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ABSTRACT 

The food industry is under pressure of managing food safety `from farm to fork'. 

Since January 2005, food traceability has become an essential task for the food 

industry in supplying food products with adequate quality and safety assurance. 

However, it could be a daunting task if the effort on traceability systems is separated 
from profitable strategies of managing supply chain operations, as traceability will 

add extra costs for producers and for the food sector as a whole. Individual parties in 

a food supply chain must make appropriate strategic and operational adjustments to 

enhance product quality and increase operational efficiency and profits. 

This thesis aims to develop an effective strategy for the integration of traceability 

initiatives with supply chain operations. The research objectives are approached from 

two different angles. Firstly, the value added to traceability from operations 

management is investigated. An operation planning approach is employed to 

optimise traceability and improve manufacturing performance simultaneously. 

Secondly, the research examines the value of traceability systems in improving food 

supply chain management especially using dynamic tracing and tracking (condition 

monitoring) technologies to support supply chain operations. A product value tracing 

process enabled pricing model is proposed. 

Three innovative models are presented to support the proposed strategy. Analytical 

modelling is adopted as the research strategy for the development of business 

models. Two industrial cases, a cooked meat manufacturer and a grocery retail chain, 

are selected to validate the application of proposed models. The major contribution 

of the dissertation is the proposed innovation in food manufacturing and supply chain 

management. It provides the insight into the value of food traceability and its 

relationship with supply chain management, and consequently helps food 

organisations in the selection of an appropriate traceability solution. 
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Chapter 1 Introduction 

CHAPTER ONE 

INTRODUCTION 

1.1 RESEARCH BACKGROUND 

After a series of food scandals and incidents, like Bird Flu, Bovine Spongiform 

Encephalopathy (BSE), Foot-and-Mouth Disease (FMD), and Sudan 1, the food 

supply chain is the one facing most public negativity. Consumers are increasingly 

aware of the food safety and its risks to health. Many efforts are being undertaken to 

rebuild the consumer confidence by implementing production protocols, information 

technology and supply chain management processes to improve quality and safety 

control through transparency of the supply chain. Among these, food traceability has 

become one attempt that draws most attention. 

Food traceability is defined by the European Union Commission as the ability to 

trace and follow a food, feed, food-producing animal or substance intended to be, or 

expected to be incorporated into a food or feed, through all stages of production, 

processing and distribution (European Commission 2002a). Figure 1.1 shows an 

overview of a traceability system in which both tracking and tracing capability must 

be in place in order to effectively facilitate traceability. Since the regulation 

178/2002 of the European Parliament and of the Council on general food law came 

into force in 2005, traceability has become essential for the food industry in 

supplying food products with adequate quality and safety assurance (European 

I 



Chapter 1 Introduction 

Commission 2002a). It imposed mandatory traceability for all food products 

marketed in the European Union (EU). 

ad AiL a ULk htý 
Ný z Farmer! Upper stream Supplier Warehouse Carrier Distribution point of sale Raw materialti Supplier platform 

Supplier 

Track from the raw material to 
i the consumer unit 
i1 

EFF"Re 

1 
1ý1 

Raw material one consumer 1 
unit 1 

I1 
11 

Trace back from one consumer 1 

unit to raw material ý 

11 
1 

In between: transportation, service provider, logistic provider 

Figure 1.1 Food traceability overview 

Source: (Trace-I Guideline EAN 2003) 

A number of food traceability systems and approaches (Bertolini et al. 2006; 

FoodTrace 2004; Jansen Vullers et al. 2003; Kelepouris et al. 2007; Mousavi et al. 

2002; Peres et al. 2007; Pinto et al. 2006; Sasazaki et al. 2004) have also been 

developed or proposed to this end. On one hand, the application of traceability 

systems provides consumers with extra safety assurance. In particular in a food 

crisis, traceability systems are a useful tool in identifying, isolating, and locating 

products associated with potential public health concerns. On the other hand, 

traceability systems create additional costs for producers and for the food sector as a 

whole. Golan et al. (2003) suggested that mandatory traceability systems are too 

costly and unnecessary for product differentiation, especially if specific attributes of 
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value to consumers are not targeted. In fact, traceability, in absence of quality 

verifications, has limited value to individual consumers (Hobbs et al., 2005). The 

research found that food traceability by itself did not deliver much value for a sample 

of Canadian consumers assessed in laboratory experiments. 

In fact, there are many benefits that can be acquired from food traceability 

applications. Many literatures have been reported to discuss the food traceability 

concept and its business perspectives (Beulens et al. 2005; Moe 1998; Opara 2003; 

Schwagele 2005; Smith et al. 2005; Wilson & Clarke 1998). Traceability systems 

have been used as a tool to accomplish business objectives in terms of compliance 

with legal requirements and international market standards, fulfilment of consumer 

demands, safety improvement, quality control and product recall management. In 

addition, many authors (Golan et al. 2004a; Smith et al. 2005; Sparling & Sterling 

2004) argued that the most significant benefit of traceability application will derive 

from the improvement to supply chain management. Many applications have been 

reported that use the tracking and tracing capability of traceability systems to 

improve manufacturing operations, logistics, and supply chain planning (Li et al. 

2006a; Mousavi et al. 2002; Viaene & Verbeke 1998). Golan et al. (2004b) argued 

that the fall of average inventories relative to a firm's total sales in the United States 

benefits from the improvement in companies' ability to track and trace its input and 

output. According to Filho (2006), one of the greatest economic benefits for sampled 

European food organisations using traceability system had ultimately emerged from 

3 
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production information and data generated as firms began to monitor production 

processes more closely. 

1.2 RESEARCH NEED 

The food industry is under pressure to improve product security, implement efficient 

risk management and rapid response capabilities, and manage quality from farm to 

table to achieve full traceability. According to Deasy (2002), individual producers 

must reassess their handling of quality and traceability data for strategic and 

competitive success, make appropriate physical configuration and operational 

adjustments, and deploy readily available technological tools to meet legislative and 

consumer demands, enhance product quality and increase operational efficiency and 

profits. Whereas Deasy stresses responsibility of the producer, such a movement is 

also essential to all the parties in the food supply chain. However, it is a business 

decision that should be supported by more comprehensive study. 

Today, the implementation of traceability systems from farm to fork has become 

an essential requirement of the food industry. For many businesses, traceability is 

still seen as a daunting task with few financial benefits (FoodTrace 2004). Although, 

many authors have emphasised the importance of traceability systems in supply 

chain management, many of the efforts have been separated from profitable 

strategies of managing supply chain operations. If a traceability system is only 

designed to meet regulatory requirements, it not only hinders the enthusiasm for 

4 
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investment in efficient traceability systems, but also blocks their potential benefits. 

In addition, current researches have failed to draw a clear picture between food 

traceability and supply chain operations. There is also a lack of practical business 

models to support. Operations strategy, as defined by Slack and Lewis (2002), is the 

total pattern of decisions which shape the long-term capabilities of any type of 

operations and their contribution to the overall strategy, through the reconciliation of 

market requirements with operations resources. It was felt that there was a genuine 

business need for the development of some kind of operations strategy for the 

integration of traceability initiatives with supply chain management operations. Such 

an operations strategy should assist food organisations with specific requirements in 

successfully adopting a suitable traceability solution for realistic business benefit at 

the right cost. 

1.3 RESEARCH QUESTIONS 

To fully satisfy the research need, there are four key questions which provide a 

foundation for this research: 

> What are the main values of traceability systems in improving operations 

management within food supply chains? 

> How to use operations management approach to improve food traceability? 

¢ How to evaluate the benefits from the integration of food traceability and supply 

chain operations? 

5 
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> Why can such an integration strategy help food organisations acquire sufficient 

return on investments made in traceability systems? 

These questions help to formulate the research aim and objectives, and identify areas 

which require investigation in order to achieve them. 

1.4 RESEARCH OBJECTIVES 

The research aim of this thesis is to develop an effective strategy to improve 

traceability and operations management within food supply chains. The aim 

underlies the research objectives which shape the methodology and the approach that 

is needed to conduct the research and to ensure that the thesis makes contributions 

with a good quality to the industrial and academic knowledge base. 

The objectives in support of the above aim are: 

¢ To clearly demonstrate the relationship between traceability systems and 

operations management within food supply chains and support the understanding of 

the relationship. 

¢ To identify the value of operations management in improving food traceability 

especially integrating food traceability needs into daily operations management 

processes. 

> To identify the value of traceability systems in improving food supply chain 

management especially using dynamic tracing and tracking (condition monitoring) 

technologies to support supply chain operations management. 

6 
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> To propose new business models providing food organisations with a practical 

and usable insight into traceability implementation and supporting strategic and 

operational decision making processes. 

1.5 RESEARCH FRAMEWORK 

This research is about a new way of strategically integrating food traceability with 

operations management, as well as providing useful guidelines for particular food 

organisations on their food traceability implementations. A conceptual model is 

shown in the Figurel. 2 to illustrate the framework of the research and its knowledge 

contribution. The literature review helps to explain the concept of food traceability 

and builds the theoretical foundation on which this research rests. 

Literature Research on 
Traceability in the 

Food Supply Chain 

Product Value Tracing 
enabled Pricing Model 

Investigation of value 
added to supply chain 
operations by traceability 

II Integrated 
Traceability-Operations 

Iý; I Optimisation Model 

II Validate the Proposed II 
Models through Case 

Studies 

Figure 1.2 Conceptual model 

Support the integrated 
model and investigate 
interaction between food 
traceability and risk 
assessment 

The strategy for the integration is modelled from two different perspectives. 

Firstly, a safety assurance related traceability factor is incorporated with operational 

factors to develop an optimal manufacturing planning model. The model uses an 

Investigation of value 
added to traceability by 
operational planning 

I Fuzzy 
Aggregative Food 

enabled I) 
Risk 1Assessment Model 
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operations planning approach to optimise traceability and manufacturing 

performance. It aims to achieve desired product quality and minimum impact of 

product recall in an economic manner for perishable food products. The overall 

system performance is assessed using criteria relating to particular interests of food 

organisations such as the scope of product recall in case products have to be 

withdrawn, raw material cost, set up cost, inventory holding cost, and product 

spoilage cost. 

Secondly, in some areas traceability systems have already been utilized to improve 

operations management such as tracking and tracing product movements in 

manufacturing control and logistics. This research particularly focuses on what could 

be improved with more value added to operations management from the traceability 

system. It is recognised that transparent information on quality supported by 

advanced tracking and tracing technologies could make a more significant impact on 

supply chain management. A product value tracing enabled pricing model is 

therefore proposed to improve retail performance. 

After that, to support the integrated model for traceability and operations 

optimisation, a practical risk assessment model is proposed to perform structured 

analysis of the aggregative food safety risk by using the concepts of fuzzy set theory 

and analytical hierarchy process. It provides a quantified food safety indicator for 
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production processes or raw material batches. Finally, all the proposed models are 

validated through numerical analysis and application to case studies. 

1.6 RESEARCH BENEFITS 

The main benefits of this research are twofold: 

Academia: This research makes a significant contribution to the area where there is 

a definite shortage of quality studies in the literature. It gives researchers and 

students a better understanding of the relationships between food traceability and 

supply chain management. This in turn will enable them to identify further research 

opportunities based on the findings of this research and promote more coherent 

development of new business models. 

Industry: This research is useful to food organisations to understand the value of 

food traceability. It will help companies looking to the traceability implementation to 

assess the right opportunities available to them, based upon their own business 

interest and objectives. The integrated traceability operations model provides 

enterprises with a practical approach to quantitatively evaluate manufacturing 

performance from both traceability and operations management perspectives. The 

value tracing enabled pricing model helps food organisations to comprehend how 

advanced tracking and tracing technologies can be used for innovation of food 

supply chain management. The proposed fuzzy enabled aggregative risk assessment 
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model provides a practical solution of systematic and quantitative risk assessment to 

the food organisations. 

1.7 THESIS ORGANISATION 

Chapter 1 begins with the description of the research background followed by 

research need, research questions, research objectives, research framework, research 

benefits and thesis organisation. 

Chapter 2 focuses on a review of the literature on food traceability in the food 

supply chain. The main purpose of this chapter is to clarify the concept of food 

traceability, identify the fundamentals and functions of food traceability systems, 

understand their business values, and identify the knowledge gap. 

Chapter 3 presents the details of the research methodology used in this thesis. It 

starts with the research questions and is then followed by a discussion of research 

type, research design, research strategies, and data collection and analysis methods. 

Finally, the approaches taken to validate this research are presented. 

Chapter 4 presents a comprehensive integrated model for simultaneously optimising 

the production batch size and batch dispersion policy in a food manufacturing 

context. The model incorporates operational costs (e. g. production setup cost, 
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inventory holding cost, and waste cost) with traceability related costs (e. g. recall 

cost) 

Chapter 5 introduces a product value tracing process. Different pricing strategies are 

analysed to investigate the benefits of utilising dynamic product shelf life 

information in the retail pricing process. It proposes an innovation of using the 

tracking and tracing capability of traceability systems to support pricing decisions. 

Chapter 6 presents a fuzzy enabled model for aggregative food safety risk 

assessment. The model uses fuzzy values for system parameters and interval 

arithmetic to characterise hazards and to compute risk. The quantified final rate of 

aggregative risk can be used as a safety indicator to measure the risks of raw material 

or production batches from different processes or suppliers. 

Chapter 7 discusses the model applications in the context of two industrial cases: a 

Merseyside based cooked meat producer and a grocery retail chain in the UK. 

Chapter 8 draws the conclusions of the research in terms of the contribution to 

knowledge and further work. 
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CHAPTER TWO 

LITERATURE REVIEW: 

TRACEABILITY IN THE FOOD SUPPLY CHAIN 

2.1 INTRODUCTION 

The literature on the subject associated with this research is broad. An extensive 

literature review has been carried out in order to provide a comprehensive 

understanding of traceability in the food supply chain. The purpose of this chapter is 

to review the literature on food traceability in terms of what food traceability is, its 

underlying concepts, the development of traceability systems; motivation and the 

economics of traceability adoption, its impact on the food supply chain, and 

interactions with other management systems. In addition, due to the fact that this 

research mainly focuses on perishable food products, there is also a discussion of the 

food supply chain for perishables and in particular issues in perishable food 

management and operations research. 

2.2 DEFINING FOOD TRACEABILITY 

Traceability is defined in many ways depending on its end purpose. It can be related 

to regulation, safety, logistics or marketing. Apart from the definition by the EU 

Commission at the beginning of Chapter 1, the most generic definition is given by 

the International Standard Organisation (ISO) as the ability to trace the history, 
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application or location of an entity by means of recorded identification (ISO 1995). 

This definition is fairly broad and does not make specific recommendations of the 

type of system used. According to the Food Standards Agency (2002), "stages of 

production and distribution" refers to any stage including import, from and including 

the primary production of food, up to and including its sale or supply to the final 

consumer and, where relevant to food safety, the production, manufacture and 

distribution of feed. Van Dorp (2002) provided an extended list of definitions on 

traceability, pointing out that the differences between them derive from the different 

type of activities that are included and the organisational context in which they are 

performed. Table 2.1 summarises different types of traceability classified in the 

literature. 

Table 2.1 Classification of food traceability types 

Types of Traceability 
Distinguish 

Reference 
Criteria 

Backward Traceability Forward Traceability 

(Tracing) (Tracking) 

External Traceability 
Internal traceability 

(Chain Traceability) 

Logistics Traceability Qualitative traceability 

Direction 
Jansen-Vullers et al. 2003; 

Dupuy et ah 2004 

Scope Moe 1998 

Supporting 
Folinas et al. 2006 

functions 

Traceability has been classified by some authors on the basis of the direction in 

which information is recalled in the chain. Backward traceability (Jansen Vullers et 

al. 2003), or tracing (Dupuy et al. 2005), is defined as the capability to identify the 

origin of a particular unit located within the supply chain by reference to records held 
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upstream in the supply chain. Forward traceability, or tracking, is the capability to 

follow the path of a specified unit and/or batch of trade items downstream through 

the supply chain as it moves between trading partners. According to the TRACE-I 

Guideline (EAN UCC 2003), both tracking and tracing capability must be in place in 

order to effectively facilitate traceability. It is important for an information system to 

support both types of traceability, as the effectiveness for one type does not 

necessarily imply the effectiveness for the other. 

Traceability with both tracking and tracing taking place can be further classified 

into external (also known as chain traceability) and internal traceability. For example, 

Moe (1998) classified traceability as chain traceability that tracks a product batch 

and its history through the whole, or part, of a production chain from harvest through 

transport, storage, processing, distribution and sales, whilst internal traceability 

traces internally in one of the steps in the chain, such as the production process. 

Chain traceability refers to efficient and effective information management 

throughout the supply chain in order to meet traceability requirements. Internal 

traceability refers to tracking and tracing within a manufacturing company. 

Furthermore, Folinas et al. (2006) distinguished traceability schemes into two 

types in the basis of supported functions: logistics traceability which follows only the 

physical movement of products and treats food as a commodity and qualitative 

traceability that provides additional information relating to product quality and 
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consumers' safety, such as pre-harvest and post-harvest techniques, storage and 

distribution. conditions. Logistics traceability provides business information 

regarding logistics operations such as quantity, origin, destination, dispatch date, and 

allows the rapid tracking of products current location, origin, and destination, in case 

there is a need for immediate recall or withdrawal from market. A qualitative 

traceability system enables the identification of the source of the hazard and the 

factors that generated it, providing all the data required to assess the conditions and 

methods followed for producing, processing and distributing the product. 

2.3 THE DEVELOPMENT OF TRACEABILITY SYSTEMS 

Facing many food safety crises, pressures from the consumers, government and other 

stakeholders force the food industry for continuous innovations focusing on 

implementing systems to improve the product's quality and to guarantee its safety 

(Beulens et al. 2005). Various traceability systems and application have been 

reported in literature in recent years (Bertolini et al. 2006; Jansen Vullers et al. 2003; 

Kelepouris et al. 2007; Mousavi et al. 2002; Peres et al. 2007; Pinto et al. 2006; 

Sasazaki et al. 2004; Wilson & Clarke 1998). These systems vary in complexity from 

simple paper recording systems to complex computer-based information technology 

systems, with the most sophisticated employing biological technologies. Some 

systems offer traceability from the retail counter back to the farm, whereas others 

facilitate traceability between specific stages of the supply chain. 
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2.3.1 Traceability System Overview 

In this section, a succinct literature review focusing on studies that have investigated 

traceability system implementation and practice is presented here. A traceability 

system is described by Bertolini et al. (2006) as a recordkeeping system with 

documented identification of the operations which lead to the production and sales of 

a product. Various traceability systems have been and are being developed to satisfy 

particular traceability requirements in specific sectors of food supply chains, notably 

with respect to food items such as beef, fish, fruits, vegetables, dairy products, and 

organic foods. These developments constitute a legacy in which the specific 

structures and traceability solutions may be incompatible for cross-supply chain 

traceability purposes, each viewing the issue from a different perspective, while 

others have developed a generic framework for implementing traceability systems. 

FOODTRACE (2004), a EU concerted Action Project, presents a generic 

framework for traceability that can be applied to any food supply chain. The 

framework describes that the generic structure of a traceability system is essentially 

characterised by a vertical, minimalist item-attendant identification and data carrier 

within a supply chain linked to a lateral structure of data processing, information 

management and storage systems through data capture and transfer (See Figure 2.1). 

The data capture appliance could be paper form, barcode scanner or radio frequency 

identification (RFID) reader depending on what product identification technology is 

used. The information concerning the items that are handled, processed, or produced 
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is generated within each node of a supply chain and is collected for business 

purposes such as quality assurance and process control. 

Item-attendant 
Data Carrier Information Communications 

Data Capture Management 
�ýf\ 

Network 
Appliance System (IMS) Business 

Enterprise Interchange 
Software of Data 

Data Transfer from Data Transfer from Data Transfer 
Data Carrier Capture Appliance from IMS 

Figure 2.1 Generic structure of a traceability system 

Source: (FoodTrace 2004) 

Regattieri et al. (2007) proposed a general framework for the identification of 

fundamental mainstays and functionalities in an effective traceability system. The 

framework is formulated from the characteristics, properties, and modem technical 

solutions for an effective traceability system (see Figure 2.2). It is a particularly 

complete framework for product traceability. Although each product has different 

characteristics, a traceability system can be derived from the general framework for a 

product by using a process of simplification. 
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PRODUCT IDENTIFICATION 

TRACEABILITY TOOLS 
- 

/ý\\DATA TO TRACE 
-------------- ---------------- ------------ 

PRODUCT ROUTING 

PRODUCT JF-I I PRODUCT TRACEABILITY'S 
IDENTIFICATION DATA TOTRACE ROUTING TOOLS 

-------------------------------------- �_-----------------1------__"---------I 

Dimensions Number Production cycle Compatibility vs product 
Volume Typology Activities : Compatibility vs process 
Weight Degree of detail Lead times No. of data readings 

Surface conditions Dynamism Equipments No. of data writings 
Shortness ;" Data storage " Manual operations Degree of automation 

Perishability requirements Automatic operations Data accuracy 
Packaging Confidentiality & Movement systems Data reliability 

Cost publicity Storage systems Company's knowledge 
Life cycle length Checks & alarms Cost of system 

" Bill of material structure. 

------------------ "'-- ----------------- -''------------------ '- ------------------- 

Figure 2.2 Framework for product traceability 

Source: (Regattieri et al. 2007) 

EAN UCC (2003) developed a Trace-I guideline providing a common 

n iethodology with global generic recommendations that allowed users in all sectors 

to develop traceability solutions. The Guideline emphasises four basic factors in 

traceability system implementation: production identification, data capturing and 

recording, link management, and communication. They are common principles of 

traceability, whatever the sector, the country or the tools. Traceability management 

involves the identification of all relevant entities of the transformation process, 
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manufacturing batches and logistic units; the predefinition of information to be able 

to record it; managing the successive links between manufacturing batches and 

logistic units; the association of a flow of information with the physical flow of 

goods throughout the entire supply chain. Among these four factors, the innovation 

of product identification technologies is the main enabler in the development of 

traceability systems. 

2.3.2 Product Identification 

In order to track and trace an entity, product identification is required in order to 

follow its path and to access all available and related information. There is a common 

belief among researchers that all traceable items in the supply chain should be 

uniquely identified (Jansen Vullers et al. 2003; Moe 1998). The identification should 

be uniform for all partners in the chain. Identification may take place at item level, 

with a unique code for each product instance circulated in the chain. However, 

increasing the level of traceability increases the complexity of the information that 

has to be managed and the overall costs of the system (Kelepouris eta!. 2007). There 

is a trade-off between the level of traceability and the related costs that a firm must 

take. More often, food products are tracked and traced by manufacturing batches or 

logistic units, instead of individual product items (Jansen Vullers et al. 2003). 

FoodTrace (2004) classifies two categories of food item identification: Primary 

identification which is based on the use of biological markers and feature extraction 
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based upon anatomical, physiological, biochemical or molecular (e. g. DNA) methods 

of identification, and secondary identification techniques in which a number or 

alphanumeric string is used for identification purposes and may be accompanied by 

other data or information for traceability or process support purposes. In addition to 

identification of items at the single-entity level, significant use can be made of 

secondary identification at various levels from single items, through packages, 

containers and transport units (see Figure 2.3). 

------------------------------ 

Transportation vehicle: (truck, airplane, ship, train) 

-------------- -- 
Large Containers 

-------------------------- 
Transport 

Unit `Pallet 

Secondary = Package or ý Package or 
Identification Trade Unit Trade Unit 

-ý-_ 
firrr 

- -- 
fi--- 

----------- 
Primary & 
Secondary item Ite Ite (tern Iterrr Iterrf 

Identification 

Figure 2.3 Product identification 

Source: (FoodTrace 2004) 

Instead of tracking single-item level, food products are often tracked and traced by 

logistic units or manufacturing batches. A logistic unit is an item of any composition 

established for transport and/or storage that needs to be managed throughout the 

supply chain (EAN UCC 2003). The secondary identification level from single 

package unit to pallet, container and transportation vehicle described in Figure 2.3 
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can all be seen as a logistic unit, which is linked to the trade items and/or batch 

identifications. A batch often unites trade items that have undergone the same 

transformation processes (EAN UCC 2003). The batch identification is the code, 

normally a batch number, assigned to a collection of mass produced items for 

identification in processing, storage, and audit lookup (EAN UCC 2003). The same 

batch number is given to these items in an entire production run. The batch number 

should be unambiguous and is normally determined by the manufacturer. For some 

products, there is no specific traceability data on the product package. As a substitute, 

batch number and production date printed on packages are often used as traceability 

information for quality control or product recall. This batch concept will be used in 

the proposed model for traceability and operations optimisation in Chapter Four. 

The reliability and effectiveness of food traceability systems rely on the degree of 

accuracy and efficiency of food identification and authentication techniques. The 

simplest type of identification is a label with a name or number written on it. 

However, the development of product identification technologies offers great 

opportunities to the improvements of food traceability systems. 

2.3.2.1 Bar Codes 

Among existing technologies, bar codes have become the most widely adopted 

method in the food industry. Bar codes are optical, machine-readable systems that 

employ a simple coding system using different thicknesses of bars and spaces. 
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Scanners read bar codes by using red light to recognise the contrast between the bars 

and spaces of the symbol. Among available bar code systems, linear bar codes have 

been used extensively within supply chain applications across the world often using 

standard identifiers, such as the EAN. UCC application identifiers. Figure 2.4 shows 

an example of an EAN-128 bar code which can represent the identification number 

and extra information about the item in one single bar code by concatenation. The 

extra information carried frequently includes combinations of the identification 

numbers of trade units, use by and best before dates, lot and batch numbers and the 

serial numbers for transport units. In addition, a range of two-dimensional, multi-row 

bar and matrix data carriers are now available, featuring attributes that are 

complimentary to linear bar codes. The advantage of such bar codes is their ability to 

carry substantially more data than linear bar codes allow or allow the same data to 

occupy a smaller space (FoodTrace 2004). Bar code systems provide a substantial 

foundation for read-only data capture and have the advantages of convenience, ease 

of use, and relatively low cost. On the other hand, they have limited data capacity 

and can only be scanned manually, individually and within line-of-sight. 

(00) 340543211234567095 

Figure 2.4 UCC/EAN 128 symbols 

Source: (EAN UCC 2003) 
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2.3.2.2 RFID 

Radio Frequency Identification (RFID) has become a hot topic. RFID is a generic 

term for technologies, in which the transfer of data from the carrier to the reader is 

achieved via a wireless link using a modulated radio frequency carrier signal. RFID 

technology has been extensively used for a diversity of applications ranging from 

access control systems to livestock management systems, shelf life monitor systems, 

automated toll collection systems, theft-prevention systems, electronic payment 

systems, and automated production systems (Hou & Huang 2006; Jones et al. 2004a; 

Jones et al. 2004b; Karkkainen 2003; Kelly & Erickson 2005; Sellitto et al. 2007; 

Smith & Konsynski 2003). A RFID system generally comprises the following 

components (see Figure 2.5): 

> An identity tag or transponder which is attached to the product item with a chip 

capable of storing at least a unique identification number. Tags are classified as 

active or passive based on their readhvrite capabilities. 

>A reader with an antenna and its middleware that is capable of collecting radio 

frequency signals from multiple tags at high speed and can quickly process this 

data in order to eliminate duplications and misreads. 

> One or more networked databases that contain information on the identified 

product object. The database is normally allied to business software applications 

such as warehouse management, enterprise resource planning systems (ERP) or 

logistics management systems. 
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Database storing 
product information 

Reader/ 
Middleware 

Identify tag with 
unique ID Product 

Figure 2.5 Simple schematic of an RFID system 

RFID technology offers a number of significant advantages over existing methods 

in the collection and collating of product identification data and particularly in 

automation (Karkkainen & Holmstrom 2002). RFID systems allow non-contact, 

non-line-of-sight reading of the data, and are capable of operating within a range of 

environments (e. g. extremes of hot/cold, dry/wet) where other techniques would fail. 

A RFID tag is capable of carrying data from 8 bit to over 64kbits, depending on the 

construction of the device. A wide range of data transfer rates are allowed based on 

the frequency and device used. Sellitto et al. (2007) concluded that the improved 

information quality associated with RFID-derived benefits is embodied in quality 

attributes such as visibility, timeliness, currency, accuracy and completeness. 

Notwithstanding recent advances in electronic tag and reader technology and the 

decease in its cost, there are limitations associated with RFID. Tag and reader signals 

can be distorted, absorbed and deflected by certain product types. Extreme 
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temperature ranges, labelling standards and packaging constraints can also impede 

RFID usefulness within a retail setting (Jones et al. 2004a; Jones et al. 2004b). 

International standards for the use of RFID systems are being put into place, but they 

are not as developed as those for barcodes and this has handicapped the roll out of 

them on a large scale. Under this perspective Electronic Product Code (EPC) Global 

has started defining standards for an EPC Network to support the sharing of unique 

product identification information among supply chain partners (Shih & Sun 2005). 

2.3.2.3 DNA Methods 

An alternative to IT technology is offered by the DNA profiling of food which is a 

traceability system based on existing proven and reliable Polymerase Chain Reaction 

(PCR) technology. PCR has been developed into a key technology for species 

identification in foods and feeds (Saiki et al. 1988). The first DNA tests for species 

identification in foods were performed using specific DNA probes in hybridisation 

assays(Chikuni et al. 1990; Wintero et al. 1990). Through DNA profiling of food, 

products can be tracked at any stage of the supply chain, even though the food may 

change in form or be used as a component in other products (Talbot 2004). For cattle, 

the analysis of the DNA method gives an almost unique identification. Where a 

database of genetic fingerprints is held, DNA can be used to identify the animal, 

from which meat originated, even after death (Food Standards Agency 2002). Even 

in foods that have been produced under severe processing conditions, DNA 

techniques are highly effective. The "genetic ID" of food provides the most reliable 
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and accurate product identification. On the other hand, the costs and time involved in 

DNA testing make utilisation at an operational level difficult. However, by 

combining IT-based and bio-based technologies, a "EID+DNA" tracing system is 

feasible, which could use RFID to track livestock up to the point of slaughtering, and 

uses DNA profiling for auditing through the meat supply chain (EID+DNA tracing 

2006). 

2.3.3 Traceability Data Management 

All traceability systems are initially based on the identification and classification of 

appropriate traceability data to become transparent in a supply chain. Traceability 

requires that for each key component of the system, information is recorded 

describing the identity of any ingredients, and when and where they have been. Data 

concerning the items that are handled, processed, or produced are generated from the 

various enterprise processes of supply chain members and information is maintained 

to the smallest homogeneous product units. Regattieri et al. (2007) suggested that a 

fundamental pillar in designing a traceability system is in determining what data to 

trace. It not only affects the effectiveness of a traceability system but also the 

benefits that may achieve. 

Traceability data can be distinguished as static or dynamic (Folinas et al. 2006). 

Static data refers to product features that cannot change, such as retirement/catch 

data, country of origin, expiry date, and size. Dynamic data refer to dynamic features 
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that change over time while product is moving along the supply chain, such as 

lot/batch number, order ID, dispatch date, taste, and content of chemical components. 

Folinas et al. (2006) also distinguished traceability data as mandatory or optional. 

Mandatory data (Table 2.2) is collected from all members of the food supply chain, 

and most of it is then communicated to the rest of the supply chain. Optional data 

(Table 2.3) is useful if collected and shared but not essential for the efficient 

operation of a traceability system. 

Table 2.2 An indicative list of mandatory data that constitute an efficient traceability 

system 

Mandatory 
Data definition Entry example data 

Lot number 

Product ID 

Product 
description 

Supply ID 

A number of code assigned to uniquely identify a Lot number, batch number 
group or batch of products (inputs or outputs) production number, pack date 

A number of code that uniquely identifies 
individual units of production (for fresh produce) 

A description of the product 

A number or code that uniquely identifies the 
company that sells the product 

Bar code, RFID tag 

2 kg oranges bag (net) 

EAN. UCC GLN 

10,500g 

Kilo(kg), pound, bin, can etc. 

EAN. UCC GLN internal 
customer number 

Quantity Count, net weight, net volume of product 

Unit of measure 
Description of the units in which the quantity of 
product is being measured/expressed 

Buyer ID 
A number or code that uniquely identifies the 
purchaser 

(Source: Folinas et al. 2006) 
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Table 2.3 An indicative list of optional data 

Optional data Data definition Entry example 

Buyers' name 
The name of the company that purchases 

the product 

Contact 

information 
The company contact information 

Country of origin 
The country in which the product has been 

packed 

Data of pack 
The data in which the product has been 

packed 

Customer business name 

Phone number, fax number, email 

address 

International Standard 

Organisation code (ISO) 

Data, expressed as yymmdd (e. g. 
January 25 2004 expressed as 
20040125) 

Logistics service 
A number or code that uniquely identifies 

provider ID 
a third party logistics provider (transporter, EAN. UCC GLN 

carrier, etc) 

Trade unit The net weight of logistic unit 

Transportation A number or code that uniquely identifies 

vehicle ID a vehicle or vessel transporting goods 

The name of the company selling the 
Supplier name 

products 

Data that the shipment is received at its 
Receipt date 

destination 

Kg, 20£/kg, etc. 

Truck number, Trailer number, 
Container number 

Supplier business name 

Date (yymmdd) 

Dispatching date Data that the shipment has been dispatched Date (yymmdd) 

Source: (Folinas et al. 2006) 

Some traceability data is essential to fulfil the ethical and legal responsibilities of 

food manufacturers and other data is less crucial for an efficiency traceability system. 

It is the supply of additional information that provides many advantages to industry 

such as the diagnosis of food safety or quality problems back to source; or the 

creation of products differentiated in the marketplace because of the way that they 

have been produced (Food Standards Agency 2002). A recordkeeping system 

cataloguing all of a food's attributes would be enormous, unnecessary, and expensive 
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(Golan et al. 2004a). Golan et al. (2004a) indicated that firms determine the 

necessary breadth, depth, and precision of their traceability systems depending on 

characteristics of their production process and their traceability objectives. Here, 

breadth describes the amount of information the traceability system records; depth 

refers to how far backward or forward the system tracks the supply chain; and 

precision reflects the degree of assurance with which the traceability system can 

pinpoint a particular food product's movement or characteristics. 

The efficiency of a traceability system depends on the ability to collect safety and 

quality related information and manage it effectively. Jansen-Vullers et al. (2003) 

presented a solution for an information management system within a firm to support 

traceability. Their system integrates process, control, information and information 

infrastructure layers. A reference model was also developed, that enabled traceability 

information modelling. Folinas et al. (2006) introduced a generic architecture of 

traceability data management. Wilson and Clarke (1998) indicated that the data 

structure used in a traceability system must meet two conflicting criteria: first, it 

should be as small as possible to enhance speed and efficiency; secondly, it must be 

of sufficient capacity to meet the needs of largest data requirements. In addition, the 

development of software systems and databases increases the efficiency in collecting, 

transmitting and analysing larger volumes of safety and quality related data (Food 

Standards Agency 2002; Pinto et al. 2006; Wilson & Clarke 1998). 
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2.4 CONDITION MONITORING 

The efficiency of a traceability system depends on the ability to track and trace each 

individual product and logistics, in a way that enables continuous monitoring from 

primary production until final consumption by consumers (Folinas et al. 2006). A 

modern food quality assurance system requires continuous monitoring critical 

parameters of the condition that food products are maintained at different stages of a 

food supply chain throughout production, storage and transportation. 

2.4.1 Expiry Dates 

One common approach of condition monitoring is to monitor the product's expiry 

date printed on food packaging. The length between the production date and expiry 

date is known as shelf life. It is defined as the period between manufacture and retail 

purchase of a food product during which the product is of satisfactory quality (IFT 

1974). It is usually printed on product labels and typically provided in one of the 

three forms: (1) "Best before", which indicates the date after which a product is no 

longer of its "best" quality; (2) "use by", which indicates that date after which a 

product is no longer of sufficient quality and should not be consumed; (3) "sell by", 

which indicates the last day a product should be sold (Tsiros & Heilman 2005). The 

use/sell by date information is essential to track the freshness of product categories 

that should not be consumed past a date beyond which they are safe (Sahin et al. 

2007). In practice, the use/sell by date of food products can be determined by using 

food kinetic methods such as predictive microbiology and chemical tests (Fu & 
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Labuza 1993; Labuza 1984; Mizrahi 2000). However, these methods assume that 

food products are maintained under specific time and temperature conditions during 

transportation, storage and use by the end consumer. 

Sahin et al. (2007) stated that condition monitoring based on open date 

contributes to improve operations by enabling an easier inventory rotation and the 

prevention of expired product sales. On the other hand, they also indicated two issues 

of monitoring open dates: 

(1) Products can experience a large temperature variability, which in return, may 

compromise products' integrity. This variation in temperature may affect the real 

shelf life of products and may not be captured by static use-by-date labels. 

(2) Since, the use-by-date information does not take into account conditions under 

which products are conserved, producers tend to be conservative in setting the date. 

As a consequence, it potentially compromises the marketable life of food products. 

2.4.2 Sensory Devices and Wireless Sensor Network 

Perishable food products are with a variety of risks during transport and storage that 

are responsible for product quality defects. The major risks are intrinsic biological 

and chemical processes that fresh produce undergoes after harvest, related to a lack 

of appropriate control on duration, temperature and humidity, which causes 

senescence and rot. Developments in sensory devices have opened up opportunities 

for condition and status monitoring in food production and distribution applications. 
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Such devices and capabilities for data capture require identification and appropriate 

meta-data identifiers to distinguish data types e. g. temperature, pressure, humidity, 

vibration, biological and chemical agents and so forth (FoodTrace 2004). The 

sensory technologies also create opportunities for management of items under 

particular conditions and modelling based upon sensory data to better estimates 

shelf-life or manage food handling in relation to ripening times (FoodTrace 2004). 

In addition, wireless sensor networks (WSN) provide a promising solution to 

above issues. A wireless sensor network is a system comprised of radio frequency 

(RF) transceivers, sensors, microcontrollers and power sources (Wang et al., 2006). 

Instrumented with a variety of sensors, such as temperature, humidity and volatile 

compound detection, WSN allow transport monitoring of perishable food products to 

be accomplished in a distributed way (Callaway, 2004). The use of wireless 

intelligent sensors inside refrigerated vehicles was proposed in 2004 by Qingshan et 

al. (2004). Ruiz-Garcia et al. (2008) analysed the potential of wireless sensor 

technology for monitoring fruit storage and transport conditions. Such devices can be 

placed in transport vehicles in order to monitor the on-the-go environment and can be 

the basis for distributed systems, enabling environment sensing together with data 

processing. 
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2.4.3 Time Temperature Indicator (TTI) 

Majority perishable food products are temperature sensitive. Time and temperature 

are the two main factors contribute to the loss of hygienic, nutritional and sensory 

quality of perishable food (Sahin et al. 2007). Monitoring temperature history allows 

more accurate prediction of shelf life rather than only relies on expiry dates. Time 

Temperature Indicators (TTIs) provide an effective solution to monitor the 

temperature history experienced by the product. 

TTIs are small devices that show a time-temperature dependent, easily 

measurable and irreversible change (e. g. colour change), that can be correlated to 

quality changes of foods undergoing the same time-temperature exposure (Bobelyn 

et al. 2006; Taoukis et al. 1991). The principle of TTI operation is a mechanical, 

chemical, electrochemical, enzymatic or microbiological irreversible change that is 

usually expressed as a visible response, in the form of a mechanical deformation or 

colour development (Taoukis & Labuza 1989). Sahin et al. (2007) classified existing 

TTI devices according to the type of information they provided in comparison with 

the classical open use-by-date printed on product units. Among these, they defined a 

TTI Type II system which provides continuous real-time information on products' 

remaining shelf-life by taking into account temperature conditions under which the 

product has been maintained. A typical TTI Type II system includes a temperature 

sensor coupled with a clock enabling the time-temperature relation to be recorded 

and stored in a memory (Sahin et al. 2007). 
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TTIs have been widely used for monitoring the food quality changes (Bobelyn et 

al. 2006; Corradini & Peleg 2007; Giannakourou et al. 2001; Giannakourou & 

Taoukis 2002; Koutsoumanis et al. 2005; Wells & Singh 1989). The literature on 

TTIs has been developed by microbiologists and researchers in food science 

investigating the characteristics of TTIs and their applicability in monitoring and 

tracking products' freshness in different sectors (Taoukis & Labuza 1998). Sahin et 

al. (2007) built a framework to evaluate the benefits, in terms of cost reduction 

and/or quality service improvement that would stem from information provided by 

TTIs. In addition, many researches (Giannakourou et al 2005, Giannakourou and 

Taoukis 2003, Giannakourou and Taoukis 2002 Giannakourou et al. 2001) have been 

reported with applications of TTI for quality monitoring or optimisation of perishable 

food products such as frozen vegetables and chilled fish. The studies intensively 

discussed issues of applicability of TTI as an effective tool for quality monitoring 

and control in perishable food supply chains. However, innovatively managing food 

shelf-life in chilled food supply chains through application of the TTI technology has 

not attracted sufficient attentions in the research. 

The application of TTI technologies in condition monitoring in the food industry 

provides a promising opportunity that could lead to effective quality control of the 

temperature controlled food chain, optimised stock rotation and reduction of waste, 

and give some meaningful information on the remaining shelf life of the food 
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products. Differing from the reviewed literature in applications of TTIs for quality 

control or stock control, this thesis focuses on using the available tracking and 

tracing capability to support retail supply chain operations such as pricing strategy 

and its implementation. It would not only improve food quality management, but 

also strategically innovate marketing, customer services and supply chain operations. 

The value tracing enabled pricing model proposed in Chapter 5 of this thesis is based 

on a novel traceability systems enabled by RFID and TTI technologies. In addition, 

to establish such a system for perishable food products, it requires a thorough 

knowledge of the relation between these monitoring conditions and shelf life, 

expressed in quantitative terms, i. e. effective and accurate predictive models 

(Giannakourou et al. 2001). The details of the food kinetic modelling research are 

beyond the scope of this thesis. However, principles of the technology will be briefly 

introduced 1 in Chapter 5 when the principles are used to model shelf-life changes for 

retail pricing. 

2.5 MOTIVATIONS OF TRACEABILITY ADOPTION 

The definition of traceability is necessarily broad because food is a complex product 

and firms have a variety of motivations in adopting traceability. As discussed above, 

various systems or models have been developed or proposed that support traceability. 

Golan et al. (2004a) suggested that firms have three primary objectives in using 

traceability systems: facilitating trace-back for food safety and quality; 

differentiating foods with subtle or undetectable quality attributes; and improving 
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supply chain management. The TRACE-I Guideline (EAN UCC 2003) classifies five 

primary objectives for firms to implement traceability systems: quality, health and 

safety, logistics, legal matters, and marketing. Golan et al. (2004b) surveyed several 

traceability systems in the US food industries and found that systems varied widely 

across them depending on their motivations for implementation. 

2.5.1 Regulatory Requirements 

A new series of regulations on food safety have been created and adopted all over the 

World. In regulated markets, traceability becomes essential for the survival of a 

business. The British Cattle Movement Service (BCMS), runs the mandatory cattle 

identification and registration scheme in the UK (Food Standards Agency 2002). All 

cattle must be registered and those born after 1 January 1998 have had their 

movements traced from birth to death. The Compulsory Beef Labelling Scheme 

(CBLS) came into operation in the UK on 1 September 2000 (Food Standards 

Agency 2002). Mandatory labelling requirements at the point of sale require the 

identification of both the slaughterhouse and cutting plant(s) for fresh and frozen 

beef. Additional labelling requirements became compulsory on 1 January 2002. 

Since 1 January 2005 the EU General Food Law Regulation (178/2002) (European 

Commission 2002a) legally requires all food and feed business operators in the 

Community to have traceability systems. The regulations require that food and feed 

businesses should have traceability systems and procedures in place. Food or feed 

products placed on the market shall be adequately labelled or identified to facilitate 
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its traceability. Regattieri et al. (2007) clarified the legal and regulatory aspects of 

food traceability in their research paper. 

2.5.2 Food Safety and Quality 

The introduction of food traceability can be viewed as a strategic response by the 

food industry to the impact of an increase in consumers' overall risk perceptions of 

food products. Bertolini et al. (2006) argued that food manufacturers develop and 

adopt internal traceability systems and traceability chains mainly to improve food 

safety, since traceability can be seen as a subsystem whose presence is essential to 

the management of food quality. Fordice (2004) argued that food safety is concerned 

with ensuring there is no physical, chemical or biological contamination of food 

products either accidentally or through some malicious act. To support this, the 

capability to monitor and track the production of food products and provide 

traceability has become a major issue for processors (Fordice 2004). In the event of a 

food safety and quality alert, it requires sufficient data to adequately evaluate the 

type, origin and location of the source to enable corrective actions to be undertaken. 

Traceability itself does not change the safety and quality of a food product, but it 

provides the information and keeps tracking of products during all stages of the 

production, processing and distribution. Accurate traceability effectively reduces risk 

exposure by enabling food producers to identify, isolate and correct problems 

quickly and efficiently, so that public health is protected, and the economic fallout 

from such incidents is minimised (Gledhill 2002). Moe (1998) argued that the 

37 



Chapter 2 Literature Review 

development of advanced internal traceability systems can improve the efficiency of 

data collection, plant control and quality assurance. 

2.5.3 Consumer Interest 

Consumer interest in how food is produced and where it is produced is increasing 

and an increasing proportion of the population is seeking to avoid particular 

ingredients (Food Standards Agency 2002). If consumers are provided with an 

assurance about safety and quality of the food products, why should they care about 

whether a product could be traced back to the farm of origin? A consequence of 

several food incidents and scandals such as BSE, FMD, Sudan 1, and bird flu have 

caused a serious loss of confidence in consumers. As a result, they have become 

more interested in high quality food, food integrity, safety guarantees and 

transparency. Dickinson and Bailey (2002) found that Japanese and UK consumers 

in general value traceability more highly than consumers in the United States and 

Canada, and attribute this to the UK and Japanese BSE crises. An international study 

of consumers perceptions of food safety, today versus 10 years ago, found that, of 

consumers in the US, Mexico, China, Japan, South Korea, Taiwan, Germany, Italy, 

Spain, UK and Russia: a) 28%, 24%, 30%, 19%, 22%, 25%, 32%, 50%, 44%, 32% 

and 8%, respectively, thought food was "more safe", while (b) 24%, 62%, 56%, 

52%, 58%, 50%, 39%, 35%, 35%, 33% and 64%, respectively, thought food was 

"less safe" (Smith et al. 2005). Retailers have attempted to fill the gap in consumer 

confidence by offering quality assurances, with traceability integral to that assurance 
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(Hobbs et al. 2005). Firms do not want to lose consumer confidence or damage their 

reputation and have put in place careful traceability checks which take products 

bearing the logo back from the shelf through each stage in the production chain. 

2.5.4 Value Added Marketing 

In such a competitive environment, food products are becoming increasingly 

marketed as differentiated products in order to target specific markets. Golan et al. 

(2004b) described traceability as an indispensable part of any market for process 

credence attributes or content attributes that are difficult or costly to measure. In a 

Jusco Supermarket located in Japan, consumers can type the ID number on each 

steak package into the computer sitting nearby and find out the information about the 

cow that the steak came from: the test result for mad-cow disease on it and its breed 

and sex, date of slaughter, and the name of producer (Talbot 2004). In the UK, 

Sainsbury's have a `Trace Code' on the label of any Sainsbury organic food products 

(Sainsbury's 2007). Consumers can then type in the `Trace Code' at the Sainsbury's 

Organic Traceability online facility to trace their fresh organic produce back to its 

source. These examples suggest that traceability has become a value added 

marketing tool and been used to reposition retailer's products in the current market. 
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2.5.5 Product Recall Management 

In February 2005, the biggest recall in history in the UK rocked the food industry 

occurred with the discovery of the potentially carcinogenic Sudan 1, a red dye 

banned under European rules, in Worcester sauce that was used as both a table top 

sauce and food ingredient (Davies et al. 2006). Some recalls have put food 

companies out of business but most end up with stronger food safety programmes. 

Recalls are complex initiatives built upon a foundation of bad news, but companies 

that successfully manage a recall can turn bad news good by effectively managing 

the facets of a crisis (Chilton 2004). Traceability can reduce the probability of a 

problem happening as well as the severity of its consequences (Dupuy et al. 2005; 

Mousavi et al. 2002; Smyth & Philips 2002). Traceability systems are useful tools 

used to identify the problem lots, and isolate and locate products associated with 

potential public health concerns. The ability to trace and track helps reduce the 

potential scope of a food recall, and the volume of product that must be withdrawn. 

Faster, more thorough and precise food traceability can lessen the impact of a 

product recall by enabling the producer to quickly pinpoint where in the supply chain 

a problem originated and implement an appropriate remedy (Gledhill 2002). An 

effective traceability system may help to shore up public confidence and maintain 

access to export markets in the event of a food safety problem if the source can be 

identified and isolated quickly (Hobbs et al. 2005). 
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2.5.6 Improving Supply Chain Management 

Another motivation for traceability is to improve supply chain management. 

Business competition no longer takes place between individual organisations but 

between supply chains (Christopher 1998; Monczka & Morgan 1997). Improving 

supply chain performance has become a key competitive priority for firms in a time 

of increasing globalisation, shortening product life cycles and improving customer 

service. 

In supply chain management, information flows play an important part and it is a 

key determinant of economic success (Codex Alimentarius Commission 2002; 

Lummus & Vokurka 1999; Mason-Jones & Towill 1999). There has been a growing 

interest in the value of information for supply chain management. A number of 

articles (Chen et al. 2001; Huang et al. 2003; Sahin & Robinson 2002) have provided 

comprehensive reviews that address the value of information for supply chain 

management. One of the major weaknesses of the food industry is the information 

gap that exists among entities in food supply chains, originating either from an 

unwillingness to share information, or from a lack of access to sophisticated 

technologies that allow efficient and transparent information flow in supply chains 

(Folinas et al. 2006). Chopra and Meindl (2001) suggested that information serves as 

the connection between various activities in the supply chain. Therefore, the way that 

information is managed will affect the ability of the organisation, and thereby the 
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supply chain. For example, decisions, whether strategic, tactical or operational, are 

made on the basis of the available information. 

The development of traceability systems and networked information systems in 

food supply chains has changed the way information is collected and shared among 

supply chain partners. Florence and Queree (1993) suggested that traceability 

technologies are a valuable tool in improving product flow. Traceability data 

concerning the items is generated and collected from production to point of sale, and 

enable food processors, suppliers and end-users to capture information about product 

attributes in each segment of the supply chain. The traceability data provides 

instantaneous decision-making responses to variations in the supply chain. For 

example, real time traceability information about the dynamic product quality status 

based on key environment parameters becomes possible with the application of state 

of the art product identification technologies (e. g. RFID) and sensory technologies. 

The availability of such traceability data has provided the impetus for development 

of more sophisticated decision support and control systems. 

Golan et al. (2004b) stated that a business's traceability system is the key to find 

the most efficient way to produce, assembly, warehouse, and distribute products. By 

integrating information across the food chain, tracking and compliance solutions 

create value for each segment of the chain, from suppliers through retailers and food 

service operators (Bantham & Oldham 2003). 
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There are various aspects of supply chain management that can be enhanced by 

introducing traceability to a specific business function. Viaene and Verbeke (1998) 

provided an analysis of traceability in the Belgian poultry meat chain under the lens 

of supply chain management. The original incentive for establishing traceability in 

this sector related- to the need for effective disease control systems. Traceability also 

provided opportunities to establish a basis for quality management. However, while 

these authors suggest that the Belgian poultry meat chain exemplifies the need for a 

whole supply chain approach to build a sustainable competitive advantage, they offer 

little in terms of firm economic evidence. 

Mousavi et al. (2002) presented a novel Material Handling System (MHS) that 

traces and tracks meat cuts within boning halls. Simulation techniques were used to 

analyse the impact of such a system. Their study indicates that the MHS system 

appears to improve production process and yield, as well as ensuring best practices in 

meat processing and material handling take place. However, the level of 

improvement was not quantified, nor did their analysis indicate which processes 

ensure best practice. 

Golan et al. (2004b) argued that in the United States the success of traceability 

systems in helping to control inventory costs is reflected in national 

inventory-to-sales ratio statistics. Over short periods of time, inventories may rise or 
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fall, but a consistent pattern in which inventories fall relative to a firm's total sales 

indicate that the firm is improving its ability to track its inputs and outputs and is 

taking advantage of that knowledge. However, the study did not provide detailed 

analysis how traceability systems help to achieve the improvement. 

Wang and Li (2006) identified potential values of food traceability. A food 

traceability system presents manufacturers with the opportunity to improve process 

control; indicate cause and effect when a product fails to conform to standard; 

improve planning so that raw material use is optimised; and provide incentives for 

implementing IT solutions to control and manage production. The research also 

indicated that the key issue to add these values is to use the traceability information 

to manage and improve business processes. An efficient and effective system 

transmitting accurate, timely, complete, and consistent information about products 

through the supply chain can significantly reduce operations cost and increase 

productivity (Regattieri et al. 2007). 

In summary, effective food chain management through traceability solutions 

delivers value to each link in the chain, including enhanced productivity, new 

revenue, and the overall public good of food safety. Unfortunately current researches 

have failed to draw a clear picture to integrate traceability systems with supply chain 

management operations to improve overall supply chain performance. 
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2.6 THE ECONOMICS OF TRACEABILITY ADOPTION 

There are various food traceability systems offering different levels of functionality, 

reliability, and efficiency for traceability. These systems can be very costly 

depending on the amount of the information collected and the degree of assurance 

with which the tracing system is able to find out a particular food product's 

movement or characteristics. Traceability systems create additional costs for 

producers and for food sector as a whole. Will consumer pay extra money for 

additional traceability information? How can a company adjust its investment in food 

traceability? In this section, relevant research results from the literature are presented 

that analyse the value from the economics prospective. 

2.6.1 Willingness to Pay for Traceability 

Traceability can serve to differentiate products for selected attributes by supporting 

identity preservation along the supply chain. However, one question of interest to 

researchers asks whether consumers actually place a value on traceability through the 

food supply chain. It is relatively difficult to measure due to the fact that consumers 

may not want to pay for traceability itself but for the certification of product 

attributes that if offers (Golan et al. 2004b). Unfortunately, researches on consumer 

willingness to pay (WTP) for traceability do not give a clear answer. For example, 

Meuwissen et al. (2003) were not able to identify consumer `willingness to pay' a 

price premium for food safety-related systems and certification schemes. A number 
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of studies have identified a clear premium associated with traceability, specifically 

within the context of meat (Hobbs et al. 2005; Verbeke & Ward 2006). 

Hobbs et al. (2005) analysed consumer's `willingness to pay' for traceability, food 

safety and on-farm production assurances in the Canadian pork and beef sectors 

using laboratory-based experimental auctions. Consumers ranked food safety as the 

most valued attribute, with an attached premium of around 20 %. Traceability was 

ranked behind both food safety and farm production assurances, with a premium of 

only 7 %. A product with all three characteristics had a collective price premium of 

40 %. Dickinson and Bailey (2002) conducted a similar study in the United States, 

and identified a price premium for traceability of around 17 %. Verbeke and Ward 

(2006) carried out research to determine which information really attracts consumer 

interest by looking at the labels on beef. Findings reveal that consumer interest is 

generally low for traceability, moderate for origin and high for indicators of quality 

such as quality guarantee seal or expiration date. The literature shows that it is not 

clear if certification of food safety for traceability can generate a price premium for 

supply chain partners. 

2.6.2 Cost and Benefits of Traceability 

The food industry operates with a thin profit margin per unit and traceability can 

negatively impact on profitability of a product while there is uncertainty surrounding 

consumer willingness to pay for it. However, from an economic perspective 
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traceability must offer an overall net benefit that exceeds implementation and 

on-going costs incurred through investing in traceability systems. Mousavi et al. 

(2002) argued that the high cost of traceability system installation and the absence of 

any commercial benefit were major reasons for the poor take up of such systems in 

the UK. Therefore, full comprehension of the associated costs and benefits of 

traceability implementation can contribute to a better understanding of traceability 

and support the business decision making. 

The costs of a traceability system are relatively easy to define, although perhaps 

less easy to measure. According to Sparling and Sterling (2004), the main costs 

concern technology (software, services and hardware) systems integration, 

implementation and training, and on-going maintenance and support (see Table 2.4). 

Golan et al. (2004b), however, took a broader perspective, distinguishing between 

the costs of record keeping and the costs of product differentiation. Recordkeeping 

costs are incurred in the collection and maintenance of information on product 

attributes as they move through production and distribution channels and product 

differentiation costs are incurred in keeping products or sets of product attributes 

separate from other tracking purposes. The costs perceived by companies practising 

traceability are also divided into two categories: implementation and maintenance 

(Meuwissen et al. 2003), in which the implementation costs affect operations and 

business activities such as transforming process, flexibility, automation, extra 
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storage, production, materials, personnel, and documentation; and maintenance costs 

are essentially costs associated with auditing. 

Table 2.4 Cost and benefits analysis of traceability system 

Costs Benefits-Quantifiable Benefits- qualitative 

Technology- software, Regulatory benefits Impact on reputation services and hardware 
Database changes and Recall & Risk Perception related to 

systems integration management benefits reduced risks 

Implementation & training 
Supply chain processes 
benefits 

On-going maintenance & Market & customer 
Support response benefits 

Total Costs Total S Benefits Other perceived benefits 

Source: (Sparling and Sterling 2004) 

The magnitude of traceability system costs depends on the type of identification 

technology chosen (e. g. tag, brand, electronic transponders), on the labour 

requirement for the application and reading of the identification device, and the 

manner in which traceability data is maintained (Disney et al. 2001). The cost of a 

traceability system is often difficult to measure as traceability is not an independent 

system in itself but is integrated into systems that already exist: quality management 

tools, product, logistics or the computer system (EAN UCC 2003). Some ratios are 

given in the guideline (EAN UCC 2003) that may help determine the relevant and 

acceptable level of cost: 

Cost of the data carrier (e. g. RFID tag) compared to the price of the trade item 

> Cost of the traceability system compared to the probability of using the 

traceability system 
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> Cost of the traceability system compared to the commercial and marketing costs 

in case there is no traceability system (particularly in case of crisis and 

withdrawal of a product). 

The benefits of traceability are both difficult to define and measure. Accurately 

assessing benefits is challenging as it is hard to identify and vary between different 

markets, products and processes. This reflects the fact that such benefits may be 

widespread individually quite small, and largely intangible in nature. According to 

Sparling and Sterling (2004) there are four major categories of benefits that can be 

associated with traceability systems (Figure 2.6): 1) regulatory benefits; 2) market 

and customer response benefits; 3) recall and risk management benefits; and 4) 

supply chain benefits. The key to understand the business value of traceability is to 

identify and estimate the benefits at every level and compare them to the cost of 

implementing the system. They recommend that managers approach these as a 

hierarchy of potential value and assess each category of benefits. The categories of 

benefits are consistent with those of Golan et al. (2004a, b): to improve supply-side 

management, to increase safety and quality control, and to market foods with 

credence attributes. 
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Figure 2.6 Understand the business value of traceability 

Source: (Starling and Sterling 2004) 

One of the main drivers for adopting traceability is to meet regulatory 

requirements, making traceability a prerequisite for operating in some markets. 

Although, for many managers, it is viewed simply as a cost, for most firms the need 

to comply with regulatory requirements may be sufficient to justify investing in 

traceability. For other benefits, it is important to emphasise that traceability alone can 

not deliver them. Golan et al. (2004b) explained the difference between traceability 

potential benefits and benefits realised from traceability. For example, simply 

knowing where a product is in the supply chain does not improve supply (inventory) 

management unless the traceability system is paired with a real-time delivery system 

or some other inventory-control system. 
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Golan et al. (2004b) argued that the development of traceability systems 

throughout the food supply system reflects a dynamic balancing of benefits and 

costs. It spurs different rates of investment in breadth, depth, and precision of 

traceability across sectors-and continues to do so. Their research also summarised 

key factors affecting the benefits and costs of implementing traceability systems (see 

Table 2.5). These factors vary across industries and across time, reflecting market 

dynamics, technological advances, and changes in consumer preferences. 

Table 2.5 Major factors affecting costs and benefits of traceability 

Factors affecting costs Factors affecting benefits 

1) The wider the breadth of traceability, the 

more information to record and the higher 

the costs of traceability 

The higher the value of coordination 
along the supply chain, the larger the 
benefits of traceability for supply-side 
management 

_i The greater the depth and the number of 
transactions, the higher the costs of 
traceability 

11 The greater the precision, the smaller and 
more exacting the tracking units, the higher 

the costs of traceability 

EJ The greater the degree of product 
transformation, the more complex the 
traceability system, the higher the costs of 
traceability 

-i The larger the number of new segregation 
or identity preservation activities, the higher 

the costs of traceability 

The larger the number of new accounting 
systems and procedures, the more expensive 
the start-up costs of traceability 

The larger the market, the larger the 
benefits of traceability for supply side 
management, safety and quality control, and 
credence attribute marketing 

The higher the value of the food product, 
the larger the benefits of traceability for 

safety and quality control 
The higher the likelihood of safety or 

quality failures, the larger the benefits of 
reducing the extent of failure with 
traceability systems for safety and quality 
control 
"ä The higher the penalty for safety or 
quality failures, where penalties include loss 

of market, legal expenses, or government- 
mandated fines, the greater the benefits of 
reducing the extent of safety or quality 
failures with traceability 

The higher the expected premiums, the The greater the technological difficulties 
larger the benefits of traceability for 

of tracking, the higher the cost of traceability 
credence attribute marketing 

Source: (Golan et al. 2004b) 

51 



Chapter 2 Literature Review 

2.7 OPERATIONS RESEARCH ON FOOD TRACEABILITY 

In operations research and management science, traceability is seen as an 

information system devised to coordinate information between different divisions 

within a company. For example, Jansen Vullers et al. (2003) presented a solution for 

information management system within a firm to support traceability. Their system 

integrates process, control, information and information infrastructure layers. 

Bertolini et al. (2006) proposed an application of Failure Mode Effect and Criticality 

Analysis (FMECA) methodology to the traceability system analysis in the food 

supply chain. This enables the critical points of the system to be identified, and 

allows the management to propose improvements in the traceability system by 

focusing on the most severe situations from a systems criticality point of view. The 

approach can be used as a formalised procedure to examine and rank the effects of 

failure modes on the functionality of the internal traceability system, and to propose 

operational and structural improvements whose effects can be evaluated in a 

quantitative manner. 

In addition, Dupuy et al. (2002) developed a method for modelling and optimising 

traceability systems in the food industry. The modelling method is based on the 

concepts of traceability resource units and batch dispersion. It enables to analyse and 

optimise the dispersion of the production process before setting up a new traceability 

system. Based on this research, Dupuy et al. (2005) using an operations research 
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approach, developed a traceability optimisation model that minimising the recall size 

through planning batch dispersions in supply chain operations. As the integrated 

model proposed in Chapter 4 is developed based on Dupuy's model, this traceability 

optimisation model will be further discussed in Section 4.2. 

The importance of these researches is that they view the construction of a 

traceability system as an optimisation problem aimed at governing the flow of 

information between different departments of a fine or organisation of a supply 

chain to improve overall business performance. However, the above researches do 

not bring other operational factors such as inventory control or shelf life management 

in consideration. 

2.8 INTERACTION BETWEEN TRACEABILITY AND OTHER 

MANAGEMENT SYSTEMS 

Food traceability is viewed as a strategic response to the impact of an increase in 

consumers' overall risk perceptions of food products that have resulted from the first 

outbreak of Bovine Spongiform Encephalopathy (BSE) during 1980s. Many 

applications of traceability systems to the food chain seek at present to enable the 

finished product to be identified within a defined assured supply chain. Within this 

context, product and process traceability is seen as part of a quality assurance 

management system. Moe (1998) stated that traceability is an essential subsystem of 

quality management. Apart from traceability, a series of global food safety policies 
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and regulations were created and adopted across the World. Along these lines, 

HACCP (Hazard Analysis of Critical Control Points) is increasingly used as a means 

of providing food safety assurance. Another attempt is the application of risk 

assessment techniques to food safety issues that is being promoted by international 

organisations such as World Health Organisation and European Commission 

(European Commission 2002b; WHO/FAO 1999). The principles of the interaction 

among these applications are summarised in Figure 2.7. These systems have a close 

interrelationship in terms of food safety and quality objectives. 

REGULATOR 

HACCP 
FOOD 

SAFETY 
AND 

QUALITY 

Traceability 

FOOD INDUSTRY 
Risk 

Assessment 

CONSUMER 

Figure 2.7 Interrelationship among the quality management systems 

2.8.1 HAC CP 

HACCP principles can be applied throughout the food chain from the primary 

producer to final consumer and the application of HACCP systems can aid inspection 

by regulatory authorities and promote international trade by increasing confidence in 

food safety (Codex Alimentarius Commission 1997). Most food manufacturers are 
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required to apply the principle of HACCP to ensure the safety of their products. The 

HACCP principles have been internationally accepted and approved. 

End point testing is not a good way to ensure food safety (Walker et al. 2003), 

because by the times the results are obtained, the food has been served and consumed 

and hard to trace or recall. The goal of an HACCP plan is to minimise risks by 

establishing control procedures at certain critical points during food processing. 

Walker and Jones (2002) stated that the use of HACCP is an approach for prevention 

and control of foodborne disease by identifying hazards and risks at every stage of 

food production and determining where controls are required. Sun and Ockerman 

(2005) discussed the needs, current applications and the prospects of HACCP in food 

service areas in their research, and suggested that the development of a HACCP in all 

food business is essential to ensure the safety of whole production line of the food 

chain. 

There are seven standard principles of the HACCP system recommended by the 

FDA Food Code (McSwane et al. 2003). They are (1) hazard analysis, (2) 

identification of the critical control points (CCPs) in food preparation, (3) 

establishment of critical control limits (thresholds) which must be met at each 

identified critical control point, (4) establishment of procedures to monitor CCPs, (5) 

establishment of the corrective action procedures to be taken when monitoring 

indicates that a critical limit has been exceeded, (6) establishment of procedures to 
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verify that the HACCP system is working, and (7) implement effective record 

keeping systems that document the HACCP system. 

Hazard analysis is the collection and evaluation of information, characteristics and 

data of contaminants and conditions leading to food safety risks. Sperber (2001) 

indicated hazard analysis and risk assessment are fundamentally different and 

independent processes. However, hazard analysis and risk assessment contain a 

common step: hazard identification. Hazard identification is a qualitative approach of 

systematically identifying potential adverse health effects of the hazard. Hazards can 

be classified into three categories: biological hazard, chemical hazard, and physical 

hazard (Codex Alimentarius Commission 2002). The impacts of hazardous agents 

vary in terms of the materials quality, process environment, composition, packaging 

and storage conditions of the product. In general practice, the main input for hazard 

identification is from the knowledge of existing hazards, either from analysis of 

ingredient lists, or from brainstorming by the HACCP team. 

Within food manufacturing it is common to see traceability systems being used 

alongside HACCP to provide verifiable documentation that monitors the critical 

control points and allows remedial action to be taken if a product falls below 

acceptable quality (Food Standards Agency 2002). Many consider traceability and 

HACCP to be interconnected as part of a product quality management system. 
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2.8.2 Risk Assessment 

The application of risk assessment methods to food safety have been reported 

extensively in the literature. Risk assessment is one of three parts of the greater 

process of risk analysis that includes risk management and risk communication. It is 

a scientific evaluation of known or potential adverse health effects resulting from 

exposure to biological, chemical or physical factors in food (Codex Alimentarius 

Commission 2002). The ultimate goal of a risk assessment process is to estimate the 

probability of occurrence and this may be based on qualitative and/or quantitative 

information (Davidson et al. 2006). 

Risk is defined as a function of the probability of an adverse health effect and the 

severity of that effect, consequential to a hazard (European Commission 2002a). A 

risk assessment process consists of four steps: hazard identification, hazard 

characterisation, exposure assessment and risk characterisation. Hazard identification 

is a qualitative approach of systematically identifying the potential adverse health 

effects. Hazard identification is the identification of biological, chemical and 

physical agents capable of causing adverse health effects and which may be present 

in a particular food or group of foods (Codex Alimentarius Commission 1999b). 

Hazard characterisation is the qualitative and/or quantitative evaluation of the nature 

of the adverse health effects associated with biological, chemical and physical 

agents, which may be present in food (Codex Alimentarius Commission 1999b). It is 

the process of obtaining quantitative information (dose-response assessment) on the 
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magnitude of adverse effects on human health following exposure to a hazardous 

entity. Exposure assessment is defined as the qualitative and/or quantitative 

evaluation of the likely intake of biological, chemical and physical agents via food as 

well as exposures to other sources if relevant (Codex Alimentarius Commission 

1999b). Risk characterisation is the qualitative and/or quantitative estimation, 

including attendant uncertainties, of the probability of occurrence and severity of 

known or potential adverse health effects in a given population based on hazard 

identification, hazard characterization and exposure assessment (Codex Alimentarius 

Commission 1999b). 

Various risk assessment methodologies and approaches (Hoornstra & Notermans 

2001; Parsons et al. 2005; Serra et al. 1999) have been developed and are 

increasingly being used to quantitatively assess risks to human health imposed by the 

food chain. Sperber (2001) indicated that risk assessment is a quantitative, global 

process in which a numerical degree of risk can be calculated for any particular 

hazard. Quantitative risk assessment, in particular when using stochastic models, is a 

specialised task that requires mathematical and statistical skills in addition to 

microbiological and technological knowledge (European Commission 2002b). As a 

consequence, it involves collaboration between regulatory, public health, academic 

and industrial organisations. 

Traditionally, risk assessment has mainly focused on assessing the risk of the end 
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product on consumers' health and making decisions about food safety objectives that 

comply with regulatory and customer requirements (European Commission 2002b; 

Hoornstra et al. 2001). End point testing is not a good way of ensuring food safety 

(Walker et al. 2003). By the time the results are obtained, the food has been served 

and consumed and it is hard to trace or recall. The question of application level is 

related to the reason for conducing risk assessment i. e. to provide information 

sufficient to make risk management decisions. There is a need to provide an 

additional focus of risk assessment application from production perspective and more 

procedures must be taken during the processing. For example, `Pre-screening' of the 

risk by simpler methods can aid decisions about the value of investing resources in 

fully quantitative risk assessment (Ross & Sumner 2002). From a company's 

perspective, by using elements of quantitative risk assessment, the HACCP system 

can be transformed into a more meaningful managerial tool. In reality, many 

companies, particularly in small and medium-sized enterprises (SMEs), struggle with 

their practical applications, because of a lack of expertise, training, time, motivation, 

commitment and ability to implement an systematic and quantitative risk assessment. 

According to Schwagele (2005), any food traceability system requires an 

associated risk assessment model in order to evaluate the potential health risks to 

humans and animals. Wang and Li (2006) proposed a framework whereby the 

traceability system is integrated with a risk assessment model for overall quality 

improvement (See Figure 2.8). Food risk assessment requires research identifying 
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various factors causing quality and safety problems, and models to assess them. The 

risk factors are influenced by the process environment, raw materials, composition, 

packaging and storage conditions. With advanced tracking technologies and 

networked information systems existing in food supply chains, the information that is 

available to supply chain partners is increasing overtime (Li et al. 2006a). These 

parameters are coupled with the traceability system and are available for assessment 

modelling. The new approach can provide more efficient and accurate assessment. A 

quick and effective response can be given in a risk alert. Dynamic product quality 

and safety evaluation becomes possible when real-time product data regarding these 

factors is available. 
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Figure 2.8 Integrate traceability system with quality management processes 

Source: (Wang and Li 2006) 

2.9 PERISHABLE FOOD SUPPLY CHAIN MANAGEMENT 

The importance of perishable goods is growing in terms of sales and the competitive 

importance of attracting consumers. The sale of perishable products makes up over 
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50% of the $400 billion U. S. retail grocery industry (First Research 2005). Produce 

represents 12.7% of total sales and is the second most profitable category behind 

frozen foods (Tsiros & Heilman 2005). Furthermore, perishables have become the 

core reason many consumers choose one supermarket over another (Heller 2002). 

Tsiros and Heilman (2005) suggested that meat and produce tend to be the areas on 

which consumers base their value judgments about stores. Despite their strategic 

importance, management of perishable products are far from satisfactory. To have a 

deep insight, the main issues in the perishable food management are discussed in this 

section. 

2.9.1 Main Issues in Perishable Food Management 

Although perishables are important to retailing performance, perishables subject 

grocery retailers to losses of up to 15% due to damage and spoilage (Ferguson & 

Ketzenberg 2006). Perishable food products have high deterioration rate and limited 

shelf lives, and are spoiled if they are stored beyond a certain period of time. Shelf 

life, as defined in Section 2.4.1, is the length of time that a given item can remain in 

a saleable condition on a retailers' shelf. It is one of the main differences between 

perishables and non-perishables. Van Donselaar et al. (2006) stated two criteria if an 

item is to be considered perishable: 

  The high rate of deterioration at ambient storage conditions requires specific 

storage conditions at the store and/or by the consumer to slow the deterioration 

rate. 
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  The obsolescence date of the product is such that reordering of the products with 

the same date is impractical (e. g. periodicals, like newspapers and weekly 

magazines). 

By comparison with non-perishables, the study of van Donselaar et al. (2006) 

indicated that perishables typically show higher average sales, a smaller case pack 

size, lower coefficient of variation in weekly sales, lower potential delivery 

frequency and a lower minimum inventory norm. 

The quality of perishable food products such as fresh produce can be affected in 

supply chain processes by variations in quality control conditions. Given good 

manufacturing, packaging and hygiene practice, temperature control is the most 

influential factor affecting final food quality and shelf life (Koutsoumanis et al. 

2005). As food products often sold in areas of the world far remote from their 

production sites, the need for extended shelf-life for these products has also 

expanded. According to the government-funded recycling agency, Wrap, there are 

estimates of total consumer and industrial food waste reaching 17 million tons in the 

UK each year, including four million tons of edible food (Coughlan 2006). Research 

shows that before perishable foods reach consumers, roughly 20 percent of them 

become unusable (Kader 2005). Improvements in the cold distribution chain have 

made international trade of perishable foods possible, but refrigeration alone cannot 

assure the quality and safety of all perishable foods (Holley & Patel 2005). 
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2.9.2 Value of Traceability Data to Perishable Food Management 

For the case of perishable food management, Ferguson and Ketzenberg (2006) 

studied the benefits of information sharing in attempts at improving retail product 

freshness of perishables. The study found that the retailer benefits the most from 

information sharing where: (1) the variability of either demand or the remaining 

lifetime of replenished times is high, (2) product lifetime are short, and (3) the cost of 

the product is high. Furthermore, the emergence of novel traceability systems 

enabled by advanced product identification and sensory technologies such as RFID 

and TTI (see Section 2.3) provides great opportunities for effective management of 

perishable food. While these technologies are more often adopted in developing 

traceability systems (Kelepouris et al. 2007; Koutsoumanis et al. 2005; Li et al. 

2006a), it enables the traceability system automatically capturing the product 

information regarding product identity, properties and related data (e. g. temperature, 

humidity, and the time period during which products have been exposed to the 

temperature in a supply chain process. ) in real time. This information is crucial to 

avoid wastage, and facilitate dynamic pricing needed to maximise profit. Such 

transparency generates the possibility that, as products pass through a supply chain, 

decisions on product pricing based on current product quality, and the best place and 

quantity that the products should be delivered, can be made dynamically. 

The detail of TTIs has been reviewed in Section 2.4.2. TTI technologies permit 

monitoring the freshness of a product i. e. they allow evaluation of the shelf life in 
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discrete or continuous time that results from the temperature history experienced by 

the product. The applicability of TTIs has been evaluated for various perishable 

foods including chilled fish, dairy products, meat and poultry, frozen fruit and 

vegetables, and frozen meats. Sahin et al. (2007) identified the benefits from the use 

of TTIs in terms of supply chain cost reduction and/or quality improvement. The 

research also gives perspectives for quantitative models that can be developed to 

assess these benefits. 

Among authors that considered the use of RFID to improve perishable food supply 

chains, Karkkainen (2003) presented a case study for Sainsbury's, where the 

information programmed on the RFID tag affixed to crates of chilled food contains a 

description and the quantity of products that are inside the crates, the use by date of 

these products and the crate's own ID number. The goal of the project was to reduce 

labour associated with stock counting and rotation monitoring and to reduce spoilage 

in stores. Li et al. (2006a) proposed a mathematical model for the dynamic supply 

chain planning of perishable food in order to maximise profits for supply chain 

partners. The model dynamically allocates products from food processing packaging 

to distributors, and then from distributors to retailers. It uses the information 

provided by the RFID technology which provides dynamic product quality status at 

each stage of the supply chain. Decisions on product allocation are then made based 

on order quantities, shipping costs, losses of product value, and costs of re-allocating 

the products. Sahin et al. (2007) suggested that RFID can improve the supply chain 
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management of temperature sensitive products since the information concerning 

characteristics of perishable products such as the use by date for remaining shelf life 

can be programmed into the RFID tag. This enables them to be tracked/traced more 

easily. Such a technology enables a more delicate approach to control product flows, 

rather than planning merely based on estimated product shelf life. 

2.9.3 Operations Research on Perishable Products 

While the importance of managing perishables is growing, operations research on 

perishable foods has been reported extensively in the literature. In this section, 

inventory control, dynamic pricing, production scheduling and distribution planning 

models for perishable products are reviewed. 

2.9.3.1 Inventory Theory for Perishables 

Inventory control for perishable products has been given much attention in the 

inventory literature due to its prevalent existence in the industry. It starts with the 

work of Whitin (1957) who considered fashion goods deteriorating at the end of their 

prescribed storage period. Ghare and Schrader (1963) were the first to develop an 

exponentially decaying inventory model. Since then, deterioration models have 

received particular attention, and a considerable amount of work has been concerned 

with optimal production and delivery processes for perishable products form a 

operational cost perspective. Nahmias (1982) reviewed the literature concerning the 
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problem of determining suitable ordering policies for both fixed life perishable 

inventory, and inventory subject to continuous exponential decay. Raafat (1991) 

provided a comprehensive survey on continuously deteriorating inventory models 

where deterioration is considered to be a function of on-hand inventory. Goyal and 

Giri (2001) presented a review of deteriorating inventory models after Raafat's 

survey. Based on shelf-life characteristics, the research classified inventory models 

into three categories: (1) modes for inventory with a fixed lifetime; (2) models for 

inventory with a random lifetime; and (3) models for inventory which decays 

corresponding to the proportional inventory decrease in terms of its utility or 

physical quantity. 

2.9.3.2 Pricing Theory for Perishable Products 

Determining the "right" price for a product is a complex task, in which issues such as 

operating costs, availability of supply, future demand, and how much customers 

value the product, have to be considered. For a perishable food product, two 

characteristics differentiate it from the common pricing problem. First, it has to be 

removed from the shelf when it reaches its expiration date and this leads to an 

outdating cost instead of a positive salvage value. Price discount is often used in 

practice when perishable products approach their expiring date. Tersine (1994) and 

Shah et al. (2005) presented inventory models that incorporate the relationship 

between a temporary price discount of a perishable product and its remaining shelf 

life. Tersine (1994) developed an inventory model that incorporates the effect of a 
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temporary discount in sale price. Shah et al. (2005) developed a mathematical model 

for an inventory system that considers a temporary price discount when commodities 

in an inventory system are subject to deterioration with respect to time. 

Secondly, customers may be sensitive to the quality of the expiring products and, 

as a result, give them a lower valuation. In this case, expiring products have to be 

priced lower than new products in order to make customers purchase those expiring. 

One type of the research is maximising business profits through pricing or allocating 

perishable products in an operational process according to their fixed shelf life 

(Bhattacharjee & Ramesh 2000; Shah et al. 2005; Zhao & Zheng 2000). 

Bhattacharjee and Ramesh (2000) developed a pricing model to maximise profits. 

The single product has a fixed life. The deterioration of the product is considered for 

a time period over which total demand is allocated, and is not directly related to the 

variation of product prices in supply chain stages. Zhao and Zheng (2000) developed 

an optimal pricing model for perishable assets. Their research focused on finding 

structural properties of optimal pricing policies. It showed that over time the optimal 

price decreases with the level of inventory held. In such cases, product shelf life acts 

as a constraint to the pricing decision. 

Another type of research employs the concept of product value, to represent 

product quality and utility attributes on which decisions on pricing or operational 

planning can be made (Blackburn & Scudder 2003; Kopalle et al. 1996; Li et al. 
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2006a). Kopalle and Winer (1996) presented a dynamic pricing model incorporating 

the relationship between expected quality and reference price. Blackburn and 

Scudder (2003) developed an optimised ordering model which considers the loss of 

perishable product values at various stages of the supply chain. The research focuses 

on value deterioration characteristics of fresh produce at harvest and cooling stages 

in the supply chain. Li et al. (2006b) also proposed an automatic tracking enabled 

business model for food products that employs a dynamic pricing approach to 

optimise retail chain profits. 

2.9.3.3 Production Scheduling for Perishable Products 

The inventory and pricing models discussed in previous sections often neglect 

production issues, whereas, in practice, product deterioration often occurs in 

particular stages of the production process. This deterioration depends on the product, 

on the production step and on the specific features of the storing devices employed 

within the process. In these cases, finding adequate scheduling policies is critical for 

reducing the losses and costs due to production perishability. Much of the work on 

food and perishable goods production scheduling is based on heuristic 

approaches(Claassen & van Beek 1993; Tadei et al. 1995), where an application of 

aggregate planning and scheduling is proposed. Arbib, Pacciarelli and Smriglio 

(Arbib et al. 1999) proposed a three-dimensional matching model for scheduling 

perishable goods. Algorithms were also provided to solve the optimisation problem. 
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2.9.3.4 Distribution Models for Perishable Products 

Food products often deteriorate due to extended travel times and frequent stops 

needed to serve customers. Although, temperature controlled vehicles have been 

used in delivering perishable food, these vehicles are usually more expensive and 

consume more fuel than regular vehicles. Attention has been given to the researches 

investigating the effective management of distribution in cold food supply chains. 

Tarantilis and Kiranoudis (2001) analysed the distribution of fresh milk and 

formulated the problem as a heterogeneous fixed fleet vehicle routing problem. 

Tarantilis and Kiranoudis (2002) proposed an open multi-depot vehicle routing 

problem (OMDVRP) to deal with a real life distribution problem in Greece, 

concerning how the industry distributed fresh meat. Lin and Chen (2003)proposed a 

dynamic logistics control model for a perishable product. The research investigates 

an issue of dynamically allocating fresh food supplies to retailers with given 

remaining product shelf life, expected sales and relevant costs. The model focuses on 

maximising profits according to the limited shelf life of perishable products, 

uncertainty of supplies and demands, and costs incurred during the given shelf life 

period. Belenguer et al. (2005) developed the computer package RutaRep as a 

decision support system to automatically generate delivery routes in the meat 

industry. Hsu et al. (2007) proposed an SVRPTW model to obtain optimal delivery 

routes, loads, fleet dispatching and departure times for delivering perishable food 

from a distribution centre. It minimises not only the fixed costs for dispatching 

vehicles, but also the transportation, inventory, energy and penalty costs for violating 
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time-windows. Osvald and Stirn (2007) developed a vehicle routing algorithm for the 

distribution of fresh vegetables and similar perishable food. The model considers the 

impact of perishability as part of the overall distribution costs and a heuristic 

approach is used to solve the problem. 

2.9.3.5 Joint Models for Perishable Products 

Another area of related research considers optimal strategies for combining pricing, 

inventory management, production and distribution planning. Eliashberg and 

Steinberg (1987) considered pricing, inventory, and production management policies 

for a marketing channel subject to seasonal variations. Chen et al. (2001) studied 

pricing and replenishment strategies for a retail/distribution system, where pricing 

and replenishment decisions are made by both suppliers and retailers. Feng and Xiao 

(2006) presented a comprehensive model to integrate these pricing and capacity 

allocation decisions for perishable products. Kanchanasuntorn and Techanitisawad 

(2006) proposed a periodic review inventory-distribution model to deal with the case 

of a fixed-life perishable product and lost sales at retail outlets. Some research 

focuses on optimisation of inventory control through dynamic pricing or planning 

(Chakrabarty et al. 1998; Chatwin 2000; Rajan et al. 1992). McGill and van Ryzin 

(1999) pointed out that integration of price and inventory decisions deserves more 

attention than it does. 
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2.10 SUMMARY 

Although there are various systems available offering different levels of 

functionality, reliability, and efficiency for traceability, companies are uncertain 

about the return on investment and hesitate in deciding the level of food traceability 

that needs to be adopted. If it is only to meet regulatory requirements or product 

recall purposes, these costs could be a significant burden with little payback. The 

progress of improvements in food traceability has been rapid in recent years. 

However, many of the efforts have been separated from profitable strategies of 

managing supply chain operations, little has been reported which integrates food 

traceability concept with supply chain management operations. In fact, it is the area 

where food companies have difficulties in contemplating the advantages of food 

traceability. 

Unfortunately, current researches have failed to draw a clear picture that integrates 

food traceability with supply chain management activities. Another problem is the 

lack of practical business models to assist organisations in seeking traceability 

benefits from supply chain management perspectives as well as quantitatively 

assessing the benefits. In this research, the gap identified in the literature will be 

bridged from two directions. Before that, a detailed discussion of the development of 

the research strategy and methodology is presented in Chapter Three. 
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CHATPER THREE 

RESEARCH METHODOLOGY 

3.1 INTRODUCTION 

This chapter presents a discussion of the methodology employed in carrying out this 

research and the steps highlighted to be taken in execution. It begins with a 

description of research questions. Following this is an introduction to the different 

types of research that are available, along with reasons for those being adopted in this 

research. After this, a discussion of research design, research strategy, and data 

collection and analysis methods is presented. Finally, approaches taken to validate 

the research are discussed. 

3.2 RESEARCH QUESTION 

Research questions are important, which tell you what your research is about and 

what you are collecting data for. Van De Ven (2007) argued that problem 

formulation is the first important task in research and plays a crucial role in 

grounding the subject. It directly affects how theory building, research design, and 

problem solving techniques are performed. The solution to a problem formulation 

process is often a research question that merits further scientific investigation. 

Bryman and Bell (2007) summarised criteria for evaluating research questions. 

Research questions should be clear, researchable, connect with established theory 
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and research, linked to each other, neither too broad nor too narrow, and have the 

potential for making a contribution to knowledge. 

As discussed earlier (see Section 1.2), there are four key questions which provide a 

basis for this research. These questions help to identify areas that require 

investigation in order to develop the research design and choose the right research 

strategy to achieve the research objectives. The questions asked in this thesis are not 

merely what a particular outcome will be, but how it can be done and why such 

research is worth doing. This mode of questioning fits naturally into the implied 

`how/why' categories, and consequently demands support in the form of history, 

experiments and /or case studies (Yin 1994). The case research method allows the 

question of why, what and how, to be answered with a relatively full understanding 

of the nature and complexity of the complete phenomenon (Meredith 1998). 

3.3 TYPE OF RESEARCH 

Many different types of research are available, having been designed for many 

different research areas and applications (Saunders et al. 2003). According to Hussey 

and Hussey (1997), research can be classified into four main categories. Within each 

category there are further subdivisions: 

> The purpose of the research: exploratory, descriptive, analytical i explanato, y, 

and predictive. 

> The logic of the research: deductive or inductive 
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¢ The outcome of the research: applied or basic /pure 

¢ The process of research: qualitative or quantitative. 

Looking from the purpose perspective, this research is an example of analytical 

research. Hussey and Hussey (1997) indicated that analytical research aims to 

understand phenomena by discovering and measuring causal relationships among 

them. The research questions that this thesis attempts to answer go beyond merely 

describing the characteristics, but focus on to analysing and explaining why 

traceability systems can deliver greater benefits when they are integrated with supply 

chain operations planning. 

From the logic perspective, this research is inductive research, as the theory is 

developed from observation of empirical reality and moves from specific to general 

industrial applications. With deductive reasoning, the evidence provided must be a 

set about which everything is known before the conclusion can be drawn (Babbie 

2001). Since the proposed models in this research have not been applied, it is 

difficult to know everything. In contrast, with inductive reasoning, by giving a set of 

evidence, but with incomplete knowledge, the conclusion is likely to be drawn 

through learning new things that are not obvious from the evidence. 

From the outcome perspective, this research is applied research. This thesis's 

outcomes are for the investigated industrial sector, and is directed towards solving 
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specific, existing problems, (e. g. developing an optimal solution for food 

manufacturers and retailers from both traceability and operations perspectives to 

minimise overall costs) and can therefore be considered as having practical 

implications from its solution. 

From the process perspective, this thesis is a combination of qualitative and 

quantitative research, nevertheless more efforts are given to the quantitative analysis. 

Strauss and Corbin (1990) claimed that qualitative research is the most effective in 

gaining understanding of a phenomenon about which little is known yet, or in 

gaining new perspectives on matters about which much is already known. 

Quantitative research, on the other hand, emphasises the measurement and analysis 

of causal relationships between variables (Drongelen 2001), and primarily involves 

collecting and analysing numerical data and applying statistical tests. Since both 

qualitative and quantitative research have their individual strengths and weaknesses, 

combining these two approaches can help to overcome their individual weaknesses 

(Erzberger & Prein 1997). 

In the context of this research, the proposed methodology involves the use of 

mathematical modelling to develop innovative models and to evaluate the 

quantitative benefits from using them. The modelling supported by case studies 

involves quantitative research. For instance, quantitative data has to be collected 

from food manufacturers, distributors, and retailers in order to analyse model 
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performance. On the other hand, lot of the qualitative data was secured from the 

literature review in Chapter 2 (e. g. qualitative data including technologies, 

functionality, and business motivations with respect to traceability systems are 

collected through various resources). In addition, through our case studies, 

qualitative data obtained from interviews and industrial reports are used to support 

the modelling and analyses. For instance, the proposed pricing model in Chapter 5 is 

developed based on the available technologies and systems that are currently used in 

the perishable food supply chain and the current pricing policies operating in the case 

retailer are also employed in the modelling. 

3.4 RESEARCH DESIGN 

A research design is used to structure the overall research. It should consist of a 

series of flexible guidelines that connect the research paradigms to strategies of 

inquiry, assist in data collection and interpretation, and act as a roadmap that is most 

likely to achieve the research objectives (Denzin & Lincoln 2000; Easterby-Smith et 

al. 2002). 

As discussed in Chapter 1 (Section 1.1) and Chapter 2 (Section 2.8), a gap in the 

literature was identified with a subsequent business need for the development of 

some kind of approaches. The objective is therefore to satisfy this need, to fill the 

gap in the available literature, and to support the decision making process and 

promote the adoption of the most suitable traceability application for companies with 
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their own specific requirements. The overall research method designed for this thesis 

is illustrated in Figure 3.1. 
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Figure 3.1 Research Design 
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The model depicts the proposed stages and process flow of the project, starting with 

identifying the need for research; initiating an extensive literature review; examining 

current traceability systems; exploring the integration of traceability initiatives with 

supply chain operations from two different angles; plotting their lifecycle right 

through the use of case study; drawing of conclusions; and making recommendations 

for further research. 

3.5 RESEARCH STRATEGIES 

Having defined the research design, the choice of research strategy is largely 

predetermined. Analytical modelling is adopted as the research strategy for the 

development of business models that support the integration of traceability initiatives 

and supply chain operations. Case research is adopted as the research strategy for 

application of the proposed models. 

3.5.1 Analytical Modelling 

Analytical models are mathematical models that can be solved using classical 

techniques ranging from algebraic manipulation to the use of calculus methods 

(Oakshott 1997). In developing an analytical model, mathematical concepts such as 

functions, matrices, and equations are used to describe the most important features of 

the entity that is being modelled (Carter & Prince 2000; Edward & Hamson 2001). 

When models are created, a real world problem is transformed from its initial context 
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into a mathematical concept. The mathematical problem is then solved using 

mathematical or statistical techniques such as calculus and numerical solution 

techniques. Analytical models serve as a powerful tool for the study of 

interrelationships among the important variables by setting aside unimportant 

variables. In doing so, many assumptions have to be made about the real system. 

Analytical models can be improved by making fewer assumptions but this usually 

makes the model more complex and difficult to solve (Oakshott 1997). 

Deterministic models are used in Chapter 4 and Chapter 5, where it is assumed 

that there is no appreciable uncertainty in the variables or parameters being 

measured. In fact, this state is not realistic in practice. Using customer demand which 

be discussed in Chapter 5 as an example, it is more realistic to employ a stochastic 

demand function, where an independent random variable with known probability 

distribution is given. However, the advantage of using deterministic models is that 

they are usually much simpler to solve than their stochastic counterparts (Oakshott 

1997). In addition, it may be a reasonable approximation if the variability is 

considered sufficiently small. 

In this thesis, different mathematical methods have been employed to build models 

relevant to each research problem. For example, Mixed Integer Programming (MIP) 

and Nonlinear Optimisation models are adopted in Chapter 4 they are widely used to 

solve supply chain planning problems such as origin tracing and shelf life constraints 
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(Dupuy et al. 2005; Kallrath 2005; Timpe & Kallrth 2000). Similarly, Nonlinear 

Optimisation is used to obtain the optimal pricing decision in chapter 5, and fuzzy 

method and analytical hierarchy process is applied in the aggregative risk assessment 

model of Chapter 6. These applied methods will be discussed in detail when they are 

employed in later chapters. 

Moreover, different solving methods are employed according to the nature of the 

problems being modelled. For most of the models in this thesis, mathematical 

methods, e. g. calculus, have been used to obtain the optimal solution. In cases where 

complexity presents analytical model, Microsoft Excel Solver have been used to 

numerically analyse model performance. For relatively small problems, it is feasible 

to use a spreadsheet `add-on' such as Solver in Microsoft Excel (Oakshott 1997), 

although there is no guarantee to find a global optimal. Another advantage of using a 

spreadsheet-based routine is that it is easy to conduct sensitivity analysis. Sensitivity 

analysis allows the user to determine the effect that changes in various model 

parameters would have on the optimal solutions (Carter & Prince 2000). For all of 

the models considered in this thesis, sensitivity analysis is performed after the model 

has been built and solved. Model results are analysed when changes are made to the 

objective (cost/profit) coefficients and the right-hand side of a constraint. In addition, 

all the proposed models are simulated with data collected from the case study 

companies to check that they correspond sufficiently well with real systems. 
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3.5.2 Case Research 

Case research is a method that uses case studies as its basis for different research 

purposes (Voss et al. 2002). There is a large literature (Hussey & Hussey 1997; Voss 

et al. 2002; Yin 1994) on case study methodology and its various forms. It bridges as 

the link between theory and the results obtained from the data. The case study 

approach can be based on qualitative research, quantitative research, or triangulation 

of qualitative and quantitative research (Rowley 2002). It has been extensively used 

in the operations management field to test complicated issues such as strategy 

implementation (Pagell & Krause 1999). Brewerton and Millward (2001) advocated 

the use of case study research in an applicable research environment. 

In the context of this research, the case studies are based on triangulation of 

qualitative and quantitative research. The essence of using case studies here is to 

demonstrate the applicability of proposed models. The research in this thesis 

investigates, for the British food industry, the business value of food traceability 

through its integration with supply chain operations. An effective method to illustrate 

this is to present appropriate case studies of the main parties in a food supply chain, 

as is presented in Chapter 7. Two cases, a cooked meat manufacturer and local 

grocery retailers, were selected as representatives in a food supply chain. The 

companies were selected based upon two factors: the companies have the suitable 

product category corresponding to the features (e. g. perishable) based on which the 
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proposed models were developed; and the companies were involved in collaborative 

work with the author over past three years. 

A different set of companies for the case study could have been included such as 

upstream supply chain parties (e. g. raw material suppliers or farmers). Furthermore, 

the use of additional case studies to support the research findings would indeed 

strengthen the validity of the results and increase confidence in the theory. 

Nevertheless, traceability initiatives are often driven by downstream supply chain 

parties such as grocery retailers or food manufacturers, and the information provided 

in this thesis is largely adequate, within the research brief, of providing additional 

evidence of the benefits of employing analytical developmental models. 

3.6 DATA COLLECTION METHODS 

The research uses both qualitative and quantitative data, e. g. qualitative data is used 

to develop the proposed models whereas quantitative data is used to conduct the 

numerical experiments. 

3.6.1 Comprehensive Literature Review 

A comprehensive literature review has been carried out throughout the research 

period. Journals, conference proceedings, books, reports (including government 

publications and official statistics), international standards, government legislation, 
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newspapers, online websites and online forums have been used as part of the 

literature review. Gaps and inconsistencies in the literature are identified as discussed 

in Chapter 2. Furthermore, as the subject relating to advanced food traceability 

systems is still regarded to be in its infancy, though rapidly developing, there is a 

shortage of quality research material in this field as the process of an academic paper 

from being written to being published is a lengthy one. Industry or technical papers 

and articles, in this place, have been used to fill the void. 

3.6.2 Case Studies 

Case studies, as well as presenting a viable means of testing out research findings, 

also offer a channel by which valuable information for such research can be 

collected. Case studies employ a variety of different data collection methods, e. g. 

interview, questionnaire, and observation (Eisenhardt 1998). For this thesis, each 

case study has used multiple sources to obtain the required data, e. g. conducting 

interviews with key individuals, direct observation as well as consulting internal 

documents and records, and data from simulation experiments. For the first case 

study example, the author worked at the food manufacturer for 4 months 

(September-December 2005) on a student placement. It provided the opportunity to 

understand the characteristics of the business, allowed discussion with key personnel 

in the organisation and to access internal documents/records relating to production 

levels, production planning, inventory levels, HACCP, and traceability. In the second 

case, a large number of visits to retail stores and distribution centres for the main UK 
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supermarket chains (e. g. Tesco, Sainsbury, and ASDA) were carried out and a 

number of unstructured and semi-structured interviews were conducted with store 

managers, food traders, shelf managers, and operation managers. 

3.7 DATA ANALYSIS METHODS 

Both qualitative and quantitative data analysis are used in the research. Bogdan and 

Biklen (1982) defined qualitative data analysis as "working with data, organising it, 

breaking it into manageable units, synthesising it, searching for patterns, discovering 

what is important and what is to be learned, and deciding what you will tell others". 

There are many approaches to qualitative data analysis based on different methods of 

data display or organisation. Pole and Lampard (2002) claimed that the basis of all 

qualitative data analysis is effective coding of the collected data. The degree of detail 

in coding depends on the research question, the purpose of the research and richness 

of the data. In the context of this research, NVivo, a computer package, used for 

managing, tracking, and discovering patterns in large amount of qualitative data, is 

employed to explore the relationships of arguments found in the literature. All the 

references are managed by Endnote, a reference database that specialises in storing, 

managing, and searching for bibliographic references. 

In contrast, Saunders et al. (2003) suggested that quantitative data analysis 

involves working with numerical data and using techniques ranging from the creation 

of simple tables or diagrams to the establishment of statistical relationships between 
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variables using complex statistical modelling. Quantitative data e. g. inventory 

records, order information, bill of raw material, product price information, and batch 

quantities, collected from interviews and company records are used as inputs to the 

numerical analysis in mathematical modelling. The analysis results are summarised 

and described in tables and diagrammatic forms. Tables can present data in an 

easy-to-understand format, and graphs can present data visually and often highlight 

patterns and issues that may be drawn out in interpretation of the data (Lewin 2004). 

In this thesis, the graphical representations are used as analytical tools to compare the 

difference in performance between the proposed models and current practices, and to 

explore in-depth relationships between the variables used in the models. 

3.8 VALIDATION 

In order to increase the validity of the research findings, different research 

approaches, methods and techniques are used in this research. This is also known as 

"triangulation" and can overcome the potential bias and sterility from using a 

single-method approach (Denzin 1970; Erzberger & Prein 1997; Hussey & Hussey 

1997). Denzin (1970) argued that the use of different methods by a number of 

researchers studying the same phenomenon should, if their conclusions are the same, 

lead to greater validity and reliability than a single methodological approach. Various 

forms of triangulation have been identified and used in many research fields 

(Easterby-Smith et al. 2002; Hussey & Hussey 1997). In this thesis, two forms of 

triangulation are used: 
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¢ Methodological triangulation: the use of triangulation of qualitative and 

quantitative research approaches and the combination of analytical modelling and 

case research. 

> Data triangulation: where data is collected at different times or from different 

sources (Easterby-Smith et al. 2002). For example, many different data sources 

from different periods were brought together to build the research background 

and the proposed models were simulated using data collected from the case 

studies. 

Furthermore, complementary validation has been achieved through the following 

approaches: 

> The proposed models developed are based on a thorough review of the literature. 

¢A number of leading academics reviewed the proposed models. 

> The proposed models are applied to case studies. 

> Three conference papers have been presented and published in conference 

proceedings. Two journal papers have been published. Three are in the reviewing 

process. 
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3.9 SUMMARY 

This Chapter presents a comprehensive account of the methodology used in this 

research. It starts with a discussion of the research questions asked and explains the 

different methods in which the different types of questions are approached. A 

research design is illustrated to structure the overall research. Analytical modelling is 

used in developing and improving the proposed models, and case research is used in 

applying the proposed models. Data is collected from a comprehensive literature 

review and case studies, and both qualitative and quantitative data analysis methods 

are employed. Finally, research validation and specifically the method of 

triangulation that utilises a variety of research approaches, are discussed. 
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CHAPTER FOUR 

OPTIMISATION OF TRACEABILITY AND OPERATIONS 

PLANNING: AN INTEGRATED MODEL 

4.1 INTRODUCTION 

The literature review in Chapter 2 discussed the impact of food traceability on supply 

chain management processes and emphasised the importance of supply chain 

benefits in justifying investment in food traceability. However, a great challenge that 

food companies are facing is the difficulty of contemplating the advantages of food 

traceability. There is also a lack of practical business models to support these 

initiatives. This thesis aims to find an effective operations strategy for the integration 

of food traceability initiatives and supply chain operations. Innovative models are 

developed to support the strategy. The benefits of these models are quantitatively 

evaluated. 

In this chapter, our strategy is to investigate how operations planning can improve 

traceability when traceability initiatives are integrated with operations management 

objectives. An integrated traceability-operations optimisation model is proposed 

where traceability and operations factors are optimised simultaneously to improve 

the overall business performance. The goal of the proposed model is to achieve a 

desired product quality and minimise the economic impact of product recall. 
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The model has been developed in a food manufacturing context and for a cooked 

meat manufacturing scenario in particular, and validated using numerical 

experiments, case study, and feedback from internal reviews, conferences and journal 

submissions. Assumptions and notations are given in Section 4.3. Details of the 

proposed optimisation model are discussed in Section 4.4. A utilisation example with 

numerical example is provided to illustrate the theory in Section 4.5. A discussion is 

presented in Section 4.6 including a broad implementation of the proposed model 

and its future improvements regarding the current limitations. Finally, a conclusion is 

given in Section 4.7. 

4.2 RELEVANT RESEARCH 

The review of relevant research presented in this section has two goals. Firstly, the 

batch dispersion problem, based on which the integrated model is built, is discussed. 

Secondly, the methods that have been used in an attempt at solving such problems 

are examined. 

4.2.1 Batch Dispersion Problem 

In the food industry, the traceability problem does not only consist of being able to 

trace products but also in limiting the risks of a food safety crisis (Dupuy et al. 

2002). Most food products contain a certain degree of risk. The magnitude of risk 

directly affects safety of the foods to public health and the possibility of a food crisis 
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that may require a product recall. However, food products can be placed on the 

market as long as that risk is at an acceptable level. 

Food products are often tracked and traced by manufacturing batches or logistic 

units, instead of individual product items (Jansen Vullers et al. 2003). Batch numbers 

assigned at the start of the manufacturing processes accompany products as 

identifications throughout a supply chain. If a food safety problem comes from a raw 

material batch, all the finished products containing this raw material have to be 

identified and recalled. In the food industry, raw material batches from different 

suppliers with different prices and quality attributes are often mixed together. This is 

usually known as a batch dispersion problem that concerns relevant disassembling 

and assembling processes in the production (Dupuy et al. 2005). When raw material 

batches are mixed in finished product batches, it increases the complexity of 

backwards tracing. Furthermore it increases the probability of food contamination 

which may cause potential product recalls. Regarding to this problem, Dupuy et al. 

(2005) developed a traceability optimisation model that minimises the recall size 

through planning batch dispersions. The research tried to minimise the impact of 

manufacturing and delivery processes on the size of possible product re-calls without 

consideration for the impact of batch size and dispersion on operations performance. 

Determining economic production batch size has been a major interest in both 

theory and practice. Various optimisation models have been developed 
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(Bogaschewsky et al. 2001; Goyal 1977; Sarker & Parija 1994; Sarker & Khan 

1999). A large production batch size reduces the production setup cost, but can 

increase stock level which leads to high inventory holding cost. Moreover, a large 

production batch size may require a mixture of raw material batches from different 

suppliers to fulfil a production order. Different raw material batches have different 

costs and risks in failure of meeting quality and safety requirements. 

However, in neither the above research nor literature reviewed in Section 2.7 has 

batch size and shelf life management been integrated with traceability optimisation in 

manufacturing planning and inventory control. Our research has for the first time 

proposed an integrated operation-traceability planning model for perishable food 

management. 

4.2.2 Methods Used in the Research 

Operations planning and design problems in the food industry are often related to the 

choice of raw materials, number and size of batches. Mixed integer linear 

programming (MILP) or non-linear programming (MINLP) approaches are 

frequently used for such problems with a clear quantitative objective function or 

quantitative multi-criteria objectives. Kallrath (2005) reviewed the current state of 

mixed integer optimisation in the process industry with a special focus on planning, 

design, global optimisation techniques and optimisation under uncertainty. Mixed 
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integer optimisation is able to deal with many detailed features such as tracing 

mode-changes, product origins and shelf life. 

Efficient algorithms have been developed to solve these optimisation problems. 

Golhar and Sarker (1992) developed a simple algorithm with a one-directional search 

procedure to compute optimal manufacturing batch size and the associated total cost. 

Khan and Sarker (2002) proposed a heuristic method in which an initial solution for 

production batch quantity is determined by relaxing the integrity requirement. If the 

corresponding optimal value is not integer, then an integer in the neighbouring points 

was searched for the approximated optimal solution. Although this method is relaxed 

in the solution approach, it can be considered as a simple heuristic to solve the stated 

problem with less computational effort and an acceptable level of accuracy. 

In addition, simulation experiments have often been employed to numerically 

analyse model performance, particularly when the analytical solution cannot be 

obtained. Dupuy et al. (2005) used simulation experiment (LINGO 6.0 software) to 

solve a MILP problem. Microsoft Excel Solver has been also used to solve such 

problems (Sarker and Khan, 1999, Li et al. 2006b). It can solve linear and nonlinear 

mathematical programming models with continuous and/or integer variables. Linear 

and integer problems can be solved by the branch-and-bound method and the 

simplex method with bounds placed on the variables. Detailed implementation of the 

Solver tool can be found in Anderson et al. (1998). 
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4.3 ASSUMPTIONS AND NOTATIONS IN THE MODEL 

The optimisation model is developed in a food manufacturing context for a cooked 

meat manufacturing case. It can however be applied to any batch production or 

manufacturing assembly and disassembly lines in perishable food production. 

According to possible production patterns of using raw materials, two production 

scenarios are discussed in the optimisation model as shown in Figure 4.1: 

Scenario 1, two-level bill of materials (raw materials and finished products) 

involving multiple batches of different types of raw materials for one batch of 

finished products. 

Scenario 2, three-level bill of materials (raw materials, components and finished 

products) involving multiple batches of different types of raw materials for multiple 

batches of components and one batch of finished products. This scenario can be 

extended to more generic situations for multiple-level bill of materials food 

production processes. 
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Figure 4.1 Two production scenarios. 

4.3.1 Assumptions 

The model considers a manufacturing system that a production facility processes raw 

materials from suppliers into cooked meat. The finished products are delivered in a 

fixed quantity at a fixed time interval. The raw material ordering policy is not 

considered in this research. To simplify the analysis, the following assumptions are 

made: 

(a) The production rate is finite and is greater than the demand rate; 

(b) Stock shortage is not allowed; 

(c) The demand rate is constant and known; 

(d) The setup cost for an item is constant; 

(e) The raw material is always available and can be supplied by more than one 

supplier; 
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(f) The size of same type raw material batch is constant; 

(g) The size of a product batch is equal to the size of raw materials used in the 

production; 

(h) Only the holding cost of finished product inventory is considered in the model; 

(i) A fixed quantity of finished products is delivered at a fixed time interval; 

(j) There is no constraint in space, capacity or capital; 

4.3.2 Notations 

Parameters 

D: Demand rate of a product, units/period; 

P: Production rate for a product, units/period (here P> D); 

A: Unit set-up cost in production, £/set-up; 

H. Inventory holding cost of finished products, £/unit/period; 

x: Shipment quantity of products at a regular interval (units/shipment); 

t: Time interval between successive shipments; 

BRF(k): Proportion of the kth type of raw materials used in a finished product; 

BRC(k): Proportion of the kth type of raw materials used in a component batch; 

K. Type of raw materials; 

JV, k : Risk rating (weighting) of batch i of the kth type of raw materials; 

d: Unit price discount in temporary price discount period, /shipment/time interval; 

P;, k : Unit price of batch i of the kth type of raw materials; 
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PF: Unit transaction price of products; 

TL: Product life; 

T, tf : Customer acceptable shortest shelf life; 

Tc: Contracted shelf life; 

Qk: Batch quantity of the kth type of raw materials; 

M: Number of raw material batch types; 

N. Number of component batch types; 

Variables 

Q: Quantity of a finished product batch; 

YRF(k): Binary variable equal to 1 if the kth type of raw material batches are used in a 

finished product batch and 0 otherwise; 

YRC(k): Binary variable equal to 1 if the kth type of raw material batches are used in 

component batch j and 0 otherwise; 

YcFO): Binary variable equal to I if component batch j is used in a finished product 

batch and 0 otherwise; 

S: Integer variable which is the quantity of a type of raw material batches used in a 

product batch; 

n: Integer variable which is the frequency of product shipments, number /period; 

Y: Integer variable which is the number of shipments in a temporary price discount 

period 
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This risk rating il;, k is influenced by various factors causing quality and safety 

problems such as storage condition, process environment and packaging. It can be 

obtained through various risk assessment approaches. Approaches and models to 

measure and control the food risk have been available in the literature and 

authorities' documentation (Codex Alimentarius Commission 2002; Edler et al. 

2002). With advanced tracking technologies and networked information systems in 

food supply chains, the information of risk assessment can be made readily available 

to supply chain partners (Li et al., 2006b). Therefore, in this research, the risk ratings 

for each individual raw material batch are assumed to be available to food 

manufacturers. The given risk ratings are used to measure recall possibility and cost 

in the model. 

4.4 OPTIMISATION MODEL 

The proposed model is expected to integrate operational objectives with traceability 

targets in the perishable food production through incorporating risk and cost factors 

associated with operations management, traceability system, and shelf life 

management, so that the operational activities and the traceability initiatives can be 

coordinated towards an optimised system. 

4.4.1 Operational Factors 

Typical economic production quantity (EPQ) models assume fixed costs for each 

production setup. The EPQ balances set up and inventory costs in order to minimise 

97 



Chapter 4 An Integrated Optimisation Model 

total costs. Here, the production setup cost in a planning period is described in 

equation 4.1. 

C SET =QA. (4.1) 

A larger manufacturing batch size reduces the setup cost component in the overall 

product cost. Food manufacturers often face the fact that retailers want products to be 

delivered in small quantities at fixed time intervals to minimise their inventory 

holding cost. This may result in the products produced in one batch being allocated 

to several deliveries. 

Food products require strict quality control. In many cases, for quality assurance 

purposes, products cannot be delivered until the whole batch is produced. In our 

model, the inventory accumulated during the production uptime cannot be used for 

delivery until the whole batch is completed. The next batch production resumes and 

completes at the time when the inventory from the previous batch is exhausted and is 

ready for next delivery (see Figure 4.2). There is a staircase pattern in each batch 

production cycle, but there is no saw-tooth pattern during the production up-time. In 

the model, only the holding cost of finished product inventory accumulated during 

the production uptime (the triangular area in Figure 4.2) and the inventory ready for 

delivery (staircase area in Figure 4.2) are considered. The average product inventory 

level is given in equation 4.2. 
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Equation 4.2 can be obtained by calculating the relevant area of one batch 

production cycle in Fig. 4.2 and dividing it by the cycle time period nt. The area 

consists of one triangle area with the value of Q2/2P, and (n'-n)/2 rectangle areas 

with the value of tx. The integer variable n can be replaced by Q/x. The inventory 

holding cost equation can be therefore given as equation 4.3. 
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Figure 4.2 Product inventory level against time. 

4.4.2 Incorporating Traceability Factors 

(4.3) 

l--{ 

Time 

Traceability systems would create additional costs for producers and for the food 

sector as a whole as discussed in Section 2.5.2 of the literature review. On the other 

hand, the performance of a food traceability system can be evaluated by its 

effectiveness in a food crisis: whether it enables to identify, isolate, and correct the 
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problem quickly and efficiently, whether it reduces the scope of a food recall and the 

volume of products that must be withdrawn, and whether it helps to minimise the 

possibility of the occurrence of such a crisis (Dupuy et al. 2005). For simplification, 

the value of products that must be withdrawn in a product recall event with the 

probability of the recall is considered as traceability related cost. Therefore, the recall 

cost for a demand period in Scenario 1 can be described as: 

bf S 

C 
REC 

D- PF E YRF (k) JVi. 
k ' (4.4) 

k=1 i=1 

where S=QxBRF(k) Qk 
.. 

Here w; k is a given risk rating for an individual raw material batch that affects the 

safety of a finished product. It is associated with the probability of a potential 

product recall. The integer variable S denotes the number of batches of the kth type 

raw materials used in a finished product batch. The value of S depends on the 

production batch size. When the production batch size increases, the value of S also 

increases. It means more batches of the kth type raw materials are required to fulfil 

the production order. Intuitively, if more raw material batches are mixed in finished 

product batches, the possibility of food contamination increases. 

YRF(k) is a binary variable which equals to I when k type raw material batches are 

used in the finished product batch and 0 otherwise. In Scenario 1, if only one type of 

the raw material batch is converted to one batch of products, the quantity of finished 
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product batch Q is equal to the quantity of that type of raw materials used in the 

finished product where 

. Af 

Q=S"Qk, and YRF(k)=1 
k=1 

(4.5) 

When multiple types of raw material batches are used for one batch of finished 

products, we have: 

X YRF(k)>1. 

k=l 

(4.6) 

Individual raw material batches may have different price and risk attributes 

because of different types of raw materials which may come from different suppliers. 

These batches are often mixed together in a bill of materials for balancing between 

cost and quality. The raw material cost is the sum of the costs of raw material batches 

used in the product batch production. The cost of individual raw material batches can 

be calculated by multiplying the unit price (Pik) by the batch quantity (Qk). The raw 

material cost for a production cycle is therefore described as: 

D t' s CRA{V =^ 
Z' YRF (k)j: QkPi. 

k 
k= i=l 

(4.7) 

In Scenario 2, a three-level bill of materials including raw materials, components 

and finished products (seen in Figure 4.1) is considered. Raw materials used in a 

component batch only come from raw material batches. Based on the definition in 

equation 4.7, the raw material cost in the production of component batch j is 

calculated as: 
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. 11 S 
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k=1 i=1 

where SQx BRC (k y 
Qk 

(4.8) 

The raw materials used in a finished product batch come from component batches. 

The raw material cost in a production cycle for scenario 2 is therefore described as: 

CRAIv =D YCF (>) ý'RC (k) QkPi, k . 
(4.9) 

Based on equation 4.4 and 4.8, the recall cost for Scenario 2 is given as: 

N Al S 

YCF (J) > YRC (k)) Wi. x (4.10) C REC =D' PF 
l=t k=I i=l 

4.4.3 Incorporating the Shelf Life Factor 

As defined is Section 2.7.1, shelf life is the length of time that a given item can 

remain in a saleable condition on a retailer's shelf. Shelf life does not necessarily 

reflect the physical condition of a product since many foods deteriorate after a fixed 

period of time. However it may reflect the marketable life of the product (Nahmias 

1975; Xu & Sarker 2003). In practice, retailers expect a shelf life (Tc) against 

expiration date (Display until or Sell by date) specified in its purchase contract. In 

the case of our research, the shelf life for a product can be calculated by deducting its 

storage time at the manufacturer from its product life (TL). Product life is measured 

in days counting from the day it is produced until the day it becomes unacceptable 

for consumption. Therefore, the shelf life constraint can be written as: 
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TL -(n-1)t? Tc, i. e. 
TL -Tc + 

t 
(4.11) 

Here ('t-])*t is the storage time (see Fig. 4.2). When the shelf life of a perishable 

item is shorter than a contracted length of time at a retailer, it does not necessarily 

mean the quality attribute changes, but it certainly reduces its marketable life. The 

items have to be either disposed of if they cannot be sold any longer or sold with a 

discounted price to reduce the potential loss in sale. To take account of the product 

deterioration issue, a temporary price discount policy (Shah et al. 2005) is applied to 

the model. The discount represents a cost incurred when the shelf life becomes 

shorter than the length of time required by a contract, but is within acceptable range 

which is given in equation 4.12. 

TA, <-TL -(n-1)t<Tc, 

i. e. 
TL -TC + <'i 

TL -TA( +1 
tt 

(4.12) 

Here, T1 is the customer acceptable minimum shelf life. In practice, perishable 

products lose their utility over time under given quality control conditions. In this 

case, a discount price policy is implemented by suppliers of such products to 

promote sales (Shah et al. 2005). Retailers may also dynamically adjust the sales 

price of a perishable food product as its shelf life approaches the end and its 

inventory perishes (Chun 2003; Wee & Yu 1997). In this thesis, a temporary price 

discount is used to quantify product deterioration cost. Therefore, the unit transaction 

price at which the product is actually sold is expressed as equation 4.13. 

C, =CFP(l-d - Yt)" (4.13) 
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Here, d is the unit price discount in a temporary price discount period. Y is an 

integer variable which is the number of shipments during the temporary price 

discount period. Y is equal to the number of total shipments in a batch production 

cycle minus the number of shipments in the no price discount period, which is given 

in equation 4.14 (see Figure 4.2). 

Y=it-1-TL-Tc 
t 

Subject to: 0 <Y < 
Tc -Ttr 

t 

(4.14) 

Nov, the cost associated with perishable product inventory can be obtained by 

aggregating the price differences between the real transaction price and the 

contracted trade price of each shipment during the price discount period. This is 

given by 

QY {xPd. 
y. t, 

CPERISH 

0 

when 
TL -Tc+l<n<TL -T�+l; 

tt 

when 0<n<TL-TC+l. 
t 

where Y=n-1-Ti-Tc 
t 

Subject to: ýt <_ 
TL 

t-T,,, 
+ land 0<Y< 

T't-T" 
(4.15) 

As discussed in Section 4.4.1, the integer variable ii can be replaced by Q/. r. By 

incorporating the product shelf life factor, operational factors, and traceability 

factors, the integrated optimisation model is obtained as equation 4.16: 

Objective: 
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TL T/} 
1J Cý CSETUP+ CRA 

IV 
+ CREC + CH +CPERISff when 

TL TC 
+1J C<Q <I 

t 
Min: TC= 1\ 

[CSETUP+1w+CREC+CHwhen0<Q<(TL Tc 
+1J"x. 

lt 

Where CSET =QA (see equation 4.1); 

QxH QH xH CH=2 
Pt 

+2-2 (see equation 4.3); 

D 
Y. (k) QkPI, 

k, 
With Scenario 1(see equation 4.7) 

_Q 
k=i i=t C 

RAWV N Al S D 
YcF (J)> YRC (k) 1: QkP,,, 

k, 
WWith Scenario 2 (see equation 4.9) 

Q j_1 R=t i=l 

Al S 

D" PF Z Y. (k)ý IY; k, With Scenario I (see equation 4.4) 

_ 
k=1 i=1 C 

REC N AI S 

D- PF Z YcF (j)j: YRC (k)Z WV,. k, With Scenario 2 (see equation 4.10) 
j=1 k=I /=1 

D' CFERISN = rPF Zd'Y"t (see equation 4.15) 
^ 

Y=j 

SQX BRF lh ; YQ1TL -Tc 
Qk xt 

Subject to: 

0<Q_<ýTc 
t 

Tif 
+11. x; 0<Y<_Tc 

tT" 
; S>0; Q2: Qk; TL>Tc > Ttf > 0. (4.16) 

4.5 APPLICATION EXAMPLE AND NUMERICAL ANALYSIS 

In this section, an application example and numerical analyses are presented. As the 

integrated model contains binary and integer variables, the total cost function is 

non-differentiable with respect to production batch quantity. Therefore simulation 

techniques are used to numerically analyse the model's performance. In Section 
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4.5.4, when ignoring traceability factor, analytical optimal solution is produced. The 

numerical simulation is implemented by using Microsoft Excel. Sensitivity analysis 

is also performed. 

4.5.1 Application Example. 

The application example is based on a food manufacturer scenario which will be 

discussed in detail in the first case study of Chapter 7. Products are produced and 

traced at batch level. Orders from main customers arrive daily. The delivery has to be 

made within the same day. As the cooking process has a long lead time, 

make-to-order becomes impossible. To smooth production and meet customer 

demand, a large production batch size is used. This results in a large amount of 

cooked products being held in the inventory. Products produced in one batch are 

usually allocated into several deliveries. Furthermore, with the large production 

batch size, several raw material or component batches which may come from 

different suppliers are likely to be required to fulfil a production order. The mixture 

of different types of raw materials or components leads to a batch dispersion problem 

that increases the complexity of traceability. Although the company deploys a strict 

HACCP scheme to ensure compliance with all relevant legislations and industry 

codes, product recalls do happen occasionally due to a variety of reasons. 

The company has sufficient production capacity to meet customer demands. Fixed 

shipment quantities are derived from the average quantity in delivery records of 
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chosen products. The risk rating (weighting) JV, k is obtained by using the aggregative 

food risk assessment method proposed in Chapter 6. First In First Out policy (FIFO) 

is applied to raw material batches in production. Finished products have a range of 

product lives and are only allowed to be in stock for a limited period. Products that 

are suitable for two scenarios were chosen for numerical analysis. Examples of 

sample data used in the numerical analysis are displayed in Table 4.1. A month is 

used as the planning period. Excel is used to simulate the model performance. 

Table 4.1 Sample data input in the numerical analysis 

P d 
Input information 

uct ro 
D P A H x Qk P, TL Tc TA, 

Sample 1 6,000 9,000 300 1 300 300 15 12 7 5 

Sample 2 6,000 12,000 300 1 200 200 20 12 7 5 

Sample 3 6,000 9,000 300 1 200 200 15 18 7 5 

Sample 4 6,000 9,000 500 1 200 200 15 15 13 5 

4.5.2 Analysis of Batch Dispersion 

To investigate how individual cost factors affect the performance of the integrated 

optimisation model, three different scenarios are simulated to illustrate the effect of 

batch dispersion. In Scenario la, only one type of raw material batch is used for a 

finished product batch. Scenario lb considers the situation involving multiple types 

of raw material batches in a finished product batch. Scenario 2 meet the condition 

defined in Section 4.3 involving multiple batches of different types of raw materials 

for multiple batches of components and one batch of finished products. All the 

simulation experiments have used the same model parameters: D= 
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6,000units/month, P=9,000units/month, A= £300/set-up, H= £l unit/month, x= 

300units/shipment, TL= 12 days, Tc= 7 days, and TM= 5 days. In addition average 

raw material costs and product selling price remain constant. Total cost plotted 

against production batch quantity is shown in Figure 4.3. 

-+- Scenario la -a-Scenario lb -f- Scenario 2 

60000 

55000 -F------------------------------- 

50000 ----------------------------------------------------------------------------------- 

ö 45000 ------------------------------------------------------------------------ ------ 40619 

40000 ------ x- ----------------------------- ------- 

35000 
I 39002 38305 

123456789 10 

Production batch quantity (Q=n*300) 

Figure 4.3 Total cost curves in three scenarios under same model parameters. 

(the simulated optimal points are indicated with *) 

The difference in total cost indicates that total cost is more sensitive to production 

batch quantity changes in Scenario 2 than in Scenario 1. This may be explained by 

the fact that a larger batch quantity in Scenario 2 is more likely to have a higher 

traceability cost due to the batch dispersion problem. It increases the probability of 

potential product recall which is directly reflected in the recall cost of the objective 

function (see equation 4.16). 

As the probability of product recall is affected by the risk rating of raw material 

batches used in finished products, the performance (total cost) of the proposed model 
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is investigated when different values of risk rating are applied. The analysis results 

are illustrated in Figure 4.4. It indicates that, when the risk rating is low to a certain 

range (close to TV= 0.0001, which means the probability of product recall is close to 

zero), the total cost curves against production batch quantity come to a trend with 

which the recall cost can almost be ignored. In contrast, when the risk rating is high, 

total cost is more sensitive to the production batch quantity. 

f W=0.02 --a-W=0.01 -- W=0.005 -)K-W=0.001 -s- W=0.0001 

850004 ---------------------------------------------- 

75000 ---------------------------------------------------------------------------- -------------------- 
w 0 

------------------------------------------------------------- --------------------- ------------ 0 65000 
ro 

10 55000 -------------------------------------- ---------------------------- 

45000 ------- - ---------------- ----------- ----------- 

35000 
0 300 600 900 1200 1500 1800 2100 2400 2700 3000 3300 

Production batch quantity 

Figure 4.4 Variations of the total cost against the production batch quantity with 

different risk rating. 

Based on the above analyses, the integrated model can be used at both the 

operational level and strategic level. At the operational level, the model can be used 

to determine the best way to combine raw material and components batches with a 

minimum dispersion. At the strategic level, a new product recipe may be tested 

from a traceability point of view to improve product quality and safety management. 
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4.5.3 Analysis with the Raw Material Batch Price-Risk Ratio 

A finished product batch could be produced from a number of heterogeneous raw 

material batches with different price or risk features. Decision making on whether a 

particular raw material batch should be replaced by another batch with different price 

and risk rating is critical in improving the overall performance of food 

manufacturing. To obtain a deeper and more dynamic insight into the joint impact of 

price and risk feature on overall performance of the proposed approach, the 

Price-Risk ratio is defined in the numerical analysis (see equation 4.17). 

°P 
Al 

(4.17) 

AP; and A lV are variations of raw material cost and risk rating respectively. It is 

expected that, with different values of Price-Risk ratio A, the optimisation model will 

deliver different levels of performance. Considering the variation of the two factors, 

the objective function for Scenario 1, where one type of raw material batches is used 

in a product batch, can be expressed as: 

CSETUP +D Qk Pi +D Qk OP + DPF A ii ;+ iV; 
1 

+ Cif + CPERISH 

Q r=i Q) 

when 
T` -Te +l x< Q<_ 

TL -T`i +l "x; 
TC' =tt 

(4.18) 
S)( 

CSETUP +DZ QkP, +DQ, kL\P +DPF 0JVr + 1V, J+CH, Q ; _l 
Q 

when Q<_(T` 
tTe+l)"x. 

When TC - TC >0, the manufacturing system delivers a lower total cost by 

replacing the existing raw material batch with a new raw material batch with a 

110 



Chapter 4 An Integrated Optimisation Model 

different price and risk rating. If AP; <0 and A W, <0 (or OP; >0 and A WV" >0), it is 

obvious that the total cost will decrease (or increase). Therefore, we only discuss the 

following two situations where: 

(1)OP,. >0 and OTT; <O , (2)AP. <O and OTi; >0 (4.19) 

Through subtracting equation 4.18 from equations 4.16, the result is obtained as: 

TC-TC, =D( +PFAJV; 
J. 

(4.20) 

As D is assumed to be positive, then if OP; /S +PFAW>O, the manufacturing system 

delivers a lower total cost by replacing the exiting raw material batch with a new 

one. In both situations in equation 4.19, OP; /OWI; <O. The analytical results indicate 

that in both situations, the replacement with another raw material batch at a different 

price and risk rating reduces the total cost if OP; /O lV <_S"PF. In contrast, total cost 

increases if AP, /A W; >-S"PF. In addition, there is no difference in total cost by such a 

replacement if tP; /i\ JV =-S"PF. 

To validate the above analysis, simulation experiments were implemented for both 

situations. The simulations used the same model parameters (D = 6,000 units/month, 

P= 12,000 units/month, A= £300/set-up, H= £1 unit/month, x= 200 

units/shipment, Qk= 200 units, and PF = £20). Different values of Price-Risk ratio A 

are simulated. The simulation results shown in Figure 4.5 and Figure 4.6 confirm the 

above analysis. They also illustrate that if 2 >S-PF, total cost is more sensitive to the 
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price of raw material batches than that to the risk rating. If A <S-PF, total cost is more 

sensitive to the risk rating of raw material batches than that to the price. 
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Figure 4.5 Variations in total cost saving against production batch quantity for 

different levels of the Price-Risk ratio a, when AP; >0, Oil', <O. 
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Figure 4.6. Variations in total cost saving against production batch quantity for 

different levels of the Price-Risk ratio X when OP; <O, and Did; >O 
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4.5.4 Analysis of Model Performance when Ignoring Recall Factor 

As product recalls are low probability events, further analysis is performed by 

ignoring the traceability factor. Here how other cost factors (CsEruP, CH, and CPERJSH) 

influence model performance is investigated. In this case, the objective function (see 

equation 4.16) becomes: 

_ 

[DA 
+QpH+Qý u1: en0<QSI 

TL 

tTe+1J 
x; Q 

TC- 
DA+QrH+QH-YH+DxPFýd 

y t, titilýen 
T`-Tc+1 

"x<Q<- 
TL-T'+1 

"x. 

(4.21) 

Q 2Pt 22Q 
y=i 

(t)(t 

4.5.4.1 Example One 

When 0 <Q -< 
[(TL 

-Tc)/t + l]" x, the total cost function is given by: 

TC = 
DA 

+ 
QxH 

+ 
QH 

_ 
xH 

Q 2Pt 22 
(4.22) 

By differentiating the cost function with respect to production batch quantity Q, the 

derivative is obtained as: 

o TC DA 
+ xH +HH. 

92 TC 
_2 

DA 
>0 

öQ Q2 2Pt 2 02Q Q3 
(4.23) 

It confirms that total cost is a convex function. Therefore, the optimal batch 

quantity solution Q* is obtained as equation 4.24. 

_ 
2DAPt (4.24) 

(x + Pt)H 

Subject to: 0<Q<-[(TL-Tc)/t+1]"x 
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The calculated ii (=Q*/x) may not be an integer as n is replaced by a continuous 

variable in equations 4.3 and 4.22. In the case of non-integer n, the neighbouring 

integer value is taken which produces an approximate minimum cost as the solution. 

Details of the method used to find the optimal solution can be found in Khan and 

Sarker's (2002) research where an algorithm to solve this batch sizing problem was 

developed. A simulation experiment is performed to validate the analysis result. The 

total cost with production batch size Q is plotted in Figure 4.7. The total cost is 

computed for each paired n (integer) and the batch size Q. The data used to generate 

the results are D=6,000 units/month, P=9,000 units/month, A= £300/set-up, H= 

£1 unit/month, x= 200 units/shipment, TL = 18 days, Tc= 7 days, and Tar= 5 days. 

The behaviour of the cost function in Figure 4.7 reflects a smooth and convex pattern 

in the range 0< Q<_ 2200. 

10000 
9000 -- ------------------------------------------------------------------------------------------------- 
8000 ---- ------------------------------------------------------------------------------------------------ 
7000 ---------------------------------------------------------------------------------------------- 
6000 ------- --------------------------------------------------------------------------------------------- 

_ 5000 --------- ------------------------------------------------------------------------------------------- ö 
4000 ------------ ------------------------------"-"--"---------------------------------------------- 
3000 ----------------- - ------------------------------------------------------------------- . 

2000 ------------------------------------- 
1000 ----------------------------------------------------------------------------------------------------- 

0 
123456789 10 11 12 13 14 

Production batch quantity (Q=n*200) 

Figure 4.7 Total cost curve in Example one when ignoring traceability cost factor 

(* indicates the optimal point) 
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4.5.4.2 Example Two 

When [(TL 
- Tc )/t + l] "x<QS 

[(TL 
-T� 

)/t + l] "x, the total cost function is given as: 

DA QxH QH xH D' 
TC= Q+2Pt+ 2-2 

+Q, rPFld"y"t 
r=l 

(4.25) 

By substituting Y=n _1_4L 
T -Tc (see equation 4.14) and fn=Q/. x, equation 4.25 is 

t 

transformed into equation 4.26. 

DA QxH QH xH DQ TL -TC Q Ti -Tc 4.26 TC= Q-+ Mt 
+2-2 +2Q. rPFd"t" 

Y- t Y-1- t) 

By differentiating the cost function with respect to production batch quantity Q, the 

derivative is obtained as: 

OTC 
_ 

DA DxPFd " (TL 
- TT )2 DxPF d" (T, 

- Tc) DPFdt xH H. 
öQ Q2 2Q2t 2Q' 

+ 
2x 

+ 
2Pt 

+21 

ö 2TC 
_2 

DA 
+ 

DxPF d" (TL 
- Tc )2 

+ 
DxPF d" (TL 

- Tc) 
>0 (4.27) 

a2Q Q3 Q3t Q3 

The equations above confirm that the total cost is a convex function. From 

equation 4.27, the optimal batch quantity solution Q* is obtained as: 

Q*- 
IxDP 2At +, rPFd(TL -TT)2 +xPFdt(TL -Tc) (4.28) 

DPFdt2P+xH+tHP 

Subjectto: [(TL-TT)/t+l]"x<Q-<[(T, 
-T,, 

)/t+l]"x 

As in example 1, as n is changed to a continuous variable, the neighbouring 

integer value is then taken which produces an approximate minimum cost as the 

solution. A simulation experiment was undertaken to validate the analysis result. The 
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total cost functions for production batch size Q are plotted in Figure 4.8. The data 

used to generate the results are D=6,000 units/month, P=9,000 units/month, A= 

£500/set-up, H= £1 unit/month, x= 200 units/shipment, TL = 15 days, Tc= 13 days, 

and TT1= 5 days. The behaviour of the cost function in Figure 4.8 reflects a smooth 

and convex pattern in the range 600 < Q: 5 2200 . 

16000 

14000 ---'--------------------------------------------------------------------------------------- 

12000 ----='-- ---------------------------------------------------------------------------- ö 

y 10000 1---------------------------------------------------------- 
;= a 

8000 =o 0 

10 6000 ------------- ý ---------------------------------------------------- 
--. ------------------------- o. - 4000 ------------------- -* ----------------------------------- 

20004 ---------------------------------------------------------------------------------------------- 
0 

123456789 10 11 12 13 14 15 

Production batch quantity (Q=n*200) 

Figure 4.8 Total cost curve in Example two when ignoring traceability cost factor 

(* indicates the optimal point) 

The advantage of the proposed integrated model lies in the incorporation of the 

traceability factors with operational aspects. However, the analysis of Section 4.4 

provides useful support in finding optimal manufacturing performance when 

companies do not have significant product safety issues and recalls can almost be 

ignored. 
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4.6 DISCUSSION 

Although the proposed model is developed for a perishable food manufacturing 

context, the integrated optimisation approach can be applied to a broader area in 

which products go through batch production and assembly processes. Today, apart 

from the food sector, the traceability issue has become strategically important in 

many other industries, such as paper, steel, pharmaceutical and electronic industries. 

In the pharmaceutical industry, tracking and tracing become more urgent than ever to 

provide safety assurance to customers (Grant 2006; Lachance 2004). In the textile 

market, the increasing counterfeit production of clothes reveals the lack of adequate 

techniques to assure both brand authentication and the trustworthiness of textiles 

involved in intermediate manufacturing stages (Corbellini et al. 2006). In other 

industries such as electronic equipment and automobile manufacturing, traceability is 

crucial to quality assurance and recycling processes where efficient tracking and 

tracing enable quick identification of defect components and efficient selection of 

disposal methods for discarded products. 

In the above industries, the production batch size, relevant operational and 

traceability cost features are not only major elements of the overall operational cost, 

but also crucial factors which affect safety and quality of end products as discussed 

in previous sections. The proposed approach in this research provides a new way to 

strategically and operationally integrate traceability considerations with operations 

and supply chain management functions. It would potentially support the industries 

to build cost effective solutions for implementation of traceability systems. 
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In this research, a temporary price discount is used to calculate the cost of product 

deterioration in the optimisation model. However, for perishable food with a high 

deterioration rate, operational parameters in manufacturing and logistics processes 

such as delivery frequency, packing size, storage condition, and sales price. often 

significantly affect the product shelf life. There is great potential to model more 

accurate product value lost features to extend the integrated operations-traceability 

optimisation model to a whole supply chain view, so that more benefits from the 

operations-traceability integration approach can be added. Therefore, further research 

is given in Chapter 5 to have insight into the subject, where tracing and tracking 

functions of traceability systems are investigated with optimal pricing policies. 

In addition, the risk rating WW,, k for each raw material batch in the proposed model 

imposes considerable impact on overall system performance. However, many 

companies have difficulties with the implementation of continuous risk assessment 

applications due to lack of expertise, training, time, motivation, and money. 

Therefore, current technology advancement in IT to support networked cost-effective 

risk monitoring solutions would be a prerequisite for the proposed 

operations-traceability integration. To support the integrated optimisation model a 

fuzzy based food safety risk assessment model has been developed in Chapter 6. 
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4.7 SUMMARY 

In this chapter, an integrated model was presented for simultaneously optimising the 

production batch size and batch dispersion policy in a food manufacturing context. 

The model incorporates operational costs (production setup cost, inventory holding 

cost, raw material cost and product perish cost) with costs related to safety and 

quality assurance (recall cost). As the total cost function is non-differentiable with 

respect to production batch quantity, simulation experiments were used to 

numerically analyse the model performance. The analysis result shows performance 

of the proposed approach under different options of operational parameters. 

Considering that recalls are low probability events, an analytical optimal solution 

was delivered under the condition that traceability factor is ignored. 
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CHAPTER FIVE 

IMPROVE PERISHABLE FOOD MANAGEMENT: A VALUE 

TRACING ENABLED PRICING MODEL 

5.1 INTRODUCTION 

In order to fill the gap identified in the literature review, the operations strategy 

discussed in Chapter 4 focuses mainly on using an operations planning approach to 

optimise traceability and improve manufacturing performance. An integrated 

traceability-operations optimisation model has been proposed and the benefits of the 

integration have been evaluated quantitatively. In this Chapter, from another point of 

view, traceability initiatives are integrated with supply chain operations. It is focused 

on the investigation of the benefits of using tracing and tracking functions to support 

supply chain operations. The potential value of using real time traceability 

information to improve perishable food supply chain management is discussed 

This chapter focuses on 1) How tracking and tracing capability and traceability 

data can improve supply chain operations; 2) how to quantitatively evaluate its 

benefits. The research attempts to prove the proposition that through identifying 

actual food shelf life and presenting value dynamically, profits of the perishable food 

supply chain can be increased. Firstly, a product value tracing process is discussed in 

Section 5.2. In Section 5.3, different pricing strategies are analysed to investigate the 

benefit from utilising dynamic product shelf life information facilitated by a novel 
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traceability system. The benefits of the proposed strategy are quantitatively estimated 

in Section 5.4. Numerical analysis is provided to illustrate the theory. 

5.2 PRODUCT VALUE TRACING PROCESS IN THE FOOD SUPPLY 

CHAIN 

For perishable food, product freshness represented as remaining shelf life has been 

considered as the main quality attribute of interest. Ferguson and Ketzenberg (2006) 

found from observing consumers that the freshest products were selected first. For 

perishable foods, product freshness has become an order winning criteria for food 

purveyors. Peneau et al. (2007) also suggested that freshness is a quality criterion of 

great importance to the consumer for the acceptance of fruit and vegetables. In some 

researches (Blackburn & Scudder 2003; Li et al. 2006a; Li et al. 2006b), the term 

"product value" is used to represent the remaining product shelf life. As this research 

is focused on perishable food, the concept of product value that represents the 

remaining product shelf life is adopted. 

5.2.1 Shelf Life Prediction and Food Quality Loss 

Due to the nature of perishable food, its quality can be considered as a dynamic state 

that is decreasing continuously until the point that is unfit for sale or consumption. 

Therefore, for perishable food, there is a limited length of time that can be held under 

predefined storage conditions and retain a required level of quality after production. 
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This length of time is known as shelf life which matches the product shelf life 

definition (IFT 1974) given in section 2.8.1. 

The kinetic model approach is the most common method for the shelf life prediction 

(Fu & Labuza 1993; Mizrahi 2000; Taoukis & Labuza 1989). With the kinetic 

model, the shelf life is usually evaluated by the measurement of one or more 

characteristic quality parameters. Depending on the product nature, such parameters 

might include for example dry matter content, vitamin C content, sugar percentage, 

moisture content, peroxides index, acidity, total count of yeast and fungus, the 

number of Salmonellas, texture, odour, colour, fat content. (Achour 2006). In the 

case of monitoring the change of a quality parameter, according to Labuza (1984), 

the kinetic equation can be expressed as: 
[A]__ 

k [A 
1t (5.1) 

where [A] is the measured value of the chosen key quality parameter, ii is the 

chemical reaction order and k is the constant rate of the reaction. The Arrhenius 

model that relates the rate of a chemical reaction to the changes in temperature is the 

model being popularly used (Mizrahi 2000). According to Labuza (1984) and 

Mizrahi (2000), this model can be presented as: 

k= kA " 2-[EA/RgaT(t)i (5.2) 

Here kA is the rate constant. EA is the energy of activation for the reaction that 

controls quality loss. Rgas is the ideal gas constant. T (t) is an inverse absolute 

temperature at some reference temperature Trefand is defined as: 
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T(t) = 
I1IT, 

ef-1/TI. (5.3) 

Depending on the reaction order, the model from equation 5.1 can describe 

quality changes that follow a linear to exponential decay (Fu and Labuza 1993). At a 

constant temperature equation 5. lcan be solved to a simple linear function of time: 

f(A)=kt (5.4) 

where the expression f (A) can be defined as the quality function of the food 

(Taoukis 1989). The form of the quality function of food for a zero, first and n`h order 

reaction is shown in table 5.1. Several studies from the literature have shown that the 

quality loss of most food products generally follow a zero or first order reaction 

(Labuza, 1984). According to Taoukis (1989), the change of the quality function 

during a known variable temperature exposure T(t) can be calculated by substituting 

the rate constant k by equation 5.2 and integrating equation 5.4 as: 

J 
(A), =f kdt = kA 

J1 

EEA/RgasT(t) jdt 

00 
(5.5) 

The value f (A)t can be calculated by analytically solving the integral for known 

simple T(t) functions, when the kinetic parameters k4 and E, i are known. If the 

discrete values of temperature with respect to time are available, f (A), can be 

calculated numerically: 

N -[EA/RBas T (li)] 
Ati 

=ý 
(5.6) 
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Table 5.1 Quality functions of time for different order reactions 

Reaction order Quality function 

0 AO - At 

1 ink Ao/A, ) 

n(n#1) 
11 (Al-" 

- Aö-" 
11 - 

Source: (Taoukis 1989) 

Furthermore, according to Fu and Labuza's (1993) research, under ideal 

conditions, the shelf life of a food based on microbial growth can be predicted by 

using the following equations:. 

N= Noe[k(1-hL)] 

is = 1n(N$IN0)Ik+tL 

(5.7) 

(5.8) 

Where No is the initial microbial load; N is the microbial level at time t; NS is the 

microbial level corresponding to the end of shelf-life; is is the shelf life at the 

constant temperature; k and tL are the specific growth rate and lag time at a constant 

storage temperature, which can be predicted from an appropriate model. For 

example, Griffiths and phillips (1988) were able to predict the shelf life of 

pasteurised milk at different constant storage temperature using the square root 

model. 
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With the available information of time and storage temperature to which food 

products are exposed, the approaches discussed in this section enable to estimate the 

remaining shelf life or remaining quality of food products. 

5.2.2 Product Value Assessment 

In practice, the shelf life information printed on food labels is coded when products 

are packed by producers. However, the shelf life of a temperature sensitive product is 

a function of products characteristics, conditions under which the product is 

maintained, and time (Sahin et al. 2007). One limitation of current practice is that the 

printed shelf life information does not reflect the real temperature variations that 

occur through its life. In fact, actual conditions frequently deviate from specified 

conditions through the distribution processes. If appropriate temperatures are not 

maintained, product quality can be compromised because of the development of 

different kind of bacteria such as botulism, listeriosis and salmonella (Mini & Labuza 

1992). It may affect the characteristics of product quality and may result in a 

difference between the actual remaining shelf life and the expected shelf life printed 

on a product label. The consequence of such a difference can be anything from 

decreased sales to legal actions relating to food safety. 

As the temperature fluctuations across time are usually random, it is difficult to 

estimate the accurate product shelf life and evaluate the product value. Recent 

developments in traceability systems, especially with the application of automatic 
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tracking and monitoring technologies such Radio Frequency Identification 

Technology (RFID) and Time Temperature Indicator (TTI) (see section 2.4.2), 

provides a potential solution to such a problem. More importantly, the technology 

makes it possible to detect "actual" product quality deterioration in real time for large 

volume product flows and complex supply chain processes. RFID technology can 

remotely identify products instead of requiring a visual alignment of each product 

with a scanner like barcode system, and can communicate with multiple products 

simultaneously. 

In some researches (Blackburn & Scudder 2003; Li et al. 2006a; Li et al. 2006b), 

deterioration rates and time periods are used in a function to measure the loss of 

product values as 

V (t ý=V0"-ý` (5.9) 

Here V (t) is the product value at time t. Vo is the original product value when t= 

0. The parameter A is temperature dependent, and is assumed unchanged during the 

time period T. The product value assessment function uses an exponential function to 

describe the deteriorating product value over time. This exponentially quality 

decaying weighing function has been widely adopted in operational research on 

perishable food (Fibich et al. 2003; Kopalle et al. 1996; Sorger 1988). 

Based on the food kinetics approach discussed in Section 5.2.1, the deterioration 

rate a can be calculated when the kinetic parameters kA and EA and temperature 
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variation history are known. The development of RFID and TTI technologies 

provides a practical solution recording the information of temperature exposure and 

related time and making the information available to decision processes. 

With current practice based on our case study in the UK retail industry, perishable 

food can be accepted by retailers only when a pre-specified quality standard is met 

on the arrival of the products (e. g. temperature is within the control limits, or the 

visual response of a TTI attached to the delivery batch meet the quality standard). 

According to Li et al. (2006b), it can be described as: 

Vet'>_v; T={tIeA`=y}; t-[O, 7] (5.10) 
0 

Here Te is the time at which the perceived product value reaches VQ from the given 

initial product quality value Vo. 

5.2.3 Value Tracing Process in the Food Supply Chain 

From being packed and labelled to being placed on the retailers shelves, food 

products have to pass through various supply chain processes (e. g. unloaded at a 

warehouse and placed in a queue to enter a storage room). The shelf life printed on 

the product label does not take into account the variations of the storage conditions 

through the supply chain stages. It is a chain of individual deterioration processes. It 

can be quantitatively modelled through aggregating the food deterioration processes 

in each individual time period. 
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By considering the case of a food supply chain described in Figure 5.1 and 

combining with the quality assessment function in equation 5.9, Li et al. (2006b) 

proposed a value tracing process expressed as: 

Vr 
= 

Vo 
-e- 

Tg "A'g 

, e- 
Tm'Am 

, e-Td , Ad 

(5.11) 

Here, g, in, d, r denote a particular supply chain tier (grower, manufacturer, 

distributor and retailer). T is the time period for each supply chain process. qo is the 

initial product quality value at a grower. V, is the initial product value at a retailer. 

When a new time period starts, the deterioration parameter A may change. For more 

general applications, the tracing model can be extended to the whole perishable chain 

through aggregating all preceding supply chain processes as described in equation 

5.12. 

N 

-Y %1-T1 

Vs = Vo "e '-1 (5.12) 

In the aggregated tracing function, V. is the dynamic product value at a decision 

point. Vo is the product value at the beginning of the supply chain. N is the overall 

number of tracing processes. The approach generates a value tracing chain and 

enables the downstream supply chain companies to identify product values (VS) 

dynamically at different supply chain stages. 
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Retailer Store 11 

Grower 2 

Figure 5.1 Example of a food supply chain 

Source: (Li et al. 2006a) 

In this thesis, a value tracing process is adapted from the work of Li et al. (2006a, 

2006b). The process measures product quality variations at all stages in the basis of 

the recorded food time-temperature profile (TTP). The technical details of the 

advanced product identification and sensory technologies enabled novel traceability 

system are beyond the scope of this research. It is assumed that an RFID and TTI 

enabled novel traceability system is in place so that TTP can be accurately recorded 

at each stage of the food supply chain and shared in the network. At a decision point, 

the successive time periods need to be traced back dynamically for accurate TTP that 

affect products' remaining shelf life. This enables the supply chain partners to 

evaluate the product quality changing. With the value tracing function, the retail 

price would be dynamically set to represent actual food shelf life features. In other 
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words, promotion should not only be used as a passive method to rescue the product 

life relying on the expiration dates and visual quality deterioration. Instead, it might 

be transformed in a more active manner to manage demands and reduce waste. 

5.3 EVALUATE PRODUCT VALUE TRACING MODEL WITH DIFFERENT 

PRICING STRATEGIES 

Li et al. (2006b) proposed a dynamic pricing model to investigate the potential 

benefits of the value tracing process. However, the model did not consider the cost of 

price changes and the model performance was not analysed comparing various 

current retail practice. In fact, price changes are still costly in traditional retail stores. 

In addition, there is also uncertainty in the consumer behaviour to the frequently 

changing prices. In order to demonstrate a more practical value tracing model, in this 

thesis, Li et al. 's (2006b) model is modified and the benefits of the value tracing 

process from the improved dynamic pricing model are evaluated with different 

pricing strategies that are practically used in current retailer operations. In order to 

extract the structural connection between profit and price in the presence of product 

quality decay, a monopolistic retailer case is considered. The corresponding 

notations are defined in the relevant places. 
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5.3.1 Demand Function 

Determining the right price to charge customers for a product is a complex task. It 

requires not only consideration of operating cost and available stock, but also the 

demand and how much customer values the product. One of the most important 

elements that influence pricing decisions is demand and how it reacts to price 

changes and other factors (Elmaghraby & Keskinocak 2003). An important fact is 

that not all consumers are the same, and they do not behave in the same manner. 

Their characteristics and circumstances condition their behaviour, their purchasing 

decisions and, in particular, their price evaluation (Estelami et al. 2001; Rosa-Diaz 

2004,2006). Slade (1998) explained that there are two types of consumers: some are 

not price sensitive, whereas others consider price fundamental in their decision to 

make a purchase. In this research, consumers are assumed to be price sensitive. One 

commonly used price-dependent linear demand function in the economic research is 

described in equation 5.13 as: 

f1 =a- bP (5.13) 

a and b are non-negative constants. P is the product price. u is the mean of a 

demand D(P). In addition to price sensitivity, consumers may be sensitive to the 

quality of goods. Food quality can be defined as the assemblage of properties which 

differentiate individual units and influence the degree of acceptability of the food by 

the consumer (Kramer & Twigg 1968). For many products, product quality is 

observable before purchase. It is an important factor influencing a consumer's 

purchase decision. Rosa Diaz (2006) argued the influence of price on consumers' 
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decisions depends on the manner in which the price is perceived and evaluated. In 

particular, for perishable food products, many consumers consider a new product has 

a higher quality than an expiring one and give it a lower evaluation. Considering 

supermarket customers, they will prefer to buy newly replenished goods instead of 

expiring ones if there is difference in expiration dates. When prices are the same, 

they will prefer the new one. Hardie et a!. (1993) developed the notion of reference 

quality and empirically demonstrated that differences between observed and 

reference quality can significantly affect purchase probabilities. Kopalle and Winer 

(1996) considered the reference model used by Hardie et al. (1993) and developed a 

dynamic reference pricing-expected product quality model for which cyclical pricing 

and product quality policies turn out to be optimal. 

In this research, customers are assumed being aware of price and the possible 

quality deterioration. Therefore, there are two characteristics different to common 

pricing problems. Firstly, the product considered here is perishable. It will be 

removed from stock when it reaches its expiration date which leads to an outdating 

cost. Secondly, customers are sensitive to the product quality deterioration so they 

give the expiring products a lower valuation. The demand model in Li et al. (2006b) 

is adapted by considering a demand function where price and product quality are 

incorporated. Both the price (P) and the product value (P) that represents the 

remaining shelf life are taken into account as influential factors in a deterministic 

demand function as equation 5.14. 
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f(D, )= Do -a P(t)+/. 3V(t)>- 0, 

ED = fo f(D, )dt 

(5.14) 

While a price increase negatively affects a demand, product value apparently has 

positive effects to the demand. As product price and quality change over time, the 

demand also becomes a function of the time. The time variable t is time elapsed since 

the start of a selling period. In equation 5.14, a and ,8 are the nonnegative coefficients 

representing the demand sensitivity to a product price, and the demand sensitivity to 

the identified product quality value respectively (a, ß> 0). Dt is the time dependent 

demand. Do is a nonnegative demand parameter dependent on product utility features 

(Lau and Lau, 2002). P(t) and V(t) are the product price and value at time t 

respectively. ED is the expected demand in a selling period and T is the length of the 

period. To simplify the problem, it is assumed that other factors that influence a 

pricing policy such as retailer's overall price image, competitor's price, and 

customer's sensitivity to product value have already been considered in coefficients 

a and ß. 

5.3.2 Value Tracing vs. No-value Tracing 

To evaluate the benefits of the value tracing model, two scenarios - the present `no 

value tracing scenario' Si and the proposed `value tracing scenario' S2 are compared 

under different pricing strategies. In both scenarios, the demand is assumed to be 

deterministic but sensitive to the price and quality of products. At the beginning of 

each period a decision is made regarding the price of the item. In case demand in a 
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selling period exceeds the available inventory, it is assumed that the retailers can 

restock to meet demands during a selling period with a unit cost (Chatwin 2000). 

The evaluation of food quality loss in section 5.2.1 is normally generated by a 

group of professionals with knowledge and resources. However, without knowledge 

of product quality evolution in general and of sensory analysis in particular, it may 

better predict consumer perception of quality (Peneau et al. 2007). In scenario Sj, as 

no extra information regarding to product quality is given to customers except a 

given expiration date, the drop in product value has to be modelled from the 

consumers' point of view as the product ages through the selling period. This drop in 

value is manifested through a lessened willingness to pay for the product by the 

consumer. For example, consumers often check the status of the products and would 

prefer to buy fresh products instead of expiring ones if the seller charges the same 

price for both. Tsiros and Heilman (2005) also found that consumers' willingness to 

pay decreases linearly through the shelf life for products with relative lower product 

quality risk (PQR). Therefore the demand function in equation 5.14 can be extended 

as: 

ff(D, ) =Do -a PP(t)+ß V, (1 - 2, t)? 0, (5.15) 

ED 
ý= 

JT f (D1) dt for T <_ TT 

where: 

ED, - expected demand in an agreement for a selling period (0,7); 
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Do - the demand parameter (dependent on product utility features) (Lau and Lau, 

2002), K>0; 

Pi(t) - time dependent retail price based on the pricing strategy and planned price PP 

at the beginning of a selling period, which is less than the maximum price at which 

consumers would stop buying (0 < P, <P) 

VV -the product value agreed in a contract which is dependent on the product shelf 

life features (0 < V, < 100 %). The value of VV is proportional to remaining product 

shelf life derived from a given expiration date; 

)., - the nonnegative deterioration rate of product value or shelf life based on a given 

expiration date. This rate can be derived straightforwardly from the fixed expiration 

date, i. e. it is the reciprocal of the shelf life. 

TT -the estimated product shelf life. It is estimated based on the agreed product value 

V, After TT, the product quality is assumed unacceptable to consumers. 

With scenario S,, before a selling period starts the planned demand is estimated (or 

agreed) based on the pre-specified food shelf life and the agreed price. During a 

selling period, customer perceived product value defined in terms of the remaining 

product shelf life decreases over time against a given expiration date. The demand is 

assumed determinative and the expiration date (or deterioration rate) is known. 

With scenario S2, product value tracing function is facilitated by a novel 

traceability system as discussed in Section 5.2.3. Customers can receive accurate 
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information on remaining shelf life based on the dynamically identified product 

quality deterioration rate. This can be achieved through placing a LCD display, 

supported by the networked information system, nearby the product shelves. 

Consumers can scan barcode or input product code through the terminal. Then 

accurate remaining shelf life information is presented on the screen. Such a solution 

has already been in application in Japanese supermarkets for consumers checking 

relative traceability information (Talbot 2004). 

Before the start of a selling period, the sales price is made collaboratively 

according to dynamically identified product TTP through tracing back the supply 

chain operations. During the selling period, the food deterioration rate is uncertain 

due to uncertain quality control and weather conditions, the average deterioration 

rate to represent the dynamic values in the model of S2. Adapted from Li et al. 

(2006b), the demand function under scenario S2 can be defined as: 

f, (D, ) =Do -a P(t) + /3 Vse-"s` > 0, 

EDS =$ 
T f(D1)dt for T STe (5.16) 

where: 

ED, - the dynamically estimated demand in time period (0, T); 

PS(t) - time dependent retail price based on the pricing strategy and the pricing 

decision PS collaboratively made at the beginning of a selling period, and which is 

less than the maximum price at which consumers would stop buying (0 <P<P) 
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VS -the identified product value enabled by the novel traceability system. Here VS is 

proportional to the dynamically identified remaining product shelf life. 

2, - the nonnegative average deterioration rate of product value in a selling period. It 

can be determined by the food kinetic modelling approach (see Section 5.2.1) with 

availability time-temperature distribution of the selling period or by statistical 

analysis (the computation of the deterioration feature is beyond this research). 

Te - the time at which the perceived product value reaches Ve from the given initial 

product value V. s (see equation 5.10). It represents the identified product shelf life. 

In addition, it is assumed that under scenario S2, all products are sold in acceptable 

quality condition. In practice, this may be difficult to achieve although the sales price 

decision is made collaboratively based to dynamically identified product value, as 

the customer demand is also affected by many other factors. However, it would be 

acceptable as the analysis in this thesis is focused on comparing the overall 

performance of the value tracing enabled pricing approach and the current practice, 

instead of calculating the profit from scenario S2. 

5.3.3 Modelling the Retailer Profit 

The profit of a retailer can be calculated based on revenue and all relevant costs. 

Revenue is collected from product sales. For simplification, operations costs (costs 

for purchasing, stock keeping and warehousing) are incorporated into a unit 
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operational cost Co. In addition, if the pricing strategy contains price change, a unit 

cost Cp should be added for each change. 

In order to highlight the research problem, it is assumed that expired products 

incur an outdating cost. This outdating cost could be the wastage cost when the 

expired products are discarded or a damage cost (CD) caused by the consequence of 

selling those products to customers. It depends on the nature of the product and the 

problem to be modelled. Due to uncertain storage or weather conditions, the real 

product shelf lives may differ to those printed on product labels. For some products 

such as fresh vegetables, the end of product life can be visualised and retailer staff or 

customers will stop selling or purchasing expired products. For others, the end of 

product life may not be visualised without special knowledge or without scientific 

testing. The consumption of unsafe food products may cause illness and in extreme 

cases of the death of consumers. The retailer has to face a series consequence costs 

such as compensation and damaged reputation. Such incidents are often reported in 

the media. 

The benefit of the proposed value tracing model is evaluated by assessing the 

profit realised by the retailer. If the dynamically identified product shelf life is longer 

than the estimated product shelf life (TQ >_ Ta ), it is obvious that the profit will 

increase due to a higher product value. This research focuses on investigating the 

benefits under the condition TQ < TT . In practice, the food deterioration rate is 
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uncertain due to the uncertain product quality control and weather conditions. The 

overall profit of a monopolistic retailer is modelled in a given selling period of 

duration between t=0 and t=T. However, the length of the selling period, T, may 

also affect overall profits regarding its correlations with TQ and TT respectively. In the 

following content, the costs consequent to these correlations are discussed and the 

retailer's profit is formulated in terms of the model parameters described above. 

5.3.3.1 Option 1 

In option 1, the length of selling period is shorter than estimated and dynamically 

identified product shelf lives (T,, > TQ >_ T>0). In both scenario S1 and S2, all the 

products are sold with acceptable quality condition during the selling period T (see 

Figure 5.2). Therefore, the profit can be estimated as the revenue over a selling 

period minus the operational cost. Based on equations 5.15 and 5.16, the profit 

functions for scenario SI and S2 are defined as equation 5.17 and 5.18 respectively. 

T 1-I = Jo 
[Pý (t) - Co ] f, (D, ) dt 

HsT = JT [Ps(t)_Co]. fs(Dr)dt 

(5.17) 

(s. i s) 
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fDt) 
ED. (vv A. ) 

0f Te TC t 

Figure 5.2 Relationship between demand f (D, ) and time t for TT > Te >_ T>0 

The retailer's objective is to maximise the profit over a selling period by choosing 

an optimal price P"(t). The optimisation problem can, therefore, be written as a 

conventional optimisation problem: Find the optimal pricing strategy P*(t) 

for0 <_ t<T, such that: 

CT 
[P, (t)1=max IIT[Pc(t)} (5.19) 

P (t) 

UST[S'(t)]= max UT [PS(t)J (5.20) 
P. c1) 

To solve the optimisation problem (5.17)-(5.20), relations (5.15) and (5.16) are used 

to rewrite Equations (5.17) and (5.18) respectively. The optimal solution can be 

obtained by differentiating the profit functions with respect to price P(t). Finally, the 

benefits of the value tracing process can be evaluated by comparing the optimal 

profits between the two scenarios. 
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5.3.3.2 Option 2 

In option 2, the length of selling period is defined by the condition (T. >T >_ TQ >0) 

as shown in Figure 5.3. In scenario Si, the estimated product shelf life (Ta) is greater 

than the length of the selling period (7). The expected demand ED, is calculated 

based on the selling period T. However, the selling period is now divided into two 

separate periods: (0, Te) and (T,, T). In period (0, Te), all the products are sold before 

its actual expiration date. In period (T,, T), the demand contributes to an outdating 

cost. The demand function in equation 5.15 is therefore extended in equation 5.21 

Z ED 
c= 

ED ,+ ED 

=fT f (D)dt + jT f (D)dt 
(5.21) 

where ED, is the demand in period (0, TQ). In contrast, ED2 is the quantity of expired 

products that have to be disposed of, or sold off, with consequent damage cost (CD). 

In the case where expired products are disposed of, the profit function for scenario 

Sj can be defined as the revenue over the period, (0, Te), minus the operational and 

wastage costs as: 

f, (D)dt (5.22) ri, T =fT [ý', (t)-Co]f, (Dr)dt-Cof 
rT 

In the case where expired products are sold to customers, the profit function for 

scenario S1 can be defined as the revenue over the period, (0,7), minus the 

operational and damage costs (see Equation 5.23). 

T=fT [J (t) - Co ]f, (D1)dt - Co fr f, (D )dt (5.23) 

In scenario S2, because product shelf life can be identified dynamically, all the 

products that are sold in period (0, TQ) are in acceptable quality condition as the 
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assumption given at end of Section 5.3.2. Therefore, based on equation 5.18, the 

profit function for scenario S2 can be described as the revenue over the period, (0, 

TQ), minus operational costs (see equation 5.23). 

[PS(t)-CO]fs(D, )dt SST = Jo 
T 

(5.24) 

For both scenarios, the optimal solutions can be obtained using the approach 

discussed in Section 5.3.3.1. 

0 TB T Tý t 

Figure 5.3 Relationship between demand f (D, ) and time t for TT >T? TQ >0 

5.3.3.3 Option 3 

In option 3, the length of selling period is defined by the condition (T > TT > Te >0) 

as shown in Figure 5.4. In scenario Sj, the estimated product shelf life (Ta) is smaller 

than the length of selling period (7). The expected demand ED, is calculated based 

on the period (0, Ta). Similar to option 2, this selling period has to be divided into 

two separate periods: (0, TQ) and (Te, Ta), and the demand function in equation 5.15 is 

therefore extended as: 
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ED, = ED, +ED2 

=fT ff(D)dt + JT f (D) dt 
(5.25) 

0 T, 

where ED, is the demand of period (0, Te) in which products are sold with acceptable 

condition. In contrast, ED, is the demand quantity of (Te, TT) which contributes to an 

outdating cost. Therefore, from equation 5.17, the profit function for scenario Sl can 

be expressed as equation 5.26 (expired products are disposed) and equation 5.27 

(expired products are sold with a consequent damage cost) 

I=fT [pc(t)-Co]. %(D1)dt-Co f efc (D)dt (5.26) 

rl 
cT =fT Pc(t)-Co]fc (D, )dt-CDJ fc(D)dt (5.27) 

t Dt) 
ED (Vv 2eß 

..............:.. ED (vsý ýs) 

ED, 
- _------- 

0 Te Tý T I. 

Figure 5.4 Relationship between demand f (DI) and time t for T>T, > Te >0 

In scenario S2, and similar to the analysis of section 5.3.3.2, all the products are 

sold in period (0, TQ) and are of acceptable quality. Therefore, the profit function for 

scenario S2 can be expressed by equation 5.24. In the following sections, the profits 

of these three options under different pricing strategies will be compared. 
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5.3.4 The Fixed Price Strategy 

There are various types of pricing strategies used in the exchange of goods and 

services. Firstly, it starts with a simple example in which companies fix the price of a 

product over a selling period (0 
_< t _< 

T). 

5.3.4.1 Optimal Pricing for Option 1 

For scenario S1, by substituting P(t)=P into equation 5.15, the relationship between 

demand and its main factors over time can be specified as follows: 

ýt) 0_<t<T ro0 -aP+ßv(1-A f (D)- 
t> _T 

(5.28) 

Substituting equation 5.28 into profit function 5.17, the profit function can then be 

written as: 

i 
UT =(PP-Co)-[(Do-aPP+ßVV)"T-ßV`2`T ] (5.29) 

To optimise the expected profit, the derivatives with respect to the price PP are 

obtained as: 

aaP`T= 
(D0 - 2aP, + ßVý, +a" Co) "T-2 , 6VcAcT'" , 

10 2fl 
`T =-2aT <0 a2PC 

(5.30) 

The derivative above confirms the convexity of the profit function. Then, the optimal 

pricing solution P, * is obtained as: 
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P, ̀ =1 [(Do+ßV, +a-C0)"T- 
16 

V2, T2) (5.31) 
2a T2 

Subject to: Tc>TQ? T>0; 0<P, *<P, 

From equation 5.31, the optimal price in the agreement can be determined based 

on the agreed product value V, operational cost Co, and demand sensitivity features. 

Consequently, the optimal retailer profit based on the optimal price can be estimated 

through equation 5.29. 

For scenario S2, by substituting F(t)=P., P into equation 5.16, the relationship 

between demand and its main factors over time is specified as: 

00-aP+/3Ve 

` 0_<t<T 
JD, (5.32) 

Substituting equation 5.30 into the profit function 5.18, the profit function can then 

be expressed as: 

fl T =(PS-C0)"[(Do-aP,. )"T+ßVS (1-e-A'T)] 
s 

(5.33) 

Using the same approach', the convexity of the profit function can be confirmed and 

the optimal pricing solution Ps*is obtained as: 

Pss 
2a T 

[D°T +VsS (I-e- A. T) + aCo T] (5.34) 

Subject to: T. >_ TQ ?T>0; 0< P* < P, 

1 For details of the proof see Appendix Al 
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Through equation 5.34, the optimal price PS` is determined based on the identified 

product value VS, operational cost Co and demand sensitivity features. The optimal 

profit for scenario S2 can be estimated through equation 5.33. 

5.3.4.2 Optimal Pricing for Option 2 

For scenario Sf, it starts with the assumption that expired products have to be 

disposed of. From equations 5.22 and 5.28, the profit function can be derived as: 

II 
CT = (PPTT - CQT)(Do - aPP +, 8 vc )- (PCTe2 - COT 2) ß1 

(5.35) 
2 

Using the same approach2, the convexity of the profit function is confirmed and the 

optimal pricing solution Pis obtained as: 

P` 
2a Te 

[(Do +ßV, )-TQ -2 8VýAcTe2 +aC0T] (5.36) 

Subject to: TT>T>_Te>0; 0<Pc <P 

The optimal price in the agreement is then determined based on the agreed product 

value V, operational cost Co, the identified product shelf life Te, and demand 

sensitivity features. 

When expired products are sold with a consequent damage cost, from equations 

5.23 and 5.28, the profit function can be derived as: 

IICT = (Do -aP +ßVc)[(P, -CO)T -CD(T -TI)]-' `2` [(P, 
-Co -CD)TZ +CDTe2J 

2 

(5.37) 

2 For details of the proof see Appendix A2 
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Using the same approach3, the convexity of the profit function can be confirmed and 

the optimal pricing solution Pis obtained as: 

P`; 
2a 

I 
[(Do +, ß V, ) "T- 

18V A T' + aC, T + aCD (T - TQ )] (5.38) 
T, 2 

Subject to: Tc>T? TQ>0; 0<P, <P 

Through equation 5.38, the optimal price is determined based on the agreed 

product value VV, operational cost Co, unit damage cost CD, the identified product 

shelf life T,, and demand sensitivity features. Consequently, based on the optimal 

price solutions for both conditions the optimal retailer profits can be estimated 

through equations 5.35 and 5.37 respectively. 

For scenario S2, by substituting equation 5.32 into the profit function 5.24, the 

profit function can then be expressed as: 

fl =(Ps-Co)"[(Do-aP"Te+gVI (1-e-""T, ) ] 
AS 

(5.39) 

Using the same approach4, the convexity of the profit function can be confirmed and 

the optimal pricing solution Pis obtained as: 

P 
2aT 

[DoT+ 
yS 

(1-e-"=T)+aCoTQ] (5.40) 

Subject to: TT >T >_Te >0; 0<Ps; <P 

3 For details of the proof see Appendix A3 
4 For details of the proof see Appendix A4 
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Through equations 5.39 and 5.40, the optimal price PS* and the optimal profit for 

scenario S2 can be determined. 

5.3.4.3 Optimal Pricing for Option 3 

For scenario Sl, the difference of profit function between option 2 (see equations 

5.22 and 5.23) and option 3 (see equations 5.26 and 5.27) is that in option 3, the 

products are planned to sell from period between t=0 to t= TT (TT < T). By 

substituting T= TT into equations 5.35 and 5.36, the profit function (see equation 

5.41) and the optimal price solution (see equation 5.42) are obtained for the case 

where expired products are disposed of. 

II 
CT = (PcTQ - CoTC)(Do - aPP + ßVc) - (PCTQZ - CoTC2) 

ß V`, 
` (5.41) 

P` 
2aTe 

[(Do+ßVV). Te-2ßV, 112+aC0Tc] (5.42) 

Subject to: T>T, > Te >0; 0<I' < <! 

Similarly, by replacing T= TT into equations 5.37 and 5.38, the profit function and 

the optimal price solution are obtained for option 3 when expired products are sold 

with consequent damage cost. For scenario S2, the optimal solution is as the same as 

the solution for scenario S2 in section 5.3.4.2. 

In the fixed price case, the pricing decision is made at the beginning of a selling 

period. When the product value tracing function is facilitated in scenario S2, the 
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pricing decisions that are made are based on the average identified product value 

deterioration rate (), S, ) of the selling period. Although it is more accurate than 

estimated value deterioration rate, there is the possibility of deviation between the 

average product value deterioration rate and the real deterioration rate when actually 

customers purchase the products. 

5.3.5 The Price Markdown Strategy 

To attract customers to purchase products approaching their expiration date, retailers 

often charge a lower. price for them than for new products. In this section, how the 

value tracing model affects profit under the price markdown strategy is investigated. 

It begins with the pricing policy where two different prices are set up in a selling 

period: 

P 0<-t< 
P(t) = 

T. 

P(1 - 0) Tm <t<T 
(5.43) 

Here, T,,, is the length of the normal selling period after which a price discount 0 is 

deployed for a given product. In practice, supermarkets often mark down the price of 

perishable food products on the last day before their expiration dates. As the price 

markdown policy is often employed for those products that have shorter product 

shelf lives, option 3 is focused here, whereT > TT > TQ >0 (see section 5.3.3.3). As 

a price markdown is always applied before a product reaches its expiration date, it is 

assumed that T. < Tp < T.. The relationship between demand and time for both 

scenarios is shown in Figure 5.5. 
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Figure 5.5 Relationship between demand f (D, ) and time t for the price markdown case 

5.3.5.1 Optimal Pricing Solution for Scenario SI 

In scenario S,, the selling period is divided into three intervals: (0, T,,, ), (T,,,, TQ), and 

(T,, Ta). In the period (0, T, 7), all products are sold at normal price (Pa). In the period 

(T,,,, TQ), products are sold at a discounted price. In the period (T,, Ta), the demand 

contributes to an outdating cost as discussed in Section 5.3.3.2. The demand 

function in equation 5.15 therefore becomes 

ED, = ED, + ED2 + ED3 

= 
JO f (D)cit + fT f (D)cit + fT f (D) dt 

(5.44) 

where ED, is the demand of the period (0, T,,, ); ED2 is the demand of the period (Tm, 

TQ) and ED3 is the quantity of expired products with an outdating cost. When the 

outdating cost exists as the wastage cost, from equation 5.26, a new profit function is 

obtained as: 
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fI -(P, -C0)JTT ff(D1)dt+[PP(1-0)-Co-CP]f� ff(D1)dt 
(5.45) 

-(Co+CP)JT ff(D)dt 
e 

When the outdating cost exists as damage cost, from equation 5.27, the profit 

function can be derived as: 

fl 
cr- 

(P- Co)JT %(D, )dt+[PP(1-B)-Co-C1]JT ff(D, )dt 
(5.46) 

+[Pc(1-B)-Co -CP - Co]J 
rrf, 

(D) dt 

By examining the first- and second-order condition of equation 5.45 and 5.45 with 

respect to the price PP, the convexity of the two profit functions can be confirmed 

and the optimal pricing solution PS` is obtained. 5 Using the same approach, the 

optimal profit solution for option I and option 2 can also be calculated. 

5.3.5.2 Optimal Pricing Solution for Scenario S2 

In scenario S2, as all of the products sold in the period (0, TQ) are of acceptable 

quality, the selling period is divided into two intervals: (0, T,,, ) and (Tm, Te) as shown 

in Figure 5.5. Therefore, the demand function in equation 5.16 can be expressed as: 

ED, =ED, +ED2 

= 
fo fs(D)dt + J_ fs(D)dt 

(5.47) 

where ED, is the demand for products sold at normal price, Ps; ED2 is the demand 

for products sold at discounted price, PS(1- 0). From equation 5.24, the profit 

function can then be expressed as: 

fl -(PS-ca)fo fs(D, )dt+[i, (1-0)-co-cP]JT`f5(D1)dt (5.48) 

5For details of the proofs see Appendix A5 and A6. 
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Examining the first- and second-order condition of equation 5.48 with respect to the 

price P, the convexity of the above profit functions can be confirmed and the 

optimal pricing solution PS*is obtained as: 6 

Do(T -61e +B1;,, )-8V (e T -O T +ý-'''T -1)+a¬ 7, +a(1-G)(Co +Cp)(7 -T,,, ) 
Pý _ 2aT1,, +2a(1_02(T -T 

(5.49) 

The optimal price PS* can then be determined based on the identified product value 

VS, operational cost Co, product deterioration rate 2, the identified product shelf life 

Te, price markdown rate 0, and demand sensitivity features. Consequently, the 

optimal profit level can be estimated through substitution of PS* in equation 5.48. 

5.3.5.3 Generalised Price Markdown Model 

The previous discussion analysed the case where two different prices are set up in a 

single selling period. However, in real practice, retailers often deploy a more flexible 

price markdown policy. For example; in order to reduce the waste, Tesco carries 

three price reductions on perishable foods in their dairy operations. Details of 

Tesco's markdown policy are discussed in Chapter 7. 

To provide an insight into the impact of the value tracing model on a retailer's 

profit, scenarios S, and S2 can be compared under a generalised price markdown 

case. For simplification, option 1 (TT > Te >_ T>0) is chosen as an example in which 

6For details of the proof see Appendix A7 
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only operational cost (Co) and price change cost (Cp) are considered. The 

relationships between demand J(D, ) and time t for the generalised price markdown 

case under Scenarios S, and S2 are illustrated in Figures 5.6 and 5.7 respectively. 

However, it can be easily extended to option 2 and option 2 where additional costs 

are incorporated. 

f(D) 

EDo 

I 

[ED,,,,, 

AEDm2 

ED,,,,, 

T. Tc t 

Figure 5.6 Relationship between demand f, (D, ) and time t for the generalised price 

markdown case (TT > Te >_ T>0) 

tS(o: ) 

EDO EDmi EDm2 EDmn 

Te Tý t 

Figure 5.7 Relationship between demand f (D) and time t for the generalised price 

markdown case (TT > Te >_ T>0) 

153 



Chapter 5 Value Tracing enabled Pricing Model 

Referring back to section 5.3.5.1 (see equation 5.17 and 5.18) and section 5.3.5.2 

(see equation 5.22,5.23 and 5.24), the profit function can, if one price markdown is 

employed, be defined as: 

II, =(P-C0)EDo+(B, P-Co -Cp)"ED m, (5.50) 

Here B, Pis the discounted price. If the price is marked down twice, then the selling 

period is divided into three periods and the profit function therefore becomes: 

n2 = (P-C0)ED0+(01P-Co -CP)"ED,,,, +(O2P-Co -2CP)"EDm2 
(5.51) 

Accordingly, if n times price markdown occur as shown in Figures 5.6 and 5.7, the 

demand function can be written as 

II, = (P-C0)EDo+ý (B, P - Co - iCp)EDm; 
R 

(5.52) 

By substituting equation 5.14 into equation 5.52, the profit function is derived as 

T 11� =PJoýf(D1)dt+>(9; P-iCp)JT. ';. ' f(D, )dt-Co 
0f 

f(D, )dt (5.53) 

If each price markdown rate is the same given rate 0, it can be expressed as 

(5.54) 

From equations 5.52 and 5.54, the profit function becomes 

n 

TI� = (P-Co)EDo+Z (P - iOP - Co - iCp)ED, 
(5.55) 

II� = (P-C0)[ £r" 
. 
f(D, )dt +1 jr f(D, )dt1-2 (01P+iCp) jr " J(Dr)dt 

j 
Jr 

, 
Jrn 

The profit function for scenario S, and scenario S2 can be derived by substituting the 

demand functions 5.15 and 5.16 into equation 5.55 respectively. The optimal 

solutions can be obtained through differentiating the profit functions with respect to 

the price PP and P. The optimal prices for both scenarios can then be determined. 
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However, in scenario S2, time temperature profiles for the period between the start of 

selling period to the moment a price markdown decision (B�) is made, are available 

from the traceability system and food deterioration rate (). S) can be determined 

dynamically. So the product shelf life can be estimated accurately and the right 

pricing decision can be made to increase the demand and reduce the waste. 

5.4 NUMERICAL ANALYSIS 

In this section, a numerical analysis is conducted to attain insights into the benefits of 

the proposed value tracing model and its performance when different pricing policies 

are employed. The numerical values used in this example were chosen after a series 

of interviews with managers at local supermarkets and distribution centres. The data 

collected from these interviews combined with information from relevant journal 

references are used to calibrate the parameters of interest. 

Among the major questions investigated, it is focused in particular on: (1) the 

impact of product shelf life features on model performance; (2) the impact of 

outdating cost on retailer profits; (3) the effect of the quality deterioration features on 

model performance; (4) the effect of price changing cost on the performance of the 

price markdown strategy. 
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5.4.1 Analysis of Product Shelf Life Features on Model Performance 

As discussed in 5.4.3, these options are defined on the basis of different product shelf 

life features. In order to obtain a deeper insight of the impact of shelf life feature on 

model performance, three options previously discussed in Section 5.3.3 are selected 

to simulate the mode performance against varying product value difference under the 

fixed pricing strategy. The product value difference indicates the difference between 

the dynamically identified product value (VS) and the planned product value (Va) 

agreed in a purchase contract. When the identified product value is greater than the 

planned value, its benefit is obvious since it has higher initial product value and 

longer shelf life. Therefore, it is only simulated in the situation that occurs as value 

loss, AV, where 

AV=V`V 
vc 

Vs, 
and VV>_VS (5.56) 

The results of simulation are described in Figure 5.8. It shows that S2 performs 

better than Sj when the estimated and identified product shelf lives are close to, or 

shorter than, the selling period. Note that when AV is low, for all three options, the 

value tracing model generates benefits but tend to decrease as AV. increases. In 

particular in option 1, after AV reaches at level of approximate 0.06, the value tracing 

model generates a negative profit difference and the curve shows a decreasing trend 

as the value loss increases. It can be explained that in option 1, both the estimated 

and identified product shelf lives are longer than the length of selling period. Thus all 

the products are sold before their expiration dates. Over-estimated product value 

increase the demand without outdating costs. A large product value loss means a 
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large margin between the estimated product value and dynamically identified product 

value. It increases the profit of scenario Sj, and consequently reduces the benefits of 

the value tracing model. 
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Figure 5.8 Profit difference plotted against product value loss for the fixed pricing 

strategy 

In contrast, after AV reaches a certain level, the benefits gained from the value 

tracing model start to increase again in option 2 and option 3, in which the length of 

the selling period (7) is close or longer than both estimated and identified product 

shelf lives. The magnitude of the profit increase is greater in option 3 than option 2. 

It demonstrates that the benefit of the value tracing model is more significant for 

food products with a short shelf life or high deterioration rate. On the other hand, 

there is no obvious value in employing a value tracing function for products with a 

long shelf life. 
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5.4.2 Analysis of the Outdating Costs on Model Performance 

In Section 5.3.3, the outdating cost is classified into two types: wastage cost and 

damage cost. Wastage cost includes the cost of expired products that have to be 

disposed of or those expiring products sold with a price discount. Retailers often set 

up a weekly or monthly target to reduce the wastage in order to improve business 

performance. The impact of the outdating cost on business performance is likely to 

be more significant when it exists as damage cost. In some case, due to unexpected 

storage or weather conditions, the product reaches the end of its life before the "sell 

by date" that is printed on its label. If these products are sold and consumed, they 

may result in legal action, the payment of compensation, and lost of good will. It is 

not a type of cost that occurs daily like wastage cost. However, when it happens, it 

may put companies out of business. 

To provide a deeper insight of the effect of different types of outdating cost on 

model performance, a Damage-Operational cost ratio, R, j (Rc1=CD/Co), is defined. 

Different values of the ratio are then employed to simulate model performance with 

various product value losses (AV). The simulations are conducted under option 3 of 

the fixed price strategy (Te < TT < 7). It is assumed that the rate of the product 

deterioration (). s) captured by the automatic tracking technology is the same as the 

estimated deterioration rate (As). 
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Figure 5.9 The impact of damage and operational costs on profit 

The simulation results are described in Figure 5.9. It demonstrates that the 

proposed value tracing model generates more benefits when the consequent damage 

cost is high (with greater Rc Ratio). On the other hand, scenario S2 gains fewer 

benefits than scenario S, when the damage cost is low. This can be explained 

straightforwardly by the increase sales with a relative low outdating cost from S1. 

To find the value of R, ratio beyond which level that value tracing mode will 

generate benefits, the profits are compared between two scenarios. When AH = 0, 

All =n', -rj'T =0. (5.56) 

Using option 2 (TT >_ T> TQ > 0) as an example, and by substituting CD = R, IC0 

into equation 5.56, the solution can be analytically obtained as: 

Rf 
'[P (t)-CO]f (D, )clt 

o - 
r[P, (t)-Co]. f, (D, )dt 

_o (5.57) 
,1- Co fr rf (D)dt 
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If the R, 1 ratio is bigger than the calculated value from the above equation, the value 

tracing model will always generate benefits. In real practice, the magnitude of the 

consequence damage cost (Co) is always large although it rarely happens. So the 

impact of the value tracing model on retailer profit is more significant for those 

products with high probability of CD. 

5.4.3 Analysis of the Deterioration Difference 

In previous numerical experiments, the assumption was made that the product 

deterioration rates X and X in the two scenarios are the same. Practically, it is likely 

that the product deterioration rate captured by the automatic tracking technology is 

different from the estimated deterioration rate. This discrepancy affects the length of 

remaining shelf life during which a perishable food is of acceptable quality to 

consumers. The impact of this discrepancy is analysed through an index, Aý�as. If the 

accurately identified deterioration rate AS is smaller than the pre-specified rate A, (A5< 

As), the identified product shelf life will be longer than the pre-estimated one. In this 

case, the benefit is obvious because of increased demand and decreased outdating 

cost. Therefore, only the situation, where AS ? A, is considered. The variations of the 

index and resultant changes in product value loss are simulated under a price 

markdown strategy. The price markdown rate 0 and the estimated deterioration rate 

2, are fixed at 0 =50% and)., =0.005 respectively. 
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Figure 5.10 The impact of production deterioration on profit 

Figure 5.10 shows the simulation result. It shows that the profit difference is 

always positive and curves move upwards from left to right. This indicates that, 

when the identified actual deterioration rate (A) is greater than the rate derived from 

the expiration date (A, ), the pricing strategy based on the proposed value tracing 

model always performs better. When product value loss (AV) increases, more 

revenue can be generated. This result may be explained by the fact that the 

underestimated deterioration rate in scenario Si implies overestimated product shelf 

life and demands. Consequently, it causes an amount of outdating cost. In addition, 

the bigger the discrepancy between the deterioration rates, the more the profit that 

can be generated by Scenario S2. 
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5.4.4 Analysis of Price Change Cost on Model Performance 

The analysis in section 5.4.3 indicates that the discrepancy between the product 

deterioration rate captured by the automatic tracking technology and estimated 

deterioration rate has a significant impact on model performance. It highlights the 

importance of the accuracy of the deterioration rate in the pricing decision. A 

markdown pricing strategy is helpful in meeting this criterion. Furthermore, if a 

number of markdown processes are deployed in a selling period, more pricing 

decisions concerning the markdown rate and the point at which it occurs can be 

decided on the basis of the dynamically identified product deterioration rate. 

However, in many supermarkets, current practice still requires extensive manual 

work in enforcing price changes. Consequently, there is a dilemma. On the one hand 

increasing the number of times markdown occurs in the price discounting period may 

improve the probability of profits increasing as the deterioration rate captured by the 

automatic tracking technology in the selling period is more accurate. On the other 

hand, an increase in price changes adds on extra price change cost (Cp). To 

investigate how the cost of changing price and number of times markdown occurs 

affect model performance, the cost ratio Rc2 (R22=Cp/Co) is defined. Different values 

of Rc2 are used to simulate the profits for scenario S2 under various assumptions for 

the number of markdown times. The results are illustrated in Figure 5.11. 

When Rc2 is close to the level R, 2=0.2, the profit starts to decrease after a number 

of markdown times. When the value of Rc2 becomes higher e. g. R, 2=0.33, the drop in 
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the profit curve begins earlier than the example R, 2=0.2 as the number of markdown 

times increases. It can be explained that when a price change carries a certain cost, 

the amount of savings that the price markdown process delivers in the form of 

increased demand and reduced spoilage cost may be less than the price change cost it 

produced. The saving and cost generated by the price markdown process have to be 

balanced in order to improve the total profit. When Rc2 is low (R, 2= 0.01 and 

Rc2=0.1) which means that the price change cost (Cp) is relatively low compared to 

the operational cost (Co), profit increases as the number of markdown events 

increases. When the value of Rc2 keeps on decreasing, its corresponding curves of 

profit against markdown times tend to the curve in which price change cost is 

ignored in the profit function. Although, the cost of price changes is still costly in 

traditional retail stores, it may soon change with the introduction of new technologies 

such as Electronic Shelf Labelling systems (US Patent 2006). When the price change 

cost is so low that it can almost be ignored, the optimal pricing solution to maximise 

the profit is a dynamic markdown pricing strategy (e. g. every 15 minutes or 

whenever the shelf life has a significant change based on a given threshold) based on 

the real-time identified product deterioration rate. 
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Figure 5.11 Profit plotted against markdown occurrence for different price change 

Costs 

5.5 DISCUSSION 

The study indicates that pricing decisions based on the product value tracing function 

can lead to a significant improvement in profit. However, our analytical and 

simulation results have also demonstrated that product shelf life features, outdating 

cost, pricing policy, and actual product quality control conditions significantly affect 

the benefits of the value tracing model. An appropriate price policy needs to be 

adopted according to shelf life features and the accurately identified product 

deterioration in order to guarantee the maximised profit. Such a transformation in 

food retail chain management would also improve food quality and consumer safety. 

One limitation of the research is that an assumption is made in our demand 

functions that the consumers' willingness to pay drops linearly with shelf life. This 
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assumption coincides with Tsiros and Heilman's (2005) research finding that 

consumers' willingness to pay (WTP) decreases linearly with shelf life for products 

with relatively low product quality risk (PQR) e. g. lettuce, carrots, milk, and yogurt. 

However, their research also found that it follows an exponential relationship for 

products with relative high PQR e. g. beef and chicken. It is also a product category 

where customer demand is highly sensitive to product quality. Future research can 

examine how benefits of the value tracing model and optimal pricing policies are 

affected when such an exponential relationship is incorporated into the demand 

function. 

Moreover, for simplification, a linear deterministic demand is assumed in this 

research. From a different perspective, there have been numerous empirical studies 

investigating demand functions for a wide variety of products. These demand 

functions, according to Lau and Lau (2003), can be an iso-elastic or exponential 

functions of price (D =aP-a or D=ae- "" ). In fact different demand functions 

can lead to very different results. Furthermore, in reality, customer demand is 

stochastic rather than deterministic. A general stochastic demand function has the 

form: 

D1 = d(P1, sý) (5.58) 

where et is a random term with known distribution. Nevertheless, the demand 

function adopted in this research is used to compare the profits generated by the two 

scenarios. In addition, various data collected from interviews and reference journal 
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are used in the simulation experiment. Therefore, the research result in this chapter 

can be regarded as sufficiently well grounded. 

In addition, this research only focuses on evaluating the benefits from the retailer's 

perspective. However, in order to realise these benefits, it requires having the value 

tracing process in place through all supply chain processes. This will add extra cost 

for other parties in the supply chain. Therefore, it is essential to consider all the costs 

incurred through the whole tracing period. Future research could attempt to compare 

the benefits from the perspective of supply chain. 

5.6 SUMMARY 

In integrating traceability initiatives with supply chain operations, the operations 

strategy employed in this chapter attempted to explore the opportunities from using 

tracking and tracing functions facilitated by traceability systems to improve the 

supply chain operations. With the development of traceability systems, supply chain 

visibility and accuracy of product shelf life information can be significantly 

improved. Consequently, consumer buying intentions could be more dependent on 

the real-time product quality or shelf life features, rather than mainly dependent on a 

given expiration date. A product value tracing model was discussed and evaluated 

combining with different pricing strategies. Numerical simulations were deployed to 

analyse the impact of the value tracing model on profits for products with various 

shelf life features. The analysis results demonstrate the critical importance of 
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dynamically tracing and monitoring food supply chain processes for sustaining the 

business competitiveness. 

Simple traceability systems are important in limiting the cost from a food safety 

problem, in maintaining consumer confidence, and in enforcing liability incentives 

for due-diligence behaviour (Hobbs 2006). However, more competitive advantages 

lie on improving supply chain operations supported by more robust traceability 

systems facilitated with advanced product identification and network technologies. 

The major contribution of this research is the proposed innovation of using the 

tracking and tracing capability of traceability systems to support the pricing 

decisions. Such an innovation has significant potential to deliver a more promising 

return of the investment on food traceability systems in food supply chains. 
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CHAPTER SIX 

A FUZZY ENABLED MODEL FOR AGGREGATIYE FOOD 

SAFETY RISK ASSESSEMENT 

6.1. INTRODUCTION 

Food scandals, terrorist attacks, and animal diseases of all kinds are high on the daily 

news agenda and have been spreading a sense of uneasiness among citizens for a 

long time. The food industry is under pressure to improve food product security, 

implement efficient risk management and manage quality `from farm to fork'. To 

ensure consumers' confidence, a series of global food safety policies and regulations 

were created and adopted all over the World. Apart from traceability, the application 

of risk assessment techniques to food safety issues is being promoted strongly by 

international organisations (European Commission 2002b; WHO/FAO 1999). The 

application of risk assessment methods to food safety have been reported extensively 

in the literature (see Section 2.7.2). Much attention has been given to approaches and 

models assessing risks on various hazards both from the theoretical and practical 

point of view. Most food risk assessment models focus on specific microbiological or 

toxic chemical hazards. Little effort has been made on assessing overall safety risk of 

a food production process. Such an overall risk assessment can be more effectively 

employed in planning operations incorporating the safety objectives, which is a 

fundamental objective of risk assessment (Ross & Sumner 2002). The availability of 

an overall safety indicator not only assists the decision making process on critical 
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control points, but also provides support to operations management processes such as 

production planning and supplier selection, where resources could be better used and 

product safety enhanced. 

In addition, it is broadly recognised that companies have difficulties with practical 

applications of risk assessment, especially when knowledge and data are limited. In 

such circumstance, fuzzy logic would be a helpful method, as the fuzzy membership 

functions can be used to represent qualitative linguistic values and model heuristic 

knowledge (Davidson et al. 2006). 

In this Chapter, a fuzzy enabled model for aggregative food safety risk assessment 

is proposed to effectively analyse, quantify and compare the risks of different 

processes along food supply chains. The quantified aggregative food safety risk 

indicator (AFSRI) can be used as a safety indicator to comparatively measure risks of 

raw material or production batches from different processes or suppliers. With this 

safety indicator, it can also support the integrated optimisation model proposed in the 

Chapter 4. Numerical examples were deployed with sample data and the sensitivity 

analysis was also performed. First, a fuzzy set theory is adopted to provide a 

practical food risk assessment method. 
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6.2. FUZZY THEORY AND FOOD RISK EVALUATION 

Qualitative risk assessment is based on data which are inadequate for numerical risk 

estimations. Nonetheless, when conditioned by prior expert knowledge and 

identification of attendant uncertainties, it permits risk ranking or separation into 

descriptive categories of risk (Codex Alimentarius Commission 2001). Various 

semi-quantitative scoring systems, for example decision trees, have been introduced 

to bridge the gap between qualitative and fully quantitative methods (Davidson et al. 

2006; Huss et al. 2000; Marks et al. 1998; Ross & Sumner 2002). Marks et al. 

(1998) used the term `Dynamical flow tree' (DFT) modelling for their strategy. It 

incorporates the dynamics of microbial growth for microbial risk assessment. The 

DFT process is based on data and formal statistical inference or extrapolation from 

the available data. Huss (2000) developed a simple scoring scheme for ranking risks 

from consuming seafood. Six categories were created to describe risk factors and 

characteristics of known hazards in seafood. Based on a survey of outbreaks of 

illnesses attributed to different seafood, the risk of a particular product was 

determined by assigning a score to it for each of the categories. The products were 

then ranked according to the total number across the categories. Ross and Sumner 

(2002) developed a semi-quantitative risk assessment tool using a spreadsheet 

format. The user answers eleven questions related to hazard severity, probability of 

exposure and effects of processing steps by selecting qualitative statements that 

appear in the user interface or by entering specific values for the hazard of interest. 

The qualitative statements are converted to numeric values and used to calculate four 
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measures of risk. 

In many cases, uncertainty problems cannot be expressed simply by using the 

concept of probability. Since fuzzy set theory was introduced by Zadeh (1965) to 

deal with problem in which vagueness is present, it has been frequently used to solve 

problems of uncertain nature. Normal triangular fuzzy number (TFN) is often used to 

characterise the fuzzy values of quantitative data and linguistic terms used in 

approximate reasoning (Lee 1996; Lee et al. 2003; Ross 2004; Sadiq & Husain 

2005). Davidson et al. (2006) proposed a general framework that allows simple 

computations for microbial risk assessment using fuzzy values to represent 

uncertainty and/or lack of knowledge associated with values. The fuzzy approach is 

adopted to develop the aggregative food risk assessment model. Some research 

reviewed below is used as a basis of transformation of qualitative risk evaluation into 

fuzzy values and consequently the quantitative assessment outcomes. 

Lee (1996) has developed an 11-level ranking system by which grade and 

importance of risk factors are classified. This approach was also used by Sadiq and 

Husain (2005) in estimating aggregative risk of various environmental activities. The 

linguistic values from 1 to 11 were made into corresponding fuzzy numbers with 

triangular membership functions as listed in Table 6.1. The membership functions of 

triangular fuzzy numbers for the 11-level qualitative scales in table 1 are described in 

equation 6.1. 
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1-10x, OSx<0.1, 

0,0.1<_x<_1, 

0,0<_x<1-210 

10x-(1-2), " <x< 
10 101, 

1-10x, 
11 

<r<1 
10 10 

0,1 <x<, 
10 

(1 = 2,3,... 10 )and 

10,0 <_ x<0.9, 
PN"ýrý- 10x-9,0.9<x<1, 

(6.1) 

Table 6.1 Linguistic classifications of grades of risk and importance and their 

corresponding triangular fuzzy numbers (Modified after Lee, 1996) 

Grade 

of risk 
Eleven ranks of grade of risk (r) 

Eleven ranks of grade 
importance (i) 

of Triangular fuzzy 

numbers (TFN) 

1 Definitely low Definitely unimportant (0.0,0.0,0.1) 
2 Extremely low Extremely unimportant (0.0,0.1,0.2) 
3 Very low Very unimportant (0.1,0.2,0.3) 

4 Low Unimportant (0.2,0.3,0.4) 
5 Slightly low Slightly unimportant (0.3,0.4,0.5) 

6 Middle Middle (0.4,0.5,0.6) 
7 Slightly high Slightly important (0.5,0.6,0.7) 
8 High Important (0.6,0.7,0.8) 
9 Very high Very important (0.7,0.8,0.9) 
10 Extremely high Extremely important (0.8,0.9,1.0) 

11 Definitely high Definitely important (0.9,1.0,1.0) 

Two fuzzy numbers N, and N; with membership functions PN (x) and 

p, v, (x) represent the grade of risk and the grade of importance respectively. Then, 
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for simplicity, centroidal method (also called as centre of gravity) is used for 

defuzzification, which is defined as: 

fb 
PN, 0N, 

(Z) d. ic 

JQ pN, ®N, 
(x) d� 

(6.2) 

where a and b are the lower and upper limits of the integral, respectively. This 

procedure is the most prevalent and physically appealing of all defuzzification 

methods (Ross 2004; Sugeno 1985). 

Here, the above methods are applied to the computation of aggregative food safety 

risk with fuzzy values. When assessing risks, the nature of the hazard, the probability 

that an individual or population will be exposed to the hazard, and the likelihood that 

exposure will result in an adverse health effect have to be considered (Walls 2006). 

As the assessment results are used as a comparative measure of risk and the same 

population target is conducted in the assessment, the risk is assumed to be 

independent of population size. However, the risk assessment conducted in this thesis 

is developed from a manufacturing perspective. It focuses on assessing the risk at the 

early stage on the supply chain rather than assessing the end product on consumer 

health. The assessment results can lead to more procedures or control actions that 

must be taken during the food processing. Hence, the likelihood of a hazard 

occurrence, and the number of products exposed to the hazard are assessed. In 

addition, the probability that an individual or population will be exposed to the 

hazard and the likelihood that exposure will result in an adverse health effect are 
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combined the factor of severity of the hazard. Therefore, the following factors are 

incorporated into the assessment: 

(1) Likelihood of a hazard occurrence 

(2) Severity of the hazard 

(3) Number of product exposed to the hazard 

In practice, companies have difficulties in evaluating these factors due to 

uncertainty and lack of knowledge and information. Instead, risk assessors and QA 

managers generally rank these risk factors in terms of linguistic variables such as 

high, moderate and low. This is also the approach employed in the risk assessment 

process of the case study company (see detail in Appendix B). In our research, the 

qualitative scales are expressed by the popularly used TFN (Lee 1996; Lee et al. 

2003; Sadiq & Husain 2005) to capture the vagueness in the linguistic subjectivity of 

risk definitions. Table 6.2 describes this qualitative scaling system for severity of the 

hazard, likelihood of the hazard, and number of products exposed to the hazard. 

Three fuzzy numbers NS, N, and Np with membership functions P N, (x) , 

,,, 
(x) and Pc N (x) represent the grades of these three factors respectively. To 

determine the magnitude and intensity of the risk, these three factors are multiplied 

together to produce the risk evaluation: 

Risk =hazard severity x likelihood of the hazard x Number of products exposed 

(6.3) 
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Table 6.2 Linguistic classification of grades of hazard factors and their 

corresponding triangular fuzzy numbers 

Ranking 

level 

A qualitative 

explanation for grade 

of hazard severity (s) 

A qualitative 

explanation for Grade of 
likelihood of the hazard 

(1) 

A qualitative 

explanation for Grade 

of number of product 

exposed (p) 

Triangular 

fuzzy numbers 
(TFN) 

1 Definitely mild Definitely low Minimal (0.0,0.0,0.1) 

2 Extremely mild Extremely low Extremely few (0.0,0.1,0.2) 

3 Quite mild Quite low Quite few (0.1,0.2,0.3) 

4 Mild Low Few (0.2,0.3,0.4) 
5 Slightly mild Slightly low Slightly few (0.3,0.4,0.5) 
6 Moderate Moderate Some (0.4,0.5,0.6) 

7 Slightly severe Slightly high Slightly many (0.5,0.6,0.7) 
8 Severe High Many (0.6,0.7,0.8) 
9 Quite severe Quite high Quite many (0.7,0.8,0.9) 

10 Extremely severe Extremely high Extremely many (0.8,0.9,1.0) 

11 Definitely severe Definitely high All (0.9,1.0,1.0) 

All calculations in this risk assessment are multiplications. The product of two 

TFNs is also a fuzzy member, which is not necessary a triangle. To simplify 

multiplication calculations, a standard approximation is used. The standard 

approximation has been defined by authors such as Chen and Hwang (1993) and 

Giachetti and Young (1997) in the forms described in equation 6.4. 

A -ý 
(a1, a2, a3) 

B -> (bº, b2, b3) 
C= A®B 

C -ý (albº, a2b2, a3b3 

(6.4) 

Generally, the product calculated by standard approximation is a conservative 

estimate as the error introduced by the standard approximation is the difference 

between the membership function of the actual product and the membership function 
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of the standard approximation. However, it had been argued that the approximation 

is appropriate for early-stage risk assessment (Davison et al. 2006). In this paper, the 

product of three TFNs is therefore calculated by this standard approximation as 

shown in equation 6.5. 

NS 
-ý 

(a3, 
ms, b3), as < in, < bS 

N, --* 
(al, nz,, b, ), a, < in, < bl 

J\ (6.5) 
NP 

-i (ap, in 
p, 

bp ), ap < 111 
p< 

bp 

Ng = Ns x N, x Np, Ng --> 
(a, a, ap, insm, in p9b., 

b, bp) 

Fuzzy operations is then carried out to determine the risk of a given magnitude and 

intensity. The centroid method of defuzzification is exploited to transform the TFNs 

into a numerical value for the computation, which is defined as: 

b f x/JNg (x)dx 
s, e) -b Iß�, (x) dc 

(6.6) 

where a and b are the lower and upper limits of the integral respectively. p NR 
(c) 

is the new membership function of multiplication result as expressed in equation 6.7 

according to Lee (1996). 

0, x ag, 

ag <1< Illg 
171g - ag 

P Ng bg x 
mg<<ýbg bg - In g 

0, x >- bg. 

for ag = asa, ap, 111g = 111SIJI, 111 
p, bg = b5b, bp. 

(6.7) 
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6.3. AN INTEGRATED MODEL FOR AGGREGATIVE FOOD RISK 

ASSESSMENT 

In this section, an integrated model is proposed to perform structured analysis of the 

aggregative food safety risk indicator (AFSRI) in food supply chain by using the 

concepts of fuzzy set theory and an analytical hierarchy process. Each element in 

proposed model is discussed in detail in this section. 

6.3.1 Matrix Model 

In a food production network, risk can be accumulated as food passes through 

production chains(Li et al. 2001; Parsons et al. 2005). Quality assurance systems are 

required at each step in the food production chain to ensure safety of food and to 

show compliance with regulatory and customer requirements (Domenech et al. 

2007). In order to enable a structured analysis of food safety risk in food supply 

chains, a matrix model (see Figure 6.1) is introduced (Li et al. 2001). Firstly, the 

process flowchart is converted into networked matrices. The networked matrices 

represent the main processes of a food production chain. Each matrix represents one 

process with inputs and outputs. The matrices are linked by materials flow of the 

production chain. The input hazards are obtained through a hazard identification 

process, where the knowledge of existing or potential hazards may come from 

brainstorming by the HACCP team or sensitive ingredient lists. The development of 

the matrices network can be implemented on the basis of user requirements. It is 

recommended that concentration is focused on processes having a particular 
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influence on hazards. 

Product 

Output 

Materials 

Input Process 2 

Product Output 

Output Risk 
i 
i 
i 

Input 

Consumer Hazards 

Materials 

Input 
Process I 

Output k_ 
Risk 

Input 

Hazards 

Food production network risk assessment and detection 

Figure 6.1 Matrix Model 

Each matrix consists of four elements. It involves fuzzy concepts and hierarchical 

analysis (see Figure 6.2). It follows a step-by-step procedure. A hierarchical structure 

model for aggregative risk assessment is established first in the basis of the input 

hazards. Then, individual hazards in the hierarchical structure are assessed using the 

fuzzy enabled risk assessment method. An analytical hierarchy process (see Section 

6.3.2) is used to determine the weights of hazard categories and hazards in each 

category. After that, fuzzy values are computed to obtain the AFSRI. 
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Risk Evaluation 
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Input 

Product Output 
Output E aJ ati n Risk 

Input 
Hazards 

Hierarchical 
structure model 

Using fuzzy Using AHP 
method assessing weighting hazards 
individual hazards 

H& 

hazard categories 

Evaluation of 
aggregative risk 

Figure 6.2 Components in the Matrix Model 

The matrix model will prioritize each input material in a food production process 

in terms of food safety risk factors, and quantitatively evaluate its risk in the form of 

an aggregated indicator. Such an evaluation should represent not only the risk 

existing in current production process, but also the risk transferred from other 

processes in the supply chain. This matrix model will underlie a practical approach to 

enable tracing a risk origin with quantitative evaluations through all production 

stages. Detailed method and procedure of evaluating aggregative risk for a given 

process (represented as a matrix) are discussed in the following sections. 

6.3.2 Application of Analytical Hierarchy Process (AHP) in Safety Risk 

Evaluation 

AHP is one of the most widely used approaches for addressing multiple-criteria 
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decision making problems (Sadiq & Husain 2005). It enables a decision maker to 

structure a multi-criteria decision making problem in an attribute hierarchy. AHP 

works with hierarchies where the top level drives the focus of the problem and the 

bottom level consists of the decision options (Wu et al. 2006). AHP has been applied 

to a variety research issues including: supplier selection (Chan & Kumar 2007; 

Kahraman et al. 2003), sourcing decisions (Mohanty & Deshmukh 1993), software 

selection (Min 1992), construction risk assessment (Hsueh et al. 2007; Zeng et al. 

2007) and environmental risk assessment (Sadiq and Husain 2005). Dey (2004) 

indicates that risks are subjective by nature and AHP is an effective tool for 

predicting risk. 

Risk assessment according to the Codex Alimentarius Commission (2002) is a 

scientific evaluation of known or potential adverse health effects resulting from 

exposure to hazardous agents. Impacts of hazardous agents vary in terms of materials 

quality, process environment, packaging and storage conditions of the product. 

Hazards can be classified into three categories: biological, chemical, and physical 

(Codex Alimentarius Commission 2002). To determine the AFSRI, biological, 

chemical, and physical hazards and all the factors associated with them have to be 

incorporated into the calculation. Figure 6.3 represents a hierarchical structure model 

of the aggregative risk involving three major attributes: biological hazards (XI), 

chemical hazards (Xi) and physical hazards (X3). Each attribute is divided further into 

specific hazards (known and/or potential), e. g. physical hazards could be: glass, 
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bone, metal, wire, sand, dirt and stones, pits or shells, and pest or parts of pests. 

Biological hazards are denoted by X11, X12...., Xia. Chemical hazards are denoted by 

X21, X», ..., X2b. Physical hazards are denoted by X31, X32, ..., X3c,. Here a, b, c, are 

integers as the number of hazards identified in each category. With such a 

hierarchical structure presented, AHP is a logical option to conduct the assessment. 

Final aggregative 
risk weight 

J ggregativ e 
Risk 

x1 

x2 

x3 

Individu 
xja Hazarc 

1 Individu 
Hazard 

Individu 

b LHazard 
1 Individu; 

Hazard 

Individu, 
Hazard 

Hazard 
Severity 

likelihood of 
the Hazard 

Number of 
Products 

Figure 6.3 Hierarchical structure model of aggregative food safety risk 

6.3.2.1 Principle of AHP 

AHP allows consideration of both objective and subjective attributes and provides a 

flexible and easy way to understand and analyse complicated problems (Dey 2004). 

One of the strengths of the AHP is that its use of pair-wise comparisons to derive 

accurate ratio scale priorities. It enables the decision maker to incorporate 

Attribute Identified Hazard 

Xil Individual 
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subjectivity, experience, and knowledge in an intuitive and natural way. 

In a typical application of the AHP method, the pair-wise comparisons are 

established using a nine-point scale which converts human preferences into available 

alternatives such as equally, moderately, strongly, very strongly or extremely 

preferred. For example, if two elements are assumed equally important, the 

comparison will have a scale 1. If one element is moderately more important than the 

other, the analysis will have a scale 3. Subsequently, scales 5,7 and 9 are used to 

describe strongly more important, very strongly more important and extremely more 

important respectively. The corresponding reciprocals 1,1/2,1/3, ..., 1/9 are used 

for the reverse comparison. The pair-wise comparisons of the attributes at each level 

in the hierarchy are arranged into a reciprocal matrix (Saaty 1996). In general, the 

comparison matrices are defined as A= (a; 
u 

), where A= reciprocal matrix and 

a; = 1la j; . The relative weights of the elements at each level with respect to an 

element are computed as the components of the normalized eigenvector associated 

with the largest eigenvalue of the comparison matrix A. There are a number of ways 

to derive the vector of priorities for the matrix. Considering a reciprocal matrix, the 

pair-wise comparison can be reduced to solving equation 6.8. 

ATV =2 (JV) (6.8) 

where A.,,,, is the largest principle eigenvalue of A. The solution is obtained by 

raising the matrix to a sufficiently large power. Then summing over and normalizing 

the rows to obtain the priority vector TV = (W 1,..., 1V1) . The process is stopped 
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when the difference between elements of the priority vector obtained at the kth power 

and at the (k+l )`l' power is smaller than a pre-specified tolerance. Detailed solution 

of deriving the weights using AHP can be found in Saaty (1980). Saaty and Vargas 

(2001) recommended a simple approximation by normalizing the elements in each 

column of the judgement matrix and then averaging over each row. This is the 

approach adopted in this thesis. 

6.3.2.2 Analysis of AFSRI with AHP 

A two level hazard classification structure has been developed (see Figure 6.3). Let 

n(i) be the number of identified hazards for attribute X1, i=1,2,3.; we have n(1)=a, 

n(2)=b, ßi(3)=c. JV2(1), IV2(2), JV2(3) are denoted as the comparative weights of 

attributes XI, X2, X3, respectively (0<_ W2(i) <_ 1 for i=1,2,3, and Z3 
I 
JV2(i) =1). For 

each identified hazard Xy n(i), i=1,2,3), TVI(k, j) is denoted as the 

comparative weight of hazard X,. (where 0<_ JV1(i, j) 51 and n(`) TV I (i, j) =1 

for i=1,2,3. ). The hierarchical structure for above statements is given in Table 6.3. 

AHP is then used to rank how important one category is over another category for a 

product in a certain process environment. It can be deployed by comparing the 

number of hazards identified in each hazard category. Table 6.4 shows an example, 

where three biological hazards, two chemical hazards, and one physical hazard are 

identified in the hierarchical model. The chemical category is then estimated 

moderately more important than the physical category for a particular process and it 
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has a scale 3 against physical category in the AHP matrix. 

Table 6.3 The hierarchical structure of aggregative food safety risk 

Hazard Likelihood Number 
Individual Weight of Weight of Rate of risk Attribute severity of the exposed hazard attributes hazards g(s, 1, p) (s) hazard (1) (p) 

X, W2(1) 

X11 \V1(1,1) sil III P11 g(sil, IILPrr) 

X12 W1(1,2) s12 11 P12 g(sl2, I12, P12) 

... 
Xia 

... 
\V1(1, a) 

... 
51a 

... 
'ja 

... 
Pla 

... 
g(sla, Ila, Pla) 

X2 W2(2) 

X, 1 W1(2,1) s, / 11 P2l g(s21,1, l, P, l) 
X, WI (2,2) Si, 1» P22 g(s,, h2) P22) 

... 
X, b 

... 
W1(2, b) 

... 
S2b 

... 
12 

... 
P2b 

... 
g(S 2b, 12b, P2b) 

X3 `V2(3) 
X31 \V1(3,1) S31 131 P31 g(s31,131, P31) 

X32 \V1(3,2) S32 /3i P32 ö(S32,132, P3? ) 

... 

X3c 

... 

W1(3, c) 

... 

Sac 

... 

13c 
... 

Pic 

... 

g(S3c, 13c, P3c) 

Table 6.4 Ranking hazard categories 

Biological Chemical Physical Weights 

Biological 1250.581 

Chemical 1/2 130.309 

Physical 1/5 1/3 1 0.110 

Note: the consistency index CI=0.0018, and the consistency ratio CR=0.0032 

The next step is a comparison of how important one hazard is over another hazard 

in the same category. The assessors can incorporate their knowledge and experience 

regarding a particular product with reference to other industrial guidelines. For 

example, the assessors can use the existing HACCP document as a reference to 
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conduct the pair-wise comparisons. Alternatively, and similar to the hazard 

evaluation process in hazard analysis, a comparison between individual hazards can 

be performed by considering both the likelihood of occurrence and severity of the 

hazard (see Figure 6.4). 

High 

Severity 
of Effect 

Hazard 

Low Likelihood of High 
Occurrence 

Figure 6.4 Analysis of hazards. 

Source: (Mortimore 2001) 

The grades of main risk factors for each hazard are then determined by a risk 

manager or risk assessor according to her/his analysis of the hazard as discussed in 

section 6.2. A set of integer between 1 to 11 for grades of hazard severity, likelihood 

of the hazard, and number of product exposed are assigned. With this qualitative 

scale, the AFSRI is then evaluated by the model computing procedure shown in the 

next Section. 
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6.3.3 Evaluation of AFSRI 

The criteria ratings for risk can be linguistic variables with linguistic values VI, V2, 

V3, V4, VS, V6, V7, where V1=extra low, V, =very low, V3=low, V4=middle, 

VS=high, Vo=very high, V2- extra high. According to lee (1996), the linguistic 

variables are then defined by TFNs with membership functions as below: 

1 
[1_6x, 

OSx<6, 
Vl = (O, 0, 

-) PNI(X) = 

6 
0,1 < C<16 

o, 

_ 
n-2 n-1 n V°-( 

6'6 '6ý 

6x-(n- 2), 
PN�(Y) = 

ii-6x, 

0, 

(ii = 2,3,4,5,6) and 

il O<C<-2 

6 

n-2 n-1 << 
66' 

n-1n 
(6.9) 

6< Y< 6' 
II 

ý C< 
6 

0,0< c< 
5 

V7 - (5 , 1,1) /1'V7 (X) 
5 

6x-5,5 <X<1, 

Using the centroid method, the seven qualitative scales V1, V, V3, V4, Vs, V6, V7 

have centroids VG(1)= 0.0556, VG (2) = 0.1667, VG(3) = 0.3333, VG(4) = 0.5000, 

VG(5) = 0.6667, VG(6) = 0.8334, VG(7) = 0.9444 respectively. Let V= be the set of 

the criteria for rating the risk of each hazard. By fuzzy relation on X, xV, the fuzzy 

assessment matrix for risk attributes is established for XI, X2 and X3 respectively (see 

Figure 6.3). For example, the hazards of Xj are X11, X, 2, ..., Xja and the 

corresponding rates of risk are g(sfi, 111, pjl), g(s/2,112, p12),... ) g(sla, l/Q, p/Q) 

respectively (see Table 6.5). Let V(s f j, 111, p1«, ii) and V(s», 111, p1j, n+1) be the 
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intersection of x= g(s», Ill, pzi), and fi,, (x), pv, (x) (n = 1,2, ..., 6) respectively. 

Then V(s� , 1� 
, p� , 71 + 1) = 1- V (s� , 1� , p1 j, n) and let V (s� , 1� 1 p� 3 k) =0 

for every k =1,2,..., n, but k#n, n+1. Thus, a fuzzy assessment matrix F(X1) 

can be formed as: 

V(sii'III >Pu>1) V(sii'1, 'Pit. 2) ... V(s11+l +Pii+7) Xii 
V ls12 1112'P12 'i) 

V (s12+lii>P! 
2,2) ... 

V (s12"121Piz+7) X12 6.10) 
F(X, )= 

V (sio, lla, Pla, l) V (sia, lio, Pio, 2) ... V (Slollia, Pia, 7) X is 

In a similar way, the fuzzy matrices for F(X2) and F(X3) can be built for attributes 

X7 and X3 respectively as: 

V (s21 
+`21+ P21,1) V (s 

21+121, P21,2) ".. 

F(X2) 
V (S 

22,122, P 22,1/ 
V (s 

22,122, P 22,2/ """ 

V 
\S 2b 

12b P2bV 
(s2b, 12b, P2b, 2/ 

""" 

V (s311131 
P31+1/ V (s 

31,131+P31,2) """ 
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The aggregative risk for attribute X, (biological hazards) can be evaluated as 

follows: 

[R(1,1), R(1,2),..., R(1,7)]1 7 (6.13) 
= [IV 1(1,1), JV 1(1,2),..., W 1(1, a)]ixax F (XI)0X7 

e. g. 

Q 

R(1, ß: ) JV 1(1, J)X V (s11,11 
, p11, k) for k=1,2,..., 7. (6.14) 

i=I 

Therefore, R1(1) = [R(1,1), R(1,2),..., R(1,7)] can be denoted as the vector of 

aggregative risk for attribute X1. Similarly, RI(2) and RI(3) are vectors of 

aggregative risk for attributes X, and X3 respectively. The final aggregative risk 

assessment is performed in equation 6.15. 
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[R2(1), R2(2),..., R2(7)], 
x, 

R1(1) (6.15) 

_ 
[TV 2(l), TV 2(2), TV 2(3)], 

x3 x R1(2) 

R1(3) 
30 

3 

e. g. R2(k)=LW2(i)xR1(i, k) for k =1,2,..., 7. (6.16) 
i=l 

The final rate of aggregative risk is defuzzyfied by the weighted average method as: 

7 
AFSRI = VG (k) x R2(k) (6.17) 

k=1 

6.4 AN APPLICATION OF THE PROPOSED MODEL 

The proposed model was tested in a food manufacturer scenario. Numerical 

examples and sensitivity analysis are presented in this section. 

6.4.1 Application Example 

The utilisation example is based on a UK food manufacturer (see detail of the case 

company in Chapter 7). Here, the integrated matrix risk assessment model is applied 

to perform structured analysis of safety risk for chosen products along the production 

processes. 

Firstly, the process flow in the manufacturing plant for a chosen product is 

constructed including: intake, storage, defrosting, meat preparation, brine make up, 

injection, tumbling, filling and netting, cooking, cooling, roasting, slicing, and 

packing. In the analysis, data from each process is input into an individual matrix. In 
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each process, all known or potential hazards are identified and main sources inducing 

these hazards are listed and placed into three categories. A hierarchical structure is 

then developed and the grades of severity (s) and likelihood (1) of the hazard, and 

number of products exposed (p) are decided either based on expert panel 

recommendations or previous risk assessment records. After deciding the s, I and p 

values for each hazard, g(s, 1, p) is evaluated through the fuzzy method discussed in 

Section 3.2. As an example, assessment result for the injection process of a selected 

product is presented in Table 6.5. Here, the scales of s, 1 and p values are estimated 

from the existing risk assessment results in the HACCP plan of the case company. 

Table 6.5 The early stage assessment results for the injection process 

Hazards 
Processes Individual Hazard SIp g(s, 1, p) 

Category 

Growth of pathogenic & spoilage bacteria caused 
by inadequate temperature control of the brine 

solution. Biological 
Growth of pathogenic & spoilage bacteria caused 
by inadequate nitrite addition for cured meat 

Injection products 
Chemical contamination of the brine solution or 
ingredients caused by. insufficient control of 

Chemical hygiene chemicals. 

Excessive quantity of nitrite added 

X11 6360.127 

X12 5250.049 

X21 92 10 0.192 

X22 5240.039 

Physical Metal contamination from needles / knives X31 8440.156 

For each g(s, 1, p), the membership p,. (x) for linguistic variables (VI to V7) is 

estimated. For example, one of the identified biological hazards in the injection 

process X11 is growth of pathogenic & spoilage bacteria caused by inadequate 

temperature control of the brine solution. Based on the risk assessment result in the 
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case company's HACCP records (see Appendix B), the risk of this hazard is 

estimated with a grade g(6,3,6) which is equal to 0.127 (see Table 6.5). The 

memberships ji 
. 

(x) of linguistic variables are Vr=0.24, V2=0.76 and V3 to V7=0.00 

as shown in Figure 6.5. The same procedure is repeated for X12. Therefore, the F(Xj) 

matrix is built as follows: 

F(X1) = 
0.24 0.76 00000 X� 

0.70 0.30 00000 X12 
(6.17) 

Similarly, assessment matrices F(X2) and F(X3) can be formed as follows: 

(6.18) 
0 0.85 0.15 0000 X21 

F(X2) = 0.77 0.23 00000 X22 

F(X3)=10.06 0.94 0000 01 X31 

vi V2 V3 V4 

1.0 %--AA/ 

0.8 
0.6 

, uv, 
(T) 

0.4 

0.2 

0.0 16v 
0.00 0.17 

g(6,3,6)=0.127 

0.33 0.50 0.67 

Rate of risk, g(s, /, p) 

0.83 

(6.19) 

....... ...... 

Figure 6.5 Membership functions of the set of the criteria ratings of food safety risk 

The AHP method is then used to assign comparative weights to identified 

hazards in a hazard category and hazard categories for a particular process of the 

product being assessed. Table 6.6 summarises the weights calculated for various 
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hazards and hazard categories in the example for assessing AFSRI in the injection 

process. 

Table 6.6 Weights estimated through the analytical hierarchy process (AHP) 

Risk Attributes W2(i) W 1(i, j) Values 

X, W2(1) 0.400 
X11 W1(1,1) 0.500 

X12 W1(1,2) 0.500 

X2 W2(2) 0.400 

X21 W1(2,1) 0.750 
X22 W1(2,2) 0.250 

X3 W2(3) 0.200 

X31 W1(3,1) 1.000 

The F(X) is multiplied by WV1(i, j) to determine the items for attribute level 1. Let 

R1( 1 )=1 0 .5000.500 
Ix0.24 0.76 00000 

0.70 0.30 00000 (6.20) 

=I0.47 0.53 00000 

Similarly, the following can be calculated: 

R1(2) =10.19 0.69 0.12 000 01 
(6.21) 

Rl(3)=10.06 0.94 0000 01 

The final aggregative risk assessment is carried out as follows: 

0.47 0.53 00000 
R2 (k) =I0.429 0.429 0.142 Ix0.19 0.69 0.12 0000 (6.22) 

0.06 0.94 00000 

=I0.293 0.659 0.049 000 01 

Defuzzyfying by the centroid method, AFSRI is obtained as: 

(0.293 x 0.0556 + 0.659 x 0.1667 + 0.049 x 0.3333 +0x0.5 +0x0.6667 
+0x0.8333 +0x0.9444 )= 0.143 

Here, 0.143 is the AFSRI for the injection process in this case example. The same 
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procedure is repeated for the brine make up and tumbling processes. The detailed 

calculations for these processes are shown in Tables 6.7 and 6.8 respectively. 

Table 6.7 Estimation of the aggregative food safety risk for process 2 in the scenario 

Hazard g(s, 1, p) W2 (i, J) Vi V2 V3 V4 V5 V6 V7 

X11 0.127 0.500 0.24 0.76 0 0 0 0 0 
X12 0.049 0.500 0.70 0.30 0 0 0 0 0 
X21 0.053 0.666 0.68 0.32 0 0 0 0 0 
X22 0.017 0.333 0.90 0.10 0 0 0 0 0 

X31 0.085 0.142 0.49 0.51 0 0 0 0 0 
X32 0.257 0.429 0 0.46 0.54 0 0 0 0 
X33 0.032 0.429 0.81 0.19 0 0 0 0 0 

Attribute Items W1(i) R1(i, 1) R1(i, 2) R1(i, 3) R1(i, 4) R1(i, 5) R1(i, 6) R1(i, 7) 

X, R1(1, h) 0.250 0.47 0.53 0 0 0 0 0 

X, R1(2,4) 0.250 0.75 0.25 0 0 0 0 0 

X3 R1(3, k) 0.500 0.42 0.35 0.23 0 0 0 0 

Aggregative 
Items R2(1) R2(2) R2(3) R2(4) R2(5) R2(6) R2(7) 

Risk 

X R2(k) 0.40 0.59 0.01 0 0 0 0 
Centroid VG(k) 0.056 0.167 0.333 0.500 0.667 0.833 0.944 

Risk AFSRI 0.129 

Table 6.8 Estimation of the aggregative food safety risk for process 3 in the scenario 

Hazard g(s, 1, p) W2(i, j) V, V2 V3 V4 V5 V6 V7 

X11 0.127 1 0.24 0.76 0 0 0 0 0 

X21 0.17 1 0 0.98 0.02 0 0 0 0 

X31 0.039 0.166 0.77 0.23 0 0 0 0 0 

X32 0.125 0.334 0.25 0.75 0 0 0 0 0 
X33 0.032 0.500 0.81 0.19 0 0 0 0 0 

Attribute Items W1(1) R1(i, 1) Rl(i, 2) R1(i, 3) Rl(i, 4) R1(i, 5) R1(i, 6) R1(i, 7) 

Xi R1(1, k) 0.142 0.24 0.76 0 0 0 0 0 
X2 R1(2, k) 0.142 0 0.98 0.02 0 0 0 0 
X3 R1(3, h) 0.716 0.62 0.38 0 0 0 0 0 

Aggregative 
Items R2(1) R2(2) R2(3) R2(4) R2(5) R2(6) R2(7) 

Risk 

X R2(k) 0.474 0.523 0.003 0 0 0 0 
Centroid VG(k) 0.056 0.167 0.333 0.500 0.667 0.833 0.944 

Risk AFSRI 0.115 
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6.4.2 Sensitivity Analysis 

The process of the proposed risk assessment model involves human judgement for 

assigning weights and qualitative scales to risk attributes and various risk factors. To 

validate the AFSRI values obtained in the previous section, a sensitivity analysis is 

performed. 

Firstly, a sensitivity analysis of individual hazards for AFSRI is conducted. The 

first trial results concern an initial risk calculation based on our proposed model in 

the case scenario (see Section 6.4.1). The second trial represents the case in which 

the hazard with the lowest risk value is ignored in the aggregative risk calculation. 

The third trial represents the case in which the hazard with the highest risk value is 

ignored in the calculation. The results in Table 6.9 show that the estimated AFSRIs 

are not sensitive to the hazard with lowest risk rating. On the contrary, the estimated 

AFSRIs are very sensitive to the hazard with highest risk rating. The analysis results 

can be explained by the fact that the AFSRI is not dependent on the number of the 

hazards identified in the model. However, the significance of individual hazards is a 

more important factor in affecting the outcome of the proposed model. 
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Table 6.9 Results of a sensitivity analysis of individual hazards for aggregative food 

safety risk assessment 

Trials 
Aggregative risk for various processes 

Porcessl Process2 Process3 

1. Initial risk calculation 

2. Risk calculation without considering the 

hazard with lowest risk rate 
3 Risk calculation without considering the 

hazard with high risk rate 

0.143 0.129 0.115 

0.139 0.138 0.122 

0.117 0.094 0.105 

Consequently, various weighting schemes are applied and the entire procedure is 

repeated for different cases. Table 6.10 summarises four trials in which different 

weights are assigned at the hazard level and hazard category level. The first trial is 

conducted through initial risk calculation based on the original model parameters. In 

the second trial each identified hazard is assigned with an equal weight in its hazard 

category. In the third trial individual hazards have the same weights as in the first 

trial. But new weights are assigned to three hazard categories. Finally, new weights 

for both individual hazards and three hazard categories are assigned in the fourth 

trial. Then AFSRI for three processes are re-evaluated. The trial results are shown in 

Table 6.10, which indicate that the estimated aggregative risks are less sensitive to 

weighting schemes. Comparing the results in Table 6.9, the individual hazards and 

the selection of the grade g(s, 1, p) are more important factors in affecting the 

outcome of the proposed model. 
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Table 6.10 Results of a sensitivity analysis of different weight schemes performed 

for aggregative food safety risk assessment 

Trials W1(i, P W2(r) 
Aggregative risk for various processes 

Porcessl Process2 Process3 

X1 : W1(1, j)' X, : W2(1)' 
1. Initial risk 

X2 :W 1(2, j)' X,: W2(2)' 0.143 0.129 0.115 
calculation 

X3j: W 1(3, ff X3: W2(3)' 
Xjj: 1/a X1: W2(1)' 

2 Equal weights are X2j : 1/b X,,: W2(2)' 0.131 0.123 0.115 
given at hazard level 

X3j : 1/C X3 : W2(3)' 

3 New weights are Xis W 1(1, j)' XI : a/(a+b+c) 

given at hazard X2 :W 1(2, j)' X2: b/(a+b+c) 0.144 0.125 0.121 

category level X3j :W 1(3, j)' X3: c/(a+b+c) 
Xii : 1/a X1 : a/(a+b+c) 4. Equal weights are 
X2j : 1/b X2 : b/(a+b+c) 0.133 0.119 0.122 

given at both levels 
X3j: 1/c X3: c/(a+b+c) 

Notes: W 1(i, j)' and W2(i)' are the weights used in the initial aggregative risk 

calculation for individual hazards and hazard categories respectively. "a, b, c" are the 

numbers of hazards identified in biological, chemical and physical hazard categories 

respectively. 

6.5 DISCUSSION 

The proposed model considers all hazard agents in an integrated way for the 

assessment of food safety risks. A step by step approach for conducting an 

aggregative food safety risk assessment from farm to fork is shown in the flow chart 

in Figure 6.5. Some of the tangible benefits and the shortcomings are discussed in 

following sections. 
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Selection of an assessment scenario 
Conducting 

a system 
analysis 

Development of a networked 
matrices model (Fig. 6.1) 

Conducting' Development of hierarchical 
an expert structure for each matrix (Fig. 6.2) 

penal 

Selection of s, ! and p for each i 
identified hazard 

Estimate g (s, 1, p) using fuzzy 
method (Equation 6.5 and 6.6) 

Estimate 
weights for 

Using g (s, 1, p) estimate the hazards using 
membership of linguistic variables AHP 

Estimate weights Vn, (Equation 6.9) 
for hazard 
categories 
using AHP Evaluate matrix RI(i, k) W1y)) 

(Equation 6.13 and 6.14) 

t \V2(i) Evaluate matrix R2(k) Estimate the 
i (Equation 6.15 and 6.16) centroid VG(k) I 

of Linguistic istic 
variables VG I 

i 

Evaluate the final rate of aggregative 
risk R (Equation 6.17) 

i 
--------------- --------------- Sensitivity analysis (Optionao 
(bychanging weights atdifferent level; 

____________________ __ t and/or the qualitative scales of s, 1, p ______----- ------ 
for different hazards) 

------------------------------ 

Figure 6.6 Procedures for aggregative food safety risk assessment 

6.5.1 Tangible Benefits 

The proposed model provides a practical means by which enterprises can 

systematically assess the risk of supply chain processes. By comparison with other 

risk assessment methods used by food companies for early stage assessment (e. g. a 

point estimate approach used in our case company), the accuracy of the results in our 

196 



Chapter 6 Aggregative Risk Assessment Model 

model are considered sufficient to compare different products and processes, and to 

act as a basis for HACCP plans. The assessment results can be used to identify the 

critical control points. All significant hazards identified in a process by this model 

can be further evaluated using more systematic and specific approaches. It helps food 

companies to focus on the factors that most affect food safety risk and to identify 

risks requiring more rigorous assessment. This will facilitate their quality control and 

lead to a consistent supply of safe food products. 

An important property of this risk assessment approach is that risk can be 

aggregated over the various hazards and factors affecting them so as to provide an 

index of the overall level of food safety. The quantified AFSRI can be used as a 

safety indicator to measure risk of raw materials or production batches from different 

processes or suppliers. With this safety indicator, an optimal production plan 

becomes possible that avoids the uneconomic mixing of high and low quality raw 

materials, reduces the risk of cross-contamination of raw materials or ingredients, 

and improves the safety management (see Chapter 4). 

In situations where knowledge about risk generation is limited, point estimate 

approaches (Huss et al. 2000; Tuominen et al. 2003) have often been employed to 

evaluate the risk due to their simplicity. Although this is a reasonable justification for 

its use in the early stages of risk assessment, it conveys a false sense of certainty 

when risk is estimated as a numerical value. The fuzzy enabled risk assessment 
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method proposed in this research, estimates the uncertainty inherent in input values 

and allows users to conveniently describe uncertainty. Furthermore, this fuzzy 

method can be easily evolved to traditional probabilistic methods when sufficient 

information and knowledge about the food system are available. 

In addition, the proposed model offers a way of assessing, tracking and tracing 

risks at overall company level and provides quantitative evaluation for all production 

stages. It also provides insight into potential risk mitigation options and identifies the 

weak links in food supply chains. 

6.5.2 Limitations/Weaknesses 

Despite the tangible benefits, there are some limitations and weaknesses. Some are 

general problems associated with risk assessment modelling, while others are 

specific to the model presented here. 

When modelling any complex and variable system, it is necessary to balance the 

need to make simplified calculations or assumptions. To simplify calculations in both 

fuzzy multiplication and estimation of weightings using AHP, an approximation 

approach is used. In general, the approximation is a conservative estimate as the error 

introduced by the approximation is different from the actual calculation. However, as 

it is an early-stage risk assessment and the assessment results were mainly used to 

make comparisons, the approximation is considered acceptable. 
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Another weakness of the proposed model is that users have to make subjective 

decisions regarding the scales given to risk factors. In fact, the functionality of the 

model is highly dependent on the knowledge, expertise and communication skills of 

assessors. The assessment results are most comparable when the same assessor or 

assessment team performs all the assessments. In addition, while the model is 

developed as an early stage approach to risk assessment, sufficient information is 

required to characterise the food system and a long list of values (grades of risk 

factors for all identified hazards) must be provided before the risk quantification is 

made. 

6.6 SUMMARY 

This Chapter proposed a new risk assessment methodology to perform structured 

analysis of aggregative food safety risk at all stages of the food supply chain, from 

the farm to the table. The quantitative scales were expressed by triangular fuzzy 

numbers to capture the vagueness in the linguistic subjectivity of food risk 

definitions. A matrix model was constructed to facilitate an overview of risk 

transformation along the food supply chain processes. A hierarchical structure model 

was developed for various hazards identified to determine the AFSRI for a certain 

production process. For a better understanding of the proposed methodology, an 

example of its application was presented where the method was illustrated with a 

medium-sized cooked meat producer. Numerical examples were presented together 
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with a sensitivity analysis. 

The motivation for the development of this risk assessment model was to integrate 

food safety and quality management with operations management through obtaining 

a quantified food safety indicator of production processes or raw material batches in 

order to achieve an optimal production solution. However, the model presented here 

may function as a part of practical food safety management tools to the food sector. 

It can help managers to understand how risks change and transfer across the supply 

chain. This consequently provides support when making decisions on which 

interventions and actions might be applied to enhance food safety. It can be used as 

an important support for food companies as an extension or validation of the HACCP 

system. 

200 



Chapter 7 Case Studies 

CHAPTER SEVEN 

CASE STUDIES AND DISCUSSION 

7.1 INTRODUCTION 

A major research mechanism used to validate the research in this thesis is through 

the use of industrial cases. All the proposed models have been developed in the 

context of relevant industrial cases and numerical analysis has been performed using 

derived data from case studies. In this chapter, a discussion about model applications 

is presented on the basis of the industrial cases. There is a good literature on case 

study, its various forms and providing the link between theory and the results 

obtained from the data (see section 3.5.2). 

The primary objective in undertaking industrial case studies in this thesis is to 

evaluate the proposed models by assessing their benefits over current practice. Yet, 

the application of proposed models has not been implemented in daily operations of 

the case organisations. Because before these models being transformed into mature 

and easy to use IT tools, complex mathematical calculations are still required in 

order to obtain the solution of optimal production plan, risk assessment or optimal 

pricing decision. However, the proposed models are simulated with the data collected 

from the case organisations including product information, inventory records, 

customer orders, production plans, and HACCP document to compare with the 

performance of current practices. 
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The initial sections in the two case studies provide important background 

information on the organisation, not only in terms of the business profile of the 

company but also the issues associated with food traceability. Discussions are then 

followed regarding case based model applications and in particular the benefits of the 

proposed models in comparison with the actual practices that were employed. In 

addition, issues relating to application of the models and the integration of 

traceability initiatives and supply chain operations are presented. Conclusions of case 

study analysis are presented at the end. 

7.2 CASE STUDY I: A COOKED MEAT MANUFACTURER 

This first case study focuses on a small-to-medium (SME) sized food manufacturer. 

The author had been working at this company and has also been involved in the 

collaboration work between the University and the company since then. The 

integrated traceability-operations optimisation model and the fuzzy enabled 

aggregative risk assessment model have been tested based on this case scenario. 

7.2.1 Background 

The company, studied in this case, is a cooked meat producer based in Merseyside. 

Its main products are ready to eat cooked meats (e. g. beef, pork, lamb, chicken and 

turkey), sold either sliced or bulk for slicing. The company employs approximately 
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280 people with a current turnover of around £30 million. The main customers are 

major UK grocery retailers e. g. Tesco and Morrisons. 

Although, its increase in market share has been significant over recent years due to 

the fast growth of its main customers in the UK food retailing sector, the company is 

facing tough challenges in a very competitive market. Consumers increasingly 

demand high quality, safe and diverse food products after a series of food crisis and 

scandals such as Bird Flue, BSE, FMD, and Sudan I. The high variability in quality 

and magnitude is characteristic of the food industry and basic food raw material 

creates uncertainty in the ability to assure a consistent supply of good quality and 

safe products to the consumer. The growing buyer power of supermarket chains 

requires a high quality product and packaging, competitive price and provision of the 

right quantity at the right time. 

A manual paper-based internal traceability system has been in place. Figure 7.1 

shows the traceability records of some key production processes, where products are 

tracked and traced at batch level, and batch numbers are used as the means of 

identification throughout all the processes. The traceability system is only used to 

fulfil the basic legal requirements. 
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LOW RISK PROCESSING RECORD 

Supplier & Raw meat 
Batch No: D2005 British Beef Fresh Beef 

Brand Primal 

Date 04/11/05 Customer TESCO Product Deli Beef 

Detailed process record... 

COOKHOUSE PROCESSING RECORD 

Batch No: D2005 Cooker No 01 Program No B06 

Date 05/11/05 Customer TESCO Product Deli Beef 

Detailed process record... 

PRODUCT PACKING RECORD 

Batch No D2005 Product Deli Beef Customer TESCO 

Time Start 10: 20 am Time Finish 13: 21pm Due date Deli Beef 

Unit Weight 2000g Date 08/11/05 Sign 

Detailed process record... 

Figure 7.1 The current paper recording traceability system 

The main manufacturing processes in the case company are illustrated in Figure 

7.2. It is a generalised process flow as it may vary between different product types 

because of their recipes and procedures. Due to the long lead time of cooking 

processes and the fact that around 25 different product types need to be delivered 

based on the customer order that arrives on the same day of delivery, two different 

production plans are deployed through an Excel Spread Sheet system. The first is a 

weekly production planning and scheduling conducted on the basis of previous sales 

history and demand forecasting. Secondly, a daily slicing and packing plan is 

employed on the basis of customer orders. Four different types of inventories are 

carried to smooth production and meet customer demand. However, cooked products 
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are only allowed limited storage time as an additional day in stock will result in a 

decrease of one day in display shelf time. 

Raw Material Sampling 
Arrive R check 

material Raw Material 

receipt Storage 

were 

Pre-cook 
Processing Cooki 

vvorK in 
Progress Chilled 

Delivery 
Storage 

Finished 
Product 

Roasting 

Storage 
Cooked 
Product 

Boxing & Metal Check Product r Slicing& Storage 
Palletising Detection Coding & Packing 

Labeling 

Hygiene control zone High risk control zone F-I 
Figure 7.2 Process flow in the meat processing company 

7.2.2 Application of the Integrated Traceability Operations Model 

Like many other food manufacturers, in the case company, production is planned and 

carried out at batch level. Only customer demand, manufacturing resources and 

constraints are taken into account to produce those two types of production plans in 

current practice. The primary objective is to meet customer demand with minimal 

operational costs. 

7.2.2.1 Operations and Traceability Optimisation 

To verify and demonstrate the expected benefits of the proposed model, total cost 
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generated by the existing production system was compared with the performance of 

optimal solution from the proposed model. The model parameters were derived from 

the operations data including product information, inventory records, customer 

orders, and production plans collected from the case company. Products, with the bill 

of material that matches one of the two scenarios defined in Chapter 4, were selected 

to carry out the numerical analysis. A month was applied as the modeling period and 

the total product quantity delivered during this period was used as demand (D). The 

quantities of a particular product that need to be delivered are often different 

according to the received daily customer order. Here, the average quantity was 

utilized as the input of delivery quantity (x). In addition, the aggregative food risk 

assessment model was applied to obtain the risk rating of raw material batches. 

For all selected products, the "total manufacturing costs associated with the 

optimal production batch quantity were computed through the Microsoft Excel tool. 

The calculated minimum total costs were then compared with the total cost generated 

by simulating the corresponding production batch quantities deployed in the food 

manufacturer through the integrated model. Examples of the sample data used in the 

numerical experiment and the corresponding results are illustrated in Tables 7.1 to 

7.3. 
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Table 7.1 Sample data and results in scenario 1 when one type of raw material is used 

Cost 
Input information Batch Quantity 

Product Difference 

DPAHx Qk- TL Tc TA! Q Q* TC- TC* 

Roast Pork 4,800 9,000 300 1 160 200 12 7 5 600 800 £138 

Pastrami 9,000 12,000 300 1 300 200 12 7 7 1,200 1,000 £417 

Roast Beef 12,000 15,000 500 1 400 200 12 7 7 1,400 1,000 £1,011 

Table 7.2 Sample data and results in scenariol when multi types of raw materials are 

used 

Cost 
Input information Current practice 

Product Difference 

DP AHxQ, Q2 Q3 TL Tc TA! QQ* TG TC* 

Sage&Onion 
4,5009,000 300 1 150 100 50 0 10 7 5 600 400 £353 

Chicken 

Cunt' Beef 6,0009,000 300 1 200 200 50 0 12 7 5 1,000 750 £552 

British Meat 
6,0009,000 400 1 200 100 50 100 12 7 5 1,000 750 £824 

Platter 

Table 7.3 Sample data and analytical results in scenario 2. 

Current Cost 
Input information 

Product practice Difference 

DPA Hx Qr Q2 Q3 Q. Qs TL Tc T, QQ* TG TC* 

Easy 
6,0009,000 300 1 200 50 50 50 50 0 12 7 5 1,000 600 £1,164 

Meals I 

Easy 
6,0009,000 300 1 300 50 50 50 50 100 12 7 5 1,200 900 £1,293 

Meals 2 

The results shown in above tables indicate that the optimal batch quantities 

obtained through the integrated model produce a lower total cost which in turn 

results in more profits to the company comparing to the current practice. In addition, 

the benefits gained from the integrated model also vary between different products. 
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Overall, more benefits were generated for the products with a complex bill of 

material. Table 7.4 shows that unit cost savings for different products through the 

optimal solution of integrated traceability operations model. There is a more 

significant cost saving for the products of scenario 2, where 3 levels of bill of 

material are involved. The main reason is that product safety factor was considered 

in the integrated traceability-operations planning model, and a cost relating to 

potential product recalls has been incorporated. 

Table 7.4 Unit cost saving for different products 

Scenario! 

A' YRF(k)=I) 

Scenario! 

(ýý' Y (k) > 1) 
Scenario2 

Sage&Onion 
Roast Pork £0.03 /unit £0.08/unit Easy Meals 1 £0.19/unit 

Chicken 

Pastrami £0.05/unit Curry Beef £0.09/unit Easy Meals 2 £0.22/unit 

British Meat 
Roast Beef £0.08/unit £0.14/unit 

Platter 

Average £0.06/unit £0.10/unit £0.20/unit 

By incorporating the product safety factor into the production planning process, 

the integrated model can reveal most efficient ways of combining raw material or 

component batches into finished products batches to minimise the possible safety 

impact. In the situation where food crisis such as FMD and Bird Flu occurs so 

frequently, such an approach is important for those food companies including the 

case manufacturer, who work with meat and are particularly concerned with 

traceability and interested in minimising possible product recalls. Although recalls 
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are low probability events, most food companies including the case manufacturer 

take essential effort to minimise its occurrence because of the magnitude of the 

consequential cost of product recalls, (some recalls may put food companies out of 

business). 

Apart from the financial benefits illustrated here, a new product recipe can also be 

tested by considering both product safety and operational factors. In addition, the 

integrated model can support the supplier selection process by evaluating the effect 

of quality and price features of purchasing raw materials on manufacturing 

performance (see Section 4.5.3 of Chapter 4). 

7.2.2.2 Product Shelf Life Management 

Besides improvement of food safety assurance, the integrated model can also make a 

good contribution to food manufacturing companies in their operational performance. 

Henningsson et al. (2004) stated that it is important for companies to identify the 

opportunities for waste reduction such as raw material, energy, and package, for the 

food industry. According to their research, 40% or even as much as 50 % of raw 

vegetable or salad by weight may be rejected at various stages along a production 

line. All the meat products in the case company are perishable foods with limited 

shelf lives. Due to the long lead time of the cooking process comparing the time 

interval between orders arriving and the corresponding deliveries being made, a high 

level of cooked meat stock has to be kept in order to meet demand. One of the 
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advantages of the proposed integrated model over current practice is that the product 

shelf life factor is considered in the production planning process in order to reduce 

the product spoilage cost. Therefore, the problem of product deterioration is 

explicitly considered. With such a change, the amount of product spoilage cost could 

be reduced with the decreased number of products that fail to meet customer shelf 

life requirements. 

To demonstrate this benefit, products with different shelf life features were 

employed to simulate the manufacturing performance. The inputs of the model 

parameters were based on relevant data of the chosen product. In addition, as the 

maximum storage time for majority of cooked meat products in the case company is 

between 3 days to 5 days, three types of storage time (3 days, 4 days, and 5 days) 

were therefore simulated to compare the manufacturing performance. The simulation 

results are described in Figure 7.3. The cost differences shown in the figure were 

derived from the overall cost of the optimal batch solution minus the overall cost of 

other batch solutions. The results indicate that, for products with a very limited shelf 

life (only shorter storage time is allowed), the improvement can be significant if the 

integrated model is adopted into the production planning process 
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Figure 7.3 The relationship between shelf life features and cost difference against 

optimal solution 

Moreover, the product perishable cost in the integrated model is estimated on the 

basis of products that have to be disposed of or sold at a discount price. Indeed 

supermarkets have a shelf life requirement for each product category in the 

purchasing contract. Products are accepted as long as the remaining product shelf life 

is within its requirement. In contrast to getting a penalty of a certain amount of fine if 

products are delivered with a shelf life shorter than the requirement, there is no direct 

financial reward from the supermarkets by providing products with a relatively 

longer shelf life. 

Nevertheless, the integrated model did not consider the potential benefits food 

manufacturers could gain by providing for a longer product shelf life by which food 

manufacturers may benefit from significant increased sales as product freshness has 
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become an important criterion when consumers make their purchasing decisions. 

Many details about the relationship between demand and product shelf life have been 

discussed in Chapter 5. If these factors are incorporated in the integrated model, the 

model itself could be more complicated and consequently difficult to obtain the 

optimal solution. However, it will be an important and challenging topic for future 

research as under this circumstance the model actually considers the problem from 

the whole supply chain perspective. 

7.2.3 Risk Assessment 

Because of the characteristics of cooked meat products, similar with other parties in 

the food supply chain, the case company puts quality and safety management as their 

number one priority and a strict quality assurance scheme is currently deployed to 

ensure compliance with relevant legislations and industrial codes. Raw Materials are 

purchased in chilled or frozen and stored appropriately within the facility. All 

production and associated chilled and frozen work-in-progress storage areas are 

temperature controlled throughout manufacture. All finished cooked products are 

stored at chilled temperatures in designated facilities where a high risk environment 

is maintained through measures such as air conditioning, separate drain systems, and 

strict control of work wear. 

The current risk assessment process is integrated with the HACCP scheme. Table 

7.5 shows an example of the risk assessment of intake raw chilled meat currently 
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applied in the case company. For each process, all known or potential hazards are 

identified and their causes are listed. The identified hazards are put into three 

categories: biological hazards, chemical hazards, and physical hazards. Every hazard 

is further categorised according to: Severity of the hazard, likelihood of an adverse 

health effect in consequence of exposure to the hazard, and the number of products 

exposed to the hazard. Each factor is ranked by the HACCP team. Control measures 

are then decided. 

Table 7.5 The risk assessment of intake raw chilled meats 

Number 
hazard Likelihood Severity 

exposed 
Presence of pathogens and spoilage 

organisms in raw meat caused by poor 

Biological supplier controls 

hazards Growth of pathogens and spoilage 

organisms caused by temperature abuse at 

supplier / haulier. 

Product delivered outside shelf life 

Chemical Contamination of cleaning chemicals carried 
hazards by / used on vehicle 

Foreign body contamination e. g. from 

Physical 
dirty/damaged packaging caused by poor 

hazards 
supplier controls of packed product or 
inadequate foreign body controls at supplier 

e. g. presence of metal 

Occasional Moderate All 

Occasional Moderate All 

Rare Moderate All 

Rare Moderate Some 

Occasional Moderate Some 

Note: This risk assessment record is from the case company's HACCP document. 

Examples of risk assessment records for the main manufacturing processes are 

provided in Appendix B. 
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By applying the proposed aggregative risk assessment model in the case company, 

fuzzy enabled risk assessment approach (see section 6.2 of Chapter 6) can be used to 

quantify the risk level of individual hazards identified in Table 7.5. Table 7.6 

describes the assessment results obtained from the fuzzy approach. Comparing with 

the current practice shown in Table 7.5, more options are provided to rank a 

particular risk factor, which allows users to estimate the uncertainty inherent in input 

values. Furthermore, it enables to obtain a numerical value representing the risk level 

of individual hazards. 

Table 7.6 Fuzzy based risk assessment for individual hazards of intake raw chilled 

meats 

Hazards 

Category 
Individual Hazard SIp g(s, 1, p) 

Presence of pathogens and spoilage organisms in raw meat 

caused by poor supplier controls 
Xt t65 10 0.412 

Biological Growth of pathogens and spoilage organisms caused by 
X1Z 64 10 0.316 

temperature abuse at supplier / haulier. 

Product delivered outside shelf life X13 63 10 0.221 

Contamination of cleaning chemicals carried by/ used on Chemical X21 5250.049 
vehicle 
Foreign body contamination e. g. from dirty/damaged 

packaging caused by poor supplier controls of packed Physical X31 6450.148 
product or inadequate foreign body controls at supplier e. g. 

presence of metal 

Note: the assessment is based on corresponding information in Table 7.5 combining 

with the advice from the QA team in the case company 

The main difference between the proposed aggregative risk assessment model and 
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the company's current practice is that the aggregative model does not only provide 

an assessment of individual hazards but also gives an index of the overall food safety 

level for a particular process or product batch. Table 7.7 describes an example of 

aggregative risk assessment for the process of intake chilled raw material, in which 

the estimation of AFSRI from individual hazards is presented. This approach 

provides an overview of the risk level for a particular process or product batch. Such 

a quantified AFSRI will be useful to compare the risk level between different 

processes and product batches. Especially in the case where a risk indicator for a raw 

material or component batch is required such as the integrated traceability and 

operations planning model, the current risk assessment practice deployed in the case 

company is not able to provide such an indicator. With the fuzzy enabled aggregative 

risk assessment approach, the quantified AFSRI can be combined with the frequency 

of product recalls occurred in a certain period as risk rating for an individual raw 

material batch. Then, it is able to obtain an optimal production plan to improve the 

overall manufacturing performance by avoiding the uneconomic mixing of high and 

low quality raw materials and reducing the risk of cross-contamination. 

However, despite its benefits over the current risk assessment practice either 

discussed here or in the Section 6.5.1, the most appropriate application of the fuzzy 

enabled aggregative risk assessment model is to be used as a support to safety 

assurance in the current system. It is also important to focus on the details of the 

hazard and its causes. For a food manufacturer, the ultimate objective of every risk 
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assessment process is to support risk management and take effective control 

measures to eliminate or reduce it. Regarding the model application, a complex 

mathematical computation that involves fuzzy logic and matrix calculations is 

required in order to provide a numerical AFSRI. Risk assessors may find it difficult 

to use the model unless it is transformed into a practical IT tool. Such a 

developmental tool could be a good support to understand the principles of risk 

assessment and help QA managers to think about how risks arise and transfer 

between manufacturing processes, and then essential interventions could be applied. 

An IT tool based on the aggregative risk assessment model can be a useful and 

convenient aid to help risk managers reach food safety decisions more objectively. 

Table 7.7 Estimation of the aggregative food safety risk for intake raw chilled meats 

Hazard g(s, 1, p) W2(ij) V, V2 V3 V4 V5 V6 V7 

X11 0.412 0.333 0 0 0.528 0.47 0 0 0 
X12 0.316 0.333 0 0.102 0.898 0 0 0 0 
X13 0.221 0.333 0 0.676 0.324 0 0 0 0 
X21 0.049 1 0.704 0.296 0 0 0 0 0 

X31 0.148 1 0.112 0.888 0 0 0 0 0 

Attribute Items W1(i) R1(i, 1) R1(i, 2) Rl(i, 3) R1(i, 4) Rl(i, 5) Rl(i, 6) R1(i, 7) 

X, R1(1,4) 0.716 0.00 0.26 0.58 0.16 0 0 0 
X, R1(2, k) 0.142 0.70 0.30 0 0 0 0 0 

X3 R1(3, A) 0.142 0.11 0.89 0 0 0 0 0 

Aggregative 
Items R2(1) R2(2) R2(3) R2(4) R2(5) R2(6) R2(7) 

Risk 

X R2(k) 0.163 0.392 0.350 0.095 0 0 0 
Centroid VG(k) 0.056 0.167 0.333 0.500 0.667 0.833 0.944 

Risk AFSRI 0.238 
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7.2.4 Traceability Implementation 

As mentioned in Section 7.2.1, a paper-based internal traceability system has been 

implemented as part of the QA system. Information is recorded at every process 

through all the manufacturing processes including: 

� Product information (e. g. batch number, product type, and quantity) 

� Raw material information (e. g. supplier and arriving date) 

� Processing information (e. g. time, temperature, facility, and operator) 

� Product status (e. g. weight and condition) 

� Customer information (e. g. customer name and order information) 

However, this traceability system is only designed to fulfil the legal requirements, 

and the recorded traceability information is only checked wehen problems occur. A 

quote for the production manager in the case company is very illustrative, "I can tell 

our customers and inspectors that we continually make the necessary effort to 

improve product quality and minimise safety risk. Although the current traceability 

system is a paper based system, all the necessary information is recorded. An 

advanced robust traceability system is not in company's current consideration as it 

will simply cost the business and our customers more money. " This is also a general 

statement from other SMEs food manufacturers. For them, the main motivation for 

adopting traceability is to comply with regulations. 

217 



Chapter 7 Case Studies 

The integrated optimisation model provides an alternative solution to improve 

operations performance and product quality and safety management without 

requiring significant investment on technologies or process re-engineering. 

Moreover, this process can be further improved if production plans take into account 

updated customer demand, inventory information, and manufacturing resources. It 

enables the development of a more precise manufacturing plan that allows customer 

requirements to be satisfied at minimal costs. Another improvement is to improve the 

production capacity so that the lead-time of bottleneck processes such as cooking can 

be reduced. Therefore, the decoupling point can be moved further upstream in the 

manufacturing process as shown in figure 7.4. The decoupling point separates the 

part of the organisation oriented towards activities for customer orders from the part 

of the organisation based on forecasting and planning (Hoekstra & Romme 1992). 

This change allows the meat roasting process to be "pulled" by real order 

information, so that the work in progress inventory can be reduced. These 

improvements will lead to a shorter waiting time and consequently result in longer 

food shelf life. Moreover, the performance of the process will depend on the 

precision and timeliness of the relevant information provided. 
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Figure 7.4 Relocating the decoupling point in the operation processes 

7.3 CASE STUDY II: A PERISHABLE FOOD RETAIL CHAIN 

Case study two focuses on a grocery retail chain in Merseyside of the UK in the 

context of perishable food management. It demonstrates and evaluates the 

performance of the proposed value tracing process enabled pricing model by 

applying it to a specific case. A good number of interviews with supply chain 

specialists from the case company have been carried out. In addition, many 

supermarket stores and distribution centres belong to other national retail chains in 

the region were visited and key personnel were also interviewed. Although there 

might be a slight difference in the operations practice employed by different retailers, 

all these retailers exhibit a marked similarity in distribution, inventory control and 

pricing policy regarding to perishable food management. Therefore, the investigated 

case company is employed as a representative of retailers in Merseyside region. 

Different retailers in different regions of the UK may have different characteristics in 

demand elasticity to price and food shelf-life. Sensitivity analyses were therefore 
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conducted in this section to demonstrate applicability of the proposed model to 

different situations. 

7.3.1 Background 

Big retailers are often the main driving force for implementation of advanced 

technologies such as RFID that improve tracking and tracing processes. As a well 

known example, ASDA's American owner, Walmart, is the pioneer in popularising 

RFID in supply chain management. In 2004, Tesco announced its traceability plan to 

develop a RFID network to track shipments from its central distribution centre to its 

Tesco Extra superstores (Watson 2004). Tesco has further unveiled plans for rolling 

out the technology through its supply chain by 2008. In 2002, Sainsbury conducted 

an RFID trial project to reduce labour associated with stock counting and rotation 

monitoring to reduce spoilage in stores (Karkkainen 2003). More recently, they 

launched an online traceability system for organic food products, through which 

Sainsbury's customers can trace their fresh organic produce back to its source. 

7.3.1.1 Perishable Food Management 

This case study concentrates on perishable food management in the case company. 

Perishable foods are often sensitive to temperature. Their quality and remaining shelf 

lives are influenced by temperature conditions they are exposed to. For the case retail 

chain, perishable foods are maintained in a temperature controlled supply chain. 
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Temperature controlled vehicles are used to deliver chilled and frozen products from 

producers to distribution depots and from the depots to retail stores. Using one of the 

distribution depots visited during the research as an example, it operates 24 hours a 

day and serves 82 stores in the region. 850,000 cases of chilled products are handled 

per week. Products are stored at a multi-temperature building and temperature is 

monitored all the time. In retail stores, most perishable foods (e. g. red meat, ready to 

eat meals, a large portion of vegetables and fruits) are placed in temperature 

controlled refrigerant shelves. The storage temperature is monitored by both sensor 

devices on the product shelves and networked central control systems. If the 

temperature variation goes beyond the critical limit, the shop floor staff will be 

warned by temperature sensors on the product shelf or through the central control 

system. There are also other perishable foods that are less temperature sensitive (such 

as potato and onion) that are placed on shelves where there is no temperature control. 

7.3.1.2 Wastage Pro bl en: 

Despite the wide applications of temperature controlled supply chain, management of 

perishable products are far from satisfactory in particular the wastage problem. In 

this case study, waste only refers to the products sold with price discount or disposed 

due to the shelf-life reason. The energy or package related waste is not concerned. 

For most retail stores, store managers set up weekly and monthly targets which 

directly affect the overall retail performance. Here, waste stems from excessive 

inventories that have to be either marked down just before the "sell-by-date" or 
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thrown away after it. It is estimated that the total consumer and industrial food waste 

is around 17 million tones in the UK each year, including four million tones of edible 

food (Coughlan 2006). Perishable foods at grocery retailers lose up to 15% due to 

damage and spoilage (Ferguson & Ketzenberg 2006). From interviews with local 

store managers, the percentage of waste is between 1% to 4% of their total sales. 

Figures vary between different stores. For example, new stores often have a higher 

waste percentage because they need to provide high product availability in order to 

attract customers. The figure may be slightly low for stores that sell a large 

percentage of non-food products. For example, in one of our case retail stores, which 

had a large range of non-food products, the waste is around 1.5% of its £48 million 

total sales. The financial consequence of waste is severe for retailers. In the European 

grocery sector, products that are not purchased before their sell-by date are estimated 

to cause costs running into billions of dollars each year (Karkkainen 2003). 

7.3.1.3 Pricing Practice 

General observation suggests that supermarkets' pricing policies differ across goods 

and vary over time for each good. For perishable food products, the phenomenon of 

price changing over the life cycle of a product is commonplace. For example, 

short-term price changes for fresh vegetables and meat are routine. According to 

Gold (1981), retailers manipulate the selling techniques of special pricing, display, 

promotion, and advertising, in particular, markdown prices over the inventory cycle 

motivated by the rapid deterioration of perishable foods. A common approach 
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employed in the retail stores of the case study to reduce the waste is to markdown the 

price of perishable foods which approach their expiration dates. These price 

reduction decisions are supported by certain devices like PDA. Fixed rules have been 

programmed into the devices. When operators scan the products and input the 

relevant parameters such as price information, stock, and remaining shelf life, the 

decision of discount rate can be automatically calculated and new price labels are 

then printed. In some cases, the price reduction decision can also be made based on 

operators' own judgements especially in the case that product package is damaged 

and product quality is compromised obviously. Figure 7.5 shows the flowchart of 

waste reduction processes employed in the case study, in which price reduction 

action and its time information are illustrated. 

19.00 - 21.00: 

WASTE FLOWCHART (MON-SAT) 

Potential reductions scan and S. O. T reduction action (25%) 
All lines with a prompt be reduced 

I 

11.30: 1 Waste meeting- All departments represented 

12.00-13.00: 15` reduction to happen using PDA (25%) 

17.00-18.00: 1 Final reductions to happen using PDA (50%) 

19.00: Any outstanding lines still not cleared to be reduced to finally clear 
All to be cleared by 21.00-reviewby PM Duty 

N. ß - Sunday 2 "d reductions are to happen at 14: 00 

Figure 7.5 Flowchart of price markdown processes 

Source from: case interview (see appendix C). 
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7.3.2 Data Collection 

Since the proposed value tracing enabled pricing approach has not been implemented 

at the time, an explicit solution of proposed approach did not seem possible. A 

numerical analysis was carried out using data extracted from the case company and 

also from reference resource. To ensure data integrity, we worked closely with the 

supply chain specialists from the case company. A number of interviews have been 

conducted with store managers, food traders, operations managers, and shop floor 

staff. Detailed interview questions can be found in Appendix C. The following data 

collected from the interviews were used in the numerical simulation: 

  Product price 

  Average demand for selected item 

  Promotion detail (discount rate) 

  Average demand during the promotion 

  Operational cost (including purchasing cost, ordering cost, transportation cost 

etc. ) 

  Price change cost 

  Product price discount rate 

  Price discount process and time schedule 

  Product shelf life information 

  Waste percentage of overall sales 
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For most of the parameters of interest, we were able to obtain rough estimates or 

ranges through interviews with supply chain specialists from the case company. 

However, other parameters that were not provided, where possible, were chosen to 

reflect prior work. As described in section 5.4, the agreed product value VV is used to 

calculate the optimal price PP' and expected Profit 17, in the simulations for S1. When 

the actual product shelf life can be dynamically identified, the identified "product 

value" VS is used in the simulation to derive an optimised price P, r# and adjust the 

initially estimated demand into EDs. In the case study, perishable foods are 

maintained in a temperature controlled supply chain. All the time and temperature 

information are recorded throughout different stages of the food supply chain 

although the information may be recorded manually and has not been used for the 

pricing decision. Therefore, we assume that the recorded information is available to 

the pricing decision making in this study. With the current food kinetic models 

discussed in Section 5.2.1, product value deterioration rate at different supply chain 

stage can be qualitatively estimated. In addition, the case scenario and theory base 

coincide with the research in Li et al. (2006a). To simply the simulation experiment, 

supply chain parameters (see Table 7.8) including value deterioration rate and 

operation time at different supply chain stages obtained from Li et al. (2006a) are 

used to derived the identified "product value" VS in numerical simulation. Here, we 

assume that the product value at the beginning of the supply chain equals to I 

(100%), i. e. Vo=1. By inputting these supply chain parameters into equation 5.12, the 

identified product value, V5, can be quantitatively estimated. However, a sensitivity 
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analysis of deterioration rate is conducted to demonstrate the performance of the 

proposed approach with varying deterioration rates in Section 7.3.4. 

Table 7.8 Sample data of supply chain parameters 

Value- 

deterioration 

A/Hour 

Time- 

operation 
Hours 

Value- 

deterioration 

A/Hour 

Time- 

operation 
Hours 

Distributor 
Retail store 1 0.03 48 0.02 4 

1-Retailer 1 

Distributor 
Retail store 2 0.05 40 0.01 7 

1-Retailer 2 

Distributor 
Retail store 3 0.04 46 0.03 6 

1-Retailer3 

Distributor 
Retail store 4 0.06 42 0.02 5 

1-Retailer4 

Distributor 
Distributor 1 0.02 24 0.01 3 

2-Retailer I 

Distributor 
Distributor 2 0.01 28 0.03 2 

2-Retailer 2 

Distributor 
Manufacturer 1 0.07 6 0.02 4 

2-Retailer3 

Distributor 
Manufacturer 2 0.08 8 0.02 2 

2-Retailer4 

Manufacturer Farml- 
0.05 3 0.1 0.5 

1- Distributor 1 Manufacturer 1 

Manufacturer Farm 1- 
0.04 2 0.08 1.2 

1- Distributor 2 Manufacturer 2 

Manufacturer Farm 2- 
0.06 1 0.09 0.6 

2- Distributor I Manufacturer 1 

Manufacturer Farm 2- 
0.07 2 0.1 1 

2- Distributor 2 Manufacturer 2 

Source from: Li et al. (2006a) 

7.3.3 Base Case Simulation 

Based on our food supply chain case, numerical simulations are performed using 

sample data collected from the case company and relevant references. Parameters in 
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the model are simulated with various values in the analysis to investigate their 

impacts on model performance. Through the experiment, it attempted to verify the 

benefits of the product value tracing enabled pricing model under different situations 

and identify impacts of the key parameters on model performance. To demonstrate 

expected benefits, profits generated by scenario Sf and scenario S2 are compared. In 

the following content, products with different shelf-life features were chosen to 

simulate the profits of two scenarios under a fixed pricing strategy and a price 

mark-down strategy. 

7.3.3.1 Product with Long Shelf Life 

Consider a certain item in the ready-to-eat meat category, which is sold by four retail 

stores. According to the interview with store managers, the total operational cost (C0), 

which includes the purchase price to the supermarket, ordering cost, delivery cost, 

and inventory carrying cost, is estimated at £1.75 per pack. Use store one as an 

example, from the past experience the store management knows that, for this 

particular item, the quantity that can be sold varies from day to day between 180 to 

240 packs per day, and on average over a typical week works out as 218.7 packs per 

day. However, in the promotion period (e. g. buy one get one free), the demand 

reaches about 400 packs per day which increases by over 80%. Assuming a roughly 

linear relationship between price and demand, we obtain (from equation 5.13) that 

the demand of the packs of the item is: 

D (p, t) = 24.2 - 6.07 P (7. i) 
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where P is the per-pack selling price. According to the price-expectancy model of 

consumer choice, consumers evaluate products by comparing the actual price with a 

reference or expected price determined from perceived product quality and the 

price-quality correlation of a product category (Ordonez 1998). Due to lack of prior 

empirical evidence on the effect of perceived product value on demand, the demand 

elasticity to product value is assumed to be similar to the effect of price on demand at 

first. Then sensitivity analysis is conducted to demonstrate the performance of the 

proposed approach with varying ratios of the demand elasticity to perceived product 

price and value. Therefore the demand function 5.14 can then be described as: 

f(D, )=24.2-6.07P(t)+ 6.07V(t) (7.2) 

The chosen levels of price and value coefficients, a and ,8 result in price and value 

elasticises that are comparable to those obtained in (Kopalle et al. 1996) and Li et al. 

(2006b). Furthermore, according to the interview, the product has the same agreed 

product value, V, in each store as the shelf life of products sold in the stores from a 

supplier are determined under same rules and have same expected shelf life. V. is 

dynamically identified through tracing its history of previous supply chain processes 

as shown in Table 7.8. In practice the supermarket order this item in every two days. 

The shelf life information printed on product package includes "Sell by" and "Use 

by". There are normally two days margin between "sell by" and "Use by" dates. At 

minimum five days remaining shelf life (the length between the time products are 
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delivered and the "Sell by" date) is required for all the products delivered to the retail 

stores. It has a relatively longer shelf life comparing its selling period, which is 

comparable with Option 1 discussed in Section 5.3.3.1. However, all the products 

have to be removed from the shelf when the time passes the "Sell by" date. Based on 

the "Sell by" and "Use by" dates information of the item and the assumption of 

exponential decay, according to equation 7.3, the value deterioration parameter is 

estimated to be A=0.011 per hour. 

1%=-In 
ye 

Te (7.3) 

It is assumed that at the retail stage, the identified actual deterioration rate 1S in S2 

is the same as the pre-estimated deterioration rate, 2, based on expiration date in S1. 

However, sensitivity analysis is conducted to demonstrate the performance of the 

proposed approach with varying value deterioration differences in Section 7.3.4. 

Table 7.9 displays other input parameters and the results generated in the numerical 

simulation under the fixed price strategy. The optimal prices for S, and S2 can then 

be calculated by inputting relevant parameters into equations 5.31 and 5.34 

respectively. Then through replacing PP* and PS* into equations 5.29 and 5.33, the 

optimal profits for Scenario 1 and Scenario 2 are obtained respectively as: 

rlsIt = (PP -CO). [(Do -aPe +ßV, )"T - 
8V`A, T 2] 

(7.4) 
2 

FIsz; _ (Ps* -Co). [(Do -a P,. ̀)"T + 
8ys 

(1-e-AST 

S (7.5) 
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The difference between the profits from S, and S2 is used as an indicator (1152-sJ) to 

describe the actual benefits from the proposed pricing model, which is described as 

equation 7.6. 

rl 
S2-si - 

MSZ 
SIx 100 % 

rl 
sz (7.6) 

Table 7.9 Example of input parameters and results for Option 1 under fixed price 

strategy 

Profit 
Input Parameters Optimal Price 

Stores Difference 

Do a /1 A. AS Co VV Ve Vs Pý*(£) PS*(£) TIs2-sr 

Store 1 24.2 6.07 6.07 0.89 3.20 3.22 2.59% 

Store 2 29.1 7.25 7.25 0.011 0.011 1.75 0.88 3.21 3.22 1.56% 
0.89 0.25 

Store 3 21.8 5.46 5.46 /hour /hour £ 0.87 3.20 3.21 1.02% 

Store 4 26.7 6.68 6.68 0.89 3.20 3.22 2.25% 

7.3.3.2 Product with Short Shelf Life 

Then, another simulation was conducted for a vegetable product with a short 

shelf-life, which is comparable with Option 2 discussed in Section 5.3.3.2. The 

selling price of this item is £1.38/kg and the estimated overall operational cost (Co) is 

£0.75 /kg. The quantity that can be sold varies from day to day between 120 to 200 

kg per day, and one average over a typical week works out to be 158 kg per day. 

However, in the promotion period (e. g. 25% price discount), the demand reaches 

about 220 kg per day which increases by about 40%. Assuming a roughly linear 

relationship between price and demand, we obtain (from equation 5.13) that the 

demand in kilograms is: 
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D (p, t) = 16.92 - 7.49 P (7.7) 

where P is the per kg selling price. Similar to the previous section, the effect of 

perceived product value on demand is assumed to be same to the effect of price on 

demand at first and followed with sensitivity analysis. Therefore the demand 

function 7.7 can then be described as: 

f (D, ) = 16 . 92 - 7.49 P (t) + 7.49 V (t) (7.8) 

This particular item has a very limited shelf life (two days). All the products have to 

be removed from the shelf when the sell-by date is passed. Based on the shelf life 

information of the item and the assumption of exponential decay, according to 

equation 7.3, the value deterioration parameter is estimated to be A=0.0144 per 

hour. Similar to the previous section, As is assumed to be same to A, at first and 

followed with sensitivity analysis. 

Table 7.10 shows the input parameters and the results generated in the numerical 

simulation under the fixed price strategy. Here, the outdating cost occurs as wastage 

cost, in which expired products have to be disposed of. The optimal prices for Sj and 

S2 can be calculated by inputting relevant parameters into equations 5.36 and 5.40 

respectively. Then through replacing P, * and PS* into equations 5.35 and 5.39, the 

optimal profits for Sj and S2 are obtained respectively as: 

HSl* = (P; 'Te 
-COT)(Do -aPP + 8ve)-(PC*Te2 -CQT2) 

8y`2e 
2 

(7.10) 
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FIS2s-(Ps 
-CO). [(D0-aPs')"Te+ 

ysT 
)] (7.11) 

As 

Through equations 7.10 and 7.11, the differences between the profits from SI and 

S2 T1s2st, is calculated. The results in Tables 7.9 and 7.10 show the improvement in 

profit from employment of the value tracing enabled pricing model. However, the 

magnitude of profit improvement for products with short shelf life is generally more 

significant than those products with longer shelf life. The result verifies the 

conclusion made in the analysis of shelf life features on model performance in 

Section 5.4.2. 

Table 7.10 Example of input parameters and results for Option 2 under fixed price 

strategy 

Profit 
Input Parameters Optimal Price 

Stores Difference 

Do aßA, AS Co Vc Ve Vs P, *(E) PS*(£) 17smr 

Store 1 16.92 7.49 7.49 0.80 1.76 1.79 5.43% 

Store 2 20.30 8.99 8.99 0.014 0.014 0.75 0.78 1.72 1.77 6.06% 
0.80 0.40 

Store 3 13.53 6.74 6.74 /hour /hour £ 0.77 1.58 1.63 7.53% 

Store 4 16.92 8.24 8.24 0.79 1.65 1.68 6.15% 

7.3.3.3 Price Markdown Strategy 

In practice, supermarkets change the price of the items with short shelf-life such as 

fresh vegetables at discrete points in time. In this section, the selected item in section 

7.3.3.2 is simulated under the price markdown strategy. The price mark-down 
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practice for this particular item currently operating in the retail store is employed in 

the simulation. The price is marked down twice, and consequently the selling period 

is divided into three periods. The profit function therefore becomes: 

II =(P-C0)ED0+(01P-Co -Cp)"EDm, +(82P-Ca -2CP)"EDm2 (7.12 

Where 

EDO =f 
TTY f(D, )dt; 
0 

ED 
mý "- JTM 

2f (Dt)dt; 

T 

ED m2 

fT 

.2 

f(Dt)cit. 

Through replacing demand functions 5.14 and 5.15 into equation 7.12 and 

differentiating the profit functions with respect to price PP and PS, the optimal prices 

for both scenarios can be analytically obtained. By substituting the optimal prices, 

P, * and PS* in equation 7.12, optimal profits for S, and S2 under price mark-down 

strategy are obtained respectively. Then, by inputting the related parameters, the 

profit difference, Hs2_Sf, can be estimated. Table 7.11 shows the input parameters and 

the results generated in the numerical simulation under the case scenario. In addition 

to the demonstrated benefits of the value tracing enabled pricing model under price 

markdown strategy, the results in Table 7.11 show that the magnitude of benefits is 

greater than fixed price strategy especially when the product value loss is significant 

in the previous supply chain processes. 
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Table 7.11 Example of input parameters and results for Option 2 under price 

mark-down strategy 

Profit 
Input Parameters Optimal Price 

Stores Difference 

Aý =As Pc T Te Tmi Tm2 01 02 Vs P, *(E) PS*(£) 1752-sr 

Store 1 47.93 0.80 1.25 1.28 5.15% 
0.051 

Store 2 0.014 48 46.27 40 45 0.78 1.22 1.25 9.28% 
Per 25% 25% 

Store 3 /hour hour 45.37 hour hour 0.77 1.18 1.20 13.25% 
change 

Store 4 47.37 0.79 1.19 1.21 7.16% 

7.3.4 Sensitivity Analysis 

7.3.4.1 Analysis of Deterioration Difference on Model Performance 

In the above simulation experiments, supply chain parameters (value deterioration 

rate and operation time at different supply chain stages) obtained from Li et al. 

(2006a) were used to derived the identified "product value" VS. To ensure the 

reliability of the conclusion of the case, a sensitivity analysis was performed to 

demonstrate the performance of the proposed approach in various supply chain 

scenarios. The supply chain parameters from the reference were only used to 

quantitatively estimate the identified product value V. The variations of value 

deterioration rate and operations time at different supply chain stages contribute to 

the difference in the identified product value V. The simulation results from Table 

7.9 to Table 7.11 indicate that model performance is affected by the differences 

between the identified product value V. and the planned product value V. Therefore, 

the benefits of proposed approach were simulated with the varying product value 
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differences in the sensitivity analysis here. The product value difference is defined as 

AV shown in equation 7.13. 

AV= Vs - 
Vc 

VC 
(7.13) 

Furthermore, in the previous numerical experiments, an assumption was made that 

the product deterioration rates A, and .? S in the two scenarios are the same. Practically, 

it is likely that the product deterioration rate captured by the automatic tracking 

technology is different from the estimated deterioration rate. This discrepancy would 

affect the demand estimate and the length of the selling period during which the 

perishable food maintains acceptable quality to consumers. The impact of this 

discrepancy is analysed through an index, Deterioration Difference Index, i. e. ýSfýý. 

The simulation was performed by simulating the benefit indicator 1752_S1 against 

different AV values with various Deterioration Difference Indexes. 

Figure 7.6 describes the numerical analysis result for the sample one, in which the 

ready-to-eat meat product was simulated with the parameters given in Section 

7.3.3.1. The simulation result shows that IIS2_S1 curves move upwards from left to 

right. The benefit indicator I7s2sl is always positive when product value difference 

AV is positive. This could be explained straightforward by that with a positive AV 

value, the proposed strategy attempts to increase price matching the high product 

quality. If a same price is remained, this will consequently increase the customer 

demand due to higher product quality. Therefore, the proposed strategy always 

performs better. In contrast, we can see that some negative ll. sj values appear 
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alongside some large negative AV values (smaller VS). This could be explained by the 

fact that with a genitive AV value, the proposed strategy attempts to reduce price 

matching the low product quality. However, due to a relatively longer shelf life, the 

product value loss does not significantly affect the customer demand in S1. This 

consequently reduces the benefit generated by S2. With a very large negative AV 

value (VS«VV), S7 may not perform better than scenario one. 

-o-las/Ac=1.1 --. --As/, \c=1.0. --hs/Ac=0.9 
10% 

8% 

6% 

4% 

2% 

2 0% 
a 

2% 

-4% T 

-10% -8% -6% -4% -2% 0% 2% 4% 6% 8% 10% 

Product Value Difference AV 

Figure 7.6 Sample one of performance against various Deterioration Difference 

Indexes 2, /A with given product value differences AV 

In addition, the results indicate that when the identified actual deterioration rate (). s) 

is smaller than the rate derived from the expiration date (), ), the proposed pricing 

approach performs better. This may be explained by the fact that a smaller identified 

deterioration rate 2s means that the product quality actually deteriorates slower than 

expected. This consequently imposes impact on customer demand and more benefits 

are generated from the proposed approach. 

236 



Chapter 7 Case Studies 

Figure 7.7 describes the numerical analysis result for sample two, in which the 

following assumptions hold for the simulation: 

" The fresh vegetable item with a short shelf life given in Section 7.3.3.2 was 

simulated with the parameters given in that section. 

" The outdating cost occurs as wastage cost, which stems only from products that 

have to be disposed after the "sell-by-date". 

-o-als/Ac=1.1 -s--AslAc=1.0 --5 As/sic=0.9 
45% 

40% ------------------------------------------------------------------------- 
35% -- ----------------------------------------------------------------"----- 

y 30% ------- ---------------------------------------------------------------- 
25% ------------- ---- ----------------------------------------------------- 
20% ---------------------- ------------------------------------------------ 

p 15% - ------------------------------- ---------"-------------------------- 
10% - ------------"------ ------------ - --- ---- 

o 5/o __ ------------------- -- -- -- --- - -------------------- 
0 

-10% -8% -6% -4% -2% 0% 2% 4% 

Product Value Difference AV 

Figure 7.7 Sample two of performance against various Deterioration Difference 

Indexes 1. S/Ar with given product value differences AV 

The numerical experiment for sample two brings a more diverse result comparing 

with sample one. The simulation result shows that HS2_s1 curves move downwards 

from left to right first. When t1V reaches certain values, for example AV=O when the 

Deterioration Difference Index the I7s2sl starts to increase again. The 

simulation also shows that the 175251 indicator keeps increasing as AV increases 

above the value 0. Furthermore, a similar change comes earlier for a smaller 
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Deterioration Difference Index (A V reaches about -7% when 2S/)., =0.9) and later for a 

larger Deterioration Difference Index (AV reaches about 7% when 1S/). te 1.1). This 

could be explained by the fact that in sample two, the benefit of proposed approach 

does not only come from the impact on price and consumer demand imposed by the 

product value differences discussed in sample one but also from the reduced product 

waste. For perishable foods with a short shelf life, the waste reduction makes a great 

contribution to the profit increase. The numerical result also shows that this 

contribution is more significant when the accurately identified rate AS is greater than 

the pre-specified rate A, This result may be explained by the fact that the 

under-estimated deterioration rate in Sl implies overestimated product shelf life and 

demands, which consequently increase the quantity of products that have to be 

disposed due to product spoilage. When the impact of waste factor on the retail profit 

is more significant than other factors, the proposed strategy performs better with a 

greater Deterioration Difference Index 2 /L . 

7 3.4 2 Analysis of Demand Sensitivity Features on Model Performance 

To simulate benefits from value tracing enabled price model with different features 

of the demand elasticity to perceived product price and product value, sensitivity 

analysis is conducted on the demand elasticity ratio, named P-V ratio as seen in 

equation 7.14. 

P-V Ratio='8 
a 

(7.14) 
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The simulation was performed by simulating the benefit indicator 1152_sl against 

given product value differences (A V) with various demand sensitivity ratios. The 

following assumptions hold for this simulation: 

" The fresh vegetable item with a short shelf-life given in Section 7.3.3.2 was 

simulated with the parameters given in that section. 

9 The deterioration rates of the perishable food A,, as in the two scenarios are 

identical, i. e. the rate of product deterioration captured by the automatic tracking 

technology is the same as that perceived by consumers (through the expiration 

date). 

" The outdating cost occurs as wastage cost, which stems only from products that 

have to be disposed after the "sell-by-date". 

Through the simulation, the difference in impact of the demand elasticity to the 

food price and to the food value on the retailers' performance is observed. In Figure 

7.8, the benefit indicator IIs2_sl is demonstrated against different AV with various 

demand sensitivity ratios. The simulation shows that the proposed strategy generally 

performs better than S1. However, when the product value V. is identified being 

different from the planned value VV, the magnitude of the profit increase varies 

between different P-V ratios. The simulation interestingly demonstrates that when VV 

is under-estimated (VS>VV) in S1, the proposed strategy generates more benefits for 

more quality-sensitive products (with greater #/a). In this case, the quality of the 

food produce is more important to consumers' purchasing decision. This 
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phenomenon may be explained by the fact that when a greater VS is captured, the 

proposed strategy attempts to increase price matching the high product quality, and 

consequently more sales come from the more quality-sensitive products. More 

revenue is generated from the quality-sensitive products than that from 

price-sensitive products.. 

--o- ß/a=1.4 --a ß/a=1.2 -t - ß/a=1 w ß/a=0.8 -s- ß/a=0.6 
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0% T7 

-10% -8% -6% -4% -2% 0% 2% 4% 
Product Value Difference AV 

(Ac=As=0.0144, Vc=0.80) 

6% 8% 10% 

Figure 7.8 Performance against varying price-value sensitivity ratio (ß/a) with given 

product value differences AV 

When VV is over-estimated (Vs<VV), the proposed strategy delivers a diverse result. 

It could be explained by the fact that the benefit of proposed strategy does not only 

come from the impact on price and consumer demand but also from the reduced 

product waste. The proposed strategy attempts to set up a slightly higher price 

comparing with S, (See Table 7.9,7.10 and 7.11), as the optimal price is determined 

in the basis of the exponential product value deterioration rate. It increases profit 

margin of the sold items and consequently increases the benefit of the proposed 
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strategy. On the other hand, the product value loss (a positive d P) means that the 

product has a shorter remaining shelf-life which will potentially increase the quantity 

of expired products. The proposed strategy attempts to reduce price matching the low 

product quality in order to reduce the waste. When the product value loss AV is large, 

more benefits could be generated from reducing the waste. The proposed strategy 

generates more benefits for more price-sensitive products (with smaller ß/a) than 

more quality-sensitive products. In contrast, when the product loss AV is small, if 

more profits can be gained from increased profit margin than reduced waste cost, the 

proposed strategy generates more benefits for more quality-sensitive products (with 

greater/3/a) than that from more price-sensitive products. 

Overall, the product value tracing enabled pricing model delivers better 

performance than the current practice with different demand elasticity features. 

Furthermore, the sensitivity analysis for the P-V Ratio has also revealed the fact that 

if a greater or a slightly smaller VS is captured, the proposed model has generated 

more benefits when the demand elasticity to the product value is greater than that to 

the price (the quality of the food products is more important to consumers). On the 

contrary, if there is a significant product value loss (VV is well over-estimated), the 

proposed model has generated more benefits when the demand elasticity to the price 

is greater than that to the product value (the price of the food produce is more 

important to consumers). The above analysis implies that the proposed pricing 
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approach requires an accurate product value assessment which can bring greater 

opportunity in reducing waste and increasing profits. 

7.3.5 Impact on Wastage Problem 

In order to reduce the amount of waste, one common approach employed by retailers 

is to reduce the price of goods when they are close to their expiration date. To 

provide an insight into the wastage problem and the impact of pricing policies on it, 

simulation experiments were conducted. Firstly, products with different shelf life 

features were simulated under S,. In addition, the experiment is based on the current 

waste reduction practice in the case supermarket store. Different P-V ratios (#/a) 

were again employed to analyse the effect of demand sensitive features on wastage. 

The simulation results are described in Figure 7.9, which shows similar curves for 

different product quality/price ratios. Those products with shorter shelf-life generate 

more waste than products with longer shelf-life. Furthermore, when the length of 

shelf-life increases, the waste level decreases at a slower rate. 
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Figure 7.9 Relationship between shelf life length and waste level. 

Two scenarios (Si and S2) were then simulated with the same price markdown 

procedure to investigate impact of the proposed approach on the performance in 

terms of reducing waste and increasing retail profit. To simplify the computation, the 

following assumptions were made for this simulation: 

" The same assumption for the deterioration rates X, X is held as described in 

section 7.3.4. 

" For initial values of a and ß, demand exhibits equal sensitivities (a = 8) to 

variations in product price and value. 

" The waste stems only from products that have to be marked down prior to the 

"sell-by-date", and which means all the ordered products are sold in the selling 

period. 

The results are illustrated in Figure 7.10. It shows the value tracing enabled pricing 

process generates lower product waste and greater profits. However, the benefits 
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gained from S, do not comparatively correspond to the level of waste it saves 

regarding to S,. This may be explained by the fact that the increase in profit comes 

not only from the reduced waste but also from a different sales quantity and unit 

profit gained from sold products in different mark-down periods. The customer 

demand is influenced by both product price and perceived product value. The prices 

set up in S, are determined on the basis of identified shelf life information and 

consumers can receive the dynamically identified shelf life information over the 

selling period. The results shown in Figure 7.10 give an indication that both 

increased sales and reduced product waste cost can contribute to the retailer profits, 

which further verify the analysis in the Section 7.3.4. It is important to balance these 

two factors. In addition, for those items with a very low waste rate (e. g. due to long 

shelf-life) and/or a very high profit margin, the focus should be on maximising sales 

rather than minimising waste. 

Profit difference -waste in Scenario Si -A-waste in Scenario S2 
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Figure 7.10 Waste and profit performance of value tracing enabled pricing process 
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There are also other options to reduce the amount of waste for supermarket stores 

such as: reduction of lead time and/or review period, demand substitution, and 

limited assortments (Schepers & Kooten 2006; van Donselaar et a!. 2006). For 

example, retailers can minimize product loss of fresh vegetables and fruits by 

harvesting and selling them at an early stage in their development. However, this 

may disappoint consumers as they may not have the taste and texture properties they 

value and expect. As this research only focuses on food traceability and its associated 

supply chain operations, these options are not discussed in detail in the thesis. 

7.3.6 Implementation Issues 

The simulation results and numerical analysis have demonstrated the benefit of the 

value tracing process enabled pricing model for perishable food management. 

However, the demand sensitivity nature of perishable food products, the pricing 

policy, and the actual food product quality control conditions would significantly 

affect the benefits of the proposed pricing strategy. An appropriate price policy needs 

to be determined based on accurately identified food product deterioration and 

shelf-life features to guarantee the maximised profit. This confirms the critical 

importance of dynamically tracing and monitoring food supply chain processes for 

sustaining the business competitiveness. 

From a technological point of view, the development of RFID technology and 

sensory devices has provided an effective and practical solution in tracking and 
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tracing temperature and other environmental parameters in food production and 

distribution. Many trial projects relating to these technologies have been conducted 

or are in progress. The benefits of utilising these technologies to improve supply 

chain management have been reported extensively and include data capture 

automation, item-level product tracking, and improved business process visibility 

(Chadbourne 2005; de Jonge 2004; Karkkainen 2003; Marsh & Finch 1999). In 

addition, the cost of these technologies is also decreasing. This may provide a more 

promising return of the investment on appropriate applications. However, there are 

still some obstacles. 

First, globalisation has made the food supply chain more complex than before. For 

example, exotic fruits placed on supermarket shelves, may travel thousand of miles 

before reaching consumers. In the case of cooked pastrami beef, although it may be 

produced by a local manufacturer, the raw beef could come from another continent 

(e. g. South America). The complexity of such a supply chain is determined by the 

nature of products, the legal and quality assurance requirements of food safety, and 

the distribution facilities available from production to consumption (Smith & Sparks 

2004). In addition, the number of product varieties in the perishable food category 

has increased significantly in recent years, and has made the implementation of the 

proposed approach more difficult. 

Another obstacle of implementing proposed application is that it requires having 
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value tracing process in place throughout whole food supply chains. This not only 

need large investment from retailers but also imposes extra costs on other parties in 

the food supply chain. This adds a substantial amount of uncertainty due to different 

perspectives and expectations. As the supply chain "captain", retailers have the 

resources and influence to drive such innovation. However, the success of such 

innovation requires collaboration between all parties of food supply chains. 

7.4 SUMMARY 

In this chapter, two industrial cases have been presented. In case one, the 

applications of an integrated traceability-operations optimisation model and fuzzy 

enabled aggregative risk assessment model were discussed in the context of a cooked 

meat manufacturer. Operating in a tough market environment, food manufacturers 

need to improve operation efficiency, strengthen quality and safety management, and 

improve their competitiveness. The proposed models in this thesis can support their 

current business operations and help them to rethink their business. 

In the second case, the application of a value tracing process enabled pricing 

model was discussed in the context of a grocery retail chain. Winning consumers for 

perishable food products is a complex and challenging task. Product quality and 

pricing are among the driving forces. The case study demonstrated that the proposed 

approach has a great potential to improve retailer performance. The sensitivity 

analysis of demand elasticity also revealed the fact that the proposed model generates 
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benefits over the current practice with different demand features. The main 

difficulties in implementing such an approach were also presented. 

The real importance of the industrial case comes not only from the understanding 

of the proposed strategy for the integration of food traceability initiatives and supply 

chain operations, but also from the insight provided by the analytical models 

proposed in this thesis and the benefits that companies may achieve from employing 

such a strategy. The case studies will help industry understand the potential values 

from integrating traceability systems with supply chain operations and support food 

organisations' decision making process. 
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CHAPTER EIGHT 

CONCLUSION AND FURTHER WORK 

8.1 INTRODUCTION 

A comprehensive account of all the research undertaken has now been presented. 

This final chapter is an opportunity to reflect on the issues that have arisen and 

warrant further discussion. The conclusions from the research are considered in 

terms of the research findings and the contribution to knowledge, and finally the 

recommended research to be taken in the future. 

8.2 CONTRIBUTION TO KNOWLEDGE 

The need for this research was driven by the insufficient understanding of the value 

of traceability systems in the food industry and in particular their interrelationship 

with supply chain management and a lack of existing academic research in this 

domain. As described in section 2.6 of Chapter 2 and section 7.2.5 of Chapter 7, it 

was felt that the adoption of traceability systems, involves considerable amount of 

investment, and should be supported by more comprehensive literature and study 

data in order to assist in a better educated business decision. Few studies to date have 

provided and applied models for analysing food traceability applications within 

supply chain operations. By modelling an operations strategy that integrates food 

traceability initiatives with supply chain operations, the research establishes 
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interrelationships between food traceability systems and supply chain management. 

This thesis therefore has important implications for a firm's operational and strategic 

decision making. 

The integrated model presented in Chapter 4 demonstrates benefits from the 

seamless integration of operations planning with strategic considerations on food 

quality and safety issues. A major contribution made is the proposed innovation in 

food manufacturing and supply chain management. It provides enterprises with a 

practical approach to quantitatively evaluate manufacturing performance from both 

traceability and operations management perspectives. It can also support business 

decision making at both operational and strategic levels. 

Chapter 5 reveals the importance of traceability information in managing supply 

chain operations. A major contribution of this research is the proposed use of the 

tracking and tracing capability in -supporting the pricing process. Such a 

transformation would not only improve food safety management, but be a strategic 

innovation method for marketing, food quality management, customer service and 

supply chain operations. It has the potential to deliver a substantial return on 

investment on food traceability systems in the food industry. 

The fuzzy enabled aggregative risk assessment model presented in Chapter 6 offers 
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a new way of assessing, tracking, and tracing risks and provides quantitative 

evaluation for all stages of production. It not only provides a practical method of 

obtaining a quantified safety indicator for a raw material or product batch that can be 

used to get an optimal production plan, but also gives insight into potential risk 

mitigation which can help managers understand how risks change and transfer across 

the supply chain. 

The benefits gained from this thesis, primarily through a combination of literature 

review, analytical models, and case study analysis could be extremely valuable to 

those parties investigating this research field in the future and it provides a solid 

foundation for further exploratory studies into the subject. The literature review gives 

an informative account of knowledge currently available on the subject. The 

analytical models give insights into the value of food traceability systems and their 

relationship with supply chain management. The case studies then extend these 

theories into real-life applications. 

8.3 FUTURE RESEARCH 

This work reveals many promising areas where further investigation could take place 

in the future. This research can be extended in a number of different ways. 

Both the integrated optimisation model proposed in Chapter 4 and the pricing 

models used in Chapter 5 are deterministic. The difficulty associated with 

251 



Chapter 8 Conclusion 

incorporating uncertainty into analytical models has made deterministic models a 

popular method of supply chain modelling. However, using deterministic models 

alone disregards the cost associated with supply and demand uncertainty. It may be 

important to investigate further the research problem using stochastic models. 

In addition, the proposed models in Chapters 4 and 5 only focus on a particular 

food manufacturing system and pricing process in retail operations. To have a 

comprehensive analysis of the impact of traceability systems on the food supply 

chain, it is important to investigate it from the whole supply chain perspective. 

However, supply chains, are essentially complex, and this makes modelling the 

impact of such integration on the supply chain performance a challenging task for 

future research. 

For some model, a discrete number of parameter combinations were evaluated in 

numerical analysis and those parameters that resulted in the desired operational 

performance were selected. Unfortunately, this approach is only feasible for 

analysing relatively simple systems and allows comparison of only a small number 

of possible combinations of parameters. When a more complex model is developed 

by considering supply chain factors, more effective simulation approaches could be 

considered for the future research. 
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Chapter 8 Conclusion 

Although the risk assessment model presented in Chapter 6 is a practical approach, 

an amount of mathematical calculation is required in order to get a numerical overall 

risk indicator. A possible extension would be the development of a web enabled IT 

tool. In addition, further research could be given to investigate the integration of risk 

assessment and traceability by modelling risk assessment more accurately with 

reference to the available food traceability information. 
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APPENDIX A MATHEMATICAL CALCULATION SOLUTIONS 

AND PROOFS 

Al. Optimal solution for scenario S2 in Section 5.3.4.1 

The relationship between demand and its main factors over time for scenario S2 is 

specified as (see equation 5.32): 

D- 
Do-aP+/3V 0<_t<T 

f 
`ý- 0 t>-T 

(A1.1) 

And the profit functions for case 1 under scenario S2 is defined as (see equation 5.18): 

SST = Jo 
[P, (t) - Co ]. fs (D, ) dt , (A 1.2) 

By substituting equation Al.! into equation A1.2, the profit function is obtained as: 

fl T=(1's- CO) . [(Do -aP,. ) "T+ 
ß'S 

(1- e-A. T) ] (A1.3) 

To optimise the expected profit, the derivatives with respect to the price P., are 

obtained as: 

afl5 T 
=(Do-2aP, )"T+J6y (1-e-1'T)+aCoT , 

SJ 

2 rl 
'T =- 2aT <0 a2Ps 

(A 1.4) 

The derivative above confirms the convexity of the profit function. Then, the 

optimal pricing solution PP" is obtained as: 

PS 
2a 

1 
[DoT+ 

8V 
(1-e-A=T)+aC0T]; 

T 

Subject to: TT ? TQ >_T > 0; 0 <P <P 

(A1.5) 
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A2. Optimal solution 1 for scenario S, in Section 5.3.4.2 

The relationship between demand and its main factors over time for scenario SI is 

specified as (see equation 5.28): 

0-aP+f3V(1-At) 0<_t<T 
(D. 

I)= 0 t? T 
(A2.1) 

And if the outstanding cost exists as wastage cost, the profit functions for case 2 

under scenario Si is defined as (see equation 5.22): 

T=fT [p. (t)-Co]f, (D1)dt-Cof f, (D) dt (A2.2) 

By substituting equation A2.1 into equation A2.2, the profit function is obtained as: 

rjýT =(PcTe-COT)(Do-aPP+ßVV)-(PcTe2-COTZ)ý 
2`ý` (A2.3) 

To optimise the expected profit, the derivatives with respect to the price PP are 

obtained as: 

o 11 er = (Do - 2aPc +, 8V, ) - T, -2 Qvc2cTe2 + aCoT ; 
C9 P, 

a2 fl 
`T 

a2 PC =-2aT <0 (A2.4) 

The derivative above confirms the convexity of the profit function. Then, the optimal 

pricing solution P, * is obtained as: 

P`s 
2aT 

[(D0+ßVV). Te- /3VV, %TQ2+aC0T]; (A2.5) 
e 

Subject to: TT ?T >Te>0; 0<P, <P, 

A3. Optimal solution 2 for scenario SI in Section 5.3.4.2 

The relationship between demand and its main factors over time for scenario Sj is 

specified as (see equation 5.28): 
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o -aP+/3v(1-pct) 0<_t<T 
(A3.1) f, (D)_ 

r 

t>-T 

And if the outstanding cost exists as damage cost, the profit functions for case 2 

under scenario S, is defined as (see equation 5.23): 

HT Jo 
[Pc (t)-Co]fc (D1)dt - CD fc (D)dt (A3.2) 

By substituting equation A3.1 into equation A3.2, the profit function is obtained as: 

II 
CT = (Do -aP, + ßVc)[(PP - CO )T - CD (T - TQ )]- 

ßV`ß'` [(Pc 
- Co - CD )T 2+ CDTe2 I 

(A3.3) 

2 

To optimise the expected profit, the derivatives with respect to the price PP are 

obtained as: 

a Fl T= 
(Do - 2aPr + 8Vc) "T- 

16VcAcT 2+ aC0T +a CD(T -T, ); 
apc 

a2ri 
`T =-2aT <0 a2PC 

(A3.4) 

The derivative above confirms the convexity of the profit function. Then, the optimal 

pricing solution PP* is calculated as: 

P`t 
2a T 

[(Do +, 8 V, ) "T- 8VV, % T2+ aCOT + aCD (T - TQ )] ; (A3.5) 

e2 

Subject to: TT? T>Te>0; 0<P, '<P 
. 

A4. Optimal solution for scenario S2 in Section 5.3.4.2 

The relationship between demand and its main factors over time for scenario S2 is 

specified as (see equation 5.32): 

0-aP +PVe ` 0<_ t <T f ýDý- 
0 t? T 

(A4.1) 
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And the profit functions for case 2 under scenario S2 is defined as (see equation 5.24): 

SST = 
ýo [l's(t)-Co}. ýs(D1)dt (A4.2) 

By substituting equation A4.1 into equation A4.2, the profit function is obtained as: 

rlST =(PS-C0)"[(Do-aPs)"Te+ßVI (1-e-2°T )] (A4.3) 
AS 

To optimise the expected profit, the derivatives with respect to the price PS are 

obtained as: 

aPs T 
=(Do-2aP, )"Te+ßs 

V3(1-e A'T)+aCoTe, 

s 
2Flsr 

=-2aTe <0 a`i 
(A4.4) 

The derivative above confirms the convexity of the profit function. Then, the optimal 

pricing solution P, * is obtained as. 

PS 
2a1 Te 

[DoT, +ýs 
VS 

(1-e-"=T°)+aCOTe]; (A4.5) 

Subject to: TT ? Te >_T > 0; 0 <P <P 

A5. Optimal solution for profit function 5.45 in Section 5.3.5.1 

Under the price markdown strategy, in scenario S1, the selling period is divided into 

three intervals: (0, T,,, ), (T,,,, TQ), and (Te, Ta), and the demand function becomes 

ED 
,= 

ED, + ED 2+ ED 3 

=f 
Tm ff(D)(it +1 ff(D)dt + fT fý(D)dt 

(A5.1) 

When the outdating cost exists as the wastage cost, a new profit function is obtained 

as: 
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II =(I', -Co)f 
T ff(D1)clt+[PP(1-0)-Co-Cr]fT f (D1)dt 

(A5.2) 

-(Co+CP)1 ff(D)dt 

By substituting equation A2.1 into equation A5.2, the profit function is obtained as: 

z 
IIcT =(Pc-CO)"[(Do-aPc+ßVV)"T,,, -ßV`2`T»' ]+ 

2 

[J (1-9)-Ca -CP]. [(Do -aPt+aOPc +ßVV)-(Te -Tm)- 
ß 

2`A` 
(Te2 Tm2)] 

-(Co +Cp)[(Do -aPe +aOPP +ßVV). (T -7'e)- 
ß 2`ý` 

(7'c -7'e 
Z)ý 

To optimise the expected profit, the derivatives with respect to the price PP are 

obtained as: 

of 
cT= (D0 -2aPc +QVc +aC0)"Tm - 

QVc A, Tm ' 
+a(1-B)(Co+Cp)(Tc-Tm) aPc 2 

+(1-9)[(Do-2aPc+a9Pc+ßVc)"(TQ-Tm)- 
P 

2A` 
(Te2 _Tm2)] 

T 

a- 
ý` 

--2aTm-2a(1-6)'(Te-Tm) (A5.4) 
Pý 

Aso <0< 100% and T. >T so 
a2UCT 

<0 
a2i 

The derivative above confirms the convexity of the profit function. Then, the optimal 

(A5.3) 

pricing solution P, * is obtained as: 

Pc* = 

z 
(Do +, 8 Vc + aCo) " Tm - j8V` 

2`Tm 
+a (1- B)(Co + CP)(7 - Tm ) 

+(1-9)2[(Do+ßVV). (7 -T,, )-ß2`2 (Te2-T 2)] 

(A5.5) 2aTm +2a(1-B)2(Te -T. 
) 

Subject to: T>TT>Te>T1>0; 0<P, <P 
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A6. Optimal solution for profit function 5.46 in Section 5.4.5.1 

Under the price markdown price strategy, if the outdating cost exists as damage cost, 

the profit function for scenario Sl is defined as: 

rjCT =(I' -Co)f0 f (D, )dt+[PC (1-0)-Co-CP]JT %(Dt)dt 
(A6.1) 

+[P, (1-0)-Co -CP -C0]f 
T` f, (D) dt 
r 

By substituting equation A2.1 into equation A6.1, the profit function is obtained as: 

jl, T =(P, -CO)"[(Do-aP, +, 6V, )"T,, -ýy`ý`Tm ]+ 

[Pý(1-B)-Co-Cp]"[(D0-aP, +aOP, +ßV). (T, -Tß 
2`ý` 

(TQZT 2)] 

+[Pc(1-B)-Co-Cp-CD]"[(DO-aPc+aOPc+ßv, )"(T, -TQ)-ß 
2`ý` 

(7 TQ2)] 

(A6.2) 

To optimise the expected profit, the derivatives with respect to the price PP are 

obtained as: 

ar, 
T 

=(Do-2aP, +ßVc+aCo)"T,,, - 
ß V`2`T. 

2 

+a(1-B)(Co+CP)(TT-Tm) 
ap, 

+(1-6)[(Do -2aP, +aOF +ßVV)(T, -T,,, )- 
ß 2`'` (T2 2 -TmZ)]+aCD(Tý -Te) 

aFi T 
` --2aT, �-2a(1-9)2(Te-T,,, 

) (A6.3) 
aPc 

Aso<0<100%andT, >Tso 
a2U T 

<0 
a2PC 

The derivative above confirms the convexity of the profit function. Then, the optimal 

pricing solution PP* is obtained as: 

Pc* = 

(Do +ß VV +aCo)"Tm - 
QV`ß`T2 

+a(1-B)(Co +Cr)(Tc -T 

+(1-B)2[(Do +ßVc)-(TQ - Tm) - 
8VCAC 

2 
(TeZ -TmZ)]+aCo(Tc -TQ) 

2aTm + 2a(1 - 
B)2(Te 

-Tm 

Subject to: T>TT>Te>Tm>0; O<P, <P (A6.4) 
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A7. Optimal solution for profit function 5.48 in Section 5.4.5.2 

Under the price markdown price strategy, the profit function for scenario S2 is 

defined as: 

jlsT = (PS -Co)JT %s(D, )dt +[P, (1-0)-Co - CP]fT fs(D1)dt (A7.1) 

By substituting equation Al.! into equation A7.1, the profit function is obtained as: 

rl 
ST =(PS-CO). [(Do-aP,, )"Tm+'8 

VS 
(1-e-2"T )]+ 

[PS(1-0)-Co-Cp][(Do-aPS+aOPP). (Te-Tm)+EVS (e-'4' m- e-A'T )] 

(A7.2) 

To optimise the expected profit, the derivatives with respect to the price PS are 

obtained as: 

aFl, T 
=(Do-2aPS)Tm+'8V' (1-e-'`"Tý)+aCoT,,, +a(1-B)(Co+Cp)(Te-Tm) 

s, 
+(1-0)[(Do-2a Ps +2aOPs)"(Te-Tm)+ßV5(e-A'T -e-x'r)] 

T a2S 
=-2aTm-2a(1-0)2(Te-Tp, )<0 (A7.3) 

alp 

ASTA>Tn,, SO 
a2f'r 

<0- a-PS 

The derivative above confirms the convexity of the profit function. Then, the optimal 

pricing solution PP* is obtained as: 

D0(7e-6T +BT, )-1V (e 'ý=T° -6b-"=T° +ý- T 
-1)+aCOT,,, +a(1-B)(C0+CP)(T -T, ») "_S 

P 
2a7, +2a(1-O) 2(T -T,,, ) 

Subject to: T> TT > TQ > T,, >0;. 0<P, * <P. (A7.4) 
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Appendfr B 

APPENDIX B: RISK ASSESSMENT RECORDS IN THE CASE 

COMPANY 

CCP Decision Tree 
Note: The first questions Q. a is NOT 
included in the CODEX standard 

Q, a decision tree. It is however still an 
Is there is Significant STOP* important question to ask when 

Hazard at this process considering CCP's. All questions 
step? NO below the dotted line form the 

CODEX CCP decision tree. 

------ YES ------------------------------- ---------------------------- 

Q. 1 Modify the Step, the 
Do Control measures Process or the 

exist? Product. 

YES NO 
YES 

Q. 1 a NO Q. 2 Is control necessary STOPS 
Is the process step at this step for Not a CCP 

specifically designed to product safety? 
eliminate or reduce the 
hazard to an acceptable 

level? YES 

YES 

Q. 3 NO Could Contamination STOP* ith the hazard occur at, Not a CCP 
or increase to This is a 

unacceptable levels? Critical Control 
YES 

Point 

Q. 4 NO 
Will a subsequent step 
eliminate the hazard, or 

reduce the likely 
occurrence of the 

hazard to an acceptable 
level? 

YES 
* STOP document the 

STOP* 
decisions and proceed on 

Not a CCP the next process step 
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Appendix C 

APPENDIX C INTERVIEW QUESTIONS FOR CASE TWO 

QUESTION TYPE 1-- RETAIL STORE 

Store Location: 

Position within Organisation: 

Part 1 Store Overview 

1. How long have you been working in this store? 

2. What is the approximate turnover of the store? 

3. What is the percentage perishable food in the whole product range? 

4. What is the percentage of waste cost in your total sales? 

5. Do all the food products placed on your store shelves have traceability 

information? If yes, do you think whether the traceability information affect 

consumers' purchasing decision? 

Part 2 Perishable Food Management 

6. Do all the perishable food products have specific shelf life requirement? If yes, 

please give some examples of shelf life requirement for the product in the 

following product categories: fresh vegetables, red meat, and ready-to-eat meal. 

7. Does your store check the shelf life information when food products are 
delivered to the store? Do you accept the product with the shelf life length less 

than the required one? What action you do take in such situation? 

8. Does the temperature information of storage condition (either on shop shelves or 

backroom storage) be recorded? If yes, what is the purpose? 
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9. Does the product shelf life feature affect the consumer demand? How does the 

store deal with the products with limited shelf life length left? 

10. Do you put products with different shelf life lengths on the same shelf or re-fill 

the shelf until the old products are sold? 

11. Could you please use one product as an example to describe shelf management of 

perishable food? 

Part 3 Pricing Policy 

12. From your experience, what are the main factors effecting consumers' purchasing 

decision for perishable food? 

13. Could you please give example of promotion detail in each product category 

(fresh vegetables, red meat, and ready-to-eat meal): 

a. Product name 

b. Shelf life feature 

c. Purchasing price 

d. Normal selling price 

e. Average demand 

f. Promotion detail (price discount rate) 

g. Average demand in promotion 

14. Do you use price markdown approach to improve waste reduction? If yes, could 

you please describe the price mark down procedure operating in your store? 

15. What rule do you apply to determine the price discount rate? Is there any tool to 

support the decision making? 

16. How many price changes (from scanning products to putting new price label on 

package) an operator can make in an hour? 
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QUESTION TYPE 2-- DISTRIBUTION DEPOT 

Depot Location: 

Position within Organisation: 

Part 1 Depot Overview 

1. How long have you been working in the distribution depot? 

2. How many supermarket stores does the distribution depot serve? 

3. What is the average distance between the depot and supermarket stores? What is 

the longest distance? 

4. What is the volume of chilled and frozen products that the depot handles very 

day? 

5. How many container trucks do you have? Among these, what is the number of 

refrigerated container trucks? 

Part 2 Perishable Food Management 

6. How do perishable food products be managed in the distribution depot? Do 

products with different temperature sensitivities be stored in same warehouse? 

7. Does temperature information of storage condition be monitored and recorded in 

the depot? What is the system currently used in the depot? 

8. What is the average duration time that perishable food products such as fresh 

vegetables and red meat stay in the depot? 

9. What type of container truck is used to deliver perishable food such as frozen and 

chilled products to retail store? Does the temperature variation during the 

delivery process be tracked and recorded? 
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10. What is the current system that is used to track trucks in the delivery process? 
How does the system work? 

11. If the time and temperature information of chilled or frozen products during the 

warehouse and delivery processes is recorded, for what purpose the recorded 
information is used? 
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The food industry has been under pressure regarding improving food safety, 
implementing efficient risk management, and managing quality `from farm to 
fork'. Individual parties in a food supply chain must make appropriate strategic 
and operational adjustments, enhance product quality and increase operational 
efficiency and profits. In this paper, an optimisation model is developed 
integrating traceability initiatives with operation factors to achieve desired 
product quality and minimum impact of product recall in an economic manner. 
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Sensitivity analyses are conducted. A comparison between the proposed model 
and the existing model operating in the case company is also presented. 
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1. Introduction 

The food industry has been under pressure regarding the improvement of food safety, 
the implementation of efficient risk management and rapid response capabilities, and 
the management of quality `from farm to fork'. Since regulation 178/2002 of the 
European Parliament, and of the Council, on general food law came into force in 2005, 
traceability has become an essential business function for the food industry to consistently 
supply food products with quality and safety assurance. However, the efforts on 
building traceability systems have often been separated from profitable supply chain 
management strategies. This not only hinders the enthusiasm of investment on efficient 
traceability systems, but also the potential to improve supply chain efficiency through 
integration of traceability with operations management functions. This paper will address 
these issues and develops approaches to integrate traceability initiatives with operation 
management objectives. In this section, we will review concepts and existing research in 
relevant areas. 
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1.1 Traceability in food supply chains 

Food traceability is defined as the ability to trace and follow food, feed, and ingredients 
through all stages of production, processing and distribution (European 
Commission 2002). Studies on traceability systems and approaches for achieving different 
business objectives have been reported in the literature (Wilson and Clarke 1998, 
Mouseavi et a!. 2002, Bertolini et a!. 2006, Peres et a!. 2007, and Pinto et a!. 2007). 
The traceability systems reported in the research articles vary in complexity from simple 
paper-based recording systems to computer-based information technologies, including the 
most sophisticated systems with biological technologies. In most cases, the traceability 
systems have been developed without considering other supply chain activities. 
Some research (Viaene and Verbeke 1998, Golan et al. 2004, and Schwagele 2005) 
argued that being able to track and locate products accurately in supply chains can lower 
inventory levels, quickly detect difficulties in manufacturing processes, and improve the 
efficiency of logistics and distribution operations. 

An integrated traceability system can improve process control and detect cause 
and effect when a product fails to conform to standards. It is also expected to improve 
operations planning so that raw material use is optimised (Regattieri et al. 2007). 
To achieve the values of such integrated traceability systems for business, a key issue is 
how to seamlessly integrate traceability functions with supply chain management processes 
so that the traceability information can be used to manage and improve business processes 
(Wang and Li 2006). Among the studies on traceability issues, quantitative research 
that identifies benefits of such integration is still rarely found. In our research, 
relationships between traceability, production batch size, batch dispersion, inventory 
level, product shelf life, delivery patterns, and product recall impacts are quantitatively 
analysed. 

1.2 Impact of supply chain operations on food traceability 

Food products are often tracked and traced by manufacturing batches or logistic units, 
instead of individual product items (Jansen-Vullers et al. 2003). Batch numbers assigned at 
the start of the manufacturing processes accompany products as identifications 
throughout a supply chain. If a food safety problem comes from a raw material batch, 
all the finished products containing this raw material have to be identified and recalled. 
In the food industry, raw material batches from different suppliers with different prices 
and quality attributes are often mixed together. This is usually known as a batch 
dispersion problem which concerns relevant disassembling and assembling processes in the 
production (Dupuy et al. 2005). When raw material batches are mixed in finished product 
batches, it increases complexity for tracing back. Furthermore it increases the probability 
of food contamination which may cause potential product recalls. Dupuy et al. (2005) 
developed a traceability optimisation model to minimise the recall size by planning 
batch dispersions in supply chain operations. The research tried to minimise the impact 
of manufacturing and delivery processes on the size of possible product re-calls without 
considering impact of batch size and dispersion on operations performance. 

Determining economic production batch size has been a major interest in both theory 
and practice. Various optimisation models have been developed (Goyal 1977, Sarker and 
Parija 1994, Sarker and Khan 1999, Bogaschewsky et a!. 2001). A large production batch 
size reduces the production setup cost, but increases stock level which leads to a high 
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inventory holding cost. Moreover, a large production batch size may require a mixture 
of raw material batches from different suppliers to fulfil a production order. Different 
raw material batches have different costs and risks in failure of meeting quality and 
safety requirements. Risk for food products is defined as a function of the probability 
of an adverse health effect and severity of that effect, consequential to a hazard 
(European Commission 2002). Most food products contain a certain degree of risk. 
The magnitude of risk directly affects safety of the foods to public health and possibility 
of a food crisis that may require a product recall. However, food products can be placed 
on the market as long as the risk is at an acceptable level. 

1.3 Production and inventory control for perishable products 

When studying perishable food, deterioration and shelf life have to be considered for 
determination of an economic production batch size. Shelf life is defined as the period 
between manufacture and retail purchase of a food product during which the product is of 
satisfactory quality (IFT 1974). It is the length of time that a given item can remain in a 
saleable condition on a retailer's shelf. Shelf life does not necessarily reflect the 
physical condition of a product (such as deterioration) since many foods deteriorate 
after a fixed period of time. However, it may reflect the marketable life of a product 
(Nahmias 1975, Xu and Sarker 2003). Perishable food has a high deteriorating rate and a 
limited shelf life. It gets spoiled if stored beyond a certain period of time under given 
conditions. Dynamic pricing, planning and inventory control models for perishable food 
have been reported extensively in the literature. Goyal and Giri (2001) presented a review 
of recent published inventory literature for deteriorating inventory models. One type of the 
reviewed research is maximising business profits through pricing or allocating perishable 
products in an operational process according to their fixed shelf life (Bhattacharjee and 
Ramesh 2000, Zhao and Zheng 2000, Lin and Chen 2003). In such research, the product 
shelf life is a constraint to a pricing or delivery planning decision. Some research employs a 
concept, product value, to represent product quality and utility attributes based on which 
a decision on pricing or operational planning can be made. Li et al. (2006a) proposed 
an automatic tracking enabled business model for food products. The model employs 
a dynamic planning approach to optimise retail chain profits. Inventory modelling 
incorporating the effect of a temporary price discount is another active area. 
Tersine (1994) developed an inventory model which incorporates the effect of a temporary 
discount in sale price. Shah et al. (2005) developed a mathematical model for an inventory 
system that considers a temporary price discount when commodities in an 
inventory system are subject to deterioration with respect to time. 

The above research did not integrate batch size and shelf life management 
with traceability optimisation, in manufacturing planning and inventory control. 
Our research has for the first time proposed an integrated operation-traceability planning 
model for perishable food management. 

1.4 Methods used in the relevant research 

Operations planning and design problems in food industry are often related to the 
choice of raw materials, number and size of batches, etc. Mixed integer linear 
programming (MILP) or non linear programming (MINLP) approaches are frequently 
used for such problems with a clear quantitative objective function or quantitative 
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Figure 1. Two production scenarios. 

multi-criteria objectives. Kallrath (2005) reviewed the current state of mixed integer 
optimisation in the process industry with a special focus on planning, design, global 
optimisation techniques and optimisation under uncertainty. Mixed integer optimisation is 
able to deal with many detailed features such as tracing mode-changes, product origins 
and shelf life. 

Efficient algorithms have been developed to solve these optimisation problems. Golhar 
and Sarker (1992) developed a simple algorithm with a one-directional search procedure to 
compute optimal manufacturing batch size and the associated total cost. Khan and Sarker 
(2002) proposed a heuristic method in which an initial solution for production batch 
quantity is determined by relaxing the integrity requirement. If the corresponding optimal 
value is not integer, then an integer in the neighbouring points was searched for the 
approximated optimal solution. Although this method is relaxed in the solution approach, 
it can be considered as a simple heuristic to solve the stated problem with less 
computational efforts and an acceptable level of accuracy. 

In addition, simulation experiments have often been employed to numerically analyse 
model performance, particularly when the analytical solution cannot be obtained. Dupuy 
et al. (2005) used simulation experiment (LINGO 6.0 software) to solve a MILP problem. 
Microsoft Excel Solver has been also used to solve such problems (Sarker and Khan 1999, 
Li et al. 2006b). It can solve linear and nonlinear mathematical programming models with 
continuous and/or integer variables. Linear and integer problems can be solved by the 
branch-and-bound method and the simplex method with bounds on the variables. Detailed 
implementation of the Solver tool can be found in Anderson et al. (1998). 

2. Assumptions and notations in the research 

The optimisation model is developed in a food manufacturing context with a cooked meat 
manufacturing case. It can, however, be applied to any batch production or manufacturing 
assembly and disassembly lines in perishable food production. According to possible 
production patterns of using raw materials, two production scenarios are discussed in the 
optimisation model as shown in Figure 1. 

Scenario 1. Two-level bill of materials (raw materials and finished products) involving 
multiple batches of different types of raw materials for one batch of finished products. 
Scenario 2. Three-level bill of materials (raw materials, components and finished products) 
involving multiple batches of different types of raw materials for multiple batches of 
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components and one batch of finished products. This scenario can be extended to more 
generic situations for multiple-level bill of materials food production processes. 

The model considers a production facility that processes raw materials from 
suppliers into cooked meat. The finished products are delivered in a fixed quantity at 
a fixed time interval. The raw material ordering policy is not considered in this research. 
To simplify the analysis, following assumptions are made: 

(a) Production rate is finite and is greater than demand rate. 
(b) Stock shortage is not allowed. 
(c) Demand rate is constant and known. 
(d) Setup cost for an item is constant. 
(e) The raw material is always available and one type of raw material batches could come 

from different suppliers. 
(f) The size of same type raw material batch is constant. 
(g) The size of a product batch is equal to the size of raw materials used in the production. 
(h) Only the holding cost of finished product inventory is considered in the model. 
(i) A fixed quantity of finished products is delivered at a fixed time interval. 
(j) There is no constraint in space, capacity or capital. 

Notations 

Parameters 

D Demand rate of a product, units/period. 
P Production rate for a product, units/period (here P>D). 
A Unit set-up cost in production, £/set-up. 
H Inventory holding cost of finished products, £/unit/period. 
x Shipment quantity of products at a regular interval (units/shipment). 
t Time interval between successive shipments. 

BRF(k) Proportion of the kth type of raw materials used in a finished product. 
BRc(k) Proportion of the kth type of raw materials used in a component batch. 

K Type of raw materials. 
Wi, k Risk rating (weighting) of batch i of the kth type of raw materials. 

d Unit price discount in temporary price discount period, shipment/time interval. 
P.,,. Unit price of batch i of the kth type of raw materials. 
PF Unit transaction price of products. 
TL Product life. 
T, jf Customer acceptable shortest shelf life. 
Tc Contracted shelf life. 
Q,. Batch quantity of the kth type of raw materials. 
M Number of raw material batch types. 
N Number of component batch types. 

Variables 

Q Quantity of a finished product batch. 
YRF(k) Binary variable equal to 1 if the kth type of raw material batches are used in a 

finished product batch and 0 otherwise. 
YRC(k) Binary variable equal to 1 if the kth type of raw material batches are used in 

component batch j and 0 otherwise. 
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Yc1() Binary variable equal to 1 if component batch j is used in a finished product 
batch and 0 otherwise. 

S Integer variable which is the quantity of a type of raw material batches used in 
a product batch. 

it Integer variable which is the frequency of product shipments, number/period. 
Y Integer variable which is the number of shipments in a temporary price 

discount period. 

The risk rating W, k is influenced by various factors causing quality and safety 
problems such as storage condition, process environment and packaging, etc. It can be 
obtained through various risk assessment approaches. Approaches and models to measure 
and control the food risk have been available in the literature and authorities' 
documentation (CAC 2002 and Edler et a!. 2002). With advanced tracking technologies 
and networked information systems in food supply chains, the information of risk 
assessment can be available to supply chain partners more readily nowadays (Li et a!. 
2006b). Therefore, in this research, we assume that the risk ratings for each individual raw 
material batch are available to food manufacturers. The given risk ratings are used to 
measure recall possibility and cost in the model. 

3. Optimisation model 

The proposed model is expected to integrate operational objectives with traceability 
targets in the perishable food production through incorporating risk and cost factors 
associated with operations management, traceability system, and shelf life management, 
so that the operational activities and the traceability initiatives can be co-ordinated 
towards an optimised system. 

3.1 Operational factors 

Typical economic production quantity (EPQ) models assume fixed costs for 
each production setup. The EPQ balances set up and inventory costs in order to 
minimize total costs. Here, the production setup cost in a planning period is described 
in Equation (3.1). 

CSET =QA. (3.1) 

A larger manufacturing batch size reduces the setup cost component in the overall 
product cost. Food manufacturers often face the fact that retailers want products to be 
delivered in small quantities at fixed time intervals to minimise their inventory holding 
cost. This may result in the products produced in one batch being allocated in several 
deliveries. 

Food products require strict quality control. In many cases, for quality assurance 
purposes, products cannot be delivered until the whole batch is produced. In our model, 
the accumulated inventory during the production uptime cannot be used for delivery until 
the whole batch is completed. The next batch production resumes and completes at the 
time when the inventory from previous batch is exhausted and is ready for next delivery 
(see Figure 2). There is a staircase pattern in each batch production cycle, but there is no 
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Figure 2. Product inventory level against time. 

saw-tooth pattern during the production up-time. In the model, we only consider 
the holding cost of finished product inventory accumulated during the production uptime 
(the triangular area in Figure 2) and the inventory ready for delivery (staircase area in 
Figure 2). The average product inventory level is given in Equation (3.2). 

Q2 (n-1)x 
'AVG=2P"pit+ 

2 
(3.2) 

Equation (3.2) can be obtained by calculating the relevant area of one batch 
production cycle in Figure 2 and dividing it by the cycle time period lit. The area consists 
of one triangle area with the value of Q2/2P, and (n2 - n)/2 rectangle areas with the value 
of tx. The integer variable n can be replaced by Q/x. The inventory holding cost equation 
can be therefore given as Equation (3.3). 

CI N_ 
QxH 

+ 
QH xH (3.3) 

2Pt 22 

3.2 Incorporating traceability factors 

Traceability systems would create additional costs for producers and for the food sector as 
a whole. The magnitude of these costs depends on the type of identification technology 
(e. g. barcode, wireless scanner and electronic transponders, etc. ), the labour for the 
application and reading of the identification device, and the manner in which traceability 
data will be maintained (Disney et al. 2001). On the other hand, the performance of a food 
traceability system can be evaluated by its effectiveness in a food crisis: whether it enables 
to identify, isolate, and correct the problem quickly and efficiently, whether it reduces the 
scope of a food recall and the volume of products that must be withdrawn, and whether 
it helps to minimise possibility of the occurs of such crisis (Dupuy et al. 2005). 
For simplification, we consider the value of products that must be withdrawn in a product 
recall event with the probability of the recall as a traceability related cost. Therefore, 
the recall cost for a demand period in Scenario 1 can be described in Equation (3.4). 

hf S 
CREC =D" PF > YRF(k): 1 V i, k, (3.4) 

k=1 i=1 
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in which 

QX BRF(k) 
S 

Qk 

Here w,, h is a given risk rating for an individual raw material batch which affects the 
safety of finished products. It is associated with the probability of a potential product 
recall. The integer variable S denotes the number of batches of the kth type raw 
materials used in a finished product batch. The value of S depends on the production 
batch size. When the production batch size increases, the value of S will increase. It means 
more batches of the kth type raw materials are required to fulfil the production order. 
Intuitively, if more raw material batches are mixed in finished product batches, the 
possibility of food contamination increases. 

YRF(k) is a binary variable which equals to 1 when k type raw material batches are used 
in the finished product batch and 0 otherwise. In Scenario 1, if only one type of the raw 
material batches is converted to one batch of products, the quantity of finished product 
batch Q is equal to the quantity of that type of raw materials used in the finished product 
in which 

nr 
Q=S"Qk, and 

LYRF(k)=1. (3.5) 
k=l 

When multiple types of raw material batches are used for one batch of finished 

products, we have: 

L YRF(k) > 1. (3.6) 
k=1 

Individual raw material batches may have different price and risk attributes because of 
different types of raw materials which may come from different suppliers. These batches 

are often mixed together in bill of materials for balancing between cost and quality. The 

raw material cost is the sum of the costs of raw material batches used in the product batch 

production. The cost of individual raw material batches can be calculated by multiplying 
the unit price (P;, k) by the batch quantity (Qk). Therefore, we have the raw material cost 
for a production cycle given in Equation (3.7). 

hf S 
CRAWV =D> YRF(k). , QkPi>k" (3.7) 

Q 
k=1 i=1 

In Scenario 2, a three-level bill of materials including raw materials, components and 
finished products (seen in Figure 1) is considered. Raw materials used in a component 
batch only come from raw material batches. Based on the definition in Equation (3.7), the 

raw material cost in the production of component batch j is therefore calculated as: 

Mr s 
Cconzpjj _L YRc(k) > QkPI, k " 

(3.8) 
k=1 i=1 
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in which 
QX BRC(k) 

Qk 

The raw materials used in a finished product batch come from component batches. 
The raw material cost in a production cycle for scenario 2 is therefore described as 
Equation (3.9). 

N hf S 
CRAwV =N YCFV) EYRC(k) QkPt 

k. (3.9) 
J-1 k=l i=l 

Based on Equations (3.4) and (3.8), the recall cost for Scenario 2 is given as: 
N bf S 

CREC =D" PF> YCF(/). YRC(k) E W,, k. (3.10) 
i=t k=1 l-t 

3.3 Incorporating shelf life factor 

In practice, retailers expect a shelf life (Tc) against the expiration date ('Display until' or 
`Sell by' date) specified in a contract. In the case of our research, the shelf life for a product 
can be calculated by deducting its storage time at the manufacturer from the product life 
(TL). Product life is measured in days counting from the day it is produced until the 
product becomes unacceptable for consumption. Therefore, the shelf life constraint can be 
written as: 

TL-(n-1)t>Tc, i. e. n< 
TL - TC 

t 
+1. (3.11) 

Here (n - 1) *t is the storage time (see Figure 2). When the shelf life of a perishable 
item is shorter than a contracted length of time at a retailer, it does not 
necessarily mean the quality attribute changes, but it certainly reduces its marketable 
life. The items have to be either disposed of if it cannot be sold any longer or sold with a 
price discount to reduce the potential loss in sale. To take account of the product 
deterioration issue, we apply a temporary price discount policy (Shah et a!. 2005) to the 
model. The discount represents a cost incurred when the shelf life becomes shorter than the 
length of time required by a contract, but is within acceptable range which is given in 
Equation (3.12). 

TAf < TL - (n - 1)t <Tc, i. e. 
TL-TC+1<ýt<TL-TAf+l (3.12) 

tt 

Here, TAf is the customer acceptable minimum shelf life. In practice, perishable 
products lose their utilities over certain period of time under given quality control 
conditions. In this case, a discount price policy is implemented by the suppliers of these 
products to promote sales (Shah et al. 2005). Retailers may also dynamically adjust the 
sales price of a perishable food product as its shelf life approaches the end and its 
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inventory perishes (Wee and Yu 1997, Chun 2003). In this paper, we use the temporary 
price discount to quantify product deterioration cost. Therefore, the unit transaction price 
at which the product is actually sold is expressed as Equation (3.13). 

C' FP = CFp(l -d" Yt) (3.13) 

In Equation (3.13), d is the unit price discount in a temporary price discount period. 
Y is an integer variable which is the number of shipments during the temporary 
price discount period. Y equals to the number of total shipments in a batch production 
cycle deducting the number of shipments in the none-price-discount period, which is given 
in Equation (3.14) (see Figure 2). 

TL-TC 
Y=n-1- 

Subject to: 

0<Y<Tc-TAI 
-I 

(3.14) 

Now, the cost associated with perishable product inventory can be obtained by 
aggregating the price differences between the real transaction price and the contracted 
trade price of each shipment during the price discount period (see Equation (3.15)). 

DY TL-TC TL -TA! 
CPERISH =Q Y=1 

- I_xpFd"y"t, when +1<11< +1; 

0 when 0<, z < 
TL 

t 
TC+ 

1 

Where, 

TL-TC 
Y=n-1- 

t 

Subject to: 

n_< 
TL 

t 
T'll 

+1 and 0<Y<Tc -TM (3.15) 

As discussed in Section 3.1, the integer variable ri can be replaced by Q/x. 
By incorporating the product shelf life factor, operational factors, and traceability factors, 

we have the integrated optimisation model as Equation (3.16): 
Objective: 

CSETUP + CRAIV + CREC 

Min TC = 
+CH + CPERISH, 

CSETUP + CRAIV + CREC + CH2 

TL - Tc \ TL - Tnr 
when 

I 
+i J x<Q <t}1Y; 

when 0<Q 
(TL_TC+l) 

X. 
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Where 

CSET =A (see Equation (3.1)); 

_ 
QxH QH xH CH 
2Pt +22 

elf s D" 
YRF(k) L QkPi/c, 

Q 
k=1 i=1 

CRA IV = 
N hf S 

QE YCF(/ E YRC(k) E QkPiý-, 
I-1 k=1 i=1 

hf s 
D' PF 7, YRF(k) 1Viki 

k=I i=1 
CREC = 

N Af s 
D' PF I YCFV) Z YRC(k) Wi, k, 

J=1 k=1 i=1 

Y 
CPERISH=YPF>d"y"l 

G y=1 

(see Equation (3.3)); 

With Scenario 1 (see Equation (3.7)) 

With Scenario 2 (see Equation (3.9)) 

With Scenario 1 (see Equation (3.4)) 

With Scenario 2 (see Equation (3.10)) 

(see Equation (3.15)) 

S_QXBRF(k)" Y=Q-1-TL-TC 
Qk xt 

Subject to: 

0<Q<( 
TL 

I 
Tb1-I- 

11 x; 0<Y<TCtT ßr ;S>0; Q? Qk; TL > Tc > TAf > 0. 
\l 

(3.16) 

4. Case study and numerical analysis 

In this section, a case study and numerical analyses are presented. As the integrated model 
contains binary and integer variables, the total cost function is non-differentiable with 
respect to production batch quantity. Therefore we use simulation experiments to 
numerically analyse the model performance. In Section 4.4, when ignoring traceability 
factor, analytical optimal solution is produced. The numerical simulation is implemented 
by a Microsoft Excel spreadsheet. Sensitivity analysis is also performed. 

4.1 Case study and numerical simulation results 

The case is based on a UK food manufacturer supplying ready to eat cooked meats of 
beef, pork, lamb, chicken and turkey to major UK supermarkets. Products are produced 
and traced at batch level. Orders from main customers arrive daily including more than 20 
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different products and the delivery has to be made within the same day. As a cooking 
process takes long lead time, make-to-order becomes impossible. To smooth the 
production and meet customer demand, a large production batch size is used. This results 
in a large amount of cooked products being held in the inventory. Products produced in 
one batch are usually allocated into several deliveries. Furthermore, with the large 
production batch size, several raw material or component batches which may come from 
different suppliers are likely required to fulfil a production order. The mixture of different 
types of raw materials or components leads to a batch dispersion problem that increases 
the complexity of traceability. Although the company deploys a strict HACCP scheme to 
ensure compliance with all relevant legislations and industry codes, product recalls do 
happen occasionally due to various reasons. 

To verify and demonstrate expected benefits of the proposed model, we compare total 
cost generated by the existing production system in the case with the optimal solution from 
the proposed model. The company has sufficient production capacity to meet customer 
demands. Fixed shipment quantities for simulation are derived from the average quantity 
in delivery records of chosen products. The risk rating (weighting) W;, k is obtained using 
current HACCP approach (CAC 2002) applied in the company, where likelihood, severity, 
and numbers of products exposed to safety hazard are assessed. A `First In First Out' 
policy (FIFO) is applied to raw material batches in production. Finished products have 
certain range of product life and are only allowed to be in stock for a limited period. 
Products that are suitable for two scenarios are chosen to carry out the numerical analysis. 
The Macro tool in Excel is used to simulate the model performance by changing values of 
the model parameters. Tables 1 to 3 display examples of sample data used in the model and 
the results generated in the numerical simulation. A month is used as a planning period. 

Table 1. Sample data and results in scenario I when one type of raw materials is used. 

Input information Current practice Optimal results 

Product DPAHx Qk TL Tc TM Q TC Q* TC" 

Roast pork 4800 9000 300 1 160 200 12 75 800 25,743 1000 25,688 
Pastrami 9000 12,000 300 1 300 200 12 10 7 1200 54,627 1000 54,452 
Roast beef 12,000 15,000 500 1 400 200 12 10 7 1200 73,912 1400 73,876 

Table 2. Sample data and results in scenario I when multi types of raw materials are used. 

Input information Current practice Optimal results 

Product DPAHx QI Q2 Q3 TLTCTAJ Q TC Q* TC* 

Sage and onion chicken 4500 9000 300 1 150 100 50 0 10 7 5 600 29,265 750 29,212 
Curry beef 6000 9000 300 1 200 200 50 0 12 7 5 1000 35,931 1000 35,931 
British meat platter 6000 9000 400 1 200 100 50 100 12 7 5 1000 41,571 750 41,503 
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4.2 Analysis of the batch dispersion differences 

To investigate how individual cost factors affect the performance of integrated 
optimisation model, three different cases are simulated to illustrate the batch dispersion 
differences. Both case one and case two are under the condition of Scenario 1. In case one, 
only one type of raw material batch is used for a finished product batch. Case two 
considers the situation involving multiple types of raw material batches in a finished 
product batch. Case three is under the condition of Scenario 2. The simulation experiments 
have used the same model parameters for different cases: D= 6000 units/month, 
P= 9000 units/month, A= £300/set-up, H=fl unit/month, x= 300 units/shipment, 
TL = 12 days, Tc =7 days, and Tf =5 days. Same average raw material costs and 
product selling price are used in the simulation. The total cost against production batch 
quantity is plotted in Figure 3. 

Here, the production batch quantity Q equals to n* 300. i: is the scale value on x axis 
which represents product shipment frequency. 300 is the shipment quantity of the sample. 
The different total cost curves indicate that the total cost is more sensitive to production 
batch quantity changes in Scenario 2 than that in Scenario 1. This may be explained by the 
fact that a larger batch quantity in Scenario 2 is more likely to have higher traceability cost 
due to the batch dispersion problem. It increases the probability of potential product recall 
which is directly reflected in the recall cost of the objective function (see Equation (3.16)). 

Table 3. Sample data and results in scenario 2. 

Input information Current practice Optimal results 

Product DPAHx TL Tc T, 4f Q TC Q* TC* 

Easy meals 1 6000 9000 300 1 200 12 75 1000 40,161 800 39,968 
Easy meals 2 6000 9000 300 1 300 12 75 1200 34,158 900 33,831 
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v 
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F 

45000 --------------------------------- -- ------ -ý- Case 3 
d6- 40619 

40000 ----- ----- ----------" 

35000 
3900238305 

123456789 10 

Production batch quantity (Q=n*300) 

Figure 3. Total cost curves in three scenarios under same model parameters (the simulated optimal 
points are indicated with *). 
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Figure 4. Variations of the total cost against the production batch quantity with different risk 
rating. 

As the probability of product recall is affected by the risk rating of raw material 
batches used in finished products, we investigate the performance (the total cost) of the 
proposed model when different values of risk rating are applied. The analysis results are 
illustrated in Figure 4. It indicates that, when the risk rating is low to a certain range (close 
to W=0.0001, which means the probability of product recall is close to zero), the total 
cost curves against production batch quantity come to a trend with which the recall cost 
can almost be ignored. In contrast, when the risk rating is high, the total cost is more 
sensitive to the production batch quantity. 

Based on the above analyses, the integrated model can be used at both the operational 
level and strategic level. At the operational level, the model can be used to determine the 
best way to constitute raw material and components batches with a minimum dispersion. 
At the strategic level, a new product recipe may be tested in a traceability point of view to 
improve the product quality and safety management. 

4.3 Analysis with the raw material batch price-risk ratio 

A finished product batch could be produced from a number of heterogeneous raw material 
batches with different price or risk features. Making a decision on whether a particular raw 
material batch should be replaced by another batch with different price and risk rating is 

critical to improve the overall performance of the food manufacturing. To have a deeper 

and dynamic insight into the joint impact of price and risk feature on the overall 
performance of the proposed approach, a price-risk ratio is defined in the numerical 
analysis (see Equation (4.1)). 

IAWi ý P`I 
(4.1) 

OP1 and A W; are variations of raw material cost and risk rating respectively. We 

expect that, with different values of price: risk ratio a., the optimisation model will deliver 
different performance. Considering the variation of the two factors, the objective function 
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for Scenario 1, where one type of raw material batches is used in a product batch, can be 
expressed in Equation (4.2). 

TC = 

Ss 
CSETUP +D QkPi +D QkEP; + DPF L\ W; {- lU; + CH CPERISH 

QQ 
i-1 

when 
( TL 

t 
TC 

+1 
)" 

x<Q 
t< 

(TL 

t 
TMr 

+1I 
t/x; 

ss 
CSETUP + 

D: 
QkPi +D Qk APi + DPF" A Wi +> 1V; + CH, 

Q i=l Q 1=1 

when Q< 
(TL_TC1) 

X. 

(4.2) 

When TC- TC > 0, the manufacturing system delivers a lower total cost by replacing 
a new raw material batch with a different price and risk rating. If AP; <0 and 0 W; <0 
(or AP; > 0 and A W, > 0), it is obvious that the total cost will decrease (or increase). 
Therefore, we only discuss the other two situations: 

OP; >O and LW; <O, OP; <O and AW>O (4.3) 

Through deducting Equation (4.2) from Equations (3.16), we have Equation (4.4). 

TC - TC' =D 
(AS 

`+ PFO W) (4.4) 

As D is assumed as a positive constant, if OP; /S+PF OW; >O, the manufacturing 
system delivers a lower total cost by replacing a new raw material batch. In both situations 
in Equation (4.3) OP; /A W; <0. The analytical results indicate that in both situations, 
the replacement with another raw material batch at a different price and risk 
rating reduces the total cost if OP; /0 W; <-S- PF. In contrast, the total cost increases 
if LP; /0 W; > -S" PF. In addition, there is no difference in the total cost by such 
a replacement if OP; /0 W; =-SS. PF. 

To validate the above analysis, simulation experiments are implemented for both 
situations. The experiments use the same model parameters (D = 6000 units/month, 
P=12,000 units/month, A=000/set-up, H=fl unit/month, x=200 units/shipment, 
Qk = 200 units, and PF= £20). Different values of price: risk ratio ), are simulated. 
The simulation results shown in Figures 5 and 6 confirm the above analysis. 
It also illustrates that if A> S. PF, the total cost is more sensitive to the price of raw 
material batches than that to the risk rating. If A<S" PF, the total cost is more sensitive to 
the risk rating of raw material batches than that to the price. 

4.4 Analysis of model performance when ignoring recall factor 

As recalls are low probability events, further analysis is performed by ignoring the 
traceability factor. We investigate how other cost factors (CSETUP, CH, and CPERISH) 
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influence the model performance. Then, the objective function (see Equation (3.16)) 
is simplified as: 

. +Q1H+ 
QH_xH T- 

2 Pt 22 when 0<Q < (- + 1) x; 

[DAQxHQHXJJ1 
TC =Q+ 2Pt +22 

DY when 
(TL TC+ 

x<Q < 
(Ti 

I 
TAf 

+ X. 
+ XPFyd"y"t, 

y-i 
(4.5) 
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Figure 5. Variations of the total cost saving against price: risk ratio A when LxP; >O, DJV, <0. 
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4.4.1 Case one 
When 0<Q< [(TL - Tc)/t + 1] " x, the total cost function is given as 

TC =Q -f- 
PH 

-I- 
QH 

-2 (4.6) 

To optimise the total cost, we have: 

aTC 
_ 

DA xH H 
8Q QZ + 2Pt +2' 

8'-TC 2DA 
(4 7ý 

02Q- Q3 >o 
The derivative above confirms that the total cost is a convex function. By 

differentiating TC with respect to Q, we have the optimal batch quantity solution Q* in 
Equation (4.8). 

_I 
2DAPt 

Q* 
(ý Pt)H . 8) (4.8) 

Subject to: 0<Q< [(TL - Tc)/t + 1] " x. 
The calculated ii (=Q'"/x) may not be an integer as we replace ii by a continuous 

variable in Equations (3.3) and (4.6). In the case of non-integer n, we take the 
neighbouring integer value which produces an approximate minimum cost as the solution. 
Details of the method to find optimal solution can be found in Khan and Sarker's (2002) 
research where an algorithm to solve such a batch sizing problem was developed. 
We perform a simulation experiment to validate the analysis result. The total cost 
with production batch size Q is plotted in Figure 7. The total cost is computed for each 
paired n (integer) and the batch size Q. The data used to generate the results are 
D= 6000 units/month, P= 9000 units/month, A= £300/set-up, H= £1 unit/month, 
x= 200 units/shipment, TL = 18 days, TT =7 days, and TAf =5 days. The behaviour of 
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Production batch quantity (Q=n*200) 

Figure 7. Total cost curve in case I when ignoring traceability cost factor (* indicates the optimal 
point). 
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the cost function in Figure 7 reflects a smooth and convex pattern in the range 
0<Q< 2200. 

4.4.2 Case two 
When [(TL - Tc)/t + 1] " x<Q < [(TL - TA! )/t + 1] " x, the total cost function is given as: 

DA QxH DY TC =Q+ Pt -F 
QZ 

-2+Q xPF >d"y"t (4.9) 
s=l 

By substituting Y= it -1- (TL - Tc/t) (see Equation (3.14)) and ii = Q/Y, 
Equation (4.9) is transformed into Equation (4.10). 

TC= 
DA 

+2Pt+QZ -2+ 
QxPFd"t" (Q 

- 
TL 

t 
Tc) 

" 
(Q- 

1 -TL 
Tc 

I\ 
(4.10) 

To optimise the total cost, we have Equation (4.11): 

8TC DA DxPFd " (TL - Tc)2 DxPFd " (TL - Tc) DPFdt xH H 
8Q QZ 2Qzt 2Q2 2x 2Pt 2 

' ä-TC 2DA z DxPFd " (TL - Tc) 
(4.11) 

DxPFd " (TL - Tc) 

82Q Q3 + Q3t + Q3 > ý' 
The equations above confirm that the total cost is a convex function. Through 

Equation (4.11), we have the optimal batch quantity solution Q*: 

IxDP[2At + XPFd(TL - Tc)2+xPFdt(TL - Ta)] 
QV 

DPFdt2P + xH + tHP 
(4.12) 

Subject to: [(TL - Tc)/t + 1] "x<Q< [(TL - T)tf)/t + 1] - x. 
Similar to case 1, as n is changed to a continuous variable, we take the neighbouring 

integer value which produces an approximate minimum cost as the solution. A simulation 
experiment is implemented to validate the analysis result. The total cost functions with 
production batch size Q are plotted in Figure 8. The data used to generate the results are 
D= 6000 units/month, P= 9000 units/month, A: --f500/set-up, H=fl unit/month, x=200 
units/shipment, TL=15 days, Tc = 13 days, and Ttf=5 days. The behaviour of the cost 
function in Figure 8 reflects a smooth and convex pattern in the range 600<Q< 2200. 

The advantage of the proposed integrated model lies in incorporating the traceability 
factors with the operational aspects. However, the analysis in Section 4.4 provides a useful 
support to find optimal manufacturing performance under the circumstance that 
companies do not have significant product safety issues and recalls can almost be ignored. 

5. Conclusion 

In this paper, an integrated model is presented for simultaneously optimising 
the production batch size and batch dispersion policy in a food manufacturing context. 
The model incorporates operational costs (production setup cost, inventory holding cost, 
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Figure 8. Total cost curve in case 2 when ignoring traceability cost factor (* indicates the optimal 
point). 

raw material cost and product perish cost) with the cost related to safety and quality 
assurance (recall cost). As the total cost function is non-differentiable with respect to 
production batch quantity, simulation experiments are used to numerically analyse the 
model performance. The analysis result shows performance of the proposed approach 
under different options of operational parameters. Considering that recalls are low 
probability events, analytical optimal solution is produced in the condition that 
traceability factor is ignored. The major contribution of the research is the proposed 
innovation in food manufacturing supply chain management. The research demonstrates 
benefits from seamless integration of operational planning with strategic considerations in 
food quality and safety issues. Such innovation has significant potential to justify the 
investment on food traceability in food supply chains. The integrated optimisation model 
provides enterprises with a practical approach to quantitatively evaluate supply chain 
performance from both traceability and operations management initiatives. Our research 
should help the industry to understand potential values of traceability systems in food 
supply chain operations. 

Although the proposed model is developed in a perishable food manufacturing context, 
the integrated optimisation approach could be applied to a broader area in which products 
go through batch production and assembly processes. Nowadays, besides the food sector, 
the traceability issue has become strategically important in many other industries, such as 
paper, steel, pharmaceutical and electronics industries. In the pharmaceutical industry, 
tracking and tracing become more urgent than ever to provide safety assurance to 
customers (Lachance 2004, Grant 2006). In the textile market, the increase in the 
production of counterfeit clothes reveals the lack of adequate techniques to assure both the 
brand authentication and the trustworthiness of textiles involved in the intermediate 
manufacturing stages (Corbellini et al. 2006). In other industries such as electronics 
equipment and automobile manufacturing, traceability is crucial to quality assurance and 
recycling processes where efficient tracking and tracing enables quick identification of 
defect components and efficient selection of disposal methods for discarded products. 

In the above industries, the production batch size, relevant operational and traceability 
cost features are not only major elements of the overall operational cost, but also crucial 



20 X. Wang et al. 

factors which affect safety and quality of end products as discussed in previous sections. 
The proposed approach in our research provides a new way to strategically and 
operationally integrate traceability considerations with operations and supply chain 
management functions. It would potentially support the industries to build cost effective 
solutions for implementation of traceability systems. 

In the proposed model, the risk rating W; k for each raw material batch imposes 
considerable impact on the overall system performance. However, many companies have 
difficulties in implementation of continuous risk assessment applications due to lack of 
expertise, training, time, motivation, and money. Therefore, current technology 
advancement in IT to support networked cost-effective risk monitoring solutions would 
be a prerequisite for the proposed operations-traceability integration. Further research is 
being conducted on practical approaches which enable structured analysis of food risk in 
food supply chains. 

In our research, a temporary price discount is used to calculate the product 
deterioration cost in the optimisation model. However, for perishable food with a high 
deterioration rate, operational parameters in manufacturing and logistics processes, such 
as delivery frequency, packing size, and sales price, etc., often significantly affect the 
product shelf life. Therefore, future research should be aimed at modelling more accurate 
product value lost features to extend the integrated operations-traceability optimisation 
model to a whole supply chain view, so that more benefits from the operations-traceability 
integration approach can be added. 
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Abstract: This paper investigates the potential value adding capability of 
dynamic product tracing to the food supply chain management. As the 
environment of supply chain processes affect product quality significantly, 
technologies and approaches for tracking and tracing products have the 
potential to improve the food supply chain performance by dynamically 
identifying product quality situations. This can be achieved by tracing the 
product manufacturing and supply process with Automatic Product 
Identification (AutolD) technologies. An optimisation model has been 
developed to generate optimal pricing policies based on the dynamically 
identified product quality information. The research concluded that the 
dynamic identification of the product value (quality) would generate 
benefits to the food supply chain management with widely adopted optimal 
pricing approaches. 

Keywords: food retail supply chains; Automatic Product Identification 
(AutolD); AutolD systems; dynamic pricing. 

1. Introduction 

Supply chain tracking and tracing technologies have been developed 
dramatically in recent years due to legal requirements for the food safety and 
quality. AutolD as a technology for product tracking and tracing has become a 
key enabler in recent industrial applications for the supply chain management. 
The technology has been mainly used for asset management, access control, 
inventory control, etc [1][2]. In recent years, AutoID technology has attracted 
increasing attentions in the supply chain management due to its decreasing 



implementation costs [2]. One of the challenges in the AutolD related research 
and practice is identifying approaches to add values by this technology to the 
business, and quantitatively verifying benefits of the applications, so that supply 
chain operations could be innovated through the AutolD applications. In this 
paper, a primary proposition is that the information of tracking and tracing the 
perishable food produce dynamically and shared through Internet-enabled 
networks will generate more profits to food supply chains. In the retail industry, 
some super markets provide services to allow consumers to view product origin 
and related details of the products on-line near the shelf in supermarkets [3]. Such 
a customer service application has created opportunities in innovating supply 
chain operations and generating improved customer services and business 

competitiveness. In other words, novel business models need to be developed for 

planning food supply chains based on what can be seen by consumers instead of 
what has been agreed in a supply chain contract. This brings both challenges and 
opportunities to the AutolD applications. The current research on AutolD 
applications is focused on case studies showing potential benefits from the 
automatic tacking and tracing to retailing, logistics and manufacturing industries 
[4][5][6]. Quantitative analyses on innovative business models based on the 
AutoID data have not been extensively performed for proving the value adding 
capability of the technology. 

1.1. The AutoID technology 

AutolD consists of electronic devices called tags that are attached to products 
to be identified, and tag readers that communicate with the tags via 
electromagnetic waves and connected to the RFID middleware and enterprise 
systems. The product identification information output from the AutolD 
middleware can be described in a subset of XML language, physical markup 
language (PML) which enables standard data communication with web services. 
The detailed product data related to the identified products throughout a supply 
chain can be located through a directory, named as object name service (ONS), 
through the Internet. The Internet-enabled product identification technology 
facilitate automatic tracking and tracing of individual products for dynamically 
planning supply chain operations. Figure 1 shows an example of the networked 
AutolD systems. 
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Figure 1. Networked RFID systems in a supply chain. 



Recently, many trials of AutoID applications in retail, logistics and 
manufacturing (WalMart, Tesco, Ford Motor Co. and many others) have been 
reported. Recognised benefits include the improved traceability, information 
accuracy, and operation efficiency. The improvements lead to reduced labour 
costs, increased speed, greater responsiveness, and better product quality control. 
The question why and how much the technology would add values to supply 
chain management has not been answered with convincing theoretical analyses. 
The research on this issue is critical to propose road maps and best practices to 
industrial applications of the technology. In this research, the investigation will 
focus on capabilities and conditions of adding values by the AutolD technology in 

a retail supply chain case. Based on an optimal pricing approach, this paper 
compares the outcome of the approach with dynamic product value assessment 
enabled by the AutolD technology and without the product value assessment 
information. 

1.2 Relevant research 

The food supply chain management and optimal pricing have been important 
issues both in the research and practise. The research on such issues have been 

extensively reported in the economic and management literature. To maximise 
profits or minimise the loss of product values in supply chains, models optimising 
order quantities, stock allocations and other parameters have been extensively 
investigated. Bhattacharjee and Ramesh [8] developed an pricing model to 
maximise profits. The single product has a fixed perishing life. The deterioration 

of the product was considered for a time period over which total demands are 
allocated, and is not directly related to the variation of product prices in supply 
chain stages. Blackburn and Scudder [9] developed a model for optimised 
ordering model which considers the loss of perishable product values at some 
supply chain stages. The research focuses on value deterioration characteristics of 
the fresh produce at a harvest stage and a cooling stage in the supply chain. The 

proposed model separates the two stages with different solutions, i. e. different 

order quantities and transportation modes so that the produce value loss can be 

minimised. Zhao and Zheng [10] developed an optimal pricing model for 

perishable assets. The research focuses on finding structural properties of optimal 
pricing policies. The research shows that the optimal price decreases with the 
inventory over time. Some other inventory control oriented research relating 
perishable food products can be also found in the research of Chakrabarty, et al. 
[11] and Fujiwara and Perera [12], etc. Lin and Chen [13] proposed a dynamic 
logistics control model for a perishable product. The research investigates an issue 

of dynamic allocating fresh food supplies to retailers with given remaining 
product shelf life, expected sales and relevant costs. The model focuses on 
maximising profits according to the limited shelf life of perishable products, 
uncertainty of supplies and demands, and costs incurred during a shelf life period. 
Pricing is not a focus in their research. The logistics control model is the most 
similar research to our model proposed in this paper. 

Most of the above research on supply chain or inventory control about 
perishable food has been based on expected product shelf life, sales and relevant 
costs. The automatic product identification technology introduced in section one 
provides the opportunity that the real-time information can be automatically 
collected about the dynamic product quality situation based on key environment 
parameters, e. g. temperature and the time period during which products have been 



exposed to the temperature in a supply chain process. Such a technology enables 
more delicate approaches to control product flows with maximised product values 
to consumers and minimised operational costs, rather than planning merely based 
on estimated product shelf life. Some research and case studies on applying the 
AutoID technology to industries have been reported in technical reports and the 
literature. 

The Smart Manufacturing Forum [2] introduced detailed concept, technical 
specifications and possible solutions in applying the AutolD to the food industry 
for improving the food security. This white paper conceptually identified possible 
benefits to supply chains from the technology such as information accuracy, 
operation efficiency and cost reduction, etc. McFarlanea, et al. [4] proposed a 
concept of intelligent products which have their "information content permanently 
bound to its material content", and are able to "participate in or making decisions 
relevant to its own destiny". The research developed a manufacturing control 
model with the Auto-ID enabled communications between products and 
manufacturing resourcess. The intelligent products can be identified dynamically 
in manufacturing processes in the individual bases, and are controlled intelligently 
according to information embedded with themselves. The research especially 
explores the impact of such technology on manufacturing shop floor control. Such 
research on AutolD technology has conceptually described potential applications 
of the technology that would add values to the business. The similar research can 
be found in the work of Karkkainen, et al. (2003) [14] and Liu, et al. (2004) [15]. 
In Karkkainen' research, a prototype system was built for integrating the 
information from the AutoID-tagged product individuals with a logistic service 
system, so that the products can intelligently communicate with the logistics 
system for dynamic delivery routeing and scheduling. The product-centric, so 
called "inside-out", delivery controls lead to a flexible and efficient delivery chain 
- products themselves provide delivery requirements to the logistics service and 
the supply chain network can "focuses on their own operations" [14]. Liu, et al. 
(2004) [15] reported an agent-based, decentralised production control system with 
the AutolD technology which provides the real-time product information to the 
manufacturing control system. The agent-based system performance was 
simulated in a mass customisation manufacturing context. The research concludes 
that, with the real-time information linked to products, the agent-based model 
outperforms traditional control approaches. 

Some reported case studies have investigated the benefits of the AutolD 
applications from both the operations and implementation aspects, comparing 
other technologies, e. g. the bar coding systems [16][17]. The case studies showed 
that the AutolD applications can generate sufficient revenues that cover the 
implementation costs in a limited period. Intellident, a AutolD solution provider, 
reported the RFID application case of Maker Spenser (M&S Foods) with a cost 
benefit analysis [16]. It shows that, with the improved operations efficiency, the 
payback period of the initial investment in the AutolD system is estimated only 
twelve month. A AutolD benchmark study reported by LogicaCMG [17] also 
estimated a payback period for the AutolD investments as two or three years, 
based on the benefits from operational cost reduction. More cost benefit analyses 
of the AutolD applications can be found in various research and technical reports 
[18] [19]. 

This paper will particularly investigate the value adding potentials of the 
technology in food supply chains to enable new supply chain scenarios. The 
technical details of the AutolD system implementation are beyond the scope of 
this research. In our proposed model, the AutoID systems are assumed already in 



place in the food supply chain. We quantitatively investigates the impact of the 
real-time product tracing on supply chain performance with the proposed dynamic 
pricing model. The research attempts to prove the proposition that through 
identifying actual food quality and present value dynamically by the AutolD 
technology, profits of the perishable produce supply chain can be increased. 

2. The supply chain context 

We use a perishable food supply chain example as the research context as seen 
in figure 2. The problem of the case is to maximise the retailer supply chain 
profits by optimising retail prices based on the information about demands and 
the product quality. In the case, products are ordered from suppliers by the retailer 
before each planning period. The agreed price is determined based on estimated 
demands and the agreed product quality (or value). Before delivering products to 
retail stores, the retail company will assess the product quality measured by a 
value indicator (a percentage of the full product value). This value indicator is 
assumed to be obtained by the networked AutolD system as seen in figure 1. 
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Figure 2. A food supply chain case. 

This system automatically captures the product information regarding product 
identity, properties and related data (e. g. temperature, humidity, etc. ) in real time. 
Such transparency generates the possibility that, as products passing through a 
supply chain, decisions on product pricing based on current product quality (e. g. 
the perishable food stored at a temperature of 10 °C for two days would be viewed 
by consumers as a large value drop), and the best place and quantity that the 
products should be delivered can be made dynamically. This information is 
crucial to avoid wastage, and facilitate dynamic pricing for the maximum profit. 

A pricing model is developed for optimising profits using a price-dependant 
demand model and dynamic product value assessment facilitated by the AutolD 
technology. We employ the product value concept to represent the impact of the 
consumer perceived product quality on product demands. Two most important 
parameters are used - the temperature and the length of time that affect food 
values. They can be much more easily and accurately captured in an AutolD 
enabled supply chain process than the traditional manual recording or bar coding 



systems that are commonly used at present for monitoring the fresh food quality. 
The proposition in this research is that with the given pricing approach in which 
the product value is a parameter, dynamic product value assessment will generate 
more benefits for the retailers. The proposed pricing model will be employed 
to investigate this proposition. 

3. The pricing model 

3.1 Product value assessment 

To quantitatively measure the loss of product values, Blackburn and Scudder 
[9] developed an optimisation model based on evaluation of fresh food values. 
Their research used an exponential function to describe the characteristics of the 
food value decreasing over time. A value deterioration parameter J. is used with 
the time length T in the research to describe the relationship of a present product 
value V, with the original value Vo as seen in equation 1. 

V, =Vo e-A-T i1) 

In this research, the above expression of product value deterioration is adopted 
to trace and estimate product value losses over time. The maximum value of a 
product is 100 (%) at the time of delivering from the growers. 

3.2 Decision variables 

The decision variable in the model is the selling price PS at a retail store at the 
beginning of each planning period and the price depreciation rate 0. The pricing 
decision is made mainly based on perceived food value deterioration in the past 
and estimated value changes in the future. The price depreciation rate as a 
decision variable could be set strategically different from the perceived product 
value deterioration rate, so that the maximum profit can be achieved according to 
the demand elasticity, value elasticity and different product quality situations. 

3.3. The demand fiaiction. 

To simplify the problem and generate analytical expression of the optimal 
pricing policy, in this research, the demand is assumed as determinate when the 
price and the product value are given. The model employs a widely adopted price- 
dependent linear demand description in the economic research literature as seen in 
equation 2: 

p=a - b"P (2) 

a and b are nonnegative numbers. p is the mean of a demand D(p). In this 
research, both the price P and the perceived value that represents the food quality 
are taken into account as influential factors in a determinate demand function. 
While a price increase negatively affects a demand, product quality or value 
apparently has positive effects to the demand. We combine these two driving 
factors to build the demand function. As the product price and value changes over 
time, the demand is actually also a function of the time t. Adapted from equation2, 
the demand function can be therefore described as equations 3 and 4: 



f(Dr)=Do-a(Pe B'-Po)+ß(Vse dr-Vo) (3) 
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ED = 
ff 

(Dt) dt 

0 

toJ[D0 (4) 
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Notations and explanations: 
f(Dr) - demand density function; It is adaptation from the agreed demand D. by 
the demand elasticity. 
ED - expected demand. It is the integration of the time dependent demand D1 over 
the planning period. 
Po - ordering price. It is predetermined in the agreement. When there is no 
product value is traced ("No-tracing" approach), this price will be the sales price. 
Vo - the expected food value; It is a predetermined value in the supply agreement. 
With the "No-tracing" approach, it will be used to estimate the product value on 
the product arrival at the retailers. 
Do - order quantity per unit time in a planning period, based on expected demand 
given ordering price and expected food value; It is an agreed quantity in the 
supply agreement. With the "No-tracing" approach, D,, will be used as the order 
quantity. 
a and 8- nonnegative coefficients representing the demand elasticity to the 
perceived product price and value, which can be obtained by the observation. 
1- the nonnegative deterioration parameter of the product value which can be 
obtained by the observation or experiment. 
9- the nonnegative depreciation rate of a price. It is a decision variable in this 
research. 
V, and PS - the perceived value and the pricing decision made at the beginning of 
a planning period. The perceived value is a function of the agreed value VO, the 
deterioration rate ) and the time T. Here we have the constraints to the factors: 

0! 5 PJ: 5 P, ; Ve<_V,: 
5100; t<_tý. 

Vt = Vs " e-A'`, Ve = VS "e --t, 
(5) 

P1 - the maximum price beyond which consumer will stop buying; 
VQ - the value below which consumers will stop purchasing the product; 
Vt - the product value at time t. 
to -- time point when the perceived product value reaches Ve. 

Consequently, we have: 

tý = In vs (6) 

As the demand f(D, ) must be positive, we have the following constraints: 
f(D, )=Do -a (Ps e-61 - pa)+ß(VS e-a' -Vo)>0 
P, O>O 

(7) 



To satisfy the constraint f(D1)>O, from equation 7, we have the constraint to the 
decision variables in equation 8: 

I'S " Cot < Po + 
Do 

+ (VS ' e-2` -Vo) (S) 
aa 

From equation 5, we know that V3 " e-At > V,. Then can adapt the above constraint 
into equation 12 for the constraint for the two decision variables: 

PS - e-9' <Po+D,, +)6 (Ve - Vo) (9) 
aa 

Completing the integration in equation 4, we have the expected demand in 
equation 10: 

ED =(Do+aPo-o)te+ 
es 

(e t° 
-1)- S (e ' -1) 

(10) 

As seen above, the expected demand can be calculated based on the 
dynamically generated initial price P, s and the pricing policy (depreciation rate) 0 
at the beginning of a planning period. 

3.4 The retailer profit 

The expected retailer profit Ep can be calculated based on the sales revenue 
and the operations cost Co which would include costs for purchasing, stock 
keeping and warehousing, etc. in the retailing operations. 

f, 

EP _ r(P, e °-C0)"f(D, )dt (1) 

Combining equations 3 and 11, the expected profit Ep can be described in 

equation 12. 

Ep =2C, [BP(e'' -1) +PV (e 2' 
-I)-(Do+aP-A)te] 

+ if(e7201, )- P(e-1) 
20 ' 2+8 S 

-ý(Do+ce1 -I3V)P(e t -1) 

(12) 

3.5 Optimal pricing 

To optimise the price policy PS, the first and second order derivatives with 
respect to the price is calculated from equation 12. 
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(13) 
2 D2 PP 
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From equation 14, we proved the concavity of the profit function. Let equation 
13 equal to 0, we have the optimal price described in equation 15. 

PS' _[1 (Do +a P0 -/3V0) (e-B`, -1)-Co (e-°" -1) 
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The optimisation problem investigates product values and features of the price 
dependent demand at the retailers. The quantity of the supply is set the same as 
the expected demands. Therefore, the optimal solution comprises the dynamically 
identified optimal price, depreciation policy, and consequently the product 
demand or adjusted order quantity to be delivered to the retailers. 

3.6 Product value tracing 

To dynamically assess product values, a value tracing process can be created 
based on the value measuring approach described in equation 1. The value tracing 
process simply measures product value variations at all stages based on the visible 
product tracing information. The approach generates a value tracing chain and 
enables the downstream supply chain companies to identify product values (VS) 
dynamically at different supply chain stages. For a retailer, the value assessment 
indicates a fresh food quality characteristic at the entry of a retailer store. 

Considering the continuous value deterioration of the food produce in the 
supply chain and combining the value function in equation 1, we have the value 
tracing procedure described in equation 16. 

Vs, 

r Y= e-Ts'As , e-Tm'Am , e-Td'Ad T%o, 

g 

_E k 
TT-2k (16) 

=Vo. g "e 

In equation 16, g, in, d, r denote a particular supply chain tier (grower, 
manufacturer, distributor and retailer). T is the time period for each supply chain 
process. Vo, g is the initial product value at a grower. Vs, r is the initial product value 
at a retailer. k denotes a supply chain tier. k=g, in, d in this case. 

This product evaluation procedure is well supported by the networked AutoID 
systems that provide continuous or dynamic readings from the tags and 
environment sensors. The information shared in the network enables the supply 
chain partners and consumers to evaluate the food produce agilely for the dynamic 
pricing decision. 



3.7 The dynamic pricing model 

The model is based on a centralised dynamic pricing decision structure. The 
planning procedure can be briefed as below: 

Before a planning period, retailers place orders based on estimated demands 

with the promised or agreed product quality (or product value). The products are 
delivered from the growers to distributors at the beginning of the planning period. 
The product value is then assessed by tracing back the product delivery records 
through the networked AutoID systems. The optimal price is set regarding the 
value assessment result. Consequently, the actual order quantity or adjusted 
demand is calculated based on the present product value and the demand 

elasticity. Finally, the product is delivered to each retail store according to the 
optimal decision on price, demands for maximising the profits. Variations of the 
actual delivery against agreed orders in contracts will incur fees for the supply 
rearrangement and excess stocks. The objective function of the model is 

maximising the profit of retail stores in the supply chain. 

Objective: 

Sp = [Ep, i -(ED, -Doi to)Cp. i] (17) 

Subject to: 

Doi -ar (Ps.; e e, ̀, _P., i)+ß; (V 1 e-At: _V� . i)>0; 

Ps , e-et GP, +D� +ß(Ve -V0); 
aa 

B; >_0; PJ; =PS.; >0; 
VV 

t; <_te,; = 
1 in S''; to,; = 

11n -'`; 
Z, v, v�i 

i=1,2,3,4. 

(is) 
The objective function in equation 17 has two parts. The first part is the 

expected profit of each retailer i (in this case, i=1,2,3,4). The second part is the 
penalty on the changes of deliveries against the original orders that is a product of 
the demand per time unit and the planned time period. Cp,; is the unit penalty cost. 

The constraints in equation 18 describe the positive conditions for the 
demand, price and depreciation rate, and relationships between the product value 
and the planning time periods. The constraints are based on equations 5 to 9. 

4. Benefits of the dynamic product tracing 

In food supply chains, without product value tracing, the food produce can be 

only valued based on given terms in an agreement and by the observation. 
According to our case studies with some food manufacturing companies [21], the 
manual paper documentation and barcode scanning systems are still dominant 

approaches for recording product details. The methods are not automatic and 
frequently lose the traceability for individual product or product batches. The 



records are used to guarantee product quality against the preset quality standards 
and for tracing back quality issues when product recalls are required. When the 
records show acceptable quality control standards in the processing and delivery 

processes, the agreed product quality is confirmed by customers. Such a practice 
complies with the "No-tracing" approach in our model with which the estimated 
product value V0, P. and Do are adopted in the delivery and sales process. We 

suggest that, by promptly assessing the product value with the AutoID systems 
and adjusting the demand forecast, more reasonable pricing policy would be 
developed and greater profits would be generated. 

Proposition 1: By dynamic product value tracing, more profits will be generated 
through the optimal pricing approach, when the actual product value is identified 
differently from the pre-estimated value. 

As the proposition is difficult to be analytically proved by the model, we 
numerically analyse the performance of retailers with the proposed pricing model. 
Benefits from the dynamic product tracing with the sensitivity analysis based on 
different ratios of the demand elasticity to perceived product price and the product 
value (we name it as P-V ratio as in equation 15). 

P-V Ratio =1 (15) 

The numerical simulation is implemented by a spreadsheet analysis tool. The 
simulation result shows benefits from the product value tracing and improved 
retailer profits comparing the "No-tracing" approach. The result is illustrated in 
table 1. With the varied elasticity, the dynamic pricing approach persistently 
outperforms the "No-tracing" approach, although the adjusted delivery based on 
nerv forecasts incur penalty costs. The analysis result attempts to confirm that 
appropriately assessment of product values in the perishable food supply chains 
would improve dynamic pricing performance and increase the profit. The model 
facilitates integration of supply chain planning with product pricing and value 
assessment based on the AutolD technology. The numerical analysis verifies 
proposition 1. 

Table 1. Result of the simulation case 

P-V Ratio 
Value 

Tracing 
Benefits 

Dynamic 

pricing 
Solution 

No-tracing 
Solution 

0.25 0.15% 104701.00 104547.85 
0.5 0.54% 79103.70 78674.90 
0.75 1.39% 57855.30 57048.23 

1 3.07% 40915.30 39658.40 
1.25 4.54% 12058.40 11510.46 
1.5 9.41% 7671.92 6950.09 

Through the simulation, we also observed the difference in impacts of the 
demand elasticity to price and to value on the retailers' performance. Figure 3 

clearly demonstrates the performance variations. This leads to our second 
proposition: 
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Figure 3. Value tracing benefit variation against P-V ratio. 

Proposition 2. Comparing the price to consumers, the more important the 
perceived product value is, the more benefits can be obtained from the dynamic 

product tracing. 

Our sensitivity analysis for the P-V Ratio has revealed the fact that the product 
value tracing technology and the proposed dynamic pricing model has generated 
more benefits when the demand elasticity to the product value is greater than that 
to the price, i. e. the quality of the food produce is more important to consumers. 
This confirms the fact indicated in proposition 2. 

Through the above analysis, a higher demand elasticity to the product value 
requires more accurate product value assessment and brings greater opportunity 
for the dynamic pricing approach. This implies that, with more value-sensitive 
products, a favourite price may have been set to offset the profit loss due to the 
value deterioration and achieve greater benefits, i. e. an aggressive pricing strategy 
(higher price, but quicker marking down) may be employed to grasp the sales 
opportunity and reduce the value loss. We investigate this assumption by 

simulating the relationships between the decision variables and the P-V ratio. 

Proposition 3. the higher the demand elasticity to the product value, the greater a 
price would be set at beginning to reduce the value loss and increase sales the 
revenue. 

We perform sensitivity analysis against the decision factors and the elasticity. 
Through the analysis result shown in figure 4, it has been found that the P-V ratio 
significantly affects the optimal pricing policy. When demand elasticity to price is 

greater than value, the optimal pricing policy has only slight change (increase) 

with the increase of the P-V ratio. However, after demand elasticity to value 
exceeds the elasticity to price, sharp increases are found in the optimal pricing 
policy, 0 and P. This also leads to quick decreases in the optimised profits. This 

phenomenon might be explained by the fact that, for some high value products, 
quality are much more demanding than prices. Consumers emphasise dynamically 

perceived product value, and are willing to pay at a higher price for the quality. 
Consequently, the optimal pricing policy has chosen to set a quick price marking- 
down strategy with a higher price at the beginning so that the profit losses by 

value deterioration can be compensated to some extent. The strategy seems 
effective to avoid a harp profit decrease as seen in figure 3. In the sensitive 
analysis model, the demand elasticity to price is fixed while the elasticity of 
demands to product value is varying. This leads to the decrease of profits with the 
P-V ratio. 
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Figure 4. The impact of the P-V ratio on the performance and the optimal pricing 
policy. 

5. Conclusion 

This research has developed an innovative pricing model by utilising the 
dynamic quality information form automatic product identification of the 
perishable fresh food. The AutolD technology underlies the implementation of 
such an approach, as the traceable product information is a prerequisite for 
accurately evaluating product value or quality, and estimating demands. With the 
possibility of tracing back the key factors (e. g. temperature, humidity, etc. ) of the 
individual products quality through a supply chain, operations can be dynamically 
planned based on the real quality information of individual products. This is very 
difficult to be achieved by traditional product identification technologies. The 
auto product identification technology is a key enabler for such applications. As 
the implementation costs of the AutolD technology are continuously decreasing, 
the technology is expected to play more important roles in supply chain 
innovation in the near future for more dynamic and agile supply chain 
management. New business models would be stimulated by the product 
identification technology for novel customer services. The future research should 
explore further insights into relationships between perceived product values and 
the demands. More studies should also be given to different forms of random 
demands and relevant approaches to optimise the pricing policy. 
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