72) = 255 - 200"(17?71717572) (B.4)

Due to equation (3.3),

cov(py_1,Pi_a) = G116 + d12cov(pf, p7) = $1107 + P12612 (B.5)
cov(pi_1,P7_5) = ¢2205 + da1cov(py,p}) = h2285 + P21612. (B.6)

Substituting equations (B.5) and (B.6) into equations (B.3) and (B.4), we obtain the variance terms in (B.2):

var(py_1, Pi—a) = 2(1 — ¢11)0; — 2612012 (B.7)
var(p;_1,pi_a) = 2(1 — $22)65 + 2¢21012. (B.8)

Due to equations (3.1) and (3.3), the covariance terms in (B.2) can be written as:

cov(pi_o,P7_1) = $2107 + 22012 (B.9)
cov (py_1,P7—2) = 1205 + d11012 (B.10)
cov(pi_1 = Py_2: Pi—1 — Pi—2) = cOV(p;_1,Pi_1) + OV (Py_2, Pi—a) — oV (pi_g: i) — cov(pi_1, 1} o)
= 2cov(pt,p7) — cov(pi_q, $21Dy_o + b22pi_5) — cov(d11pi_o + P12D7—2: Pi_2)
= (02107 + ¢1283) + (2 = (D11 + $22))d12 (B.11)
cov((pi_1 = Pi—a)sdi_1) = cov((pj_1 — Pi—2), (@ = biapi_y + b12p}_1))
= —b1167 + bllCOV(P%—zap%—l) + b12COV(P%—17P$—1) - b12C0V(p%—2,P?—1)
= *b115% + b11 (¢115% + ¢12COV(pt1>p?)) +b12612 — b2 (¢215% + ¢22C0V(p%apt2))
= —(b11(1 — ¢11) + b12¢21)5% + (b12(1 — ¢22) + b11¢12)012 (B.12)
cov((p{_y = Pi-a)sdi—1) = cov((P{_y — P}_s), (a — buipi_y + bi2(pi-1))
= b1265 — bircov(pi_y, pi_y) + biicov(pi_1, pi_s) — bizcov(p;_s. pi_1)
= b1205 — b11012 + b1y (¢125§ =+ ¢1100V(pt17p§)) —b1o (¢225§ + ¢2100V(pt17pf))
= (b12(1 — ¢22) + b11¢12)05 — (b11(1 — P11) + bi2d21)612 (B.13)

Substituting (B.7), (B.8), and (B.11)—(B.13) into (B.2), the order quantity variance of retailer 1 can be derived.

var(qtl) = Var(d%) +2((12b11 + (1 — p22)b12)hir — ((1 — d11)b11 + ¢21b12)hi2

+ (2 — @11 — po2)ha1hia — P12h3; — d21his)d12

+2((=(1 = ¢11)b11 — Parbi2)hi1 + (1 = d11)h3y — darhi1hi2) 6]

+2((p12b11 + (1 — P22)bi2) iz — draharhas + (1 — daz)his) 03 (B.14)
var(q})

var(d})

=1+ (2((¢12b11 + (1 — ¢22)b12)h11 — ((1 — ¢11)b11 + Po1b12)h12

BE, =
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+ (2= ¢11 — da2)hirhiz — d12hi; — ¢21h?2)512
+ 2((—(1 — ¢11)b11 — darbia)har + (1 — d11)hi; — ¢21h11h12)5f
+ 2((dr2bir + (1 — daa)bra)ia — drahaihaa + (1 — dag)h3,)63) Jvar(d}). (B.15)
The expression of BE; for the first supply chain can be derived by dividing the two sides of equation (B.14) by
var(d}).
Secondly, we deduce the expression of BEs for the second supply chain. Similarly, we can get the order
quantity variance of retailer 2:

Var(‘lt?) = hglvar(ptl—l - p%—Q) + hggvar(pf_l *p?—z)
+ var(da,¢) + 2h21C0V(p%—1 —pi_a); dt2—1)

+ 2h22cov((pf_1 - p%—Q)vd?—l) + 2h21h22C0V((pt1_1 - p%_g), (pf_l — pf_g)). (B.16)
Due to equations (3.1) and (3.3), we can get the following covariance equations:
cov(pi_o,Pi_1) = $1107 + 12012 (B.17)
cov(pi_o,Pi_1) = $1205 + $11012 (B.18)
cov(pi_g,P7_1) = $2205 + P21012. (B.19)

Using equations (B.9) and (B.16)—(B.18), we can obtain the following covariance equations.

COV((ptl—l —Pi_a), d?—l) = COV((ptl—l — Do) (a+ bapi q — b22p?—1))
= b21COV(pt1—17pt1—1) - b2100V(Pt1—27P%—1) - b22C0V(Pt1—1»pf—1) + b22C°V(p%—2apf_1)
= b2167 — bas (¢115% + ¢12512) — ba2d12 + b (¢215% + ¢22512)
= (ba1 (1 — ¢11) + baoh21)07 — (baz(1 — P22) + ba1dh12)d12 (B.20)
COV((pf—l - p%—Q)v d?—l) = COV((Pf—l - p?—z)a (a + b21p%_1 - b22p?—1))
= leCOV(p?—lvp%—l) - b2100V(p?—27pt1—1) - b22C0V(pf—1:pf—1) + bQQCOV(pE—Q’ptZ—l)
= by1012 — bay (¢125§ + ¢11512) — 263 + bag (¢225§ + ¢21512)
= (=ba2(1 — $22) — b21¢12)65 + (ba1 (1 — B11) + bazd1)d12. (B.21)

Substituting (B.7), (B.8), (B.11), (B.19) and (B.20) into (B.15), the order quantity variance of the second supply
chain can be derived.

var(g7) = 2((b21(1 — ¢11) + d21b22)hor + (1 — ¢11)h3y — Pa1horhos)d;
— 2((¢12b21 + (1 — h22)bao) hog + d12harhas — (1 — po2)h3,)65var(d})
+ 2012 ((—p12b21 + (=1 4 P22)ba2) hot + (1 — ¢11)ba1 + P21b22)hos
+ (2= ¢11 — d22)horhas — da1h3, — K31 12). (B.22)

We can get the expression of BE for the second supply chain BEy by dividing the two sides of equation (B.21)
by var(d?).

var(g?)

var(d?)

=1+ (2((—p12b21 + (=1 + d22)b22)ho1 + (1 — ¢11)ba1 + P21b22)haz

+ (2 = 11 — P22)horhos — Pa1h3y — h3 d12) 012

+2((b21 (1 = $11) + darboz)hor + (1 — d11)h3; — da1harhao) o}

— 2((¢12b21 + (1 — 22)baz)haz + 12harhos — (1 — ¢o2)h3,)65) /var(dy). (B.23)

BE, =
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Equations (B.15) and (B.23) can BE expressed as one formula.

BE, — 1+ (2((—1)“((@2@1 + (1 = da2)bin)hat — (1 — d11)bit + Goa1bin)hia)
+ (2= ¢11 — P22)hirhia — porhly — ¢12h121)512
+2((=1)"(ba1 (1 = d11) + Parbiz)hir + (1 — d11)hiy — darhirhiz) 67
+2((=1)""H(¢r2ba1 + (1 — ¢22)baz)hio — P12hirhiz + (1 — ¢22)h?2)55) /var (dy). (B.24)

The above content completes the proof of Theorem 4.2. O
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