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Abstract

With approximately one-third of the global production of food going to waste, immense
research efforts are being directed towards identifying the underlying causes and
potential solutions of this issue. Since a substantial amount of food waste can be
attributed to the quality deterioration of perishable products within the food supply
chains (FSC), therefore, one of the primary causes of this issue can be concluded to be
inefficient FSCs. To combat this issue, this research examines the potential benefits of
using Internet of Things (loT) technology in the food supply chain within the
framework of a two-echelon food supply chain comprising of a supplier and a retailer,
and develops mathematical models to study the impact of real-time quality monitoring
through 10T on single and two-stage pricing strategies. To this end, a literature review
that lays the groundwork for the single and two-stage pricing models, developed in this
research, is conducted. The model for each pricing strategy is developed within the
decentralized, centralized, and revenue-sharing supply chain structure. The optimal
points, used to analyze the individual and collective decisions of the supplier and the
retailer, are derived for each model. The results of the numerical analysis indicate that
the decision to employ loT technology depends on the investment cost incurred and its
correlation with the critical thresholds for the retailer, supplier, and the overall supply
chain. These thresholds are determined through a combination of parameters that
include the unit product cost, potential market size, quality deterioration rate, price and
quality sensitivity factors, and the initial, organoleptic and critical quality of the
perishable food products. Finally, the lower and upper bounds for the retailer’s revenue-
sharing factor are ascertained, through a combination of the aforementioned parameters
and the wholesale price, for an effective coordination that benefits both the supplier and

the retailer.

Keywords: Perishable food; quality deterioration; 10T; single pricing; two-stage

pricing; revenue-sharing.
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Chapter 1. Introduction

This chapter provides a short background on the global concerns on food
wastage within supply chains followed by the objectives and contributions of this
research. In addition, the significance of this research and the organization of the thesis

have also been mentioned.
1.1. Food Losses and Waste in the Global Food Supply Chain

Approximately one-third of the food produced globally for human consumption
does not reach the end consumer because it is either lost or wasted along the various
points in the food supply chain (FSC) [1], [2]. The magnitude of the problem is
astounding as 1.6 billion tons of food, equivalent to an estimated worth of $1.2 trillion,
is lost or wasted worldwide on an annual basis. Moreover, with the issue mounting
incessantly, the yearly food loss and waste is estimated to grow to 2.1 billion tons of
food — worth about $1.5 trillion by the year 2030. Additionally, about 8% of the global
emissions of greenhouse gases can be attributed to food loss and waste [3]. Therefore,
this issue is of paramount importance and there is a dire need to address it to enhance
food quality and safety, combat hunger, and reduce the economic and ecological impact
[1].

It is imperative to develop an understanding of the difference between food loss,
food waste, and food wastage, and the circumstances in which they occur in order to
identify the underlying causes and tackle this issue efficiently. Food loss mainly refers
to a decrease in quality or mass of edible food originally meant for human consumption.
This is usually caused by inefficiencies in the FSCs such as limited technology, poor
infrastructure, and lack of coordination among the different actors in the supply chain,
and it typically occurs during the stages of post-harvest, production, and processing [1],
[4]. On the other hand, food waste refers to the removal of food appropriate for human
consumption either through choice, or due to spoilage or expiry. This generally occurs
at the end of the supply chain, the retailer and consumer, and is often a consequence of
oversupply due to inaccurate market predictions or individual consumer habits [1], [2],
[4]. However, food wastage encompasses both food loss and waste as it relates to any

amount of food lost by deterioration or waste [4].
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1.2. Thesis Objectives

Since food wastage and economic losses due to inefficient food chains is one of
the key global concerns nowadays, extensive efforts are underway in an attempt to
minimize these issues. The objective of this research is to investigate the effect of loT
and coordination mechanisms on the efficiency of a two-echelon FSC, using single and
two-stage pricing strategies. This can be achieved through the following:

- Development and analysis of a mathematical model incorporating real-time
information about food quality obtained through 10T will be done within the
aforementioned setting.

- Development and analysis of mathematical models under revenue-sharing
contracts will be done within the aforementioned setting to investigate the
change in optimal pricing. The use of real-time information from loT to
enhance the supply chain contracts will also be studied.

1.3. Research Significance

Food losses or waste occur throughout all the stages of the supply chain —
namely production, handling, storage, processing, packaging, distribution, retail and
consumption. However, it is most pronounced at the beginning and ending stages of the
supply chain, production and consumption. Some of the foremost drivers of the issue
have been identified as inappropriate supply chain infrastructure, supply chain
inefficiency, and lack of collaboration between the different members of the FSC. The
right supply chain infrastructure incorporating advanced solutions could substantially
preserve and lengthen the shelf life of food, resulting in a potential annual reduction of
food wastage worth $150 billion annually. Furthermore, adopting digital tools and
processes within the supply chain would permit improved demand visibility, food
traceability, and dynamic product pricing. This can lead to an improved supply chain
efficiency and result in annual food savings worth $120 billion. Moreover, better
coordination mechanisms between the different players involved in the FSC can relieve

the world of $60 billion worth of food waste annually [3].

This thesis contributes to literature by adding an 10T perspective to existing
mathematical models for single and two-stage pricing strategies, and also by
investigating the impact of coordination through revenue-sharing contracts on the

aforesaid models.
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1.4. Thesis Organization

The rest of this thesis has been organized as follows: Chapter 2 presents a
detailed review of the areas that are closely related to the considered topic of research
— supply chain quality management, supply chain contracts, real-time quality
monitoring using 10T, and pricing strategies for the FSC. Chapter 3 highlights the
development and analysis of the single price FSC model under decentralized,
centralized, and coordinated system with the effect of incorporating 10T for quality
monitoring purposes. Chapter 4 presents the development and analysis of the two-stage
FSC price model within the same settings as aforementioned for the single price model.
Finally, Chapter 5 concludes the thesis report and provides recommendations for future

research work.
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Chapter 2. Literature Review

This chapter encompasses an extensive review on the available literature
pertinent to supply chain quality management, supply contracts, pricing strategies for
perishable food items, and the use of technology within the food supply chain. Key
representative studies and efforts in the aforementioned areas have also been
highlighted. The primary objective of this literature review was to study and acquire a
comprehension of the underlying concepts and state-of-the-art knowledge to construct
the foundation for this research.

2.1. Supply Chain Quality Management (SCQM)

2.1.1. Integration of supply chain management and quality management.
As the intensity of global business competition escalates from enterprise level to supply
chain level, a higher degree of synchronization between different partners involved in
the network has become indispensable to acquire a competitive advantage over
competing supply chains [5]. Consequently, the recent emergence of supply chain
quality management (SCQM) as an area of research has garnered mounting interest in
studies relating to its theoretical framework and implementation. However, a clear
comprehension of SCQM necessitates deconstruction of the aforesaid term into the

fragments of supply chain management (SCM) and quality management (QM).

SCM encompasses the coordination and synergy of all partners involved in the
supply chain network including suppliers, manufacturers, distributors, retailers,
customers, and any other intermediaries [6]. Furthermore, collaboration between the
various channel partners leads to a superior operational efficiency by coordinating
supply with the demand requirement of the customer. As a result, the joint objectives
of minimizing the channel-wide costs and maximizing customer satisfaction can be
accomplished, bestowing the network with a leveraged strategic standing as opposed to

rival supply chains [5], [7].

Alternatively, QM is a management philosophy which is directed towards
unremitting process improvements to achieve customer satisfaction. The
implementation of internal quality practices gives rise to an enriched quality culture in
an organization, which inevitably leads to enhanced organizational efficiency,

competitiveness, and sustainability [6]. Moreover, it is a means of acquiring excellence
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in the products and/or services offered by enhancing organizational performance,
improving relationship with suppliers, attaining employee satisfaction, and exceeding
customer expectations [5], [6].

The interface between the two domains, SCM and QM (illustrated in Figure 1),
demonstrates the parallels and contrasts between the two concepts to highlight the
conflation that gives rise to the concept of SCQM. One of the generic dissimilarities
between SCM and QM is that both originated from multiple disciplines. SCM
transpired from transportation and logistics networks, material distribution, services,
and supply base integration amongst others. On the other hand, QM emerged from total
quality management to encompass both soft and hard practices, promote a culture of
continuous learning and excellence oriented towards the customers, and eliminate any
impediments to performance and teamwork. Moreover, another essential difference
between the two conceptions is that SCM is predominantly viewed as an external
process mostly directed towards upstream actions, whereas QM is regarded as mostly
internal operations focused towards the provision of quality products and services,

although some external activities may be involved [8].

Quality management

Supply chain management

Customer-
Jocus:
Meeting
and
exceeding
customer’s
needs and

Transportation and logistics
e Marketing

e Strategic management

Strategic planning and leadership
¢ Continuous improvement/learning
¢ Empowerment and teamwork

e Continuous improvement/learning e Human resource focus

¢ Organisational behaviour e  Management structure

e Best practices e Quality tools

Supply base integration wants e Supplier support

Relationship & partnerships Customer—supplier chain

Figure 1: SCM and QM interface [8]

On the contrary, the existence of some evident similarities between SCM and
QM point towards the prospects of an amalgam. At the outset, both of the
aforementioned concepts emerged within the sphere of operations management and
comprise of several interrelated operations that complement each other. The

significance of a systems-based outlook of operations is accentuated in both, and both
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are aimed towards gaining a competitive edge over rivals [5], [8]. Additionally, both
involve immense communication and coordination amongst the multiple levels of
organization and operations in order to be effectual. Most significantly, customer
satisfaction is the focal point of both SCM and QM [8]. Therefore, these similarities
provide an interface between the two concepts of SCM and QM, resulting in the advent
of the novel concept of SCQM.

2.1.2. Definition of supply chain quality management. With the shift in
business competition from a single organization to supply chain, the aforementioned
systems-based view of QM becomes applicable to the entire supply chain, which leads
to the emergence of SCQM, an integration of SCM and QM principles with their mutual
goals of achieving customer satisfaction [5]. Therefore, SCQM can be defined as the
formal collaboration and consolidation of each supply chain partner organization’s
business processes for the continuous measurement, analysis, and improvement of
supply chain performance [9]. It seeks to leverage the opportunities created through the
coalescence of suppliers, manufacturers, distributors, retailers, and all other
intermediaries for the appropriate production and distribution of products and services
at minimal cost [10]. Consequently, the established connections between the upstream
and downstream flows results in the creation of value, improvement of processes,
products, and services, and attainment of satisfaction of the intermediate and end

customers [5], [9].

2.1.3. SCQM tools and practices. Several recent studies draw attention
towards the practices that lay the groundwork for SCQM and elucidate the nature of
this newly formed area of research. While several dissimilar constructs have been
identified as vital enablers for SCQM in various studies, these set of shared theories can
be abridged into a few core practices: quality leadership, customer focus, supplier focus,

information technology, and integration [11].

2.1.3.1. Quiality leadership. This practice denotes the managerial activities and
decisions pertinent to the formation of a working milieu which facilitates continuous
improvement both within and amongst the various firms involved in a supply chain
network [11], [12].

2.1.3.2. Customer focus. This construct of SCQM entails considering customers
both internal and external to the firm as the ultimate determiners of quality, drivers of
20



business value in the long run, and the primary originators of commercial success.
Furthermore, it also refers to the requirement of a proactive and prompt approach of
reaching out to the customers to address their requirements and concerns [11].

2.1.3.3. Supplier focus. This fragment necessitates that firms perceive suppliers
as indispensable partners of the value chain creation, and that they build a work
ecosystem that promotes a synergetic view of quality and growth. This, however, is
heavily reliant upon the degree of trust that exists between the different partners

involved in all levels of the supply chain [11].

2.1.3.4. Information technology. This idea of SCQM specifies the importance
of information sharing and communication using Information Technology (IT) towards
the achievement of an optimized quality execution within multi-echelon supply chains.
With the ongoing advancement in IT and the advent of Internet of Things (lIoT), there
are numerous opportunities to automate and ease the integration, analysis, and exchange
of massive amounts of data, thus improving the management of supply chain and
quality. This entails the creation of an information architecture which, if managed
proficiently, provides a competitive advantage to each member of the network through

excellence in operational efficacy [11], [13].

2.1.3.5. Integration. Integration insinuates the immense significance of a strong
coalition and synchronization between all members of the supply chain for the
deployment of an articulate SCM structure contributing towards an improved channel

performance [11].
2.2. Supply Chain Contracts

2.2.1. Introduction to supply chain contracts. As aforementioned, SCM
entails the management of flow of information, material, and money within an
extensive network comprising of suppliers, manufacturers, distributers, retailers,
customers, and any other intermediaries involved [14]. These flow exchanges between
a pair of network partners are deemed as essential routine affairs since they substantially
impact critical supply chain decisions pertinent to the quantity and pricing. The decision
maker can either be a single network partner, representing an integrated or centralized
supply chain, or there can be multiple decision makers with varying incentives and

accessible information, denoting a decentralized supply chain [15], [16].

21



An ideal situation is considered to be one in which the supply chain comprises
of a unique decision maker who optimizes the performance of the entire network by
utilizing the information from all the supply chain members. However, decentralized
systems are more predominant due to constant upsurge in globalization and outsourced
activities, which result in dispersion of the decision-making rights amongst the multiple
parties in the network. Consequently, an element of risk is induced to the supply chain
performance since information symmetry and coordination amongst the various
decision makers become more challenging. Each decision maker may have access to
differing private information and incentivize the optimization of a different personal
objective function, which may not necessarily be optimal for the entire supply chain.
Therefore, the aggregate projected profit from a decentralized supply chain is less than
that of a centralized one, since the locally optimal decisions may not be globally
optimum for the entire supply chain, resulting in a suboptimal overall performance [15].

As an attempt to facilitate coordination across the network for the provision of
adequate private information and incentives, supply chains recourse to formal contracts
that propel disclosure of the aforesaid to lead to an improved system-wide performance
and facilitate enduring partner relationships [15]. Consequently, a supply chain contract
can be described as a coordination mechanism that offers incentives to all the members
involved so that the behavior of the decentralized system closely or precisely resembles
that of the centralized one [17]. Therefore, supply chain contracts have a threefold
objective: optimization of the overall profit of the supply chain; minimization of
inventory costs due to overstocks and loss of goodwill due to understocks; and a fair
distribution of the risk stemming from uncertainty between the supply chain partners
[18], [19]. In this research, contracts enabling the channel coordination of a two-echelon

supply chain have been considered within the context of a newsvendor model.

2.2.2. Structure of a single-period supply chain. The supply chain contracts
reviewed in this section are based on a single-period supply chain model comprising of
two firms — a single upstream supplier with a single downstream retailer — which form
the basis for more complex supply chain networks. There is a single selling period with
a stochastic market demand, which provides the retailer with a single opportunity to
order stock from the supplier prior to the commencement of the selling season [20]. The

contractual terms are negotiated and agreed upon by the two firms, after which the
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retailer places an order to the supplier for a specific product quantity, and the supplier
produces the products and sells them to the retailer. The single-period, two-firm supply
chain model with the direction of financial, material, and information flow is depicted
in Figure 2 below. As illustrated, the information about the product demand flows from
the market to the retailer, which is then passed on to the supplier. On the contrary, the
material flows from the supplier to the retailer as the former delivers the produced goods
to the latter. Finally, the flow of money initiates from the market and goes on to the

retailer and the supplier.

Financial flow

Material flow

¢ Unit production cost
w  Unit wholesale price
_ Q D r Unit retail price
b Q Min[Q, D D Market demand
Supplier > Retailer 4 .
¢ W r Q  Order quantity
< — _
—_
—_

Information flow

Figure 2: Generic model of single-period supply chain (adapted from [21])

Within the aforesaid single-period framework, the retailer orders a quantity of
Q products from the supplier based on the forecasted market demand of the product, D,
which is uncertain and subject to price- and quality-sensitivity in actuality.
Furthermore, the supplier incurs a constant production cost of ¢ per unit produced, and
sells the products to the retailer at a wholesale price of w per unit. Alternatively, the
retailer sells the products to its customers at a retail price of r per unit sold and can
salvage each unsold product for s per unit[15]. While some models may hold the order
quantity, Q, as the paramount decision variable, other models may assume the retail
price as the primary decision variable, in which case the demand is commonly presumed

to be a deterministic, downward-sloping function [15].

2.2.3. The newsvendor model. As aforementioned, the supply chain contracts
discussed within this study have been considered within the framework of a
newsvendor model. The classic newsvendor model, also known as the newsboy model,
comprises of two entities, one supplier and one retailer subject to a stochastic market
demand of a product bearing a brief lifecycle [20], [22]. Moreover, the retailer is
presented with a single opportunity to order a product before the beginning of a selling
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season, after which only that specific ordered quantity can be utilized to fulfil the
season’s demand [23]. Therefore, the retailer encounters a newsvendor problem
wherein the retailer is required to order a quantity such that it offsets the stochastic

customer demand and leads to optimized profits [20].

The events within the newsvendor problem transpire in the below-mentioned

chronological order:

— A contract is proffered by the upstream supplier to the downstream retailer.

— The offered contract is either acceded to or declined by the retailer.

— A product order quantity of Q is placed by the retailer to the supplier, based
on the supposition that the contract is accepted by the retailer.

— The ordered quantity of products is manufactured by the supplier and
shipped to retailer before the selling season begins.

— Commencement of the selling season and materialization of the season
market demand take place.

— The transfer payments are settled between the two entities in accordance
with the agreed contractual terms. However, in the event that the contract is
declined by the retailer, each party receives a default payout and the process

does not proceed further [20].

2.2.3.1. The cost function. The foremost step in the newsvendor model is the
development of a function to determine all the relevant costs based on the amount of
leftover inventory, where the demand is assumed to be a continuous nonnegative
random variable D with a cumulative distribution function F(x) and a density function
f(x). Furthermore, the decision variable in this model is the number of units Q to be
ordered at the beginning of the selling period. The total expected cost comprises of the
overage cost Co, the unit cost of holding the unsold inventory at the end of the selling
season, and the underage cost cy, the unit cost of unsatisfied demand in terms of
goodwill loss [23]. The latter incorporates the goodwill penalty cost for each unit of

demand left unsatisfied by the supplier gs and the retailer gr as depicted below [20]:

Cy = 9Gs + Gr (1)
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Subsequently, the total expected cost G(Q) incurred at the end of the selling
season can be expressed as a function of the stochastic demand D and order quantity Q

when x units are sold [23]:
Q 0
6@ =c, [ @-0fdx+e, [ -0fCdx )
0 Q

2.2.3.2. The optimal policy. Since the order quantity Q is the decision variable,
the newsvendor model determines an optimal value of Q that minimizes the total
expected costs G(Q) incurred at the end of the selling season, and thus, maximizes the
supply chain profit [23]. This is obtained through the first and second derivatives of the

cost function:

L = (@ + (1~ Q) ®
T = @+ eIFQ@ 20 @

Since the second derivative of the total expected cost is established as
nonnegative, the cost function G(Q) is determined to be a convex function of Q as
shown in Figure 3. Therefore, the optimal order quantity Q* that minimizes the total
cost, obtained by equating the first derivative of G(Q) to zero, can be expressed in terms

of the critical ratio or the critical fractile [23], [24]:

Cy
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Figure 3: Expected cost function for the basic newsvendor model [23]
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2.2.4. Contract types. This subsection provides an overview of the various
types of supply chain contracts that have been addressed extensively in contracting
literature in view of the aforementioned newsvendor model. Although all contracts are
devised to improve the supplier-retailer relationship by fulfilling the joint objectives,
they differ based on the incentives offered to prompt the partners towards effective
coordination. The evaluation criteria that can be used to assess the potencies and defects
of a contract includes the following:

— The level of supply chain coordination, which dictates that none of the
partners should have an autonomous incentive to deviate from the supply
chain’s optimal decisions

— The administrative costs associated with a contract, generally due to
information and material flow exchange, which has a direct impact on the
efficiency of the specific contract

— The arbitrary sharing of total risk and total supply chain profits to facilitate
an impartial allocation of the risk and benefits across the network [15], [20],
[25]

2.2.4.1. Wholesale price contract. With a wholesale contract, a supplier sells a
singular product to a retailer at wholesale price, w per unit, set by the supplier. The
retailer determines the order quantity Q for an optimal stock level, and the arbitrary
demand of the product is realized during the selling season. With this contract, the
retailer retains the entire revenue generated through the product sales at p per unit but
does not have the opportunity to return the unsold products to the supplier. However,
the unsold items can be salvaged by the retailer at s per unit [25], [26]. The transfer

payment that takes place within this contract is as follows [20]:

T (Q,w) =w@ (6)

Govindan et al [27] expressed the profit functions of the retailer and the supplier
within a wholesale price contract in terms of the unit production cost to the supplier cs,
marginal cost to the retailer cr, goodwill costs to the supplier gs and retailer gr, salvage

costs to the suppler ss and retailer sy, and expected sales S(Q) as:

m,.(Q) = pS(Q) + 5.(Q —S(Q) — 9,(D - S(Q)) — ¢,Q —wQ (7)
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75(Q) = 55(Q — S(Q)) — gs(D — S(@)) — ¢sQ + wQ (8)

Moreover, the total supply chain profit is merely the sum of the retailer and
supplier profits, while the optimal order quantity is found by differentiating the profit
function of the supply chain as [27]:

¢ +cs— Sy

F(Q") =1-
Q p_sr+gr+gs

(9)

2.2.4.2. Buyback contract. Within a buyback contract, the retailer places an
order of Q units to the supplier at the beginning of the selling season, the supplier
charges the retailer a wholesale price w per unit and the retailer sells them in the market
at p per unit. However, any unsold quantity at the end of the selling season, up to Q
units, is bought back by the supplier at a buyback price b, which is a fraction of the
wholesale price. In this manner, the supplier shares the responsibility and risk of unsold
inventory with the retailer [25], [27], [28]. The following transfer payment from the

retailer takes place [25]:

T»(Q,w,b) = bS(Q) + W — b)Q (10)

While the optimal order quantity for the supply chain takes the same form as
before, the profit functions for the two firms are expressed by Govindan et al [27], using

the same notations as in the wholesale agreement, as shown below:
7.(Q) = pS(@) +b(Q — S(@) — g-(D = 5(Q)) — ¢,Q —wQ (12)
15(Q) = (s = b)(Q = S(@) — g5(D — S(Q)) - ¢5Q +wQ (12)

2.2.4.3. Revenue-sharing contract. Under a revenue-sharing contract, the
supplier sells the products to the retailer at a discounted wholesale price w per unit
before the market demand is realized. However, the retailer keeps only a fraction ¢ of
the revenue earned at the end of the selling period, while the remaining fraction (1-¢)
is given to the supplier in return for the lower wholesale price [18], [28]. The following

transfer payment takes place:

T.(Qwr, @) = (W + (1= 9)s)Q + (1 = 9)(p — 5,)5(Q) (13)

Govindan et al [27] described the profit functions of the retailer and the supplier,

with the same expression for optimal order quantity, as follows:
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7-(Q) = p{pS(Q) + 5.(Q — S(@)) — g-(D = S(Q)} — c,Q —wQ (14)

5(Q) = (1 = 9){pS(Q) +5,(Q - S(@) - 9,(D - (@)}
(15)
~9s(D = (@) — ¢;Q + wQ
2.2.4.4. Quantity flexibility contract. Under the quantity flexibility (QF)
contract, the supplier sells the product to the retailer at wq per unit, but provides
compensation to the retailer for losses incurred on unsold units and thus, safeguards the
retailer on a portion of the order. Consequently, the supplier sends a credit note of
(wq +c, — Sr)min (1,5Q) to the retailer at the end of the sales period where | and Q
are the unsold product and optimal order quantities, respectively, and § € [0,1) is a
contract parameter [20]. Moreover, within this agreement, the retailer is permitted to
alter the order quantity as the point of sale approaches and the market demand becomes
more visible over time. However, this can only be done within the quantity limits settled
upon with the supplier in the contract [28]. The following transfer payment takes place

within this agreement [20]:

Q
Tq(Q, Wy, 6) =w,Q — (Wq +c, — sr) F(y)dy (16)
(1-8)Q

Govindan et al [27] defines the retailer and supplier profit functions based on
three scenarios differing by demand levels. The first instance considers a demand D

that is higher than the commitment quantity (1 — §)Q:
7,(Q) =pS(Q) +5,((1 =8)Q = D) — ¢,((1 = Q) —we (1 - 8)Q)  (17)
75(Q) = —¢s((1 = 8)Q) + wy((1 - $)Q) (18)

The second scenario entails a market demand D that exceeds the commitment

quantity ((1 — 6)Q) but is less than the optimal order quantity Q:
T[r(Q) :pS(Q)+Wq(Q_D)_CrQ_WqQ (19)
ﬂs(Q) = (Ss_Wq)(Q_D)_CsQ+WqQ (20)

Finally, the third scenario comprises of a demand D that is greater than the

optimal order quantity Q, and consequently greater than the commitment quantity

((1-6)Q):

28



m.(Q) =pS(Q) — g-(D — S(Q)) — c,Q — w,Q (21)
ms(Q) = —gs(Q — S(@))csQ + w,Q (22)

2.2.4.5. Sales rebate contract. Within the sales rebate agreement, the supplier
sells a product to the retailer at a wholesale price of ws per unit. During the sales period,
when the market demand is realized, the supplier offers the retailer a rebate r for each
additional unit sold above a threshold quantity of n units [18]. The transfer payment in
this case takes place as follows:

wgQ, Q<n

_ Q
Ts(Q' WS'T'n) - (WS — T')Q +T'(TL +j F(}’)dY): Q >n

(23)
2.2.4.6. Quantity discount contract. Although there are several types of
quantity discount contracts, the one highlighted in this section entails an all-unit
quantity discount. Under this contract, the supplier sells the product to the retailer at a
per unit wholesale price wq(Q), which is a decreasing function of the order quantity Q
[18]. As a result, the wholesale price per unit decreases with increase in the order

quantity. The transfer payment associated with this type of contract is:
T,(Q,wa(Q)) = wa(Q)Q (24)

2.2.4.7. Two-part tariff contract. The two-part tariff contract is a specific
instance of the wholesale price contract where the supplier’s unit wholesale price W is
equivalent to the supplier’s unit production cost Cs. Prior to the selling period, the
supplier and retailer negotiate and settle on a fixed franchise fee F which is to be paid
by the retailer at the end of the period. In this case, the entire risk related to market

demand is assigned to the retailer [18]. The transfer payment takes place as follows:
Tw2p Qw) =wQ +F (25)
2.3. Quiality in the Perishable Food Supply Chain

With excessive amounts of food waste being generated worldwide due to the
continuous deteriorating quality characteristic of perishable items, it is essential to
explore methods to reduce the amount of food being wasted due to spoilage. One critical
aspect to be considered is the inappropriate pricing strategies in the perishable food

supply chain which contribute towards more food waste and loss in revenue.
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2.3.1. Pricing models. While the contracts and models in the preceding section
discussed general product optimal order strategies based on a stochastic customer
demand, this subsection will highlight two generally adopted pricing strategies for the
perishable food supply with reference to the continuous deterioration of food quality.
The same two-echelon model comprising of a single supplier and a single retailer is
considered, however, the supplier now sells a perishable food product to the retailer

who, in turn, sells them to the end customers.

2.3.1.1. Demand function. A study conducted by Tsiros et al [29] on the
perception and behavior of consumers towards perishable grocery items revealed that
consumer willingness to pay for a product declines as the quality of the product
decreases throughout its shelf life. It is expected to decrease linearly for products that
have a relatively low associated product quality risk (PQR) such as carrots, lettuce and
milk, and it decreases exponentially for those with a comparatively higher PQR
attached such as chicken and meat. Therefore, the demand function can be formed to
incorporate product price and quality sensitivity using Do as a non-negative demand
parameter that depends on the potential market, « as the price sensitivity factor, S as
the quality sensitivity factor, and p(t) and q(t) as price and quality levels, respectively
[30], [31]:

f(t) =D, — ap(t) + Bq(t) (26)

The quality level q(t) can be expressed linearly or exponentially in terms of the initial

quality go and deterioration rate A as follows [30], [31]:
CI(t) =q, — At (27)
CI(t) = QOe_M (28)

2.3.1.2. Single pricing model. Considering a simplified case based on
representative literature, where the product quality level is determined as a linear
function of time, the wholesale price set by the supplier and the retail price set by
retailer are studied as the decision variables. Within the single pricing strategy, the retail
price per unit p(t) is assumed to be constant at p; during the selling period T. The market

demand D: encountered by the retailer within this model can be expressed as [31]:
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D, = f (D, — ap; + B(q, — AD)]dt (29)

The retailer is faced by the decision problem to settle on an optimal retail price
p1such that the retailer profit is maximized, whereas the supplier is required to decide
on an optimal wholesale price w1 that maximizes the supplier profit and offsets the unit
production cost c. Therefore, the profit functions for the retailer, supplier, and the entire

supply chain within the single pricing model are expressed as follows [31]:

Tr(pr) = (s = w0) [(D, — apy + B4 )T — 5277 30
s ) = (w — (0, = apy + Ba)T — AT @
My = 1y (py) + 153 (W) (32)

Furthermore, the optimal values for the decision variables, the supplier’s
wholesale price wi and the retailer’s market price p1, can be found from the following

expressions [31]:

ca +D,+ fq,
¥ = 33
P1 oa (33)
3ca+ D, +

4o

2.3.1.3. Two-stage pricing model. Considering the same simplified case of
linearly decreasing quality level as the preceding model, the wholesale price, retail
price, and price discount time are studied as the decision variables. Within the two-
stage pricing strategy, there is a markdown in price after a specific period, therefore,
the unit retail price p(t) is assumed to be a piecewise function of time p., expressed as

shown below [31]:

0<t<T,

_ P21,
P2(t) = {Pzz' T, <t<T (35)

The market demand D- encountered by the retailer within this model can be

expressed as follows [31]:

T T
D, = f D, — appr + B(qo — At + f D, — apys + B@o — AOIdt  (36)
0 T

1
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The supplier is faced with the same decision problem as before, which is to
decide on an optimal wholesale price w, such that it maximizes the supplier profit over
the production cost ¢ per unit. However, the retailer is now required to decide on an
optimal initial retail price p.1, an optimal markdown price p22, and an optimal
markdown time T so that the retailer profit is maximized. As a result, the retailer,
supplier, and supply chain profit functions are expressed in terms of the markdown cost
M as [31]:

T

Ty (P21, P22, T1) = Pa1 f [D, — apy1 + B(q, — At)]dt
0

. (37)
+P22 f [D, — ap,, + B(q, — At)]dt —w,D, — M
[ 100 = apar + g, 00t
s, (wy) = (wy — )| 7° 4 (38)
+ [ 1D, - ap + Bas — A0t
Ty
I, = ”rz(Pzp P22, T1) + ﬂsz(Wz) (39)

Furthermore, the optimal values for the decision variables, the wholesale price
w2, the retail prices p21 and p22, and the markdown time T can be determined using the

following expressions [31]:

__6ca+7D, +7Pq,

P21 = 32 (40)
D, = 8ca + 51l;0a+ 569, (41)

T = 4(D, 4—1,;3;1; - ca) (42)
W = 10ca + 3D, + 364, (43)

13a

2.3.2. Food quality deterioration Kinetics. Food quality can be described as
an aggregation of unique properties that distinguishes one unit from another and
directly impacts the consumer’s level of acceptability of the particular food product.
Food items are faced with continuous quality degradation due to their biologically and

physiochemically active nature, and thus, can preserve their required degree of
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organoleptic qualities for a finite period of time, generally known as the shelf-life of
the product. Organoleptic qualities can be defined as food qualities that can be identified
by the sense organs, such as color, flavor, odor, and texture. It is essential to determine
the levels at which a consumer can detect change in certain quality characteristics or
occurrence of undesirable attributes in the food product to identify a cut-off
acceptability level that corresponds to the lowest acceptable level of organoleptic
quality [32].

2.3.2.1. Principles of reaction modeling. Based on underlying principles of
chemical kinetics, a general expression for the rate of food deterioration can be formed
based on composition paraments C; and environmental factors E; [32]:

dQ
= = F(CuE) (44)

The composition constitutes of factors such as concentration of reactive
components, enzymes, inorganic catalysts, water activity, pH, and microbial counts. On
the contrary, environmental factors include external aspects such as temperature,
humidity, light exposure, pressure of gases, and mechanical stress. However, the impact
of these environmental factors is often excluded in the formation of models for
simplification. As a result, the rate of deterioration and thus, the change in quality levels
can be determined by considering the degradation of crucial constituents, often referred
to as characteristic, limiting, or most rapidly changing attributes, to undesirable
components. Therefore, the loss rate of a desirable attribute A and the formation rate of
an undesirable factor B can be expressed in terms of the pseudo rate constants k and %,

and the reaction order m and m’ as follows [32]-[34]:

m:—%ﬁzumm (45)
ﬁ:+%?:ywwl (46)

Therefore, the quality function of food with respect to the limiting desirable factor A,
Q(A)=kt, can be determined through the integration of the reaction rate for A. However,
the expression obtained for Q(A) varies depending on the order of the reaction with

respect to A, as shown in Table 1.
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Table 1: Quality functions for different pseudo reaction orders (adapted from [32])

Pseudo reaction order m  Quality function Q(A)

O AO - At
1 In(4,/A:)
2 1/A,—1/4,
1
m(m#1) m(A%—m — AL-m)

Additionally, some of the most important food deterioration processes that
involve zero or first order reaction kinetics are listed in Table 2, while the quality loss
function for both reaction orders is demonstrated in Figure 4.

1st ORDER FIT

% OF QUALITY INDEX

10} 0 ORDER FIT

0 i R il
0 25 50 75 100 125 150
TIME (days)

Figure 4: Zero and first order food quality loss as a function of time [32]

Table 2: Typical food degradation processes with zero or first order reactions (adapted

from [32])
Pseudo reaction order Quality degradation reaction
Zero Overall quality of frozen foods

Nonenzymatic browning
First Vitamin loss

Microbial growth/death

Oxidative color loss

Texture loss in heat processing
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2.3.2.2. Effect of temperature. Although the hitherto highlighted models
wherein the effect of environmental factors was negated, these factors significantly
affect the deterioration rates and thus, the kinetic models for loss in shelf-life.
Consequently, the temperature factor is frequently studied and incorporated into the
pseudo reaction rate constant since it strongly influences the rate of degradation. One
of the most predominant and universally accepted models used to explore the
dependence of quality on temperature is the Arrhenius model [32], [33], [35]:

k=Aexp (_RT?) (47)

The parameter k refers to the pseudo reaction rate constant, A is the pre-
exponential factor or Arrhenius constant, Ea is the reaction activation energy, R is the
universal gas constant, and T is the absolute temperature. The equation can be linearized
as follows [32], [33], [35]:

E
Ink = lnA—# (48)

2.3.2.3. Modeling microbial growth. The development of undesirable microbes
can cause microbiological changes within a food product which have a direct impact
on quality, specifically when it results in the formation of pathogens, which are
microorganisms that cause infections and diseases. As a result, the prediction of
microbial growth in food is crucial towards the prediction of product shelf-life. One of
the most frequently used models for the growth of microorganisms is the modified
Gompertz model. This model is expressed in terms of the microorganism count N, the
initial count of microorganisms No, the asymptotic maximum count of microorganisms

As, the maximum growth rate zmax, and the lag phase A [35]:

.umaxe
As

lnﬂ = A, exp {— exp [ QA1—-t)+ 1]} (49)

No

The exponential growth model can also be used for microbial growth
predictions using the absolute temperature T, growth rate zur at a reference temperature
Tret, activation energy Ea, universal gas constant R, maximum growth rate zmax, and

microorganism count N [36], [37]:
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dN

= 50
dt PmaxN ( )

_ E, (1 1
Hmax = Href €XP _F ? - T P (51)
re

In addition, Baranyi and Roberts [38] formed a dynamic model for the
prediction of bacterial growth in food in terms of similar parameters including time t,
microbial population concentration x, maximum bacterial population concentration

Xmax, and concentration g of a component critical to bacterial growth [37], [39]:

o= e () (1= ) 52
dtx_/’lmax q+1 Xrox X (52)
d
qu.umaxq (53)

The maximum bacterial growth rate is determined by the square root model
using a constant b, temperature T and a hypothetical minimum temperature Tmin for
growth [37], [39]:

v Hmax = b(T — Trmin) (54)

2.3.2.4. Global stability index. Since numerous indices exist for food quality,
Achour [34] proposed a method to universally quantify the degradation of
physiochemical, microbiological, and organoleptic quality of food using a multi-quality
index known as the Global Stability Index (GSI). This index incorporates the variations
in all relevant quality criterions in a specific food product with respect to time, and
consolidates them into a single parameter. Therefore, the GSI can be useful in the
comparison of the deterioration rates and relative stability of dissimilar products stored
under similar conditions [34], [40], [41].

The Global Stability Index, GSI;, varies between zero and one, where a value
close to unity indicates that the initial quality is well-maintained and the product is more
stable. On the contrary, the stability decreases as the value approaches zero and reflects
a decreasing shelf-life of the product. This index can be estimated for n criteria by
forming an expression based on the variation terms Vj; for criterion i at j time units and
the weighing factor ;i which reflects the relative significance of criterion i in measuring

the quality of the specific food product [34], [40], [41]:
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n

GSI =1- z oV, (55)

i=1
The variation term Vj; for each quality criterion varies between zero and one,
and it can be expressed in terms of the observed value Cj; of criterion i at j units of time,
the initial criterion value Cio, and the threshold value L of the specific criterion [34],
[40], [41]:

_ (Cij B CiO) (56)

b (Li - Cio)
2.4. 10T in the Food Supply Chain

The Internet of Things (IoT) paradigm is a network infrastructure that enables
internet-based communication and interaction of everyday objects and physical devices
embedded with electronics. It facilitates the exchange of information between objects
for cooperation and permits remote monitoring and control of the devices [42], [43].
Therefore, 10T can be implemented within the food supply chains in order to reduce the

management challenges faced due to the short shelf-lives of perishable food products.

Figure 5 demonstrates the quality changes that occur within the limited lifetime
of a perishable product which can be divided into two phases, apparent stability and

visible changes.
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Figure 5: Effective and visible changes in food quality with time [44]

As shown in Figure 5, the optimal food quality is observed at time zero after

which it diminishes from time zero to time A but without any noticeable changes.
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During this period, there is a decrease in the real quality but the visible or organoleptic
quality of the product remains the same. However, observable changes in quality begin
to occur from time A until time B, after which the product is rendered unacceptable and
the consumers are reluctant to purchase it [44], [45]. Therefore, 10T can be employed
in the food supply chain to monitor and detect early signs of indiscernible losses in
quality and reduce the amount of food wasted due to deterioration.

2.4.1. Radio frequency identification systems. Radio frequency identification
(RFID) is a renowned technology that is widely used for automatic identification of
objects and traceability of products within supply chains. It can also be employed for
real-time monitoring, identification, shelf life prediction and decision making of
perishable food items. As a result, an RFID system is an emerging technological system
that is used to transmit an entity’s identity wirelessly through radio waves in the form
of a unique identification number. It enables readers to automatically capture data on
RFID tags which is then converted into a digital form to be embedded into an

information system on a computer [46]-[48].

An RFID system constitutes of three major components: a tag, a reader, and a
middleware. The tag is a transponder that contains the unique identification number, a
miniature antenna connected to a microchip, and a memory chip to store data. It
interacts with the reader that is linked to a computer system and emits radio signals to
receive a response from the tag. The middleware, on the other hand, connects the RFID

system hardware to the applications of the enterprise [47], [48]

2.4.2. Intelligent packaging systems. Intelligent packaging (IP), or smart
packaging, is a packaging technology that has the ability to monitor the interactions
between the food item, the surrounding environment, and the packaging itself through
the use of internal and external indicators, and communicate the information to the user.
It is capable of performing multiple intelligent functions such as sensing, detecting,
recording, tracking, communicating and using scientific judgment, without exerting an
impact on the food. Consequently, these intelligent functions facilitate appropriate
decision making for shelf life extension, safety enhancement, quality improvement,

provision of information, and early warnings about potential problems [47]-[52].

Although an IP system constitutes of several miniature smart devices to acquire,
store, and transfer information, a conventional system comprises of three core
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technologies: indicators, data carriers, and sensors. Indicators provide information
about environmental conditions or the absence or presence of a particular component
attributing to food quality. Data carriers such as RFID tags enable the efficient flow of
information within the food supply chain, and sensors provide a rapid detection, tracing,
and quantification of specific properties and analytes within the food items [47], [51].

2.4.3. Wireless sensor networks. A wireless sensor network (WSN) constitutes
of a network of spatially dispersed sensors with the ability to sense, process, and
communicate real-time information to a base station effectively and at a reasonable
cost. Different types of sensors, such as temperature, vibration, and humidity sensors,
can be used in a WSN to sense and monitor the quality of perishable food items within
a supply chain. These sensors record information pertinent to the environmental and
physical conditions of perishable items, convert it into a digital form, and then
communicate it through a gateway to the base station for storage purposes. In turn, the
base station uses a mobile network to send the sensor data to a central station.
Alternatively, a smartphone can also be utilized as a gateway to collect the sensor data
through Bluetooth and transmit it to the base station using wireless communication [46],
[48].

2.4.4. Real-life example. In an effort to reduce the amount of post-harvest food
wasted in the supply chain, Zest Fresh is a real-life solution developed by Zest Labs, a
shelf life and freshness management company. This solution permits proactive
monitoring and management of food freshness throughout the supply chain, thus,

reducing food waste by 50% and enhancing profit margins by at least 6% [53].

A pioneering freshness management solution in the food industry, Zest Fresh is
developed on the basis that most of the issues resulting in fresh food being wasted
transpire within the initial 24 to 48 hours post-harvest. The food freshness capacity,
also known as the maximum food shelf life, can vary by five or more days depending
on the conditions, quality, and time of the food produce from farm to store. As a result,
Zest Fresh enables end-to-end visibility of the cold supply chain, at an individual pallet
level, for proactive management from the moment the fresh produce is picked to the

time it is delivered to the store [53].

Furthermore, Zest Fresh employs the use of wireless 10T temperature sensors,
which are embedded inside each pallet at the time of harvest for autonomous data
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collection and monitoring pertinent to processing and conditions of the produce. The
gathered information is merged with machine learning and cloud-based predictive
analytics to enhance freshness management at each level of the food supply chain. This
solution also incorporates the dynamic Zest Intelligent Pallet Routing (ZIPR) Code,
which is a freshness metric used to optimize the management and shipping of produce
for improved product freshness, product margins, and consumer satisfaction. This
allows pallets with reduced shelf lives to be delivered to stores that are geographically
closer to be consumed at an optimal quality before spoilage. Likewise, it also enables
prioritization of pallets at the retail end for better delivered freshness, and consequently,
reduces the amount of food wasted and improves customer satisfaction [53].
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Chapter 3. Single Price Model

This chapter presents the steps involved in the development of the single price
model for decentralized, centralized, and coordinated two-echelon supply chains. Each
system is developed with and without the use of loT for continuous food quality
monitoring. Numerical analysis to explore the effect of specific parameters on the

supply chain profits and decisions has also been presented for each system.
3.1. Assumptions and Notations

The mathematical model for the single pricing strategy is developed grounded

on the following assumptions:

1. The two-level perishable food supply chain is comprised of an upstream
supplier and a downstream retailer.

2. The retail price and food quality exert an influence on the consumer demand,
wherein the demand falls with price and rises with quality.

3. The selling period begins at time t3 when the retailer receives the food stock
from the supplier at quality gs, and it ends at tc when the stock reaches the
critical quality qc.

4. The time t, at which the sensory quality changes begin to occur is also
considered as the price markdown time and it is fixed.
The notations used throughout the development of the single price model are

exhibited in Table 3, whereas the quality deterioration process followed for the

development of the model is shown in Figure 6.
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Figure 6: Product quality deterioration process (adapted from [44])
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Table 3: Notations for single price model

Notation Description
D, Potential market size
Price sensitivity factor
B Quality sensitivity factor
p(t) Product price at time t
a(t) Product quality at time t
D(t) Demand function at time t
-0 Initial quality level at retailer
O Highest quality level beyond which organoleptic quality changes occur
9 Critical quality level below which the product is considered a waste
Hy Instantaneous deterioration rate of food quality at retailer
Ha Instantaneous deterioration rate at retailer without 10T
M Instantaneous deterioration rate at retailer with loT
L Time at which the product arrives at retailer
t, Time at which organoleptic quality changes begin to occur
L Time beyond which the product is unsaleable due to poor quality
D, Demand rate at retailer for single price strategy
c Unit product cost to supplier
W Unit wholesale price for single price strategy
Py Unit retail price for single price strategy
I Cost to invest in 10T to monitor product quality
l, Fixed cost to retailer for investment in 10T
I Fixed cost to supplier for investment in 0T
T, Retailer’s profit
s Supplier’s profit
I1 Total supply chain profit
I, Centralized supply chain profit

3.2. Demand Function

As aforementioned, the demand rate is negatively influenced by higher retail
prices and positively influenced by improved product quality, therefore, the following

demand function is used to derive the single price model:
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D(t) =D, —ap(t)+Ba(t) (57)

3.2.1. No investment in 10T. When the supply chain players do not invest in an
loT infrastructure to monitor and augment product quality, the quality can only be
measured when observable changes begin to occur, while any quality changes prior to

that are undetectable. Consequently, the quality is assumed to be g, during the period
it appears to be stable, decreasing linearly with time afterwards. Furthermore, the unit
retail price remains constant at p, throughout the selling period which commences at
time t, when the product arrives at the retailer. Therefore, the deterministic customer

demand for the single price strategy without investment in 10T is mathematically

expressed as the following:

D, = j;h_t3 (D, —ap, + A4, )t +J::t3 (D, —ap, + B(d; — wt) )t (58)
1 1 2 2
Dl=ﬂ—3{—§ﬂ[(qs—qh) +(% —q.) }+(Do—ap1+ﬂq3)(qg—qc)} (59)

3.2.2. Investment in 10T. When the supply chain players invest in 10T to
improve discernibility of product quality, the quality can be detected at all times even
when visible changes do not occur. As a result, the quality is assumed to be a linearly

decreasing function of time throughout the demand period at a constant unit retail price

p, as mentioned precedingly. Hence, the deterministic customer demand for the single

price strategy with deployment of an loT infrastructure is expressed as follows:
to-t,
D, :.[0 (Do —ap, +ﬁ(q3 _/Jzt))dt (60)

Dl=—{—%ﬂ(q3—qc)z+(D0—ap1+ﬂq3)(q3—qc)} (61)

3.3. Single Price Model for a Decentralized System

The model is initially considered for a decentralized system wherein the supplier

and the retailer are both decision makers incentivizing their own personal objectives.

The retailer optimizes the retail price p, to maximize his profit, which is subsequently

used by the supplier to optimize the wholesale price w, to maximize his own profit,
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whereas the supply chain profit is merely a summation of the retailer and supplier
profits.

3.3.1. No investment in loT. For a decentralized system under the single
pricing scheme that does not invest in an 10T infrastructure for quality monitoring, the

retailer’s profit function 7, is a multiplication of his marginal profit with the customer

demand as depicted below:

7T, =(p1_W1)D1 (62)

—ﬂ[(qg—qh)z+(q3—qc)2]+(Do—ap1+ﬂq3)(q3—qc)} (63)

Likewise, the supplier’s profit function z, under the same setting is a product

of his marginal profit and the customer demand faced as shown below:

7, =(w, —c)D, (64)

S

_Qﬁjﬂ{é

- 2ﬂ[(qg—qh)2+(q3—qc)2]+(Do—ap1+ﬂq3)(q3—qc)} (65)

Finally, the overall decentralized supply chain profit IT is found by combining
the individual profits of the retailer and the supplier as follows:
M=, +x, (66)

Through maximization of the retailer and supplier’s individual profits, the

optimal retail price p; and the optimal wholesale price w, for a decentralized system

under the single pricing strategy that does not invest in 10T deployment are determined

as the following:

- _3ﬂ|:(q3_qh)2 +(q3 _qc)2}+6(Do +ﬂq3)(q3_qc) c

- ¢ 67
P 8a(q3_qc) +4 7
- 37 Hh ’ 3 Yc i 2 Do 3 37 Y
e Allo-a) +(@-a) [+2(D+fa)(@-a) o )
4a(q3_qc) 2
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This reveals that the retailer’s optimal price p, and the supplier’s optimal
wholesale price w; exist within this setting and are unique. Additionally, it is observed
that these optimal prices are not affected by the deterioration rate.

3.3.2. Investment in 10T. Within a decentralized system that invests in I0T for

enhanced visibility and control of product quality, the retailer’s profit 7, is a product
of his marginal profit and the consumer demand with a deduction of the fixed cost I,

that the retailer expends on 10T as demonstrated below:

ﬁr:(pl_wl)Dl_lr (69)

o =B L) ¢ (0, -appa)@-a) L 09

Similarly, the supplier’s profit function =z, under the same aforementioned
situation is a multiplication of his marginal profit with consumer demand and a fixed

cost I, for investing in 10T as presented below:
T :(Wl_C)Dl_Is (71)
(w—c)[ 1 )
= —5 8% =0 )" +(Dy —arpy + 49 )(d 0 )~ I, (72)
3

Finally, the overall profit for this decentralized supply chain IT is computed as

an addition of retailer and supplier profits as shown below:

=7 +x, (73)

As in the preceding system without I0T investment, the optimal retail price p;

and optimal wholesale price w, for a decentralized system under the single price policy

with 10T deployment are obtained through individual profit maximization as follows:

. 6D,+38(a;+0q,) ¢
= < +— 74
P, S 2 (74)
W*=2D0+ﬁ(q3+qc)+g (75)

' da 2

45



As in the previous setting, the optimal retail price p; and the optimal wholesale

price w; exist, are unique, and are not affected by the quality deterioration rate.

3.3.3. Critical thresholds for 10T investment. Since investing in an IoT
infrastructure enables better visibility into product quality, it also aids in improving the
quality itself by providing more control over the rate at which the food products
degenerate. Consequently, investing in 10T would lead to a reduced deterioration rate,
which, in turn, would hypothetically result in a better financial performance for the
supply chain. However, whether utilizing 10T delivers profits superior to those that are
earned when I0T is not employed is determined by the investment cost | and its relation

with certain investment critical thresholds.
Foremost, in order for IoT to prove beneficial for the retailer, his investment I,

must be lower than his critical investment threshold I . This threshold is determined

by computing the difference between the retailer’s profits when the initial deterioration

rate 14, isreduced to s, using loT and equating it to zero, as expressed below:

1 1 2 4 3 , ,
e —4.) —48(D - - 4(D, - -
[u32 #Sl][ﬂ (d —0.)" ~4B(D, + g, —axc) (4, ~0. )" +4(D, + B, —ac)’ (6 -0, ) |

_[ﬁ(qg—qh)z

Ha

J[ﬂ(qs ~0,)" +2p(d, —0.)" ~4(D, + B0, —ac) (¢, =, )| (76)

64c (0, -0, )

If the retailer’s investment is less than his critical threshold (0 < I, < 1), then

the retailer reaps more profits with investment in 10T. On the contrary, if his investment

exceeds the critical threshold (1, > 1), then investing in 10T is not justified for the

retailer since it does not deliver additional profit.

Likewise, [oT would only be advantageous to the supplier if the supplier’s

investment | is lower than the supplier’s critical threshold I . This threshold, obtained

in a similar manner to the retailer by finding the difference between the supplier’s

profits without 10T at a deterioration rate 14, and with 10T at a reduced deterioration

rate 14, , is determined as the following:
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1 1 4 3 2 2
T ’ :—0.) —48(Dy 3 3~ e 4(D, 3T 3 Mc
[ﬂsz #sj[ﬂ (& —a,)* ~4B(D, + B0, - ac)(d ~ . ) +4(D, + B, —xc)’ (6, -3, )’ |

_[ﬂ(qg—qh)z

Ha

][m—th+2ﬂ<q3—qcf—4<Do+ﬂq3—ac><qs—qcﬂ ()

Iy =

32a(q, —q,)

If the supplier’s contribution to the IoT investment is less than his critical

threshold (0 < I < I), then the he earns increased profits with 10T. On the other hand,
if the investment surpasses the critical threshold (I, > I), then investing in 10T is not

validated for the supplier since he gains more profits without it.

Finally, the retailer and supplier’s aggregated investment | would only be

justified if it falls within the supply chain’s critical investment threshold I;. This

threshold is found by obtaining the difference between the total supply chain profits
with and without IoT, or by simply adding up the supplier and retailer’s critical

thresholds, as follows:

1 1 2 4 3 , ,
L -0.) —44(D - - 4(D - _
[#32 um][” (9 ~a.)" -4 (D; + 0, ~@0) (6, ~a.)" +4(Dy + Ao, ~ac)’ (0 -0 )’

_[ﬂ(qs—qh)z (78)

P J[ﬂ(qs ~0,)" +28(q -0, ) ~4(D, + Ba, ~ac)(d, -4, |

64a (g, —q,)

If the decentralized system’s total IoT investment is lower than its critical
threshold (0 < I < I;), then the supply chain benefits from loT with increased profits.
However, if the investment goes above the critical threshold (1 > I, ), then investing in
loT is not rationalized for the supply chain.

3.3.4. Numerical analysis. A numerical example is presented in order to
evaluate the impact of various parameters on the decentralized system investments

within the single pricing strategy. For consistency, parameter values are assigned as

exhibited in Table 4, wherein the values for the initial quality deterioration rate without

loT w4, the initial quality at the retailer q,, the potential market size D,, the price
sensitivity factor « , the quality sensitivity factor g, and the unit product cost c are

taken from prior work in literature [31].
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Table 4: Initial parameter assignment

ps (/hr)  gs

Jh Jc

Do (units/hr)  a

B c ($unit)

0.0067 0.95 0.60 0.30

9.79

1.83 1.83

3.99

3.3.4.1. Effect of quality deterioration rate on profits. In order to analyze the

effect of reducing the deterioration rate using IoT on the decentralized system’s profits,

the individual and overall system profits are initially computed for various deterioration

rates without including the cost of investment. As shown in Table 5, the initial
deterioration rate of 0.0067/hr is reduced to rates varying from 0.006/hr to 0.003/hr,

followed by calculating the supplier, retailer, and total supply chain profits at each

deterioration rate. Subsequently, the percentage difference in each of the profits is

calculated as compared to the original rate of 0.0067/hr, also shown in Table 5.

Table 5: Effect of reducing deterioration rate on decentralized profits

us (fhr) 1 (%) Aty (%) . ($) Am,. (%) m(9$) An (%)
0.0067 79.314 0.00% 39.657 0.00% 118.971 0.00%
0.006 97.617 23.08% 48.808 23.08% 146.425 23.08%
0.0055 106.491 34.26% 53.246 34.26% 159.737 34.26%
0.005 117.140 47.69% 58.570 47.69% 175.710 47.69%
0.0045  130.156 64.10% 65.078 64.10% 195.234 64.10%
0.004 146.425 84.61% 73.213 84.61% 219.638 84.61%
0.0035 167.343 110.99% 83.672 110.99% 251.015 110.99%
0.003 195.234 146.15% 97.617 146.15% 292.850 146.15%

As represented in Table 5 and Figure 7, when the deterioration rate of food

products is reduced, the retailer and supplier gain higher profits, and thus, so does the

overall supply chain. It is also observed that the retailer and supplier have the same

percentage increase in profits from the decreased decay rates. Therefore, the cost to

invest must be distributed equally between the two entities as demonstrated below:

r

S

48

= 0.5l

(79)
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Figure 7: Effect of reducing deterioration rate on decentralized profits

3.3.4.2. Effect of initial quality. Considering an initial deterioration rate s, of
0.0067/hr as used before and a specific reduced deterioration rate s, of 0.004/hr, the
effect of the initial quality level at the retailer q,is studied on the critical investment
thresholds established earlier for the retailer 1., supplier I, and the overall

decentralized supply chain I, .

As illustrated in Figure 8, the initial quality level is varied from 0.60 to 1.00,
with the three critical thresholds calculated at each level. It is discerned that an increase

in initial quality, which reflects the value of the perishable food products, will increase

the three critical thresholds I, Ig, and I;. Furthermore, it is recognized that the
retailer has a lower threshold than the supplier at each value, while the supply chain
threshold is higher than both since it is an accumulation of the two.

Therefore, as shown in Figure 8, if the retailer and supplier’s individual
investment costs, earlier determined to be equal, are less than I, both the retailer and

the supplier will gain more profits by investing in 10T. Moreover, if the investment

contributions are greater than | but less than I, only the supplier will benefit from

investing in loT as the retailer will have lower profits with 10T. However, if the

individual investment exceeds I, then neither the supplier nor the retailer will benefit

from investing in loT.
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Figure 8: Effect of initial quality on investment thresholds for decentralized system

3.3.4.3. Effect of relative elasticity. The relative elasticity a/f, a ratio of the

price sensitivity factor over the quality sensitivity factor, measures the relative
influence of price and quality on consumer demand for perishable products. A ratio

greater than 1, i.e. @/ >1, indicates that the price has a stronger impact on demand as

compared to quality, whereas the opposite is true for a ratio less than 1, i.e. o/ <1.

Initially, the effect of relative elasticity on the decentralized system profits at
the reduced deterioration rate of 0.004/hr, not inclusive of the fixed IoT cost, is studied
by varying the ratio between 0.001 and 0.01. As illustrated in Figure 9, when the ratio
is substantially low, the profits are relatively higher as opposed to when the ratio is
higher. This signifies that both the retailer and the supplier gain more profits when the
demand is more sensitive to quality as compared to price. On the contrary, the profits

decrease significantly as the demand’s sensitivity to price increases.

Moreover, the effect of relative elasticity is also examined on investment critical
thresholds of the decentralized system at the improved deterioration rate of 0.004/hr,
with the ratio varied from 0.001 to 0.01 as before. Figure 10 demonstrates that when
the elasticity ratio is lower than 0.002, the critical thresholds for both the retailer and
the supplier are high. Therefore, it does not necessarily require very low costs of
investment for the system to benefit from loT when the demand is much more sensitive
to quality as compared to price. Conversely, both the thresholds decline significantly

when the ratio increases above 0.002 and the influence of price begins to strengthen.

50



Therefore, it is more likely for the entire supply chain to benefit from not investing in

0T when the customer demand is more sensitive to price relative to quality.
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Figure 9: Effect of relative elasticity on decentralized profits
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Figure 10: Effect of relative elasticity on investment thresholds for decentralized
system

3.4. Single Price Model for a Centralized System

In order to optimize the performance of the supply chain, the model is also
examined for a centralized system in which there is a unique decision maker

incentivizing the objectives of the integrated supply chain. The unified network
optimizes the unit retail price p, in order to maximize the aggregated profit of the

supply chain.
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3.4.1. No investment in 10T. For a centralized system following the single price
strategy without employing loT to track quality, the function for the collective supply

chain profit I1, is a product of its marginal profit, i.e. the difference between the unit

retail price and product cost per unit, and the customer demand as shown subsequently:
I, = ( P = C) D, (80)
I, = (plug—_c){—%ﬂ[(qg ~0,) + (6~ )" |+(Dy ey + B0 ) (6~ )} (81)
Unlike the decentralized system, the optimal retail price p; for a centralized

system under the single price approach that does not benefit from 10T is determined via
maximization of the total network profit, as expressed below:
2 2
. Bl (6 -6)" +(a-.)" |+2(Dy + B ) (0 -0.) ¢

P, = += (82)
' 40{(q3 _qc) 2

This illustrates that the retailer’s optimal price p, within this centralized setting
exists and is unique. Moreover, it is also observed it is not affected by the deterioration

rate.

3.4.2. Investment in 10T. A centralized system that capitalizes in 10T for better
food quality has an overall profit I1_ that is found by multiplying its marginal profit
with the respective customer demand, and then deducting the fixed amount |, invested

in the loT infrastructure as illustrated below:

I, =(p,-¢)D, — I, (83)

Hc =¥{_%ﬂ(q3 _qc)z +(DO _apcl +,Bq3)(Q3 _qc)}_ IC (84)

Similar to the previous system without 10T, the optimal retail price p; for a

centralized system employing the single price rule and deploying 10T is attained

through maximization of the collective supply chain profit as the following:

o Ple-a)+2(Dy+fa) (85)
do 2
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As before, the retailer’s optimal retail price p, exists within this setting, is

unique, and is independent of the quality deterioration rate.

3.4.3. Critical thresholds for 10T investment. Just as in the decentralized
system, a centralized system can theoretically improve its financial performance by
capitalizing on I1oT resources to reduce the rate at which the products deteriorate.

However, the cost of investment | must be within a specific investment critical

threshold 1., which is obtained through the difference between the centralized supply
chain profits when 10T is not used with a higher decay rate of 14, versus when IoT is

employed to bring the rate down to ,, as demonstrated below:

1 1 4 3 2 2
T ’ s —0.) —48(Dy 3 3 Mc 4(D, 3 3 Mc
[%z #Slj[ﬂ (% —0.)" ~4B(D, + B0, —ac)(d, ~ . )’ +4(D, + B, — xc)’ (6~ 3, )’ |

_(ﬂ(qs -q,)

Ha

J[ﬂ(qs ~6,)" +28(0~0.)" - 4(D, + Ba, - ac) (g, - ;) | (89)

Il =

16a(q; -0, )

If the centralized system’s investment cost is below its critical investment

threshold (0 < I < 1..), it gains higher profits with the deployment of 10T. Contrarily,

investing in 10T is not beneficial for the system if goes over the threshold (1 > 1.).

3.4.4. Numerical analysis. As earlier, a numerical example is presented to
analyze the effect certain parameters have on the investment decisions of the centralized
system using the single price strategy. The parameter assignments are the same as those

within the decentralized system (refer to Table 4).

3.4.4.1. Effect of centralization. In order to analyze the effect of centralization
on the supply chain, the overall supply chain profits for the decentralized system are
compared to those of the centralized system at different deterioration rates, without
including the fixed loT investment cost. As presented in Table 6, the quality

deterioration rate is reduced from 0.0067/hr to several values down to 0.003/hr,

followed by computing the decentralized profit [1 and centralized profit [], at each

rate. The percentage difference between the two profits A[] is then determined for

each deterioration rate.
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Table 6: Difference between decentralized and centralized supply chain profits at
varying deterioration rates

ps (fhr) W (3) . ($) am (%)
0.0067 118.971 158628  33.33%
0.006 146425 195234  33.33%
0.0055  159.737  212.982  33.33%
0005 175710  234.280  33.33%
0.0045 195234  260.312  33.33%
0.004  219.638  292.850  33.33%
0.0035 251.015  334.686  33.33%
0.003  292.850  390.467  33.33%

As indicated in Table 6 and Figure 11, at each deterioration rate, the total profit
of the centralized system is always higher than the decentralized system by 33.33%.
This is observed without 10T when the deterioration is 0.0067/hr, and also with the use
of 10T to reduce the rate to several different values. Therefore, the system always

benefits with increased profits through centralization.

Decentralized supply chain ~ —— Centralized supply chain
500.000
400.000
& 300.000

Profit

200.000
100.000

0.000
0.003 0.004 0.005 0.006

U3 (/ hr)

Figure 11: Decentralized and centralized supply chain profits at varying deterioration
rates

3.4.4.2. Effect of quality deterioration rate on profit. As in the decentralized
system, in order to examine the impact of reduced deterioration rates through loT

deployment on the centralized system, the supply chain profits, not inclusive of
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investment costs, are calculated for various deterioration rates. As exhibited in Table 7,
the initial deterioration rate of 0.0067/hr is brought down to several rates between

0.006/hr and 0.003/hr, which is followed by computing the centralized profit []. and

the percentage difference in profit A[]. comparative to the initial rate.

Table 7: Effect of reducing deterioration rate on centralized profit

e (fhr) e ($)  Amc (%)
0.0067 158.628  0.00%
0.006 195234  23.08%
0.0055 212.982  34.26%
0.005  234.280  47.69%
0.0045 260.312  64.10%
0.004  292.850  84.61%
0.0035  334.686  110.99%
0.003  390.467  146.15%

As illustrated in Table 7 and Figure 12, the supply chain earns higher profits
when the deterioration rate is reduced, with the percentage increase in profits being the

same as those of the decentralized system (refer to Table 5) at each deterioration rate.

200.00%
150.00%
100.00%
50.00%
0.00%

0.003 0.004 0.005 0.006
H3 (/hr)

Change in centralized profit (%)

Figure 12: Effect of reducing deterioration rate on centralized profit
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3.4.4.3. Effect of initial quality. As in the decentralized system, the effect of the

initial quality level g, on the investment critical threshold 1. of the centralized system

is analyzed by assuming initial and reduced deterioration rates s, and sy, of

0.0067/hr and 0.004/hr, respectively, as used earlier.

As displayed in Figure 13, the critical investment threshold is computed for
varying initial quality levels between 0.60 and 1.00, and it is observed that the
investment threshold becomes higher as the initial quality increases. Therefore, the
centralized supply chain is more likely to benefit from investing in 10T at higher levels
of initial quality.

160.00
140.00
120.00
100.00
80.00
60.00
40.00
20.00

0.00
060 065 070 075 080 08 090 095 1.00

Initial quality, g,

Investment critical threshold ($)

Figure 13: Effect of initial quality on investment threshold for centralized system

3.4.4.4. Effect of relative elasticity. As in the preceding system, the influence

of the relative elasticity ratio &/ on the centralized system profit is studied, without

including loT cost, by varying the ratio from 0.001 to 0.01 at a reduced quality
deterioration rate of 0.004/hr. Figure 14 reveals a trend similar to the decentralized
system, wherein the supply chain earns higher profits when the elasticity ratio is
substantially low, and it generates considerably lower profits as the ratio increases
beyond 0.002. This implies that the centralized supply chain network reaps more profits
when the consumer demand has a higher sensitivity to product quality relative to

product price.
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Figure 14: Effect of relative elasticity on centralized profit

Furthermore, the effect of relative elasticity on the centralized system’s
investment threshold is studied by varying it from 0.001 to 0.01 at the reduced rate of
0.004/hr as before. As observed in Figure 15, the critical threshold is much higher when
the ratio is less than 0.002, deceasing considerably as the ratio increases beyond that.
As a result, the system can invest higher amounts in 10T to earn higher profits in the
former case where demand is more sensitive to quality. However, it is more likely to

not invest in the latter case when demand’s sensitivity to price begins to increase.
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Figure 15: Effect of relative elasticity on investment threshold for centralized system

3.5. Single Price Model with Revenue-Sharing Coordination

As an attempt to enhance the performance of the supply chain network to
resemble that of a centralized system, the single price model is explored within a
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coordinated system in which revenue-sharing contracts are employed as the
coordination mechanism. Herein, the retail price p, is optimized in a manner similar
to the centralized system, i.e. through maximization of the aggregated supply chain
profit. Consequently, the retailer retains a fraction & of the sales revenue and shares
the remaining proportion with the supplier who offers a comparatively lower wholesale

price w, in exchange for the shared revenue.

3.5.1. No investment in 10T. For a coordinated system that utilizes the single
price policy without investing in [0T, the retailer’s profit function 7z, is simply his

marginal profit with revenue-sharing multiplied by the consumer demand faced during
the selling period as depicted below:

7w, =(op, —w)D, (87)

T, =

wpl;z:Wl){_%ﬂ[(qg—qh)z+(q3—qc)2]+(Do—apl+ﬂqs)(q3‘qc)} (88)

Similarly, the supplier’s profit function 7, within the aforementioned setting is

a product of his marginal profit with the shared revenue and the customer demand for

the sale period as expressed below:

m, =[(1-8)p, +w, —c]D, (89)

ﬂ'S:

[(1-5)p, +w1—c}{_l

ﬂs Zﬁ[(qs—qh)z+(q3—qc)2}+(Do—ap1+ﬁqs)(qs—qc)} (90)

Moreover, the overall profit TT of the coordinated supply chain is identical to
the that of the centralized system, which is merely an accumulation of the profits of the

retailer and supplier as shown below:

M=z, +7, (91)

p,—C 1

m =(lﬂ—){—§ﬂ[(q3 ~G,)" + (= 0.)" |+ (Dy —arp; + B0 ) (4 —qc)} (92)
3

Similar to the centralized system, the optimal retail price p; for a system that

follows the single price strategy coordinated with a revenue-sharing contract and does
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not improvise quality through the use of 10T is determined through maximization of the
aggregated supply chain profit as follows:
2 2
. _ﬂ[(% _qh) +(qs _qc) J+2(Do +ﬁq3)(Q3 _qc) C

b= += (93)
' 40[(q3 _qc) 2

3.5.2. Investment in 1oT. Within a coordinated system that spends on 10T for

visibility into product quality, the retailer’s profit =z, is his marginal profit under the

revenue-sharing scheme multiplied by the customer demand, along with the subtraction

of afixed cost I, attributed to 10T deployment which is exhibited below:
7, =(6p,—w,)D, — 1, (94)

op, — 2
e VIR SRRy R GRS CO

In the same way, the supplier’s profit function 7, within the aforesaid

framework is a product of his marginal profit from his share of sales revenues and the

consumer demand, including a fixed investment cost |, for the 10T infrastructure as

shown below:
7, =[(1-8)p,+w, —c]D, -1, (96)
1-6)p, +w, —c 2
m=[( )1+W ”}%ﬂmfﬂﬂ4%%—aQ+ﬂ%x%—%%_k 67)

Furthermore, the coordinated supply chain profit IT is an accrual of the retailer
and supplier profits with their investment costs, which bears a resemblance to the profit

of the centralized supply chain as displayed below:

M=z, +7, (98)

Hzg%gz{%ﬂMyﬂJﬂi%—am+ﬂ%ﬂ%—%%—l (99)

Similar to the preceding system without 10T costs, for system coordinating

through revenue-sharing, implementing the single pricing method, and employing 10T
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to enhance quality, the optimal retail price p; is discerned by maximizing the combined

network profit as the following:

*_—ﬂ(%—qc)Z+2(D0+ﬂq3)(q3—qc) c
P = 4a(q3—qc) +2 (100)

3.5.3. Critical thresholds for 10T investment. Similar to the prior supply chain
systems, the financial performance of the coordinated network and its players is
supposedly improved by investing in 10T through reduced deterioration rates, as long
as the investment | does not exceed three specific investment critical thresholds.

To begin with, the retailer’s IoT investment |, must be lower than his critical

investment threshold under the revenue-sharing coordination 1, .. This is found by

R,rs
computing the difference between the retailer’s profits when the original deterioration

rate of s, is decreased to x4, through loT and equating it to zero to get the following

expression:

B (0, —a,)" —4B8(D, + 9 )(0 0. )’ +4(D, + 9, ) (0, — 1. )’
[L_LJ 4a(q,-q,)
Mo Hsi )l w| B(g,-0,)" —2(D, + B, —ac)(d; -, )
Ris =g [ 5 ) J—ogcz(q3 -q,) (101)

_[ﬂ(qg—qh)z]{ﬂ(qs—qh)z+2ﬂ(qg—qc)2—4(Do+ﬂq3)(q3—qc) w,

+ —_
Ha

S%

4a (0, -q,) 5

If the retailer’s investment is within his critical threshold (0 < I, <1 ), the

retailer earns additional profits with by investing in an 10T infrastructure under the
revenue-sharing scheme. On the other hand, if his investment surpasses the critical

investment threshold (I, > 1, .), then investing in IoT is not validated for the retailer

R,rs

since it would cause him to incur losses.

Similarly, the supplier’s investment in IoT would be justified only as long as it

falls within his critical investment threshold I .. This is determined in a manner

similar to the retailer, through a calculation of the difference between the supplier’s

profits with and without the use of 10T, as the following:
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(1-8)[ £ (2, -0)" ~4B(D, + £0,)(6, ~0.)' +4(D, + 40,)’ (3 3. ]
4a(q,-q,)
[:32:31} se[ B0, ~0.)" ~2(D, + B4,) (4 - q,) + ac(L+6) (0, ~q,)]
o = sw[~p(a,-a,) +2(D, + g, ~ac)(, ~q,)] (102)

+C—W,
Hay 4a(q3_qc) 1

_[ﬂ(qs ~q,)° J{(l—é)[ﬂ(qs ~0,)" +28(0 —0.)" |- 4(D, + B0 ) (% 4.

Once again, the supplier’s part in the investment under the revenue-sharing

system is only rationalized if it is under his critical threshold (0 < I, < I ), whereas

S,rs

if it exceeds the critical threshold (I, > I ), then the supplier is better off without

S,rs

investing in 10T,

Finally, the accumulated supply chain investment | is beneficial when it is

lower than the critical threshold 1., of overall revenue-sharing system. This is found

through the difference between the total supply chain profits under the revenue-sharing
system with and without 10T, and resembles that of the centralized supply chain as

exhibited below:

[—: ——: j[ﬂz(qs—qc)“—4ﬂ(Do+ﬂq3—aC)(q3—qc)3+4(Do+ﬂqs—a0)2(qa—qc)2}

1 32 31

IRS BT EEEY 2
lGa(q3_qC) _[ﬂ(%_Qh)

Hay

(103)
][ﬁ(qs =0 )2 +2ﬂ(q3 _qc)z _4(Do + B0, —ac)(q3 _qc)i|

Therefore, if the combined investment of the coordinated system is within the
critical threshold for the supply chain (0 < | < 1), then the profits are higher with loT.
However, when the investment goes beyond the threshold (1 > | ), the 10T investment

is not substantiated for the supply chain.

3.5.4. Numerical analysis. The preceding numerical examples are extended to
study the effect of the parameters on the single price system under revenue-sharing

coordination. Similar values are assigned to the parameters as before (refer to Table 4),

with additional input parameters of wholesale price W, and revenue-sharing factor &

assigned initially as 2.60 $/unit and 60%, respectively.

3.5.4.1. Effect of quality deterioration rate on profits. The impact of reducing

the product deterioration rate via 10T on the individual and overall system profits of the
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coordinated supply chain, excluding investment cost, is examined in the same manner
as before. As shown in Table 8, the original deterioration rate of 0.0067/hr is reduced
to numerous rates from 0.006/hr to 0.003/hr, and the supplier, retailer, and supply chain
profits are computed for each rate. The percentage difference in each of the three profits
owing to 10T is then calculated relative to the initial rate of 0.0067/hr.

Table 8: Effect of reducing deterioration rate on revenue-sharing profits

pa(fhr)  my($)  Am (%)  m ($)  Am, (%) m($) am (%)

0.0067 98.022 0.00% 60.607 0.00% 158.628 0.00%
0.006 118.621 21.02% 76.613 26.41% 195.234 23.08%
0.0055  129.405 63.15% 83.577 37.90% 212.982 34.26%
0.005 142.345 79.47% 91.935 51.69% 234.280 47.69%
0.0045  158.161 99.41%  102.150  68.55% 260.312 64.10%
0.004 177.932  124.34% 114919  89.61% 292.850 84.61%
0.0035 203.350  156.39%  131.336 116.70%  334.686  110.99%
0.003 237.242  199.12%  153.225 152.82%  390.467  146.15%

As depicted in Table 8 and Figure 16, the retailer and supplier generate higher
profits as the deterioration rate is reduced, and thus, the overall supply chain also earns
more profits. Moreover, Figure 16 indicates that the percentage increase in profit
margins is higher for the supplier than the retailer, which is faintly higher than that of
the overall supply chain. This, however, is merely due to the initial assumption of values
for the wholesale price and revenue-sharing factor, and thus, would differ if these
contract conditions between the retailer and supplier are varied. Therefore, the cost to

invest in loT must be distributed equally between the two parties as established earlier.
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Figure 16: Effect of reducing deterioration rate on revenue-sharing profits
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3.5.4.2. Effect of initial quality. Once again, presuming the initial and reduced

deterioration rates 14, and g, to be 0.0067/hr and 0.004/hr, respectively, the effect of
initial quality @, is studied on the retailer, supplier and overall coordinated supply

chain’s critical investment thresholds I ., I, and |, respectively.

Varying the initial quality between 0.60 to 1.00, Figure 17 demonstrates that the
three critical thresholds are found to be higher as the initial quality increases, implying
that they can consider greater 10T investments when the initial quality is high.
Additionally, it is also observed that the retailer’s threshold with the assumed parameter
values is lower than that of the supplier. However, unlike the decentralized system, the
supplier and retailer’s critical investment thresholds under revenue-sharing are
functions of the wholesale price and revenue-sharing factor as well. Therefore,
depending on these two additional parameters, the retailer’s critical threshold may be

higher or lower than that of the supplier.
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Figure 17: Effect of initial quality on investment thresholds for revenue-sharing
system

3.5.4.3. Effect of relative elasticity. The impact of relative elasticity is evaluated
on revenue-sharing profits, excluding loT costs, at the reduced deterioration rate of
0.004/hr. When the ratio is varied from 0.001 to 0.01 as shown in Figure 18, a trend
similar to the decentralized system is observed. The profits are much higher when the
ratio is considerably low and demand is more sensitivity to quality than price, and much

lower when the ratio goes above 0.002 and the demand becomes more sensitive to price.
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Furthermore, unlike the decentralized system where the supplier always has
higher profits than the retailer, Figure 18 reveals that the retailer gains higher profits

than the supplier at the assumed values of w, and & . As aforementioned, this may

change when different values are assigned to these two parameters.

The effect of relative elasticity is also studied on the investment thresholds at
varying ratios as illustrated in Figure 19. Like the decentralized system, the thresholds
are much higher when the ratio is less than 0.002. Hence, the system can settle on higher
investments and obtain more profits with 10T when the demand is highly sensitive to
quality. However, the thresholds reduce greatly at ratios above 0.002, where price
sensitivity begins to rise. Thus, the system becomes less willing to deploy 10T due to

reduced benefits from investment.
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Figure 18: Effect of relative elasticity on revenue-sharing profits
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Figure 19: Effect of relative elasticity on investment thresholds for revenue-sharing
system
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3.5.4.4. Effect of revenue-sharing factor. As mentioned previously, the

revenue-sharing factor 6 measures the fraction of the system’s sales revenue that is

withheld by the retailer, whereas the remaining fraction (1- &) is handed to the supplier.

As established earlier, the system earns very low profits when the price sensitivity is
high, therefore, the effect of the revenue-sharing factor on the system is analyzed at a
lower elasticity ratio. Consequently, the quality sensitivity factor £ is assumed to be
18.3 for a ratio of 0.1, while all the other parameters are the same as before with a

reduced deterioration rate of 0.004/hr.

As expected, it is seen in Figure 20 that as & increases, the retailer gains
increasingly more profits with revenue-sharing as compared to decentralization,
whereas the opposite is true for the supplier. However, the overall increase of the
system’s profits with coordination is always 33.33% as is expected for a centralized
system. Ideally, it is desired to determine a value of ¢ such that the retailer and supplier
have an identical percentage increase in profits, which is observed to be around 50% in

this example.
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Figure 20: Effect of revenue-sharing factor on profits as compared to decentralized
system

Similarly, Figure 21 demonstrates that as & increases, the retailer’s critical

investment threshold | becomes higher whereas the supplier’s threshold |

R,rs S,rs

becomes lower, which is as anticipated. Nevertheless, the overall system’s threshold

I:s remains constant throughout, which resembles that for the centralized system and
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is independent of & . Therefore, the retailer and supplier’s individual contributions to

investment must be lower than both | and | in order for them to benefit from

R,rs S,rs

loT, which is the region under the two thresholds between 30% and 90% for this
specific case (refer to Figure 21).
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Figure 21: Effect of revenue-sharing factor on investment thresholds for revenue-
sharing system

Based on the results derived above, the revenue-sharing factor must fall within
lower and upper bounds in order for the coordination to be beneficial for the retailer
and the supplier. Consequently, the lower bound is found based on the theory that the
retailer’s revenue-sharing profit must be higher than his decentralized profit as the
following:

5> [,B(qa +qc)+2(D0 —O!C)]7L1605Wl
4[B(d, +0,)+2(D, +ac)]

(104)

Likewise, the upper bound is determined based on the notion that the supplier’s
revenue-sharing profit must be higher than his profit in the decentralized system as

expressed below:

8aw, +[ (0, +0,)+2(D, —ac)]
Z[ﬂ(q3 +0, )+ 2(D, +ac)]

(105)

3.5.4.5. Effect of wholesale price. To study the effect of the wholesale price w;

offered to the retailer by the supplier, the £ is considered as 18.3 for a relative elasticity
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of 0.1 as above, while the other parameters remain as before. As anticipated, Figure 22

illustrates that as w, increases, the supplier earns increasingly more profits with

revenue-sharing relative to decentralization, whereas the opposite occurs for the

retailer. The overall supply chain profit difference, however, remains unaffected as

before, since it is not dependent on w, .

Profit difference with revenue-
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Figure 22: Effect of wholesale price on profits as compared to the decentralized

system

Likewise, Figure 23 shows that as W, increases, the retailer’s investment

threshold |

R,rs

decreases while the supplier’s threshold |

increases, which is also as

S,rs

projected. However, the total supply chain threshold Is remains unchanged as before.
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Figure 23: Effect of wholesale price on investment thresholds for revenue-sharing

system
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Finally, the impact of wholesale price is also examined on the revenue-sharing
factor’s bounds determined earlier. As shown in Figure 24, both the upper and the lower

bounds for & are directly proportional to w,. This implies that at a higher wholesale

price, the fraction of revenue retained by the retailer must be higher in order for the
retailer to benefit from revenue-sharing. Similarly, at a lower wholesale price, the
fraction withheld by the retailer must be lower so that the supplier earns enough to
benefit from the coordination.
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Figure 24: Effect of wholesale price on lower and upper bounds for revenue-sharing
factor

3.6. Managerial Implications

The mathematical modelling and numerical analysis of the single price strategy
presented in this work offer important managerial inferences to suppliers and retailers
within the FSC. Foremost, the decision for grocery suppliers and retailers to implement
real-time quality monitoring is dependent on the cost of investing in the required 10T
technology and its relationship with the critical investment thresholds developed in this
research. Identified for the retailer, supplier, and the collective supply chain, these three
thresholds are influenced by parameters including the initial and reduced quality
deterioration rates, initial, organoleptic, and critical quality levels, and the relative
elasticity of the consumer demand. These factors need to be considered prior to
implementing 10T for quality monitoring of perishable food products. Furthermore, it

is identified that the retailer and supplier must split the investment costs equally because

68



they both generate an identical percentage increase in their respective profits upon

reducing the food quality deterioration rate.

Moreover, where 10T is more likely to enhance the fiscal performance of the
retailer, supplier, and overall supply chain, the perishable food corporations should
explore methods to lower the 0T investment costs and identify the most optimal
logistical point for its implementation. Since the initial 24 to 48 hours after harvest are
the most crucial in terms of food quality, it would be ideal to employ quality monitoring
at these earlier points. On the contrary, where 10T benefits the supplier and the overall
food supply chain but leads to decreased profits for the retailer, the supplier should
either increase his individual contribution to the investment or offer incentives to

motivate the retailer to implement IoT technology.

Additionally, the lower and upper bounds of the retailer’s revenue-sharing
factor for an optimal revenue-sharing coordination have been identified in this research.
These bounds depend on the supplier’s wholesale price, along with several other
parameters. Within these bounds, both the retailer and supplier gain increased profits
with revenue-sharing as compared to decentralization, which leads to an improved

supply chain performance.
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Chapter 4. Two-Stage Price Model

This chapter exhibits the various stages in the development of the two-stage
price model for decentralized, centralized, and coordinated structures of two-echelon
food supply chains. Similar to the preceding single price model, each system is
developed with and without the utilization of 10T for constant monitoring of food
quality. Subsequently, a numerical analysis is also presented to study the impact of
certain parameters on the fiscal performance and decisions of the supply chain within
each system.

4.1. Assumptions and Notations

The mathematical model for the two-stage pricing strategy is established based
on assumptions that are similar those made for the single price strategy, which are the

following:

1. The two-echelon perishable food supply chain consists of an upstream
supplier and a downstream retailer.

2. The retail price and food quality have an impact on the customer demand,
where the demand decreases as the price increases, and it increases as the
product quality increases.

3. The sale period commences at the time t3 wherein the food retailer receives
the perishable products from the food supplier at quality gs, and the selling
period terminates at the time tc when the food quality reaches the critical
quality qc.

4. The time t,, which is the time when the sensory food quality changes begin

to occur, is fixed, and it is also considered as the markdown time when the

retail price is reduced.

The notations used in the development of the two-stage price model are
presented in Table 3, which are similar to those used in the single price model.
Additionally, the same food quality deterioration process followed for the single price
model, which is illustrated in Figure 6, is also employed to develop the model for the

two-price policy.
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Table 9: Notations for two-stage price model

Notation Description
D, Potential market size
Price sensitivity factor
B Quality sensitivity factor
p(t) Product price at time t
a(t) Product quality at time t
D(t) Demand function at time t
U Initial quality level at retailer
O Highest quality level beyond which organoleptic quality changes occur
9 Critical quality level below which the product is considered a waste
Hy Instantaneous deterioration rate of food quality at retailer
Ha Instantaneous deterioration rate at retailer without loT
M Instantaneous deterioration rate at retailer with loT
L Time at which the product arrives at retailer
t, Time at which organoleptic quality changes begin to occur
L Time beyond which the product is unsaleable due to poor quality
D, Demand rate at retailer for two-price strategy
C Unit product cost to supplier
W, Unit wholesale price for two-price strategy
P Unit initial retail price for two-price strategy
P2, Unit markdown retail price for two-price strategy
I Cost to invest in 10T to monitor product quality
l, Fixed cost to retailer for investment in 10T
I Fixed cost to supplier for investment in loT
T, Retailer’s profit
s Supplier’s profit
I1 Total supply chain profit
I, Centralized supply chain profit

4.2. Demand Function

As mentioned earlier, the rate of demand is negatively impacted by higher initial

and markdown retail prices, and it is positively impacted by higher food quality.
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Therefore, the demand function used to derive the two-stage price model is identical to
that used for the single price model as demonstrated below:

D(t) =D, —ap(t)+Aa(t) (106)
However, the price function differs from the preceding model wherein two retail
prices are set by the retailer; an initial price p,, from the start of the selling season until
the point where discernable changes in food quality begin to occur at t, , beyond which
the retail price is marked down to p,, until the end of the sale period. The piecewise
function of price in the two-stage model is illustrated below:

T <t<t
Py ={ P " T (107
P,y L, <t <t

4.2.1. No investment in 1oT. Similar to the single price model, when the supply
chain does not invest in an 10T setup, changes in food quality can only be detected once
they go beyond the organoleptic quality ¢, and can be observed by the customer.
Therefore, the quality is assumed to be stable at ¢, until discernable changes begin to
occur after which the quality decreases linearly with time. As aforementioned, the unit
retail price is set to p,, from the beginning of the selling period at time t, up to the

point t, when the product quality falls below g, and the a markdown retail price of

P,, is set. Consequently, the deterministic customer demand for the two-stage price

strategy without investment in 10T is expressed mathematically as follows:

=ty to—t,
D, = [ (Dy~apyy + B )it + | " (Dy —apy, +4(d — st it (108)

D, =ﬂi3{a(pzz ~ P2 (% —qh)—%ﬂ[(% ~0,)" (% ~a.)" | +(Dy ~ Py, + B0, ) (6 —qc)} (109)

4.2.2. Investment in loT. When the players in the supply chain invest in an loT
infrastructure to enhance quality visibility, the product quality can be measured
throughout the demand period even when the changes are not apparent. Consequently,

the quality is presumed to decrease linearly with time throughout the selling period with

an initial retail price of p,, and a markdown price of p,, as mentioned previously.
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Therefore, the deterministic customer demand for the two-price strategy with
deployment of an IoT system is expressed as the following:

th—t, t—t,
D, = Io (DO Pyt ,3((]3 - luSt))dt + J‘thft (Do —ap,; + ﬁ(qs - ﬂst))dt (110)
1 1 2
D, = ﬂ—{a(pzz = P2r)(0 = 0n) + (Do~ P + /59 ) (0~ ) =5 A (0 ~ ) } (111)
3
4.3. Two-Stage Price Model for a Decentralized System
Initially, the model is studied within the context of a decentralized system in

which both the supplier and the retailer are the decision makers wherein both
incentivize their individual gains. The retailer seeks to optimize the initial and

markdown retail prices p, and p,, respectively, to maximize his profit.

Subsequently, these optimized retail prices are used by the supplier to optimize the

wholesale price w, to maximize his profit. Consequently, the supply chain profit is
merely an aggregate of the maximized profits of the retailer and the supplier.

4.3.1. No investment in 10T. Within a decentralized system under the two-stage

pricing scheme that does not invest in an 10T infrastructure, the retailer’s profit function

7, is an addition of his revenue from the initial and markdown periods, from which the
amount paid to the supplier for the customer demand is deducted as shown below:

ty—t,

t-t,
T = leJ.o (Do —ap, + )dt + pzzj‘th_t (Do —ap, +ﬁ(q3 _/Ust))dt -w,D, (112)

1 pz1(Do_ap21+ﬂQh)(Q3_qn)+pzz{(DO_apzz‘*ﬂ%)(qn_qc)*’%ﬂ[(qs_qn)z_(qs_qc)zﬂ ( )
== 113
s —W{a(pzz—pn)(qg—qh)—%ﬁ[(qa—qh)z+(q3—qc)z}+(Do—apzz+ﬂqg)(q3—qc)}

Under the same setting, the supplier’s profit function 7, is a multiplication of

his marginal profit and the customer demand as demonstrated below:

7 = (W, —¢)D; (114)

Ty = P |:a(pzz_pzl)(q3_qh)_%:8|:(q3_Qh)2+(q3_qc)z}-'_(DO_ap22+ﬂq3)(q3_qc):| (115)

Lastly, the overall profit IT of the decentralized supply chain is found by adding

up the profits of the retailer and the supplier as the following:
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M=z, +7, (116)

Upon maximizing the profits of the retailer and supplier, the optimal initial and

markdown retail prices p,, and p,,, respectively, and the optimal wholesale price w;

for a decentralized system under the two-price strategy that does not invest in 10T are

obtained as exhibited below:

6D, (d, —a. )+ B(60,0, — 40,0, — & -7 ) ¢

- c 117
p21 80!(C|3—qc) +4 ( )
i 50 (0 — )+ B(40,0, — 20,0, + 20,0, — o7 —307) .C a18)
# 80!(q3 _qc) 4
. plaa-ai-a?)+20,(a-0) ¢ (119)
2 4a/(0, -0, ) 2

This illustrates that the retailer’s optimal initial price p,, and optimal

markdown price p,,, and the supplier’s optimal wholesale price w, exist uniquely
within this setting. Furthermore, it is observed that these optimal prices are not
influenced by the quality deterioration rate.

4.3.2. Investment in 10T. For a decentralized two-price system that invests in
loT for an improved visibility of product quality, the retailer’s profit 7, is again an

aggregate of the revenue earned from the initial and markdown selling periods.

However, this profit function includes a deduction of the amount paid out to the supplier

with an additional deduction of the fixed investment cost |, that the retailer expends

on loT as illustrated below:

ty-t, to-t,
T = szo (Do —apy +:B(q3 —,ust))dt+ pzzJ.th_l (Do —aPy +ﬁ(q3 _ﬂst))dt_szz -1 (120)

p21|:(Do _ap21+,3Q3)(q3 _qh)_%ﬂ(qs _qh)z:l

To=— +p22{(Do—ap22 +ﬂq3)(qh_qc)+%ﬁ|:(q3_qh)2_(q3_qc)2:|:| -l (121)

2

_Wz[a(pzz - pzl)(qs_qh)+(Do —ap, +,3q3)(q3 _qc)_lﬂ(qs_qc)z}
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Under the same situation as aforementioned, the supplier’s profit function 7 is

a product of his marginal profit with consumer demand along with the subtraction of a

fixed investment cost |, for loT deployment as displayed below:
7, =(w,—c)D, - I, (122)

7, = (W;:C) [a(pzz - pzl)(Qs _qh)+(DO —a Py +,Bq3)(q3 _qc)_%ﬂ(q3 _q°)2:|_ I (123)

Finally, the overall supply chain profit IT for this decentralized system is as an
addition of the retailer and supplier profits which presented as follows:

M=7, +7, (124)

Similar to the preceding system without 10T investment, the optimal initial retail

price p,,, the optimal markdown price p,,, and the optimal wholesale price w;, for a

decentralized system following the two-price policy with loT implementation are

obtained via maximization of the individual profits as the following:

. _6Dy+p(3¢s+20, +0,) ¢

+ & 125

- > ; (125)

- _ 6Dy + (0, +29, +34;) | ¢ (126)
8a 4

W= 2Pt AG+a) ¢ (127)

2 4o 2

As within the preceding setting, the retailer’s optimal prices p,, and p,,, and
the supplier’s optimal wholesale price W, exist uniquely and are not influenced by the

quality deterioration rate.

4.3.3. Critical thresholds for 10T investment. As mentioned earlier, investing
in an loT infrastructure provides enhanced visibility and better control over product
quality, which would result in a reduced product deterioration rate. Consequently, this
would also theoretically lead to a superior financial performance for the supply chain
and its players. However, in order to analyze the impact of [oT on the supply chain’s

performance, three critical investment thresholds — |, for the retailer, | for the
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supplier, and |, for the overall supply chain — are determined as done in the preceding
single price system.

To begin with, 10T investment would be beneficial for the retailer if his profits
are higher when 10T is employed for real-time monitoring of food quality. Therefore,

the critical investment threshold | is established through the difference between the
retailer’s profit without IoT at the initial deterioration rate of s, and his profit with
loT when the deterioration rate is reduced to r,, . This difference in retailer’s profits is

equated to zero in order to obtain a simplified expression for the retailer’s critical

investment threshold as the following:

(% -0 )3 [ﬂi—#i]@Doz -8D,acC + 4a2c2)
32 31

1
H—[ﬂ[Do (403 - 40,07 ~ 4c2q, +407 ) + ac(-4q] + 4a.a? +46Zq, - 4q; ) ||
32
oty | ) 1 [ [on(ea, a0 -0 - doual + dala. + 40 (128)
Hay || +ac(-8a20, + 40,07 + 40,07 +80,0,0, —497q, —4q?)
1 [qé’ +40,0, — 5050, —4d;0; +100;0¢ +1203q70, —100;0¢ ]
Hsp | ~8030,0, +80,0,07 ~120,0;0; +50,0; —40,0; +40;0; — 0

1 [4%%15 —~160507, +8050,07 + 20,070 — 30,0 +50,07 +120,07, J
Ha \ ~120707 - 4q,q; +100;0 — 400,07 — 49597 + 3050, — ¢

2

When the retailer’s investment amount is lower than his critical investment

threshold (0 < I, < 1), he gains more profits using 10T to improve product quality. On
the other hand, if his investment goes above the critical threshold (I, > 1), the
retailer’s investment in IoT is not validated since it does not generate any additional

profits for him.

Similarly, the investment in product quality monitoring would be helpful to the
supplier only if his profits are higher using the loT technology required for it.
Determined in a manner similar to the retailer by computing the difference in the

supplier’s profits without and with the use of 10T at initial and reduced quality

deterioration rates of 15, and 4,, respectively, the supplier’s critical investment

threshold is found as follows:
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1 1 3 2
——— (84— ) (2D, —2cxC
(2L -0y (0, - 2a0)

i[(qg ~a.)" B[ D, (40, +40, ) - ac(49, +4a, )]

Hap

l.=—— — _

s 20(6 -0 +(9,-0,) 1 D, (80350, — 40,07 — 40,07 —80,0,0, + 4070, +4qf) (129)
M| | ~ac(8aiq, —40,0," —49,0; —80,0,0, +40,°d, +40,)

28 (0 +0.) (0 -0.) ]

H3p

1 (4Q§qh2 —4930;0, —40;0,0; — 4050, + 40,070, + 4q3qhq?J
Mo |\ 20,050 + 050y — 0,0, — 20,0 + 00, — 0

When the supplier contributes an amount less than the critical threshold to the

loT investment (0 < I, < I ), he makes higher profits with l0oT. On the contrary, if the

amount invested exceeds the threshold (I, > 1), then the 10T investment is not

justified for the supplier since he receives lower profits with it.

Finally, the cumulative investment of the retailer and supplier would only be

effective if it falls below the critical investment threshold |, for the whole supply chain.

This is found by adding up the retailer and supplier’s individual thresholds, or by
computing the difference between the aggregated supply profits for the system with and

without 10T, as the following:

{i _ i](qs -q.)’ (12D, - 24D,ac +12a°c?)
Hyp My

i[ﬂDu (0 - 0,02 - &fq, +02)~12ac(q} - 00 ~63q, + ) |
2

Hs
1
L= -
T (Ma(qz_%y] +h(% - ) 1 [Do(24qs?qh24q3qhqc12q3QE12q3q3+12q§qc+12q3) } (130)

Ho | +arc(-2403q, +120,q7 +120,07 +240,0,0, —1207q, —12¢7)

Ha \ ~8030,0, +80,0,07 —120,0797 + 70,0, —49,9; +4q:9; —30;
1 (12q§q§ — 240297 d, + 60,0707 — 0,05 + 70,0, + 200,050, —12qu3]

Hy \ —40,0; + 60207 +40,0,0° — 49597 +ayq, — 305 —8a7q;

1 [3%5 +40,, — 7050, —40,0; + 60507 +120;0;, —6d;0; ]

+p3?

If the total 10T investment of the decentralized system is less than its critical

threshold (0 < I <I;), the supply chain reaps more profits when deploying loT.
However, if it surpasses the threshold (| > I, ), the investment is not rationalized as the

supply chain does not benefit from spending on loT.
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4.3.4. Numerical analysis. In order to assess the effect of the different
parameters on the investments of the decentralized system within the two-stage pricing
strategy, a numerical example is demonstrated. The values assigned to the parameters

are identical to those used in the single price model (refer to Table 4).

4.3.4.1. Effect of quality deterioration rate on profits. As done earlier, the
impact of slowing down the quality deterioration process of food products through
utilization of 10T is analyzed on the two-price decentralized profits. This is done by
computing the supplier, retailer, and aggregated supply chain profits, excluding the 10T
investment cost, for quality deterioration that is reduced from the initial rate of
0.0067/hr to rates varying between 0.006/hr and 0.003/hr (refer to Table 10). The
percentage difference for each of the individual and collective profits, with reference to

the initial deterioration rate of 0.0067/hr, is also computed and shown in Table 10.

Table 10: Effect of reducing deterioration rate on decentralized profits for two-price
system

ps (fhr)  my($)  Am (%)  m($)  Am, (%) m(3) am (%)

0.0067 79.314 0.00% 39.905 0.00% 119.220 0.00%

0.006 97.617 23.08% 50.109 25.57% 147.726 23.91%
0.0055  106.491 34.26% 54.665 36.99% 161.156 35.18%
0.005 117.140 47.69% 60.131 50.69% 177.271 48.69%
0.0045  130.156 64.10% 66.813 67.43% 196.968 65.21%
0.004 146.425 84.61% 75.164 88.36% 221.589 85.87%
0.0035 167.343  110.99%  85.902  115.26%  253.245 112.42%
0.003 195.234  146.15%  100.219 151.14% 295452  147.82%

As depicted in Table 10 and Figure 25, when the food deterioration is slowed
down, the retailer, supplier, and the overall supply chain generate greater profits.
Moreover, it can be observed that the retailer’s percentage increase in profits is slightly
higher than that of the supplier. However, since the difference is insignificant, the
percentage increase is almost identical for the two players, and thus, the investment

must be distributed equally between the two as shown below:

I, =1,=05I (131)

r S
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Figure 25: Effect of reducing deterioration rate on decentralized profits for two-price
system

4.3.4.2. Effect of initial quality. Assuming the same initial deterioration rate

My, of 0.0067/hr as before and a reduced deterioration rate g, of 0.004/hr, the
influence of the initial quality level g, on the critical investment thresholds determined
earlier — retailer’s investment threshold |, supplier’s investment threshold I, and
supply chain’s investment threshold |, — is examined.

As exhibited in Figure 26, the three critical thresholds are computed for initial
quality levels varying from 0.60 to 1.00. It is noticed that the three thresholds 1, I,

and |, become higher with increase in initial quality of the perishable products.

Additionally, it is also observed that the supplier has a higher threshold than the retailer
at each quality level, whereas the overall system threshold is the highest as expected

since it is a sum of the other two thresholds.

Therefore, as displayed in Figure 26, both the retailer and the supplier will

benefit from investing in 10T if their equal contributions to the investment are below

I, since the retailer has a lower threshold than the supplier. However, if the investment

contribution falls between I and |, investing in 10T will be favorable for the supplier

but not for the retailer. On the other hand, if the individual investment amounts surpass

I, investing in 10T will not be beneficial for the supplier or the retailer.
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Figure 26: Effect of initial quality on investment thresholds for two-price
decentralized system

4.3.4.3. Effect of relative elasticity. The influence of the relative elasticity,
a/B, is studied on the two-price decentralized system’s profits at the reduced
deterioration rate of 0.004/hr. This is done by varying the relative elasticity ratio from
0.001 up to 0.01. As shown in Figure 27, the effect is identical to that observed in the
single price system. All three profits are comparatively higher when the ratio is
considerably low, which implies that the retailer and supplier gain higher profits with a

more quality-sensitive demand, while profits decline significantly as the ratio and

sensitivity to price increase.

—— Retailer Supplier Decentralized supply chain
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Figure 27: Effect of relative elasticity on two-price decentralized profits
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The relative elasticity’s effect on the investment thresholds is also analyzed at
the same reduced deterioration rate of 0.004/hr, with the ratio varying between 0.001
and 0.01. Figure 28 exhibits that both the retailer and supplier have higher thresholds
when the ratio is less than 0.002. This indicates that when the demand is significantly
more sensitive to quality than price, the system can benefit from using 10T even if the
investment is not low. However, when the ratio goes above 0.002 and price sensitivity
begins to increase, there is a considerable decline in both thresholds. As a result,
investing in 10T is not favorable for the supply chain when the demand has higher
sensitivity to price than quality.
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Figure 28: Effect of relative elasticity on investment thresholds for two-price
decentralized system

4.4. Two-Stage Price Model for a Centralized System

For an optimized supply chain performance, the two-price model is also
explored within a centralized system which incentivizes the integrated supply chain

objectives. This unified network optimizes the initial unit retail price p,, and the

markdown unit retail price p,, to maximize the overall supply chain profit.

4.4.1. No investment in 1oT. For a centralized system that follows the two-

price strategy and does not deploy 10T to monitor quality, the integrated supply chain

profit I1, is the sum of the revenues earned from the initial and markdown selling

periods, from which the total product cost for customer demand is deducted as follows:
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(Q:rqh) U3~
I, = pzljlo # (Do —ap, + B4, )dt + Py J-(qaf;h) (Do —ap, + ﬁ(% - /ust))dt -cDb, (132)

]

1 p21(Do —ap21+ﬁqh)(q3—qh)+ p22|:(D0—0£p22 +ﬁQ3)(Qh _qc)+%ﬁ|:(QS_qh)z_(qS_qc)2:|:|
I, =—

(133)
# *C|:a(p22 =P} (0~ ) -5 A (0~ + (6 -0 [+ (D~ b + ) (0 ch)}

As opposed to the preceding decentralized network, the optimal retail prices p,,
and p,, for a centralized two-price system that does not utilize 10T are attained through

maximization of the total supply chain profit and are determined as the following:

. D,+pq9 ¢
Po == %3 (134)
. 2D,+p(,+9,) c
P, = : 4o . +E (135)

This reveals that the retailer’s optimal initial price p,, and optimal markdown

price p,, exist within the centralized setting and are unique. Additionally, it is discerned

that these optimal retail prices are not influenced by the quality deterioration rate.

4.4.2. Investment in 10T. The overall profit IT_ for a centralized supply chain

that utilizes 10T for enhanced food quality is an accumulation of the sales revenue from

the initial and markdown periods as before. Nevertheless, this profit function also

includes an additional deduction of the fixed cost |, for investment in IoT as follows:

(95-0n) Y3~
II, = p21J-0 e (Do Pyt ﬂ(qz - ,u3t))dt + pzzj.(qafzh) (Do —aPyt ﬂ(qs - /“%t))dt —-cD, -1, (136)

M3

p21|:(DO _ap21+ﬂq3)(q3 _qh)_%ﬂ(qa _qh)z:l

HC = +p22|:(Do_apzz+ﬂQ3)(qh_qc)+%ﬂ|:(q3_qh)2_(qs_qc)zﬂ _Ic (137)

_C|:a(p22 - pzi)(Qz _qh)+(Do _apzz +ﬂq3)(% _qc)_%ﬂ(%_qc)z:l

Like the previous system without 10T, the optimal retail prices p,, and p,, for

a centralized two-price system employing IoT are determined by maximizing the

collective profit of the supply chain as follows:
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P2y Ao 2 ( )

0 = 2D, + ﬁ(qh +9) ¢ (139)
o 2

As mentioned earlier, this indicates that the retailer’s optimal prices p,, and p,,

exist uniquely within this setting and are not influenced by the deterioration rate.

4.4.3. Critical thresholds for 10T investment. Just as in the previous systems,
the financial performance of a centralized two-stage system can hypothetically be
enhanced by capitalizing on 10T for improved product quality. However, the investment

cost I must be below the critical threshold I, which is found through the difference
between the centralized profits at the original deterioration rate of s, without loT and

at the decreased rate of 4, with the use of 10T. As a result, the following critical

threshold is established:

16

16

M[L

Ha

1

Hay

Hap

Ha

(qa—qn{(wo+ﬂ<q3+qh>>2—<2ac>2 <2oo+zﬂqh>2—<zac>2]

j[(zoo + G, +a.))" - (2ac)’ |

(140)

c Ha, Ha
4| (34, -0, —20.)(9 —0)
Ha

(95 -9 )|:(2D0 + (0, +0,)—2ac) (2D, + S(4q; —q, —qc)—ZaC)}

When the centralized system’s investment is less than the aforementioned

critical threshold (0 < 1 < 1), it earns more profit with the use of 10T. On the other

hand, the system does not benefit from loT if the investment exceeds the critical
threshold (1 > 1.).

4.4.4. Numerical analysis. The effect of specific parameters on the decisions
and performance of the centralized two-price approach is analyzed through a numerical
example, wherein the same parameter assignment as the previous examples is used
(refer to Table 4).
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4.4.4.1. Effect of centralization. In order to study the impact of centralization,
the overall profits of the decentralized and centralized supply chain, excluding the fixed
0T investment, are compared at several deterioration rates. As shown in Table 11, the
rate is varied from the initial value of 0.0067/hr to several lower rates down to 0.003/hr.

The decentralized supply chain profit [T, centralized profit []., and the percentage

difference between profits A[] are also computed at each rate, as shown in Table 11.

Table 11: Difference between decentralized and centralized two-price supply chain
profits at varying deterioration rates

pe (fhr) — m(9) . ($) am (%)
0.0067  119.220  158.877  33.26%
0.006  147.726  170.113  15.15%
0.0055  161.156 185578  15.15%
0.005  177.271  204.136  15.15%
0.0045  196.968  226.818  15.15%
0.004 221589 255170  15.15%
0.0035  253.245  291.623  15.15%
0.003 295452  340.227  15.15%

As presented in Table 11 and Figure 29, the total profit of the centralized system
is higher than the decentralized system at each deterioration rate. This percentage
increase is found to be higher at 33.26% at the initial rate of 0.0067/hr without IoT,
while it is lower at 15.15% at each of the reduced rates with 10T. Hence, centralization

always results in an enhanced supply chain performance within the two-price strategy.

Decentralized supply chain —— Centralized supply chain

500.000
400.000
€ 300.000
S 200.000
o
100.000

0.000
0.003 0.004 0.005 0.006

ws (/hr)

Figure 29: Decentralized and centralized two-price supply chain profits at varying
deterioration rates
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4.4.4.2. Effect of quality deterioration rate on profit. The effect of quality

deterioration rate using 10T is examined by determining the centralized supply chain

profit, excluding investment costs, at varying deterioration rates. As shown in Table 12,
the initial rate of 0.0067/hr is lowered to several rates between 0.006/hr and 0.003/hr.

The centralized profit []. and the percentage difference in profit A, relative to the

initial rate of 0.0067/hr are then computed.

Table 12: Effect of reducing deterioration rate on two-price centralized profit

us (/hr) . (%) AT (%) Am (%)
0.0067  158.877 0% 0.00%
0.006 170.113 7% 23.91%
0.0055  185.578 17% 35.18%
0.005  204.136 28% 48.69%
0.0045 226.818 43% 65.21%
0.004 255.170 61% 85.87%
0.0035 291.623 84% 112.42%
0.003 340.227 114% 147.82%

As displayed in Table 12 and Figure 30, the centralized system earns higher

profits at lower deterioration rates, while the percentage increases as the deterioration

rate decreases. Additionally, the percentage increase in profit is comparatively lower

than that of the decentralized two-price system (refer to Table 10) at each decay rate.
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Figure 30: Effect of reducing deterioration rate on two-price centralized profit
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4.4.4.3. Effect of initial quality. The effect of initial quality g, is studied on the
critical investment threshold 1. for the centralized system, with the initial and reduced
quality deterioration rates x4, and 4, as 0.0067/hr and 0.004/hr, respectively.

As depicted in Figure 31, the critical threshold, found for initial quality varying

from 0.60 to 1.00, is observed to be higher at a higher initial quality level. Thus, the
centralized system can gain more benefits from IoT investment at higher initial quality.

_ 120,00
S 100.00
55 80.00
£S5 60.00
E8 1000
e
2 2000
0.00

0.60 0.70 0.80 0.90 1.00
Initial quality, qs

Figure 31: Effect of initial quality on investment threshold for two-price centralized
system

4.4.4.4. Effect of relative elasticity. The impact of the relative elasticity «/f is

studied on the centralized two-price system’s profit, excluding IoT cost, at the reduced
deterioration rate of 0.004/hr with the ratio varying from 0.001 to 0.01. As established
earlier, Figure 32 reveals that the profit is much higher at a substantially low ratio, with
the profit becoming considerably lower beyond 0.002. Therefore, the system would

benefit more from a demand that has a much higher sensitivity to quality than price.
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Figure 32: Effect of relative elasticity on two-price centralized profit
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Moreover, the effect of relative elasticity on the investment threshold is also
analyzed in a similar manner. Figure 33 demonstrates that the threshold is significantly
higher when the relative elasticity is less than 0.002, and it decreases noticeably as it
rises above 0.002. Thus, the system can invest more in 10T for increased profits when
the consumer demand has higher sensitivity to quality. However, as the demand’s

sensitivity to price increases, it becomes less likely for the system to invest in loT.
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Figure 33: Effect of relative elasticity on investment threshold for two-price
centralized system

4.5. Two-Stage Price Model with Revenue-Sharing Coordination

Similar to the single price model, the two-price model is analyzed within a
system coordinated through revenue-sharing as an attempt to resemble the centralized

network for an enhanced supply chain performance. Under this setting, the initial and
marked down retail prices p,, and p,, are optimized by maximization of the total
supply chain profit in the same way as the centralized system. Furthermore, the retailer
holds on to a fraction & of the revenue earned and hands over the rest to the supplier,

who offers a relatively lower wholesale price w, in return.

4.5.1. No investment in 10T. For a coordinated two-price system without 10T,

the retailer’s profit function 7, is merely his fraction of the revenue earned from the

initial and markdown selling periods, with the wholesale cost reduced as depicted
below:

—
Na»

(QFQh) U3—0c
7 = 0Py # (Dy—aPy+ B )t +5ps [, ") (Do —aPu + B(0 — st) [t -w,D,  (141)

M3
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1 5p21(D0 _ap21+ﬁqh)(q3 _qh)+5p22 |:(D0 _apzz +ﬂq3)(qh _qc)+%ﬁ|:(q3 _qh)2 —(q3 _qc)2:|:|
7 =L (142)
. fwz[a(pzrpn)(qsfqh)f%ﬂ[(qsfqh)2+(qch)2}+(Dofapzz+ﬁq3)(q37qc)}

Likewise, the supplier’s profit function 7, is the sum of his portion of the shared

revenue from the initial and markdown sale periods along with the wholesale amount

received from the retailer, with the product cost deducted as expressed below:

M (=0
Ty = (1_5) szo “ (Do —apy + 4, )dt +(1_5) pzzj.(qaf;h) (Do —aPy +ﬂ(q3 _/ust))dt +(Wz —C) D, (143)

H3

(1_5)pzl(Do_apz1+ﬂqh)(q3_qh)+(l_5)pzz (Do—ap22+ﬂq3)(qh—qc)+1ﬂ|:(q3—qh)2—(qa—qc)2j|
- | ’ | (144)

# +(W, 7C)|:a(p22 =P ) (% *qh)’%ﬁ[(qs ’qn)z +(0; ’qc)2}+(Do —apy + B0 (9 ’qc):|

Additionally, the collective profit IT of the coordinated supply chain is the same
as the centralized system profit, which is simply an aggregate of the retailer and
supplier’s profits. This is illustrated as the following:

=z +m, (145)

1 p21(Do 7ap21+ﬂqh)(q37qh)+ P2, |:(DO — 0Py +IBQ3)(Qh 7qc)+%ﬁ|:(q37qh)z 7(q37qc)2:|:|
=
L

(146)
: _C|:a(pzz - p21)(q3 _qh)_%ﬁ[(qS _qh)z +(q3 _qc)z:|+(Do —ap, +ﬂC|3)(Q3 _qc):|

Finally, the optimal initial and markdown retail prices p,, and p,, for a two-

price supply chain that coordinates through revenue-sharing and does not deploy loT

are ascertained in the same way as the centralized system as the following:
. Dy +p4q, N c

= hd 147
Py Y > (147)

0. = 2Ds +§(qh +9) ¢ (148)
a 2

4.5.2. Investment in loT. Within a coordinated supply chain network that

invests in [0T, the retailer’s profit 7, is again his portion of the revenue from the initial

and markdown selling periods while reducing the wholesale cost, with an additional

deduction of a fixed investment cost |, for 10T deployment as exhibited:
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7[( = (QS’QC) (149)

5p21|:(Do _ap21+ﬁq3)(q3_qh)_%ﬂ(q3 _qh)2:|

T, =— +5p22[(D0_ap22+ﬂq3)(qh—qc)+%ﬁ[(q3—qh)2—(qs_qc)zﬂ ~l (150)

_Wzl:a(pzz - pzl)(qB_qh)+(DO —a Py +ﬂq3)(q3_qc)_%ﬂ(qs _qc)2:|

Similarly, the supplier’s profit function 7 is an accumulation of his proportion

of the shared revenues and the wholesale payment from the retailer, with the product

cost and a fixed cost |, for the 10T investment as shown below:

(%*%)
(1_5) p21J-0 He (Do —apy +ﬂ(q3 _/Ust))dt
Ty = (%) (151)
+(1-6) pzz.f(qgf‘gh) (Dy —apyy + B(s — ast) it +(w, —¢) D, — 1,
H3
1 2
(1_5) pﬂ‘:(DO —aPy +ﬂq3)(q3 _qh)_iﬂ(qa _qh) :l
7 :uia +(1-9) pz{(Do—apzz+ﬂq3)(qh—qc)+%/?[(q3—qh)z—(qg—qc)zﬂ -1, (152)
+(W2_C)‘:a(pzz - p21)(q3—qh)+(Do—apzz+ﬂq3)(q3—qc)—%/3(q3—qc)z}

Moreover, the coordinated supply chain profit IT is the combination of the
retailer and supplier profits along with their fixed investment costs, which resembles

the profit of the centralized system as illustrated below:

= +m, (153)

p21|:(Do —ap21+ﬂQ3)(q3 _qh)_%ﬂ(QS _Qh)z}

II=—1+py [(D0 —apy + ;) (a, —qc)+%ﬂ[(qg—qh)2 —(qs—qc)zﬂ -1 (154)

—C|:0((p22 - p21)(q3 _qh)+(D0 — APy +IBQ3)(Q3 _qc)_%ﬂ(qs _qc)2:|
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Similar to the preceding system, for a two-price revenue-sharing system
implementing 10T, the optimal initial and markdown retail prices p,, and p,, are

determined in the same manner as before through overall profit maximization as

follows:

. 2D, + + c
o =20 ﬁ(a% qh)+§ (155)

5 _ 2Dy + (G, +0)

22
da

c
+—= 156
> (156)

4.5.3. Critical thresholds for 10T investment. As in the prior supply chain
systems, the performance of the supply chain can be enhanced through 10T, but only as
long as the investment does not surpass three particular critical investment thresholds

for the retailer, supplier, and supply chain.

First of all, the retailer’s contribution to the investment |, must be less than his

critical threshold 1, . within the revenue-sharing system. This is determined by finding

R,rs
the difference between the retailer’s profit without IoT at the initial deterioration rate

My, and his profit with 10T at the reduced rate 4, , and then equating it to zero to obtain

the following expression:

16a -

5(g,-0,)| (2D, + B0, +4,)) —(2ac)’ (2D, +28q, ) - (2ac)’
My Hay

o(q, -0, 1 1 2 2
IR,rs = +%[ﬂ_3z_ﬂ_3lj[(2[)o+ﬂ(qh +qc)) —(ZaC) :| (157)

(2D, + B(4, +0,) —2ac) (2D, + B(4q, —q, —q,) — 2ac)
(q3 _qc) -

W, Mg, Hay

4| B(3q,-9,-29,)(q, - q,)

Ha

In order for the retailer to earn additional profits with 10T when coordinating
through revenue-sharing, his investment must be less than the aforementioned critical

threshold (0 < I, < I ,,). However, the investment is not justified for the retailer if his

contribution exceeds the threshold (1, > I ).
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Likewise, the supplier’s critical investment threshold I within the same

system is found in a similar manner through his difference in profits with and without

the use of 10T as the following:

16

Hap

Hay

(1-5)(9, - qy,) {(2D0 +B(g, +9,)) —(2ac)’ (2D, +28q,)" —(2ac)’ }

1

Iy = +W&—ﬂ—m][(wa + (g, + )" ~(2ac)’ | (158)
(6 ){(ZDO +B(g; +9,) —2ac) (2D, + A(4q, —q, —qc)—Zac)}
(W —c) ’ 7 Hay
4 A(39; —a, — 29 ) (g, —d.)

Hay

The supplier’s investment under the revenue-sharing system is validated if it is

within his critical investment threshold (0 < I, < I ), whereas it is not favorable if it

S,rs

goes above the threshold (I, > I ).

Finally, the critical investment threshold 1. for the overall two-price supply

chain under revenue-sharing coordination is ascertained through the difference in the
overall profits with and without 10T. This threshold is the same as that of the centralized

network and it is as exhibited as follows:

(q, _qh){(zo0 +8(as+9,))" ~(2ac)’ (2D, +249,)’ —(Zac)z}
16 Hsp Hay

h — Mc 1 1 2 2
Iy, = +(q160? )(ﬂ_ﬂ_ﬂ_sl)[(zoﬁﬂ(qﬁqc)) -~ (2ac)’| (159)
(6 -a ){(2Do+/3(q3+qc)—2a0)_(2Do+ﬂ(4q3—qh—qc)—2ac)}
c ’ ¢ Hsy Hay
41 p(30,-0,-29,.)(a,—0,)

Ha
As a result, if the cumulative supply chain investment falls within the
aforementioned critical threshold (0 < | < 1), then the system will gain more profits

with 10T. Conversely, if the investment exceeds the threshold (1 > I ), then investing

in 10T is not rational for the coordinated supply chain.
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4.5.4. Numerical analysis. An extension of the previous numerical examples is
presented to analyze the effect of the parameters on the two-price revenue-sharing
supply chain. The same values are assigned to the input parameters as before (see Table

4). Two additional parameters of wholesale price W, and revenue-sharing factor ¢ are

initially assumed as 2.60 $/unit and 60%, respectively, keeping the values consistent
with the single price revenue-sharing model.

4.5.4.1. Effect of quality deterioration rate on profits. The impact of reducing
the quality deterioration rate using 10T on the coordinated system profits, excluding the
fixed cost of investment, is studied in the same way as the previous systems. As
illustrated in Table 13, the initial rate of 0.0067/hr is reduced to rates varying between
0.006/hr and 0.003/hr, and the supplier, retailer, and total supply chain profits are found
at each rate. Then, the percentage difference in the profits due to 10T, as compared to

the initial rate of 0.0067/hr without 10T, is computed.

Table 13: Effect of reducing deterioration rate on two-price revenue-sharing profits

ps(fhr)  my($)  Am (%)  m ($)  Am, (%) m(3) am (%)

0.0067 98.121 0.000 60.756 0.00% 158.877 0.00%

0.006 119.513 21.392 50.600 -16.72% 170.113 7.07%

0.0055  130.378 32.257 55.200 -9.14% 185.578 16.81%
0.005 143.416 45.295 60.720 -0.06% 204.136 28.49%
0.0045  159.351 61.230 67.467 11.05% 226.818 42.76%
0.004 179.270 81.149 75.900 24.93% 255.170 60.61%
0.0035  204.880 106.759 86.743 42.77% 291.623 83.55%
0.003 239.026 140.906  101.200  66.57% 340.227  114.15%

As presented in Table 13 and Figure 34, the retailer, supplier, and thus, the entire
supply chain, generate greater profits as the deteriorate rate is lowered. Figure 34 also
shows that the supplier’s increase in profit margins is considerably higher than the
retailer’s, which is even lower than the percentage profit increase of the overall supply
chain. However, this is due to the initial values assumed for the wholesale price and
revenue-sharing factor, and would vary if these contract conditions are altered.
Therefore, as established earlier, the supplier and retailer’s contribution towards the [oT

investment cost must still be equal.
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Figure 34: Effect of reducing deterioration rate on two-price revenue-sharing profits

4.5.4.2. Effect of initial quality. Assuming once again the original and reduced

deterioration rates x4, and g, as 0.0067/hr and 0.004/hr, respectively, the effect of
initial quality level g, on the critical investment thresholds of the retailer, supplier and

overall coordinated supply chain— I ., 15 ., and |, respectively — is studied.

At initial quality levels varying from 0.60 to 1.00, Figure 35 shows that the three

critical investment thresholds become higher as g, increases, which implies that higher

investments in 10T can be made at a higher initial quality. Furthermore, at the assumed
parameter values, the retailer’s threshold is much lower than the supplier’s threshold.
Nevertheless, unlike the decentralized supply chain, the retailer and supplier’s
thresholds under the revenue-sharing system are also dependent on the wholesale price
and revenue-sharing factor. Consequently, the retailer’s threshold may be higher or

lower than that of the supplier based on these two additional parameter values.

— Retailer Coordinated supply chain Supplier
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=

[

Initial quality, qs

Figure 35: Effect of initial quality on investment thresholds for two-price revenue-
sharing system
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4.5.4.3. Effect of relative elasticity. The impact of relative elasticity on the two-
price revenue-sharing profits, excluding loT investment costs, is analyzed at the
reduced quality deterioration rate of 0.004/hr. As shown in Figure 36, varying the ratio
from 0.001 to 0.01 reveals that the profits are substantially higher at a very low ratio
and the demand has a much higher sensitivity to quality than price. However, as the
ratio increases above 0.002 and the demand becomes more sensitive to price, both the

supplier and retailer profits become much lower.

Moreover, Figure 36 demonstrates that the retailer generates greater profits than

the supplier at the specified values of W, and &', whereas the opposite was observed for

the decentralized system. However, as mentioned earlier, this may vary based on the

values assumed for these two parameters.

Additionally, Figure 37 illustrates the effect of the relative elasticity on the
investment critical thresholds at ratios varying between 0.001 and 0.01. Similar to the
decentralized system, the three investment thresholds are considerably higher when the
ratio is below 0.002. This permits the supply chain to invest higher amounts in 10T
when the demand is highly sensitive to quality. However, the thresholds become
significantly lower at ratios above 0.002 as price sensitivity increases, which indicates

that the willingness to invest in 10T decreases.

— Retailer Supplier Coordinated supply chain
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Figure 36: Effect of relative elasticity on two-price revenue-sharing profits
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Figure 37: Effect of relative elasticity on investment thresholds for two-price revenue-
sharing system

4.5.4.4. Effect of revenue-sharing factor. As determined earlier, since very low
profits are generated when the demand has a high price sensitivity, a lower relative
elasticity is used to analyze the effect of the revenue-sharing factor & on the network.

A quality sensitivity factor g of 18.3 is assumed for a ratio of 0.1, while the other

parameters have the same values as before with a reduced deterioration rate of 0.004/hr.

As anticipated, Figure 38 shows that as ¢ increases, the retailer’s percentage
increase in profits due to revenue-sharing coordination increases, while a reverse trend
is observed for the supplier. However, the increase in total supply chain profit remains
constant at 27.24%, which is also the percentage increase in overall profits due to
centralization. It is usually preferred to identify a value of & that results in an equal
percentage increase in profits for both the retailer and supplier, which is discerned to

be a little over 50% in this specific example.
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o 400.00%
=5

5 = 200.00%

q:) l% \

& 000%

£ & 10%  30% 5owm0/o
£ § -200.00%

o

- @

& T 400.00%

Revenue-sharing factor, & (%)

Figure 38: Effect of two-price revenue-sharing factor on profits as compared to
decentralized system
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Similarly, Figure 39 depicts that as expected, the retailer’s critical investment

threshold 1, . increases and the supplier’s critical investment threshold I, . decreases

R,rs S.rs

with increasing 6. However, the overall investment threshold of the coordinated

system |, remains constant, since it is the same as the investment threshold for the

centralized system, which is independent of the revenue-sharing factor & . Due to the
equal distribution of investment costs between the retailer and supplier, their individual
and |

investment contributions must be less than both | for 10T to prove

R,rs S,rs
beneficial for both of them. This is identified as the region under these two critical
thresholds with a range of & values from a little over 30% to around 80% for this

particular case (see Figure 39).

— Retailer Supplier Coordinated supply chain
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Revenue-sharing factor, & (%)

Figure 39: Effect of revenue-sharing factor on investment thresholds for two-price
revenue-sharing system

Based on the above, the lower and upper bounds for the revenue-sharing factor
are determined to find a region where both the players benefit from coordination. Based
on the logic that the retailer’s revenue-sharing profit must be greater than his

decentralized profit, the lower bound is found as the following:

(4D02 —8D0o:c+4aezcz)+4ﬁ[D0 (s +0.)—ac(q, +0,)]
+4°[ 4} — 20,0, + 7 +44q, (0, +q, ) - 407 | +16aw, (2D, + B(d, +q,) - 2ac)
(4D, —4a’c®)+ 48[ D, (4, + 0, ) |+ [ 4 + 0,0, + 0+, (05 +0, )7 |

(160)
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Similarly, based on the theory that the supplier’s revenue-sharing profit must be
greater than his decentralized profit, the upper bound is determined as expressed below:

(4D02 +8D0ac—12azcz)+4ﬁ[D0 (0 +0,)+ac(a, +q,) ]
+32 (q32 +02 +29, (4, + 0, ) - 2q§)+80¢(w2 ~¢)(2D, + (4, +9,) - 2ac)
2 | (4D, —4a’c?)+4B[ D, (d, + 0, ) |+ B[ 4} + 0,0, + 0 +0, (ds + 0, ) -0 |

(161)

4.5.4.5. Effect of wholesale price. The influence of the wholesale price w, is
studied using g as 18.3 for a lower relative elasticity of 0.1 as above, with the same
values for the other parameters as before. As expected, Figure 40 shows that as w,

increases, the supplier’s revenue-sharing profit becomes increasingly higher relative to
his decentralized profit, whereas the opposite takes place for the retailer. However, as
before, the overall supply chain’s percentage increase in profit remains unchanged at

27.24% since it is independent of the wholesale price w, .

Supplier Retailer Coordinated Supply Chain

250.00%
200.00%
150.00%

—~ 100.00%
50.00%
0.00%
-50.00001-.00  1.50 250 3.00 3.50 4,00 450 5.00
-100.00%

-150.00%
-200.00%

Profit difference with revenue-
sharing (%

Wholesale price, w, ($/unit)

Figure 40: Effect of wholesale price on two-price profits as compared to the
decentralized system

Likewise, Figure 41 illustrates that the retailer’s critical investment threshold

decreases while the supplier’s critical investment threshold | _ increases with

IR,rs S.rs
increase in W, , as anticipated. The total supply chain threshold 1 , however, remains

the same as before.
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Figure 41: Effect of wholesale price on investment thresholds for two-price revenue-
sharing system

Finally, the effect of w, on the bounds of the revenue-sharing factor is also

examined. As illustrated in Figure 42, the upper and lower bounds for & are directly

proportional to w,. This signifies that the fraction of the revenue & retained by the

retailer must be higher at a greater wholesale price for the retailer to benefit from
revenue-sharing. Likewise, & must be lower when the wholesale price is smaller for

revenue-sharing to be beneficial for the supplier.
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Figure 42: Effect of wholesale price on lower and upper bounds for two-price
revenue-sharing factor

4.6. Managerial Implications

Similar to the single price strategy, the modelling and analysis of the two-stage
price strategy provide essential managerial implications to food suppliers and retailers

in a supply chain. As mentioned before, the decision for suppliers and retailers to
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employ real-time quality monitoring relies on the investment cost for the 10T setup and
its correlation with the critical investment thresholds for the retailer, supplier, and
overall supply chain established in this research. These thresholds are dependent on
multiple parameters including the initial, organoleptic, and critical quality levels, the
initial and reduced quality deterioration rates, and the relative demand elasticity. These
factors must be taken into consideration before implementing 10T. Additionally, it is
recognized that the retailer and supplier have a similar percentage increase in profits
from decreasing the quality deterioration rate, therefore, the investment cost must be
distributed equally between them.

Furthermore, where 10T quality monitoring is more likely to improve the
financial performance of the retailer and supplier, methods should be explored by food
companies to lessen the investment costs. Moreover, the optimal logistical points to
deploy IoT must also be identified, which would ideally be found post-harvest within
the first 24 to 48 hours since this duration is the most important for food quality. On the
other hand, where 10T benefits the overall supply chain and one supply chain member
but decreases profits of the other, the former should either increase his share of the
investment costs or provide some incentives to the latter to encourage him to implement

real-time quality monitoring.

Lastly, in order to acquire an optimal revenue-sharing mechanism, the retailer’s
revenue-sharing factor must fall within specific lower and upper bounds, which are
ascertained in this research. These bounds are dependent on the wholesale price set by
the supplier, in addition to other parameters. Within these two bounds, both the retailer
and supplier generate more profits with revenue-sharing than with decentralization, and

therefore, the overall supply chain performance is enhanced.
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Chapter 5. Conclusion and Future Work

In this research, mathematical models were developed and analyzed for multiple
settings of a perishable food supply chain under two pricing strategies — the single price
model and the two-stage price model. For each pricing strategy, the model was
developed within the context of a two-echelon decentralized, centralized, and revenue-
sharing structure. Additionally, each supply chain structure was modelled to depict a
system with and without the use of 10T technology for real-time quality monitoring of
the perishable food products. The optimal points were derived for each model variation,
which were used to analyze the individual and joint performance and decisions of the

supply chain members within each pricing strategy.

The key insight generated was that while the use of 10T enhanced the
performance, there is a trade-off between the increased customer demand and the
investment costs incurred. Whether the retailer, supplier and overall supply chain
benefit from it depends on their respective critical investment thresholds, which are
determined through a combination of parameters including the unit product cost,
potential market size, quality deterioration rate, price and quality sensitivity factors, and
initial, organoleptic and critical quality levels. Interestingly, the supplier’s critical
threshold is always found to be higher than that of the retailer within the decentralized
structure; whereas their thresholds in the revenue-sharing structure vary depending on
the revenue-sharing factor and wholesale price. Finally, for an effective coordination
contract, the lower and upper bounds for the retailer’s revenue-sharing factor are
determined as functions of the wholesale price and the abovementioned parameters.
Within these bounds, both the retailer and the supplier benefit from the revenue-sharing

coordination mechanism.

While this research made progress in incorporating the impact of real-time
quality monitoring and revenue-sharing coordination in single and two-stage pricing
strategies, further studies can be undertaken to overcome the limitations of this
modelling approach. First of all, since the quality degradation form varies depending
on the type of perishable food product, this study can be developed using other forms
of quality deterioration. Furthermore, these models can be extended to include a
stochastic consumer demand as opposed to the deterministic demand used within this

research. Since this research assumed a fixed time for price markdown, further research
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can be conducted to include the markdown time as a variable parameter. Further work
can also include exploring the models with additional supply chain members as
compared to the setting considered in this study with one retailer and one supplier.
Moreover, this study can be extended by considering additional multiperiod pricing
strategies. Finally, since this research only considered the revenue-sharing
coordination, another future extension would be to investigate other supply chain

coordination mechanisms.
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