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Abstract
Revenue and inventory management play a crucial role in the operational efficiency of food
supply chains. The current study investigates dynamic pricing and inventory control policies
in a two-level Food Supply Chain (FSC) of growing and deteriorating inventory that involves
a rearing farm as the supplier and a retailer where these slaughtered items are prone to
deterioration. The rearing farm breeds newborn animals, then slaughters them and sends the
items to the retailer. The negative impact of overbreeding is taken into account to preserve
the items’ quality and decrease food waste on the supply side. The model is analyzed under
decentralized and centralized supply chain scenarios with a profit-sharing contract as the
coordination tool in the centralized case. An analytic solution approach based on non-linear
convex programming is developed to solve the problem. The developed structure is illustrated
through experimental results with a real estimated growth function for broiler chickens.
Sensitivity analysis is carried out to investigate the impact of different input parameters. It is
shown that the centralized supply chain scenario not only enhances the profit of the supplier
and the retailer but also is more desirable for the customers as the selling price of the items
decreases in this setting. The results provide decision-makers of each echelon with insights
into the features of the studied FSC, including their most influential input parameters, the
areas that require further attention, and managerial suggestions under different scenarios.

Keywords Inventory control · Dynamic pricing · Food supply chain · Growth · Deterioration

1 Introduction

About two-thirds of food wastes occur during the processes of Food Supply Chains (FSCs),
which has raised severe criticism against these chains’ performance (Zhong et al., 2017).
On the other hand, food quality is critical as it directly interfaces with health and safety
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issues. These illuminate the significance of operational efficiency in FSCs, which can lead
to reduced food wastes, enhanced food quality, and considerable cost savings. Inventory
management plays a crucial role in the operational efficiency of supply chains as its goal is
to handle inventory in its most cost-efficient manner (Soleymanfar et al., 2015). In addition,
there usually exists a strict connection between price and demand, such that lower prices
can lead to higher demand. So, inventory management can achieve its ultimate purpose if
optimal pricing policies are simultaneously taken into account. Then, joint inventory and
revenue management policies are treated as influential tasks in enhancing the efficiency of
FSCs.

Growth is a common concept in the food industry and is introduced as the natural devel-
opment leading to physical changes such as size and weight increase. As the growing items
enter the system, they start to flourish, resulting in their weight increase. This is usual in the
farming, fisheries, poultry, and livestock industry. Each inventory cycle of a growing item
involves two sub-cycles: breeding and consumption. During the breeding period, the inven-
tory grows owing to feeding and nourishment. The inventory level keeps increasing until
slaughtering time, which is the ending point of the breeding period. Then, the consumption
period starts, and the slaughtered items are depleted to zero due to demand fulfillment and
deterioration.

Growing items are the initial inputs of many FSCs, and thereby the managerial decisions
on these items impact the entire chain (Westhoek et al., 2014). Taking the appropriate revenue
and inventory management policies for these items is highly crucial as it is directly linked to
food safety and quality. The growing inventory is prone to diseases and quality decrements.
Accordingly, any inappropriate decision not only causes significant financial losses but also
directly threatens consumers’ health (Gebbers & Adamchuk, 2010). Besides, growing items
tend to deteriorate after getting slaughtered, which brings considerable food wastes. So,
in addition to food safety, optimizing their inventory and pricing decisions can effectively
decrease food wastes and undesirable costs leading to the enhanced operational efficiency of
FSCs.

Motivated by the significances above, this paper investigates joint dynamic pricing and
inventory management policies in an FSC of growing-deteriorating items. We explore a two-
level FSC involving a rearing farm as the supplier and a retailer. Newborn animals, such as
broiler chickens enter the supplier’s system and undergo growth during their breeding period.
They are then slaughtered and sent to the retailer according to its ordering policy. To guarantee
high food quality, the negative impact of overbreeding is taken into account by establishing
a quality control process after slaughtering the items. The slaughtered inventory, such as
chicken meat, starts to deteriorate during the retailer’s consumption period. The problem
is analyzed under decentralized and centralized supply chain scenarios. In the decentralized
scenario, the chainmembers act independently and try to optimize their ownprofit. In contrast,
in a centralized scenario, the chain is seen as a unified entity, and its total profit is optimized.
We apply a profit-sharing contract as a coordination mechanism in the centralized supply
chain scenario to provide the chain members with enough incentives to join this structure.
An analytic solution approach based on non-linear convex programming is developed to
solve the problem that uses first-order and second-order optimality conditions together with
a numerical root-finding method for non-closed-form equations.

FSCs embrace some features that differentiate them from other SCs. Among those are
food quality and safety concerns, inventory alterations and limited lifetime, coordination
complexity, and the critical tradeoff between pricing and freshness (Zhong et al., 2017).
These features are reflected in our paper by:
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• Introducing growing items that are a present part of various FSCs.
• Implementing quality control and discarding low-quality slaughtered items.
• Taking the deterioration of slaughtered items into account.
• Applying a centralized supply chain scenario together with a profit-sharing contract to
facilitate collaboration.

• Linking the customers’ demands to the retailer’s selling price and applying dynamic pricing
to compensate for the decreased freshness of the items.

The study on pricing and inventory management of growing items is still in its infancy,
and when it comes to the context of FSCs, the deficiency is even more highlighted. This
research contributes to the existing literature by filling several existing gaps in the area,
which are discussed comprehensively in Sect. 2. Explicitly, the contributions of this study
are as follows:

• Modeling growth as a biological weight increase function and simultaneously considering
the impact of the breeding period and the number of young-born animals entering the
system.

• Taking the negative impact of overbreeding into account to preserve the quality of the
growing items.

• Modeling price as a dynamic variable of initial selling price and discount rate to mitigate
the impact of quality degradations.

• Investigating integrated inventory management and pricing decisions of growing-
deteriorating items in the context of FSCs.

• Studying the impact of coordination mechanisms to enhance the performance of this FSC.

The rest of the paper is organized as follows. Section 2 provides a review of the related
literature and existing research gaps. Section 3 presents the problemdescription, assumptions,
and the mathematical model. The solution approach is outlined in Sect. 4. Section 5 provides
numerical results, sensitivity analysis and managerial insights. Finally, the conclusion and
future research directions are presented in Sect. 6.

2 Literature review

The food supply chain is a vast area of academic research with a wide variety of topics to be
analyzed, including food safety, security and risks, inventory and revenuemanagement, chain
design, transportation, etc. Our research mainly falls into the area of inventory and revenue
management in FSCs, the literature body of which is perused from two streams: deterioration
and growth. Interested readers are referred to Blackmon et al. (2020) and Srivastava and
Dashora (2021) for food safety and risks, Kwag et al. (2019) and Magale et al. (2020) for
FSC design, Balster and Freidrich (2019), Sahinvazan et al. (2019) and Liu et al. (2020) for
transportation problems.

2.1 Growth

Rezaei (2014) introduced growth in inventory management by developing an EOQ model
for growing items. He modeled growth as weight increasing, which is a standard function in
poultry and livestock literature. While the paper has incorporated several simplistic assump-
tions, it can be treated as an appropriate basis for later extensions. Zhang et al., (2016a, b)
extended Rezaei (2014), considering environmental issues and carbon emission. Nobil et al.
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(2019) generalized Rezaei (2014) to allow for shortages. To overcome the complexity raised
by admissible shortages, their solution procedure treats the items’ weight as a constant value
independent of the period length, which is a significant shortcoming questioning the validity
of their structure. In addition to Rezaei’s (2014) findings, their results revealed that shortage
cost has no impact on the breeding period.

Sebatjane and Adetunji (2019a) proposed an EOQ model for growing items with quality
considerations. They treated the items’ breeding period as a fixed value by defining a targeted
final weight for each unit item. Investigating different growth functions is a noble feature of
this study. Their results indicated that the logistic function could better project the growth
procedure than split linear and linear functions. On the other hand, a split linear function
can reduce the complexity of the equations and is still able to reflect growth better than a
linear one. Sebatjane and Adetunji (2019b) and Sebatjane and Adetunji (2020) extended their
previous paper by incorporating an incremental discount scheme and studying the problem
in SC’s context, respectively.

Khalilpourazari and Pasandideh (2019) provided a multi-item, multi-constrained EOQ
model for growing items. They considered three operational constraints, including an on-
hand budget, warehouse capacity, and total allowable holding cost. To solve the problem
in small sizes, sequential quadratic programming is incorporated. Moreover, the paper uses
two meta-heuristics in medium and large sizes. Malekitabar et al. (2019) proposed a novel
model for Rainbow trout. They considered the items’ initial inventory level to be known
and the nature of the items to be unchanged through time. Expressly, the demand is for the
growing items, not the slaughtered inventory. They optimized the system’s periodic profit,
which implicitly suggests that the problem is analyzed for a one-period case.

Gharaei and Almehdawe (2019) investigated optimal replenishment policies for growing
inventory where a portion of the items die during growth. They considered the growth and
mortality rates to be linear functions of time, which, as shown by Sebatjane and Adetunji
(2019a), is unable to depict the growth of these items accurately. Pourmohammad-Zia and
Karimi (2020) developed an economic quantity model for growing items in the presence of
deterioration. They took the negative impact of overbreeding into account by incorporating
a quality loss rate, which is an increasing function of the breeding period.

2.2 Deterioration

Management of deteriorating items through supply chains has not been investigated as pro-
foundly as the single echelon case, and it still is regarded as a trending research area. This
subsection contains studies that particularly consider deterioration in the context of SC. For
further studies, the interested readers are referred to Feng et al. (2016), Zhang et al., (2016a,
b), Janssen et al. (2016), Taleizadeh et al. (2019), Khan et al. (2020).

The two-echelon supply chain structure is a relatively active research area. Here we focus
on the recent research works, which are to some extent related to our study. Jaggi et al.
(2019) investigated replenishment and trade-credit policies in a two-level SC of deteriorating
items. They studied both decentralized and centralized supply chain scenarios in their paper.
Gupta et al. (2020) studied a similar problem where shortages are also allowed. Taleizadeh
et al. (2020) studiedmixed sales of deteriorating and serviceable products in a supplier-retailer
scenario. They implemented a hybrid payment strategy involving advance payment and trade
credit in the presence of shortages. Their results showed that their proposed payment strategy
provides retailers with a powerful tool in real-world settings.
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Supply chain contracts are potent implements of chain coordination, enhancing the benefits
of distinct chain members, specifically, once the items are deteriorating. Zhang et al. (2015a)
incorporated a revenue-sharing contract in a two-level SC. They also exploited cooperative
investment in inventory holding technology to diminish the negative result of deterioration.
Bai et al. (2017) investigated revenue and promotional cost-sharing contracts together with
a two-part tariff contract in a supply chain of deteriorating items. They concluded that while
both contracts can bring perfect coordination, the two-part tariff contract is more robust.
He et al. (2018) also applied revenue-sharing and two-part tariff contracts in an SC with
deteriorating items. Zhang et al. (2017) studied the impact of cooperative advertising contracts
on the supply chain of deteriorating products. They showed that cooperative advertising
improves the performance of their analyzed SC. Chernonog (2020) applied a wholesale price
contract as a coordination mechanism.

Chao et al. (2019) studied integrated inventory, location, and routing problems in a food
distribution network consisting of severalmanufacturers and distribution centers. They devel-
oped a heuristic to solve their proposed model. Gholami-Zanjani et al. (2021) developed a
two-stage scenario-based mathematical model to optimally design a resilient FSC in the
face of epidemic disruptions. In addition to perishability, they took discounted pricing into
account and considered demand to be random. They developed a solution approach based on
scenario reduction and Benders decomposition, which has shown good performance in their
problem.

Dynamic pricing is a rigorous strategy to mitigate the negative impact of deterioration
by stimulating demand. It has been extensively studied in company-level structures (see Liu
et al. (2015), Zhang et al. (2015b), Rabbani et al. (2017), Feng et al. (2018), and Dye (2020)),
while the research works in the context of SC are scarce. Dye et al. (2017) studied a two-level
SC under a multi-period finite planning horizon. The selling price varies in different periods,
which is referred to as dynamic pricing in their paper. Li and Wang (2017) investigated
dynamic pricing and replenishment policies in an SC whose products’ quality is dynamically
traced. The price is exponentially discounted in time to boost demand. Chen and Chen (2020)
studied a similar structure where the price is linearly discounted.

The three-echelon cases are more poorly investigated due to the complexity of their mod-
eling and solution approach. Cai et al. (2013) explored a chain involving supplier, distributor,
and retailer. They applied two coordination mechanisms and showed that there is no neces-
sity for a price-discount contract to be accompanied by a buy-back contract. Daryanto et al.
(2019) analyzed an integrated three-level SC under environmental considerations. They con-
sidered that transportation, warehousing, and deteriorated items disposal accompany carbon
emission. Their results showed that integration could considerably reduce costs and carbon
emissions.

Table 1 provides a general overview of the closely related models investigating growth
and/or deterioration (in SC) in the literature.

To sum up, studies on growing items are very scarce. Even among the existing ones, the
majority fails to consider the simultaneous effect of the breeding period and the initial number
of newborn animals that enter the system. The negative impact of overbreeding that largely
influences the quality of the items is almost overlooked. Despite their efficiency, integrated
pricing and inventory control decisions are neglected in existing growth models. Although
the growing items turn into deteriorating inventory after slaughtering in reality, this is only
heeded in two research works. Moreover, there is only one paper in the context of supply
chains that confronts several simplifying assumptions. Although deterioration is a rich area
of academic research in the field of inventory management, studies are scarce in the context
of supply chain management and when it comes to dynamic pricing.
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3 Model development

3.1 Problem description

Consider a two-level FSC, including growing-deteriorating inventory, which is a prevalent
scenario in the poultry and livestock industry. The rearing farm acts as the supplier of this
chain. It buys newborn animals at the beginning of the inventory cycle, raises them during the
breeding period, and then slaughters them (Rezaei, 2014). Finally, the slaughtered items are
quality controlled and sent to the retailer, who sells them to the customers. As the inventory
enters the retailer’s system, it faces quality losses owing to deterioration. Accordingly, during
the retailer’s inventory cycle, which is called the consumption period, the inventory level
depletes to zero due to both fulfilling the customers’ demand and deterioration. Figure 1
provides a schematic view of the described FSC for broiler chickens.

4 Notations

The following notations are applied throughout the paper to formulate the problem:

Parameters

PS Supplier’s unit selling price

CP Supplier’s unit purchasing cost

CB Supplier’s breeding (feeding, nourishment, and holding) cost per unit item

COS Supplier’s fixed ordering cost per cycle

CH Retailer’s unit holding cost per unit time

COR Retailer’s fixed ordering cost per cycle

θ Constant deterioration rate at the retailer side

ρ Profit-sharing ratio

Variables

PR(t) Retailer’s unit selling price at time t (decision variable)

TS Inventory cycle at the supplier (breeding period) (decision variable)

TR Inventory cycle at the retailer (consumption period) (decision variable)

IS(t) Supplier’s inventory level at time t

IR(t) Retailer’s inventory level at time t

Q0 Supplier’s order quantity (units)

QR Retailer’s order quantity (units)

y Number of growing items purchased at the beginning of a cycle (unit items)

D(PR) Price-dependent demand at the retailer

λ(.) Fraction of discarded items during quality control

T PS Supplier’s total profit per unit time

T PR Retailer’s total profit per unit time

OPS Supplier’s obtained profit per unit time under the centralized supply chain scenario

OPR Retailer’s obtained profit per unit time under the centralized supply chain scenario

TP Total profit of the chain per unit time
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Supplier CustomerRetailer

Fig. 1 The prescribed FSC

4.1 Assumptions

The assumptions that shape our model of the FSC are as follows:

1. A two-level FSC, including a rearing farm as the supplier of the growing items and a
slaughtered items’ retailer, is studied.

2. The planning horizon is infinite, and shortages are not admissible.
3. Replenishment at both sides is instantaneous with an infinite rate and negligible lead-

time. However, non-zero lead-time (LT ) does not impact the inventory level and total
cost of the system. In this case, each order should be placed LT time units before the
time that the inventory level reaches zero.

4. The growth starts to proceed as the items are effectively in stock and ends when the
items are slaughtered at the supplier (Rezaei, 2014).

5. The deterioration occurs only at the retailer (during the consumption period). This is
because it only affects slaughtered items.

6. The supplier applies an equal-size shipments policy, which is themost common ordering
scheme in the literature, and delivers the slaughtered items to the retailer.

7. The growth is modeled as a biological weight increasing function (Richards, 1959),
where the weight of a unit item at time t is formulated as wt = A(1 + be−lt )−1. A is
the ultimate limiting value (A > 0), representing the maximum possible weight of the
item. b is the integration constant, which is biologically unimportant since it reflects the
choice of zero time (b > 0). l is a constant rate determining the growth curve’s spread
during the time axis (0 < l < 1). In this formulation, time is expressed in days. Since
the time basis of our inventory model is in years, k = 365.l is substituted to change the
time basis. (wt = A(1 + be−kt )−1, t in years).

8. As the items grow, the ratio of useless weight (such as fat) to the whole weight increases
(Jensen et al., 1974). The items might also lose quality standards due to illness and
overbreeding. So, at the end of the breeding period, i.e., after slaughtering the items,
quality control is performed, and a fraction of the inventory units are disposed. This
process is assumed to be instantaneous.

9. While the items flourish in the supplier’s system, their breeding costs increase. That is
because the items’ feeding costs rise as they grow in size and weight.

10. The demand rate is a function of the retailer’s dynamic selling price as D(PR) =
MB−ωPR(t). MB is the potential demand where the price is equal to zero, and ω > 0
is the price sensitivity factor (Bernstein & Federgruen, 2003).

4.2 Mathematical formulation

The problem is investigated under decentralized and centralized supply chain scenarios. In
the decentralized supply chain scenario, each entity optimizes its own inventory system.
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TimeTR

Inventory TS

Q0

Inventory 

QR

QR Supplier

Retailer

Time

Fig. 2 The prescribed inventory system

Firstly, the retailer optimizes its profit by determining the appropriate retailing price and
order quantity. Based on the ordered quantity, the supplier distinguishes its optimal breeding
period and the initial ordering quantity of the newborn animals. In the centralized supply
chain scenario, the whole supply chain is treated as a unified entity, and the optimal decisions
of both sides are taken by considering the total profit of the chain. Figure 2 depicts the
inventory system at the supplier and retailer sides. In subsequent subsections, we will first
study the models of the retailer and supplier based on the provided description and then will
proceed to explore the model under a centralized supply chain scenario.

4.2.1 The inventory model of the retailer

Dynamic pricing is a well-known strategy to mitigate the negative impact of deterioration.
Three general approaches exist for dynamic pricing: Treating price as a control variable
(Feng et al., 2015; Li et al., 2015), multi-period pricing (Chen et al., 2018; Dye et al.,
2017), and dynamic discounting-markdown (Rabbani et al., 2014; Chen and Chen 2020).
We incorporate the dynamic discounting scheme where the selling price is defined as a time-
dependent function of the initial price and the discount rate. Accordingly, the dynamic price
of the product at any time t is formulated as:

PR(t) = P0e
−γ t , 0 ≤ t ≤ TR (1)

where P0 is the initial price of the product at the beginning of the inventory cycle, and γ ∈ ϒ ,
ϒ={0.1,0.2,…,0.8,0.9} is the discounting rate.

During [0, TR] the inventory status is ruled by the following differential equation:

d IR(t)

dt
= −D(PR) − θ IR(t), 0 ≤ t ≤ TR (2)
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With boundary condition IR(TR) = 0 solving Eq. (2) yields:

IR(t) = e−θ t
TR∫
t
D(PR(u))eθudu

= MB

θ

(
eθ(TR−t) − 1

)
− ωP0

θ − γ

(
e(θ−γ )TR−θ t − e−γ t

)
, 0 ≤ t ≤ TR (3)

As such, the maximum inventory level is obtained as:

IR(0) = MB

θ

(
eθTR − 1

)
− ωP0

θ − γ

(
e(θ−γ )TR − 1

)
(4)

Which is equal to the retailer’s ordering quantity QR .
The total profit of the inventory system at the retailer comprises the following components:
RER: The sales revenue

RER =
TR∫

0

PR(t)D(PR)dt =
TR∫

0

P0e
−γ t (MB − ωP0e

−γ t )dt

= MBP0
γ

(
1 − e−γ TR

)
+ ωP2

0

2γ

(
e−2γ TR − 1

)
(5)

PCR: The purchasing cost

PCR = PSQR = PS
MB

θ

(
eθTR − 1

)
− PS

ωP0
θ − γ

(
e(θ−γ )TR − 1

)
(6)

HCR: The inventory holding cost

HCR = CH

TR∫
0
IR(t)dt = CH

TR∫
0

MB

θ

(
eθ(TR−t) − 1

)
− ωP0

θ − γ

(
e(θ−γ )TR−θ t − e−γ t

)
dt

= CH
MB

θ2

(
eθTR − θTR − 1

)
+ CH

ωP0
θγ (θ − γ )

(
(γ − θ)e−γ TR − γ e(θ−γ )TR + θ

)

(7)

OCR: The ordering cost

OCR = COR (8)

Accordingly, the total profit per unit time of the retailer’s inventory system is outlined as:

T PR = RER − PCR − HCR − OCR

TR
(9)

4.2.2 The inventory model of the supplier

Suppose y unit items are ordered by the supplier at time zero. Since the weight of each unit
item is wt = A(1 + be−kt )−1 at time t, the inventory level during t ∈ [0, TS) is illustrated
by:

IS(t) = ywt = yA(1 + be−kt )−1, 0 ≤ t < TS (10)

Then, the initial inventory level (Supplier’s ordering quantity) is:

Q0 = I S(0) = yA(1 + b)−1 (11)
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As y shows the number of newborn animals, it should take integer values, transforming
the model into an integer non-linear programming. To overcome this intricacy, the equations
could be reformulated to use Q0 instead of y. Equation (11) gives y = Q0(1+b)

A . So, Eq. (10)
would be rewritten as:

IS(t) = Q0(1 + b)(
1 + be−kt

) , 0 ≤ t < TS (12)

Recall that a fraction of inventory loses its quality during the breeding period, which
is unfolded by quality control of items at the point TS . Vividly, this fraction should be an
increasing function of TS . It should hold two more properties. First, in time zero, this fraction
is negligible (i.e., λ(0) = 0). Second, as the breeding period takes very large values, this
approaches one (i.e. limλ(Ts)

TS→∞
= 1). The following function holds these features:

λ(TS) = 1 − e−αTS , α > 0 (13)

The inventory level before inspection at the time TS is depicted by I ′
S(TS) = Q0(1+b)(

1+be−kTS
) ,

then the disposal quantity after quality control would be expressed as:

(TS)I
′
S(TS) =

(
1 − e−αTS

) Q0(1 + b)(
1 + be−kTS

) (14)

Subsequently, the inventory level of inspected and useable items is outlined by:

IS(TS) = (1 − λ(TS))I
′
S(TS) = (1 − λ(TS))

Q0(1 + b)(
1 + be−kTS

) = Q0
e−αTS (1 + b)(
1 + be−kTS

) (15)

This is the inventory quantity that enters the retailer’s system. This inventory level IS(TS)
should match the retailer’s ordering quantity QR i.e.

Q0
e−αTS (1 + b)(
1 + be−kTS

) = MB

θ

(
eθTR − 1

)
− ωP0

θ − γ

(
e(θ−γ )TR − 1

)
(16)

Using this equation, Q0 can be expressed as a function of TS and TR :

Q0 = MB

θ(1 + b)
(1 + be(−kTS))eαTS (eθTR − 1) − ωP0

(θ − γ )(1 + b)
(1 + be(−kTS))eαTS

(
e(θ−γ )TR − 1

)

(17)

The total profit of the inventory system at the supplier embodies the pursuant components:
RES: The sales revenue

RES = PSQR = PS
MB

θ

(
eθTR − 1

)
− PS

ωP0

θ − γ

(
e(θ−γ )TR − 1

)
(18)

PCS: The purchasing cost

PCS = CPQ0 = CP
MB

θ(1 + b)

(
1 + be−kTS

)
eαTS

(
eθTR − 1

)

− CP
ωP0

(θ − γ )(1 + b)

(
1 + be−kTS

)
eαTS

(
e(θ−γ )TR − 1

)
(19)

BCS: The breeding cost.
As mentioned, breeding costs rise as the items grow. The impact of this cost increase is

regarded by a time-dependent function B(t). There are several functions for B(t) in existing

123



Annals of Operations Research

literature, where polynomial and exponential functions are the most commonly applied ones
(Goliomytis et al., 2003). In this paper, we use the exponential function (B(t) = eβt , β > 0).

BCS = CB y
TS∫
0
B(t)dt = CB

Q0(1 + b)

A

TS∫
0
eβt dt

= CB
MB

θ Aβ

(
1 + be−kTS

)
eαTS

(
eβTS − 1

)(
eθTR − 1

)

− CB
ωP0

(θ − γ )Aβ

(
1 + be−kTS

)
eαTS

(
eβTS − 1

)(
e(θ−γ )TR − 1

)
(20)

OCS: The ordering cost

OCS = COS (21)

As Fig. 2 depicts, the supplier’s inventory cycle is repeated every TR units of time. Accord-
ingly, the total profit per unit time of the supplier’s inventory system is obtained as:

T PS = RES − PCS − BCS − OCS

TR
(22)

4.2.3 The centralized supply chain scenario

In the centralized supply chain scenario, the supply chain is considered one unit, and the
decisions are made simultaneously for each of the chain echelons such that the total profit of
the chain is optimized. Therefore:

T P = T PR + T PS (23)

Although the cumulative profit through the chain increases in this case, one of the echelons
might experience lower profit than the decentralized supply chain scenario. Then, this echelon
will be reluctant to enter the centralized optimization structure. Profit-sharing is an effective
coordination mechanism to convince it (Cachon, 2003). In this regard, the total profit of the
chain is apportioned according to the profit-sharing ratio. The ratio can be specified based
on the profit contribution of each level in the decentralized scenario. Therefore, the obtained
profits per unit time by each of the SC echelons are equal to:

OPS = ρT P = T PS
T PS + T PR

T P (24)

OPR = (1 − ρ)T P = T PR

T PS + T PR
T P (25)

5 Solution approach

5.1 The inventory model of the retailer

For a fixed discount rate, the necessary conditions for T PR to be optimal, are ∂T PR
∂TR

= 0

and ∂T PR
∂P0

= 0. Besides, it should be demonstrated that these equations give unique optimal
solutions. Due to the complexity of the formulations, the concavity of the profit function
cannot be demonstrated using theHessianmatrix,which iswhyweuse an approach developed
by Pentico and Drake (2009).
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Lemma 1 For fixed γ and knownTR, there exists a unique value P0∗which maximizes
T PRwhere

∂T PR
∂P0

|
P0=P∗

0

= 0.

Proof The first-order optimality condition for the initial selling price gives:

∂T PR

∂P0
= 1

TR

[
MB
γ

(
1 − e−γ TR

) + ωP0
γ

(
e−2γ TR − 1

) + PSω
θ−γ

(
e(θ−γ )TR − 1

)

− CHω
θγ (θ−γ )

(
(γ − θ)e−γ TR − γ e(θ−γ )TR + θ

)
]

(26)

After some algebra, Eq. (26) can be rewritten as:

P0 = MB

ω

(
1 − e−γ TR

)
(
1 − e−2γ TR

) + PSγ

θ − γ

(
e(θ−γ )TR − 1

)
(
1 − e−2γ TR

) − CH

θ(θ − γ )

(γ − θ)e−γ TR − γ e(θ−γ )TR + θ(
1 − e−2γ TR

)
(27)

To show that Eq. (27) gives the unique optimal value when γ and TR are treated as fixed
values, it is enough to demonstrate T PR is concave with respect to P0, which is:

∂2T PR

∂P2
0

= ω

γ TR

(
e−2γ TR − 1

)
≤ 0, ∀0 ≤ TR < ∞, γ ∈ ϒ (28)

Therefore, Lemma 1 is proven. �

Lemma 2 For fixed γ and known P0, there exists a unique value TR∗which maximizes T PR

where ∂T PR
∂TR

|
TR=TR∗

= 0.

Proof The first-order optimality condition for the consumption period gives:

∂T PR

∂TR
=

(
RE ′

R − PC ′
R − HC ′

R − OC ′
R

)
TR − (RER − PCR − HCR − OCR)

T 2
R

= 0

(29)

where:

RE ′
R = MBP0e

−γ TR − ωP2
0 e

−2γ TR (30)

PC ′
R = PSMBeθTR − PSωP0e

(θ−γ )TR (31)

HC ′
R = CH

MB

θ

(
eθTR − 1

)
+ CH

ωP0
θ

(
e−γ TR − e(θ−γ )TR

)
(32)

OC ′
R = 0 (33)

Motivated by Eq. (29), the auxiliary function F(TR) is defined as:

F(TR) = (
RE ′

R − PC ′
R − HC ′

R − OC ′
R

)
TR − (RER − PCR − HCR − OCR) (34)

Since ∂T PR
∂TR

= 0 and F(TR) = 0 are equivalent, it is enough todemonstrate that F(TR) = 0
gives a unique solution. Then:

dF(TR)

dTR
= (

RE ′′
R − PC ′′

R − HC ′′
R

)
TR (35)

where

RE ′′
R = −MBP0γ e

−γ TR + 2ωP2
0 γ e−2γ TR (36)
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RE ′′
R = −MBP0γ e

−γ TR + 2ωP2
0 γ e−2γ TR (37)

HC
′′
R = CHMBeθTR − CH

ωP0
θ

(
γ e−γ TR + (θ − γ )e(θ−γ )TR

)
(38)

In the worst condition if P0 ≤ MB
2ω holds, we will have dF(TR)

dTR
< 0,∀0 < TR < ∞.

Consequently, under this condition, for any 0 < TR < ∞, F(TR)is strictly decreasing
function of TR. Besides, limF(TR)

TR→0
= COR > 0and limF(TR)

TR→∞
= −∞ < 0. Thus, for a fixed

discount ratio and known initial selling price, there exists a unique value of TRfor which
F(TR) = 0. As ∂T PR

∂TR
= F(TR)

T 2
R

, at the point TR = TR∗:

∂2T PR

∂T 2
R

|=
TR=T ∗

R

F ′TR − 2F

T 3
R

|=
TR=T ∗

R

F ′

T ∗2
R

< 0 (39)

Hence Lemma 2 is proven. �

Equation (27) should be substituted into Eq. (29) to obtain the value of TR∗. The equation
does not represent a closed-form formula for TR∗. Then, a numerical root-finding method,
such as Newton–Raphson, should be applied. In sum, the solution procedure is depicted as
follows:

Algorithm

Step 0- i = 1, γ i = 0.1
Step 1- If γ ≤ 0.9, go to step 2, otherwise go to step 6
Step 2- Substitute Eq. (27) into Eq. (29) and apply a numerical root-finding approach to
solve Eq. (29) and obtain T i

R
∗
.

Step 3- Obtain the optimal initial selling price (Pi
0
∗
) applying Eq. (27) where TR = T i

R
∗
.

Step 4- Calculate T Pi
R

(
T i
R

∗
, Pi

0
∗)

by Eq. (9).

Step 5- i = i + 1, γ i = γ i−1 + 0.1 and go to step 1.

Step 6- i∗ = argmax
i

(T Pi
R), T PR

∗ = T PR
i∗ ,

(
TR∗, P0∗, γ ∗) =

(
T i∗
R

∗
, Pi∗

0
∗
, γ i∗∗)

.

Step 7- End.

5.2 The inventory model of the supplier

The necessary condition for T PS to reach its optimal value is dT PS
dTS

= 0. On the other
hand, we need to demonstrate that this equation provides a unique optimal value for TS . The
first-order optimality condition gives:

dT PS
dTS

= CP

TR

[
MB

θ(1 + b)

(
eθTR − 1

)
− ωP0

(θ − γ )(1 + b)

(
e(θ−γ )TR − 1

)]
eαTS

[
α
(
1 + be−kTS

)
− bke−kTs

]

+ CB

TR

[
MB
θ Aβ

(
eθTR − 1

)

− ωP0
(θ−γ )Aβ

(
e(θ−γ )TR − 1

)
]
eαTS

[
(α + β)2eβT s + b(k − α)(α − k)e−kTS

+b(α − k + β)2e−kTS eβT s − α2

]
(40)

Then

CP Aβ
[
α + b(α − k)e−kTS

]
+ CB(1 + b)

[(
α + b(α − k)e−kTS

)(
eβTS − 1

)]
= 0 (41)

To illustrate that Eq. (41) provides a unique optimal solution, it is enough to show T PS is
concave:
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d2T PS
dT 2

S

= CP

TR

[
MB

θ(1 + b)

(
eθTR − 1

)
− ωP0

(θ − γ )(1 + b)

(
e(θ−γ )TR − 1

)]
eαTS

[
α2 + bα(α − k)e−kTS

−bk(α − k)e−kTS

]

+ CB

TR

[
MB
θ Aβ

(
eθTR − 1

)

− ωP0
(θ−γ )Aβ

(
e(θ−γ )TR − 1

)
]
eαTS

[
(α + β)2eβT s + b(k − α)(α − k)e−kTS

+b(α − k + β)2e−kTS eβT s − α2

]
(42)

To guarantee the concavity of T PS , Eq. (42) should be non-positive. It can be shown if
(2α + β)(1 + b) ≥ 2bk, this is met. Accordingly, Eq. (42) provides a unique optimal value
for TS . Again, Eq. (42) does not provide a closed-form formula for the optimal breeding
period, and a numerical root-finding method should be used to solve this equation.

5.3 The centralized supply chain scenario

The necessary conditions for T P to be optimal are ∂T P
∂TS

= 0, ∂T P
∂TR

= 0 and ∂T P
∂P0

= 0. Again,
the uniqueness of the optimal solutions is authenticated through the procedure which was
provided by Pentico and Drake (2009). Optimal solution of TS is obtained from Eq. (42), and
the sufficient optimality condition of this decision variable is identical to the decentralized
case. On the other hand, for P0 and TR we have the following Lemmas.

Lemma3 For fixed γ and known TS and TR , there exists a unique value P0∗ whichmaximizes
T Pwhere ∂T P

∂TR
|

P0=P0∗
= 0.

Proof The first-order optimality condition for the selling price gives:

∂T P

∂P0
= 1

TR

⎡
⎢⎢⎢⎣

MB
γ

(
1 − e−γ TR

) + ωP0
γ

(
e−2γ TR − 1

)

− CHω
θγ (θ−γ )

(
(γ − θ)e−γ TR − γ e(θ−γ )TR + θ

)

+CP
ω

(θ−γ )(1+b)

(
1 + be−kTS

)
eαTS

(
e(θ−γ )TR − 1

)

+CB
ω

(θ−γ )Aβ

(
1 + be−kTS

)
eαTS

(
eβTS − 1

)(
e(θ−γ )TR − 1

)

⎤
⎥⎥⎥⎦ = 0 (43)

After some algebra, Eq. (43) can be rewritten as:

P0 = MB

ω

1 − e−γ TR

1 − e−2γ TR
− CH

θ(θ − γ )

(γ − θ)e−γ TR − γ e(θ−γ )TR + θ

1 − e−2γ TR

+ γ

(θ − γ )

e(θ−γ )TR − 1

1 − e−2γ TR

[
CP

(1 + b)
+ CB

Aβ

(
eβTS − 1

)](
1 + be−kTS

)
eαTS (44)

To show that Eq. (44) gives the unique optimal value when γ , and TR are treated as fixed
values, it is enough to demonstrate T PR is concave with respect to P0, which is:

∂2T P

∂2P0
= ω

γ TR
(e−2γ TR − 1) ≤ 0, ∀0 ≤ TR < ∞, γ ∈ ϒ (45)

Hence Lemma 3 is proven. �

Lemma4 For fixed γ and known P0 and TS , there exists a unique value TR∗ whichmaximizes
T P where ∂T P

∂TR
|

TR=TR∗
= 0.

Proof The first-order optimality condition for the consumption period gives:
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∂T P

∂TR
=

(
RE ′

R − HC ′
R − OC ′

R − PC ′
S − BC ′

S − OC
′
S

)
TR − (RER − HCR − OCR − PCS − BCS − OCS)

T 2
R

= 0

(46)

where

RE ′
R = MBP0e

−γ TR − ωP2
0 e

−2γ TR (47)

HC ′
R = CH

MB

θ

(
eθTR − 1

)
+ CH

ωP0
θ

(
−e−γ TR − e(θ−γ )TR

)
(48)

OC ′
R = 0 (49)

PC ′
S = CP

MB

(1 + b)

(
1 + be−kTS

)
eαTS eθTR − CP

ωP0
(1 + b)

(
1 + be−kTS

)
eαTS e(θ−γ )TR

(50)

BC ′
S = CB

MB

Aβ

(
1 + be−kTS

)
eαTS

(
eβTS − 1

)
eθTR

− CB
ωP0
Aβ

(
1 + be−kTS

)
eαTS

(
eβTS − 1

)
e(θ−γ )TR (51)

OC ′
S = 0 (52)

Motivated by Eq. (46), the auxiliary function F(TR) is defined as:

F(TR) = (
RE ′

R − HC ′
R − PC ′

S − BC ′
S

)
TR

− (RER − HCR − OCR − PCS − BCS − OCS) (53)

Since ∂T PR
∂TR

= 0 and F(TR) = 0 are equivalent, it is enough todemonstrate that F(TR) = 0
gives a unique solution. Then:

dF(TR)

dTR
= (

RE ′′
R − HC ′′

R − PC ′′
S − BC ′′

S

)
TR (54)

where

RE ′′
R = −MBP0γ e

−γ TR + 2ωP2
0 γ e−2γ TR (55)

HC ′′
R = CHMBeθTR − CH

ωP0
θ

(
γ e−γ TR + (θ − γ )e(θ−γ )TR

)
(56)

PC ′′
S = CP

MBθ

(1 + b)

(
1 + be−kTS

)
eαTS eθTR − CP

ωP0(θ − γ )

(1 + b)

(
1 + be−kTS

)
eαTS e(θ−γ )TR

(57)

BC ′′
S = CB

MBθ

Aβ

(
1 + be−kTS

)
eαTS

(
eβTS − 1

)
eθTR

− CB
ωP0(θ − γ )

Aβ

(
1 + be−kTS

)
eαTS

(
eβTS − 1

)
e(θ−γ )TR (58)

In the worst condition if P0 ≤ MB
2ω holds, we will have dF(TR)

dTR
< 0,∀0 < TR < ∞.

Consequently, under this condition, for any 0 < TR < ∞, F(TR)is strictly decreasing
function of TR. Besides, limF(TR)

TR→0
= COR + COS > 0and limF(TR)

TR→∞
= −∞ < 0. Thus,
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for a fixed discount ratio and known selling price, there exists a unique value of TRfor which
F(TR) = 0. As ∂T P

∂TR
= F(TR)

T 2
R

, at the point TR = TR∗:

∂2T P

∂T 2
R

|=
TR=T ∗

R

F ′TR − 2F

T 3
R

|=
TR=T ∗

R

F ′

T ∗2
R

< 0 (59)

Accordingly, Lemma 4 is proven. �

Equation (44) should be substituted into Eq. (46) to obtain the value of TR∗. The equation
does not represent a closed-form formula for TR∗. Then, a numerical root-finding method
should be applied. In sum, the solution procedure is depicted as follows:

Algorithm

Step 0- i = 1, γ i = 0.1.
Step 1- If γ ≤ 0.9, go to step 2, otherwise go to step 7.
Step 2- Substitute Eq. (44) into Eq. (46)and apply a numerical root-finding approach to solve
Eq. (46)and obtain T i

R
∗
.

Step 3- Obtain the optimal initial selling price (Pi
0
∗
) applying Eq. (44)where TR = T i

R
∗
.

Step 4- Obtain optimal breeding period (T i
S
∗
) applying Eq. (41)where P0 = Pi

0
∗
and TR =

T i
R

∗
.

Step 5- Calculate T Pi
(
T i
S
∗
, T

i
R

∗
, Pi

0
∗)

by Eq. (23).

Step 6- i = i + 1, γ i = γ i−1 + 0.1 and go to step 1.
Step 7- i∗ = argmax

i
(T Pi ), T P∗ = T Pi∗ ,

(
TS∗, T R

∗, P0∗, γ ∗) =
(
T i∗
S

∗
, T i∗

R
∗
, Pi∗

0
∗
, γ i∗∗)

.

Step 8- End.

6 Results and analysis

The first step in applying the proposed model and the developed solution approach is to
specify the items’ weight function, which is dependent on the type of growing inventory.
Richards (1959) showed that his suggestedweight function could efficiently depict the growth
of poultry. Accordingly, we carry out our analysis on a specific type of poultry known as
“Broiler chickens” that are themain component of variousFSCs.MATLABR2019b is applied
to solve the closed-form and non-closed-form equations of the problem, and the experiments
are carried out on a computer with Intel® Core i7-8650U CPU 1.9 GHz, 2.11 GHz, and
7.88 GB memory available. Function approximation is applied to estimate the parameters of
the weight function. Precisely, a data set including the weights of the broiler chickens during
their lifetime in an industrial rearing farm located in the southeast of the Netherlands is used
as the training input data in a neural network-based function approximation approach that
provides the estimated weight function as follows:

A = 3200, b = 69.4 and g = 0.12, k = 0.12 ∗ 365 = 43.8.
Then, the growth function is wt = 3200(1 + 69.4e−43.8t )−1. Moreover, the exponential

breeding function B(t) is ruled by: B(t) = e86t .
Other identical parameters are taken from Rezaei (2014) and adapted to our model:
Supplier side: CP = 0.005 e/gr, CB = 0.02 e/unit item, COS = 5000 e/cycle, PS =

0.006 e/gr and α = 1
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Retailer side: CH = 0.001 e/gr/year, COR = 400 e/cycle, θ = 0.25, MB = 100 × 106

gr/year and ω = 300 × 107 e/gr.
As the solution approach is independent of the input setting, the average CPU time to

solve the problem is 8–11 s in different problem instances and scenarios. Solving the outlined
problem provides the following solutions:

6.1 Decentralized supply chain scenario

Supplier: TS = 0.08176 year, Q0 = 175703.82 gr, T PS = 139543.69e

Retailer: TR = 0.12135 year, P0 = 0.011479 e/gr, γ = 0.1, QR = 3886469.81 g

T PR = 160823.14e

This indicates that the retailer orders 3886 kg of slaughtered inventory at the beginning
of each cycle. On the other hand, based on the retailer’s order quantity, the supplier buys
3912 newborn chickens at the beginning of the breeding period. These items are flourished
during TS = 30 days. So the final weight of each growing item reaches 1.091 kg. The items
are slaughtered, and 7.85% of the inventory is disposed of after quality control as a useless
portion. At the retailer, 2.5% of the inventory is deteriorated, which is equal to 95 kg of food
waste. Therefore, the total food waste during the processes of our FSC is 399.930 kg.

6.2 Centralized supply chain scenario

Supplier: TS = 0.08176 year, Q0 = 1012086.59 gr, OPS = 172069.27e

Retailer: TR = 0.43923 year, P0 = 0.008824 e/gr, γ = 0.1, QR = 22386787.64 g

OPR = 201994.36e

In comparison to the decentralized case, the total profit of the chain increases under the
centralized scenario by 24.5%, which is highly desirable. The supplier and retailer experi-
ence 23.3% and 25.6% increases in their profit. This shows that our proposed profit-sharing
mechanism efficiently takes individual rationality into account, which is the main barrier in
supply chain coordination. Furthermore, the initial selling price of the retailer is considerably
decreased. This suggests that the centralized supply chain scenario not only brings benefits
to the systems of the supplier and retailer but also is desirable for the customers as they pay
less for the same product.
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6.3 Comparison with usual practice

In theEU (and someother regions), the average slaughter age of broiler chickens is 40–42days
(Mebratie et al., 2018), while our research suggests 30 days for the breeding period. Solving
the problem of the supplier under known TS=42 days yields the following results:

Supplier TS = 0.1151year Q0 = 89729.6493gr T PS = 120317.2209 e

The supplier buys 1994 newborn broiler chickens at the beginning of each cycle and raises
them for 42 days when the final weight of each unit item reaches 2.21 kg. Figure 3 outlines
a comparison of these two cases.

By breeding the items for 31 days, the initial order size increases compared to the usual
practice (42 days), which is due to the decrease in the breeding period. Our proposed scheme
brings improvements in terms of enhanced profit and lower food wastes. More precisely, in
comparison to the usual practice, 15.97% increase in profit and 27.79% decrease in food
wastes (discarded inventory after quality control) are obtained.

It should be noted that this 30-day breeding period is not a one-size-fits-all policy. The
optimal breeding period largely depends on the broiler chickens’ growth pattern (outlined as
the weight function), which can vary for different rearing farms and growth conditions. In
particular, this is optimal for our data-set and the estimated weight function. This highlights
the significance of applying the exact optimization method instead of empirical practice.
So the first step in using our model is to estimate the weight function of the growing items
accurately.

Fig. 3 Comparison of results between our approach and the usual practice
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Fig. 4 Comparison of results between dynamic and static pricing

6.4 Comparison with static pricing

Dynamic pricing is awell-known revenuemanagement policy in handling deteriorating items.
To clarify its benefits in our problem, it is fruitful to compare our results with the case of
static pricing:

Retailer: TR = 0.13494 year, PR = 0.011419 e/gr, QR = 4321452.93 gr, T PR =
147805.09e.

The retailer orders 4321 kg of slaughtered meat at the beginning of each cycle to meet
customer demand during its replenishment period. Figure 4 outlines a comparison of these
two cases.

As Fig. 4 projects, dynamic pricing brings improvements in terms of enhanced profit and
lower food wastes. More precisely, compared to the static pricing, 8.8% increase in profit
and 12.03% decrease in food wastes (deteriorated inventory) are obtained.

6.5 The impact of profit-sharing ratio

A critical point in supply chain collaborations is to divide the benefits fairly among the
involved partners. Individual rationality is a key principle, implying that the parties will
be reluctant to collaborate if their benefits under collaboration are not as large as non-
collaborative settings. Our proposed profit-sharing ratio, built based on the profits of the
echelons under the decentralized scenario, takes this principle into account. In order to inves-
tigate this ratio in further detail, its value is changed by − 50%, − 25%, − 10%, + 10% +
25%, and + 50%, and the obtained profits under the decentralized and centralized scenarios
are compared in Fig. 5.

Figure 5 shows that while individual rationality is not violated when the ratio remains
in a close neighborhood of the proposed ratio, varying the profit-sharing ratio by larger
magnitudes (e.g., − 50%, − 25%, + 25%, and + 50%) violates the individual rationality.
Expressly, increasing the ratio by 25% and 50% results in a situationwhere the retailer’s profit
is lower than the decentralized scenario, and decreasing this value by the same amount brings
profits lower than the decentralized scenario to the supplier. In either of these four settings,
one of the two parties will be reluctant to enter the centralized scenario. This highlights
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Fig. 5 The impact of different profit-sharing ratios

the importance of designing the appropriate profit-sharing contract in the success of the
coordination mechanism.

6.6 Sensitivity analysis on cost parameters

Investigating the result of changes in input parameters provides uswith a better understanding
of the problem, which can be fruitful for the decision-makers. In this regards, the changes
in the values of CP , CB and COS as well as PS , CH and COR are analyzed. The sensitivity
analysis is carried out by changing each parameter by − 50%, − 25%, + 25%, and +
50%, taking one parameter at a time and keeping the others constant. The related results for
the decentralized and centralized supply chain scenarios are provided in the “Appendix”.
Figures 6, 7, 8, 9, 10, 11, 12, 13, 14, 15 and 16 depict the results graphically.

Analyzing the numerical results provides the following managerial insights:

• Apparently, decreasing the unit purchasing cost of the rearing farm (CP ), enhances its
profit. In the decentralized scenario, varying CP has no impact on the retailer’s inventory
system. As the supplier’s purchasing cost rises, the initial order size gets smaller values.
Then, the breeding period needs to get longer to meet the retailer’s ordering quantity.
In the centralized scenario, the retailer’s ordering size and inventory cycle are also affected.
Theobtainedprofits of the retailer and the supplier are computed according to the total profit
of the chain as well as the profit-sharing ratio (ρ). So the pattern of changes in obtained
profits (OPS and OPR) cannot be studied with respect to changes inCP , isolatedly. That is
because, asCP changes, T PS and T PR also, take different values altering the profit-sharing
ratio.

• Similarly, changes in the unit item breeding cost of the rearing farm (CB) have no impact
on the retailer’s inventory system. By decreasing CB , an increase in the breeding period
is observed. That is because by lowering CB , the breeding costs during the growth period
decrease. So the system has the chance to lengthen the growth period. As the retailer’s
order size is fixed, there exists a reverse link between the newborn chickens’ order size
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Fig. 6 Changes in the optimal TS with variations in cost parameters-Decentralized scenario

Fig. 7 Changes in the optimal TR with variations in cost parameters-Decentralized scenario

Fig. 8 Changes in the optimal P0 with variations in cost parameters-Decentralized scenario
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Fig. 9 Changes in the optimal Q0 with variations in cost parameters-Decentralized scenario

Fig. 10 Changes in the optimal T PS with variations in cost parameters-Decentralized scenario

Fig. 11 Changes in the optimal T PR with variations in cost parameters-Decentralized scenario
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Fig. 12 Changes in the optimal TS with variations in cost parameters-Centralized scenario

Fig. 13 Changes in the optimal TR with variations in cost parameters-Centralized scenario

Fig. 14 Changes in the optimal P0 with variations in cost parameters-Centralized scenario
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Fig. 15 Changes in the optimal Q0 with variations in cost parameters-Centralized scenario

Fig. 16 Changes in the optimal T P with variations in cost parameters-Centralized scenario

and their breeding period. Thereby, the newborn chickens’ order size gets smaller. This is
in line with the pattern observed in Rezaei (2014).
In the centralized scenario, the retailer’s ordering size and inventory cycle are also affected.

• Variating the supplier’s ordering cost parameter (COS), not only doesn’t impact the
retailer’s system but also has no effect on the supplier’s decision variables. This might
seem odd, but it is entirely rational: The supplier’s inventory system recurs based on the
retailers’ inventory cycle (TR) and thereby its ordering cost is paid every TR units of time.
So, the changes in COS will not influence its decision variables.
In the centralized scenario, the patterns differ. The breeding period is independent of
changes in COS . On the other hand, as COS takes larger values, the consumption period
gets longer, leading to an increase in the retailer’s ordering quantity.

• The supplier’s unit selling price (PS) is the retailer’s unit purchasing cost. Accordingly,
its variations lead to changes in both systems. As PS takes larger values, the unit profit of
the supplier rises, while the retailer faces a drop in its profit. By increasing PS , the retailer
has to raise its initial selling price leading to a reduction in demand. Then, the retailer’s
order quantity and inventory cycle get smaller values, and the decline in the supplier’s
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order quantity is expected. As Figs. 10 and 11 project, PS is the most influential parameter
on changes in T PS and T PR in decentralized supply chain scenario.
In the centralized case, no changes are observed as PS is not present in the total profit of
the chain.

• As in classical inventory models, by decreasing the retailer’s holding cost, the inventory
cycle gets longer, which leads to a rise in the retailer’s order sizes. The breeding period is
insensitive to these changes. Therefore, we observe the same percentage of increase in the
ordering size of the initial young-born chickens.
The pattern of changes is similar in the centralized supply chain scenario.

• By increasing COR in either of the chain structures (centralized and decentralized), the
retailer’s ordering quantity and inventory cycle increase. This is what we expect in classical
inventory models as well.

6.7 Sensitivity analysis on food waste parameters

After slaughtering the broiler chickens, a fraction of inventory that is distinguished as non-
consumable is discarded. Moreover, the slaughtered items at the retailer side undergo quality
degradation. The deteriorated items are disposed during the retailer’s inventory cycle. There-
fore, we face food wastes both at the supplier and retailer. The impact of these food wastes
is studied by analyzing the changes in food waste parameters, including α and θ in Table 2.

As the results depict, the breeding period is slightly affected by the changes in α. The
changes in the initial newborn order size are more intense than the breeding period. By
decreasing α, smaller amount of inventory is discarded as non-consumable. Therefore, the
initial order size can decrease for the same required final inventory level. The system of
the retailer is insensitive to changes in α under the decentralized scenario. This is while we
observe a slight change in different variables of the retailer under the centralized scenario.

The changes in the deterioration rate affect the supplier’s system as well. The breeding
period is insensitive to changes in the deterioration rate. By decreasing θ , the consumption
period gets longer that results in larger order sizes. Since the breeding period is constant, the
retailer’s larger order size leads to a larger initial order size of newborn chicks. The retail
price is almost insensitive to the changes in θ .

It is noteworthy that the impact of changes in θ is stronger than α. This shows that food
wastes at the retailer are higher than the supplier. The other interesting point is that the
centralized (compared to decentralized) supply chain scenario is more robust to the changes
in food waste parameters, which is highly desirable as it decreases the risk of large losses
facing unexpected conditions.

6.8 Managerial implications

It is widely accepted that the centralized supply chain scenario can enhance the chain mem-
bers’ operational efficiency. Our results support this claim as we observe an increase in the
profit of both echelons. Furthermore, it is shown that the retailer’s selling price is reduced
under the centralized scenario, which suggests that this scheme is even more favorable for
the customers as they pay less for the same product. Then, retailers can gain a competitive
advantage in absorbing customers’ demands by entering this setting.

It should be noted that the key challenge in the success of the centralized scenario is
the profit-sharing mechanism that divides the outcomes of collaboration among involved

123



Annals of Operations Research

Ta
bl
e
2
Se
ns
iti
vi
ty

an
al
ys
is
on

fo
od

w
as
te
pa
ra
m
et
er
s

Pa
ra
m
et
er

C
ha
ng

es
(%

)
γ

T
S

T
R

P
0

Q
0

Q
R

T
P
S

T
P
R

D
ec
en
tr
al
iz
ed

su
pp
ly

ch
ai
n
sc
en
ar
io

α
−

50
%

0.
1

0.
08

20
4

0.
12

13
5

0.
01

14
8

16
7,
32

8
3,
88

6,
47

0
14

4,
12

5
16

0,
82

3

(+
0.
34

%
)

0%
0%

(−
4.
77

%
)

0%
(+

3.
28

%
)

0%

−
25

%
0.
1

0.
08

19
0.
12

13
5

0.
01

14
8

17
1,
46

9
3,
88

6,
47

0
14

1,
85

6
16

0,
82

3

(+
0.
17

%
)

0%
0%

(−
2.
41

%
)

0%
(+

1.
65

%
)

0%

+
25

%
0.
1

0.
08

16
1

0.
12

13
5

0.
01

14
8

18
0,
03

4
3,
88

6,
47

0
13

7,
18

8
16

0,
82

3

(−
0.
17

%
)

0%
0%

(+
2.
46

%
)

0%
(−

1.
68

%
)

0%

+
50

%
0.
1

0.
08

14
7

0.
12

13
5

0.
01

14
8

18
4,
46

0
3,
88

6,
47

0
13

4,
78

8
16

0,
82

3

(−
0.
35

%
)

0%
0%

(+
4.
98

%
)

0%
(−

3.
41

%
)

0%

θ
−

50
%

0.
1

0.
08

17
6

0.
14

51
3

0.
01

14
8

20
9,
36

4
4,
63

1,
02

3
14

5,
62

7
17

0,
47

5

0%
(+

19
.6
0%

)
0%

(+
19

.1
6%

)
(+

19
.1
6%

)
(+

4.
35

%
)

(+
6.
00

%
)

−
25

%
0.
1

0.
08

17
6

0.
13

16
7

0.
01

14
8

19
0,
33

5
4,
21

0,
09

3
14

2,
47

1
16

6,
91

6

0%
(+

8.
51

%
)

0%
(+

8.
33

%
)

(+
8.
33

%
)

(+
2.
09

%
)

(+
3.
78

%
)

+
25

%
0.
1

0.
08

17
6

0.
11

31
0.
01

14
8

16
4,
00

3
3,
62

7,
66

1
13

6,
80

2
15

3,
67

3

0%
(−

6.
79

%
)

0%
(−

6.
66

%
)

(−
6.
66

%
)

(−
1.
96

%
)

(−
4.
44

%
)

52
%

0.
1

0.
08

17
6

0.
10

63
2

0.
01

14
8

15
4,
37

0
3,
41

4,
57

4
13

4,
21

4
15

0,
18

5

0%
(−

12
.3
8%

)
−

0.
02

%
(−

12
.1
4%

)
(−

12
.1
4%

)
(−

3.
81

%
)

(−
6.
61

%
)

Pa
ra
m
et
er

C
ha
ng

es
(%

)
γ

T
S

T
R

P
0

Q
0

Q
R

T
P

O
P
S

O
P
R

C
en
tr
al
iz
ed

su
pp
ly

ch
ai
n
sc
en
ar
io

α
−

50
%

0.
1

0.
08

20
4

0.
43

97
3

0.
00

88
2

96
5,
89

0
2.
2E

+
07

17
5,
40

7
20

0,
36

7
17

4,
42

6

(+
0.
34

%
)

(+
0.
11

%
)

(−
0.
08
%
)

(−
4.
56

%
)

(+
0.
21

%
)

(+
1.
94

%
)

123



Annals of Operations Research

Ta
bl
e
2
(c
on

tin
ue
d)

Pa
ra
m
et
er

C
ha
ng

es
(%

)
γ

T
S

T
R

P
0

Q
0

Q
R

T
P

O
P
S

O
P
R

−
25

%
0.
1

0.
08

19
0.
43

94
9

0.
00

88
2

98
8,
75

3
2.
2E

+
07

17
4,
08

3
20

0,
32

5
17

4,
10

7

(+
0.
17

%
)

(+
0.
06

%
)

(−
0.
04
%
)

(−
2.
31

%
)

(+
0.
11

%
)

(+
1.
17

%
)

+
25

%
0.
1

0.
08

16
1

0.
43

89
8

0.
00

88
3

1,
03

5,
89

7
2.
2E

+
07

16
9,
98

7
20

0,
23

8
17

3,
45

0

(−
0.
17

%
)

(−
0.
06

%
)

(+
0.
04

%
)

(+
2.
35

%
)

(−
0.
11

%
)

(−
1.
21

%
)

+
50

%
0.
1

0.
08

14
7

0.
43

87
2

0.
00

88
3

1,
06

0,
19

3
2.
2E

+
07

16
8,
68

0
20

0,
19

4
17

3,
11

3

(−
0.
35

%
)

(−
0.
12

%
)

(+
0.
09

%
)

(+
4.
75

%
)

(−
0.
22

%
)

(−
1.
97

%
)

θ
−

50
%

0.
1

0.
08

17
6

0.
45

60
2

0.
00

88
3

1,
02

3,
16

3
2.
3E

+
07

17
5,
45

9
19

7,
61

8
17

7,
17

1

0%
(+

3.
82

%
)

(+
0.
05

%
)

(+
1.
09

%
)

(+
1.
09

%
)

(+
1.
97

%
)

−
25

%
0.
1

0.
08

17
6

0.
44

74
4

0.
00

88
3

1,
01

7,
58

4
2.
3E

+
07

17
4,
11

7
19

8,
98

6
17

5,
43

9

0%
(+

1.
87

%
)

(+
0.
02

%
)

(+
0.
54

%
)

(+
0.
54

%
)

(+
1.
19

%
)

+
25

%
0.
1

0.
08

17
6

0.
43

13
8

0.
00

88
2

1,
00

6,
67

0
2.
2E

+
07

16
9,
97

0
20

1,
52

0
17

2,
18

5

0%
(−

1.
79

%
)

(−
0.
02
%
)

(−
0.
54

%
)

(−
0.
54

%
)

(−
1.
22

%
)

+
50

%
0.
1

0.
08

17
6

0.
42

38
6

0.
00

88
2

1,
00

1,
33

6
2.
2E

+
07

16
8,
61

1
20

2,
71

0
17

0,
64

0

0%
(−

3.
50

%
)

(−
0.
04
%
)

(−
1.
06

%
)

(−
1.
06

%
)

(−
2.
01

%
)

123



Annals of Operations Research

partners. Our results indicate that if the profit-sharing ratio is not wisely selected, some
chain members may lose the incentives to enter this setting. We showed that constructing
this ratio based on the profits of the decentralized scenario guarantees the involved partners’
individual rationality.However, this requires a smooth flowof information among the partners
or between each involved partner and the centralized decision-maker. This indicates that the
centralized scenario is an appropriate scheme in long-run business cooperation, where the
trust is already built.

One significant advantage of the centralized scenario in our FSC that differentiates it
from conventional SCs is its robustness in facing alterations in food waste parameters. This
is highly important in the food industry as it decreases the risk of large financial losses
when a specific health issue is spreading among the growing items or the holding facilities
confront unexpected breakdowns. To put it in a nutshell, the centralized supply chain scheme
accompanied by an appropriate profit-sharing contract is a rigorous coordination mechanism
in FSCs with various benefits in terms of decreased food loss, increased profit, customer
satisfaction, and lower financial risks.

The results provide the decision-makers with fruitful insights into FSCs under different
scenarios. The most rigorous input parameters impacting the rearing farm’s profit and the
retailer are distinguished, helping each echelon’s decision-makers prioritize their focus in
improving the costs and revenues. Since the studies on growing items are still in their infancy,
the findings can be particularly beneficial for the rearing farms as the suppliers of FSCs.

The results imply that if the rearing farmhas a chance to choose amongdifferent hatcheries,
selecting the one with the lowest purchasing cost not only reduces its costs but also shortens
the breeding period. This, in turn, lowers the risk of poultry disease during growth, which is
particularly advantageous under the conditions of a newly emerging disease among the broiler
chickens. Moreover, if the rearing farm faces limitations in its periodic purchasing budget,
the firm can manage its costs by applying better holding technologies and feeding processes,
which decreases the unit-item breeding cost. The latter can be achieved by controlling feed
ingredients, fermenting the feed, and incorporating grit and probiotics.

As the growth function imposes limitations on the speed of the weight increase and the
ultimate weight, the breeding period is independent of the retailer’s system. Furthermore,
since quality standards and the negative impact of overbreeding are considered in the model,
the changes in the supplier’s purchasing cost and even breeding cost do not change the
breeding period on a severe scale in comparison to other variables. This is while the breeding
period is highly affected by the pattern of the growth,which ismodeled as the growth function.
This indicates that the first step in applying our proposed framework is estimating the growth
parameters accurately. Any inaccurate estimation can lead to significant financial losses.

It is shown that most input parameters do not highly influence the retailing price. In most
cases, regulations intervene in the pricing of these items (such as meat and chicken), and
the companies face some restrictions in pricing. Moreover, as the items are almost identical,
the market is very price-sensitive, and a slight increase in the retailing price can shift the
customers from one seller to another. The results also shed light on the efficiency of dynamic
pricing in FSCs. A decrease in food waste and profit increase is observed by shifting from
static pricing to dynamic pricing. Accordingly, retailers can benefit more by switching from
static pricing to dynamic pricing.
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7 Conclusion

In this study, dynamic pricing and ordering policieswere studied in a two-level FSC, including
a rearing farm as the supplier and a retailer. The chain embraces a class of inventory known
as growing items (such as poultry and livestock), which are central components in various
FSCs. The problem is analyzed under decentralized and centralized supply chain scenarios.
An analytic solution approach is developed and validated by experimental results. The results
show that the centralized supply chain scheme accompanied by an appropriate profit-sharing
contract is a rigorous coordination mechanism in FSCs with various benefits in terms of
decreased food loss, increased profit, customer satisfaction, and lower financial risks. Our
results indicate that the first important step in applying the proposed optimization scheme for
FSCs with growing items is the accurate estimation of growth parameters that largely impact
the optimal decisions. The results provide decision-makers of involved echelonswith insights
into the features of the studied FSC, including their most influential input parameters, the
areas that require further attention, and managerial suggestions under different settings.

The current research faces some limitations that can be the focus of future research. In
the real world, a portion of the broiler chickens dies during their lifetime. This influences
the inventory model of the rearing farm. Then, taking the mortality rate of the items into
account is a promising future direction. Furthermore, feeding conditions play a crucial role
in the growth pattern of growing items. This can be heeded by taking the feeding level
of the items as decision variables as a future research direction. As this research topic is
still in its preliminary stage, further interdisciplinary studies are required to unravel all the
characteristics of such FSCs. Other feeding functions and deterioration patterns might be
applied in the future to investigate their impact on the system. Incorporating other marketing
policies such as advertising and delay in payments might also help to illustrate the practical
features of the problem. Finally, since part of the SC, after slaughtering the items, holds the
features of a cold chain, investigating the related problems raised in cold supply chains such
as decisions on holding and transportation facilities and temperature optimization can be
regarded as a promising future direction.

Appendix: Numerical results

See Tables 3 and 4.
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