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ABSTRACT This paper examines a manufacturer’s supply management strategies for mitigating yield
risk in a complex dynamic supply chain. Two strategies can be adopted for the manufacturer: backup and
reliability improvement. Consumers may select to leave (instant consumers) or wait (delaying consumers)
when they confront the manufacturer’s insufficient inventory. Utilizing the method of multi-agent modeling,
a manufacturer and a supplier are modeled as the intelligent agents with the reinforcement learning behavior.
The study shows that: 1) when the number of instant consumers is small, reliability improvement strategy
should be selected; otherwise, the manufacturer should adopt a backup strategy; 2) only when mean yield
is large enough, reliability improvement strategy is the optimal choice; and 3) if yield uncertainty is small,
the manufacturer should choose reliability improvement strategy; otherwise, it is suitable to use a backup
strategy. In addition, when the main supplier can determine its own wholesale price, it is found that: 1) when
the mean yield is small, a lower wholesale price should be designed for the main supplier, to induce higher
order quantity under backup strategy; and 2) the impact of yield uncertainty on the manufacturer’s supply
management strategy can be changed by the main supplier’s adaptive pricing behavior.

INDEX TERMS Consumer behavior, multi-agent modeling, supply chain management, yield risk.

I. INTRODUCTION
Yield uncertainty, a common phenomenon across industries,
is deemed as a key risk in supply chain management. Owing
to the complicated production processes and unpredictable
factors like weather, the yield of a manufacturer is usu-
ally smaller than the initial production quantity [1]. A typi-
cal example is the semiconductor and electronic equipment
industry. Owing to the complex manufacturing process, there
is a gap between the final yield and the expected output. For
instance, in the Liquid Crystal Display manufacturing indus-
try, it is common to get yield rate less than 50% [2]. Yield risk
can lead to supply shortage, even will affect the performance
of the downstream firms. Therefore, it is significant to find
an effective way to mitigate yield risk.

In general, backup supplier (B) and reliability improve-
ment (R) are two widespread strategies to deal with yield
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uncertainty. Under strategy B, a manufacturer has two sup-
pliers with the same key component: a main supplier and a
backup supplier. The main supplier is prone to yield uncer-
tainty. The backup supplier is perfect reliable. The man-
ufacturer reserves some components in advance from the
backup supplier, but firstly sources from the main supplier.
Only when components from the main supplier are less
than the actual demand, the manufacturer will buy from the
backup supplier. Depending on this flexible sourcing advan-
tage, strategy B reduces the replenishment risk caused by
the single unreliable supplier, especially when unexpected
supply uncertainty from upstream occurs. As an example of
Nokia, its main supplier, Philips Semiconductor plant, ever
suffered a fire, resulting in a shortage of key components.
To mitigate the impact of the upstream risk, Nokia timely
sought the alternative suppliers for replenishing goods [3].
Although strategy B has some advantages, it is not with-
out shortcomings. Generally, strategy B makes no contribu-
tion to improve suppliers’ underlying performance, such as
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product quality, production reliability and cost [4], [5]. Take
the drawback into consideration, numerous manufacturers
take actions to improve the supplier’s endogenous produc-
tion reliability (i.e., strategy R) instead of strategy B. Under
strategy R, manufacturers directly invest resources (such as
technique, finance and personnel) for the supplier, aiming to
improve the production reliability (include product quality
and output quantity). A classic example of strategy R is
Toyota in Japan. The Toyota Supplier Support Center collab-
orates with upstream suppliers to develop Toyota Production
System, which increases the competitiveness of the whole
supply chain [6]. However, effort may spend substantial
cost, even it sometimes fails to improve the supply relia-
bility [3], [4]. The investment risk must be examined under
strategy R. Therefore, a natural question for a manufacturer
is how to trade off the two strategies under yield uncertainty.

Heterogeneous consumer purchase behavior plays a cru-
cial role in making decisions for supply chain members.
When a consumer confronts stockout from a manufacturer,
leaving is not always the unique behavior. Some consumers
will wait until the manufacturer’s inventory is sufficient, and
high loyalty is their obvious features, such as consumers
in the automobile industry. Therefore, there are mainly two
behavior modes when a consumer cannot attain a product
from one manufacturer: leaving and delay [7]. For the former
consumers, they will depart the store right now (give up
buying), while the latter will wait for a period of time to obtain
products. The complexity of consumer behavior is captured
in our model. It is also one of our goals to understand how the
two behaviors affect a manufacturer’s strategies.

A supply chain is a complex dynamic system consisting
of several firms. On one hand, the supply chain exists in an
extremely uncertain environment, where almost all external
elements vary all the time. On the other hand, the optimal
decision in a certain period maybe not the best choice for
a firm in a dynamic situation. Traditional studies on the
supply chain pay more attention to seeking an optimal solu-
tion in a static business situation [8]. However, practical
supply chain members are adaptive individuals, i.e., they can
adjust decisions continuously according to their long-term
learning experiences in a dynamic process. To the best of
our knowledge, few yield uncertainty works take account of
these dynamic characteristics in a supply chain. However, this
paper considers the complexity and dynamics of a supply
chain system. Each member is bounded rational, who is
regarded as an adaptive agent. Specifically, a manufacturer
and a supplier can make decisions continuously according to
external changing environment. The evolutionary process of
this dynamic decision is more in line with actual cases.

We develop two models to investigate the strategies for
mitigating the yield risk from the main supplier. We consider
a supply chain consists of two suppliers and one adap-
tive manufacturer in the face of many heterogeneous con-
sumers. There are two supply management strategies for
the manufacturer to mitigate supply crisis: B or R. Based
on multi-agent modeling technique, we compare the profits

of two strategies to address the following issues: (1) in a
dynamic (multi-period) environment, which strategy is opti-
mal for a manufacturer? (2) how do the consumer behav-
ior and yield risk affect the manufacturer’s strategy choice?
(3) what is the impact of an adaptive supplier’s pricing
behavior on the manufacturer’ decisions? Some managerial
insights are obtained. For example, when the mean quality
sensitivity of consumers is small, themanufacturer should use
strategy B; otherwise, the optimal strategy is R; only when the
mean yield is sufficiently high, themanufacturer should adopt
strategy R; if yield uncertainty is small, strategy R should
be adopted, or else strategy B is the better choice, but it is
not always the case when the main supplier decides its own
wholesale price.

This paper contributes to the literature in several aspects.
First, unlike many literatures, this paper investigates how an
adaptive manufacturer makes a careful tradeoff between the
backup strategy and the reliability improvement strategy to
choose the optimal one under yield risk. Especially, we cap-
ture the dynamic nature of supply chain system. Especially,
a manufacturer and a supplier have an intelligent learning
behavior to adjust decisions during a long term. Our paper
focuses on the decision dynamics of supply chain members.
Second, we model complex consumer behavior and further
derive the market demand from a micro-level perspective
of heterogeneous consumers. Two different consumer pur-
chase behaviors are considered, and we focus on the effect
of heterogeneous consumer behavior on the manufacturer’s
strategy. Finally, our work examines the impact of a supplier’s
adaptive pricing behavior on the manufacturer’s supply man-
agement strategy.

II. LITERATURE REVIEW
This paper is related to the literature of yield uncertainty,
backup sourcing, reliability improvement, and multi-agent
modeling.

There are extensive works studying yield uncertainty.
For example, Henig and Gerchak [9], Gerchak [10], and
Erdem and Ozekici [11] study an inventory issue under the
random yield. Anupindi and Akella [12] consider the prob-
lem of order quantity allocation between two unreliable
suppliers under three different models. Tomlin [13] and
Babich et al. [14] consider multiple strategies to reduce
the yield risk, such as inventory and dual sourcing.
Dong and Tomlin [15], Cai et al. [16], and Guo et al. [17]
attempt to utilize financing or contract tools to deal with
uncertain supply trouble. Our research differs from above
studies, because we focus on comparing two supply man-
agement strategies: the backup strategy and the reliability
improvement strategy, to identify the condition under which
a manufacturer should choose a particular strategy.

Backup sourcing is also related to our work. Evidently,
the literature can be categorized into two main streams.
The first stream addresses the issue of how to cooper-
ate with the backup suppliers to hedge against the disrup-
tion risk [18]–[22]. There are three main choices, including
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FIGURE 1. The structure of the supply chain.

advance purchase strategy, reservation strategy, and con-
tingency purchase strategy. The other stream primarily
explores various coordination contracts for backup suppli-
ers, such as Hou and Zhao [23], Chen and Yang [2], and
Chen and Xiao [24]. Nevertheless, our paper also examines
the reliability improvement strategy, besides the problem of
how to utilize the backup strategy.

This paper is also related to reliability improvement. The
reliability improvement literature can be summarized as two
types. The first type focuses on the policies for controlling the
production quality to reduce the total cost [25]–[30]. Unlike
the above research, we discuss how to properly adopt the
reliability improvement strategy under yield risk. The second
type of literature is closely related to our work, which stud-
ies the issue of a supplier’s production reliability improve-
ment. Using the methods of empirical and case analysis,
Leenders and Blenkhorn [31], Krause [4] and Liu et al. [32]
study the value of suppliers’ reliability. Wang et al. [33] study
the spillover effect on manufacturers’ incentives to enhance
a supplier’s reliability. Wang et al. [34], Tang et al. [3],
Gupta et al. [35], and Silbermayr and Minner [36] examine
strategies (such as multiple sourcing, process improvement
and a combined strategy) to reduce diverse supply risks,
including random capacity, and random yield. They investi-
gate how some external factors influence the strategy choice.
Our paper is different from the second stream. The effect
of reliability improvement on product quality is considered
in this paper. Further, we also take account of the adaptive
behavior of supply chain members. Especially, the manufac-
turer facesmultiple uncertainties in a supply chain, who needs
to make decisions based on learning experience.

Another crucial literature is multi-agent modeling (MAM).
The traditional approaches of operations research and

optimization are widely used in the supply chain man-
agement, such as game theory and dynamic programming.
Nevertheless, practical parties among the supply chain are
bounded rational [37], who could not acquire full informa-
tion in a complex environment and is hard to find an opti-
mal decision because of own ability. Actually, they often
make decisions by learning the environment through past
experience in most cases. Consequently, differing from the
prior research, MAM is introduced to depict the supply
chain agents’ learning behavior. Owing to the prominent
strengths (distribution, rapidness, autonomy, etc.) to cope
with complex problems, MAM has become an effective
and popular paradigm penetrating into the field of supply
chain. With respect to MAM, many problems on supply
chain have been studied, such as platform supply chain net-
works [38], [39], production scheduling [40], [41], and prod-
ucts management [42], [43].

III. THE BASIC MODEL
A. PROBLEM DESCRIPTION
Consider a supply chain consisting of two suppliers and one
manufacturer. The manufacturer can order a key component
from two suppliers, a main supplier and a backup supplier.
The main supplier is subject to yield risk, but the backup
supplier is reliable. The components provided by two sup-
pliers are homogenous. The manufacturer sells a finished
product in a market consisting of N consumers. Because
of upstream supply uncertainty, the manufacturer faces two
supply management strategies to mitigate the risk: the backup
supplier (B) or reliability improvement (R) [34]. Fig. 1 shows
the detailed economic structure.

The time sequence of the event of this model is as
follows.
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Stage 1: the manufacturer firstly chooses the supply man-
agement strategy: B or R.
Stage 2: under the given strategy, the second stage is made

of multiple periods. During each period, the sequences of
events proceed as follows:
(1) At the beginning of the period, two suppliers offer the

wholesale price contract.
(2) If the manufacturer selects strategy B, he decides the

order quantity from the main supplier and the reserva-
tion capacity from the backup supplier; if the manufac-
turer selects strategy R, he decides the order quantity
from the main supplier and investment effort level.
He only orders once in each period.

(3) The main supplier faces uncertain yield, and fulfills the
order for the manufacturer.

(4) The manufacturer determines the selling price.
(5) Consumers arrive in turn and buy products from the

manufacturer. The demand is fulfilled in a first-arrived-
first-fulfilled principle. Especially under strategy B,
if the manufacturer’s order from the main supplier is
less than the realized demand, he will purchase from
the backup supplier to meet the insufficient demand.

(6) The manufacturer deals with the leftovers, which will
become the inventory to sell in future.

Table 1 defines the key parameters and variables used
throughout the paper.

In the following, we discuss the detailed behavior of each
agent.

B. CONSUMER’S BEHAVIOR
Similar with [43], to capture the uncertainty of the market
demand, we assume that N is a random variable following
normal distribution in each period; i.e.,N ∼ N (µ0, σ

2
0 ). Each

consumer makes purchase decisions independently.
Two kinds of consumers are considered. When consumers

cannot obtain a product, some consumers will give up buying
right now, and generate a penalty cost cp (shortage cost) for
unfilled demand, i.e., instant consumers (denoted as con-
sumers Y ) here; others will select to wait until the man-
ufacturer has sufficient inventory, i.e., delaying consumers
(denoted as consumersD) [7]. In other words, unmet demand
for consumers Y (D) is lost (backlogged); unmet demand
of consumers D will be fulfilled firstly in next periods if
the stock is sufficient. We assume that the percentage of
consumers Y is α, and that of consumers D is 1 − α,
0 < α < 1.

At the beginning of each period, every consumer knows
the retail price. Then, each consumer chooses one product
at most. Adopting the discrete choice model [5] in clas-
sical microeconomics to describe the purchase behavior,
we assume that the utility of consumers is

Ui = θi(m0 +1m)− p+ εi(1 ≤ i ≤ N ) (1)

where m0 and1m are the basic quality and improved quality
of the manufacturer’s products, respectively. p denotes the
retail price of the finished product. θi represents the sensitivity

TABLE 1. Notations in this paper.

of a consumer to a product’s quality. εi is a random variable,
which indicates the impacts of those uncertain factors, such
as personality, status, and career. To define the heterogeneous
consumers, we assume that θi is a random variable following
normal distributions: θi ∼ N (µ1, σ

2
1 ). Similar to the litera-

ture [5], [44], we assume that εi follows Gumbel distribution:

P(εi ≤ x) = exp(− exp(−(x/ϕ)− τ ′)) (2)

with mean zero and variance ϕ2π2/6 (τ ′ is the Euler’s con-
stant).

According to above objective function, consumers confirm
whether to buy the product. IfUi is positive, the consumerwill
choose to buy one product; otherwise, the consumer will not
buy any products. The detailed consumer purchase behavior
is showed in Fig. 2. Therefore, unlike the traditional literature,
this paper computes the total market demand dt in each period
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FIGURE 2. The consumer purchase behavior and the total market demand in each period.

by aggregating the buying quantity of all consumers in the
multi-agent program following Fig. 2.

C. MANUFACTURER’S BEHAVIOR
The manufacturer can adopt two reactive approaches to
reduce supply risk: strategy B and strategy R. Once a strategy
has been determined, the choice cannot be changed. Because
it is costly for a firm to break the agreement with partners [4].

Under strategy B, the manufacturer utilizes two suppliers
to mitigate yield risk. Before each selling periods, the man-
ufacturer orders qB units of key components from the main
supplier with a wholesale price w. One finished product is
made of one unit of key component. k units of capacities
are also reserved from the backup supplier. The unit price
of the reservation capacity is c1. Owing to yield uncertainty
of the main supplier, the manufacturer only receives λqB

units. The common proportion model is applied to depict this

VOLUME 7, 2019 50423



H. Du, Y. Jiang: Backup or Reliability Improvement Strategy for a Manufacturer Facing Heterogeneous Consumers

random yield phenomenon. λ(0 ≤ λ < 1), a multiplication
factor reflecting the uncertain yield, is set to be a random
variable following normal distribution, λ ∼ N (µ3, σ

2
3 ) [34].

When a selling period starts, if λqB is less than the actual
demand d(λqB < d), the manufacturer buys from the backup
supplier via an expensive price wb to meet extra demand,
wb > w [21], [23]. Namely, the manufacturer sources from
the backup supplier only when the demand is insufficient.
Here the backup supplier is assumed to be exogenous and two
suppliers’ capacities are infinite.

Profit maximization is regarded as the goal for the man-
ufacturer, who is a rational decision-maker. The objective
profit function for strategy B in each period is

max
pBt ,q

B
t ,kt

πt = pBt ·min{dt , λtqBt } − [η · qBt + (1− η) · λtqBt ]

×w− c0 · λt · qBt − h · (λtq
B
t − dt )

+

+ I · (pBt − wb − c0) ·min{dt − λtqBt , kt }

− cp · (dt − λtqBt − kt )
+
− c1kt (3)

where πt is the manufacturer’s profit in each period; pBt , q
B
t

and kt (decision variables) are selling price, order quantity
and reservation capacity, respectively. The first term is the
revenue from the main supplier. The second term is the total
purchase cost from the main supplier. η(0 ≤ η ≤ 1) is the
committed cost, reflecting the fact that firms sometimes incur
a fraction of the procurement cost for undelivered compo-
nents [45]. The third term is the total manufacturing cost. The
fourth term is the total inventory cost and I is a sign index; I =
1 (I = 0) represents that the manufacturer does (not) source
from the backup supplier; (λtqBt −dt )

+
= max{λtqBt −dt , 0}.

The fifth term is the profit about emergence purchase from
the backup supplier. The sixth term is the penalty cost of
shortage. The seventh term is the total cost on reservation
capacity.

Under strategy R, the manufacturer only sources from the
main supplier. The main supplier is asked for collaborat-
ing with the manufacturer—that is, the manufacturer exerts
investment effort (such as finance, technique and personnel)
to increase supplier reliability in the production process. It is
assumed that the manufacturer cannot observe the improve-
ment result before the resource investment [34]. Additional,
the improvement may fail. Here we assume the success-
ful probability is x. When the action is taken successfully,
the supplier becomes more reliable in two aspects. On one
hand, the mean yield delivered to the manufacturer increases.
Specifically, if the manufacturer exerts an investment effort
e, the random yield factor µ3 increases1µ.1µ = ln(1+ e),
λ∗ ∼ N (µ3 + 1µ, σ

2
3 ) [34]. On the other hand, the quality

of components is enhanced. The improved quality is 1m,
1m = υ · e(υ > 0). υ is improved quality for marginal
effort. If the action is failed, the quantity and quality both
remain at original level, 1µ = 1m = 0. It is assumed that
effort e incurs a cost βe2/2 for the manufacturer to improve
the reliability of the main supplier [3], β is effort cost factor.

The objective for strategy R in each period is

max
pRt ,q

R
t ,et

E(πt) = x · [pRt ·min{dt , λ∗t q
R
t } − (η · qRt + (1− η)

·λ∗t q
R
t )w− c0 · λ∗t · q

R
t − h · (λ

∗
t q

R
t − dt )

+

− cp · (dt − λ∗t q
R
t )
+]+ (1− x)

·[pRt ·min{dt , λtqRt } − (η · qRt + (1− η)

·λtqRt )w− c0 · λt · q
R
t − h · (λtq

R
t − dt )

+

− cp · (dt−λtq
R
t )
+]−βe2/2 (4)

where x is the successful probability of reliability improve-
ment; pRt · min{dt , λ∗qRt } is the total revenue; (η · q

R
t + (1 −

η) · λ∗t q
R
t )w is the total purchase cost; c0 · λ∗t · q

R
t is the total

manufacturing cost; h · (λ∗qRt − dt )+ is the total inventory
holding cost; cp · (dt − λ∗qRt ) is the total penalty cost; βe

2/2
is the total investment cost; λ∗(λ) is the factor about yield
level when the investment effort is effective (failed).
Usually, a firm is bounded rational and cannot acquire pre-

cise information about complex environment.Multiple uncer-
tainties (yield uncertainty, demand uncertainty and consumer
behavior uncertainty) exist in the supply chain simulta-
neously, which will increase the environmental complex-
ity. Additional, some variables (such as price, order and
inventory) about the two objective functions are dynamic,
which will change according to the environment. To sum
up, as a result of the complexity and dynamics, it is hard to
derive the optimal decision based on traditional operations
research methods. In an actual situation, the manufacturer
often attempts diverse policies through learning from past
experiences to obtain a better strategy. The dynamic behavior
of learning from historical experiences can be well described
by reinforcement learning algorithm (RL). This paper uses
the method to simulate this learning process.
The reinforcement learning algorithm is firstly established

by Sutton andBarto [46], which is used to search a better solu-
tion through trial and error when an agent is unknown about
the external environment. One of the well-known algorithms
about RL is Q-learning [47], which is adopted in this paper.
This model is shown in Fig. 3.

FIGURE 3. The principle of reinforcement learning model.

Four strategy sets are considered because of four deci-
sion variables: price, order quantity, reservation capacity, and
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effort level. Each strategy set contains finite actions. After
selecting an action a (price, order quantity, reservation capac-
ity or effort level) from a set in each period, the manufacturer
gets a reward value r from environment (here denotes the
profit) and changes from one state to another. Q value, based
on the reward and state in theQ-learning model, is the impor-
tant variable to decide the next action in subsequent periods.
It is updated in each period as follows. Profit maximization
is the aim for all intelligent agents.

Q(st , at )←Q(st , at )+α(rt+1+γ max
a
Q(st+1, a)−Q(st , at ))

(5)

where Q(st , at ) is the strength value with action at and
state st , reflecting the agent’s beliefs about actions, st =
{s1, s2}. s1: the profit gap is positive, i.e.,1π = πt −πt−1 >
0; s2: the profit gap is equal or negative, i.e., 1π = πt −

πt−1 ≤ 0. r (profit) is the reward of the current action; α is
the learning rate and γ is the discount factor. max

a
Q(st+1, a)

is the maximum value function among all actions.
To trade off exploration and exploitation behavior in

RL, the traditional Softmax method is utilized to choose
actions. Each action is searched with Bolzmann probability
distribution.

eQ(a)/τ /
n∑

b=1

eQ(b)/τ (6)

where Q(a) is the strength of action a. τ is an internal
coefficient of the algorithm, which controls the frequency of
exploration and exploitation behavior.

The manufacturer agent determines each decision variable
from a finite set. Specifically, q ∈ [0,Q], k ∈ [0,K ], e ∈
[0,E] and p ∈ [Pmin,Pmax]. Pmin is not less than w + c0;
otherwise, the unit profit is negative.

Based on this learning mechanism, we have Algorithm 1 as
follows.

IV. SIMULATION EXPERIMENTS AND ANALYSIS
In this section, the simulation experiments are firstly
designed. Then the method of sensitivity analysis is used to
investigate the effects of consumer behavior and yield risk on
the manufacturer’s reactive strategies.

A. EXPERIMENT DESIGN
Data in real-world from industries is preferred to utilize in
simulation. However, it is not easy to obtain these secret
resource in most cases, especially operations information
about firms. Multi-agent modeling technique adopts mas-
sive data to perform many experiments, which avoids these
limitations.

Parameters of this experiments are set as Table 2. Some
parameters are set several values to reduce the effect of
random values on the results of the experiments.

The manufacturer’s price is limited to the range
[w + c0, 40](Pmin = w + c0,Pmax = 40). The step size
of price is 2.

Algorithm 1
Step 1: t ← 1.
Step 2: the exogenous parameters are initialized when

t = 1, such as the holding cost, the main supplier’s whole-
sale price and the internal variables of the RL algorithm.

Step 3: according to the RL method, decision vari-
ables are selected from a finite action set under each given
strategy (B or R). Specifically, if under strategy B, the man-
ufacturer selects the order quantity qBt and reservation
capacity kt according to formula (6); if under strategy R,
the manufacturer chooses the order quantity qRt and effort
level et .

Step 4: the manufacturer determines the selling price
pit according to formula (6), i = B,R.

Step 5: consumers in turn adopt the behavioral rule
in Fig. 2 to purchase the product.

Step 6: the manufacturer deals with the inventory and
computes the profit in current period t , then strength value
with actions (Q value) are updated by formula (5).

Step 7: enter next period (t ← t + 1) and go to step
3 until termination.

Step 8: compare the average profit of the manufac-
turer under two strategies B and R, and then the manufac-
turer selects the better one.

TABLE 2. The values of parameters in experiments.

The manufacturer’s order quantity is limited to the range
[0, 130](Q = 130). When the order quantity is 0, the man-
ufacturer will not purchase the product. The upper bound
of ordering quantity is designed large enough, to ensure
sufficient replenishments during each period. The step size
of order quantity is 10.
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The manufacturer’s reservation capacity is restricted to the
range [0, 50](K = 50). The step size is 5. And the effort level
is within the interval [0, 10](E = 10). The step size is 0.5.
The parameters of the RL model are designed as follows.

The learning rate α = 0.5, discount factor γ = 0.8, initial
τ = 20, and the decreasing rate of τ is 0.9.
Supplymanagement strategy is a long-term decision for the

manufacturer, however, market environment is more uncer-
tain. After the supply management strategy was decided,
market environment may change, i.e., the values of param-
eters change. A real situation is corresponding to a combina-
tion of the values of parameters. Simulation experiments are
conducted on the Eclipse platform with Java programming
codes. Experiments are all carried out considering all param-
eters with multiple values. To better illustrate the supply
management strategy, we depict figures average over com-
binations/experiments. This method is not uncommon in the
economics literature [48]. Each simulation is run 100 times
with different random seeds, and each time lasts for 10000
periods to give a manufacturer abundant time to attempt dif-
ferent strategies. By employing the combination/experiment
method, we can obtain some important results that are robust
to environment change.

B. STRATEGY ANALYSIS
Fig. 4 shows the effect of learning behavior on the manufac-
turer’s profit under strategy B. From Fig. 4, we find that the
manufacturer’s profit converges asymptotically to a steady
state through a long time learning process. Similarly, there
are the same phenomena for other variables (such as price
and effort level). In the following research, the average of the
manufacturer’s steady profits is calculated and compared to
analyze the experiment results (all the following figures in
this paper are the average of manufacturer’s steady data).

FIGURE 4. The profit evolution of the manufacturer under strategy B.

1) THE IMPACT OF THE CONSUMER BEHAVIOR
In this subsection, the impact of the consumer behavior on
reactive strategies is explored, including the number of con-
sumers Y and sensitivity to the quality.

First, we study the effect of the number of consumers Y on
the two strategies. The value of α is set to the range [0.1, 0.8].
Other parameters are the same as those in subsection IV.A.

Fig. 5 illustrates the reactive strategies of the manufacturer.
It shows that if the percentage of consumers Y (α) is small
(α ≤ A), the reliability improvement strategy (strategy R) is
better; if α is large (α > A), the backup strategy (strategyB) is
the better choice. When the number of instant consumers (α)
is small, the market is made up of many delaying consumers
(consumer D), who are usually loyal to a firm. Naturally,
shortage cost of insufficient stock for consumers Y is not
large. The manufacturer could invest more effort under strat-
egy R, to enhance the product’s quality and yield stability.
A higher selling price is decided due to the higher product
quality, so that the manufacturer earns higher marginal profit
from these loyal consumers. Thus, it is more rewarding for
a manufacturer to select strategy R if α is small. However,
strategy B should be adopted when α is large. Because short-
age quantity and penalty cost are larger when the number of
consumers Y increases (Fig. 6). Under this situation, adequate
stock for all consumers should be firstly focused on. It is
more reliable for strategy B to reserve some components in
advance, which could reduce yield risk.

FIGURE 5. The manufacturer’s profits versus the number of instant
consumers.

Next, we explore how the consumers’ sensitivities to the
quality affect the manufacturer’s strategies.

The profits of two strategies and consumers’ sensitivities
to the quality µ1 are presented in Fig. 7. Fig. 7 implies that
when µ1 is less than a threshold (µ1 ≤ A), strategy B is
better than R; but when µ1 is larger than this critical value,
the result is opposite. What contributes to this phenomenon?
On one hand, consumers’ response to the product quality
change is little if µ1 is small. Products with high quality
is not preferred among most consumers. Consumers are not
willing to spend more money to buy a product. Therefore,
effort investment under strategy Rmay only play a minor role
to increase revenue. The profit is often offset by input cost.
On the other hand, consumers’ utility is enhancedmuch when
µ1 is large. Products about high quality are more keened on.
Thus, improving product quality is a main incentive for the
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FIGURE 6. The total shortage cost versus the number of instant
consumers.

FIGURE 7. The manufacturer’s profits versus consumer’s quality
sensitivity.

manufacturer to adopt strategy R. In brief, it is suggested to
adopt strategy B when µ1 is small. On the contrary, the man-
ufacturer should use strategy R when µ1 is large.

2) THE IMPACT OF YIELD RISK
The effect of the yield (expectationµ3 and standard deviation
σ3) on strategy is investigated in this part, see Figs. 8 and 9.

As displayed in Fig. 8, the profit under strategy B is higher
than that under strategy R when µ3 is not large. But if µ3 is

FIGURE 8. The yield expectation versus strategies.

FIGURE 9. The yield uncertainty versus strategies.

large enough (µ3 > A), strategy R is superior to strategy B.
As a matter of fact, penalty cost becomes a key tradeoff factor
between two strategies. Owing to lower order fulfillment rate
(µ3 is not large), the manufacturer invests much effort to
improve yield reliability under strategy R. However, failure
possibility may affect result. It is not easy to invest resources
to get ideal profit. In contrast with strategy R, market demand
is partly guaranteed by virtue of reservation capacity under
strategy B. Consequently, strategy B is more suitable, which
could decrease penalty cost. Conversely, when µ3 is large,
most orders can be fulfilled and shortage cost is not large.
Manufacturer is motivated to focus on improving product
quality to get more profits. Therefore, strategy R is the opti-
mal strategy in this circumstance. In short, strategy B should
be selected when µ3 is not larger than a threshold; otherwise,
strategy R will be preferred.
From Fig. 9, we know that strategy R should be selected

when σ3 is small (σ3 < A); otherwise (σ3 > A), strat-
egy B is the better choice. If the yield uncertainty is small
(σ3 < A), supply risk can be mitigated for the manufac-
turer. More accurate information on the main supplier will
be acquired by the manufacturer, which will enhance the
order fulfillment rate. Some unnecessary shortage cost and
inventory cost are also saved. Additional, the main supplier’s
wholesale price is lower than that of the backup supplier.
Hence, it is not economical to seek the backup supplier
when yield uncertainty level is small. But if the uncertainty
is large (σ3 > A), it is difficult for the manufacturer to
forecast order quantity received. Inaccurate information will
increase supply risk, which further raises shortage/inventory
cost. Thus, some components should be ordered from the
backup suppler in advance, to guarantee the supply reliability.
After all, supply reliability should be deemed as the most
crucial factor when yield uncertainty is large. Hence, it is
not fit to use strategy R, under which reliability improvement
sometimes may be ineffective.

V. THE EXTENDED MODEL
The main supplier’s wholesale price is assumed to be exoge-
nous in the above research. Now we address how the
manufacturer selects supply management strategy when the
main supplier can decide the unit wholesale price.
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A. THE MAIN SUPPLIER’S LEARNING BEHAVIOR
The main supplier is an adaptive agent who can dynamically
change wholesale price, wt , according to the past experience
and external environment. Profit maximization is also the
goal for the main supplier. The profit function of the main
supplier is

πt = wt · λqt + s · (1− λ)qt − c2qt (7)

where c2 is the unit production cost of the main supplier, s <
c2 < wt . s is the unit salvage value for the remainingmaterials
or products, which could be remanufactured.

The algorithm process of the event is updated considering
the main supplier’s adaptive behavior: the whole process of
Algorithm 2 is similar to that of Algorithm 1. Step 3 includes
the main supplier’s pricing behavior.

Algorithm 2
Step 1: t ← 1.
Step 2: the exogenous parameters are initialized when

t = 1.
Step 3: if t ≤ n, the wholesale price wt is initialized;

if t > n, a simple adjustment rule is utilized by the main
supplier to decide wholesale price

if πt−1 < 1
n

t−2∑
j=t−(n+1)

πj, wt = wt−1 − 1w; else if

πt−1 >
1
n

t−2∑
j=t−(n+1)

πj, wt = wt + 1w; else no change is

made. wt is determined through learning past experience.
Step 4: if under strategy B, the manufacturer deter-

mines the order quantity qBt and reservation capacity kt ;
otherwise, the manufacturer decides the order quantity qRt
and effort level et .

Step 5: the main supplier computes the profit, which
is regarded as the decision reference for next periods.

Step 6: the manufacturer determines the selling price
pit , i = B,R.

Step 7: consumers in turn purchase the product
according to the behavior in Fig. 2.

Step 8: the manufacturer computes the profit in period
t , then strength value with actions (Q value) are updated.

Step 9: enter next period (t ← t + 1) and go to step
3 until termination.

Step 10: compare the average profit of the manufac-
turer under two strategies B and R, and then the manufac-
turer selects the better one.

Here the wholesale price adjustment rule is similar to
Jiang and Sheng [49].

B. THE IMPACT OF AN ADAPTIVE SUPPLIER
New parameters of this experiment are designed in the fol-
lowing. 1w = 0.1, 0.2, 0.3, 0.4, 0.5; n = 8, 10, 12, 14, 16;
c2 = 2, 3, 4, 5, 6; s = 0.5, 1, 1.5, 2, 2.5. The other parame-
ters are the same as those in subsection IV.A. We carry out
this experiment again and analyze the result.

Several new and significant findings are presented as fol-
lows. Firstly, Figs. 10 and 11 illustrate how the yield’s expec-
tation (µ3) affects the wholesale price, and themanufacturer’s
strategies. The result is inconsistent with that in the basic
model (section IV.B.2)).

FIGURE 10. The main supplier’s wholesale price versus yield expectation
under strategy B.

FIGURE 11. The impact of yield expectation on strategies in the extended
model.

Observation 1:
When the yield’s expectation (µ3) is small, the main

supplier can design a low price to compete with the rival
under strategy B; if µ3 is small, the manufacturer should use
strategy B; otherwise, strategy R should be adopted.

The wholesale price andµ3 under strategy B are showed in
Fig.10. When µ3 is small (µ3 ≤ A), the manufacturer orders
more components from the backup supplier to guarantee
supply quantity. In order to compete with the backup supplier,
the adaptive supplier would like to attract the manufacturer
via a low wholesale price. For the manufacturer, the smaller
purchase cost is a key incentive to choose more components
from themain supplier. As a result, strategyB is more suitable
when µ3 is small. But when µ3 is larger than the threshold
(µ3 > A), the supply risk is mitigated and the manufacturer
is more dependent on the main supplier. Hence, the main
supplier should raise its own price under strategy B (Fig.10),
which decreases the manufacturer’s income simultaneously
(Fig.11). Much replenishment costs can be saved if the man-
ufacturer selects strategy R instead of B.

Then, the effects of the yield uncertainty level σ3 on
the manufacturer’s strategies are different from the result in
section IV.B.2).
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Observation 2:
When the main supplier can determine the unit wholesale

price, strategy R is not superior to strategy Bwhen σ3 is small.
Fig. 12 illustrates the effect of σ3 on the main supplier’s

wholesale price under two strategies. It is interesting to find
that, the wholesale price under strategy R is always higher. If
strategy R is utilized, the main supplier becomes the unique
replenishment channel. Naturally, the main supplier will
decide a high wholesale price to earn more profits. Therefore,
unlike the result in subsection IV.B.2), it is not beneficial
to adopt strategy R even though the yield uncertainty level
is small (as displayed in Fig.13). For strategy B, the main
supplier’s wholesale price is not high due to the competi-
tion with the backup supplier. Especially when σ3 is large,
the competitiveness of the main supplier is weakened by large
yield uncertainty level. In order to attract more orders, it is
sensible to cut down wholesale price for the main supplier
under strategy B, which decreases the manufacturer’s total
cost. Thus, strategy B should be adopted when the yield
uncertainty level is small.

FIGURE 12. Yield uncertainty versus the main supplier’s wholesale price
under two strategies.

FIGURE 13. The impact of yield uncertainty on strategies in the extended
model.

VI. CONCLUSION
We study an adaptive manufacturer’s supply management
strategies formitigating uncertain yield risk from the supplier.

The manufacturer has two supply management strategies:
backup supplier (B) and reliability improvement (R). Under
strategy B (R), the manufacturer dynamically adjusts price,
order quantity, and reservation capacity (effort level) over
multiple periods tomaximize own profit.We study two strate-
gies under the main supplier’s exogenous wholesale price and
endogenous wholesale price, respectively.

The impacts of consumer behavior and yield risk on the
manufacturer’s strategies are investigated. When the main
supplier’s unit wholesale price is exogenous, we show that:
(i) if the number of instant consumers is sufficiently small,
strategy R is the better choice; otherwise, it is suggested to
adopt strategy B; (ii) if the expected quality sensitivity is
not large, the manufacturer should use strategy B; or else
the optimal strategy is R; and (iii) only when mean yield is
large enough and yield uncertainty is small, the manufacturer
prefers to use strategy R.
When the main supplier’s wholesale price is endogenous,

we observe that: (i) if the mean yield is small, the main
supplier can decide a lower price to induce a higher order
quantity from the manufacturer under strategy B; (ii) if the
mean yield increases, the main supplier should raise the unit
wholesale price; and (iii) strategy R should not be adopted
even though the yield uncertainty level is small, which is
inconsistent with the exogenous wholesale price setting.

There are several directions for future research. First, this
paper only considers one manufacturer. This assumption
could be relaxed to study a more complex model, where
multiple manufacturers compete with each other. Second,
the backup supplier is a non-adaptive agent. Therefore, it is
worth examining the manufacturer’s decisions when the
backup supplier is endogenous. Third, coordination contract
is an important tool to motivate collaboration for supply chain
members. Hence, the issue of how to design a proper contract
to maximize channel profit under yield risk should be further
studied.
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