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ABSTRACT 

 

In this research a supply system which consists of a single retailer sourcing from two 

suppliers was investigated. Supply disruption was introduced to the system and a backup 

supplier was introduced to mitigate it. A mathematical model of this system was derived in 

order to determine optimal order quantities the retailer should place to the two suppilers in 

order to maximize his profit. From the derived mathematical model, sensitivity analysis was 

also conducted to investigate both the order quantities and profits of each member when 

various input parameters were varied. Finally, the model of the proposed contracts was tested 

to determine the coordination efficiency by comparing the total supply chain profits in the 

centralized and decentralized systems.  

 
 
Keywords: Supply contracts, supply coordination, quantity flexibility contract, 
bidirectional option contract, supply disruption. 
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CHAPTER 1 

INTRODUCTION 

1.1 Background 

For most retail goods, there exists what is known as a supply chain; a sequence of entities 

the goods must pass through before arriving at the end customer. These may be as simple as 

a manufacturer that then directly sells to their customers, or may be as complicated as a 

supply chain with multiple suppliers feeding multiple assemblers which in turn feed 

distributors which in turn feed retailers who then finally sell the goods to the end consumer. 

The supply chain members will all play a part in transforming raw materials into finished 

products (Kozlenkova et al., 2015). All the different parties involved in the making and 

selling of a good are collectively known as the supply chain.  

In order to maximize profit or performance it is important to properly manage a supply chain. 

The term supply chain management was originally coined in the 1980s, by consultant Keith 

Oliver, during an interview with the Financial Times (Handfield & Nichols, 1999). For the 

most part of the 80s, supply chain management was not differentiated against logistics and 

was treated effectively as the same thing until the Council of Logistics Management 

explicitly defined logistics as a part of supply chain management in 1998.  Supply chain 

management is referred to as the management of relationships spanning the supply network 

according to Lambert & Cooper (2000). One of the main goals of supply chain management 

is to facilitate the uninterrupted flow from supplier to buyer (Kraljic, 1983). 

 

As supply chains grow in complexity the task of keeping them running smoothly and 

efficiently with less disruptions and at low cost becomes more and more difficult (Ellis et 

al., 2010). Therefore, it is important for suppliers and buyers alike to invest time and 

resources into managing their supply chains in order to mitigate any potential disturbances 

or inefficiencies. Kleindorfer & Saad (2005) confirmed that increasing length of supply 

chains as well as the need for shorter lead time increase the opportunity for supply disruption. 

It must also be said that managing the entire supply chain may be too large and too complex 

of an undertaking and may also be fruitless. Instead firms should prioritize their efforts on 

key members of their supply chain. Deciding on the parts of the supply chain to focus on 

should take into consideration the capability, reliability of the chain member in question as 

well as the importance of this member to the firm. 

 

Due to the complexity and difficulty described above, the uncertainty in supply and its wide 

spread effects to all the downstream members must be minimized. Craighead et al. (2007) 

and Ellis et al. (2010) defined supply disruption as interreferences in the flow of goods of 

materials caused by unforeseen events within the supply chain. Unlike yield uncertainty this 

means that partial completion of orders is not possible and what is being described is 

complete failure to deliver. 

 

Craighead et al. (2007) goes further to say that one of the most pressing matters for a modern 

firm, especially in a global market, is supply disruption. Hendricks et al. (2003) had 

estimated a 10.82% drop in shareholder value whenever there was an announcement of 

supply chain disruption; further stating that regardless of who is responsible or what caused 

the disruption all members involved suffered dearly. The negative effects of supply 

disruption are not always immediate and may affect the buyer in the long term but the 

severity mainly boils down to the ability of the buyer to mitigate and recover from supply 

shocks (Sheffi & Rice, 2005). A few examples quickly show the potential losses that can 
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result for supply disruption and the ripple effect it can have on members of the supply chain, 

especially as supply chains continue to grow more intertwined. In 1999, Hurricane Floyd 

devastated Greenville, North Carolina USA causing a Daimler-Chrysler plant which 

manufactured suspension parts to close temporarily which in turn resulted in seven more 

plants downstream having to shut down for an entire week resulting in massive losses. In 

February of 1997, fires had damaged an Aisin Seiki plant which in turn caused eighteen of 

Toyotas plants to shut down for two weeks resulting in losses of about $195 million and a 

further sales loss of $325 million, roughly 70000 vehicles (Norrman & Jansson, 2004). 

 

The above examples all stemmed from natural disasters, however, supply disruption is not 

only caused by natural disaster but can also be the result of equipment failure, worker strikes, 

fraud, terrorism and political instability which are listed as some of the few causes of supply 

chain disruption by Kleindorfer & Saad (2005). Fisher & Raman (1996) go further to say 

that inaccurate forecasts, material shortages, insufficient planning, quality issue, insufficient 

capacity and operational limitations can also be the causes for supply chain disruptions.   

 

In order to deal with supply disruption many approaches have been investigated. Some of 

the approaches can be categorised as proactive and reactive. A proactive approach aims to 

increase the robustness of the supply chain and its ability to withstand supply shocks. A 

reactive approach aims to improve the agility of the supply chain (Wieland & Wallenburg, 

2012). Wieland & Wallenburg go on to state that a robust supply chain is better equipped to 

face supply chain risks or disruptions whereas agile supply chains are better suited when 

dealing with demand uncertainty. The strategies used to mitigate the effects of supply 

disruption vary from inventory management techniques (Chen et al., 2012) to adoption of 

risk management techniques and applying them to a supply chain (Norrman & Jansson, 

2004) to supply contracts (Hèohn, 2010) to multi sourcing (Hou & Sun, 2016) and many 

more. The concept of multi sourcing was further investigated by Tomlin (2006), and this 

paper will expand upon the work he has done. 

 

The body of the work conducted by Tomlin heavily focuses on the use of supply chain 

contracts. An agreement detailing the selling of goods or services from a supplier to a buyer 

with mechanisms in place for dealing with situations that may arise can be referred to as a 

supply chain contract. They aim to provide flexibility to the supply chain, which for the 

buyer may be beneficial as this means they aren’t stuck when the demand is realised at the 

start of the selling season but can rather react and adjust their orders from suppliers. The 

flexibility described favours the buyer, however, this may adversely affect the supplier as 

they may run the risk of excess inventory. This is mitigated by the supplier only offering 

limited flexibility or prices based on the level of flexibility (Barnes-Schuster et al., 2002). 

Ultimately contracts are utilized to increase the performance of the supply chain in order to 

“coordinate” them which means to achieve profits for the whole supply chain as if the chain 

was making centralised decisions rather than decentralised decisions.  

Even though the best strategies are employed the profit for all members in the supply chain 

can be suboptimal. When suboptimal, there is a need to coordinate the chain and therefore 

supply contracts are tools which may be utilized to great effect. In order to coordinate supply 

chain under supply disruption, it makes sense that the retailer needs added flexibility to 

adjust order sizes and therefore, this study utilizes the quantity flexibility contract. Moreover, 

bidirectional option contracts also provide flexibility and therefor this paper will study a 

system utilizing both contracts.  
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1.2 Problem statement 

The unpredictable and high cost nature of supply disruption has caught the attention of all 

major industries universally, and has pushed the rapid research and adoption of preventative 

and reactive measures against unexpected supply shocks (Barnes-Schuster et al., 2002). One 

promising avenue of research is the study of dual sourcing (Hou & Sun, 2016) where the 

ability to rely on a secondary supplier has proven to be very effective at mitigating supply 

shocks. The effectiveness of dual sourcing was shown to be advantage if the probability of 

supply disruption was high enough but otherwise inefficient (Yu et al., 2009). The approach 

can further be explored when assigning contracts to the suppliers rather than simply using 

wholesale piece contract.  

To analyse this problem this research will consider a single retailer sourcing from two 

suppliers. The main supplier is assumed to be subject to unexpected disruptions but 

compensates by having low sales prices. The backup supplier is assumed to be perfectly 

reliable but sells at a high price. This research will consider one selling season with the 

ability to get last minute supplies from the backup supplier instantly via the use of a 

bidirectional option contract.  

 

Figure 1.1 Timeline for the system 

The main supplier will be under a quantity flexibility contract and susceptible to supply 

disruption or can be considered the cause of the firms supply disruption. Such disruption 

shall be treated as if none of their promised good reaching the buyer for the selling season, 

and in such a situation the main supplier will face a penalty cost per unit. The supply 

disruption shall be modelled with a known probability. At the start of the selling season when 

the demand is realised the buyer can exercise either a call or put option to get more or less 

goods than originally ordered from the backup supplier.  

The retailer orders from 

both suppliers 

 

Supplier offers a contract to 

the retailer 

• Suppliers produced and delivered 

to the retailer 

• Retailer pays both suppliers 

o Main supplier is paid per 

unit   

o Back up supplier is paid 

based on adjusted order 

Selling season 

End of season 

• Retailer collects revenue    

• Remaining goods are returned to main 
supplier or salvaged 

• Main supplier salvages any returned 
goods 

• Backup supplier salvages any 
remaining goods 

Time 

Retailer adjusts option quantity as 

demand is realized 
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1.3 Objective 

The objective of this research is to develop a mathematical model to simulate a system with 

one retailer and two suppliers. With the main supplier under a quantity flexibility contract 

and a backup supplier under a bidirectional option contract. With the main supplier subject 

to supply disruption. The performance of these contracts will be tested by comparing the 

centralised and the decentralised systems.  This will also show the level of supply chain 

coordination achieved by use of these contracts.  

1.4 Scope and limitations 

The system with the following characteristics will be examined throughout the research; 

• The supply chain will consist of one buyer and two suppliers; i.e., one main 

supplier and one backup supplier.  

• The main supplier will be subject to supply chain disruption and may not deliver 

ordered goods. 

• The main supplier will be under a quantity flexibility contract.  

• The backup supplier will be under a bidirectional option contract. 
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CHAPTER 2 

LITERATURE REVIEW 

 

This research aims to investigate the use quantity flexibility and option contracts in tandem 

with dual sourcing to mitigate the effects of supply disruption. As such this literature review 

covers previous studies related to supply chain coordination, supply disruption and supply 

contracts. 

Optimal supply chain performance requires a great deal of coordination between the supply 

chain members. However due to the self-centred nature of individual firms their primary 

goal of maximizing individual profits or performance may not align with the goals of the 

supply chain. In order to align each member of the supply chain to work cohesively the 

implementation of contracts with embedded incentive mechanisms can be used (Cachon, 

2003). Kanda & Deshmukh (2008) in their review also describe the need for risk sharing as 

part of supply coordination, this can also be balanced arbitrarily via use of supply contracts.  

When talking about supply contracts there are many types to consider. Beginning with the 

simplest one a whole sale contract which simply describes the amount of goods to be sold at 

whole sale price. Another simple and abundant contract is the quantity discount contract 

which encourages the buyer to purchase large volumes as the unit whole sale price will be 

reduced as the buyer purchases above certain quantities. Some contracts allow the buyer to 

return unsold goods such as the buy back contract and the Quantity flexibility contract. With 

the buyback contract, the supplier agrees to buy back any unsold goods the buyer might have 

at a buyback price (between salvage price and whole sale price). In the Quantity flexibility 

contract the buyer can return unsold goods much like in the buy back contract, however not 

all the unsold goods may be returned rather only a previously established fraction of the full 

order may be returned at whole sale price. Some contracts such as the revenue sharing 

contract are constructed in such a way that all revenue generated by the buyer even salvage 

is shared between the buyer and supplier in exchange for a favourable whole sale price. The 

sales rebate contract stipulates that the supplier will pay the buyer a fixed amount for each 

unit sold above a given threshold. Further there exist contracts such as the option contract 

that aim to provide flexibility to the buyer by allowing the buyer to adjust the order quantity 

when the demand is realized (Hèohn, 2010). 

Implementing these contracts offers flexibility in a variety of ways and can encourage 

different member of the supply chain to behave in a manner that would best suit the supply 

chain as a whole. The incentive mechanisms within the contracts drives the supply members 

to act in a way that still maximizes their profit but now also works towards coordinating the 

supply chain. Finally, the parameters of supply contracts are set is such a way to attain system 

wide profits close to or equal to the profits of the system if there were only one decision 

maker (Centralized system) (Zhao et al., 2016) 

Each of the contract have been previously studied in ideal situations to study their usefulness. 

The buyback and revenue sharing contracts have been compared against each other many 

times in previous research as they are said to achieve similar results in a single supplier and 

retailer system. Liu (2015) studied the buyback contract and the revenue sharing contract, 

Liu (2015) showed that both could be used to coordinate a supply chain but struggled to deal 

with exchange rate risk. Zhang et al., (2015) studied the difference between the buyback and 

revenue sharing contracts and stated that the critical ratio was the deciding factor (whole sale 

price – production cost/whole sale price). If the Critical ratio is high then revenue sharing 

contract would outperform the buyback contract however in a situation where the critical 
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ratio is low the difference between the contracts become small and unclear as to which would 

yield better results. Liang et al., (2012) studied the option contracts performance in a relief 

material supply chain. The study used a two-phase delivery of goods to ensure fast response 

to natural disasters. The option contract was able to improve the contract valuation of both 

buyer and seller and thus outperformed the whole sale contract. Wong et al., (2009) showed 

that in a single supplier two retailer system the sales rebate contract was able to perfectly 

coordinate the supply chain incentivizing the retailers to lower prices to optimal levels in 

order to reach a system optimal profit. The division of surplus profits between the supplier 

and retailers was based on how price competitive the retailers became with each other.  

 

When dealing with supply disruption we can think of a few ways to do it. Mitigation and 

contingency plans. Tomlin (2006) describes a few methods used in the past to minimize the 

effects of supply disruption. Firstly, inventory mitigation, which simply means having extra 

inventory in case of disruption. It is a simple but not very effective strategy as it has a high 

cost of its own (Hishamuddin et al., 2014). Secondly, sourcing mitigation, which we can 

think of as sourcing an additional supplier. There are a few considerations that need to be 

taken in this case. If the backup supplier has limited or infinite capacity is a major factor in 

the efficiency of the solution. Finally, for mitigation we have financial mitigation, which 

simply is insurance policies against such disruption events that can cover the losses incurred. 

As for contingency planning we can see examples sourcing and demand adjustments in the 

case of disruption. As for contingent sourcing we can think of it as having backup suppliers 

that are called on only when disruption occurs with the main supplier. This means that these 

back up suppliers must be able to ramp up their production rapidly in response to last minute 

orders. Lastly for contingency planning we have demand management which refers to the 

firm experiencing disruption shifting their demand to other products in their own catalogue 

and away from the product currently affected by disruption. However finally a combination 

of both approaches is best for a risk averse buyer that wants to cover all their bases, both 

mitigation and contingency planning. Tomlin (2006) finally states that all the measures are 

not free and is the situation calls for it the cost of disruption may in fact be less than that of 

the mitigation or contingency and so facing the disruption passively may also be a viable 

solution.   

 

Yu et al., (2009) studied the problem of supply disruption with the intent of finding the key 

factors governing the decision behind single sourcing or multiple sourcing. The probability 

of disruption dictated effectiveness of dual sourcing vs single sourcing. With dual sourcing 

being preferable when the probability of disruption is high enough (the probability threshold 

is dependent on parameters of the system). 

 

Nikkhoo et al., (2018) has shown in a recent study that the quantity flexibility contract can 

be used in a relief material supply chain in order to prevent significant losses for the 

humanitarian organization as well as increase the performance of the relief effort. Not only 

can it reduce financial losses, it also has the added benefit of reducing the number of unused 

relief materials. This paper displays the ability for the contract to improve performance in 

an extremely unpredictable situation while benefitting both parties involved. In another 

study using the quantity flexibility contract Bicer & Hagspiel (2016) showed that as the lead 

time decreased the value of the contract increased. Interestingly they also investigated the 

effects of disintermediation, which is when the supplier bypasses the retailer and directly 

sells to the customer. It was shown that the critical fractile was the deciding factor when 
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studying the effect of reducing lead times and reducing disintermediation risk. For goods 

with a low critical fractile it is vital that lead times are reduced so that the disintermediation 

risk can be brought down. Shi et al., (2016) used the quantity flexibility contract in 

conjunction with the quantity discount contract to coordinate a tourism supply chain. 

Further, it was shown that simply adding the quantity flexibility contract was beneficial even 

if the parameters weren’t optimized. Kim (2011) demonstrated that contrary to intuition 

increasing flexibility in the contract doesn’t always benefit the buyer. The value of the 

quantity flexibility contract to the buyer displays diminishing returns and beyond a certain 

level of flexibility there exists no additional benefit to the buyer and simply adds an extra 

burden to the buyer and reduces the performance of the supply chain.  

 

In a study conducted by Wan & Chen (2015) a bidirectional option contract was designed to 

alleviate the added complication of inflation in a single buyer and single retailer system. An 

interesting paper written by Liang et al., (2012) utilized a two phased delivery system in a 

single buyer single supplier disaster relief supply chain. This delivery system in conjunction 

with the option contract was able to increase the contract valuation of both the supplier and 

buyer and reduce the response time in a disaster situation. Chen et al., (2017) demonstrated 

a service level increase when introducing the bidirectional option contract similar to the 

findings of Liang et al., (2012). This study included a service level requirement in its model, 

and resulted in a model that is easier to implement even in a situation where the demand 

distribution may not be known beforehand. Yang et al., (2017) studied the option contract in 

an agricultural setting. In such a situation the freshness of the product is a key feature and 

will determine the value of the product and the demand it will face. To capture this 

characteristic a loss rate was introduced into the model. This, alongside a sales effect, was 

studied in four cases utilizing the option contract. A call, put and bidirectional option 

contract all led by the supplier and a final option contract led by the retailer were studied. It 

was shown that with proper parameter setting both retailer led and supplier led contracts 

could coordinate the supply chain. This study stands out because it shows the real-world 

application of the common assumption that products with short life spans and a single selling 

season is a very reasonable assumption. This assumption is also applicable to the fashion 

and tech industry (Donohue, 2000). 
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CHAPTER 3 

MATHEMATICAL MODEL DEVELOPMENT 

 

In this chapter we will derive a mathematical model to fit the situation where one retailer has 

two suppliers, one supplier being less reliable but also offering a low whole sale price under 

the quantity flexibility contract (referred to as the main supplier) and the other being reliable 

a hundred percent of the time but with a high whole sale price under the bidirectional option 

contract (referred backup supplier). The time frame for the model will start at the beginning 

of the production period end at the end of the selling season.   

The main supplier is subject to supply disruption and so the model will consider both when 

disruption does and doesn’t occur. In both cases the initial period before the selling season 

will be the same where the retailer will place their orders with both suppliers. With the main 

supplier the retailer will order 𝑄1 paying the main supplier at whole sale price 𝑤1. With the 

backup supplier the retailer will order 𝑄2 at whole sale price 𝑤2 and decide the option 

quantity 𝑞𝑜 and pay a premium of 𝑤0 per option unit. 

At the beginning of the selling season the main supplier working under the quantity 

flexibility contract will fully refund up to 𝑟𝑚𝑎𝑥 quantity if the retailer has leftover units. The 

retailer will adjust the exercise quantity (𝑞𝑒) with the backup supplier working under the 

option contract based on the realised demand and the status of the main supplier by either 

using the call or put option allowing the retailer to increase of decrease their order with the 

backup supplier. 

The probability of supplier disruption at the main supplier to occur will be denoted as 𝑃𝑑 

and the demand will be assumed to be a random variable with a uniform distribution 

between [𝛾 − 𝑛] and [𝛾 + 𝑛] 

To avoid loop holes in the system that the retailer can exploit we must implement some 

restriction. Namely that the put price be lower than the whole sale price of the main 

supplier and the call price by higher than the whole sale price of the main supplier. This 

will prevent the retailer cheating the system and utilizing the backup supplier before fully 

utilizing the main supplier. 
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The notations bellow will be used throughout this research 

𝑥 = demand 

𝑅𝑝 = retailer’s sales price 

𝑄1 = initial order placed with the main supplier 

𝑤1 = whole sale price offered by main supplier 

𝐶1 = cost to manufacture one unit for main supplier 

𝑟 = return quantity to main supplier 

𝑟𝑚𝑎𝑥 = maximum allowed return to main supplier 

𝑃 = penalty per unit for failing to deliver 

𝑄2 = initial order placed with the backup supplier 

𝑤2 = whole sale price offered by the backup supplier 

𝐶2 = cost to manufacture one unit for backup supplier 

𝑞𝑜 = option quantity 

𝑞𝑒 = exercise quantity  

𝑤0 = unit option premium price 

𝑤𝑒𝑝 = unit option put price  

𝑤𝑒𝑐 = unit option call price 

𝑣 = unit salvage price 

𝑠 = shortage cost 

𝑃𝑑 = probability that disruption occurs 

 

3.1 Profit function before the selling season 

 

• Profit of the Retailer = - cost of the initial order from the main supplier - cost of the 

initial order from the backup supplier - cost of option quantity from backup 

supplier 

𝜋𝑅𝑒
𝑇1 (𝑄1, 𝑄2, 𝑞𝑜) = −𝑄1(𝑤1) − 𝑄2(𝑤2) − 𝑞𝑜(𝑤𝑜) 

• Profit of the main supplier = revenue from the initial order - cost of production  

𝜋𝑆1

𝑇1(𝑄1, 𝑄2, 𝑞𝑜)= 𝑄1(𝑤1 − 𝑐1) 

• Profit of the backup supplier = revenue from both the initial order and the option 

order - cost of production  
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𝜋𝑆2

𝑇1(𝑄1, 𝑄2, 𝑞𝑜)= 𝑄2(𝑤2) + 𝑞𝑜(𝑤𝑜) − 𝐶2(𝑄2 + 𝑞𝑜) 

 

3.2 Profit functions during the selling season without disruption 

 

Case 1: 𝒙 < 𝑸𝟐 − 𝒒𝒐 + 𝑸𝟏 − 𝒓𝒎𝒂𝒙  

 

 

 

 

Figure 3.1 Without disruption case 1 demand is less than 𝑸𝟐 − 𝒒𝒐 + 𝑸𝟏 − 𝒓𝒎𝒂𝒙  

 

In this case the retailer is faced with very low demand and must now return as much goods 

as possible. The retailer will return the maximum amount to the main supplier 𝑟𝑚𝑎𝑥 and 

exercise the full put option 𝑞𝑜 with the backup supplier and salvage remaining quantity 

𝑄2 − 𝑞𝑜 + 𝑄1 − 𝑟𝑚𝑎𝑥 − 𝑥 

 

• Profit of the Retailer = sales revenue + refund from main supplier + refund from 

put option + salvage 

𝜋𝑅𝑒
𝑁𝑇2(𝑄1, 𝑄2, 𝑞𝑜 , 𝑟, 𝑞𝑒) = 𝑥(𝑅𝑝) + 𝑟𝑚𝑎𝑥(𝑤1) + 𝑞𝑜(𝑤𝑒𝑝) + 𝑣(𝑄2 − 𝑞𝑜 + 𝑄1 − 𝑟𝑚𝑎𝑥 − 𝑥) 

• Profit of the main supplier = - refunding the retailer + salvage   

𝜋𝑆1

𝑁𝑇2(𝑄1, 𝑄2, 𝑞𝑜 , 𝑟, 𝑞𝑒) = 𝑟𝑚𝑎𝑥(𝑣 − 𝑤1) 

• Profit of the backup supplier = - refunding the retailer + salvage   

𝜋𝑆2

𝑁𝑇2(𝑄1, 𝑄2, 𝑞𝑜 , 𝑟, 𝑞𝑒) =2𝑞𝑜(𝑣) − 𝑞𝑜(𝑤𝑒𝑝) 

 

Case 2: 𝑸𝟐 − 𝒒𝒐 + 𝑸𝟏 − 𝒓𝒎𝒂𝒙 < 𝒙 ≤ 𝑸𝟐 + 𝑸𝟏 − 𝒓𝒎𝒂𝒙  

 

 

 

 

Figure 3.2 Without disruption case 2 demand is between 𝑸𝟐 − 𝒒𝒐 + 𝑸𝟏 − 𝒓𝒎𝒂𝒙 and 

 𝑸𝟐 + 𝑸𝟏 − 𝒓𝒎𝒂𝒙 

 

𝑄2 − 𝑞𝑜 + 𝑄1 − 𝑟𝑚𝑎𝑥  𝑄2 + 𝑄1 − 𝑟𝑚𝑎𝑥  𝑄2 + 𝑞𝑜 + 𝑄1 𝑄2 + 𝑄1 

  

𝑥 

𝑄2 − 𝑞𝑜 + 𝑄1 − 𝑟𝑚𝑎𝑥  𝑄2 + 𝑄1 − 𝑟𝑚𝑎𝑥   𝑄2 + 𝑞𝑜 + 𝑄1 𝑄2 + 𝑄1 

  

𝑥 
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Again, in this case the demand is low but not low enough to warrant returning all 

returnable goods. The retailer will return the maximum amount to the main supplier 𝑟𝑚𝑎𝑥 

and exercise partially put option 𝑞𝑒 with the backup supplier. The retailer chooses to first 

return to the main supplier as it is more profitable than exercising the put option.   

 

• Profit of the Retailer = sales revenue + refund from main supplier + refund from 

put option  

𝜋𝑅𝑒
𝑁𝑇2(𝑄1, 𝑄2, 𝑞𝑜 , 𝑟, 𝑞𝑒)= 𝑥(𝑅𝑝) + 𝑟𝑚𝑎𝑥(𝑤1) + 𝑤𝑒𝑝(𝑄2 + 𝑄1 − 𝑟𝑚𝑎𝑥 − 𝑥) 

Where 𝑞𝑒 =  𝑄2 + 𝑄1 − 𝑟𝑚𝑎𝑥 − 𝑥 

• Profit of the main supplier = - refunding the retailer + salvage   

𝜋𝑆1

𝑁𝑇2(𝑄1, 𝑄2, 𝑞𝑜 , 𝑟, 𝑞𝑒) = 𝑟𝑚𝑎𝑥(𝑣 − 𝑤1) 

• Profit of the backup supplier = salvage - refunding the retailer  

𝜋𝑆2

𝑁𝑇2(𝑄1, 𝑄2, 𝑞𝑜 , 𝑟, 𝑞𝑒) = 𝑣(𝑞𝑜 + (𝑄2 + 𝑄1 − 𝑟𝑚𝑎𝑥 − 𝑥)) − 𝑤𝑒𝑝(𝑄2 + 𝑄1 − 𝑟𝑚𝑎𝑥 − 𝑥) 

 

Case 3: 𝑸𝟐 + 𝑸𝟏 − 𝒓𝒎𝒂𝒙 < 𝒙 ≤  𝑸𝟐 + 𝑸𝟏  

 

 

 

 

Figure 3.3 Without disruption case 3 demand is between 𝑸𝟐 + 𝑸𝟏 − 𝒓𝒎𝒂𝒙 and 𝑸𝟐 +

𝑸𝟏 

 

In this case the demand is a little lower than 𝑄2 + 𝑄1 but greater 𝑄2 + 𝑄1 − 𝑟𝑚𝑎𝑥 than and 

the retailer will return 𝑟 to the main supplier and not exercise the put or call option with the 

back up supplier.  

 

• Profit of the Retailer = sales revenue + refund from main supplier  

𝜋𝑅𝑒
𝑁𝑇2(𝑄1, 𝑄2, 𝑞𝑜 , 𝑟, 𝑞𝑒)= 𝑥(𝑅𝑝) + 𝑤1(𝑄2 + 𝑄1 − 𝑥) 

Where 𝑟 =  𝑄2 + 𝑄1 − 𝑥 

• Profit of the main supplier = - refunding the retailer + salvage   

𝜋𝑆1

𝑁𝑇2(𝑄1, 𝑄2, 𝑞𝑜 , 𝑟, 𝑞𝑒) = (𝑄2 + 𝑄1 − 𝑥)(𝑣 − 𝑤1) 

• Profit of the backup supplier = salvage  

𝜋𝑆2

𝑁𝑇2(𝑄1, 𝑄2, 𝑞𝑜 , 𝑟, 𝑞𝑒) = 𝑞𝑜(𝑣) 

𝑄2 − 𝑞𝑜 + 𝑄1 − 𝑟𝑚𝑎𝑥  𝑄2 + 𝑄1 − 𝑟𝑚𝑎𝑥   𝑄2 + 𝑞𝑜 + 𝑄1 𝑄2 + 𝑄1 

  

𝑥 
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Case 4:  𝑸𝟐 + 𝑸𝟏 < 𝒙 ≤ 𝑸𝟐 + 𝒒𝒐 + 𝑸𝟏 

 

 

 

 

Figure 3.4 Without disruption case 4 demand is between 𝑸𝟐 + 𝑸𝟏 and 𝑸𝟐 + 𝒒𝒐 + 𝑸𝟏 

 

In this case the demand is greater than 𝑄2 + 𝑄1 which means the retailer will need to order 

more goods and the only option is to exercise the call. The call option will be partially 

exercised with 𝑞𝑒 goods being ordered from the backup supplier. 

 

• Profit of the Retailer = sales revenue – cost of call option  

𝜋𝑅𝑒
𝑁𝑇2(𝑄1, 𝑄2, 𝑞𝑜 , 𝑟, 𝑞𝑒)= 𝑥(𝑅𝑝) − 𝑤𝑒𝑐(𝑥 − (𝑄2 + 𝑄1)) 

Where 𝑞𝑒 = 𝑥 − (𝑄2 + 𝑄1) 

• Profit of the main supplier = 0   

𝜋𝑆1

𝑁𝑇2(𝑄1, 𝑄2, 𝑞𝑜 , 𝑟, 𝑞𝑒) = 0 

• Profit of the backup supplier = income from the call option + salvage  

𝜋𝑆2

𝑁𝑇2(𝑄1, 𝑄2, 𝑞𝑜 , 𝑟, 𝑞𝑒) = 𝑤𝑒𝑐(𝑥 − (𝑄2 + 𝑄1)) + 𝑣(𝑞𝑜 − (𝑥 − (𝑄2 + 𝑄1))) 

 

Case 5: 𝒙 > 𝑸𝟐 + 𝒒𝒐 + 𝑸𝟏 

 

 

 

 

Figure 3.5 Without disruption case 5 demand is greater than 𝑸𝟐 + 𝒒𝒐 + 𝑸𝟏 

 

In this case demand is greater than 𝑄2 + 𝑞𝑜 + 𝑄1 and so the retailer will need to order as 

much extra goods as possible and the retailer will exercise the maximum call option 𝑞𝑜 

with the backup supplier however this will not be enough to meet the full demand and so 

the retailer will also be faced with some shortage costs.   

 

• Profit of the Retailer = sales revenue – cost of call option – shortage cost 

𝑄2 − 𝑞𝑜 + 𝑄1 − 𝑟𝑚𝑎𝑥  𝑄2 + 𝑄1 − 𝑟𝑚𝑎𝑥   𝑄2 + 𝑞𝑜 + 𝑄1 𝑄2 + 𝑄1 

  

𝑥 

𝑄2 − 𝑞𝑜 + 𝑄1 − 𝑟𝑚𝑎𝑥  𝑄2 + 𝑄1 − 𝑟𝑚𝑎𝑥   𝑄2 + 𝑞𝑜 + 𝑄1 𝑄2 + 𝑄1 

  

𝑥 
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𝜋𝑅𝑒
𝑁𝑇2(𝑄1, 𝑄2, 𝑞𝑜 , 𝑟, 𝑞𝑒)=  𝑅𝑝(𝑄2 + 𝑞𝑜 + 𝑄1) − 𝑞𝑜(𝑤𝑒𝑐) − 𝑠(𝑥 − (𝑄2 + 𝑞𝑜 + 𝑄1)) 

• Profit of the main supplier = 0   

𝜋𝑆1

𝑁𝑇2(𝑄1, 𝑄2, 𝑞𝑜 , 𝑟, 𝑞𝑒) = 0 

• Profit of the backup supplier = income from the call option  

𝜋𝑆2

𝑁𝑇2(𝑄1, 𝑄2, 𝑞𝑜 , 𝑟, 𝑞𝑒) = 𝑞𝑜(𝑤𝑒𝑐) 

 

 

3.3 Profit functions during selling season with disruption  

 

Case 1: 𝒙 < 𝑸𝟐 − 𝒒𝒐 

 

 

 

 

Figure 3.6 With disruption case 1 demand is less than 𝑸𝟐 − 𝒒𝒐 

 

In the following scenarios the main supplier has failed to deliver, and the retailer must rely 

solely on the backup supplier. In this case the demand is less than 𝑄2 − 𝑞𝑜 which means 

the retailer will need to return as much of the unsold goods as possible by exercising the 

maximum put option 𝑞𝑜 with the backup supplier however the retailer will still be left with 

excess inventory and have to salvage the remaining quantity (𝑄2 − 𝑞𝑜) − 𝑥. 

• Profit of the retailer = sales revenue + refund from put option + salvage + penalty 

from the main supplier  

𝜋𝑅𝑒
𝐷𝑇2(𝑄1, 𝑄2, 𝑞𝑜 , 𝑟, 𝑞𝑒)= 𝑥(𝑅𝑝) + 𝑞𝑜(𝑤𝑒𝑝) − 𝑣((𝑄2 − 𝑞𝑜) − 𝑥) + 𝑃(𝑄1) 

• Profit of the main supplier = -penalty cost for failing to deliver  

𝜋𝑆1

𝐷𝑇2(𝑄1, 𝑄2, 𝑞𝑜 , 𝑟, 𝑞𝑒) =−𝑃(𝑄1) 

• Profit of the backup supplier = - refunding the retailer + salvage 

𝜋𝑆2

𝐷𝑇2(𝑄1, 𝑄2, 𝑞𝑜 , 𝑟, 𝑞𝑒) =−𝑞𝑜(𝑤𝑒𝑝) + 2𝑞𝑜(𝑣) 

 

  

𝑄2 − 𝑞𝑜  𝑄2  𝑄2 + 𝑞𝑜  

  

𝑥 
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Case 2: 𝑸𝟐 − 𝒒𝒐 ≤ 𝒙 < 𝑸𝟐 

 

 

 

Figure 3.7 With disruption case 2 demand is between 𝑸𝟐 − 𝒒𝒐 and 𝑸𝟐 

 

In this case the demand is greater than 𝑄2 − 𝑞𝑜  but less than 𝑄2 which means the retailer 

will need to return some unsold goods by partially exercising the put option and returning 

𝑞𝑒amount to the backup supplier. 

 

• Profit of the retailer = sales revenue + refund from put option + penalty from the 

main supplier  

𝜋𝑅𝑒
𝐷𝑇2(𝑄1, 𝑄2, 𝑞𝑜 , 𝑟, 𝑞𝑒)= 𝑥(𝑅𝑝) + 𝑤𝑒𝑝(𝑄2 − 𝑥) + 𝑃(𝑄1) 

Where  𝑞𝑒 = 𝑄2 − 𝑥 

• Profit of the main supplier = -penalty cost for failing to deliver  

𝜋𝑆1

𝐷𝑇2(𝑄1, 𝑄2, 𝑞𝑜 , 𝑟, 𝑞𝑒) =−𝑃(𝑄1) 

• Profit of the backup supplier = - refunding the retailer + salvage 

𝜋𝑆2

𝐷𝑇2(𝑄1, 𝑄2, 𝑞𝑜 , 𝑟, 𝑞𝑒) =−𝑤𝑒𝑝(𝑄2 − 𝑥) + 𝑣(𝑞𝑜 + (𝑄2 − 𝑥)) 

 

Case 3: 𝑸𝟐 ≤ 𝒙 < 𝑸𝟐 + 𝒒𝒐 

 

 

Figure 3.8 With disruption case 3 demand is between 𝑸𝟐 and 𝑸𝟐 + 𝒒𝒐 

 

In this case the demand is greater than 𝑄2  but less than 𝑄2 + 𝑞𝑜 which means the retailer 

will need to order more goods to satisfy demand by partially exercising the call option and 

ordering 𝑞𝑒 amount from the backup supplier. 

 

• Profit of the retailer = sales revenue – cost of call option + penalty from the main 

supplier  

𝜋𝑅𝑒
𝐷𝑇2(𝑄1, 𝑄2, 𝑞𝑜 , 𝑟, 𝑞𝑒)= 𝑥(𝑅𝑝) − 𝑤𝑒𝑐(𝑥 − 𝑄2) + 𝑃(𝑄1) 

Where  𝑞𝑒 = 𝑥 − 𝑄2 

• Profit of the main supplier = -penalty cost for failing to deliver  

𝑄2 − 𝑞𝑜  𝑄2  𝑄2 + 𝑞𝑜 

𝑥 

𝑄2 − 𝑞𝑜  𝑄2  𝑄2 + 𝑞𝑜 

𝑥 
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𝜋𝑆1

𝐷𝑇2(𝑄1, 𝑄2, 𝑞𝑜 , 𝑟, 𝑞𝑒) =−𝑃(𝑄1) 

• Profit of the backup supplier = income from call option + salvage 

𝜋𝑆2

𝐷𝑇2(𝑄1, 𝑄2, 𝑞𝑜 , 𝑟, 𝑞𝑒) =𝑤𝑒𝑐(𝑥 − 𝑄2) + 𝑣(𝑞𝑜 − (𝑥 − 𝑄2) 

Case 4: 𝒙 ≥ 𝑸𝟐 + 𝒒𝒐 

 

 

 

Figure 3.9 With disruption case 4 demand is greater than 𝑸𝟐 + 𝒒𝒐 

 

In this case the demand is greater than 𝑄2 + 𝑞𝑜 and so the retailer must order more goods 

from the backup supplier to meet demand and will fully exercise the call option 𝑞𝑜 

however this will not be enough to meet the full demand and the retailer will face some 

shortage cost. 

 

• Profit of the retailer = sales revenue - cost of call option + penalty from the main 

supplier – shortage cost 

𝜋𝑅𝑒
𝐷𝑇2(𝑄1, 𝑄2, 𝑞𝑜 , 𝑟, 𝑞𝑒)= 𝑅𝑝(𝑄2 + 𝑞𝑜) − 𝑞𝑜(𝑤𝑒𝑐) + 𝑃(𝑄1) − 𝑠(𝑥 − (𝑄2 + 𝑞𝑜)) 

• Profit of the main supplier = -penalty cost for failing to deliver  

𝜋𝑆1

𝐷𝑇2(𝑄1, 𝑄2, 𝑞𝑜 , 𝑟, 𝑞𝑒) =−𝑃(𝑄1) 

• Profit of the backup supplier = income from call option  

𝜋𝑆2

𝐷𝑇2(𝑄1, 𝑄2, 𝑞𝑜 , 𝑟, 𝑞𝑒) =𝑞𝑜(𝑤𝑒𝑐) 

 

3.4 Expected profits  

 

3.4.1 Expected profits without disruption 

 

The expected profits of each member can be broken down into their profits before and 

during the selling season. When considering the profits during the selling season we must 

consider all possible demand scenarios. For this, demand is assumed to be uniformly 

distributed between [𝛾 − 𝑛] and [𝛾 + 𝑛] 

 

• Retailer’s profit function without disruption 

𝜋𝑅𝑒
𝑁 (𝑄1, 𝑄2, 𝑞𝑜)= profit function before the selling season + Expected profit function 

during the selling season 

𝑄2 − 𝑞𝑜  𝑄2  𝑄2 + 𝑞𝑜 

𝑥 
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𝜋𝑅𝑒
𝑁 (𝑄1, 𝑄2, 𝑞𝑜) = [−𝑄1(𝑤1) − 𝑄2(𝑤2) − 𝑞𝑜(𝑤𝑜)] + 𝐸[𝜋𝑅𝑒

𝑁𝑇2(𝑄1, 𝑄2, 𝑞𝑜 , 𝑟, 𝑞𝑒)] 

 

The expected profit of the retailer during the selling season can be expressed as: 

𝐸[𝜋𝑅𝑒
𝑁𝑇2(𝑄1, 𝑄2, 𝑞𝑜 , 𝑟, 𝑞𝑒)] = ∫ 𝜋𝑅𝑒

𝑁𝑇2(𝑄1, 𝑄2, 𝑞𝑜 , 𝑟, 𝑞𝑒)𝑓(𝑥)𝑑𝑥
𝑄2−𝑞𝑜+𝑄1−𝑟𝑚𝑎𝑥

𝛾−𝑛
  

+∫ 𝜋𝑅𝑒
𝑁𝑇2(𝑄1, 𝑄2, 𝑞𝑜 , 𝑟, 𝑞𝑒)𝑓(𝑥)𝑑𝑥

𝑄2+𝑄1−𝑟𝑚𝑎𝑥

𝑄2−𝑞𝑜+𝑄1−𝑟𝑚𝑎𝑥
 

+∫ 𝜋𝑅𝑒
𝑁𝑇2(𝑄1, 𝑄2, 𝑞𝑜 , 𝑟, 𝑞𝑒)𝑓(𝑥)𝑑𝑥

𝑄2+𝑄1

𝑄2+𝑄1−𝑟𝑚𝑎𝑥
 

+∫ 𝜋𝑅𝑒
𝑁𝑇2(𝑄1, 𝑄2, 𝑞𝑜 , 𝑟, 𝑞𝑒)𝑓(𝑥)𝑑𝑥

𝑄2+𝑞𝑜+𝑄1

𝑄2+𝑄1
 

+∫ 𝜋𝑅𝑒
𝑁𝑇2(𝑄1, 𝑄2, 𝑞𝑜 , 𝑟, 𝑞𝑒)𝑓(𝑥)𝑑𝑥

𝛾+𝑛

𝑄2+𝑞𝑜+𝑄1
 

 

• Main supplier’s profit function without disruption 

𝜋𝑆1

𝑁 (𝑄1, 𝑄2, 𝑞𝑜)= profit function before the selling season + Expected profit function during 

the selling season 

𝜋𝑆1

𝑁 (𝑄1, 𝑄2, 𝑞𝑜) = [𝑄1(𝑤1 − 𝑐1)] + 𝐸[𝜋𝑆1

𝑁𝑇2(𝑄1, 𝑄2, 𝑞𝑜 , 𝑟, 𝑞𝑒)] 

 

The expected profit of the main supplier during the selling season can be expressed as. 

𝐸[𝜋𝑆1

𝑁𝑇2(𝑄1, 𝑄2, 𝑞𝑜 , 𝑟, 𝑞𝑒)] = ∫ 𝜋𝑆1

𝑁𝑇2(𝑄1, 𝑄2, 𝑞𝑏 , 𝑞𝑜 , 𝑞𝑒)𝑓(𝑥)𝑑𝑥
𝑄2−𝑞𝑜

𝛾−𝑛
  

+∫ 𝜋𝑆1

𝑁𝑇2(𝑄1, 𝑄2, 𝑞𝑜 , 𝑟, 𝑞𝑒)𝑓(𝑥)𝑑𝑥
𝑄2+𝑄1−𝑟𝑚𝑎𝑥

𝑄2−𝑞𝑜+𝑄1−𝑟𝑚𝑎𝑥
 

+∫ 𝜋𝑆1

𝑁𝑇2(𝑄1, 𝑄2, 𝑞𝑜 , 𝑟, 𝑞𝑒)𝑓(𝑥)𝑑𝑥
𝑄2+𝑄1

𝑄2+𝑄1−𝑟𝑚𝑎𝑥
 

+∫ 𝜋𝑆1

𝑁𝑇2(𝑄1, 𝑄2, 𝑞𝑜 , 𝑟, 𝑞𝑒)𝑓(𝑥)𝑑𝑥
𝑄2+𝑞𝑜+𝑄1

𝑄2+𝑄1
 

+∫ 𝜋𝑆1

𝑁𝑇2(𝑄1, 𝑄2, 𝑞𝑜 , 𝑟, 𝑞𝑒)𝑓(𝑥)𝑑𝑥
𝛾+𝑛

𝑄2+𝑞𝑜+𝑄1
 

 

• Backup supplier’s profit function without disruption 

𝜋𝑆2

𝑁 (𝑄1, 𝑄2, 𝑞𝑜)= profit function before the selling season + Expected profit function during 

the selling season 

𝜋𝑆2

𝑁 (𝑄1, 𝑄2, 𝑞𝑜) = [ 𝑄2(𝑤2) + 𝑞𝑜(𝑤𝑜) − 𝐶2(𝑄2 + 𝑞𝑜)] + 𝐸[𝜋𝑆2

𝑁𝑇2(𝑄1, 𝑄2, 𝑞𝑜 , 𝑟, 𝑞𝑒)] 

 

The expected profit of the backup supplier during the selling season can be expressed as. 

𝐸[𝜋𝑆2

𝑁𝑇2(𝑄1, 𝑄2, 𝑞𝑜 , 𝑟, 𝑞𝑒)] = ∫ 𝜋𝑆2

𝑁𝑇2(𝑄1, 𝑄2, 𝑞𝑏 , 𝑞𝑜 , 𝑞𝑒)𝑓(𝑥)𝑑𝑥
𝑄2−𝑞𝑜

𝛾−𝑛
  

+∫ 𝜋𝑆2

𝑁𝑇2(𝑄1, 𝑄2, 𝑞𝑜 , 𝑟, 𝑞𝑒)𝑓(𝑥)𝑑𝑥
𝑄2+𝑄1−𝑟𝑚𝑎𝑥

𝑄2−𝑞𝑜+𝑄1−𝑟𝑚𝑎𝑥
 



17 
 

+∫ 𝜋𝑆2

𝑁𝑇2(𝑄1, 𝑄2, 𝑞𝑜 , 𝑟, 𝑞𝑒)𝑓(𝑥)𝑑𝑥
𝑄2+𝑄1

𝑄2+𝑄1−𝑟𝑚𝑎𝑥
 

+∫ 𝜋𝑆2

𝑁𝑇2(𝑄1, 𝑄2, 𝑞𝑜 , 𝑟, 𝑞𝑒)𝑓(𝑥)𝑑𝑥
𝑄2+𝑞𝑜+𝑄1

𝑄2+𝑄1
 

+∫ 𝜋𝑆2

𝑁𝑇2(𝑄1, 𝑄2, 𝑞𝑜 , 𝑟, 𝑞𝑒)𝑓(𝑥)𝑑𝑥
𝛾+𝑛

𝑄2+𝑞𝑜+𝑄1
 

 

3.4.2 Expected profits with disruption 

 

• Retailer’s profit function with disruption 

𝜋𝑅𝑒
𝐷 (𝑄1, 𝑄2, 𝑞𝑜)= profit function before the selling season + Expected profit function 

during the selling season 

𝜋𝑅𝑒
𝐷 (𝑄1, 𝑄2, 𝑞𝑜) = [−𝑄1(𝑤1) − 𝑄2(𝑤2) − 𝑞𝑜(𝑤𝑜)] + 𝐸[𝜋𝑅𝑒

𝐷𝑇2(𝑄1, 𝑄2, 𝑞𝑜 , 𝑟, 𝑞𝑒)] 

 

The expected profit of the retailer during the selling season can be expressed as: 

𝐸[𝜋𝑅𝑒
𝐷𝑇2(𝑄1, 𝑄2, 𝑞𝑜 , 𝑟, 𝑞𝑒)] = ∫ 𝜋𝑅𝑒

𝐷𝑇2(𝑄1, 𝑄2, 𝑞𝑜 , 𝑟, 𝑞𝑒)𝑓(𝑥)𝑑𝑥
𝑄2−𝑞𝑜

𝛾−𝑛
  

+∫ 𝜋𝑅𝑒
𝐷𝑇2(𝑄1, 𝑄2, 𝑞𝑜 , 𝑟, 𝑞𝑒)𝑓(𝑥)𝑑𝑥

𝑄2

𝑄2−𝑞𝑜
 

+∫ 𝜋𝑅𝑒
𝐷𝑇2(𝑄1, 𝑄2, 𝑞𝑜 , 𝑟, 𝑞𝑒)𝑓(𝑥)𝑑𝑥

𝑄2+𝑞𝑜

𝑄2
 

+∫ 𝜋𝑅𝑒
𝐷𝑇2(𝑄1, 𝑄2, 𝑞𝑜 , 𝑟, 𝑞𝑒)𝑓(𝑥)𝑑𝑥

𝛾+𝑛

𝑄2+𝑞𝑜
 

 

• Main supplier’s profit function with disruption 

𝜋𝑆1

𝐷 (𝑄1, 𝑄2, 𝑞𝑜)= profit function before the selling season + Expected profit function during 

the selling season 

𝜋𝑆1

𝐷 (𝑄1, 𝑄2, 𝑞𝑜) = [𝑄1(𝑤1 − 𝑐1)] + 𝐸[𝜋𝑆1

𝐷𝑇2(𝑄1, 𝑄2, 𝑞𝑜 , 𝑟, 𝑞𝑒)] 

 

The expected profit of the main supplier during the selling season can be expressed as. 

𝐸[𝜋𝑆1

𝐷𝑇2(𝑄1, 𝑄2, 𝑞𝑜 , 𝑟, 𝑞𝑒)] = ∫ 𝜋𝑆1

𝐷𝑇2(𝑄1, 𝑄2, 𝑞𝑏 , 𝑞𝑜 , 𝑞𝑒)𝑓(𝑥)𝑑𝑥
𝑄2−𝑞𝑜

𝛾−𝑛
  

+∫ 𝜋𝑆1

𝐷𝑇2(𝑄1, 𝑄2, 𝑞𝑜 , 𝑟, 𝑞𝑒)𝑓(𝑥)𝑑𝑥
𝑄2

𝑄2−𝑞𝑜
 

+∫ 𝜋𝑆1

𝐷𝑇2(𝑄1, 𝑄2, 𝑞𝑜 , 𝑟, 𝑞𝑒)𝑓(𝑥)𝑑𝑥
𝑄2+𝑞𝑜

𝑄2
 

+∫ 𝜋𝑆1

𝐷𝑇2(𝑄1, 𝑄2, 𝑞𝑜 , 𝑟, 𝑞𝑒)𝑓(𝑥)𝑑𝑥
𝛾+𝑛

𝑄2+𝑞𝑜
 

 

• Backup supplier’s profit function with disruption 
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𝜋𝑆2

𝐷 (𝑄1, 𝑄2, 𝑞𝑜)= profit function before the selling season + Expected profit function during 

the selling season 

𝜋𝑆2

𝐷 (𝑄1, 𝑄2, 𝑞𝑜) = [ 𝑄2(𝑤2) + 𝑞𝑜(𝑤𝑜) − 𝐶2(𝑄2 + 𝑞𝑜)] + 𝐸[𝜋𝑆2

𝐷𝑇2(𝑄1, 𝑄2, 𝑞𝑜 , 𝑟, 𝑞𝑒)] 

 

The expected profit of the backup supplier during the selling season can be expressed as. 

𝐸[𝜋𝑆2

𝐷𝑇2(𝑄1, 𝑄2, 𝑞𝑜 , 𝑟, 𝑞𝑒)] = ∫ 𝜋𝑆2

𝐷𝑇2(𝑄1, 𝑄2, 𝑞𝑏 , 𝑞𝑜 , 𝑞𝑒)𝑓(𝑥)𝑑𝑥
𝑄2−𝑞𝑜

𝛾−𝑛
  

+∫ 𝜋𝑆2

𝐷𝑇2(𝑄1, 𝑄2, 𝑞𝑜 , 𝑟, 𝑞𝑒)𝑓(𝑥)𝑑𝑥
𝑄2

𝑄2−𝑞𝑜
 

+∫ 𝜋𝑆2

𝐷𝑇2(𝑄1, 𝑄2, 𝑞𝑜 , 𝑟, 𝑞𝑒)𝑓(𝑥)𝑑𝑥
𝑄2+𝑞𝑜

𝑄2
 

+∫ 𝜋𝑆2

𝐷𝑇2(𝑄1, 𝑄2, 𝑞𝑜 , 𝑟, 𝑞𝑒)𝑓(𝑥)𝑑𝑥
𝛾+𝑛

𝑄2+𝑞𝑜
 

 

When combining the expressions used for when there is and isn’t disruption we need to 

state the chance for disruption to occur, for this the notation 𝑃𝑑 will be used for the 

probability that disruption will occur.  

 

• Retailer’s profit function 

𝜋𝑅𝑒 = (𝜋𝑅𝑒
𝐷 ⋅ 𝑃𝑑) + (𝜋𝑅𝑒

𝑁 (1 − 𝑃𝑑)) 

 

• Main supplier’s profit function 

𝜋𝑆1
= (𝜋𝑆1

𝐷 ⋅ 𝑃𝑑) + (𝜋𝑆1

𝑁 (1 − 𝑃𝑑)) 

 

• Backup supplier’s profit function 

𝜋𝑆2
= (𝜋𝑆2

𝐷 ⋅ 𝑃𝑑) + (𝜋𝑆2

𝑁 (1 − 𝑃𝑑)) 
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CHAPTER 4 

NUMERICAL EXPERIMENTS 

 

4.1 Numerical experiments 

For the numerical experiments MATLAB software was used. Experiments were conducted 

to study the capability of the proposed configuration of contracts under the stipulation that 

the main supplier is subject to supply disruption. The main supplier is under a quantity 

flexibly contract and the backup supplier under a bidirectional option contact. First the use 

of a backup supplier being beneficial will be proven by comparing the retailer profit with 

and without the backup supplier. There needs to have some assumptions put in place so 

that the system runs as intended.  

1. 𝑤𝑒𝑝 < 𝑤1 < 𝑤𝑒𝑐 : To assure that the backup supplier is only utilized once the main 

supplier is fully utilized. 

2. 𝑣 < 𝑤𝑒𝑝 < 𝑤1 : To assure that salvaging is the last resort if returning to the main 

supplier and exercising the put option is not possible. 

 

The following values were used when conducting the numerical experiments.  

𝑅𝑝 = 25 

𝑤1 = 10 

𝐶1 = 5 

𝑟𝑚𝑎𝑥 = 𝑄1 ∗ 0.25 

𝑃 = 10 

𝑤2 = 12 

𝐶2 = 7 

𝑤0 = 2 

𝑤𝑒𝑝 = 7 

𝑤𝑒𝑐 = 13 

𝑣 = 2 

𝑠 = 3 

𝑃𝑑 = 0.1 

r = 750 

n = 250 

The first experiment is to compare the retailer profit with and without a backup supplier. 

The reason this test is conducted is to see if it is reasonable to add a backup supplier to the 

system. The results below in table 4.1 were obtained by using the values stated above. 
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Table 4.1 Comparing retailer profit with and without backup supplier 

Optimal results Without backup 

supplier 

With backup 

supplier 

Q1 846 472 

Q2 0 363 

qo 0 149 

Retailer’s profit 8654 9443 

Normal supplier’s profit 3807 1655 

Backup supplier’s profit 0 1660 

Supply chain’s profit 12461 12758 

 

From table 4.1 it is clear to see that retailer profit increases from 8654 to 9443 when a backup 

supplier is introduced to the system. Furthermore the entire supply chain’s profit increases 

when the backup supplier is introduced from 12461 to 12758. Therefore, it is fair to say that 

the introduction of the backup supplier in a situation where the main supplier is subject to 

supply disruption is reasonable. 

 

4.2 Sensitivity analysis 

 

In this section a few of the key values used in the experiments will be varied to see how 

they affect the order quantities as well as profits of the retailer, main supplier, backup 

supplier and the supply chain. 
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4.2.1 Sensitivity analysis with respect to 𝒘𝒐 

 

Table 4.2 Optimal ordering quantities with respect to changes in 𝒘𝒐 

𝒘𝒐 𝑸𝟏 𝑸𝟐 𝒒𝒐 Retailer's 

profit 

Normal 

supplier's 

profit 

Backup 

supplier's 

profit 

Supply 

chain's 

profit 

1 442 375 183 9609 1573 1540 12721 

1.2 448 372 176 9573 1590 1569 12732 

1.4 454 370 169 9538 1606 1595 12740 

1.6 460 368 162 9505 1622 1620 12747 

1.8 466 365 156 9473 1639 1640 12752 

2 472 363 149 9443 1655 1660 12758 

 

 

Figure 4.1 Order quantities over varies levels of 𝒘𝒐 

 

 

From table 4.2 we can see that as 𝑤𝑜 increases the orders to the main supplier increase and 

the orders to the backup supplier decreases. This is to be expected because the price of the 

option quantity is going up and this makes the goods from the main supplier more attractive 

compared to the backup supplier and as such the profit of the main supplier increases and 

counter intuitively the profit of the backup supplier increases. However, the retailer profit 

decreases but the over all supplier chain profit increases despite this.    
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4.2.2 Sensitivity analysis with respect to 𝒘𝒆𝒑 

 

Table 4.3 Optimal order quantities with respect to changes in 𝒘𝒆𝒑 

𝒘𝒆𝒑 𝑸𝟏 𝑸𝟐 𝒒𝒐 Retailer's 

profit 

Normal 

supplier's 

profit 

Backup 

supplier's 

profit 

Supply 

chain's 

profit 

6 480 351 150 9412 1692 1654 12757 

6.2 478 353 150 9418 1684 1656 12758 

6.4 477 355 149 9424 1679 1656 12759 

6.6 475 358 149 9430 1670 1659 12759 

6.8 474 360 149 9437 1664 1657 12758 

7 472 363 149 9443 1655 1660 12758 

 

 

Figure 4.2 Order quantities over varies levels of 𝒘𝒆𝒑 

 

From the table we can see that as 𝑤𝑒𝑝 increases the main supplier initial order quantity 

decrease and the backup supplier initial order quantity increases. This is to be expected as 

increasing 𝑤𝑒𝑝 means that the retailer gets back more money when returning goods to the 

backup supplier thus making the backup supplier a more attractive option. This then leads to 

a decrease in the profits of the main supplier and an increase in profits to both the retailer 

and backup supplier. The backup supplier increases his profits despite paying the retailer 

more for returned goods because more goods are being ordered initially. Upon further 

investigation it can be seen that at 𝑤𝑒𝑝 = 6.8 the profits of the backup supplier becomes 1657 

which takes a turn from the trend of the profits increasing and at 𝑤𝑒𝑝 = 7 the profits of the 

backup supplier go back up again.  However, in summary it can be concluded that the change 

in 𝑤𝑒𝑝 does not affect much the profit of backup supplier. 
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4.2.3 Sensitivity analysis with respect to 𝒘𝒆𝒄 

 

Table 4.4 Optimal ordering quantities with respect to changes in 𝒘𝒆𝒄 

𝒘𝒆𝒄 𝑸𝟏 𝑸𝟐 𝒒𝒐 Retailer's 

profit 

Normal 

supplier's 

profit 

Backup 

supplier's 

profit 

Supply 

chain's 

profit 

13 472 363 149 9443 1655 1660 12758 

14 484 361 141 9404 1682 1666 12752 

15 495 360 133 9368 1705 1674 12747 

16 504 359 126 9335 1724 1684 12743 

17 514 358 119 9305 1744 1688 12737 

18 522 356 112 9278 1761 1697 12736 

 

 

Figure 4.3 Order quantities over varies levels of 𝒘𝒆𝒄 

 

From table 4.3 we can see that as 𝑤𝑒𝑐 increases initial order quantity to the main supplier 

increases while initial order quantity to the backup supplier and the option quantity 

decreases. This is to be expected because increasing 𝑤𝑒𝑐 makes ordering more goods from 

the backup supplier more expensive. This in turn leads to the main supplier becoming a 

favourable option for the retailer causing him to increase orders with the main supplier. The 

profit as a result increases for the main supplier while decreases for the retailer. However, 

despite the lower order quantities for the backup supplier his profit still increase due to the 

higher call option price. However overall the supply chain profit decreases as call option 

price increases.  
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4.2.4 Sensitivity analysis with respect to 𝒑𝒅 

 

Table 4.5 Optimal ordering quantities with respect to changes in 𝒑𝒅 in a 

decentralized system 

𝒑𝒅 𝑸𝟏 𝑸𝟐 𝒒𝒐 Retailer's 

profit 

Normal 

supplier's 

profit 

Backup 

supplier's 

profit 

Supply 

chain's 

profit 

0.05 885 0 96 9957 3281 -132 13105 

0.06 763 108 112 9790 2795 396 12981 

0.07 660 197 125 9668 2395 840 12903 

0.08 583 266 135 9575 2089 1175 12840 

0.09 521 319 143 9502 1849 1445 12796 

0.1 472 363 149 9443 1655 1660 12758 

 

 

Figure 4.4 Order quantities over varies levels of 𝒑𝒅 in a decentralized system 
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Table 4.6 Optimal ordering quantities with respect to changes in 𝒑𝒅 in a centralized 

system 

𝒑𝒅 𝑸𝟏 𝑸𝟐 𝒒𝒐 Retailer's 

profit 

Normal 

supplier's 

profit 

Backup 

supplier's 

profit 

Supply 

chain's 

profit 

0.05 725 217 0 9642 2476 1085 13203 

0.06 614 328 0 9402 2043 1640 13085 

0.07 535 407 0 9222 1741 2035 12999 

0.08 475 467 0 9081 1516 2335 12932 

0.09 427 507 7 9019 1351 2509 12879 

0.1 385 529 29 9063 1225 2549 12837 

 

 

Figure 4.5 Order quantities over varies levels of 𝒑𝒅 in a centralized system 

 

Table 4.4 and 4.5 show the effects of changing the probability at which disruption will occur 

at the main supplier. In both the centralized and decentralized systems as the probability of 

disruption increases the orders for the main supplier decrease and as a result the initial and 

option order quantity for the backup supplier increases. This is a reasonable trend due to the 

fact that as the probability of disruption rises the placing orders with the main supplier 

becomes more and more risky. To mitigate and shield themselves from this risk the retailer 

will logically reduce the orders placed to the main supplier and shift them to the backup 

supplier. This will result in profits decreasing for the main supplier and the profit for the 

backup supplier increases. As for the retailer the increasing risk ultimately results in a 

reduced profit. As a whole in both systems the supply chain profit decreases as the 

probability of disruption increase. 

Further it can be seen in this particular configuration that when the probability of disruption 

is 5% or less the backup supplier will not make profit and as such they will not agree to this 

contract. It can be said that the backup supplier is still useful to the retailer as the backup 

supplier helps mitigate the risk disruption as well as provide flexibility when demand is 

realised; however, the parameters of the contract would need to be changed in the favour of 

the backup supplier in order to make the contract agreeable for them.    
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4.2.5 Supply chain coordination analysis with respect to changes in 𝒑𝒅 

 

Table 4.7 Comparison of supplier chain profit as 𝒑𝒅 changes 

𝒑𝒅 Supply chain's profit 

(Centralized system) 

Supply chain's profit 

(Decentralized system) 

% efficiency 

0.05 13203 13105 99.26 

0.06 13085 12981 99.21 

0.07 12999 12903 99.26 

0.08 12932 12840 99.29 

0.09 12879 12796 99.36 

0.1 12837 12758 99.38 

 

In table 4.6 we can see that at all levels of 𝑝𝑑 the centralized system has a higher supply 

chain profit than the decentralized system. However, the difference between the two is slim 

and is on average less than 1%. Therefore, we can determine that this configuration of 

contracts utilizing the quantity flexibility contract and the bidirectional option contract is 

very capable of coordinating the supply chain. 

 

  



27 
 

CHAPTER 5 

CONCLUSIONS AND RECOMMENDATIONS  

 

In this research a system with a retailer sourcing from two supplier i.e. a main supplier who 

is subject to disruption and a backup supplier put in place to mitigate said disruption was 

investigated. The main supplier was held under a quantity flexibility contract and the backup 

supplier under a bidirectional option contract. These contracts were selected for their proven 

abilities to coordinate the supply chain in the a normal non disruptive situation as well as 

their abilities to provide the retailer with flexibility when demand is realized. In this research 

the order quantities the retailer must place with both suppliers was explored in order to 

maximize his profit. In doing so this research has shown that the backup supplier is an asset 

to the retailer, as they allow the retailer to attain higher profits even when faced with a main 

supplier subject to disruption. In addition to this the supply chain profit increases with the 

introduction of the backup supplier. The efficiency at which this configuration of contracts 

performs was tested by comparing the centralized and decentralized systems and was shown 

to be within 1% of maximum efficiency at varying levels of supply disruption probability.   

 

In addition to studying the efficiency of the contracts, a sensitivity analysis was performed 

while varying the values for the option premium, put option price, call option price and 

probability of disruption occurring. These tests revealed that all the above-mentioned 

parameters will affect the order quantities the retailer will place with both suppliers and 

subsequently the profits of each member.  

 

Further research on this topic can explore the same problem from the supplier’s point of 

view and how they may want to adjust their manufacturing levels based on the parameters 

of the contracts as well as the probability of disruption in order to maximize their profits. 

Further the same system can be studied but with yield uncertainty where the production 

quantities are not certain until the selling season begins. Another avenue of research would 

be to introduce more suppliers to investigate their usefulness to the retailer and the supply 

chain as a whole. Lastly the uncertainty of disruption can be introduced to the backup 

supplier as well to investigate is this configuration of contracts could also handle that 

situation.  
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